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Identification of Carboxylesterase,
Butyrylcholinesterase, Acetylcholinesterase,
Paraoxonase, and Albumin Pseudoesterase
in Guinea Pig Plasma through Nondenaturing
Gel Electrophoresis

Geoffroy Napon,'? Alicia J Dafferner,' Ashima Saxena,** and Oksana Lockridge'”

Drugs to protect against nerve agent toxicity are tested in animals. The current preferred small animal model is guinea pigs
because their plasma bioscavenging capacity resembles that of NHP. We stained nondenaturing polyacrylamide slab gels
with a variety of substrates, inhibitors, and antibodies to identify the esterases in heparinized guinea pig plasma. An intense
band of carboxylesterase activity migrated behind albumin. Minor carboxylesterase bands were revealed after background
activity from paraoxonase was inhibited by using EDTA. The major butyrylcholinesterase band was a disulfide-linked dimer.
Incubation with the antihuman butyrylcholinesterase antibody B2 18-5 shifted the butyrylcholinesterase dimer band to slower
migrating complexes. Carboxylesterases were distinguished from butyrylcholinesterase by their sensitivity to inhibition by
bis-p-nitrophenyl phosphate. Acetylcholinesterase tetramers formed a complex with the antihuman acetylcholinesterase
antibody HR2. Organophosphorus toxicants including cresyl saligenin phosphate, dichlorvos, and chlorpyrifos oxon irrevers-
ibly inhibited the serine esterases but not paraoxonase. Albumin pseudoesterase activity was seen in gels stained with o.- or
B-naphthyl acetate and fast blue RR. We conclude that guinea pig plasma has 2 types of carboxylesterase, butyrylcholines-
terase dimers and 5 minor butyrylcholinesterase forms, a small amount of acetylcholinesterase tetramers, paraoxonase, and
albumin pseudoesterase activity. A knockout mouse with no carboxylesterase activity in plasma is available and may prove
to be a better model for studies of nerve agent toxicology than guinea pigs.

Abbreviations: BNPP, bis-nitrophenyl phosphate; CBDP, cresyl saligenin phosphate; HuBChE, human butyrylcholinesterase;

isoOMPA, tetraisopropyl pyrophosphoramide
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Guinea pigs (Cavia porcellus) are the currently accepted small
animal model for studying the toxicology of organophosphorus
nerve agents.?*?%3%4 The LD,  of soman is 4-fold higher in rats
than in guinea pigs, a difference attributed to a higher level of
carboxylesterase activity in rat plasma.* Carboxylesterase in rat
plasma protects the animal from nerve agent toxicity by binding
and inactivating soman, thus limiting the amount of soman that
inhibits acetylcholinesterase in the cholinergic nervous system.
Humans and NHP lack carboxylesterase in plasma and serum.”

Guinea pig plasma contains at least 2 classes of carboxylester-
ase.*”" In an earlier study,* plasma proteins separated through
preparative column electrophoresis were assayed for hydrolase
activity by 8 different esters and for inhibition by physostig-
mine and tetraisopropyl pyrophosphoramide (isoOMPA). The
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author thus classified the esterases in heparin-treated guinea pig
plasma into 3 groups: esterase A (paraoxonase in current termi-
nology), 2 types of B esterases (carboxylesterase), and one C es-
terase (butyrylcholinesterase). The carboxylesterases in guinea
pig and rat plasma are inhibited by iso0OMPA,*!* a compound
generally regarded as a specific inhibitor of butyrylcholinester-
ase. Separation of guinea pig plasma esterases through chroma-
tofocusing or polyacrylamide gel electrophoresis followed by
assays with a variety of ester substrates and a panel of inhibitors
identified carboxylesterases with 3 different isoelectric points,
molecular weights of 80 and 58 kDa, and distinct reactivities to
monoclonal antibodies against carboxylesterase.”'*!

No single study has identified all the esterases in guinea pig
plasma. One group used polyacrylamide tube gels and iden-
tified 4 carboxylesterases and one arylesterase (that is, para-
oxonase) but found no cholinesterase in guinea pig serum.”
Separation by starch gel electrophoresis identified pseudocho-
linesterase (that is, butyrylcholinesterase) and carboxylester-
ase but no arylesterase (that is, paraoxonase) in heparin-treated
guinea pig plasma.”* Aldridge tested sera from 9 species for the
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ability to hydrolyze paraoxon and reported that guinea pig se-
rum contains arylesterase (that is, paraoxonase) at levels similar
to those in rat.!

We identified the esterases in guinea pig plasma by using
nondenaturing gradient polyacrylamide slab gels. Gel-shift as-
says with monoclonal antibodies revealed bands of acetylcho-
linesterase and butyrylcholinesterase activity. Paraoxonase was
identified through its resistance to inhibition by cresyl saligenin
phosphate (CBDP), dichlorvos, and chlorpyrifos oxon and sen-
sitivity to inhibition by EDTA. Carboxylesterase activity was
inhibited by CBDP, dichlorvos, chlorpyrifos oxon, and bis-p-
nitrophenyl phosphate (BNPP) but not EDTA. Albumin pseu-
doesterase activity was visualized on gels stained with B- or
o-naphthyl acetate and fast blue RR dye.

Materials and Methods

CBDP (CAS 1222-87-3) was synthesized by Dr John Mikler
(Medical Countermeasures Section, Defense Research Es-
tablishment Suffield, Medicine Hat, Alberta, Canada). Di-
chlorvos Chem Service PS-89. Chlorpyrifos oxon (catalog no.
MET-674B) was obtained from Chem Service (West Chester, PA);
o-naphthylacetate (N8505), B-naphthylacetate (N6875), fast blue
RR dye (F0500), isoOMPA (CAS 513-00-8; catalog no., T1505)
and BNPP (N3002) were purchased from Sigma (St Louis, MO).
BNPP was prepared as a 20-mM solution in dimethyl sulfoxide.
Heparin-treated guinea pig plasma was purchased from Inno-
vative Research (catalog no., 16094; 1.0 U/mL with butyrylthio-
choline; Novi, MI). Heparin-treated human plasma (2.9 U/mL
with butyrylthiocholine) was obtained from the University of
Nebraska Medical Center blood bank (Omaha, NE). Heparin-
treated plasma from Sprague-Dawley rats (IRTSD-NaHeparin,
catalog no. 16666) was purchased from Innovative Research.
Guinea pig acetylcholinesterase was purified from erythrocytes
(Dr Ashima Saxena, Walter Reed Institute of Research, Silver
Spring, MD). Human butyrylcholinesterase (HuBChE; UniProt
accession no. P06276) was purified from plasma by Drs Law-
rence Schopfer and Oksana Lockridge (University of Nebraska
Medical Center, Omaha, NE). Fetal bovine serum was purchased
from Gibco (Gaithersburg, MD). Antihuman acetylcholinester-
ase monoclonal antibody HR2 (1 mg/mL) was obtained from
Thermo Fisher Scientific (catalog no. MA3-042, Waltham, MA).
Antihuman acetylcholinesterase antibodies AE1, AE2, 1G, 6A,
and 10D have been described previously."! AntiHuBChE mono-
clonal antibody B2 18-5 (GenBank accession nos. KT189143 and
KT189144; 0.91 mg/mL) has been described previously.*

Nondenaturing 4% to 30% polyacrylamide gels. Polyacryl-
amide 4% to 30% gradient slab gels (thickness, 0.75 mm), each
with a 4% stacking gel were poured in a vertical slab gel appara-
tus (model SE600, Hoefer, Thermo Fisher Scientific). Electropho-
resis was performed at 4 °C and a constant voltage of 320 V for
18 h. Before being loaded on a gel, each plasma sample (volume,
5 pL) was diluted with 5 pL of 0.1 M TrisCl pH 7.5 and 10 uL of
60% glycerol containing 0.1% bromophenol blue.

Staining gels for acetylcholinesterase and butyrylcholines-
terase activity. A previously described histochemical method
was adapted for use with polyacrylamide gels.” The substrate
acetylthiocholine iodide revealed brown-red bands for both
acetylcholinesterase and butyrylcholinesterase. The band for
acetylcholinesterase was identified by gel shift after binding
the antiacetylcholinesterase antibody HR2. Samples contain-
ing 1.2 pL guinea pig erythrocyte acetylcholinesterase (0.016 U
activity, 0.003 ng acetylcholinesterase) plus 12.9 uL 1 mg/mL
bovine albumin in PBS and 4 pL antibody were incubated 2 h
at room temperature. The bovine albumin minimized sticking
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of acetylcholinesterase to the walls of the microfuge tube. When
butyrylthiocholine iodide was used in the staining solution,
bands for butyrylcholinesterase but not acetylcholinesterase
appeared. Butyrylcholinesterase bands were distinguished from
carboxylesterase bands by gel shift due to binding the antibu-
tyrylcholinesterase monoclonal antibody B2 18-5 and by spe-
cific inhibition of carboxylesterase activity by bis-p-nitrophenyl
phosphate.

Staining gels for paraoxonase activity. The staining solution
contained 100 mL of 50 mM TrisCl pH 7.5, 10 mM CaCl,, 50 mg
B-naphthylacetate in 1 mL ethanol, and 50 mg of solid fast blue
RR dye.” The gel was gently shaken at room temperature for 20
min until pink bands due to paraoxonase activity appeared. In
addition, a dark band for the major carboxylesterase and pink
bands for butyrylcholinesterase and minor carboxylesterase
isozymes appeared. Gels were washed with water and photo-
graphed on a light table. The stain was specific for paraoxonase
when plasma was pretreated with an organophosphorus toxi-
cant (for example, CBDP, chlorpyrifos oxon, or dichlorvos) that
inhibited carboxylesterase, butyrylcholinesterase, and acetyl-
cholinesterase.

Staining gels for carboxylesterase activity. Bands for carboxy-
lesterase activity without paraoxonase activity were seen when
the gel was stained with o-naphthyl acetate and fast blue RR
dye.” This solution also stained bands for butyrylcholinesterase
and albumin but not acetylcholinesterase. The staining solution
contained 100 mL of 50 mM TrisCl pH 7.5, 50 mg of o-naphthyl
acetate in 1 mL ethanol, and 50 mg of solid Fast blue RR. Bands
were dark green.

Counterstaining. Gels previously stained for acetylcholines-
terase or butyrylcholinesterase activity were counterstained by
using o-naphthyl acetate and fast blue RR dye.

Staining for albumin pseudoesterase activity. Gels stained
with o- or B-naphthyl acetate and fast blue RR dye revealed a
heavy area of albumin pseudoesterase activity, which migrated
faster than other esterases. Counterstaining with Coomassie
blue confirmed that this band contained albumin because it was
the most abundant protein on the gel and because it migrated to
the same position as purified albumin. Albumin pseudoesterase
activity was not inhibited by organophosphate esters or EDTA.

Inhibitor treatment to identify esterases. Guinea pig and hu-
man plasma samples were incubated with 0.4 mM CBDP, 10 mM
dichlorvos, 0.25 mM chlorpyrifos oxon, or 0.4 mM isoOMPA for
2 h at 25 °C and assayed for butyrylcholinesterase activity to
assure that butyrylcholinesterase activity was completely inhib-
ited; treated samples then underwent gel electrophoresis. This
treatment inhibits serine esterases but has no effect on paraox-
onase activity. Plasma treated with 10 mM EDTA has no paraox-
onase activity because the EDTA removes the calcium ions that
are part of the active site of paraoxonase.’>® Carboxylesterase
activity was specifically inhibited by treatment with 1 mM bis-p-
nitrophenyl phosphate for 1 h.”

Results

Antihuman monoclonal antibody HR2 recognized guinea
pig acetylcholinesterase dimers and tetramers. Acetylcholin-
esterase purified from guinea pig erythrocytes (Figure 1) rep-
resents disulfide-linked dimers that have been freed of their
glycolipid membrane anchor by treatment with phospholipase
C. By analogy to human acetylcholinesterase, the C-terminus
of guinea pig erythrocyte acetylcholinesterase is alternatively
spliced to exon 5, where the addition of a glycophospholipid
anchor to Gly587 (GenBank accession no., XP_023420887) de-
letes 22 amino acids from the C-terminus.!**! We tested a set of 6
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Figure 1. Monoclonal antibody HR2 binds guinea pig (GP) erythro-
cyte G2 acetylcholinesterase (AChE) dimers. The nondenaturing gra-
dient polyacrylamide gel was stained for acetylcholinesterase activity
by using acetylthiocholine.” After the addition of 60% glycerol and
0.1% bromphenol blue, samples were immediately loaded on the gel
to minimize photoinactivation of acetylcholinesterase by bromophe-
nol blue.

monoclonal antibodies to human acetylcholinesterase for bind-
ing to guinea pig erythrocyte acetylcholinesterase in gel-shift
assays. Treatment with the HR2 antibody shifted the position
of purified guinea pig erythrocyte acetylcholinesterase dimers,
whereas the other 5 antibodies had no effect (Figure 1). In addi-
tion, HR2 bound acetylcholinesterase tetramers in guinea pig
plasma (Figure 2, lanes 5 and 9). These results confirmed that
antibody HR2 binds guinea pig erythrocyte acetylcholinesterase
dimers® and plasma acetylcholinesterase tetramers.

Acetylcholinesterase tetramers in guinea pig plasma. The pres-
ence of acetylcholinesterase tetramers in guinea pig plasma
was visualized by comparing the migration of guinea pig G2
acetylcholinesterase dimers (Figure 2, lane 4) and fetal bovine
acetylcholinesterase tetramers (lane 6) with bands in guinea pig
plasma (lane 5). Guinea pig plasma (Figure 2, lane 5) had no
band at the position of guinea pig dimer (lane 4) but did have
a band at the position of fetal bovine acetylcholinesterase tetra-
mers (lane 6). The acetylcholinesterase bands (Figure 2, lanes 4
through 6) disappeared from their original position after incuba-
tion with antibody HR2 (Figure 2, lanes 8 through 10), forming
complexes that migrated near the top of the gel.

The presence of the G4 acetylcholinesterase tetramer band in
guinea pig plasma treated with 0.4 mM isoOMPA supported the
conclusion that guinea pig plasma contains acetylcholinesterase
(Figure 2, lane 13). Acetylcholinesterase was resistant to inhibi-
tion by isoOMPA, whereas HuBChE was sensitive to inhibition
by isoOMPA. Likewise, isoOOMPA inhibited guinea pig carbo-
xylesterase (B esterase in previous terminology*). soOMPA-
treated guinea pig plasma lacked all butyrylcholinesterases and

Esterases in guinea pig plasma
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Figure 2. Gel-shift assay identifies acetylcholinesterase tetramers in
guinea pig (GP) plasma. Antihuman acetylcholinesterase monoclonal
HR2 binds guinea pig acetylcholinesterase (AChE) dimers (lane 8),
guinea pig acetylcholinesterase tetramers (lane 9), and bovine acetyl-
cholinesterase tetramers (lane 10). The nondenaturing gel was stained
with acetylthiocholine to reveal acetylcholinesterase and butyrylcho-
linesterase (BChE) activity. Each well contained 10 pL plasma. FBS,
fetal bovine serum; Hu, human.

carboxylesterases (Figure 2, lane 13), leaving only the band cor-
responding to isoOMPA-resistant G4 acetylcholinesterase tetra-
mer. The band-free lane containing human plasma treated with
isoOMPA confirms that 0.4 mM isoOMPA inhibited butyrylcho-
linesterase. The blue bands in Figure 2 are albumin complexes
with bromophenol blue. The G2 and G4 acetylcholinesterase
bands (Figure 2, lanes 4 and 5) did not stain with butyrylthio-
choline (data not shown), consistent with the specificity of bu-
tyrylthiocholine as a substrate for butyrylcholinesterase. We
therefore concluded that guinea pig plasma has G4 acetylcholin-
esterase tetramers and no other acetylcholinesterase isozymes.
Butyrylcholinesterase in guinea pig plasma. The most intense
butyrylthiocholine-hydrolyzing band in guinea pig plasma was
the G2 butyrylcholinesterase dimer (Figure 3, lane 1). This band
was identified as butyrylcholinesterase by its reaction with the
antiHuBChE antibody B2 18-5. After incubation with B2 18-5,
the G2 butyrylcholinesterase dimer band shifted to a slower
migrating position (Figure 3, lanes 2 through 4). Butyrylcho-
linesterase was assumed to be a dimer because it migrated
at the level of the G2 butyrylcholinesterase dimer in human
plasma (Figure 3, lane 5). This band dissociated after treatment
of guinea pig plasma with 10 mM dithiothreitol, confirming
that it is a disulfide-linked guinea pig G2 butyrylcholinesterase
dimer. Human G1 monomers, G2 dimers, and G4 tetramers of
butyrylcholinesterase formed complexes with antibody B2 18-5
that shifted to slower migrating positions on the gel (Figure 3,
lane 6). The location of the epitope that binds antibody B2 18-5 is
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Figure 3. Gel-shift assay identifies G2 butyrylcholinesterase (BChE)
dimers in guinea pig (GP) plasma. The gel was stained with butyrylth-
iocholine for BChE activity. Hu, human.

unknown, but because the antibody bound HuBChE monomers
(Figure 3, lane 6), the epitope is independent of subunit contacts.

Five additional bands in Figure 3 (lanes 1 through 4) are
isozymes of guinea pig butyrylcholinesterase, given that they
hydrolyzed butyrylthiocholine and acetylthiocholine, were
inhibited by isoOMPA, and were not inhibited by the specific
carboxylesterase inhibitor BNPP (Figure 4). We conclude that
guinea pig plasma has G2 butyrylcholinesterase dimers and 5
additional butyrylcholinesterase isozymes.

The B2 18-5 monoclonal antibody was created by using bu-
tyrylcholinesterase purified from human plasma as antigen.®
AntiHuBChE monoclonal antibodies mAb2 and 11D8% did not
recognize guinea pig plasma butyrylcholinesterase.

Carboxylesterase in guinea pig plasma. The inability of an-
tibody B2 18-5 to shift the minor butyrylcholinesterase bands
(Figure 3 lanes 2-4) led us to examine the possibility that these
bands are carboxylesterase rather than butyrylcholinesterase.
Heparin-treated plasma from guinea pigs, rats, and humans
was treated with the specific carboxylesterase inhibitor BNPP.
The butyrylcholinesterase isozymes in guinea pig (Figure 4 A,
lanes 3 and 4) and human (lane 8) plasma were not inhibited by
BNPP. The butyrylcholinesterase activity in rat plasma (Figure
4 A, lanes 5 and 6) was too low to show butyrylcholinesterase
bands from 5 pL plasma. We concluded that the BNPP-resistant
bands (labeled as ‘BChE’ in Figure 4 A and B) are butyrylcholin-
esterase and not carboxylesterase.

The gel was counterstained with a-naphthyl acetate and fast
blue RR (Figure 4 B), revealing intense bands for carboxylester-
ase activity in control samples of guinea pig plasma (labeled
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Figure 4. Inhibition of carboxylesterase activity with 1 mM BNPP. (A)
Gel stained for butyrylcholinesterase (BChE) activity by using butyrylthi-
ocholine. (B) Same gel counterstained with o-naphthyl acetate and fast
blue RR to show carboxylesterase (Ces). Alb, albumin; Hu, human.

‘Ces’; lanes 1 and 2) and control rat plasma (lane 5). Incubation
with 1 mM BNPP reduced carboxylesterase staining in both
guinea pig plasma (Figure 4 B, lanes 3 and 4) and rat plasma
(lane 6). Human plasma lacks carboxylesterase” and showed
no change in the pattern of stained bands after treatment with
BNPP. The intense band of carboxylesterase activity migrated
behind albumin (Figure 4); together, these data confirm that
BNPP inhibits carboxylesterase but does not inhibit butyrylcho-
linesterase activity.

A weak double band of carboxylesterase activity was inhib-
ited by BNPP (labeled ‘Ces’ in Figures 4 B and 5) and was more
intense in the gel stained with B-naphthyl acetate after back-
ground staining from paraoxonase was removed (Figure 5).

Paraoxonase in guinea pig plasma. Whereas paraoxonase ac-
tivity is maintained in the presence of heparin, paraoxonase is
irreversibly inactivated when blood is treated with EDTA, be-
cause EDTA chelates the calcium ions that are a critical compo-
nent of the active site of paraoxonase.?® Heparin-treated human
plasma (Figure 5, lane 5) showed a broad band of paraoxonase
activity, reflecting the heterogeneity of the HDL complex that
includes paraoxonase 1.7

Paraoxonase is distinguished from the serine esterases acetyl-
cholinesterase, butyrylcholinesterase, and carboxylesterase by
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Figure 5. Identification of paraoxonase in a gel stained with -naphthyl
acetate and fast blue RR. Paraoxonase is visible after background ac-
tivity from butyrylcholinesterase and carboxylesterase is inhibited by
using CBDP (lane 3). Weak bands for carboxylesterase (Ces) activity
are visible in lane 2 after paraoxonase activity is inactivated by EDTA.

its sensitivity to inactivation by EDTA and its resistance to in-
hibition by organophosphorus toxicants.'®* We used this infor-
mation to identify paraoxonase in guinea pig heparin plasma.
Guinea pig plasma treated with EDTA (Figure 5, lane 2) retained
bands for carboxylesterase and butyrylcholinesterase but lost
2 broad bands corresponding to paraoxonase. After treatment
of guinea pig plasma with CBDP, the paraoxonase bands were
clearly visible (Figure 5, lane 3), whereas the background ac-
tivity from carboxylesterase and butyrylcholinesterase was
eliminated. Treatment with CBDP and EDTA (Figure 5, lane 4)
inactivated all esterases, with the exception of the pseudoes-
terase activity of albumin. Similar results were obtained when
guinea pig plasma was treated with the organophosphorus toxi-
cants dichlorvos and chlorpyrifos oxon.

The broadband of paraoxonase activity in heparinized human
plasma (Figure 5, lane 5) disappeared when plasma was treated
with 10 mM EDTA (lane 6) but was retained in the presence of
CBDP (lane 7). These results for human plasma confirmed that
paraoxonase could be identified by these treatments. We con-
cluded that guinea pig plasma has paraoxonase.

Discussion

The most abundant esterase in guinea pig plasma is the car-
boxylesterase that migrates behind albumin. This carboxylester-
ase stains with B-naphthyl acetate and a-naphthyl acetate but
not with butyrylthiocholine or acetylthiocholine. In addition,
2 weak bands of carboxylesterase activity are revealed when
background activity from paraoxonase is inhibited with EDTA.
The carboxylesterases are inhibited by organophosphorus
toxicants including CBDP, dichlorvos, and chlorpyrifos oxon.
Guinea pig carboxylesterases are inhibited by isoOMPA, a find-
ing also reported previously.* Guinea pig carboxylesterases are
inhibited by BNPP/ thus distinguishing them from butyrylcho-
linesterase, which is not inhibited by BNPP. An isoelectric point
of pI 3.9 was reported for the most abundant carboxylesterase

Esterases in guinea pig plasma

and of pl 6.2 for a minor carboxylesterase.” Guinea pig plasma
carboxylesterases previously were segregated into 2 groups ac-
cording to their recognition by monoclonal antibodies raised
against rat lung carboxylesterase.”

CBDP is considered as a specific inhibitor of carboxylesterase
activity when carboxylesterases are defined as esterases that
hydrolyze uncharged esters, including p-nitrophenyl acetate,
o-nitrophenyl butyrate, phenyl butyrate, phenyl acetate, o.-
naphthyl acetate, and f-naphthyl acetate. This definition groups
butyrylcholinesterase with carboxylesterases, because butyryl-
cholinesterase hydrolyzes the same neutral esters. Sequencing
of the human genome has clearly established that butyrylcho-
linesterase is different from the family of carboxylesterases. A
single gene on human chromosome 3q26.2 codes for butyryl-
cholinesterase.” A cluster of genes on human chromosome 16
codes for 5 families of carboxylesterases.”? CBDP inhibits both
butyrylcholinesterase and plasma carboxylesterases. The crystal
structure of HuBChE covalently modified by CBDP on the ac-
tive site serine is available in PDB (code 4BBZ).2

In agreement with previous findings, we found butyrylcholines-
terase in guinea pig plasma.’ The dominant guinea pig butyrylcho-
linesterase appears to be a disulfide-linked dimer with an estimated
molecular weight of 170 kDa. This G2 butyrylcholinesterase dimer
is recognized by the antibutyrylcholinesterase antibody B2 18-5.
Minor butyrylcholinesterase isozymes include a G4 tetramer, a G1
monomet, and 3 other weak bands of unknown structure. Mono-
clonal antibody B2 18-5 does not form a stable complex with the
minor butyrylcholinesterase forms in guinea pig plasma. Bands
of butyrylcholinesterase activity stain with butyrylthiocholine and
acetylthiocholine, are inhibited by organophosphorus toxicants
and isoOMPA, but are unaffected by EDTA (a specific inhibitor of
paraoxonase) and BNPP (a specific inhibitor of carboxylesterase).

The apparent dimer structure of the dominant form of bu-
tyrylcholinesterase in guinea pig plasma was a surprise be-
cause the dominant form of butyrylcholinesterase in human
and equine plasma is the G4 tetramer. The tetramer-organizing
domain in human and equine butyrylcholinesterase consists of
40 amino acids at the C-terminus of the 574 amino acid subunit®
(Table 1). Four butyrylcholinesterase subunits assemble into a
tetramer by interaction with a polyproline-rich peptide.>*** The
polyproline-rich peptide is tightly bound to the butyrylcholin-
esterase tetramer through noncovalent contacts with 12 trypto-
phans (3 per subunit) in the tetramerization domain. The guinea
pig butyrylcholinesterase tetramerization domain (Table 1) con-
tains the conserved 3 tryptophans that stack with polyproline.®
This finding suggests that the tetramerization domain of guinea
pig butyrylcholinesterase is capable of binding polyproline and
that the dearth of butyrylcholinesterase tetramers is explained
by an inadequate supply of polyproline peptides.

A weak band of G4 acetylcholinesterase tetramers in guinea
pig plasma was identified based on a gel shift assay with the
antiacetylcholinesterase antibody HR2. The commercially avail-
able HR2 antibody was created by using human brain acetyl-
cholinesterase as antigen.* Additional evidence for the presence
of G4 tetramers in guinea pig plasma includes the following: 1)
guinea pig plasma acetylcholinesterase migrated to the same
position as acetylcholinesterase tetramers in fetal bovine serum,
2) guinea pig acetylcholinesterase was resistant to inhibition by
iso-OMPA, an established characteristic of acetylcholinester-
ase, 3) guinea pig acetylcholinesterase activity was unaffected
by EDTA, and 4) the band of guinea pig acetylcholinesterase
stained with acetylthiocholine but not butyrylthiocholine.

Bands for paraoxonase activity are seen by staining gels with
B-naphthyl acetate and fast blue RR. Paraoxonase activity in
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Table 1. Tryptophan (W) residues in the tetramerization domain important for assembly of 4 subunits into tetramers through interaction with

a polyproline-rich peptide

Tetramerization domain

Accession no.

Guinea pig butyrylcholinesterase

NLDEVEQKWKAGFHLWNNYMTDWKNQFNDYISKKESCVDL

XP_003469406

Human butyrylcholinesterase NIDEAEWEWKAGFHRWNNYMMDWKNQFNDYTSKKESCVGL P05276
Guinea pig acetylcholinesterase DTLDEAERQWKAEFHRWSSYMVHWKNQFDHYSKQDRCSDL NP_001171362.1
Human acetylcholinesterase DTLDEAERQWKAEFHRWSSYMVHWKNQFDHYSKQDRCSDL P22303
Table 2. Plasma esterase activity (uL. CO,/0.10 mL plasma/30 min) in human and guinea pig by using various substrates
Substrate ACholine BCholine BzCholine PhAcetate Tributyrin PhButyrate
AChE + BChE BChE BChE PON + Ces Ces + BChE Ces + BChE
Human 135 360 3300 55 260
Guinea pig 50 170 1700 530 1200

AChE, acetylcholinesterase; BChE, butyrylcholinesterase; Ces, carboxylesterase; PON, paraoxonase.

Substrate concentration was 10 mM in bicarbonate-CO, buffer pH 7.4. Data are from reference 4, where A esterase is PON1, B esterase is
carboxylesterase, and C esterase is butyrylcholinesterase. The esterases in human plasma are paraoxonase (50 mg/L), butyrylcholinesterase (4
mg/L), acetylcholinesterase (0.004 mg/L), and carboxylesterase (0 mg/L).

human plasma is readily detected as a broad band, but paraox-
onase is revealed in guinea pig plasma only after background
activity from carboxylesterase and butyrylcholinesterase is
inhibited with CBDP, dichlorvos, or chlorpyrifos oxon. Con-
firmation that an esterase band represents paraoxonase is the
observation that paraoxonase is irreversibly inactivated by
EDTA, whereas the serine esterases are unaffected by EDTA."

Albumin stains with o- and f-naphthyl acetate and fast blue
RR. Mass spectrometry has shown that the apparent esterase ac-
tivity of albumin is explained by stable acetylation of 82 residues
including 59 lysines.* The concentration of albumin in plasma
is 40 mg/mL, such that a 5-uL aliquot contains 200 ug protein.
Adducts with 200 pg protein release enough naphthol to form
visible amounts of insoluble azo dye with fast blue RR. Albu-
min pseudoesterase activity was not significantly reduced by
treatment of plasma with 10 mM EDTA, 0.4 mM CBDP, 10 mM
dichlorvos, 0.25 mM chlorpyrifos oxon, or 0.4 mM isoOMPA.
The pseudoesterase activity of albumin is too low to contribute
significantly to nerve agent detoxication.?®

The in vivo toxicity of soman varies markedly between species.>
Pretreatment of animals with 2 mg/kg CBDP—a nontoxic dose
that inhibits plasma carboxylesterase and butyrylcholinesterase—
abolishes interspecies differences. The bioscavenger capacity of
sera from rats, guinea pigs, and NHP was compared by measuring
the quantity of radiolabeled soman bound in the absence and pres-
ence of 10 uM CBDP; bioscavenger capacity was equated as carbo-
xylesterase concentration.” From these experiments, the authors
concluded that rat serum has a carboxylesterase concentration of 4
uM, but guinea pig and NHP sera have none.

Our current results show that guinea pig plasma does in fact
have carboxylesterase. The failure of guinea pig serum to bind
radiolabeled soman® suggests that guinea pig carboxylesterase
may have a very poor affinity for soman, such that no soman
was covalently bound during the 5-min reaction time.

The concentration of each esterase in guinea pig plasma is un-
known. A rough estimate can be deduced by comparing the ester-
ase activity in guinea pig plasma to that in human plasma where
the concentrations are known. In a previous study,* esterase activity
in human and guinea pig plasma was measured by using a vari-
ety of substrates. Acetylcholine (Acholine) is hydrolyzed by both
acetylcholinesterase and butyrylcholinesterase. Because human
plasma has negligible concentrations of acetylcholinesterase but
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considerable butyrylcholinesterase, the 135 value for ACholine
hydrolysis (Table 2) is attributed to butyrylcholinesterase activity.
In addition, guinea pig plasma has very low acetylcholinesterase
activity.* Butyrylcholine (BCholine) and benzoylcholine (BzCho-
line) are hydrolyzed specifically by butyrylcholinesterase. Human
plasma has about 2-fold more butyrylcholinesterase per milliliter
than guinea pig plasma. Phenyl acetate is hydrolyzed by PON1,
with only a small contribution by carboxylesterase. Paraoxonase
activity in human plasma is about 2-fold higher than in guinea
pig plasma. Tributyrin and phenyl butyrate are hydrolyzed by
carboxylesterase and butyrylcholinesterase, respectively.* Because
human plasma has no carboxylesterase, the values in Table 2 (55
and 260) reflect the hydrolytic activity of butyrylcholinesterase.
Carboxylesterase activity in guinea pig plasma yields values of 530
for tributyrin and 1200 for phenyl butyrate.

In conclusion, the major esterases in guinea pig plasma are
paraoxonase and carboxylesterase, followed by butyrylcho-
linesterase, albumin pseudoesterase, and acetylcholinester-
ase. The antihuman acetylcholinesterase monoclonal antibody
HR2 recognizes guinea pig acetylcholinesterase. AntiHuBChE
monoclonal antibody B2 18-5 recognizes guinea pig butyryl-
cholinesterase. In contrast, the esterases in human plasma are
paraoxonase (50 mg/L), butyrylcholinesterase (4 mg/L), ace-
tylcholinesterase (0.004 mg/L), and albumin (40,000 mg/L).
Human plasma contains no carboxylesterase. The presence of
carboxylesterase in guinea pig plasma makes this species a sub-
optimal model for evaluating human responses to nerve agent
toxicity. A knockout mouse devoid of carboxylesterase activ-
ity in plasma is being developed as a more suitable model for
studying the toxicology of nerve agents."?

Acknowledgments

GN was supported by the Urban Health Opportunities Program
administered through the University of Nebraska Omaha, where he is
an undergraduate student. This work was supported by the Defense
Threat Reduction Agency 140003_04_WR_C (to AS) and the Fred and
Pamela Buffett Cancer Center Support Grant P30CA036727 from NIH.

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 Department of the Army or the Department of Defense.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

References

. Aldridge WN. 1953. Serum esterases. II. An enzyme hydrolysing

diethyl p-nitrophenyl phosphate (E600) and its identity with the
A-esterase of mammalian sera. Biochem J 53:117-124. https:/ /doi.
org/10.1042/bj0530117.

Allderdice PW, Gardner HA, Galutira D, Lockridge O, LaDu BN,
McAlpine PJ. 1991. The cloned butyrylcholinesterase (BCHE) gene
maps to a single chromosome site, 3q26. Genomics 11:452-454.
https:/ /doi.org/10.1016 /0888-7543(91)90154-7.

Altamirano CV, Lockridge O. 1999. Conserved aromatic residues
of the C-terminus of human butyrylcholinesterase mediate the
association of tetramers. Biochemistry 38:13414-13422. https://
doi.org/10.1021/bi991475+.

Augustinsson KB. 1959. Electrophoresis studies on blood plasma
esterases. I. Mammalian plasmata. Acta Chem Scand 13:571-592.
https://doi.org/10.3891/acta.chem.scand.13-0571.

Biberoglu K, Schopfer LM, Tacal O, Lockridge O. 2012. The
proline-rich tetramerization peptides in equine serum butyrylcho-
linesterase. FEBS ] 279:3844-3858. https:/ /doi.org/10.1111/j.1742-
4658.2012.08744.x.

Brimijoin S, Mintz KP, Alley MC. 1983. Production and charac-
terization of separate monoclonal antibodies to human acetylcho-
linesterase and butyrylcholinesterase. Mol Pharmacol 24:513-520.
Cain K, Reiner E, Williams DG. 1983. The identification and char-
acterization of 2 separate carboxylesterases in guinea-pig serum.
Biochem ] 215:91-99. https:/ /doi.org/10.1042/bj2150091.
Carletti E, Colletier JP, Schopfer LM, Santoni G, Masson P,
Lockridge O, Nachon F, Weik M. 2013. Inhibition pathways of
the potent organophosphate CBDP with cholinesterases revealed
by X-ray crystallographic snapshots and mass spectrometry. Chem
Res Toxicol 26:280-289. https:/ /doi.org/10.1021/tx3004505.
Chow AY, Ecobichon DJ. 1972. The esterases of cavian plasma.
Rev Can Biol 31:21-29.

Costa LG, Cole TB, Furlong CE. 2003. Polymorphisms of para-
oxonase (PON1) and their significance in clinical toxicology of
organophosphates. ] Toxicol Clin Toxicol 41:37—45. PubMed
Dafferner AJ, Schopfer LM, Xiao G, Cashman JR, Yerramalla U,
Johnson RC, Blake TA, Lockridge O. 2017. Immunopurification
of acetylcholinesterase from red blood cells for detection of nerve
agent exposure. Chem Res Toxicol 30:1897-1910. https:/ /doi.
org/10.1021/acs.chemrestox.7b00209.

Dunn EN, Ferrara-Bowens TM, Chachich ME, Honnold CL,
Rothwell CC, Hoard-Fruchey HM, Lesyna CA, Johnson EA,
Cerasoli DM, McDonough JH, Cadieux CL. 2018. Evaluating
mice lacking serum carboxylesterase as a behavioral model for
nerve agent intoxication. Toxicol Mech Methods 28:563-572. doi:
10.1080/15376516.2018.1476637. PubMed

Dvir H, Harel M, Bon S, Liu WQ, Vidal M, Garbay C, Sussman
JL, Massoulie J, Silman I. 2004. The synaptic acetylcholinester-
ase tetramer assembles around a polyproline II helix. EMBO ]
23:4394-4405. https:/ /doi.org/10.1038/sj.emboj.7600425.
Ecobichon DJ, Comeau AM. 1973. Pseudocholinesterases of mam-
malian plasma: physicochemical properties and organophosphate
inhibition in 11 species. Toxicol Appl Pharmacol 24:92-100. https:/ /
doi.org/10.1016/0041-008X(73)90184-1.

Gan KN, Smolen A, Eckerson HW, La Du BN. 1991. Purification of
human serum paraoxonase/arylesterase. Evidence for one esterase
catalyzing both activities. Drug Metab Dispos 19:100-106.
Gaustad R, Johnsen H, Fonnum F. 1991. Carboxylesterases in
guinea pig. A comparison of the different isoenzymes with regard
to inhibition by organophosphorus compounds in vivo and in vitro.
Biochem Pharmacol 42:1335-1343. https:/ /doi.org/10.1016/0006-
2952(91)90443-9.

Gaustad R, Lovhaug D. 1992. Monoclonal antibodies distinguish
between carboxylesterase isoenzymes in different tissues of rat
and guinea pig. Biochem Pharmacol 44:171-174. https://doi.
org/10.1016/0006-2952(92)90051-].

Gupta RC, Dettbarn WD. 1987. iso-OMPA-induced potentia-
tion of soman toxicity in rat. Arch Toxicol 61:58-62. https://doi.
org/10.1007 /BF00324549.

Haas R, Brandt PT, Knight J, Rosenberry TL. 1986. Identification
of amine components in a glycolipid membrane-binding domain

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

Esterases in guinea pig plasma

at the C-terminus of human erythrocyte acetylcholinesterase.
Biochemistry 25:3098-3105. https:/ /doi.org/10.1021/bi00359a005.
Harel M, Aharoni A, Gaidukov L, Brumshtein B, Khersonsky
O, Meged R, Dvir H, Ravelli RB, McCarthy A, Toker L, Silman
I, Sussman JL, Tawfik DS. 2004. Structure and evolution of the
serum paraoxonase family of detoxifying and antiatherosclerotic
enzymes. Nat Struct Mol Biol 11:412—419. https:/ /doi.org/10.1038/
nsmb767. Erratum in: Nat Struct Mol Biol 2004. 11:1253.

Holmes RS, Masters CJ. 1967. The developmental multiplicity
and isoenzyme status of cavian esterases. Biochim Biophys Acta
132:379-399. https:/ /doi.org/10.1016 /0005-2744(67)90157-X.
Holmes RS, Wright MW, Laulederkind SJ, Cox LA, Hosokawa
M, Imai T, Ishibashi S, Lehner R, Miyazaki M, Perkins EJ, Potter
PM, Redinbo MR, Robert J, Satoh T, Yamashita T, Yan B, Yokoi
T, Zechner R, Maltais LJ. 2010. Recommended nomenclature for
5 mammalian carboxylesterase gene families: human, mouse, and
rat genes and proteins. Mamm Genome 21:427-441. https://doi.
org/10.1007 /s00335-010-9284-4 PubMed

James RW, Deakin SP. 2004. The importance of high-density
lipoproteins for paraoxonase 1 secretion, stability, and activity.
Free Radic Biol Med 37:1986-1994. https://doi.org/10.1016/j.
freeradbiomed.2004.08.012.

Joosen M], van den Berg RM, de Jong AL, van der Schans M]J,
Noort D, Langenberg JP. 2017. The impact of skin decontamination
on the time window for effective treatment of percutaneous VX
exposure. Chem Biol Interact 267:48-56. https:/ /doi.org/10.1016/j.
cbi.2016.02.001.

Karnovsky MJ, Roots L. 1964. A “direct-coloring’ thiocholine
method for cholinesterases. ] Histochem Cytochem 12:219-221.
https://doi.org/10.1177/12.3.219.

Kuo CL, La Du BN. 1998. Calcium binding by human and rabbit
serum paraoxonaases. Structural stability and enzymatic activity.
Drug Metab Dispos 26:653-660.

Lenz DE, Cerasoli D, Maxwell DM. 2018. Radiolabelled soman
binding to sera from rats, guinea pigs, and monkeys. Toxicol Lett
283:86-90. https:/ /doi.org/10.1016/j.toxlet.2017.11.016.

Li B, Nachon F, Froment MT, Verdier L, Debouzy JC, Brasme B,
Gillon E, Schopfer LM, Lockridge O, Masson P. 2008. Binding
and hydrolysis of soman by human serum albumin. Chem Res
Toxicol 21:421-431. https:/ /doi.org/10.1021/tx700339m.

Li B, Sedlacek M, Manoharan I, Boopathy R, Duysen EG, Mas-
son P, Lockridge O. 2005. Butyrylcholinesterase, paraoxonase,
and albumin esterase, but not carboxylesterase are present in
human plasma. Biochem Pharmacol 70:1673-1684. https://doi.
org/10.1016/j.bcp.2005.09.002.

Li H, Schopfer LM, Masson P, Lockridge O. 2008. Lamellipodin
proline rich peptides associated with native plasma butyryl-
cholinesterase tetramers. Biochem ] 411:425-432. https:/ /doi.
org/10.1042/BJ20071551.

Li Y, Camp S, Rachinsky TL, Getman D, Taylor P. 1991. Gene
structure of mammalian acetylcholinesterase. Alternative exons
dictate tissue-specific expression. ] Biol Chem 266:23083-23090.
Lockridge O, Xue W, Gaydess A, Grigoryan H, Ding SJ, Schopfer
LM, Hinrichs SH, Masson P. 2008. Pseudoesterase activity of hu-
man albumin: slow turnover on tyrosine 411 and stable acetylation
of 82 residues including 59 lysines. ] Biol Chem 283:22582-22590.
https:/ /doi.org/10.1074/jbc.M802555200.

Malfatti MA, Enright HA, Be NA, Kuhn EA, Hok S, McNerney
MW, Lao V, Nguyen TH, Lightstone FC, Carpenter TS, Bennion
BJ, Valdez CA. 2017. The biodistribution and pharmacokinetics
of the oxime acetylcholinesterase reactivator R5194B in guinea
pigs. Chem Biol Interact 277:159-167. https://doi.org/10.1016/j.
cbi.2017.09.016.

Maxwell DM, Brecht KM, O’Neill BL. 1987. The effect of car-
boxylesterase inhibition on interspecies differences in soman
toxicity. Toxicol Lett 39:35-42. https://doi.org/10.1016/0378-
4274(87)90254-2.

Peng H, Brimijoin S, Hrabovska A, Krejci E, Blake TA, Johnson
RC, Masson P, Lockridge O. 2016. Monoclonal antibodies to hu-
man butyrylcholinesterase reactive with butyrylcholinesterase
in animal plasma. Chem Biol Interact 243:82-90. https:/ /doi.
org/10.1016/j.cbi.2015.11.011.

http://prime-pdf-watermark.prime-prod.pubfactory.co%?/q 2025-02-25



Vol 68, No 5
Comparative Medicine
October 2018

36.

37.

374

Peng H, Brimijoin S, Hrabovska A, Targosova K, Krejci E, Blake
TA, Johnson RC, Masson P, Lockridge O. 2015. Comparison of
5 monoclonal antibodies for immunopurification of human bu-
tyrylcholinesterase on Dynabeads: Kd values, binding pairs, and
amino acid sequences. Chem Biol Interact 240:336-345. https://
doi.org/10.1016/j.cbi.2015.08.024.

Peng H, Schopfer LM, Lockridge O. 2016. Origin of polyproline-
rich peptides in human butyrylcholinesterase tetramers. Chem
Biol Interact 259:63-69. https:/ /doi.org/10.1016/j.cbi.2016.02.007.

38.

39.

40.

Price ME, Docx CJ, Rice H, Fairhall SJ, Poole SJ, Bird M, Whiley
L, Flint DP, Green AC, Timperley CM, Tattersall JE. 2016.
Pharmacokinetic profile and quantitation of protection against
soman poisoning by the antinicotinic compound MB327 in the
guinea pig. Toxicol Lett 244:154-160. https://doi.org/10.1016/j.
toxlet.2015.08.013.

Rakonczay Z, Brimijoin S. 1988. Monoclonal antibodies to human
brain acetylcholinesterase: properties and applications. Cell Mol
Neurobiol 8:85-93. https:/ /doi.org/10.1007 /BF00712914.

Wille T, Neumaier K, Koller M, Ehinger C, Aggarwal N, Ashani
Y, Goldsmith M, Sussman JL, Tawfik DS, Thiermann H, Worek
F. 2016. Single treatment of VX-poisoned guinea pigs with the
phosphotriesterase mutant C23AL: Intraosseous versus intrave-
nous injection. Toxicol Lett 258:198-206. https:/ /doi.org/10.1016/j.
toxlet.2016.07.004.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



