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The concept of using cholinesterase bioscavengers for prophylaxis
against organophosphorous nerve agents and pesticides has
progressed from the bench to clinical trial. However, the supply
of the native human proteins is either limited (e.g., plasma-derived
butyrylcholinesterase and erythrocytic acetylcholinesterase) or
nonexisting (synaptic acetylcholinesterase). Here we identify a
unique form of recombinant human butyrylcholinesterase that
mimics the native enzyme assembly into tetramers; this form
provides extended effective pharmacokinetics that is significantly
enhanced by polyethylene glycol conjugation. We further demon-
strate that this enzyme (but not a G117H/E197Q organopho-
sphorus acid anhydride hydrolase catalytic variant) can prevent
morbidity and mortality associated with organophosphorous
nerve agent and pesticide exposure of animal subjects of two
model species.
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Butyrylcholinesterase (BChE) is the major cholinesterase
(ChE) in the serum of humans (1, 2). Although the closely

related enzyme acetylcholinesterase (AChE) is well described
as the primary synaptic regulator of cholinergic transmission, a de-
finitive physiological role forBChEhas not yet been demonstrated
(3). BChE is catalytically promiscuous and hydrolyzes not only
acetylcholine (ACh), but also longer-chain choline esters (e.g., bu-
tyrylcholine, its preferred substrate, and succinylcholine) and a
variety of non-choline esters, such as acetylsalicylic acid (aspirin)
and cocaine (4, 5). Moreover, BChE binds most environmentally
occurring ChE inhibitors as well as man-made organophosphor-
ous (OP) pesticides and nerve agents (NAs) (6, 7–10).

The systemic biodistribution and affinity for ChE inhibitors
allow endogenous BChE to provide broad-spectrum protection
against various toxicants by their sequestration before they reach
cholinergic synapses. However, under realistic high-dose expo-
sure scenarios, BChE serum levels are too low to afford adequate
protection, resulting in persistent cholinergic excitation due to
irreversible inhibition of AChE and subsequent accumulation
of ACh. Sublethal manifestations of this state include unregu-
lated exocrine secretion and gastrointestinal hypermotility. Death
usually results from unregulated stimulation at neuromuscular
junction leading to hemodynamic instability and tetanic contrac-
tion of the respiratory muscles (11, 12).

Current OP poisoning therapy consists of atropine for muscari-
nic ACh receptor blockade and diazepam for symptomatic man-
agement of convulsions (12). Additionally, oxime therapy with
2-pralidoxime (2-PAM) can effectively reactivate some but not all
OP-AChE adducts (13–15). This standard therapeutic approach
can reduce mortality, but insufficiently prevents the incapacita-
tion associated with OP toxicity (12, 16).

Prophylaxis by administration of exogenous ChEs has proven
successful in reducing OP-associated morbidity and mortality,
but requires the availability of relatively large amounts of these
proteins because the ChE-OP interaction is stoichiometric and
irreversible (17–20). Studies using plasma-derived human BChE
(hBChE) provided proof of concept (21), but also raised concerns
over the limited availability of hBChE, and the risk inherent to
the use of a human blood product. Additionally, amino acid sub-
stitution variants of WT BChE (e.g., G117H/E197Q) have been
identified that support the slow regeneration of the phosphory-
lated (or phosphonylated) active-site serine residue, thus creating
a catalytic bioscavenger (22–25). Therefore the need for a sus-
tainable source of WT and mutant ChEs prompted the search
for recombinant protein production platforms, including trans-
genic goats and insect larvae (26–28).

As an alternative to animal-based technologies, we have eval-
uated the capacity of plant production of recombinant human
cholinesterases (29–31) to meet this need. We report herein that
human BChE assembles in planta into tetramers, unlike recom-
binant BChE from other sources. Further, plant-derived BChE
(pBChE) can protect animals against otherwise lethal doses of
pesticide and NA challenges.

Results
Oligomeric State of pBChE.Highly purified preparations of WTand
G117H/E197Q pBChEs were obtained by two sequential affinity
chromatography steps (32). WT pBChE could be resolved by
SDS-PAGE into two distinct protein bands with apparent mole-
cular masses of 67–69 kDa and 72–75 kDa (Fig. 1), both smaller
than the fully glycosylated ∼85 kD hBChE (33). WT pBChE
was found to carry hybrid glycans with concanavalin A-reactive
mannose terminal residues (32).

We used size-exclusion HPLC (SEC-HPLC) to separate the
various molecular species that may be present in the pure pre-
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parations. Nearly half (48.7%) of pBChE was found to be orga-
nized into tetramers with smaller population of monomers
(36.0%) and dimers (15.3%) (Fig. 2A). All pBChE species main-
tained catalytic activity irrespective of oligomerization state
(Fig. 2B). The various oligomeric species of pBChE displayed
decreased chromatographic mobility as compared to their respec-
tive hBChE counterparts, in agreement with the former’s lower
apparent molecular masses (Fig. 2B). The presence of tetramers
revealed by the SEC-HPLC data was further validated by sucrose
density gradient sedimentation (Fig. 2C).

Enzymatic Properties of pBChE. We compared the steady-state
kinetics of substrate hydrolysis by WT pBChE to that of hBChE.
Both enzymes displayed the typical substrate activation expected
of this enzyme (34) (Fig. 3A). Nonlinear regression revealed
the Km of pBChE for butyrylthiocholine (BTCh) to be 147 μM,
practically identical to its plasma-derived counterpart (146 μM;
Fig. 3A, Inset). Other kinetic parameters of the two enzymes,
including the dissociation constant of BTCh at the peripheral
binding site (Kss) and the activation factor, b, were also indistin-
guishable. On the other hand, the BTCh hydrolysis kcat value of
hBChE was somewhat higher than that of pBChE.

To determine the in vitro OP scavenging ability of WT pBChE,
we assayed its activity following incubation with paraoxon (POX),
the activated form of the insecticide parathion and a model
OP compound. The inhibition profiles of pBChE and hBChE
were virtually indistinguishable with respective IC50 values of
0.65 × 10−8 M and 1 × 10−8 M (Fig. 3B).

Next, we examined the binding of pBChE to chemical warfare
NAs. The final concentrations of NA were sufficiently high to
establish pseudo-first-order reaction conditions for all pairings
except WT BChE with soman (GD), in which a theoretical

approximation for ki was calculated (Table 1). The results were
in excellent agreement with previous observations with hBChE
(35, 36) and were congruent with the results obtained for POX
(Fig. 3B). The results indicated that inhibition rates of WT
pBChE by GD and O-ethyl-S-(2-diisopropylaminoethyl) (VX)
were 3- to 4-orders of magnitude higher than those of G117H/
E197Q pBChE.

It was previously proposed that ChE-based bioscavenger
prophylaxis against NAs could be combined with administration

Fig. 1. Highly purified preparation of pBChE. Water-soluble proteins were
extracted from leaves of WT plants (lane 1) or transgenic plants that express
pBChE (lane 2). The recombinant protein was purified from the extract
by ammonium sulfate fractionation (30%–70% fraction, lane 3), and in
tandem affinity chromatography steps using Con A-sepharose (lane 4) and
procainamide (lane 5). Protein samples were resolved by SDS-PAGE and
either (A) subjected to silver staining or (B) transferred to a PVDF membrane,
immunodecorated by an anti-human BChE antibody followed by HRP-conju-
gated secondary antibody, and visualized by chemiluminescence. Gels were
loaded based on equal BChE activity at 24 mU (A) or 2.4 mU (B). Crude extract
samples contained equivalent amounts of total soluble proteins. One unit
of enzyme will hydrolyze 1.0 μmol of butyrylthiocholine to thiocholine
and butyrate per minute.

Fig. 2. Tetramerization of pBChE. (A) SEC-HPLC analysis of preparations of
pBChE and hBChE. Monomers—1°, dimers—2°, tetramers—4°. β-Amylase
(200 kDa) and BSA (66 kDa) were used as size standards. (B) Fractions col-
lected during SEC-HPLC analysis were assayed for BChE activity. (C) Sucrose
density gradient sedimentation analysis of pBChE and hBChE preparations.
Fractions were assayed for BChE activity.

Fig. 3. BTCh hydrolysis and its inhibition by POX. (A) Steady-state kinetics of
BTCh hydrolysis by pBChE and hBChE. (B) POX IC50 curves for pBChE and
hBChE. Error bars indicate �SEM.
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of oximes to allow the rapid restoration of the ChE active site
(19). This combination therapy would effectively turn a stoichio-
metric anti-OP bioscavenger into a “pseudocatalytic” one (19).
We tested the potential of various oximes to reactivate WT
pBChE following its inhibition by a panel of NAs (Table 2). Our
analysis demonstrated that sarin (GB)- and VX-inhibited pBChE
underwent slow reactivation with 2-PAM, as well as four other
experimental oximes. Tabun-BChE and cyclosarin-BChE com-
plexes were more resistant to oxime-mediated reactivation than
their GB and VX counterparts. For all oxime–OP combinations
tested, the plant-derived read-through isoform of human AChE
(pAChE-R) was more amenable to oxime-mediated reactivation
than pBChE.

Polyethylene Glycol Conjugation Improves the Pharmacokinetic Prop-
erties of Plant-Derived ChEs. To determine the in vivo stability (and
thus the therapeutic window) for pBChE, we undertook a phar-
macokinetic analysis of the recombinant WT protein in mice and
guinea pigs (GPs). Following i.v. administration into mice, WT
pBChE and pAChE-R were rapidly cleared with t1∕2 of 7 and
11 min, respectively (Fig. 4A and Table 3). In GPs (compared
to mice), pBChE had a somewhat longer circulatory retention
(t1∕2 ¼ 24 min), independent of dose (Fig. 4A and Table 3).

To increase the biological half-life of the plant-derived
enzymes, we chemically conjugated them to linear activated
PEG with average molecular masses of either 5 kDa (PEG-5K)
or 20 kDa (PEG-20K). Chemical conjugation of pBChE to
PEG-5K or PEG-20K decreased electrophoretic mobility propor-
tionally to both the molecular weight of the PEG group and, in
the case of PEG-5K, the duration of conjugation (Fig. 4B, Inset).
Similar patterns were observed for pAChE-R (data not shown),
which has fewer lysine residues (37).

PEG-conjugation dramatically prolonged the circulatory
presence of the injected proteins, resulting in a marked biphasic
clearance pattern: a rapid distribution phase with a half-life
(t1∕2-F) that was 8–19-fold shorter than that of the slower clear-
ance phase (t1∕2-S, Fig. 4B and Table 3). PEGylation dramatically
increased t1∕2-S of pBChE and pAChE-R. Conjugation with PEG-
20K was most effective for pAChE-R, prolonging its t1∕2-S from
11 min to almost 2 d (a 240-fold increase), but we observed a

smaller increase for pBChE (Table 3). In contrast, PEG-5K
had a particularly large effect (522-fold) on the t1∕2-S of pBChE,
but only modestly affected pAChE-R. PEGylation had a com-
paratively smaller effect over the rapid distribution phase, but
in totum significant proportions of the injected ChEs remain
in the circulation at 48 h after injection: 8% and 25% of PEGy-
lated pACHE-R and pBChE, respectively.

pBChE Provides Effective Prophylaxis Against Pesticide and NA Poison-
ing. To test the in vivo efficacy of pBChE against OP poisons, we
first used a mouse model of OP toxicity using POX (Fig. 5). Treat-
ment with 1.1 × LD50 of POX (750 μg∕kg) was lethal in 100% of
animals. Prophylactic administration of pBChE prevented mor-
tality at a pBChE/POXmolar ratio as low as 0.15. However, these
animals exhibited severe convulsions and increased respiratory
effort. Symptom severity decreased with increasing pBChE dose
and asymptomatic presentation was achieved at a molar ratio of
0.35 pBChE/POX.

To extend these results to chemical warfare NAs, GPs were
administered WT pBChE at one of two doses, either 10.50 mg∕
kg (N ¼ 2) or 26.15 mg∕kg (N ¼ 4). Five minutes following
enzyme administration, animals administered 26.15 mg∕kg of
pBChE were challenged with 2 × LD50 of GD (56 μg∕kg). The
GPs administered 10.5 mg∕kg were challenged with the same
dose of GD at either 40 min or 22 h after pBChE administration.
In the absence of prophylaxis, a 2 × LD50 dose of GD results in
100% lethality within 2–4 h of exposure, with onset of symptoms
within 10–15 min (38). None of the animals (N ¼ 4) pretreated
with 26.15 mg∕kg pBChE 5 min prior to GD exposure developed
clinical signs for 2 h after exposure to a NA (Table 4). At 24 h
after exposure, three of the four animals were alive and free
of symptoms; one animal in this set was found dead at ∼18 h after
exposure, possibly due to complications associated with the car-
otid catheter, or to unobserved late onset OP toxicity. Of the two
GPs administered 10.5 mg∕kg pBChE, the animal exposed to GD
at 40 min after enzyme survived to 24 h and displayed no signs of
NA intoxication. In contrast, the animal exposed to GD at 22 h
after pBChE administration became symptomatic within 8 min
and died within 20 min of NA injection.

All animals pretreated with G117H/E197Q pBChE and ex-
posed to 4.5 × LD50 of GD (N ¼ 2) or 2 × LD50 of GD (N ¼ 2),
VX (n ¼ 3) or GB (N ¼ 2) displayed signs of NA intoxication
within 15 min of exposure and none survived to 24 h (Table 4).

Discussion
Human BChE has been a leading candidate for development as a
bioscavenger of NAs to prevent OP poisoning. Current research
has been conducted with enzyme prepared in limited quantities
by purification from blood-banked plasma. It has proven to be
an excellent bioscavenger that performed very well in animal
challenge experiments and results from two recently completed
Phase-Ia clinical trials (NCT00333528 and NCT00744146) are

Table 1. Inhibition rate constants (ki) for pBChE

Variant Agent ki , M−1 min−1

WT pBChE VX 4.3 × 106

GD 6.0 × 109*
G117H/E197Q pBChE VX 1.8 × 103

GD 1.4 × 105

WT hBChE† VX 2.3 × 107

GD 4.0 × 107

*Value is estimated as pBChE activity was fully inhibited prior to initial
measurement.

†From Cohen et al. (35).

Table 2. Oxime-mediated reactivation of pBChE and pAChE-R

Nerve agent
Oxime-mediated reactivation rates (k, min−1)

HI-6 2-PAM MMB-4 TMB-4 HS-6

pBChE
Tabun >3.0 × 10−3 >3.0 × 10−3 >3.0 × 10−3 >3.0 × 10−3 >3.0 × 10−3

Sarin 8.7 × 10−2* 1.5 × 10−2* 1.0 × 10−2* 1.9 × 10−3* 1.9 × 10−3*
Cyclosarin 1.9 × 10−3 1.9 × 10−3 1.9 × 10−3 1.9 × 10−3 1.9 × 10−3

VX 5.3 × 10−2 2.6 × 10−2 1.3 × 10−2 1.6 × 10−2 9.2 × 10−2

pAChE-R
Tabun — 4 × 10−3 2.5 × 10−3 2.7 × 10−2 —
Sarin 6.9 × 10−1* 2.4 × 10−2* 1.7 × 10−1* 4.6 × 10−2* —
Cyclosarin 2.3 × 10−1* — 1.7 × 10−1* 5.3 × 10−2* 9.9 × 10−2*
VX — — 2.4 × 10−2** 3.1 × 10−2** 6.3 × 10−2**

Concentration of oximes was 1 mM except where noted (*0.1 mM; **0.01 mM).
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apparently forthcoming (21). A major remaining hurdle is to
identify a reliable, safe, non-supply-limited and inexpensive
source for BChE.With current technology, creating a small stock-
pile of plasma-derived BChE (1 kg ≈ 5;000 doses) would require
dedicating the entire annual US supply of outdated plasma to a
purification effort at a considerable cost (18). Recombinant DNA
technology-based production systems are attractive alternatives.
Among the various platforms for the production of recombinant

proteins including transgenic goats (26), transgenic plants offer
several unique advantages such as reduced costs of production,
simple scaleup, enhanced biosafety and equivalent costs for pur-
ification and in vitro modifications (39, 40).

Unlike recombinant transgenic goat-milk-derived BChE (26),
but similar to the plasma-derived enzyme, a substantial portion of
the WT pBChE population is tetrameric (Fig. 2). Tetramerization
of endogenously produced ChEs is mediated by noncovalent
interactions between the conserved C-terminal Trp amphiphilic
tetramerization (WAT) domains of individual BChE monomers
with polyproline II helical domains of several proteins. For exam-
ple, BChE and AChE at the neuromuscular junction form tetra-
mers that are attached to the basal lamina through the proline-
rich attachment domain of Collagen Q (41, 42). BChE tetramers
in human serum were very recently shown by Lockridge and cow-
orkers to associate with peptides derived from lamellipodin (43).
Like the tetramerization itself, the interaction with lamellipodin
depends on the C terminus, and is impaired in the K variant of
BChE that carries a C-terminal substitution (44). To our knowl-
edge, plants lack direct homologs of lamellipodin, but they do
contain a fair number of proline-rich proteins, many of which
are cell-wall associated (45). Proteolytic cleavage of some of these
proteins gives rise to polyproline peptides (46, 47). Association of
the WAT domain with such proteins or peptides may promote
pBChE tetramerization.

Compared to their plasma-derived counterparts, pBChE tetra-
mers and dimers have longer retention time upon SEC-HPLC,
and this observation is congruent with the smaller apparent
molecular mass of the monomer as observed by SDS-PAGE.
We have previously observed that pBChE carries hybrid glycans
with terminal mannose residues (facilitating the purification of
pBChE) on their fucosylated N-acetylglucose amine cores (32).
The nuanced disparity in the maturation of N-linked sugars in
plants and humans did not affect the enzymatic properties of
pBChE nor did it prevent its tetramerization.

Divergent glycosylation, especially the absence of terminal
sialylation, explicates the relatively brief circulatory half-life of
the non-PEGylated pBChE (Fig. 4 and Table 3), in agreement
with rigorous studies by Shafferman et al. who showed that
sialylation is the most important factor affecting the circulatory
retention of recombinant ChEs (48). However, significant spe-
cies-dependent variation was also noted especially when rodents
were contrasted with primates, suggesting rodents may be poor
predictors of ChE pharmacokinetics in humans (37, 49, 50). It
is important to note that BChE tetramers were shown to have
longer circulatory residence time than monomers suggesting that
tetramerization may play a bigger role in enhancing stability of
BChE as compared to AChE (51, 52). Our data here demonstrate
an outstanding prolongation of the biological half-life of pBChE

Fig. 4. Pharmacokinetic profiles of pBChE and its PEGylated derivatives. (A)
Unmodified pBChE was administered intravenously to mice at 2;000 units∕kg
(N ¼ 10) or through a carotid catheter to GPs at 7;000 units∕kg (low, N ¼ 2)
or at 14;000 units∕kg (high, N ¼ 2). (B) PEGylated BChEs were administered
i.v. to mice: pBChE-5Kp (N ¼ 10), pBChE-5Kc (N ¼ 10), and pBChE-20K (N ¼ 5).
Plasma BChE levels were determined at the specified time points and con-
verted to units per kilogram body weight assuming blood constitutes 7%
of body weight in rodents. Control BChE levels were 100–130 units∕kg in
both mice and GPs. Data points represent mean� SEM. (Insert) PEGylated
pBChE was resolved by SDS-PAGE and protein bands were visualized by silver
staining. Unconjugated pBChE (lane 1), or pBChE following conjugation to 5K
PEG [2 h partial conjugation (lane 2), and 4 h complete conjugation (lane 3)],
or 20K PEG (lane 4).

Table 3. Pharmacokinetics of pBChE, pAChE-R, and derivatives
thereof in mice and guinea pigs

Half-life Residual activity

t1∕2-F* t1∕2-S
† at 48 h

min min (fold) %

pBChE Mouse 7‡ (1) 0
pBChE-5K (p) 178 1,418 (213) 9
pBChE-5K (c) 281 3,475 (522) 25
pBChE-20K 53 876 (132) 7
pBChE Guinea pig 24‡ 0
pAChE Mouse 11‡ (1) 0
pAChE-5k 14 130 (12) 0
pAChE-20k 138 2669 (240) 8

*Half-life of the fast clearance phase.
†Half-life of the slow clearance phase.
‡Clearance was fast and appeared monophasic.

Fig. 5. Protection from acute symptoms of OP toxicity with pBChE. Mice
(23–30 g) were i.v. injected with pBChE in saline (0–100 mg∕kg). Actual BChE
concentrations in blood were determined at 5 min after injection and ranged
0–58 mg∕kg. At 10 min after BChE administration, mice were injected with
POX (50–68 nmol per animal). Molar ratios ([BChE]/[POX]) were calculated
and ranged between 0 and 0.51. Symptom score was 0, asymptomatic; 1,
decreased motor activity; 2, tremors or fasciculation; 3, convulsions; 4, death.

20254 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1009021107 Geyer et al.



upon PEGylation as was previously shown for ChEs produced by
other platforms (35, 49, 53). A more extensive coverage of more
surface-exposed lysines, achieved with longer reaction time (i.e.,
allowing PEGylation with PEG-5K to continue to completion),
was more effective in prolonging t1∕2 than decoration with larger
individual PEG moieties at fewer sites. Interestingly, when we
compared the clearance profile of pBChE conjugated with
PEG-20K to the similarly modified pAChE-R in mice, we noticed
much more rapid clearance of the latter, in agreement with the
finding that BChE is preferentially maintained over AChE in pri-
mate serum (49, 50).

Oximes are an integral part of the current treatment for
exposure to some OPs, allowing partial recovery of cholinergic
functions by reactivating synaptic AChE. Incorporating oximes
into ChE prophylaxis may enhance the efficacy of a bioscavenger
by allowing its regeneration thereby requiring a lower effective
dose (19). Our analysis of oxime-mediated reactivation of
plant-produced ChEs (Table 2) demonstrated that reactivation
of pBChE was generally much less successful than reactivation
of pAChE-R, which corroborates previous findings with ChEs
derived from other sources (54, 55). It is important to note that
the tested oximes were developed to fit the smaller active site of
AChE for effective reactivation. For the successful implementa-
tion of ChEs as pseudocatalytic bioscavengers, optimizing oxime-
ChE interactions is necessary and can be achieved by using
recombinant AChE with currently available oximes, by modifying
the BChE active site to allow efficient reactivation by such oxi-
mes, or by developing new BChE-compatible oximes.

We have successfully demonstrated here, in two animal mod-
els, that pBChE reduces mortality and morbidity associated with
OP pesticide and NA exposure, thus providing dose-dependent
protection against these poisons. It is important to note that
mice (and other rodents but much less so for guinea pigs) have
a high plasma concentration of carboxylesterase, allowing effi-
cient scavenging of POX (56–58), and can provide an explanation
for their resistance to poisoning by POX (and some other OPs)
and to the better than 1∶1 stoichiometry observed here (Fig. 5).

We included the G117H/E197Q variant of pBChE in this study
to test its feasibility as a catalytic scavenger of OP NAs. Previous
in vitro studies suggested that the (modest) OP hydrolytic activity
of G117H/E197Q BChE (22, 25) would result in higher protective
ratios from a given dose of enzyme and/or reduce the amount
of protein required to afford protection against a fixed dose of
NA. The utility of the G117H/E197Q BChE variant as a catalytic
bioscavenger was previously suggested but not tested in vivo.
Here we demonstrate that this variant could not afford in vivo
protection against nerve agents. The failure of the G117H/E197Q
variant of pBChE to protect against GB, GD, or VX is most likely
the consequence of its substantially reduced binding of OP NAs
relative to WT pBChE; G117H/E197Q pBChE probably binds

the NA too slowly to effectively scavenge it from the circulation
before a lethal dose of NA distributes out of the bloodstream
reaching its physiological targets. From an enzyme engineering
(or directed evolution) point of view, this result suggests an im-
portant lesson: On the road to better catalytic efficiency
(kcat∕KM) some reduction in substrate affinity (i.e., increase in
KM) can be expected and tolerated but this compromise cannot
be too great.

Comparison of in vitro and in vivo protection data afforded by
pAChE-R or WT pBChE demonstrated no significant difference
in either OP scavenging or the ability to affect a clinically mean-
ingful survival (29). As discussed above, in comparison to BChE,
AChE’s more efficient oxime-mediated reactivation makes it
more readily testable as a pseudocatalytic bioscavenger with
currently available oximes. However, such differences must be
balanced with the more favorable pharmacokinetic profile of
BChE. Additionally, the ability of BChE to hydrolyze other toxins
such as cocaine and succinylcholine makes the BChE a compel-
ling “dual use technology” tool, providing a secondary market
that is perhaps less applicable to AChE. The question of which
enzyme is more effective as a bioscavenger remains open, with
transgenic plants currently offering the only published source
for both recombinant human AChE and BChE. The use of plant
production of these enzymes will remove current limitations in
protein availability and allow detailed studies of them toward
human testing, including investigating the effect of custom glyco-
sylation, potential improvements by mutagenesis, and evaluation
of mixed isoform formulations to exploit the potentially positive
attributes of enzyme synergy.

Materials and Methods
Plant Production of Human ChEs. Purification of WT pBChE and pAChE-R from
transgenic Nicotiana benthamiana plants was recently described (29, 31, 32).
The G117H/E197Q variant of pBChE was transiently expressed in WT plants
using the MagnICON vector system (59) and was purified following a similar
protocol used for WT pBChE.

Biochemical Analyses and Manipulations. Fractionation of pBChE molecular
species using SEC-HPLC or sucrose gradient centrifugation is described in
details in the SI Text. Conjugation of WT pBChE or pAChE-R (31) to PEG
was performed essentially as described (53 and SI Text). Standard SDS-PAGE
and immunoblot analyses were used. Rabbit polyclonal anti-hBChE Abs
were the generous gift of Oksana Lockridge (University of Nebraska Medical
Center, Omaha, NE).

Steady-state enzyme kinetics experiments are described in the SI Text. OP
NAs tabun, GB, GD, cyclosarin, and VX were obtained from the US Army
Edgewood Chemical Biological Center; all were found to be >96% pure
by 31P NMR analysis.

In Vivo Experiments. In vivo experiments were approved by the Institutional
Animal Care and Use Committees of Arizona State University and of the US

Table 4. WT but not G117H/E197Q pBChE protects guinea pigs from nerve agent challenge

Group pBChE Agent

Dose Time* Dose Time* Survival after challenge†

n mg∕kg min μg∕kg ×LD50 min 1 h 24 h

WT pBChE (High)
4 26.15 t ¼ 0 GD 56 2 t ¼ 20 4∕4 3∕4
WT pBChE (Low)
1 10.50 t ¼ 0 GD 56 2 t ¼ 40 1∕1 1∕1
1 10.50 t ¼ 0 GD 56 2 t ¼ 22 h 0∕1 —
G117H/E197Q pBChE (High)
2 26.15 t ¼ 0 GD 56 2 t ¼ 5 0∕2 —
2 26.15 t ¼ 0 GD 126 4.5 t ¼ 5 0∕2 —
3 26.15 t ¼ 0 VX 18 2 t ¼ 5 0∕3 —
2 26.15 t ¼ 0 GB 87 2 t ¼ 5 0∕2 —

*Time of administration.
†Survivors per total tested.
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Army Medical Research Institute of Chemical Defense. Full description of
these experiments can be found in the SI Text.
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