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ABSTRACT: Acetylcholinesterase (AChE) is the physiologically important target for

organophosphorus toxicants (OP) including nerve agents and pesticides. Butyrylcholi- Rl o7
nesterase (BChE) in blood serves as a bioscavenger that protects AChE in nerve synapses 2genis pesticides
from inhibition by OP. Mass spectrometry methods can detect exposure to OP by BChE * BChE does
measuring adducts on the active site serine of plasma BChE. Genetic variants of human protects (RN ot protect
AChE and BChE do exist, but loss of function mutations have been identified only in the 4

BCHE gene. The most common AChE variant, His353Asn (H322N), also known as the

Yt blood group antigen, has normal AChE activity. The most common BChE variant,

AlaS67Thr (AS39T) or the K-variant in honor of Werner Kalow, has 33% reduced plasma BChE activity. The genetic variant
most frequently associated with prolonged response to muscle relaxants, Asp98Gly (D70G) or atypical BChE, has reduced
activity and reduced enzyme concentration. Early studies in young, healthy males, performed at a time when it was legal to test
nerve agents in humans, showed that individuals responded differently to the same low dose of sarin with toxic symptoms
ranging in severity from minimal to moderate. Additionally, animal studies indicated that BChE protects from toxicants that have
a higher reactivity with AChE than with BChE (e.g., nerve agents) but not from toxicants that have a higher reactivity with BChE
than with AChE (e.g,, OP pesticides). As a corollary, we hypothesize that individuals with genetic variants of BChE may be at
increased risk of toxicity from nerve agents but not from OP pesticides.
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Table 1. Number of Mutations in Exons of Human ACHE and BCHE Genes

HuACHE gene HuBCHE gene
cytogenetic location 7q22.1 3q26.1
chromosome 7.100487615—100494594 reverse strand 3.165490692—165555260 reverse strand
# of exons 6 4
# of amino acids 31 signal peptide + 583 = 614 most abundant form 28 signal peptide + 574 = 602
accession number P22303 isoform E4-E6; NP_056646 isoform E4-ES P06276
# of missense mutations 137 229
# of homozygous missense 7 9
# of loss of function mutations 1 in glycolipid anchor exon S; 2 splice acceptor mutations 34
# of synonymous mutations 141 64
# of homozygous LoF 0 0
pLI score” 1.0 0.0

most abundant missense mutation
frequency

SNP accession number rs179980S

His353Asn (H322N) = Yt blood group antigen
1 out of 24 carry His353Asn

AlaS67Thr (AS39T) = K variant
1 out of S carry AlaS67Thr
rs1803274

“pLl is the probability of a gene being tolerant to loss-of-function. A pLI score of 1.0 indicates intolerance of mutations that result in loss of function.

A pLI score of 0.0 indicates tolerance of mutations that result in loss of function.'®
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1. INTRODUCTION

The Centers for Disease Control and Prevention (CDC) has a
mandate to be prepared to analyze large numbers of samples in
the event of a poisoning of the population by a wide range of
chemical threat agents including nerve agents." One of the
current CDC methods to assess exposure to nerve agents uses
mass spectrometry to analyze adducts on plasma butyrylcho-
linesterase (BChE).”® BChE is a sensitive biomarker of
exposure, capable of scavenging subclinical doses of nerve
agents and other organophosphorus toxicants (OPs). A
substantial proportion of the American and European
population (35%) carries at least one mutated BChE allele.*
One goal of this review is to evaluate difficulties that might arise
for analysis of exposure when the plasma contains genetic
variants of BChE.

Acute toxicity from exposure to cholinesterase inhibitors is
attributed to the inhibition of acetylcholinesterase (AChE)
activity at the neuromuscular junction and in the brain,
resulting in depression of the respiratory and circulatory centers
in the medulla, weakness of the muscles of respiration, and
pulmonary edema.’ Since toxicity correlates with depression of
AChE activity rather than BChE activity, it would seem logical
to focus on genetic variants of AChE. Though genetic variants
of human AChE exist, deleterious mutations are rare and occur
only in the heterozygous state.’ Furthermore, AChE is not
readily accessible for study because AChE is membrane bound
to red blood cells (RBC).

A second goal of this review is to assess the effect of genetic
variants of BChE on susceptibility to cholinesterase inhibitors.
We examine the evidence for the common assumption that
humans with BChE deficiency are at increased risk of toxicity
from OP exposure. Hundreds of OP poisoning cases occur
annually in Sri Lanka, India, and China, but their BChE
genotype is unknown.” A single study did measure the BChE
genotype in Brazilian farmers and correlated the BChE
genotype with AChE activity levels in RBC as an indicator of
pesticide exposure.® As of the year 2016, there is no conclusive
evidence that individuals with BChE deficiency are at increased
risk of toxicity from OP pesticides. Further studies are needed
to make this link.
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2. NATURALLY OCCURRING MUTATIONS IN THE
HUMAN ACHE AND BCHE GENES

2.1. Mutations in the Human ACHE Gene. Gene
sequences for 60,706 unrelated individuals are available online
from the Exome Aggregation Consortium (ExAC) http://exac.
broadinstitute.org/gene/ENSG00000114200. The database has
a list of each observed mutation and its frequency. The subjects
are European, American, African, and Asian. Humans have one
ACHE gene on chromosome 7q22.1 spanning 7.4 kb. The
database shows mutations in exons 2, 3, 4, 5, and 6 for ACHE
but does not include upstream, untranslated exons. A summary
of the number of mutations in human ACHE and BCHE exons
can be found in Table 1.

The database shows 137 missense mutations and 141
synonymous mutations for AChE. The most abundant
missense mutation, His353Asn (H322N), has an allele count
of 4,910 out of 115962 for a frequency of 0.04234. (The
residue number in parentheses is for the secreted protein from
which the signal peptide has been deleted.) This mutation
defines the Yt blood group antigen but has no effect on AChE
activity.g’10

The residues involved in activity and substrate interactions
for AChE have been well characterized.""™'* Missense
mutations are absent from residues known to be important
for AChE enzyme activity, with minimum exceptions. The
catalytic triad residues, Ser234 (S203), Glu36S (E334), and
His478 (H447) are conserved in the ExAC study with the
exception of one His478 allele out of 111,128, mutated to
His478GIn. The peripheral site residues Trp317 (W286),
Aspl0S (D74), Tyr372 (Y341), and Phe328 (F297) are
conserved. The choline binding site Trpll7 (W86) is
conserved. Residues that constitute the oxyanion hole,
Gly151 (G120), Glyl53 (G122), and Ala235 (A204), are
conserved with the exception of 2 alleles out of 116,198 for
Ala235 that are mutated to Ala235Thr. The missense mutation
Aspl6SHis (D134H) destabilizes the AChE enzyme at
temperatures higher than 31 °C.° This variant has normal
catalytic activity with acetylthiocholine but is inhibited 2-times
more slowly by paraoxon compared to wild-type AChE and is
reactivated 4-times faster by the oxime 2-PAM. The frequency
of the Aspl165His mutant is so low that it was not found in the
consortium study of 60,706 individuals.

DOI: 10.1021/acs.chemrestox.6b00228
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Table 2. Mutations in the Active Site Peptide FGESAGAAS of Human AChE and BChE

sequence mass (M+H)"

AChE FGESAGAAS 796.34
AChE FGESTGAAS 826.35
AChE FGESAGATS 826.35
BChE FGESAGAAS 796.34
BChE frameshift at F

BChE FGEGAGAAS 766.33
BChE FGESAEAAS 868.36
BChE FGESAGASS 812.34
BChE FGESVGAAS 824.37
BChE FGESAGTAS 826.35
BChE FGESAGAAP 806.36

frequency (%) reference

121,410 out of 121,412 (99.99)
1 out of 116,198 (0.0008)
1 out of 115,840 (0.0008)
121,403 out of 121,412 (99.99)
1 out of 121,084 (0.0008)
5 out of 121,110 (0.0041)
1 out of 121,108 (0.0008)
2 out of 121,144 (0.0016)

unknown

Exac.broadinstitute.org
Exac.broadinstitute.org
Exac.broadinstitute.org
Exac.broadinstitute.org
Exac.broadinstitute.org
Exac.broadinstitute.org
Exac.broadinstitute.org

Exac.broadinstitute.org
3s
unknown 36

3
unknown ’

The remarkable finding for the ACHE gene is that it is
almost devoid of loss of function mutations. The ExAC
database identified 2 splice acceptor mutations and one
frameshift mutation in the ACHE gene. No loss of function
mutations were found in the homozygous state. Only one allele
in the set has a frameshift mutation, and that mutation is in the
heterozygous state. The ACHE frameshift mutation Ser580-
ArgfsTer70 is in exon S where it terminates translation. Exons
2, 3, 4, and 5 code for the glycolipid-anchored form of AChE
bound to the red blood cell membrane.'>'® This alternatively
spliced form is called isoform E4-ES in Table 1. AChE has no
known function in the RBC. The AChE that functions in nerve
impulse transmission is encoded by exons 2, 3, 4, and 6 and
completely bypasses exon 5.'” This form is called isoform E4-
E6 in Table 1. The absence of loss of function mutations in the
human ACHE gene spliced to exon 6, isoform E4-E6, is
evidence for extreme selective constraint. It suggests that loss of
a single ACHE copy results in embryonic lethality.'® If this
interpretation is correct, it is puzzling why ACHE knockout
mice, with no AChE activity in any tissue, are born alive and
live to adulthood, though they are weak, blind, suffer
convulsions, and do not reproduce.” Heterozygous ACHE +
mice are healthy. Additionally, no disease has been attributed to
a mutation in the human AChE enzyme.

2.2. Mutations in the Human BCHE Gene. Humans have
one BCHE gene on chromosome 3q26.1 spanning 65 kb.*’
The human BCHE gene has 4 exons.”' Mutation data for the
60,706 unrelated individuals in the ExAC report'® are
summarized in Table 1. In contrast to ACHE, the BCHE
gene was observed to have 34 loss of function mutations,
though none was in the homozygous state in the ExAC
database. BCHE was assigned a pLI score of 0.0, indicatin:
tolerance to loss of function mutations in the BCHE gene.'
Tolerance means that having nonfunctional BChE is compat-
ible with life. This conclusion is supported by the many reports
of silent BChE in humans, where the individual has no BChE
activity due to frameshift, splice junction, stop, or missense
mutations. Humans homozygous for silent BChE are healthy,
fertile, and live to old age.22

Table 1 shows 64 synonymous and 229 missense mutations
in the BCHE gene. The missense mutations were in the
heterozygous state. Missense mutations were found in residues
of the catalytic triad of BCHE. Five alleles out of 121,110 had
Ser226Gly (S198G) in the active site serine, a mutation that
results in complete loss of BChE activity. One allele out of
121,174 had a mutation in His of the catalytic triad: His466Arg
(H438R). There were no mutations in the catalytic triad
residue Glu353 (E325). One BCHE allele out of 121,142 had
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the mutation Trpl110Arg (W82R) at the choline binding site, a
mutation expected to severely impair BChE activity.

The missense mutation Asp98Gly (D70G) is responsible for
prolonged apnea in response to the muscle relaxants
succinylcholine and mivacurium.”” The mutation is cataloged
as 151799807 in the National Center for Biotechnology
Information database. One out of 2500 individuals is
homozygous for Asp98Gly. This is the atypical variant
reco§nized by Kalow as having poor affinity for succinylcho-
line.”* Individuals who are homozygous for atypical BChE are
unable to breathe for 2 h from a dose of succinylcholine that
paralyzes most people for 3 min. Other, less frequent mutations
including those that produce silent BChE with no activity™ are
also associated with prolonged apnea in response to a muscle
relaxant. These additional mutations and the case studies that
report them have been recently reviewed.* A recent case study
of six patients described new BChE mutations associated with
prolonged apnea following administration of mivacurium.”®
BChE phenotype assays perfectly predict the atypical and
fluoride variants.””**

The most frequent missense mutation, Ala567Thr (AS39T)
the K-variant named in honor of Werner Kalow, is located in
the tetramerization domain near the C-terminus of BChE.”
Individuals homozygous for Ala567Thr have 33% lower BChE
activity in plasma.”’ The recombinant K-variant has wild-type
BChE activity and stability,’" leading to the hypothesis that the
reduced plasma activity is explained by an unknown mutation
in a regulatory region rather than by the Ala567Thr mutation.

2.3. Naturally Occurring Mutations in the Active Site
Peptide FGESAGAAS. The Netherlands Organisation for
Applied Scientific Research (TNO) Prins Maurits Laboratory
and the CDC have both developed sensitive mass spectrometry
methods for detecting nerve agent and OP pesticide exposure
by measuring adducts on the active site serine of BChE.””**~**
Similar methods are being developed for adducts on AChE.
The active site peptide FGESAGAAS is derived by pepsin
digestion of immunopurified BChE. Human AChE and BChE
have the same FGESAGAAS sequence. Naturally occurring
mutations in FGESAGAAS alter the mass of the parent ion and
therefore would be missed in mass spectrometry methods set
up to search for parent ion masses specific for the wild-type
active site peptide. Table 2 lists naturally occurring missense
mutations in the FGESAGAAS peptide in human AChE and
BChE.

The frequency of AChE mutations in the FGESAGAAS
peptide is 2 in 116,000 alleles. No homozygous missense
mutations in AChE have been identified. The frequency of
BChE mutations is slightly higher at 9 out of 121,000 alleles

DOI: 10.1021/acs.chemrestox.6b00228
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Figure 1. Expression of ACHE and BCHE genes in human tissues. RPKM, reads per kilobase of transcript per million mapped reads. Figures from
GTEx Portal, version 6; www.gtexportal.org.

and includes mutations that result in the complete absence of 24. ACHE and BCHE Gene Expression in Human
BChE activity. The 60,706 individuals in the ExAC study Tissues. The expression profiles for human ACHE and BCHE
population had no homozygous silent BChE, though inbred genes are markedly different. ACHE levels are highest in the
groups in Alaska and India include a high proportion of brain, followed by skeletal muscle (Figure 1A), consistent with

individuals who are completely deficient in BChE activity.>**® the function of AChE in nerve impulse transmission.
In a population of about 5,000 Eskimos in western Alaska, 39 Comparatively low levels of ACHE are expressed by other

letelv lacked BCh o q had tissues. BCHE levels are highest in the liver, adipose-visceral,
persons completely lacked BChE activity, and 24 persons ha esophagus, colon, Fallopian tube, uterus, cervix, and lung

39
very low (2—10% of normal) BChE activity.” A study of 490 (Figure 1B), consistent with the function of BChE in

persons belonging to the Vysya caste of Andhra Pradesh, India detoxication of poisons that are eaten or inhaled.

found 12 homozygous silent persons and 85 heterozygotes for a Whole body autoradiograms of mice injected intravenously

frequency of 0.1112 for the silent BChE allele.”® with *H-soman showed that 5 min after administration, a high
1384 DOI: 10.1021/acs.chemrestox.6b00228
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concentration of radioactivity was in the blood, heart, kidney,
lung, nasal cavities, lacrymal glands, salivary glands, skin, and
some striated muscles.”’ There was no radioactivity in the
central nervous system. Interestingly, the tissue distribution of
soman resembles that of BChE.

2.5. More BChE than AChE Enzyme in the Human
Body. When enzyme activity levels are multiplied by the mass
of the tissue, the highest quantity of AChE enzyme is in muscle,
whereas the highest levels of BChE are in the plasma and liver.
Overall, the adult human body has 10-times more BChE
protein (680 nmol) than AChE protein (62 nmol).”

3. EVIDENCE THAT ACHE AND BCHE ARE TARGETS
OF NERVE AGENT EXPOSURE

3.1. Similarities and Differences between Nerve
Agents and OP Pesticides. Nerve agents and OP pesticides
are structurally similar in that they are esters of phosphoric acid.
OP pesticides that have a P=S bond (for example, parathion)
are inactive as cholinesterase inhibitors until they are
metabolically converted to the oxon (paraoxon). In contrast,
nerve agents are ready cholinesterase inhibitors that require no
activation. Exposure to nerve agents has immediate toxic
consequences, whereas exposure to OP pesticides has delayed
toxic consequences reflecting the time it takes the cytochrome
P450 enzymes to replace the P=S bond with P=0. Nerve
agents are selected for their toxicity to mammals, whereas OP
pesticides are selected for their toxicity to pests. At the clinical
level, the early symptoms of nerve agent and OP pesticide
intoxication are identical, and treatment strategies for both
types of poisoning are similar. The acute toxicity from nerve
agents and OP pesticides is due to the inhibition of AChE
activity, resulting in the accumulation of acetylcholine. The
excess levels of acetylcholine overstimulate receptors, causing
their dysfunction. Nerve agents and OP pesticides make a
covalent bond with the active site serine of AChE and BChE.
The added mass from the reaction with nerve agents is different
from the added mass from the reaction with OP pesticides,
making it possible to distinguish between these classes of
poisons using mass spectrometry. A main difference between
nerve agents and OP pesticides is the dose that inhibits AChE.
Very low doses of nerve agents are inhibitory, whereas only
high doses of OP pesticides are inhibitory. Thus, nerve agents
are several orders of magnitude more acutely toxic than most
OP pesticides.

3.2, Studies in Humans Exposed to Nerve Agents.
Public Law 105—85 div. A, title X, section 1078 passed by the
105th US Congress in November 1997, restricted the use of
human subjects for testing of chemical agents. Hundreds of
young men had been tested with low doses of nerve agents in
the years 1948 to 1967, though approval to publish findings was
delayed about a decade. Many of the reports have never been
published, but their contents are summarized in a chapter by
Frederick Sidell.*' Most studies quantified nerve agent exposure
by measuring the depression of AChE activity in RBC, a
surrogate for AChE activity in the neuromuscular junction and
brain. Toxic symptoms were monitored, and it was found that
the same low dose of nerve agent affected individuals
differently.

One of the earliest studies in the open literature reported the
effects of the nerve agent sarin administered orally to 10
volunteers.”” The study established that AChE in RBC and
BChE activity in plasma are irreversibly inhibited by nanomolar
concentrations of sarin. Toxic symptoms correlated with the
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level of inhibition when the subject was first exposed, but AChE
activity in RBC could be gradually depressed to near zero by
repeated doses administered over a period of several days
without symptoms necessarily ensuing. Symptoms usually
disappeared before any restoration of RBC AChE or plasma
BChE activity. Plasma BChE activity returned to normal in 40
days, but AChE activity in RBC took 92 days to return to its
original value.

A study conducted in 1965 and approved for publication in
1974* measured the effects of small doses of the nerve agents
VX and sarin administered to US Army enlisted men, 20—28
years old, who volunteered with no compensation. Thirty-four
subjects were given VX intravenously, 32 subjects drank VX,
and 23 subjects received sarin intravenously. Individual
differences in response were noted. For example, of the 18
subjects who were given 1.5 ug/kg sarin intravenously, 11 had
mild, transient symptoms of dizziness beginning within 1-2
min of injection and lasting 10—15 min. Four subjects had
nausea after 1 h, and 6 additional subjects vomited. RBC AChE
activity ranged from 9 to 33% of normal for the latter 6 subjects
and 14—44% for the asymptomatic subjects, suggesting
insignificant correlation between RBC AChE inhibition and
toxic symptoms. It was found that VX was 3-times more potent
than sarin; the dose that inhibited 50% of the RBC AChE was
1.1 pg/kg VX administered intravenously and 3 ug/kg sarin.
Small doses of VX inhibited AChE in preference to BChE. RBC
AChE activity spontaneously reactivated from inhibition by VX,
and its reactivation rate was assisted by the administration of 2-
pyridinium aldoxime methochloride (2-PAM) with a recovery
of 70% of the initial AChE activity.

An accidental exposure case affected one man who inhaled a
low dose of VX vapor in a military laboratory."* The subject
exhibited early clinical signs of nerve agent intoxication
including tightness in the chest, difficulty breathing, blurred
vision, mild rhinorrhea, and eyelid muscle fasciculations. All
symptoms disappeared within 24 h. Activity assays showed no
depression of RBC AChE activity. However, the RBC fraction
of whole blood collected on day 1 yielded 219.9 pg/mL of the
fluoride analogue of VX, while the plasma fraction yielded 81.2
pg/mL.*> Samples taken as late as 27 days following exposure
yielded detectable quantities of the VX analogue*”* in the
RBC fraction as well as in plasma. In this case, the fluoride
reactivation method coupled to analysis by gas chromatog-
raphy—mass spectrometry was clearly a more sensitive method
for detecting VX exposure than AChE and BChE activity
assays. AChE and BChE activity assays, though less sensitive
indicators of exposure than mass spectrometry methods, are
run because the enzyme activity assays are simple, quick, and
relate to decades of literature.

The Aum Shinrikyo release of sarin in the Tokyo subway in
1995 poisoned 5,000 people and killed 12. Within 2 h of the
event, doctors had correctly diagnosed nerve agent exposure.*’
Severely ill patients had reduced plasma BChE activity and the
classic symptoms of nerve agent exposure. Reduced RBC AChE
activity was noted in 34 out of 66 patients.'” The speed with
which physicians established the cause of illness saved lives
because they knew to treat nerve agent intoxication with
atropine and 2-PAM. In their publications, the Japanese
researchers involved with the event’”*® acknowledged the
usefulness of previously published reports***”*° describing the
effects of sarin in man and treatment of nerve gas poisoning.
Human studies with known doses of sarin had used only low
doses that caused mild to moderate symptoms. Some of the

DOI: 10.1021/acs.chemrestox.6b00228
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victims in the Tokyo subway inhaled doses that resulted in
coma and convulsions. The incident provided new information
on survival from high doses of sarin and the consequent
impairment of learning, memory, and personality change.”">*
Following this event, scientists developed new methods to
detect nerve agent exposure based on analysis of adducts on
BChE, release of adducts with potassium fluoride, and analysis
of metabolites in urine and serum.”***~>°

4. REACTION OF BCHE GENETIC VARIANTS WITH
CHOLINESTERASE INHIBITORS

4.1. Effect of BChE Genotype on Reaction with
Cholinesterase Inhibitors in Vitro. BChE with the single
amino acid substitution Asp98Gly (D70G) is henceforth called
atypical BChE to conform with 60 years of scientific literature.
Individuals homozygous for atypical BChE have prolonged
apnea of 2 h after a standard dose of succinylcholine or
mivacurium.”**® In contrast, most people resume normal
breathing after 3 min.

Substrates and inhibitors that carry a positive charge have a
poor affinity for atypical BChE. The positively charged nerve
agent VX inhibits atypical BChE 21-fold more slowly than VX
inhibits wild-type BChE.”” Atypical BChE is resistant to
inhibition by the positively charged carbamate poison from
the calabar bean, physostigmine, and the positively charged
drugs neostigmine and physostigmine. Inhibition of 50% of the
atypical BChE activity in human serum requires 20-fold higher
concentrations of physostigmine and neostigmine than for wild-
type BChE.”® Rate constants for the inactivation of atypical
BChE by physostigmine and pyridostigmine are 14- and 7-fold
slower than that for wild-type BChE.”” The muscle relaxant
succinylcholine carries two positive charges; its ICs, is 100-fold
higher for atypical BChE compared to that of wild-type
BChE.”

Inhibitors that carry no charge are equally effective inhibitors
of wild-type and atypical BChE. For example, the nerve agents
sarin and soman inhibit wild-type and atypical BChE with the
same rate constants.”” Similarly, paraoxon, the active metabolite
of the pesticide parathion, makes no distinction between wild-
type and atypical BChE in rate of inhibition.*”*’

Organophosphorus and carbamate inhibitors make a covalent
bond with the active site serine of BChE. Carbamate-inhibited
BChE spontaneously regains full activity with a half-life of
about 2—3 h.°"%* Organophosphorus nerve agents, having lost
the leaving group during coupling to serine, lose a second
group in a process called aging. The rate of aging is fast for
soman (half-life 2 min) and relatively slow for sarin (half-life of
6 h) bound to wild-type BChE.®*** Soman-inhibited atypical
BChE regained 16%, whereas soman-inhibited wild-type BChE
regained 7% of its original activity following incubation with
HI-6 oxime.”” This result can be interpreted to mean that
soman bound to atypical BChE ages more slowly. A parallel
study for soman-inhibited human AChE showed that the D74N
mutant, homologous to atypical BChE, aged 15-fold more
slowly than soman-inhibited wild-type AChE.”® The rate of
aging of paraoxon-inhibited atypical BChE is 3-fold slower than
the rate for paraoxon-inhibited wild-type BChE and 8-fold
slower for the diisopropyl fluorophosphate adduct. Aged
adducts are irreversibly inhibited, but unaged adducts can
undergo spontaneous or oxime assisted reactivation. Slow aging
of atypical BChE adducts means BChE activity can be regained.

The atypical and K-variant have decreased levels of BChE
molecules in plasma, calculated from antibody-based as-
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says. The concentration of wild-type BChE in plasma is
4 mg/L (S0 nM), while the concentration of homoz_)rgous
atypical BChE in plasma is 70% of wild-type BChE.”” The
homozygous K-variant has 33% fewer BChE molecules per mL
plasma compared to wild-type BChE.”" Silent BChE variants
resulting from frame shift, splice junction mutations, or stop
codon insertions are associated with complete absence of BChE
molecules, while silent variants resulting from missense
mutations can have the protein but no BChE activity. Single
nucleotide polymorphisms in BCHE introns are associated with
4.3—9.5% lower BChE activity.”” Fewer active BChE molecules
means reduced bioscavenger capacity, resulting in a larger dose
of toxicant reaching the neuromuscular junction. Inhibition of
AChE in the neuromuscular junction causes muscle weakness
and respiratory failure.

In conclusion, wild-type BChE efficiently scavenges nerve
agents. In contrast, atypical BChE is an inefficient bioscavenger
of positively charged cholinesterase inhibitors. Individuals who
carry the atypical BChE variant may suffer toxic effects from
low doses of VX or neostigmine that cause no toxicity in
persons with wild-type BChE. Genetic variants with abnormally
low levels of BChE enzyme including the atypical, K-variant,
and silent variants are predicted to be unusually sensitive to
toxicity from low doses of nerve agents.

4.2. Effect of Cholinesterase Inhibitors on Humans
with Rare BChE Genotypes. Only a few reports determined
BChE genotype in individuals intoxicated by cholinesterase
inhibitors. One Israeli soldier, homozygous for atypical BChE,
suffered severe cholinergic symptoms following pyridostigmine
prophylaxis during the 1991 Persian Gulf War.” A case-control
study evaluated 144 veterans who had Gulf War Illness and 160
veterans who also served in the Persian Gulf War but had no
symptoms.”” Veterans used pyridostigmine bromide during the
Gulf War as a protective measure against nerve agents. They
also used cholinesterase-inhibiting pesticides and were possibly
exposed to low levels of sarin and cyclosarin following
demolition of an Iragi compound near Khamisiyah. BChE
activity levels and genotypes were compared in the 2 groups.
Gulf War Illness risk was dramatically elevated for veterans with
the less common BChE genotypes who reported taking
pyridostigmine bromide pills during deployment.

Brazilian farmers who had no signs of poisoning but who
treated their crops with organophosphorus and carbamate
pesticides were screened for relative erythrocyte AChE levels.”
Out of 134 farmers, 72 were classified as mildly poisoned based
on RBC AChE activity. Plasma samples were phenotyped for
BChE genetic variants. The less common BChE genotypes
were more frequent in the mildly poisoned group than in the
control group. It was concluded that individuals with nonusual
BChE phenotypes seem to be predisposed to erythrocyte
AChE inhibition. Whereas wild-type BChE protects AChE
from inhibition by destroying pesticides, BChE variants are less
efficient detoxifiers.

4.3. Inhibition of BChE Is Not an Adverse Effect. No
signs of toxicity were seen in human volunteers administered
chlor;)yrifos orally at doses that inhibited plasma BChE activity
85%.”" These doses of chlorpyrifos did not inhibit erythrocyte
AChE activity. Plasma BChE activity is considered a biomarker
of exposure but is an inappropriate end point for risk
assessment.”” Animal studies indicate that developmental
effects on the fetus occur at chlorpyrifos doses that produce
maternal toxicity and inhibit erythrocyte AChE activity but not
at low doses that produce no maternal toxicity and no
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erythrocyte AChE inhibition.”> These studies confirm that
BChE is highly reactive with chlorpyrifos oxon, the toxic
metabolite of chlorpyrifos, whereas AChE is resistant to
inhibition, their rate constants being 3.8 X 10° M~! min~! for
human AChE and 1.6 X 10° M™! min~! for human BChE.”*
The 3-orders of magnitude difference in chlorpyrifos oxon
reactivity supports the conclusion that the toxic dose is much
higher than the 50 nM concentration of plasma BChE,
indicating that S0 nM BChE contributes little to no protection
from toxicity. Individuals with genetic variants of BChE are not
expected to be unusuallly sensitive to OP toxicity.

5. EVALUATION OF RISK OF OP TOXICITY

5.1. Polymorphism of Organophosphorus Pesticide-
Metabolizing Genes. Howard et al. formulated a new
approach to evaluate the risk of toxicity from OP by studyin:
genetic variability in 30 genes involved in OP metabolism.
Gomez-Martin built on this idea by analyzing 10 polymorphic
variants of seven genes involved in organophosphorus pesticide
metabolism.” The goal was to identify individuals most at risk
of adverse health effects from exposure. They defined risk as
mutations in butyrylcholinesterase (BCHE), paraoxonase-1
(PON1), and cytochrome P450 enzymes (CYP2D6, CYP2C19,
and CYP3A) and copy number variation in glutathione S-
transferases (GSTM1 and GSTT1). Out of 496 individuals, 172
(34.7%) carried an allele for the K-variant or atypical BChE,
while S8 (11.7%) presented the PON1 genotype for slow
metabolism of OP pesticides. Null genotypes for GSTMI and
GSTT1 were found in 7.1% of the study population. When
genetic polymorphisms in BCHE, PON1, GSTM]1, and GSTT1
were considered together, the worst genotype combination was
observed in one individual (0.2%). When CYP4S50 enzymes
were assessed for the worst genotype combinations, only 2
indivduals carried risky genotypes, CYP3AP1-44GG and
CYP2C19 681AA, which correspond to extensive and poor
metabolizers, respectively. The individuals in the study had no
toxic symptoms and no known exposure to OP. Future studies
should correlate genotype, OP exposure, and signs of toxicity.

PON1 polymorghism has been studied for its association to
pesticide toxicity.”*~"® Greenhouse workers had higher levels of
PONI activity than the control group’® suggesting an adaptive
response to pesticide exposure. Greenhouse workers also had
higher levels of BChE activity but only when exposure levels
were low.”” Several esterases with phenyl valerate activity in
chicken brain are inhibited by OP including neuropathy target
esterase and BChE.*"*!

The human studies of healthy young men summarized in
section 3.1 document the fact that individuals respond
differently to the same dose of nerve agent administered via
the same route (iv or orally). At the time of the studies,
methods for identifying genetic variants were not available.
Polymorphism of BChE and OP-metabolizing genes is a likely
explanation for why some people have toxic symptoms from
low dose exposures that have little effect on others.

5.2. Animal Models for Testing Risk from OP Toxicity.
The response of nonhuman primates to OP toxicants is closest
to that of humans. Sequencing of the rhesus macaque exomes
identified a family of monkeys with a naturally occurring
mutation p.Glyl180* in the BCHE gene in the heterozygous
state. The nonsense mutation introduced a stop codon,
resulting in a decrease of serum BChE activity.”” Monkeys
with this mutation could serve as a model for humans with
BChE mutations in the heterozygous state to determine
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whether BChE deficiency is associated with increased sensitivity
to OP toxicity. Directed breeding of heterozygous monkeys
with this mutation could be used to produce homozygous
animals for study of the effects of complete absence of BChE in
a nonhuman primate.

The BChE knockout mouse with no BChE activity in any
tissue® is not an appropriate model for the effect of soman in
humans who are deficient in BChE because the mice have high
levels of carboxylesterase activity in plasma. In contrast, humans
have no carboxylesterase in blood.”* Mouse plasma carbox-
ylesterase, being an efficient bioscavenger of soman, obscures
the contribution of BChE.

Mice with no plasma carboxylesterase, but with normal
carboxylesterase in other organs, are a more suitable model for
human response to nerve agents.””** Their BChE activity per
mL plasma is less than 50% of the BChE activity in human
plasma. A low dose of the nerve agent analogue, soman
coumarin, was lethal to ES1—/— mice but not to ES1+/+ mice,
demonstrating that plasma carboxylesterase protects from a
highly toxic soman analogue.”” The mice can be purchased
from The Jackson Laboratory, Bar Harbor, ME catalog #
B6(Cg)-CesIc™1¢/] Stock No: 014096.

Studies in plasma carboxylesterase knockout mice demon-
strated that carboxylesterase does not protect from OP
pesticides.”® The explanation for the failure of plasma
carboxylesterase and BChE to protect from OP pesticides is
as follows. OP pesticides react poorly with AChE and therefore
cause toxicity only at high doses. A toxic dose of OP pesticide
exceeds the concentration of bioscavenger in plasma. Even
though the OP pesticide is effeciently scavenged in plasma, all
of the scavenging capacity is used up before a significant
amount of the OP is destroyed, thereby affording no
protection.

Paraoxonase (PON1) in human plasma is a component of
high density lipoprotein. PON1 hydrolyzes the active
metabolites of OP pesticides including chlorpyrifos oxon and
diazoxon, as well as the nerve agents sarin and soman.”® Mice
completely deficient in PON1 are highly sensitive to the
toxicity of chlorpyrifos oxon and diazoxon. PON1 knockout
mice®” can be purchased from The Jackson Laboratory B6.129
X 1-Pon1™ /] Stock No: 004160.

6. EFFECT OF BCHE GENETIC VARIANTS ON
ANALYSIS OF EXPOSURE TO OP

6.1. Quantitative Variants. The atypical and K-variant
have about 70% of the standard concentration of BChE
molecules per mL plasma. A previously reported mass
spectrometry method can detect as little as 3.2% nerve agent-
labeled BChE in 0.5 mL of plasma.*® This high level of
sensitivity means that the atypical and K-variants of BChE are
expected to yield detectable levels of BChE adducts.

Silent variants range from zero activity and no BChE protein,
to 10% of normal activity and 50 nM BChE protein.”® The
silent BChE variants with no BChE protein will yield no BChE
OP adducts. The missense mutation that changes the active site
serine to glycine makes a BChE protein that is unable to make a
covalent bond with OP. Plasma from individuals with these
BChE mutations will give no information about OP exposure in
the standard mass spectrometry assay.

An alternative assay could be implemented that analyzes
adducts on AChE. The quantity of soluble AChE in plasma (8
ng/mL) is 500- to 1000-fold lower than that of BChE (4000
ng/mL).89_91 RBC are a richer source of AChE than plasma,

DOI: 10.1021/acs.chemrestox.6b00228
Chem. Res. Toxicol. 2016, 29, 1381-1392


http://dx.doi.org/10.1021/acs.chemrestox.6b00228

Chemical Research in Toxicology

but analysis of AChE on RBC requires additional sample
preparation steps because AChE is membrane bound.

6.2. High BChE Activity. Higher than normal BChE
activity, ranging from 30% to 400% of the normal, is found in
the Cynthiana and CS5+ genetic variants.”””> These variants
have the wild-type BCHE nucleotide sequence in their exons
and promoter region.”” Heritable quantitative trait loci have
been identified in intron 2 and the 3’-UTR of the BCHE gene
and on chromosome 5q,6 but it is unknown whether mutations
at these loci increase or decrease BChE activity levels.
Additional loci that affect BChE activity have been identified
by the genome-wide association scan method.”* The frequency
of the CS+ variant is 10% in European and American
populations. Plasma samples from these individuals are
expected to give strong signals in previously reported mass
spectrometry assays for confirming OP exposure.

7. SIGNIFICANCE OF ACHE AND BCHE GENETIC
VARIANTS TO RISK OF TOXICITY FROM
CHOLINESTERASE INHIBITORS

7.1. AChE Variants. AChE genetic variants have not been
associated with the risk of toxicity from cholinesterase
inhibitors. The most frequent variant His353Asn (H322N),
the Yt blood group antigen, has normal AChE activity.”"’
Missense mutations are rare, and when they do occur, they are
paired with a normal ACHE allele. Some diseases are associated
with very low AChE enzyme activity, but the cause is not a
mutation in AChE. Congenital myasthenic syndrome with end-
plate acetylcholinesterase deficiency is caused by mutations in
the COLQ_gene, resulting in failure to anchor AChE to the
neuromuscular junction.””® Patients with paroxysmal noctur-
nal hemoglobinuria have a deficiency in all glycolipid-anchored
proteins including AChE, explained by mutations in enzymes
that synthesize the glycosylphosphatidylinositol anchor.” It is
predicted, but unproven, that patients with AChE deficiency
have an increased risk of toxicity from cholinesterase inhibitors.

7.2. BChE Variants. It is commonly assumed that people
with BChE deficiency are at increased risk of toxicity from
cholinesterase inhibitors. In our opinion, this generalization is
correct for nerve agents but fails for cholinesterase inhibitors
that have a h;gher affinity for BChE than AChE. As pointed out
by Maxwell”® and confirmed by studies in carboxylesterase
knockout mice,*® poisons that preferentially react with plasma
bioscavengers rather than with AChE produce no toxic signs
until the bioscavenger capacity is exceeded. The binding affinity
of OP pesticides for AChE is so poor that AChE is inhibited
only by large doses. Toxic doses of OP pesticides are orders of
magnitude higher than the BChE concentration in blood. The
50 nM BChE in human plasma scavenges 50 nM OP pesticides
but is unable to scavenge 20,000 nM chlorpyrifos. Thus, BChE
contributes little to no protection from the acute toxicity of OP
pesticides. This means that risk from OP pesticide toxicity is
indistinguishable in individuals with genetic variants from those
with wild-type BChE.

Nerve agents inhibit AChE more readily than they inhibit
BChE. Humans have moderate signs of toxicity after a single
oral dose of 0.028 mg/kg sarin** or an intravenous dose of
0.0015 mg/kg VX.” The 50 nM BChE in plasma easily
captures low doses of nerve agent, preventing the inhibition of
AChE. Genetic variants with reduced levels or with inactive
BChE are expected to be at increased risk of toxicity from nerve
agents.
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This prediction assumes that detoxication of nerve agents is
accomplished primarily by BChE. It does not consider the role
of other bioscavengers including the carboxylesterases in the
liver and lung, acetylcholinesterase in RBC, albumin in plasma,
metabolic destruction by cytochrome P450 and paraoxonase,
glucuronide conjugation, and glutathione-mediated conjuga-
tion. Body fat also has a role because the uncharged
cholinesterase inhibitors are sequestered in body fat. What is
needed is a study that correlates the toxicity of nerve agents
with BChE genotype. If archived blood samples exist from
humans administered known doses of sarin and VX,*' BChE
genotype analysis would answer the question of whether BChE
genetic variants explain the differences in toxic response noted
in individual subjects.
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