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& Genome Sciences

Goals of This Presentation

The purpose of this brief presentation is to share with you what
we have learned about organophosphate (OP) exposures and the
consequences of genetic variability in modulating these exposures.
One topic will be the role of plasma paraoxonase (PON1) in
protecting against exposure to organophosphorus insecticides,
particularly diazinon/diazoxon and chlorpyrifos/chlorpyrifos oxon
and the consequences of genetic variability in modulating mixed OP
exposures

PONL is a high density lipoprotein (HDL) associated enzyme of 354
amino acids that plays a significant role in the detoxication of the
highly toxic OP metabolites diazoxon and chlorpyrifos oxon. The
role of animal models in understanding the consequences of
gene/environment interactions will also be discussed.

Research on biomarkers of exposure, sensitivity and disease will
also be discussed.
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Biomarkers

» Biomarkers of susceptibility

Why are some individuals more susceptible than others
to a given exposure?

« Biomarkers of exposure
How do you know if you have been exposed to a given
toxicant (e.g., OP insecticide or tricresyl phosphate)?

» Other issues of OP exposure
Biomarker of Parkinson disease

Topics Covered

Genetic variability of OP sensitivity

- Main focus will be on chlorpyrifos and diazinon
and detoxication via the PON1 pathway

- Genetic variability of PON1 in human populations

- Development of an animal model for PON1

- PON1 variability and mixed exposures

- Contaminated aircraft cabin air issues

Biomarkers of OP exposure

- Identification of useful biomarker proteins
- Characterization of biomarker proteins

Biomarker for Parkinson’s disease in males
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The Paraoxonase Family of Genes

~140 kb

centromere

7921-922

PON1 hydrolyzes a number of organophosphorus compounds

The PON proteins can be considered to be modulators of
oxidative stress and members of the protein family involved in
innate immunity (via their abilities to inactivate quorum sensing
factors..

Origin of paraoxonase name

Hydrolysis products

]

o]
(H,0)
(Et0),PO —NO, —> H NO, ,  (EO)PO;

plasma
paraoxonase Diethyl

Paraoxon .
p-Nitrophenol phosphate
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Properties of Human Paraoxonase (PON1)

« PONL1is an HDL-associated plasma
enzyme.

* PONL1 activity is polymorphically
distributed in human populations.
« PON1 metabolizes

» Toxic organophosphates
(insecticides and nerve agents)

» Oxidized lipids
» Drugs (activates/inactivates)
» Microbilal quorum Sensing factors

Detoxicaton of OP Insecticides

The commonly used organophosphorus insecticides parathion, chlorpyrifos
and diazinon are manufactured as organophosphorothioates. These
compounds are very poor inhibitors of cholinesterases. In organisms
(target and non-target) the thioate is converted to an oxon form by
cytochromes P450. Also, as discussed below, actual exposures include
both parent thioate residues as well as the highly toxic oxon forms.

It was thought that mammals could detoxify the oxons as rapidly as they
were formed. However, in recent years, it has become apparent that
there is considerable variability in different individuals' plasma
paraoxonase (PON1) levels that are controlled developmentally and
genetically.

The following slides will elaborate on these factors and the consequence
of high vs. low plasma PON1 levels.

An additional concern based on recent findings of researchers from
North Carolina State University is that the thioates are suicide
substrates for the P450 enzymes that catalyze the oxidative
desulfuration of the parent compounds. Of particular interest is the
inactivation of cytochromes P450 3A4 and 1A2 that are important in the
metabolism of testosterone and estradiol.
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Cytochrome P450-Paraoxonase (PON) pathway
for Organophosphate Detoxification
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Davies et al., Nature Genetics 1996

Genetic Variability in
OP Degrading Enzymes
« Brief historical background of PON1

+» PON1 and OP metabolism
«*Animal models for PON1 function

» Genetic variability in other OP protective
enzymes
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Population Distributions of PON1 Activities for Different Substrates

A=R/R

Method developed by i _
La Du and Co-workers 5 m=QaR
L. 4 s 0 =Q/Q

PON1 Status = PON,g,
Genotype & level.
DZOase vs. POase plot
completely separates
192 phenotypes
(functional genotypes)

Newborns

PON1 status determined

32 L by two-substrate activity
Early methods relied on ot E Mgt T L analyses provides both
histograms of a single activity AR | I the functional PON1-192
to resolve PON1 phenotypes. | genotype as well as

plasma PON1 levels that
. vary by at least 15-fold
. among individuals.

Problems with Safety Tests

* Most if not all safety tests were carried out with
highly pure parent compounds (usuallly >99%).

» Exposures may contain a significant percentage of
highly toxic oxon form of the OP.

» The oxon form is a much more potent inhibitor of
cholinesterase than parent compound

* The genetic and developmental variability of
sensitivity to the oxon component is significant

* Thioates are suicide substrates for P450s
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Concerns about Product Safety Tests

One of the important factors to consider is how the safety
tests were carried out with respect to what we now know
about the genetically and developmentally variable
sensitivity to diazinon/diazoxon exposures.

Safety tests were carried out with highly pure parent
compounds, which at the time were the types of tests
required by regulatory agencies.

Examples of Purity of Parent
Compounds Used for Safety Tests

Safety studies with diazinon used parent compound of 99.5% purity..

For details see: The reconsideration of approvals of the active constituent diazinon, registrations of
products containing diazinon and approval of their associated labels. Part 2 Preliminary Review
Findings Volume 2 of 2 Technical Reports, June 2006. Australian Pesticides & Veterinary Medicines
Authority. Canberra Australia

Safety studies with chlorpyrifos oxon used parent compound of very high purity.

Nolan RJ, Rick DL, Freshour NL, Saunders JH. (1984) Chlorpyrifos: pharmacokinetics in human
volunteers. Toxicol Appl Pharmacol; 73: 8-15.
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Real life exposures include both
parent compound and oxon residues

C! (]} cl ° cl cl

UL = Gyt m L. e
= I

(E10),PO N lC\ microsomal (£10),P0 N cl b aoronase 0N ¢l

Chlorpyrifos Chlorpyrifos oxon 3,5,6-Trichloro-2- Diethyl
. pyridinol phosphate
Inhibition of brain AChE activity
oP Ka (M) Kg {min™"} i, (" min")

Chiorpyrifos (2.84 + 1.03) X 10~ 0.82 £ 0.
Chiorpyrifos (7.31 £2.52) x 1077 2,21 £ 0.
oxon

21| (3.22 + 0.48) x 10°
(3.18 + 0.23) x 10

Diasociation constants (IK,),

constants (kg) and bimokecular rate

phosphorylation
constants (k) wers calculated from Main plots like those in figure 1. Data are means
and standard emors from thres axperiments.

Safety tests were carried out with very pure chlorpyrifos

Huff et al. J Pharmacol Exp Therap 269:329 (1994)

Exposures involve direct contact with oxon residues

Table1 Oxon levels in total pesticide residues taken from dislodgeable leaf foliar residue
and dermal exposure studies

Pesticide (units)

Oxon® Thioate Total OP Oxon (%)

Ralls et al. (1966) Diazinon (ppm®) 0.05 025 0.3
Kansoug and Hopkins (1968) Diazinon” ND® - - ND
Wolfe et al. (1975) Parathion (ng/cm?)® 8 106 114
Kraus et al. (1977) Azinphosmethyl (%)° 0.05 99.95 100 0.05
Nigget al. (1977) Ethion (ng/cmz)d 42 285 327 13
Spear et al. (1977a) Parathion (ng/cm?)° 84 29 113 74
Parathion (ug)® 145 39 184 79
Spear et al. (1977b) Parathion (ng/cm?) 29 8 237 9
Maddy and Meinders (1987)  Azinphosmethy! (ug)® ND - - ND
Costello et al. (1989) Malathion (ug)°® 659 2301 2960 22
Schneider et al. (1990) Azinphosmethyl (ng/em?)® 0.008 031  0.32 2.5
Azinphosmethyl (ug)® 272 1450 1722 16
Spencer et al. (1991) Azinphosmethyl (%) 15 85 100 15
McCurdy et al. (1994) Azinphosmethy!® - - - 2.3

°ND, none detected.
dFoliar residue measurement.

Based on the highest value reported in study.
®Units or values not given in study.

*Dermal monitoring measurement.

Yuknavage et al., 1997. J Toxicol Environ Health 51:35-55
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Oxon Residues in Exposures

Real-life exposures, contain variable levels of highly toxic oxon
components. In the study by Ralls et al., the oxon content of the
diazinon residues represented 17% of the total residue. In light of
what is now known, it makes sense for safety tests to include a range of
oxon contents that include percentages of oxon likely to be encountered
in actual exposures.

[Ralls, J. W., Gilmore, D. R., and Cortes, A. 1966. Fate of radioactive O,O-diethyl O-
(2-iso-propyl-4-methylpyridmidin-6-yl) phosphorothioate on field-grown experimental
crops. J. Agric. Food Chem. 14:387-392.]

PON1 Status
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PON1 Status

Recently, much better functional two-substrate assays have been developed that
separate populations into individuals with specific functional genotypes as will be
described below. The assay also provides the level of enzyme present in the
plasma of each individual. An important genetic variability in the amino acid
present at position 192 of this 355 amino acid protein [glutamine (Q) or arginine
(R)] determines whether the PONL1 in an individual can hydrolyze paraoxon rapidly
or slowly. Since the two so-called alloforms of paraoxonase (PON1-Q192 or
PON1-R192) have different properties, this analysis provides the resolution of
phenotypes shown in the slide. In the data shown in this slide, DNA analysis was
also carried out. There were some discrepancies observed, where the DNA
sequence was observed to specify a heterozygous genotype at position 192 (Q/R)
where as the functional assay showed that only one alloform was present in the
individual's plasma. Further studies involving sequencing the entire PON1 genes of
these individuals elucidated the reason for the discrepancy. These individuals had
PONI1 genes that were defective at regions of the gene away from that analyzed
by the DNA analysis protocol as noted in the slide. These observations serve to
illustrate the accuracy of the functional 2-substrate assay.

[Richter, RT and Furlong, CE. 1999. Determination of paraoxonase (PON1) status requires more than
genotyping. Pharmacogenetics 9:745-753; Jarvik GP, R Jampsa, RJ Richter, C Carlson, M Rieder, D
Nickerson and CE Furlong. 2003. Novel Paraoxonase (PON1) nonsense and missense mutations predicted
by functional genomic assay of PON1 status. Pharmacogenetics 13:291-295.]

\ Conversion factors for rates of substrate hydrolysis. \

Phenotype Conversion Factors r
QQ "AREasens (U/ml) x 172 = DZOasepnys°(U/L) 0.93
Qr AREaseys (U/ml) x 204 = DZOasepnys (U/L) 0.82
RR AREaseys (U/ml) x 286 = DZOasepnys (U/L) 0.87
Qa AREasens (U/ml) x 69 = CPOasepnys(U/L) 0.87
QR AREasens (U/ml) x 103 = CPOasepnys (U/L) 0.88
RR AREasens (U/ml) x 189 = CPOasepnys (U/L) 0.89
QQ °AREasers (U/ml) x 110 = DZOasepnys (U/L) 0.84
QR AREase s (U/ml) x 100 = DZOasepnys (U/L) 0.72
RR AREase s (U/ml) x 83 = DZOasepnys (U/L) 0.93
Qa AREases (U/ml) x 45 = CPOasepnys (U/L) 0.73
QR AREase s (U/ml) x 50 = CPOasepnys (U/L) 0.84
RR AREase.s (U/ml) x 55 = CPOasepnys (U/L) 0.92
Qa AREasens (U/ml)x 3.8 = POase (U/L) 0.75
QR AREasens (U/ml)x15.9 = POase (U/L) 0.50
RR AREaseys (U/ml)x47.6 = POase (U/L) 0.90
QQ 'AREasens (U/ml) x 1.6 = AREase.s (U/ml) 0.85
QR ‘AREasens (U/ml) x 2.0 = AREase.s (U/ml) 0.66
RR ‘AREaseys (U/ml) x 3.5 = AREase.s (U/ml) 0.83
Qa DZOasepnys (U/L)x 1.08 = DZOasens® (U/L) 0.90
QR DZOasephys (U/L)x1.01 = DZOasens (U/L) 0.91
RR DZOasepnys (U/L)x0.84 = DZOasens (U/L) 0.87

'Correlation coefficient squared
PAREaseys = arylesterase activity measured in buffer and 2M NaCl
DZOase,y,,, = Diazoxonase activity under physi i

'CPOasey,s = Chlorpyrifos oxonase activity measured under physiological conditions
[PAREase, s = arylesterase activity measured in buffer

From Richter et al. (submitted to Circulation: Cardiovascular Genetics)

DZOasey;s = Diazoxonase activity measured at 2M NaCl, pH 8.5

Richter et al. Toxicology and Applied Pharmacology 235 (2009) 1-9
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Additional ~200 PON1 SNPs discovered by SeattleSNPs
(NIEHS Environmental Genome Program)

o Determines Catalytic Efficiency PONL1 is encoded
1
Xcer factor Spl binding site By 9 Exons
PO0OL 124 asp missplice W194X
(low activity) (low activity) (premature stop)
EETE | EELZ |\ 11749 | 14656 17622 | 08 | 3496 | TEAES | 25570 | Gene
PONL
eI CA L55M 1 Q192R 27 kb
Genomi
e ]:|I‘|llll||!|| Fllj.ll :||| ||||||||1 1 O Y r1 |‘]|1||||_TL2%
e Ll A i i e e L
L L R R IR L . s 4
Gene! CDS UTR B7 Intron T Hot Scanne <4 B chPs: [ F1ane [l Inteor [l Nonsdn Supon [l VTR Legehd
One partial deletion of a glutamine allele detected to date ~200 SNPs

Characterization of all of these SNPs will not allow one to predict plasma
PONI levels. It is necessary to actually measure activity levels.

SeattleSNPs http://pga.gs.washington.edu/; Furlong et al. 2008

What are the consequences of
variability in PON1 status?




Appendix RAC-GWVI Meeting Minutes

Presentation 5 - Furlong sover‘?ggr 2](-3(%5009
age o

What can we learn about PON1
function from rodent models?

What are the consequences of high
PON1 levels?

Early studies on the effects of high PON1 levels on resistance to OP
exposure involved the injection of purified rabbit PON1 into mice and
challenging the mice with a dermal exposure to OPs. The early studies
were mostly carried out with chlorpyrifos oxon or chlorpyrifos.

To test whether PON1 protects against OP exposure, we first determined
the most suitable route of administration of purified rabbit PON1 into mice.
Injection via the iv route was chosen for the experiment on the next slide. At
time zero, purified rabbit PON1 was injected into mice via the tail vein and
rates of PON1 hydrolysis of chlorpyrifos oxon (CPOase) and paraoxon
(POase) were monitored over time.

(Li et al., J Toxicol and Environ Health 1993; 40:337-346).
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Plasma levels of PON1 can be increased by injecting
purified rabbit PON1
80000
I pa—
5 1 8000
=
2 60000 |
5 1 6000
2
'S 40000
g 1 4000
<
()
€ 20000
N 1 —0— CPOase + 2000
w \ —a— PQase
0" ‘ ‘ ‘ ‘ ‘ 0
0 5 10 15 20 25 30
Time (Hours)
Li et al. J Toxicol Env Health 40:337 (1993)

to CPO (14 mg/kg)

High PONL1 levels are protective against exposure

Protection of Paraoxonase against CPO

100 o

mCPO
80

60 -

40 -

20 -

AChE Activity|(% of control)

B CPO+CPOase

Li et al. J Toxicol Env Health 40:337 (1993)
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High levels of PON1 protect
against OP exposure

What are the consequences of
low PONL1 levels?

PON1 activity levels in PON1**, PON1 *-, and PON1’ mice
s s
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Furlong et al. Toxicogenomics and Proteomics. JJ Valdez and JW Sekowski eds. (2004)
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Role of PONL1 in Modulating OP Exposures

The dose response curves for the PON1 deficient mice are dramatically
changed for dermal exposure to diazoxon (next slide) but much less so to
exposure to the parent compound diazinon (not shown). PON1-/- mice
lacking both PON1 genes were killed by dermal exposures (4 mg/kg) that
had no measurable inhibition of brain cholinesterase in hormal mice as well
as by half that dose. Mice exposed to one-fourth the dose (1 mg/kg) of
diazoxon exhibited significant signs of OP intoxication. On the other
hand, the differences in sensitivity to the parent compound diazinon were
less dramatic (following slide). These observations took us back to one of
our earlier papers that included a literature survey of the levels of oxon
in residues (Yuknavage et al. 1997, slide after next) and re-emphasized
the importance of the PON1 genetic variability in modulating exposure to
the oxon component as well as a role in detoxifying the parent compound.

(Li W.-F., L.G. Costa, R.J. Richter, T. Hagen, D.M. Shih, A. Tward, A.J. Lusis and C.E. Furlong.
2000. Catalytic efficiency determines the in vivo efficacy of PON1 for detoxifying
organophosphates. Pharmacogenetics 10:767-780.)

Diazoxon is more toxic to PON1" than to PONI1*/* or

PONI1*/- mice
A Brain
o
2
c
2
2
2
g
w
3]
<
0 1 2 3 4 5
Diazoxon (mg/kg)

Li et al. 2000. Pharmacogenetics 10:767-780
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Chlorpyrifos oxon is more toxic to PONI-/- than to
PONI1+*"* mice

A Brain

14
@ 121 —a— PON1+/+
0 ] —=— PON1-/-
5 10 /
> 8
=

4 /
w
5 ;| Y-S -
< — =

O T T T T T T
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Chlorpyrifos-oxon (mg/kg)

Shih et al., 1998. Nature 394:284-287

The Importance of the Mouse Genetic Model

The next slide shows the most surprising result from the
series of dermal exposure experiments with the PON1
knockout mice. It was assumed for nearly 50 years that
high levels of PON1 would protect against paraoxon
toxicity and conversely, low PON1 levels would render
individuals sensitive to this OP. As seen in the next slide,
we observed no significant differences in paraoxon
sensitivity between wild type mice, PON1 hemizygous mice
and PON1 knockout mice. The reason for this will become
clear in the slide after next.

(Li et al., 2000. Pharmacogenetics, 10:767-779).
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Paraoxon toxicity is not influenced by PONI
status

A Brain
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S 16 —8— PON1+/+
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Paraoxon (mg/kg)
Li et al. 2000. Pharmacogenetics 10:767-780

Catalytic Efficiency, the Key to Understanding the Ability
of PONI1 to Protect Against OP Exposure

The next slide provides an explanation for the results seen when the PON1 deficient
mice are injected with either purified human PON1-192 alloform (PON1-Q192 or PON1-
R192) or saline and exposed dermally o the indicated organophosphates (chlorpyrifos
oxon, diazoxon and paraoxon).

PON1-192 alloforms (Q102 or R192) were purified from human plasma from PON1
Status-typed individual human plasma samples. The purified PON1 was injected into the
PONI1 deficient mice to determine the effectiveness of each alloform to protect
against exposure to chlorpyrifos oxon, diazoxon and paraoxon. The degree of
protection provided by each alloform was closely related to the catalytic efficiency of
the specific alloform for the given OP. PON1-R192 provided better protection against
chlorpyrifos oxon exposure, both alloforms protected nearly equally as well against
diazoxon exposure with PON1-R192 protecting a bit better and neither protected
against paraoxon exposure, in agreement of a lack of increased sensitivity of PON1 null
mice to paraoxon exposure.

Thus resistance to diazoxon exposure should be governed primarily by an individual's
plasma PON1 levels, whereas resistance to chlorpyrifos oxon exposure depends on
plasma PON1 levels as well as position PON1-192 genotype with PON1-R192 providing
the best protection.

Li W.-F., L.G. Costa, R.J. Richter, T. Hagen, D.M. Shih, A. Tward, A.J. Lusis and C.E.
Furlong. 2000. Catalytic efficiency determines the in vivo efficacy of PON1 for detoxifying
organophosphates. Pharmacogenetics 10:767-780.)
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Catalytic efficiency determines the /n vivo efficacy of PON1
for detoxifying organophosphates

Catalytic efficiencies of Protection afforded PON1-- mice
PONL1 192Q and PON1 192R enzymes by injecting human
PON1 192Q orPON! 192R enzymes

Chiorpyrifos-oxon Hydrolysis ™
CPO OPONH-
PON1Q192 PONTR192 *| Exposure “ieavan
60
Km (mM) 0.54 0.25
Vmax (units/mg) 82 64 / “ \ \
Vmax/Km 152> (256 »
o

Brain Diaphragm

Diazoxon Hydrolysis

PON1Q192 PON1R192 P
Km (mM) 2.98 1.02 ©
Vmax (units/mg) 222 79
Vmax/Km (75> (7] »

[
Paraoxon Hydrolysis " Brein Dieplragm
PO SPONT-

PON1Q192 PONTR192 @1 Exposure e
Km (mM) 0.81 0.52 &
Vmax (units/mg) 0.57 3.26 0
Vmax/Km Q7D (.27 »
Li et al. 2000. Pharmacogenetics 10:767-780 0 N -

Further Development of the Mouse Genetic Model

Further insights into the ability of PON1 to protect against exposure to
chlorpyrifos oxon were obtained from studies with "PON1 humanized
mice". These mice were generated by Dr. Diana Shih and collaborators at
UCLA. Essentially, these mice have their mouse PONI replaced with
human PON1-R192 or PON1-Q192. From the original “founder mice",
animals that expressed the same levels of each PON1-192 alloform were
chosen for establishing colonies. By choosing animals producing the same
levels of each alloform in their plasma, the efficacy in protecting against
OP exposure could be tested at any time without having fo inject purified
human paraoxonase, i.e. they were designed genetically to produce their
own human PONs in the absence of mouse PONI.

The next slide shows that the animals expressing human PON1-R192 were
much more resistant to cholinesterase inhibition by chlorpyrifos oxon
exposure than PON1 deficient animals with PON1-Q192 expressing
animals demonstrating intermediate sensitivity except at high doses,
where the PON1-Q191 mice were essentially as sensitive as the PON1
deficient mice. This is a very significant observation, since ~50% of
individuals of Northern European origin are homozygous for PON1-Q192.

[Cole TB, Walter BJ, Shih DM, Tward AD, Lusis AJ, Timchalk C, Richter RJ, Costa LG, Furlong CE. 2005. Toxicity of chlorpyrifos
and chlorpyrifos oxon in a transgenic mouse model of the human paraoxonase (PON1) Q192R polymorphism. Pharmacogenet
and Genomics 15:589-598].
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Dose Response for Chlorpyrifos oxon exposure of 21d
PON1-/- and PON1 Humanized Mice Expressing

—
Ao B
00% —=—FOMRI18Z| | - po0% —+— PON1-R132
- —>-POM-gi82| | B —& - PON1-@152
2 [oo% | o PON g 5 |aom |
3 £
£ | 60% - o 0%
w o
5 =
= | 40% | £ |40 -
< / £
Bl { — Y ~. E 20% | N
e » o T
[ . . = % . . .
[] 1 2 3 0 1 2 3
[ CPO dosage (mgdkg, cblmall] 'CPO dosage (mghkg. demnal)

Important since aproximately 50% of many
populations are homozygous for PON1Q,q,

Cole et al., 2005. Pharmacogenet and Genomics 15:589-598

Other Advantages of the PON1-/-
Mice

PONI has such a significant impact on the
detoxication of the oxons of diazinon and
chlorpyrifos that it is difficult fo examine the
contributions of other enzymes and pathways to
the detoxication of these compounds. It will be
much easier to examine the contributions of
these other enzymes and pathways in the PON1
deficient mice.
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Detoxication of OPs
in PON1 knockouts

WT mice

g P450s 0 PON1

ROPOEt —PROPOEt ROH+OHOEt

—Et

AChE
P450s BChE
Inactivated Enzymes

Other Detoxication Products
GSH Xferases Other targets?
'+
PON1 mice allow for
determining the
contributions of other
pathways to detoxication
and metabolism

Conjugates

Why are young individuals more
sensitive to OP compounds?
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PON1 Status in Farm Worker Mothers and Newborns
(Collaboration with UC Berkeley Children's Health Center)
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Furlong et al., Pharmacogenetics and Genomics. 16:183-190

PONI Levels Determined by Arylesterase Assay in Salinas Farm worker
Mothers and Newborns (Collaboration with UC Berkelely Childrens Health Cntr

Range of activities predicts:

5 . 65-fold range in sensitivity to DZO
. exposure between lowest baby
' 2 . and highest mother.
8! i .
§N : . i 130-160 fold range in sensitivity to
5 $ - : - - CPO exposure between the
g |} ‘I’ .f lowest baby and highest mother
z_ l o ! ° ’ . (R protection >Q)
221 P,
s ' g 8
. s i
i :
o 7 g P e
= o = o = 4
(=} (=] o (=] X o
o =] o

Q192R Genctype

Furlong et al., Pharmacogenetics and Genomics. 16:183-190
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One important concern -
exposure of a developing fetus

2

Ongoing Epi Study of WA State Farmworkers
BChE inhibition after stratification by PON1,y, genotype and level of
expression (n=124)

Mean (SD) percent change in BChE activity from baseline*

Level of expressioni

T
Genotype High Moderate Low

A ﬁ
IR 0.53 (6.90) -0.11(9.42) ( -8.22 (12.66) )

/ Ref P = 0.841 P =0.008

R 2,06 (8.31) -6.17 (9.67) | -7.58 (13.24)

Q/ P =0.302 P=0.014 P =0.017
/ -9.47 (10.88) -7.23 (11.67) [-12.15 (11.99) |

QQ P =0.006 P =0.046 P =0.008

* Test for trend (stratified first by genotype, then by AREase category) was
statistically significant (P = 0.002)

T Based on PON14,4,r genotype, where: high = RR; moderate = QR; and low = QQ

T Based on AREase activity, where: high = >145 U/mL; moderate = 124-145 U/mL;
and low = <124 U/mL
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What about Mixed Exposures?

PhO, o PhQ

H H_
‘ ‘ c=ccl, c=ccl,
CH,0C — C—OH 4 HOOC
car@e@se M
HC O Heo O
Permethrin Phenoxybenzyl alcohol Dichlorovinyl acid
(TCP)
cl cl (H,0) cl
s © ‘ : / ‘ + (Et0),PO;
[ P
plasma N cl
(EtO),PO N a Z:,C'Z:gmal (E0)P0 Na paraoxonase
Chlorpyrifos Chlorpyrifos oxon TCP Diethyl phosphate

(TCP) l ]

s s
‘ ‘ OCH,Ch, aWase ‘ ‘ OH

— s 5 — = MeO—P—S + 2 CH;-CH,-OH

MeO—P-
¢ OCH,CH, ‘ OH
OMe OMe

Malathion MCA Ethanol

Jansen et al. Toxicol Appl Pharmacol. 236:142-153

Other Important PON1 Functions
PON1 activity levels are significantly lower among cases of
carotid artery disease (filled symbols) vs. controls (open symbols)
of both PON1 192QQ and PONI 192QR genotypes

20000
o
18000 8
o
16000 o
< 14000 E
2 ° ( Case
2 B 0 QQ control,
£ 12000
=) I BQR case
2 8 QR control
§ 10000 ARR case
§ ARR control
S 8000 A - Mean
6000 E ‘ §
E T —
A A
4000 I ] Iy
° a
A
2000 —

QQ QR RR

Jarvik et al., Atheroscler Thromb Vasc Biol 20:2442-2447, 2000
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The Bottom Line

16000 RN Functional two- A lot of things can happen
E | Qe PONI and the firel PONI
E 1 Hh N . A
= \ o protein product in the plasma.
= Q/R °QQ The high throughput two
@ 80004 2% % ||oaQRr substrate assay provides the
S N oohil aRR determination of the end
S 4000 | 4 * o result of all of the processes
2 R/IR S< from transcription to the HDL
% ~L particle and is the method of
0 ‘ ‘ ‘ ‘ ‘ ~ (  choice for studies of genetic
0 500 1000 1500 2000 2500 3000 ~ @r‘id‘l‘ion Of PONI
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~
P9OL 124 missplice w19ax™ < ~
PON1 (low activity) (low acti’\)/ity) (premature stop) ~ ~ 200 SNPs

IR 5875 | F612 |\ 11749 | 4656 | 17652 | EL a/| FEEC TEA5S | 75570 | Gene
-108CT PONL
1626A LSSM\ " Q192R / e

\ \ \ Genomic

T e T R e

Summary: Consequences of
Genetically Variable PON1 Status for
OP Exposures
« High levels of PON1y,q, are protective

against cps/CPO; Dzs/DZO exposures

 Low levels of PON1 are a risk factor for
cps/CPO; bzs/DZO exposure

« Position 192 genotype is also important for
cps/CPO exposures

* PON1 status can be important in modulating
exposures to mixtures of insecticides.
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Variability in Other Enzymes

P450 Metabolism of Chlorpyrifos

5 Cl Suicide reaction!

-------- " 5—0
{Cﬂkﬂﬁa—ﬁ—n—@u _Pas0 < \:—P—:l

Chlorpyrifas
0
I
(CeHOly —F =0

Bioactivation

Aﬁ%@

)

1.5,6-Trichloro-2-Pyridinal (TCR)

Chlarpyrifos-oxon (CF'D:- - Detoxication

0 5
+ (CHOPO (CHOFO
18] Diethyl phosphate Diethyl

phosphorothioate

Modified from D Dai et al. 2001
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Organophosphorothioates - Suicide Substrates for
P450s

Miranct
ight © Jl'h\ 'Ihn'\:mna:&:a.n for Pharmacology and Experimertal Teampsutics 96_ cm;@
BND HE 384— 91, 2003 Prinsed in LULSA.

INHIBITION AND ACTIVATION OF THE HUMAN LIVER_MICROSOMAL AND HUMAN
CYTOCHROME P450 3A4 METABOLISM OF|TESTOSTERONE BY
DEPLOYMENT-RELATED CHEMICALS

KHAWJA A USMANI, RANDY L. ROSE, anp ERNEST HODGSON
Department of Environmental and Malecular Toxicology, Nerth Caroling State University, Raleigh, North Caraling

a0 9’556 06 3-09-] 606-[6”!3103

Drs Vol M. Mo &
e 5 3308 o The oo Secietyfor Pharmocedogy and Esperimenal Terpeutcs 10437333861
DMD 341606-1614, 2006 Printadin USA

Inhibition of the Human Liver Microsomal and Human Cytochrome
P450 1A2 and 3A4 Metabolism of|Estradiol py Deployment-Related
and Other Chemicals

Khawja A. Usmani, Taghyeon M. Cho, Randy L. Rose,” and Emest Hodgson

Arana Phammaceiticals, Inc., San Diago, California (KAL) and D Taxicology, North
‘Carolina Stata University, Ralaigh, North Caml’m TMC.RLR, EHJ

P450s Involved in CPS Metabolism
(Genetic Variability, Environmental Variability)

»Cyp1A2

»Cyp2B6 (>bioactivation)
»Cyp2C9*1

»Cpy2C19 (>detoxication)

» Cyp3A4(bioactivation>detoxication
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Interindividual Variability in CYP450s

0.6

>

P4S0 142 J C P450 3A4
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Nifedipine oxidation
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Chlorzoxazone 8-hydroxylation

Liver sample

Levels can be modulated by environment - diet, drugs

Guengerich FP. Cytochrome P450s and Other Enzymes in Drug
Metabolism and Toxicity. AAPS Journal. 2006; 8(1): E101-E111.

Activation/detoxication activities from

individual human liver microsomes
(determined with the use of specific inhibitors)

Subject Desulfuration* Dearylation*
(Bioactivation) (Detoxification)
nmol/mg protein/min

| HG006 0.09 +0.01a 0.35 +0.03a]
HG023 0.16 £0.01a 0.31 +0.04a
[ HG042 0.74 +0.10b 0.67 +0.07ab|
HG043 0.08 +0.01a 0.61 +0.04ab
HG112 0.67 +0.08b 0.91 +0.10b

Modified from J Tang et al. 2001
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CPS Metabolism by 3A4 Variants
0.3 3
E 0.25 CPO-m
£
E 0.2 . TCP-m
3 0.15 P
o _
£ 011
e
@ 0.05- Fa
0_‘-I *k k%
3A4-wt 3A4- 3A4- 3A4- 3A4-
F189S L293P M445T P467S
SNPs
D Dai et al. 2001

Thus, both levels of P450 and polymorphisms
can influence the outcome of OP exposures.

Other Consequences of PON1 Genetic variability
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Interindividual Variability of Carboxylesterase(s)

DRUG METABOLISM AND DISPOSMION Vol. 23, No. 10
Copyright © 1995 by The American Society for Pharmacology and Experimental Therapeutics Printed in U.5.A.

INTERINDIVIDUAL VARIATION IN CARBOXYLESTERASE LEVELS IN HUMAN LIVER
MICROSOMES

MASAKIYO HOSOKAWA, TAKAHIKO ENDO, MASAE FUJISAWA, SHUICHI HARA, NOBUHISA IWATA, YOSHINOBU SATO,
ano TETSUO SATOH
Laboratory of Bi and i (MH., M.F, T.S,), Faculty of Pharmaceutical Sciences, Chiba University;

Department of Forensic Medicing (T.E., S.H, N.L), Tokyo Medical College; Depértment of Legal Medicine (Y.S), Kyorin University School of
Medicine; and Tokyo Metropolitan Medical Examiner's Offica (T.E., Y.5.)

(Received July 21, 1994; accepted June 27, 1995)

—  Stoichiometric
scavenger and/or
catalytic scavenger

Relative amounts of carboxylasterase

Fia. 3. Ir blot analysis of carb contents in various human
liver microsomes.

Another OP Exposure of Interest

Almost all of us spend some time in jet aircraft. There is increasing public
awareness of an exposure issue that has been ignored for many years.

The jet engine lubricants contain the same molecule that paralyzed
thousands of people during prohibition when they consumed ginger
extracts (ginger jake) adulterated with tricresyl phosphate. The
following short video segments and slides that follow will provide an
overview of the problem. The links on the next slide will provide
additional information should you want to learn a bit more about this issue.
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Chei
Wirdar,
aditor

Discussions at two conferences
on cabin air quality (London -
2005; Boeing, Everett, WA -
2004) pointed to the urgent
need for developing a method fo
determine whether or not an

A ——r individual had been exposed to

SR IUEIER] | oxic crsaraphosphorus (0F)
Air Protection b

fume event
Air Safety and Cabin Air Quality

Proceedings of the BALPA Air Safety and Cabin Air
Quality International Aero Industry Conference.
Held at Imperial College, London, 20-21 April
2005

Sponsored by:

Fal Corporation
Reports in Safety and Environmental Science

school of safety sdence, The University of Mew South wales
Soirance August 2005
TR FiEA

WWW.AOMS.ORG UNSW

LS
V ¥

AMBBIU0T ALENPU] 043 [PUORRWIIN] ANEND 1Y UIGE D PUE 4205 11y
uoPH0id J1¥ PALUIEINOD) Y4 TVE

Links to Cabin Air News Stories

* Channel 4 News, London
http://www.channel4.com/news/articles/world/fears+over+cabin+crew+poisoning/166630
* Channel 7, Australia
http://au.tv.yahoo.com/sunday-night/video/-/watch/13395216/

There are many additional links to earlier news stories. Contact Prof. Furlong for additional links
(clem@u.washington.edu)
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Molecules of Interest

Tricresyl phosphate isomers are

present in jet engine lubricants

? CH,
[ Nobo ()
CH |
1N <|3
The methyl groups can be: @

ortho meta or para CH,

Why are these isomers of interest?
A Very Brief History of TCP Exposures

-TOCP identified as the cause of paralysis
in Ginger Jake Syndrome (Smith et al.

-TOCP has to be converted to toxic
metabolite (probably in the liver -
Aldridge) I

- Structure of toxic metabolite (cyclic saligenin
phosphate) determined by John Casida




Appendix RAC-GWVI Meeting Minutes
Presentation 5 - Furlong November 2-3, 2009
Page 140 of 269

Tricresyl Phosphate, a Toxicant of Interest

ﬁ o]
QctoCre QredeOrm
@ O Para 0
Ortho @
P450
CH3 CH,
Meta
(0]
o\lF!—o CH
N\ / 3
0O
C

Saligenin cresyl phosphate

Casida J et al. Nature191:1396 (1961)

Why are some people more sensitive than others?

| Oxidized by cytochromes P450 |

Monoorthocresyl phosphate

o)
[ = N )
@O‘ﬁ*OQCHJ Saligenin cyclic cresyl

g © phosphate
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Biomarkers of Exposure

- o Insecticides
- o Tricresly phosphate isomers

Problems with Urinary metabolites

There are problems
associated with these
measurements

1) The % life is short and,

2) A false estimate of
exposure may result,
i.e. the person may
have taken up TCP
directly, eg.

Urninary metabolites may
indicate the OP to which
the individual was
exposed, however -

.,
o,
0
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Problems with Metabolite
Measurements

It is not possible to
determine if the
TCP was taken up
directly or resulted
from metabolism of
CPS

120 1

100 4

80 4

60 -

ng/kg/day

40 4

20+

Intake of Intake of Excreted amount
chlorpyrifos TCP of TCP in urine

Morgan et al. J Exp Analysis and Env
Eipdemiology 15:297-309 (2005)

Proteins whose active sites are covalently attached to
organophosphate inhibitors have much longer half-lives
(e.g., 11-33 days) than free metabolites in urine or
plasma and thereby offer a much broader window in
time for assessing quantifying exposures.

Analysis of these modified "biomarker proteins” by mass
spectrometry provides a highly sensitive approach for
documenting and quantifying exposures.
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Modified Protein Biomarkers of Exposure
(Porcine carboxylesterase as an example)

RN

To mass spectrometer (Mike MacCoss, Dave Goodlett)

Modified Protein
This also holds for insecticide

xfosdres Digest with
0=P-OEt (unaged) specific
! proteases

OEt

|
0=P-OEt (aged)

Separate Fragments

Modified Carboxylesterase Peptides

A.

Ser63

Ser379

Ser384

Ser473

(Mike MacCoss)

AVFLG\/PFAKPPLGIRFAP S§* = 170 Da shift (aged)
S|

FLGVPFAKPPLG

GGDPGSVT IFGES*AGGESVSVL
TIFGES*AGGESV
TIFGES*AGGESVS

IFGES*AGGESVSV
IFGES*AGGESVSVL

SEGKLDQKTAT|SHLLWK
ATISHLLWKSYP IANIPEELTPVATDKY
LLWKS#YP IANIPEELTPVATDKY
LWKS#YP IANIPEELTPVATDKY

SSDKKPKTV1GDHGDE I @FGFPLLKGD

S# = 260 Da shift (not-aged)

M@ = oxidized Met

IGDHGDEI FGFPLLKGDAPEEEVSLSK Furlong et al., 2005

FGFPLLKGDAPEEEVSL
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Testing human proteins for sensitivity to TCP or
the bioactivated analog of TCP phenyl saligenin
phosphate shows that bioactivation to the cyclic
metabolite is required for inhibition of human
esterases and lipases (Casida et al. 1961. Nature
191:1396-97).

Rapid enrichment of plasma cholinesterase for MS analysis
using Immuno Magnetic Bead Separation (IMS)

/\ /ugneﬁc bead =3 B

7 _

f

B -

\Anﬁbodies

Target protein

Provides rapid enrichment of target protein(s)
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Ton funnel equipped LTQ (MacCoss lab.)
Increases Sensitivity 6-10X

T T n \“ \

Another recently found function for all three paraoxonases
(PON1, PON2 and PON3) is their ability to inactivate
microbial quorum sensing factors, adding this family of
enzymes to the systems of innate immunity.
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PON family of enzymes - contributes to innate immunity
Hydrolysis of a quorum sensing factor 3-O-HSL by PONs
\ Need to learn more about the
25 physiological significance of
120 | T\N ‘ these activities
=
£ 100 GFP
]
£ 80
i
72 60 - Control
I
&40 S
5
20 4
® PON2 .~
0
0 20 40 60
Time (min)
Ozer et al. FEMS Microbiol Lett. 253: (2005).

Human and murine paraoxonase | are host modulators
of Pseudomonas aeruginosa quorum-sensing

Egon A. Ozer ab Alejandro Pezzulo €, Diana M. Shih 4, Carlene Chun ¢,
Clement Furlong ', Aldons J. Lusis ¢, Everett P. Greenberg &, Joseph Zabner **

FEMS Microbiol Lett. 2005 Dec 1;253(1):29-37.

Paraoxonase-2 deficiency enhances Pseudomonas aeruginosa quorum sensing
in murine tracheal epithelia
David A. Stoltz.'* Egon A, Ozer,' Carey J. Ng' Janet M. Yu? Srinivasa T. Reddy, ™

Aldons J. Lusis.* Noam Bourguard,” Matthew K. Parsek.? Joseph Zabner.! and Diana M. Shih®

Am J Physiol Lung Cell Mol Physiol 292: L852-1.860, 2007.

Drosophila are protected from
Pseudomonas aeruginosa lethality by
transgenic expression of paraoxonase-1

David A. Stoltz,' Egon A. Ozer,” Peter J. Taft," Marilyn Barry,” Lei Liu,' Peter J. Kiss,'
Themas ©. Meninger,” Matthew R. Parsek,” and Joseph Zabner'

The Journal of Clinical Investigation  hrep:/fwwwijciorg  Volume 118 Number®  September 2008

These transgenic flies are also resistant to chlorpyrifos!
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Interestingly, the last paper by Stoltz et al. adds Drosophila as
another animal model for understanding the physiological function
of the PON family of enzymes and provides important data on the
physiological significance of quorum sensing factor inactivation.

Ratios of rates of PON1 activities as a biomarker for PD

We have looked at biomarkers of sensitivity and exposure. Another
variation of the analysis of PONI1 status indicates that it may serve as a
biomarker for Parkinson's disease (PD) in some male patients.

There had been a number of reports linking PON1 genetic variability with
PD. We felt that if PD is linked to PONI, a proper analysis of PON1
status of PD patients and controls should reveal the linkage. We
expected to find that low PON1 status would be a risk factor for PD as
we found for carotid artery disease (Jarvik et al. 2000. Atheroscler.
Thromb. Vasc. Biol. 20:2442-2447). However, the analyses appear to pick
up a subtle difference in the HDL environment manifest as differences in
ratios of rates of hydrolysis of different substrates. The analyses
identified 41% of males with PD, but did not distinguish female PD
patients from control subjects (manuscript in preparation).

This observation makes sense as the next slide shows that mutations that
are associated with PD interfere with mitochondrial function.
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Mutations associated with Parkinson Disease

A g o #1_tAS s 39 s These mutations
-Synuclein - - SO0 qffec'f miTOChondf'iGI
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Mandemakers et al. Journal of Cell Science 120

What can be done if you are exposed to a high dose of OP? The following slide
shows that it is possible to engineer human PON1 for expression in an £. coli
bacterial expression system, engineer the PON1 for improved efficiency of OP
hydrolysis, purify the recombinant PON1 from the £ co/iand inject the
purified protein to protect against the toxicity of an OP. This proof of
concept showed that human PON1 with a lysine replacing glutamine or arginine
at position 192 (increasing the rate of OP inactivation) could be injected into
mice whose PON1 had been removed genetically (PON1 knockout mice) resulting
in the prevention death from a high dose of dermal diazoxon exposure.
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Summary SDS-PAGE of rHUPON1,,s, (untagged)
purification from £. coli and injection of purified
rHuPONIK192 into PONI knockout mice to rescue them
from high dose diazoxon exposure
Th ified, engil d rHUPONI 5,
123405 6 7 B 910 T redinto PONI knockaut

mice (no PONI in their plasma). 10
min following exposure to > 2

- i - = LD50 s of diazoxon. Both mice
66 - = ! = - — survived for many months.

- 14 -

= T .- s
5e W = — 1z .
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2-3 LD50 doses of DZO 10 min prior to

Stevens et al. Proc Natl Acad Sci U S A. injection of rHUPON1

105(35):12780-4; Chambers 12639-40.

Summary

» Gene/protein-environment interactions are
important in modulating the consequences of OP
exposures.

» Genetic and developmental variability are
important in determining sensitivity to OPs

» Protein adducts will provide useful biomarkers of
exposure.

« A variation of the PON1 status assay should be
useful in diagnosing Parkinson’s disease (PD) or
susceptibility for PD.




Appendix

Presentation 5 - Furlong

RAC-GWVI Meeting Minutes
November 2-3, 2009
Page 150 of 269

I hope that this presentation has been useful for
you. Additional publications from our research
laboratory are listed at the end of this

presentation.

There are plans to generate a paraoxonase
resource web site that will provide many more
references to earlier research and work done in
other laboratories. When this site becomes

available, a link will be provided.

The next slide lists our many collaborators who have helped explore the different
facets of PON1 genetic variability. The following slides include additional
references to our studies on organophosphates. If you need to contact me for
further information or suggestions for additional research questions, my email
address is clem@u.washington.edu and phone is 206-543-1193. My mailing
address is: CE Furlong, Div. Medical Genetics, Box 357720, University of

Washington, Seattle, WA 98195-7720.

PON1 collaborators

University of Washington (ARNO)

Toxicology studies
LG Costa

W-F Li

TB Cole

*Genomics
D Nickerson
C Carlson
M Rieder
G Jarvik

Parkinson’s Studies
Harvey Checkoway

Paola Costa-Mallen

Fred Farin

Samir Kelada

Gary Franklin

ALS - R Brown, A-M Wills

Genetics, purification & expression
RJ Richter

R Jampsa

T Hagen

*Cardiovascular studies T Bacus
G Jarvik, T Hatsukama, J Ranchalis, R Richter

VH Brophy
Rick Stevens

Mouse behavior studies
TB Cole
J Fisher

UCLA

Pon1-- and transgenic mice

AJ Lusis
DM Shih
A Tward

S Park
T Burbacher

Development/Toxico-genomics

TB Cole, Sean Proll, Mette Peters

UC Berkeley

Mother/Infant Study
B Eskenazi

N Holland

A Bradman

Jeff Furlong, T

Proteomics J Kim, R Stevens
S Suzuki, M MacCoss, D Goodlett

OP Epidemiology
H Checkoway, J Hofmann
M Keifer
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