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ABSTRACT  

The use of a human protein such as plasma-derived butyrylcholinesterase (huBuChE) to neutralize the toxic 
effects of nerve agents in vivo has previously been shown to provide both survival in guinea pigs and non-
human primates and protection against decreased cognitive function in guinea pigs following exposure to a 
cumulative challenge of 5.5 LD50 of soman. Subsequently, a recombinant form of human butyrylcholinesterase 
(r-huBuChE) has become available. This material was biochemically similar to plasma-derived huBuChE in 
in vitro nerve agent inhibition assays. Pharmacokinetic analysis of a polyethylene glycol coated (pegylated) 
form of r-huBuChE revealed rapid bioavailability and a half-life (t1/2) which resembled that of plasma-derived 
huBuChE. When guinea pigs were administered pegylated r-huBuChE 18 h prior to exposure (sc) to 5.5 LD50 
VX or soman, 100% survival was observed. These data supported the decision to select both plasma-derived 
and recombinant forms of BuChE for advanced development and transition to clinical trials. Efforts are now 
focused on identification of a catalytic protein capable of hydrolyzing the standard threat nerve agents.  Work 
to date has focused on paraoxonase-1 (PON1), a naturally occurring human serum enzyme.  Using rational 
design several amino acids involved in substrate binding have been identified, and site-directed mutations 
have revealed that residue H115 plays an important role in determining substrate specificity.  The effect of 
these mutations on the ability of PON1 to catalyze the hydrolysis of nerve agents was investigated.  In 
addition, the stereospecificity of PON1 for the catalytic hydrolysis of soman has been examined.  The enzyme 
exhibits a slight stereospecificity for the C+P+ isomer of soman, consisting of both a lower KM (higher 
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affinity) and higher kcat (more rapid hydrolysis) than for other soman isomers.  Current studies are directed 
toward the identification of a PON1 mutant with enhanced catalytic activity for nerve agents as a next 
generation bioscavenger.   
 
1.0 BACKGROUND 

While the current therapies for nerve agents are effective in preventing lethality, they do not prevent 
performance deficits, behavioral incapacitation, loss of consciousness, or the potential for permanent brain 
damage (Maynard and Beswick 1992).  In an attempt to identify alternative approaches to protect against 
organophosphorus (OP) poisoning, efforts have focused on identifying human proteins that can remain stable 
in circulation for long periods of time (Dacre 1984; Ballantyne and Marrs 1992; Maynard and Beswick 1992) 
while acting as biological scavengers for OP compounds.  Biological scavenger function must be very rapid, 
irreversible and specific.  Ideally, the scavenger should have a prolonged circulation time, be biologically 
innocuous in the absence of OP compounds, and not present an antigenic challenge to the immune system.  
Theoretically, this approach would avoid the side effects commonly associated with current therapies (de 
Candole et al. 1953; Stewart 1959; Grob 1963; Stewart and Anderson 1968; Bajgar et al. 1971; Brimblecombe 
1977; Somani et al. 1992; Taylor 2001; Mesulam et al. 2002).  As a prophylactic, human proteins can provide 
protection by inactivating (through sequestration or hydrolysis) OP compounds before they can react with the 
target acetylcholinesterase (AChE).  The time frame for this inactivation must occur before endogenous AChE 
is affected (approximately two minutes after an OP exposure in humans (Heffron and Hobbiger 1979)).    For 
these reasons, efforts to identify candidate bioscavengers focused initially on plasma-derived human 
butyrylcholinesterase (HuBuChE) (Lenz et al. 2005;  Saxena et al. 2005; Sun et al. 2005;  Doctor and Saxena 
2005; Lenz et al 2007), with additional efforts focused on recombinant human butyrylcholinesterase (r-
HuBuChE) (Cerasoli et al. 2005a, Welsh et al.. 2006, Huang et al. 2007).   

2.0 STOICHIOMETRIC BIOSCAVENGERS 

A number of different enzymes capable of reacting with OP inhibitors but not catalyzing their hydrolysis have 
been tested over the past 15 years for their ability to provide protection against OP poisoning in vivo 
beginning with the work of Wolfe et al. (1987), who first reported the use of exogenously administered fetal 
bovine serum-derived acetylcholinesterase (FBS-AChE) as a bioscavenger in mice.  Broomfield and co-
workers (1991) reported that equine butyrylcholinesterase (eq-BuChE) alone afforded complete protection 
against a 2 x LD50 challenge dose of soman in rhesus monkeys and against 3 to 4 x LD50 doses when atropine 
was administered (post-exposure).  Protection against a single LD50 dose of sarin was also demonstrated.  
There were no fatalities in any of these cases.  When animals were assessed for behavioral deficits using a 
serial probe recognition (SPR) task, they all returned to baseline performance within nine hours after soman 
exposure (Castro et al. 1994).  Similarly, Maxwell et al. (1992) reported that in experiments with rhesus 
monkeys no performance decrements (assessed by SPR task) were observed in animals treated with FBS-
AChE alone when compared with animals pre-treated with FBS-AChE followed by soman challenges at either 
1.5 or 2.5 x LD50.  Wolfe et al. (1992) assessed the ability of pre-treatment with either FBS-AChE or eq-
BuChE to protect rhesus monkeys against multiple LD50 doses of soman.  The animals that received FBS-
AChE as a pre-treatment were protected against a cumulative exposure of 5 x LD50 of soman and showed no 
decrement in the primate equilibrium platform (PEP) task.     
 
The ultimate goal of scavenger molecule research is to generate a means to protect humans from the toxic 
effects of nerve agents.  In an effort to minimize any physiological, immunological or psychological side 
effects of scavenger use in humans, more recent research efforts focused primarily on the use of HuBuChE.  
In a series of studies, Ashani and co-workers (1991) examined the scavenger properties of FBS-AChE and 
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particularly plasma-derived HuBuChE in mice, rats and rhesus monkeys against several different nerve agents 
as well as other OP compounds (Raveh et al.1993; 1997).  Following administration of exogenous 
cholinesterase, there was a linear correlation between the concentration of cholinesterase in the blood and the 
level of protection against OP poisoning.    It was also observed that a scavenger had to be present before 
exposure to the OP compound, because the nerve agent must be scavenged within one blood circulation time 
period (Raveh et al. 1993), which is about seven minutes in humans.  In the final paper of this series, the 
authors reported similar protective results against a 3.3 x LD50 dose of soman or a 2.1 x LD50 dose of VX in 
rhesus monkeys (Raveh et al. 1997). Considerable protection against soman-induced behavioral deficits in a 
spatial discrimination task was also observed.  More recently, Lenz et al. (2005) determined the 
pharmacokinetics and efficacy of HuBuChE in guinea pigs and cynomolgus monkeys against multiple LD50 
challenges of nerve agents.  The half-time for elimination of the plasma-derived HuBuChE was about 73 
hours for guinea pigs or cynomolgus monkeys, respectively.  Guinea pigs were protected against a cumulative 
5.5 x LD50 dose of either soman or VX (Table 1).  At necropsy, seven or fourteen days after surviving the 
nerve agent challenge, all tissues appeared normal upon light microscopic examination. Cynomolgus monkeys 
were protected against a cumulative challenge of 5.5 x LD50 of soman as well.  Of the six animals challenged 
(Table 1), one died after the final challenge dose of soman (total dose of 5.5 x LD50 within four hours) and one 
was euthanized 48 hours after the final dose of soman.  The remaining animals displayed neither short-term 
signs of poisoning nor signs of lasting consequences as revealed by blood chemistry examinations and long-
term (> 20 months) observations. These studies were complimented by the work of Saxena et al. (2005), who 
measured the in vitro stability of plasma-derived HuBuChE.  When plasma-derived HuBuChE was 
administered to mice or rhesus monkeys at a dose in 10-fold excess of that needed for protection against a 5 x 
LD50 challenge of soman, no deficits on a variety of behavioral tasks were observed (Sun et al. 2005).  
Likewise, 14 days after guinea pigs were administered 60 mg/kg of HuBuChE (~10-fold higher than the 
assumed mg/kg human dosage for protection against a 5 x LD50 dose of soman), no changes were observed 
upon examination of histopathological, hematological, or serum chemistry parameters (Doctor and Saxena 
2005). 
  
The supply of plasma-derived HuBuChE is dependent on the availability of outdated human blood, which is in 
turn dependent on the extent of donor participation and the fluctuating need for blood in response to natural 
disasters or unforeseen medical emergencies.  To identify a more reliable source of HuBuChE, research 
efforts were focused on the development of recombinant expression systems.  If successful, such efforts would 
enable a constant supply of material at reproducible purity and activity, thus eliminating a dependence on 
whole blood supply.  r-HuBuChE material purified from the milk of transgenic goats (Cerasoli et al. 2005b, 
Huang et al. 2007; Lenz et al. 2007) has been the most extensively studied.  Goat-milk-derived r-HuBuChE 
has a different glycosylation pattern than that of the plasma-derived material (Garcia et al. 2005).  This 
difference in glycosylation patterns is presumed to account for the fact that goat-milk-derived r-HuBuChE has 
a different pharmacokinetic profile, with a much shorter circulatory half-life, than plasma-derived HuBuChE.  
To enhance its biological residence time, goat-milk-derived r-HuBuChE was modified to include polyethylene 
glycol adducts (pegylated).  The pegylated enzyme had a pharmacokinetic profile very similar to that of the 
plasma-derived BuChE (Cerasoli et al. 2005a: Huang et al. 2007), suggesting that differences in 
pharmacokinetics between plasma purified and recombinant enzymes can be addressed using in vitro post-
translational modifications (Chilukuri et al. 2005 ).  Studies with r-HuBuChE from transgenic goat milk have 
yielded efficacy results in guinea pigs (Table 2)  that were very similar to those described previously with 
plasma-derived material, i.e., complete protection against 5.5 x LD50 of GD or VX (Cerasoli et al. 2005a). 
These preliminary results suggest that safe and effective recombinant stoichiometric bioscavengers can be 
developed, potentially providing a source for sufficient material to supply both the entire military force and 
possible domestic users such as first responders, emergency medical personnel, and agricultural workers that 
may be occupationally exposed to oxon-type OP pesticides, e.g., paraoxon, chlorpyrifos-oxon. 
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3.0 CATALYTIC BIOSCAVENGERS 
 
While stoichiometric scavengers afford good protection as long as they reside at high levels in circulation, 
they are molecules of high relative molecular weight (~86 kDa per binding site for BuChE), and a 
comparatively large quantity is required to neutralize an equimolar amount of nerve agent.  A catalytic 
scavenger, even one with the same high molecular weight, could be administered in smaller quantities to 
produce the same or greater extent of protection against OP poisoning.  A catalytic scavenger has the 
advantage of not being consumed in the process of detoxifying the nerve agent, so it would be available to 
protect against multiple exposures to either high or low doses of OP inhibitors.  To date, enzymes with 
catalytic anti-OP activity have been identified from a variety of sources, such as the organophosphorus 
anhydride hydrolase (OPAH) from Pseudomonas diminuta (Serdar and Gibson 1985; Broomfield 1992; 1993), 
the prolidase from Alteromonas haloplanktis (Cheng et al. 1996), and human serum paraoxonase 1 (HuPON1) 
(Gan et al. 1991; Josse et al. 1999;  Josse et al. 2001; Masson et al. 1998; Tuovinen et al. 1999).  
Theoretically, a functional catalytic scavenger must have both a lower KM (inversely proportional to the 
strength of binding of a substrate to the enzyme) and a higher kcat (turnover number) for nerve agents than 
have been found to date among these naturally occurring catalytic enzymes.  The HuPON1 enzyme has been 
identified as having a similar potential to that of the bacterial OPAH for affording protection but without the 
potential complication of inducing an immune response.  It is important to note that in the case of HuPON1, 
the native enzyme was capable of catalytically hydrolyzing nerve agents, albeit with poor catalytic efficiency, 
i.e., modest affinity and a slow rate of turnover.  Since OP compounds are "accidental" substrates for PON 
(Masson et al. 1998; Tuovinen et al. 1999), it is likely that improvement in activity can be realized through 
protein engineering.  Unfortunately, protein engineering requires both knowledge of the three-dimensional 
structure of the enzyme and a detailed understanding of active site residues, which are both poorly understood 
at present.   
 
Recent works by Josse et al.(1999 ; 2001) Harel et al. (2004a; 2004b), Aharoni et al. (2004), and Yeung et al. 
(2004; 2005) have partially addressed these complications regarding development of HuPON1 as a nerve 
agent bioscavenger.  Josse et al. (1999, 2001) have postulated that, based both on site-directed mutations of 
amino acids believed to be at or near the active site of HuPON1 and on limited sequence homology with a 
DFPase, the molecule is a six-fold beta propeller (Figure 1).  Meanwhile, Harel et al. (2004a) and Aharoni et 
al. (2004), using a bacterially expressed mouse-rat-rabbit-human chimera of PON1 obtained through gene 
shuffling experiments, confirmed the postulated structure through X-ray crystallographic studies.  
Subsequently, Yeung et al. (2004) have carried out numerous site-directed mutation studies to identify and 
‘map’ amino acid residues critical for binding and/or catalytic activity (Table 3).  More recent efforts have 
revealed a subtle but appreciable degree of stereospecificity in the hydrolysis of soman by native HuPON1, 
with the least toxic soman stereoisomer (C+P+) being hydrolyzed approximately six times more efficiently 
than the most toxic one (C-P-; Yeung et al. 2007).  The observed stereospecificity is due primarily to 
preferential binding rather than enhanced turnover of the C+P+ soman stereoisomer by HuPON1 (Table 4). 
 
The capacity of wild-type and mutant HuPON1 enzymes to hydrolyze the structurally isomeric nerve agents 
VX and VR, which both contain thiol leaving groups, was examined by Yeung et al. (submitted) using a 
modified Ellman assay (Ellman et al. 1961).  For wild type HuPON1 an approximate five-fold difference in 
binding affinity (KM) was observed between the two V-agents, with an accompanying seven- to eight-fold 
difference in the rates of turnover (Figure 2, Tables 5 and 6).  Though the wild-type HuPON1 enzyme binds 
VX with less affinity than VR, the kcat value suggests that once bound, VX is quickly hydrolyzed.  
Interestingly, the opposite appears to be the case for VR hydrolysis, where the substrate is easily bound, but 
the rate of turnover is much lower.  Despite the differences in both binding affinity and turnover rates, the 
catalytic efficiency (kcat/KM) of wild-type HuPON1 for the two V-agents differs by less than two-fold.   
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When a variety of mutants of VX were made, based on examination of the structural models of PON1, it was 
found that in addition to the importance of residue S193 in the hydrolysis of soman (GD), mutating S193 to A 
or G also affected the kinetics of hydrolysis for VX and VR with a more pronounced effect observed in the 
S193A mutant.  A three- to four-fold enhancement relative to wild-type HuPON1 in both turnover rate and 
catalytic efficiency was observed for VX and VR hydrolysis by the S193A mutant.  Likewise, enhanced 
turnover of both V-agents was also detected in the R214Q mutant.  In contrast, the double mutant 
S193A/R214Q did not display enhanced hydrolysis of either VX or VR; rather, the kcat and kcat/KM values for 
this double mutant were restored to wild-type levels.  These results suggest that multiple mutations that 
individually result in enhanced activity against one or more OP nerve agents may not exhibit additive or 
synergistic effects when they are simultaneously present on the same molecule. 
 
In comparison to wild-type HuPON1, the H115W mutant has reduced activity against VX and no detectable 
activity against VR (Figure 3).  Since H115W-mediated turnover of VR was not observed, a competitive assay 
experiment using VX as the reporting substrate was carried out to determine whether either of the two non-
hydrolyzed nerve agents, VR or GD, was able to bind to the enzyme.  Both VR and GD were found to 
competitively inhibit VX hydrolysis by the H115W mutant, with KI values of 0.27 ± 0.09 mM and 0.90 ± 0.38 
mM, respectively.  These findings suggest that altering a single residue in the active site, i.e., H115, can 
dictate the specificity of OP substrate binding and hydrolysis for a variety of OP nerve agent substrates.  
Based on the results of these studies, residue H115 appears to be important for substrate docking in the active 
site of HuPON1, but is most likely not directly involved in the catalytic hydrolysis of at least OP substrates.  
Since all of the substrates tested with H115W can bind to the active site (as judged by either substrate 
hydrolysis or competitive inhibition), it is likely that residue 115 is important for proper orientation of the 
substrate(s). 
 
These efforts offer valuable insights for the detailed analysis of the mechanism(s) involved in HuPON1 
catalysis.  The results have identified several active site amino acid residues that can influence both the 
stereoselectivity and specificity of substrate hydrolysis by HuPON1.  Most importantly, the results will inform 
future genetic engineering efforts to enhance the OP hydrolase activity of HuPON1 against highly toxic OP 
nerve agents.  Based on the relatively limited panel of HuPON1 mutants analyzed to date, if HuPON1 is to be 
used as an effective bioscavenger against OP nerve agent intoxication, the best approach may be the 
utilization of a mixture of HuPON1 mutants, each with specificity for a different nerve agent.   
 
4.0 RELATED NATO EFFORTS 
 
The status of bioscavenger research summarized here has, due to space constraints, omitted a host of related 
efforts carried out in the laboratories of several of the NATO countries.  To ensure recognition of the scope of 
the bioscavenger effort in the NATO community over the past 10 years, a highly condensed summary of those 
efforts is included in this section. 
 
A significant program on the structure and chemistry of PON has been carried out at the French laboratories at 
CRSSA (Josse et al. 1999, 2001, 2002; Masson et al. 1998; Rochu  et al. 2007 and references therein).  In 
addition, this group has reported on the crystallization of BuChE (Nicolet, et al. 2003) as well as examined the 
interaction of OPs with this enzyme (Nachon, et al. 2005 and references therein).   
 
Innovative physiological-based pharmacokinetic (PB/PK) studies on the nerve agent soman carried out at the 
TNO laboratories in The Netherlands (Benschop et al. 1995; Benschop and deJong, 1991; Langenberg, et al. 
1997; Spruit et al. 2000) have now been amplified by complimentary efforts in the US to include the effects of 
administration of a bioscavenger on the toxicity of a nerve agent (Sweeney and Maxwell, 2003; Sweeney et al. 
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2006).   These combined efforts will allow for realistic estimates of human doses of bioscavengers when such 
drugs are submitted for approval by regulatory agencies such as the US Food and Drug Administration 
(USFDA).  Additional efforts in the Czech Republic have focused on examining the breadth of efficacy 
afforded by bioscavengers (Sevelova et al. 2004).   

 
5.0 SUMMARY 
 
The threat of OP nerve agent usage not only against military personnel in the field but also against the public 
at large is quite real (Ember 1991, Aas 2003).  Terrorist groups have already used nerve agents against a 
civilian population, and due to their low cost and relative ease of synthesis, they are likely to be used again in 
the future (Masuda et al. 1995 ).  Compounding the concern is the fact that many commonly used pesticides 
and chemical manufacturing by-products act as anticholinesterases, posing an occupational low-dose exposure 
hazard to workers in a variety of professions.  The use of anticholinesterase pesticides against civilians in a 
terrorist context also exists as a possibility. Current therapeutic regimes for acute nerve agent exposure are 
generally effective at preventing fatalities if administered in an appropriate time frame.  While the use of 
nerve agents on the battlefield may be somewhat predictable, their use in a terrorist situation will be, in all 
probability, an unanticipatable event.  The potential to afford long-term protection to first responders at risk 
for exposure to toxic or incapacitating concentrations of OP inhibitors is a notable advantage of biological 
scavengers.  
 
In addition, the use of bioscavengers has several psychological benefits that are likely to result in a higher 
degree of user acceptability than exists for conventional therapy.  No post-exposure auto-injectors are 
necessary, and protection is afforded with little chance of short- or long-term side effects.  Of particular 
significance is the fact that current candidate bioscavenger proteins are, exclusively, enzymes of human 
origin.  From a scientific standpoint, these proteins are good candidates because they are less likely to be 
recognized by cells of the immune system and will enjoy prolonged residence times in circulation.  From a 
user point of view, individuals are in essence being protected against nerve agents using a substance that their 
bodies already produce, rather than being injected with drugs and enzyme inhibitors that alone can produce 
potent side effects; such a distinction may enhance the comfort and compliance of end users. 
 
Based on the data summarized above, the decision was made by the US Army in October 2004 to transition 
plasma-derived HuBuChE to advanced development.  HuBuChE currently has been granted investigational 
new drug (IND) status by the USFDA.  It is being produced under good manufacturing practice (GMP) by 
Baxter BioScience, using outdated human blood as the source material.  This product is currently undergoing 
Phase Ia human safety trials. More recently (February 2006), r-HuBuChE was also transitioned to advanced 
development, although the details for GMP production and human clinical safety trials for this material have 
not yet been established.  HuBuChE has dual use potential for both military personnel and civilian first 
responders, and a decision about how to proceed to development of one of these products to full licensure is 
under consideration. 
 
The next phase in these efforts is to design a recombinant version of a naturally occurring human enzyme that 
is capable of being developed as a catalytic biological scavenger to protect against nerve agent poisoning.  
Since HuPON1 is a naturally occurring plasma enzyme produced in the liver, an alternative approach might be 
to enhance endogenous enzyme biosynthesis by inducing increased activity of the HuPON1 gene promoter.  
Recent results on increased expression levels of HuPON1 by HuH7 hepatoma cells upon action of fibrates are 
promising in this regard (Gouédard et al. unpublished). 
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While the catalytic enzyme human PON 1 has not yet been tested in mammalian systems, it is indicative of 
the types of therapies that may soon be available for use in animals and eventually in humans.  While r-
HuBuChE and mutants of HuPON1 are based on human proteins, it is recognized that the immunogenicity 
and serum half-life of the scavenger(s) must be determined in humans, and that efforts may be required to 
minimize the former and maximize the latter.  Additionally, appropriate dosages of scavenger(s) must be 
determined that will, based on animal models, protect against concentrations of nerve agents likely to be 
encountered under a wide range of scenarios.  While the research efforts of numerous NATO laboratories to 
date have resulted in the successful transition to advanced development of stoichiometric scavengers, the use 
of either naturally occurring or genetically engineered enzymes with catalytic activity holds the greatest 
theoretical promise for the development of a broad specificity, high efficacy prophylactic scavenger.  Current 
efforts in several countries are now focused on designing and expressing such enzymes, and characterizing 
their in vivo anti-nerve agent efficacy in animal models acceptable to the USFDA or other regulatory agencies 
in NATO countries.  

 
6.0 ACKNOWLEDGEMENTS  
     
The opinions or assertions contained herein are the private views of the authors and are not to be construed as 
official or as reflecting the views of the Army or the Department of Defense.    
 
 
7.0 REFERENCES 
 
Aas, P. (2003) Future considerations for the medical management of nerve-agent intoxication. Prehosp. 
Disast. Med. 18, 208-216 
 
Aharoni, A., Gaidukov, L., Yagur, S., Toker, L., Silman, I., and Tawfik, D. S. (2004) Directed evolution of 
mammalian paraoxonases PON1 and PON3 for bacterial expression and catalytic specialization. Proc. Natl. 
Acad. Sci. USA 101, 482 - 487. 
 
Ashani, Y., Shapira, S., Levy, D., Wolfe, A. D., Doctor, B. P. and Raveh, L. (1991) Butyrylcholinesterase and 
acetylcholinesterase prophylaxis against soman poisoning in mice. Biochem. Pharmacol. 41, 37 - 41. 
 
Bajgar, J., Jakl, A., and Hrdina, V. (1971) Effect of atropine and trimedoxime on the acetylcholinesterase 
activity in some parts of the mouse brain. Cesk. Farm. 20, 257 – 260. 
 
Ballantyne, B. and Marrs, T. C. (1992) Overview of the biological and clinical aspects of organophosphates 
and carbamates. In: Ballantyne, B. and Marrs, T. C. (Eds), Clinical and Experimental Toxicology of 
Organophosphates and Carbamates, Butterworth, Oxford, pp. 1 -14. 
 
Benschop, H. P. and De Jong, L. P. (1991) Toxicokinetics of soman: species variation and stereospecificity in 
elimination pathways. Neurosci. Biobehav. Rev. 5, 73-77. 
 
Benschop, H.P. and van Helden, H. P. M. (1995) Inhalation toxicokinetics of C(+-)P(+-)-soman and (+-)- 
sarin in the guinea pig. In D.M. Quinn, A. S. Balasubramanian, B.P. Doctor, P. Taylor (Eds.), Enzymes of the 
Cholinesterase Family, Plenum, New York, p 361. 
 
Brimblecombe, R. W. (1977) Drugs acting on central cholinergic mechanisms and affecting respiration. 
Pharmacol. Ther. [B] 3, 65 – 74. 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=2052202&ordinalpos=41&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum


Stoichiometric and Catalytic Scavengers  
as Protection against Nerve Agent Toxicity 

31 - 8 RTO-MP-HFM-149 

 

 

Broomfield, C. A., Maxwell, D. M., Solana, R. P., Castro, C. A., Finger, A. V. and Lenz, D. E. (1991) 
Protection by butyrylcholinesterase against organophosphorus poisoning in nonhuman primates. J. Pharmacol. 
Exp. Ther. 259, 633 - 638. 
 
Broomfield, C. A. (1992) A purified recombinant organophosphorus acid anhydrase protects mice against 
soman, Pharmacol Toxicol 70, 65 - 66. 
 
Broomfield, C. A. (1993) A purified recombinant organophosphorus acid anhydrase protects mice against 
soman. Chem.-Biol. Interact. 87, 279 - 284.  
 
Castro, C. A., Gresham, V. C., Finger, A. V., Maxwell, D. M., Solana, R. P., Lenz, D. E. and Broomfield, C. 
A. (1994) Behavioral decrements persist in rhesus monkeys trained on a serial probe recognition task despite 
protection against soman lethality by butyrylcholinestrase. Neurotoxicol. Teratol. 16, 145 - 148. 
 
Cerasoli, D. M., Griffiths, E. M., Doctor, B. P., Saxena, A., Fedorko, J. M., Greig, N. H., Yu, Q. S., Huang, 
Y., Wilgus, H., Karatzas, C. N., Koplovitz, I., and Lenz, D. E. (2005a) In vitro and in vivo characterization of 
recombinant human butyrylcholinesterase (Protexia) as a potential nerve agent bioscavenger. Chem.-Biol. 
Interact. 157, 363 - 365. 
 
Cerasoli, D. M., Robison, C. L., Nwaneri, I. Y., Somsamayvong, B., Karatzas, C. N., Wilgus, H., Huang, Y., 
McDonough, J. H., Lenz, D. E., and Lumley, L. A. (2005b) Pre-treatment with pegylated Protexia protects 
against exposure to the nerve agents VX and soman. Abstracts, Society for Neuroscience, Vol. 31: 337.19.  
 
Cheng, T. C., Harvey, S. P. and Chen, G. L. (1996) Cloning and expression of a gene encoding a bacterial 
enzyme for decontamination of organophosphorus nerve agents and nucleotide sequence of the enzyme. Appl. 
Environ Microbiol. 62, 1636–1641. 
 
Chilukuri, N., Parikh, K., Sun, W., Naik, R., Tipparaju, P., Doctor, B. P., and Saxena, A. (2005) Polyethylene 
glycosylation prolongs the circulatory stability of recombinant human butyrylcholinestrase. Chem.-Biol. 
Interact. 157-158, 115 - 121. 
 
Dacre, J. C. (1984) Toxicology of some anticholinesterases used as a chemical warfare agents - a review. In: 
M. Brzin, E. A.Barnard, and D. Sket (Eds),Cholinesterases, Fundamental and Applied Aspects. de Gruyter, 
Berlin pp. 415 - 426. 
 
de Candole, C. A., Douglas, W. W., Evans, C. L., Holmes, R., Spencer, K. E. V., Torrance, R. W., and 
Wilson, K. M. (1953) The failure of respiration in death by anticholinesterase poisoning. British Journal of 
Pharmacology and Chemotherapy 6, 466 - 475. 
 
Doctor, B. P., Blick, D. W., Caranto, G., Castro, C. A., Gentry, M. K., Larison, R., Maxwell, D. M., Murphy, 
M. R., Schutz, M., Waibel, K. and Wolfe, A. D.(1993) Cholinesterases as scavengers for organophosphorous 
compounds: Protection of primate performance against soman toxicity. Chem.-Biol. Interact. 87, 285 - 293. 
Didn’t see referenced in text. 
 
Doctor, B. P. and Saxena, A. (2005) Bioscavengers for the protection of humans against organophosphate 
toxicity, Chem.-Biol. Interact. 157-158, 167 - 171. 
 



Stoichiometric and Catalytic Scavengers  
as Protection against Nerve Agent Toxicity 

RTO-MP-HFM-149 31 - 9 

 

 

Dumas, D. P., Durst, H. D., Landis, W. G., Raushel, F. M., and Wild, J. R. (1990) Inactivation of 
organophosphorus nerve agents by the phosphotriesterase from Pseudomonas diminuta. Arch. Biochem. 
Biophys. 277, 155 - 159. 
 
Ellman, G.L., Courtney, K.D., Andres, Jr., V. and Featherstone, R.M. (1961) A new and rapid colorimetric 
determination of acetylcholinesterase activity. Biochem. Pharm. 7:88-95. 
 
Ember, L. (1991) Chemical weapons: plans prepared to destroy Iraqi arms, Chemical Engineering News 19, 6 
- 7. 
 
Gan, K. N., Smolen, A., Eckerson, H. W., and La Du, B. N. (1991) Purification of human serum 
paraoxonase/arylesterase. Evidence for one esterase catalyzing both activities. Drug Metab. Dispos. 19, 100 - 
106 
 
Garcia, G. E., Moorad-Doctor, D., Doctor, B. P., Saxena, A., Lockridge, O., Lenz, D. E., Cerasoli, D., and 
Huang, Y. (2005) Glycan structure comparison of native human plasma butyrylcholinesterase (Hu-BChE) and 
transgenic goat produced Hu-BChE. FASEB J. 19, A867. 
 
Grob, D. (1963) Anticholinesterase intoxication in man and its treatment. In: G. B. Koelle, (Ed), 
Cholinesterases and Anticholinesterase Agents, Springer-Verlag, Berlin, pp 989 - 1027. 
 
Harel, M., Aharoni, A., Gaidukov, L., Brumshtein, B., Khersonsky, O., Meged, R., Dvir, H., Ravelli, R. B., 
McCarthy, A., Toker, L., Silman, I., Sussman, J. L., and Tawfik, D. S. (2004a) Structure and evolution of the 
serum paraoxonase family of detoxifying and anti-atherosclerotic enzymes. Nat. Struct. Mol. Biol. 11, 412 - 
419. 
 
Harel, M., Aharoni, A., Gaidukov, L., Brumshtein, B., Khersonsky, O., Meged, R., Dvir, H., Ravelli, R. B., 
McCarthy, A., Toker, L., Silman, I., Sussman, J. L., and Tawfik, D. S. (2004b) Corrigendum: Structure and 
evolution of the serum paraoxonase family of detoxifying and anti-atherosclerotic enzymes. Nat. Struct. Mol. 
Biol. 11, 1253. 
 
Heffron, P. F. and Hobbiger, F. (1979) Relationship between inhibition of acetylcholinesterase and response 
of the rat phrenic nerve-diaphragm preparation to indirect stimulation at higher frequencies. Br. J. Pharmacol. 
66, 323 - 329. 
 
Huang, Y-J., Huang ,Y, Baldassarre, H, Wang,  B., Lazaris, A., Leduc, M., Bilodeau, A. S.,  Bellemare, A., 
Côté, M., Herskovits, H., Touati, M., Turcotte, C., Valeanu, L., Lemee, N., Wilgus, H., Bégin, I., Bhatia, B., 
Rao, K.,  Neveu, N., Brochu, E., Pierson, J., Hockley, D. K., Cerasoli, D. M., Lenz, D. E., Karatzas, C. N., and 
Langermann, S (2007) Recombinant human butyrylcholinesterase from milk of transgenic animals to protect 
against organophosphate poisoning, Proceed. Nat. Acad. Sci.. in press.  
 
Josse, D., Xie, W., Renault, F., Rochu, D., Schopfer, L. M., Masson, P., and Lockridge, O., (1999) 
Identification of residues essential for human paraoxonase (PON1) arylesterase/organophosphatase activities. 
Biochemistry 38, 2816 - 2825. 
 
Josse, D., Lockridge, O., Xie, W., Bartels, C. F., Schopfer, L. M., and Masson, P. (2001) The active site of 
human paraoxonase (PON1). J Appl Toxicol 21 Suppl 1, 7 -11. 
 



Stoichiometric and Catalytic Scavengers  
as Protection against Nerve Agent Toxicity 

31 - 10 RTO-MP-HFM-149 

 

 

Josse, D., Broomfield, C. A., Cerasoli, D., Kirby, S., Nicholson, J., Bahnson, B., and Lenz, D. E. (2002) 
Engineering of HuPON1 For a Use as a Catalytic Bioscavenger in Organophosphate Poisoning, U.S. Army 
Medical Research Institute of Chemical Defense, Aberdeen Proving Ground, MD. DTIC No. Pending. 
 
Langenberg J. P., van Dijk C., Sweeney R. E., Maxwell D. M., De Jong L. P., and Benschop H. P. (1997) 
Development of a physiologically based model for the toxicokinetics of C(+/-)P(+/-)-soman in the atropinized 
guinea pig. Arch Toxicol. 71, 320-331. 
 
Lenz, D. E., Maxwell, D. M., Koplovitz, I., Clark, C. R., Capacio, B. R., Cerasoli, D. M., Federko, J. M., Luo, 
C., Saxena, A., Doctor, B. P., and Olson, C. (2005) Protection against soman or VX poisoning by human 
butyrylcholinesterase in guinea pigs and cynomolgus monkeys. Chem.-Biol. Interact. 157-158, 205 - 210. 
 
Lenz, D. E, Yeung, D. T., Smith, J. R., Sweeney, R. E., Lumley, L. A., Douglas M. Cerasoli, D. M. (2007) 
Stoichiometric and catalytic scavengers as protection against nerve agent toxicity: A mini review. Toxicology, 
233, 31-39. 
 
Masson, P., Josse, D., Lockridge, O., Viguié, N., Taupin, C. and Buhler, C. (1998) Enzymes hydrolyzing 
organophosphates as potential catalytic scavengers against organophosphate poisoning. J. Physiol. Paris 92, 
357 - 362. 
 
Masuda, N., Takatsu, M., Morinari, H., and Ozawa, T. (1995) Sarin poisoning in Tokyo subway. Lancet 345, 
1446. 
 
Maxwell, D. M., Castro, C. A., De La Hoz, D. M., Gentry, M. K., Gold, M. B., Solana, R. P., Wolfe, A. D. 
and Doctor, B. P. (1992) Protection of rhesus monkeys against soman and prevention of performance 
decrement by pre-treatment with acetylcholinesterase. Toxicol. Appl. Pharmacol. 115, 44 - 49 
 
Mesulam, M. M., Guillozet, A., Shaw, P., Levey, A., Duysen, E. G., and Lockridge, O. (2002) 
Acetylcholinesterase knockouts establish central cholinergic pathways and can use butyrylcholinesterase to 
hydrolyze acetylcholine, Neuroscience 110, 627-639. 
 
Maynard, R. L. and Beswick, F. W. (1992) Organophosphorus compounds as chemical warfare agents. In: B. 
Ballantyne and T. C. Marrs (Eds), Clinical and Experimental Toxicology of Organophosphates and 
Carbamates, Butterworth, Oxford, pp. 373 - 385 
 
Nachon F, Nicolet Y, Masson P. (2005) Butyrylcholinesterase: 3D structure, catalytic mechanisms. Ann 
Pharm Fr. 63, 194-206. 
 
Nicolet Y, Lockridge O, Masson P, Fontecilla-Camps JC, Nachon F, (2003) Crystal structure of human 
butyrylcholinesterase and of its complexes with substrate and products. J Biol Chem. 278, 41141-41147. 
 
Raveh, L., Grunwald, J., Marcus, D., Papier, Y., Cohen, E. and Ashani, Y. (1993) Human 
butyrylcholinesterase as a general prophylactic antidote for nerve agent toxicity. Biochem. Pharmacol., 45, 
2465 - 2474. 
 
Raveh, L., Grauer, E., Grunwald, J., Cohen, E. and Ashani, Y. (1997) The stoichiometry of protection against 
soman and VX toxicity in monkeys pre-treated with human butyrylcholinestrase. Toxicol. Appl. Pharmacol., 
145, 43 - 53. 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15976688&ordinalpos=35&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum


Stoichiometric and Catalytic Scavengers  
as Protection against Nerve Agent Toxicity 

RTO-MP-HFM-149 31 - 11 

 

 

Rochu D, Chabriere E, Masson P. (2007) Human paraoxonase: a promising approach for pre-treatment and 
therapy of organophosphorus poisoning. Toxicology, 233, 47-59 
 
Saxena, A., Sun, W., Luo, C., and Doctor, B. P. (2005) Human serum butyrylcholinesterase: in vitro and in 
vivo stability, pharmacokinetics, and safety in mice. Chem.-Biol. Interact. 157-158, 199 - 203 
 
Scharff, E. I., Lucke,C., Fritzsch, G., Koepke, J., Hartleib, J., Dierl, S., and Ruterjans, H. (2001) 
Crystallization and preliminary X-ray crystallographic analysis of DFPase from Loligo vulgaris. Acta 
Crystallogr D Biol Crystallogr 57:148-149.Serdar, C. M. and Gibson, D. T. (1985) Enzymatic hydrolysis of 
organophosphates: cloning and expression of a parathion hydrolase gene from Pseudomonas diminuta. 
Bio/Technology 3, 567 - 571Sevelova, L., Bajgar J., Saxena A., Doctor B. P. (2004) Protective effect of 
equine butyrylcholinesterase in inhalation intoxication of rats with sarin: determination of blood and brain 
cholinesterase activities. Inhal Toxicol. 16, 531-536. 
 
Somani, S. M., Solana, R. P., and Dube, S. N. (1992) Toxiodynamics of nerve agents. In: S. M. Somani (Ed), 
Chemical Warfare Agents, Academic Press, San Diego, pp 68 - 124. 
 
Spruit, H. E., Trap, H. C., Langenberg, J. P., and Benschop, H. P.. (2001) Bioanalysis of the enantiomers of 
(+/-)-sarin using automated thermal cold-trap injection combined with two-dimensional gas chromatography. 
J Anal Toxicol. 25, 57-61. 
 
Stewart, W. C. (1959) The effects of sarin and atropine on the respiratory center and neuromuscular junctions 
of the rat. Can. J. Biochem. Physiol. 37, 651 - 660. 
 
Stewart, W. C. and Anderson, E. A. (1968) Effect of a cholinesterase inhibitor when injected into the medulla 
of the rabbit. J. Pharmacol. Exp. Ther. 162, 309 - 318. 
 
Sun, W., Doctor, B. P., and Saxena, A. (2005) Safety and pharmacokinetics of human serum 
butyrylcholinesterase in guinea pigs. Chem.-Biol. Interact. 157-158, 428 - 429. 
 
Sweeney, R. E. and Maxwell, D. M. (2003) A theoretical expression for the protection associated with 
stoichiometric and catalytic scavengers in a single compartment model of organophosphorus poisoning. 
Mathemat. Biosci. 181, 133-143. 
 
Sweeney, R. E., Langenberg, J. P. and Maxwell, D. M. (2006) A physiologically based pharmacokinetic 
(PB/PK) model for multiple exposure routes of soman in multiple species. Arch. Toxicol 80, 719-731 
 
Taylor, P. (2001) Anticholinesterase agents. In: J. G. Hardman and L. E. Limbird (Eds), Goodman & 
Gillman's The Pharmacological Basis of Therapeutics 10th ed., Macmillan Publishing Company, New York. 
pp. 175-192. 
 
Tuovinen, K., Kaliste-Korhonen, E., Raushel, F. M., and Hanninen, O. (1999) Success of pyridostigmine, 
physostigmine, eptastigmine and phosphotriesterase treatments in acute sarin intoxication. Toxicology 134, 
169 - 178. 
 
Welch, R. W., Campbell, J., Toledo, A., Davis, D., Latzgo, H., Haupt, G., Love, K., Sly, J. M., Cohen, G., 
Eisenberg, R., Whitbeck, J. C., Aldaz-Carroll, L., Lou, H., Lenz, D. E., Patel, P. C. and Cerasoli, D. (2006) 
Rapid production of recombinant proteins utilizing the PERLXpress platform. BioProcessing Journal, Vol. 5, 
63-70. 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17007987&ordinalpos=12&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Spruit%20HE%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Trap%20HC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Langenberg%20JP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Benschop%20HP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus


Stoichiometric and Catalytic Scavengers  
as Protection against Nerve Agent Toxicity 

31 - 12 RTO-MP-HFM-149 

 

 

Wolfe, A. D., Rush, R. S., Doctor, B. P., Koplovitz, I. and Jones, D. (1987) Acetylcholinesterase prophylaxis 
against organophosphate toxicity. Fund. Appl. Toxicol., 9, 266 - 270. 
 
Wolfe, A. D., Blick, D. W., Murphy, M. R., Miller, S. A., Gentry, M. K., Hartgraves, S. L. and Doctor, B. P. 
(1992) Use of cholinesterases as pre-treatment drugs for the protection of rhesus monkeys against soman 
toxicity. Toxicol. Appl. Pharmacol., 117, 189 - 193. 
 
Yeung, D. T., Josse, D., Nicholson, J. D., Khanal, A., McAndrew, C. W., Bahnson, B. J., Lenz, D. E., and 
Cerasoli, D. M. (2004) Structure/function analyses of human serum paraoxonase (HuPON1) mutants designed 
from a DFPase-like homology model. Biochim. Biophys. Acta 1702, 67 - 77 
 
Yeung, D. T., Lenz, D. E., and Cerasoli, D. M. (2005) Analysis of active-site amino-acid residues of human 
serum paraoxonase using competitive substrates. FEBS J. 272, 2225 - 2230. 
 
Yeung, D. T., Smith, J. R., Sweeney, R. E., Lenz, D. E., and Cerasoli, D. M. (2007) Direct detection of 
stereospecific soman hydrolysis by wild-type human serum paraoxonase, FEBS J. 274, 1183-1191. 
 
 
 
 
 
 
 
Table 1: Plasma-Derived Human Butyrylcholinesterase (HuBuChE) Protection against Nerve Agent 
Poisoning in Guinea Pigs and Monkeys 
 
 

Protection Species Nerve Agent Dose LD 50 
 

Hu BuChE 
 
 
 

Hu BuChE 
 

Guinea Pig 
(N=10) 

 
 

Cynomolgus Monkey 
(N=6) 

VX 
 

GD 
 

GD 
 
 

5 + 
 

5 + 
 

5+ 
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Table 2: Recombinant Goat Milk Human Butyrylcholinesterase (HuBuChE) Protection against Nerve 
Agent Poisoning in Guinea Pigs 

 
 

Pre-treatment OP Therapy* Dose 
LD 50 

Survival Toxic Signs 

PEG-rBuChE 
 

PEG-rBuChE 
 

PEG-rBuChE 
 

None 
 

None 
 
 
 

None 

VX 
 

GD 
 

None 
 

None 
 

VX 
 
 
 

GD 

None 
 

None 
 

None 
 

None 
 

ATR/2-PAM/ 
Diazepam 

 
ATR/2-PAM/ 

Diazepam 

5.5 
 

5.5 
 

None 
 

None 
 

1.5 
 
 
 

1.5 

12 / 12 
 

12 / 12 
 

8 / 8 
 

12 / 12 
 

10 / 10 
 
 
 

2 / 4 

Minimal to none 
 

Minimal to none 
 

Minimal to none 
 

Minimal to none 
 

Mild to moderate (6 / 10), 
Severe (4 / 10) 

 
 

Severe (4 / 4) 

 
* Atropine (ATR), 2-pralidoxime Cl (2-PAM) 
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Table 3: Site-Directed Mutations of Human PON1 and Effect on Enzymatic Activity 
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Table 4: Affinity and Turnover of Each of the Four Soman Stereoisomers by HuPON1 
 
 

GD Isomer KM (mM) kcat (min-1) kcat/KM (mM-1min-1) 

C+P+ 0.27 ± 0.08 1030 ± 94 3814 

C-P+ 0.58 ± 0.23 593 ± 54 1022 

C+P- 0.71 ± 0.49 553 ±163 779 

C-P- 0.91 ± 0.34 501 ± 45 550 
  
 
 
 
 

 

Table 5:  Kinetic Parameters for the Enzymatic Hydrolysis of VX by Recombinant HuPON1 Enzymes 
 

Samples KM (mM) kcat (min-1) kcat/KM (mM-1 
min-1) 

Wild-type 2.74 ± 1.51 
107.91 ± 31.13 44.99 ± 12.51 

H115W 2.58 ± 0.56  53.91 ± 7.80  21.37 ± 8.06 

S193G 2.14 ± 0.45 152.26 ± 65.97 69.41 ± 16.28 

S193A 3.33 ± 0.24 393.25 ± 0.76 118.29 ± 16.28 

R214Q 2.08 ± 0.56 284.48 ± 47.03  138.98 ± 15.06 

S193A/R214Q 3.32 ± 1.79 125.30 ± 30.19  41.89 ± 11.05 

 
 

Results shown are the average and standard deviation of at least three independent (n ≥ 3) transfections. 
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Table 6:  Kinetics of VR Hydrolysis Mediated by Recombinant HuPON1 Enzymes 

Samples KM (mM) kcat (min-1) kcat/KM (mM-1 min-1) 

Wild-type 0.57 ± 0.08 
14.37 ± 1.03 25.49 ± 5.23 

H115W ND  ND  ND 

S193G 0.31 ± 0.02 11.99 ± 3.72 39.71 ± 15.62 

S193A 0.39 ± 0.12 40.98 ± 12.05 107.61 ± 17.80 

R214Q 0.48 ± 0.14 35.93 ± 6.32  75.93 ± 9.18 

S193A/R214Q 0.43 ± 0.05 9.47 ± 0.63  22.34 ± 2.19 

 
Results (averages and standard deviations) shown were determined from at least three  

independent (n ≥ 3) transfections.  ND:  Catalysis was not detectable at VR concentrations ≤ 1.80 mM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  Crystal structure of DFPase used as a template to model a proposed secondary structure of 
HuPON1 (Yeung et al. 2004; Josse et al. 2002).   (A) View of a ribbon diagram of the DFPase structure as 
determined from x-ray crystallography experiments (Scharff et al. 2001).  (B) Ribbon diagram representation 
of the proposed secondary structure of HuPON1 (PDB: 1XHR) viewed along the axis with the catalytic 
calcium (white) above the structural calcium (pink).  The model displays a slightly distorted six-bladed β-
propeller shown in the same relative orientation as (A). 
 

B A 
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Figure 2:  Kinetics of V-agents hydrolysis.  Michaelis-Menten plots for the hydrolysis of VX (■) 
and VR (▲) by wild-type (HuPON1).  KM for VX = 2.74mM vs. KM for VR = 0.57 mM whereas kcat 
of VX = 108 min-1 vs. kcat of VR = 14.4 min-1. 
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Figure 3: Michaelis-Menten plots for the hydrolysis of VX (■) and VR (▲) by mutant H115W 
recombinant HuPON1.  
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