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Abstract

Drinking water quality guideline values for toxic compounds are determined based on their acceptable
daily intake. The toxicological endpoint for determining the acceptable daily intake of most
organophosphorus insecticides is inhibition of acetylcholinesterase (AChE). Although insecticides
ingested with drinking water are partly metabolized by the liver before transport to the rest of the
body, no current cell-independent AChE activity assay takes the effects of metabolism into account.
Here, we incorporated metabolism into a cell-independent AChE activity assay and then evaluated
the change in anti-AChE activity during chlorination of a solution containing the organophosphorus
insecticide diazinon. The anti-AChE activities of solutions of diazinon or diazinon-oxon, the major
transformation product of diazinon during chlorination, were dramatically changed by metabolism:
the activity of diazinon solution was markedly increased, whereas that of diazinon-oxon solution was
slightly decreased, clearly indicating the importance of incorporating metabolism into assays
examining toxicity after oral ingestion. Upon chlorination, diazinon was completely transformed, in
part to diazinon-oxon. Although diazinon solution without metabolism did not show anti-AChE
activity before chlorination, it did after chlorination. In contrast, with metabolism, diazinon solution
did show anti-AChE activity before chlorination, but chlorination gradually decreased this activity
over time. The observed anti-AChE activities were attributable solely to diazinon and diazinon-oxon
having been contained in the samples before metabolism, clearly suggesting that the presence not
only of diazinon, but also of diazinon-oxon, should be monitored in drinking water. Further
examination using a combination of tandem mass spectrometry and in silico site-of-metabolism
analyses revealed the structure of a single metabolite that was responsible for the observed anti-AChE
activity after metabolism. However, because this compound is produced via metabolism in the human

body after oral ingestion of diazinon, its presence in drinking water need not be monitored and



regulated.
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1. Introduction

Organophosphorus insecticides are used in large quantities worldwide, despite their being banned in
some countries due to concerns over their toxicity in humans. Organophosphorus insecticides
contaminate river waters via agricultural runoff,!* and as a result, drinking water treatment plants
located downstream of farms are often forced to use contaminated river water for the production of
drinking water. Because organophosphorus insecticides are not removed by conventional drinking
water treatment processes (i.e., coagulation, sedimentation, and sand filtration),* they remain in the
water when free chlorine is applied as the final treatment for disinfection. This leaves the
organophosphorus insecticides to react with the free chlorine during distribution of finished water to
businesses and households. Reaction with free chlorine transforms the organophosphorus insecticides
mainly to their oxons via oxidation of a P=S bond to a P=0 bond.’” This transformation is reported
to occur during other unit processes such as ozonation,®° UV irradiation,'® !! and advanced oxidation
process.'? '3 However, other transformation products, such as hydrolytes, are also reported to be

produced during chlorination.'* '3

The presence of pesticides and their metabolites, including oxons, in drinking water,'¢ and the
production of pesticide transformation products by environmental or water treatment processes,'’ "
are issues that are attracting increasing attention worldwide due to their potential impacts on human
health. When drinking water contaminated with an organophosphorus insecticide is ingested, the
insecticide is absorbed by the small intestine and transported by the blood to the liver, where it is
metabolized by drug-metabolizing enzymes. These metabolites, and any remaining unmetabolized
insecticide, are then transported to the rest of the body. However, none of the currently available in
vitro cell-independent AChE activity assays take this metabolism into account; that is, they evaluate
only the direct impact of the target compound on AChE activity, which does not always reflect the
actual toxicity in the human body after oral ingestion. Therefore, investigation of anti-AChE activity
both with and without metabolism is required for evaluating the true toxicity of organophosphorus

insecticides in humans.

Drinking water quality guideline values for organophosphorus insecticides are usually determined
based on acceptable daily intake values, which are the amount of substance that can be safely ingested
daily over a lifetime. The primary mode of action of organophosphorus insecticides is inhibition of
the activity of acetylcholinesterase (AChE) at synapses; therefore, in vivo assays using AChE
inhibition as the toxicological endpoint are most often used for determining acceptable daily intake
values for organophosphorus insecticides. In the laboratory, however, in vitro assays are often

preferred over in vivo assays for evaluating changes in the toxicity (i.e., changes in anti-AChE



activity) of organophosphorus insecticides during water treatment processes’’2* because of their
higher throughput and greater simplicity. However, unlike in vivo assays, these in vitro assays do not
inherently take into account the effects of metabolism on toxicity. Many in vitro cell-independent
assays for evaluating AChE activity have been developed. The most widely used is Ellman’s assay,
in which the yellow color caused by the reaction of thiocholine, which is produced by hydrolysis of
acetylthiocholine by AChE, with a coloring reagent is measured as an index of AChE activity.?*
Several chemiluminescent probes have been developed as alternatives to the traditional coloring
reagent, which have been shown to markedly increase the sensitivity of the assay.?>2° More recently,
direct measurement of choline (Ch), which is produced from acetylcholine by AChE, by liquid
chromatography—tandem mass spectrometry (LC-MS/MS) has been reported as a highly sensitive
and high-throughput means of determining AChE activity.?’

In vitro cell-independent AChE activity assays have been used in several studies to examine the
changes in the anti-AChE activity of organophosphorus insecticides during chlorination; for example,
for EPN (O-ethyl O-(4-nitrophenyl) phenylphosphonothioate),® malathion,'> and methidathion,'®
their anti-AChE activities are reported to increase with chlorination time, even though the parent
insecticides are completely transformed immediately upon chlorination. Further investigation of these
increases by Matsushita et al.'® revealed that the anti-AChE activity of solutions of malathion or
methidathion after chlorination was attributable to their oxons alone, and that other transformation
products that formed did not contribute to the observed anti-AChE activities. Because these oxons
have the same mode of action (i.e., anti-AChE activity) but higher activity than their parent
insecticides,'> 2® Matsushita et al. suggested the need to include the oxons, but not the other
transformation products, in drinking water guidelines. In the European Union and Japan, some oxons
(as well as their parent insecticides) are already included in drinking water quality regulations.
However, which oxons to include and whether or not other transformation products should be

included in the regulations requires further investigation.

Accordingly, the objectives of the present study were (1) to develop an in vitro cell-independent
ACHhE activity assay that takes into account the effects of metabolism, (2) to evaluate, using our assay,
the changes in anti-AChE activity of diazinon, a widely-used representative organophosphorus
insecticide, during chlorination with or without metabolism, and (3) to discuss the need to regulate
the transformation products of diazinon produced by chlorination processes from the perspective of
their contributions to the anti-AChE activity of solutions of diazinon. This is the first report in which
the effects of metabolism were incorporated into the in vitro cell-independent AChE activity assay.
Additionally, we found that metabolism markedly changed the anti-AChE activity of diazinon and
diazinon-oxon, but that neither diazinon nor diazinon-oxon were responsible for the observed anti-
AChE activity. Further examination using a combination of tandem mass spectrometry and in silico

site-of-metabolism analyses revealed the structure of the single responsible metabolite.



2. Materials and Methods

2.1 Chemicals

Chemical standards of diazinon and diazinon-oxon (Fig. S1), S9, cofactors (glucose-6-phosphate, 3-
NADPH, and -NADH), acetylcholine (ACh), and Ch were purchased from Fujifilm Wako Pure
Chemical Corporation (Osaka, Japan). AChE derived from human erythrocytes was purchased from
Merck KGaA (Darmstadt, Germany). Sodium hypochlorite (guaranteed reagent grade), which is used
in full-scale water treatment plants, was purchased from AGC Inc. (Tokyo, Japan). All chemicals

were used without any further purification.

2.2 Batch chlorination experiments

Diazinon was dissolved in 10 mM phosphate buffer (pH 7.0) to a concentration of 38 uM without the
addition of organic solvents to avoid the solvents from affecting the experimental results as follows:
a phosphate buffer was supplemented with diazinon chemical standard, stirred with a magnetic stirrer
overnight, and then filtered through a PTFE membrane having pores of 0.45 um in diameter to remove
undissolved diazinon. The concentration of diazinon in the solution was then confirmed with LC—
MS. Chlorination was conducted by adding sodium hypochlorite to the diazinon solution at a
concentration of 12 mg-Cl2/L, which was sufficient to maintain a free chlorine residual throughout
the chlorination period, and then mixing with a magnetic stirrer for 10 min. After mixing, the glass
vessel was tightly sealed with Parafilm and a screw-cap to avoid volatilization to the atmosphere and
the mixture was left to rest at 20 °C in the dark for 168 h. During chlorination, aliquots of the mixture
were withdrawn at predetermined intervals, residual chlorine in the samples was quenched with
sodium sulfite, and the samples were subjected to AChE activity assay with or without metabolism,

and to quantification of diazinon and diazinon-oxon by LC-MS.

2.3 Metabolism using S9 mix

The metabolic activation procedure with liver S9 used in the Ames assay®’ was applied prior to AChE
activity assay. The S9 consists of microsomal and cytosolic fractions of a liver homogenate,
possessing both phase I and phase II enzymatic activities.>* A stock solution of S9 mix was prepared
by dissolving the commercial S9 and cofactors (i.e., glucose-6-phosphate, B-NADPH, and B-NADH)
in phosphate buffer (Table S1) on ice. Then, metabolism was induced by mixing 800 pL of test sample
with 2000 pL of the S9 stock solution and incubating the mixture at 37 °C for 20 min in a shaking
water bath. After metabolism, 900 pL of the sample was immediately centrifuged (19,200 x g) at 4 °C
for 60 min in an ultracentrifuge (himac CP-60E, Eppendorf Himac Technologies Co., Ltd.,
Hitachinaka, Japan) to separate the S9 from diazinon and its derivatives. The resulting supernatant

was subjected to AChE activity assay.

2.4 AChE activity assay

The in vitro LC-MS-based AChE activity assay reported previously'> was used with slight
modifications. In brief, an aliquot of 1 mM phosphate buffer (pH 7.4), prepared by dissolving
Na2HPO4 and NaH2PO4 in Milli-Q water, was supplemented with NaCl at a concentration of 150 mM



(hereafter “assay buffer”). A working solution of AChE was prepared by adding AChE to the assay
buffer at a concentration of 60 units/L, and a working solution of ACh was prepared by adding ACh

to the assay buffer at a concentration of 3 mM.

After appropriately diluting the test sample with assay buffer (20- and 125-fold dilution for assay
with and without metabolism, respectively), 280 pL of the diluted sample was poured into the well
of'a 96-well microplate on ice. At least triplicate wells were used for each sample. Then, 10 pL of the
AChE working solution was added to the diluted sample and the sample was preincubated at 37 °C
for 30 min to allow AChE inhibitors present in the sample to exert their effect. After preincubation,
10 pL of the ACh working solution was added to the sample on ice and the sample was incubated at
37 °C for 60 min to allow Ch to be released from ACh by the enzymatic activity of non-inhibited
AChE. After incubation, an aliquot (100 pL) of the sample was mixed with 100 pL of acetonitrile to
terminate the enzymatic activity of AChE. The concentration of Ch in the final solution was measured
by LC-MS. A control, prepared with assay buffer instead of the diluted sample, and a blank, prepared
with assay buffer instead of both the diluted sample and the AChE working solution, were also tested
using the same procedure. The anti-AChE activity of each sample was calculated using the following

equation:

. . Ch 1~ Chsampi
Anti-AChE activity = — e (Eq. 1)
Cheontrol—Chplank

where Chcontrol, Chsample, and Chuoiank are the Ch concentrations in the control, sample, and blank,

respectively.

2.5 Quantification of choline, diazinon, and diazinon-oxon, and identification of metabolites

Concentrations of Ch, diazinon, and diazinon-oxon were measured with a hybrid quadrupole-orbitrap
mass spectrometer (Q Exactive, Thermo Fisher Scientific Inc., Waltham, MA, USA) coupled to an
LC system (UltiMate 3000, Thermo Fisher Scientific). The detailed procedure is described in Text
S1. Metabolites were identified under the same LC conditions as those used for quantification of
diazinon and diazinon-oxon. Two measurement modes were used: scan mode (Full MS, resolution =
70,000, scan range = 50-500 m/z) and targeted MS/MS mode (Targeted-MS?, resolution = 70,000,

collision energy = 10—50 eV) under both positive and negative ion modes.

2.6 In silico prediction of sites of metabolism

To predict the molecular sites of metabolism targeted by cytochrome P450 (CYP), we used four freely
available web-based in silico tools: FAME 2 on the GLORY platform (Universitit Hamburg,
https://nerdd.zbh.uni-hamburg.de/glory/),3!: 32 RS-WebPredictor (Rensselaer Polytechnic Institute,
http://reccr.chem.rpi.edu/Software/RS-WebPredictor/),>> SMARTCyp (University of Copenhagen,
https://smartcyp.sund.ku.dk/mol_to_som),** and SOMP (Institute of Biomedical Chemistry, Russian
Academy of Medical Sciences, http://www.way2drug.com/SOMP/). Each site of metabolism was
ranked by using each of the tools, and the site with the smallest average rank was considered to be
the most probable one. The ranks in RS-WebPredictor, SMARTCyp, and SOMP were the average



ranks of nine, three, and five CYP isozymes, respectively.

3. Results and Discussion

3.1 Effects of metabolism on the anti-AChE activities of standard solutions of diazinon and diazinon-
oxon

First, we examined the anti-AChE activities of standard solutions of diazinon and diazinon-oxon with
or without metabolism. Without metabolism, the diazinon solution showed almost no anti-AChE
activity within the concentration range examined (0.01-10 uM; Fig. 1a). However, with metabolism,
the diazinon solution showed marked anti-AChE activity (ICso = 0.30 uM) that increased in a dose-
dependent manner. These findings are consistent with previous studies that have suggested that
metabolic activation is likely the reason why thiophosphoryl group (P=S)-containing
organophosphorus insecticides such as diazinon show high anti-AChE activities in assays conducted

35-37

in vivo, which inherently account for the effects of metabolism, but show very low or no anti-

AChE activities in cell-independent assays conducted in vitro.'> 2% 2® The diazinon-oxon solution
showed high anti-AChE activity irrespective of whether the solution underwent metabolism,3 38
although the activity was higher without metabolism (ICso = 0.10 uM) than with metabolism (ICso =
0.36 uM) (Fig. 1b). Taken together, these findings indicate that metabolism changed the anti-AChE
activities of both diazinon and diazinon-oxon, but whereas it increased the activity of diazinon
solution, it decreased the activity of diazinon-oxon solution. The clear implication here is that
conventional in vitro cell-independent AChE activity assays alone, which do not take into account
the effects of metabolism, are not suitable for fully evaluating the anti-AChE activity of orally
ingested organophosphorus insecticides. Therefore, AChE activity assays that take into account the

effects of metabolism are clearly needed.
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Fig. 1 Anti-acetylcholinesterase (AChE) activities of standard solutions of diazinon (a) and diazinon-oxon (b).
Open and closed symbols represent direct (without metabolism) and indirect (with metabolism) anti-AChE
activities, respectively. Direct anti-AChE activities of diazinon and diazinon-oxon are cited from our previous
paper.!3 Note that the concentrations for indirect anti-AChE activity are those before metabolism.



Hereafter, the anti-AChE activity observed with metabolism is referred to as “indirect anti-AChE

activity”, whereas that observed without metabolism is referred to as “direct anti-AChE activity”.

3.2 Effects of chlorination on the anti-AChE activity of a standard solution of diazinon

Next, we examined the effects of chlorination on the anti-AChE activity of diazinon solution over
time. Within 10 min of the start of chlorination, all of the diazinon had been transformed by reaction
with the free chlorine, resulting in the generation of diazinon-oxon (Fig. 2). The concentration of
diazinon-oxon gradually decreased with chlorination time. The rapid decomposition of diazinon and

its transformation to diazinon-oxon are in agreement with the published literature.®’

Although the diazinon solution did not show
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chlorination. In addition, because the highest Chlorination time, h

conversion ratio from diazinon to diazinon-  Fig. 2 Changes in the concentrations of diazinon (white
column) and diazinon-oxon (black columns) relative to
the initial diazinon concentration during chlorination.
the initially spiked diazinon was transformed to  The initial concentration of diazinon was 38 puM. Error
bars indicate standard deviations of 3 measurements.

oxon was only 0.63, this indicates that some of

products other than diazinon-oxon.
Accordingly, 2-isopropyl-6-methyl-pyrimidin-4-ol (IMP), diethyl phosphate, and dimethyl phosphate
were detected in the diazinon solution after chlorination (Fig. S2). However, when we conducted the
ACHhE activity assay using chemical standards of these three transformation products, we found that
they showed no direct anti-AChE activity in the range of 0.1-10 uM (data not shown). Our finding
regarding the anti-AChE activity of IMP is in agreement with a previous report by Colovi¢ et al.?®
Therefore, we concluded that these three transformation products (IMP, diethyl phosphate, and
dimethyl phosphate) did not contribute to the observed direct anti-AChE activity, indicating the
presence of additional transformation products, one of which was suspected to be diazinon-oxon.
Indeed, even though the concentration of dissolved organic carbon did not change during chlorination
(data not shown), the total dissolved organic carbon derived from diazinon and the four identified
transformation products after chlorination was always lower than the initial dissolved organic carbon
(Fig. S2). Thus, the diazinon was transformed not only into the four identified products, but also into

one or more additional products that may have direct anti-AChE activity.



We also found that the indirect anti-AChE activity of diazinon solution (Fig. 1b) was retained after
chlorination (Fig. 3b). Because all of the diazinon was transformed immediately after the start of
chlorination, the observed indirect anti-AChE activity indicates that some of the diazinon was
transformed to products with indirect anti-AChE activity by reaction with free chlorine. Similar to
the interpretation for direct anti-AChE activity, diazinon-oxon was suspected to contribute to the
observed indirect anti-AChE activity because it was produced during chlorination (Fig. 2) and it was
found to have indirect anti-AChE activity (Fig. 1b). The other three identified transformation products
(i.e., IMP, diethyl phosphate, and dimethyl phosphate) showed no indirect anti-AChE activity in the
range of 0.1-10 pM (data not shown). One or more unidentified transformation products with indirect

anti-AChE activity may remain to be identified.
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Fig. 3 Changes in the direct (a) and indirect (b) anti-acetylcholinesterase (AChE) activities
of diazinon solution during chlorination. Error bars indicate standard deviations of 2 and 3
assays for direct and indirect anti-AChE activity, respectively.

3.3 Contribution of diazinon and diazinon-oxon to the direct and indirect anti-AChE activities
observed after chlorination

To clarify whether the observed anti-AChE activities could be explained solely by the presence of
diazinon and diazinon-oxon, we estimated the anti-AChE activity induced by diazinon and diazinon-
oxon, without consideration of any transformation products. Because the dose-response curves for
both the direct and indirect anti-AChE activities were not linear (Fig. 1), we concluded that the anti-
ACHhE activity was not dose-additive; that is, the activity of a solution containing both diazinon and
diazinon-oxon could not be calculated simply by summing the individual activities of diazinon and

128 have reported that the direct anti-AChE activity of a solution

diazinon-oxon. Indeed, Colovi¢ et a
containing both diazinon and diazinon-oxon was smaller than the sum of the individual activities at
higher diazinon/diazinon-oxon concentrations. To estimate the total anti-AChE activity induced by a
parent insecticide and its oxon coexisting in a sample, a mixture containing chemical standards of

these compounds at the same concentrations as those in the sample should also be examined by anti-



AChE activity assay.”® * However, in the present study, before chlorination the solution contained
only diazinon and no diazinon-oxon, and after chlorination the solution contained only diazinon-oxon
and no diazinon. Therefore, we determined the anti-AChE activity of diazinon from the data for the
solution before chlorination, and we determined the activity of diazinon-oxon from the data for the
solution after chlorination. For the solution before chlorination, we calculated the activity of diazinon
from its concentration in the initial sample (Fig. 2) and the dose—response curve (Fig. 1a), being sure
to take into account the dilution factor in the anti-AChE activity assay. For the solution after
chlorination, we used the same procedure to calculate the activity of diazinon-oxon at every

chlorination time.

Calculating the direct anti-AChE activity of the solution before chlorination revealed no direct anti-
AChE activity, which was consistent with the observed activity (Fig. 4a). After chlorination, the direct
anti-AChE activities calculated from the diazinon-oxon concentration were comparable with the
observed direct anti-AChE activities. Together, these findings indicate that the observed direct anti-
ACHhE activity is explained solely by the presence of diazinon-oxon, and that transformation products
other than diazinon-oxon, which included both the identified and unidentified transformation
products, did not contribute to the observed direct anti-AChE activity. When a similar analysis was
conducted for indirect anti-AChE activity, the activities calculated from the concentration of diazinon
in the solution before metabolism were comparable with the observed activities (Fig. 4b). After
chlorination, the activities calculated from the concentration of diazinon-oxon in the solution before
metabolism were comparable with the observed activities. Thus, both the direct and indirect anti-
AChE activities could be explained solely by the presence of diazinon and diazinon-oxon before
metabolism. This strongly suggests that diazinon-oxon, but not other transformation products, should

be monitored in drinking water in addition to diazinon itself.
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Fig. 4 Comparison of anti-acetylcholinesterase (AChE) activity during chlorination (open columns) with that
calculated from the concentrations of diazinon or diazinon-oxon (hatched columns). Error bars indicate standard
deviations of 2 and 3 assays for direct and indirect anti-AChE activities, respectively.



3.4 Identification of metabolites with anti-AChE activity generated by metabolism

Although neither diazinon nor diazinon-oxon was detected in the chlorinated solution after
metabolism (Fig. S3), the solution still showed anti-AChE activity (Fig. 3b), indicating that diazinon
and diazinon-oxon were metabolized to metabolites, some of which showed anti-AChE activity.
Among the four identified transformation products observed before metabolism (diazinon-oxon, IMP,
diethyl phosphate, and dimethyl phosphate), IMP alone was still detected after metabolism (Fig. S3).

However, the dissolved organic carbon derived from IMP in the chlorinated solution after metabolism

was approximately 1.5-2.0 mg/L, which was 1.0
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assumed were derived from metabolites with anti-AChE activity (Fig. S6). Comparisons of LC
retention times and accurate m/z values with those of chemical standards revealed that the compound
detected as Peak 1 was IMP; because IMP did not show anti-AChE activity, this peak was discounted.
To evaluate whether or not the compound detected as Peak 2 had anti-AChE activity, we plotted the
indirect anti-AChE activities of the dose-response curve solutions against the area of Peak 2 on the
LC chromatograms detected in the solutions after metabolism, and we found that the area of Peak 2
was correlated with the indirect anti-AChE activities of the solutions (Fig. 5). Moreover, the plots for
the diazinon and the diazinon-oxon solutions fell on the same curve. This observation strongly
suggests that the metabolite corresponding to Peak 2 showed anti-AChE activity. Furthermore, for
each chlorinated sample, the anti-AChE activity supposed to be induced by the metabolite was
calculated by combining the dose-response curve (Fig. 5) and the area of Peak 2 on the LC
chromatogram detected for each solution (Fig. S7), and then compared with the observed indirect
anti-AChE activity. The calculated anti-AChE activity was almost the same as the observed one at
every chlorination time (Fig. 6), strongly supporting the hypothesis that the metabolite detected as
Peak 2 had anti-AChE activity.

To identify the metabolite, LC/MS analysis of Peak 2 was conducted. The three most probable
candidate molecular formulae of the metabolite were estimated from the accurate m/z value and are
shown in Table S2. Among these formulae, because C12H2205N2P alone satisfied the accuracy of the
apparatus used in the present study (error in m/z < 3 ppm), the molecular formula of the metabolite
was concluded to be Ci12H2105N2P. Judging from the comparison of molecular formulae of diazinon-
oxon (Ci2H2104N2P) and the metabolite, the metabolite was most likely a compound that was
generated by the addition of an oxygen atom to the diazinon-oxon molecule. Thus, chemical
structures resulting from the mono-oxidation of diazinon-oxon were selected as candidates, under the

assumption that the aromatic ring was not cleaved (Fig. S8).

To further identify the metabolite, we conducted an MS/MS analysis of Peak 2 with different collision
energy values (0, 20, 30, 40, and 50 eV). To calculate the number of fragment ions corresponding to
those in the tandem mass spectra of Peak 2 (isolate window = 0.4), a rule-based (Mass Frontier 7.0,
HighChem, Bratislava, Slovakia) and a substructure-based (MAGMa, Netherlands eScience Centre,
http://www.emetabolomics.org/magma) algorithm for MS/MS analysis were applied to each
candidate structure. The MS/MS analysis by using a combination of the software with different
annotation algorithms assigned the largest number of fragment ions (Fig. S9—S12) to four of the

structures (Fig. S8a—d); thus, these structures were retained on the candidate list.

CYP is capable of catalyzing the oxidative biotransformation of most drugs,** and of facilitating a
great variety of oxygen insertion processes into organic compounds.*! Judging from the preparation
method described in the datasheet provided by the manufacturer, the S9 mix used in the present study
was a supernatant prepared by centrifugation of homogenized rat hepatic cells at 9000 x g; therefore,
we assumed that it included CYP. This suggests that CYP likely contributed to the transformation of



diazinon-oxon to the metabolite detected as Peak 2. To narrow down the candidate structures, we
used four web-based in silico tools to predict sites of CYP-mediated metabolism on the diazinon-
oxon molecule (Table 1, see Text S2 for detailed discussion). The average ranks of Structures S8b
and S8d were comparable and clearly smaller than those of Structures S8a and S8c. Accordingly, the
metabolite that was detected as Peak 2 and that showed anti-AChE activity was likely either diethyl
6-(hydroxymethyl)-2-(propan-2-yl)pyrimidin-4-yl phosphate (Structure S8b) or diethyl 2-(2-
hydroxypropan-2-yl)-6-methylpyrimidin-4-yl phosphate (Structure S8d). The former*? and latter** **
compound are both reported from in vivo and in vitro experiments to be metabolites of diazinon, and

both compounds are reported to induce direct anti-AChE activity,*? which supports our estimation.

Table 1 Comparison of ranks obtained using four web-based in silico prediction tools for the identified candidate
structures of the metabolite with anti-acetylcholinesterase activity.

S8a S8b S8c S8d
CHy CHy CHy CH,
o [ o [ o [ g
\\P/O \\P/O \\F,/O \\P/O
- \o - \o o~ \O o~ \O
o\ \ A\ A\
N AN CHy N AN CHy N \ CHs N AN CHy
HBC\HI\ Z “SC\HI\ Z /% & “3C>H|\ Z
N CHy N HO N CHs N CHy
HO
CH, CHy OH CH, CHs
FAME 2 2 3 4 1
RS-WebPredictor 2 1 4 3
SMARTCyp 4 1 3 2
SOMP 3 2 4 1
Average rank 2.8 1.8 3.8 1.8

4. Conclusions

In the present study, to evaluate the toxicity of the organophosphorus insecticide diazinon after oral
ingestion in humans, we incorporated metabolism into an in vitro cell-independent AChE activity
assay. Using this assay, we found that the anti-AChE activities of diazinon and diazinon-oxon were
dramatically changed via metabolism by enzymes contained in the S9 fraction; that is, this
metabolism increased the anti-AChE activity of diazinon but reduced that of diazinon-oxon. This
suggests that in vitro cell-independent assays to estimate toxicity after oral ingestion should ideally

take into consideration the effects of metabolism.

Diazinon reacted rapidly with free chlorine and was completely transformed within 10 min of the
start of chlorination. Some of the diazinon was transformed to diazinon-oxon. The diazinon-
containing solution had no anti-AChE activity before chlorination, but had it after chlorination, and
the activity was found to gradually decrease with chlorination time. With metabolism, diazinon
solution before chlorination had anti-AChE activity, and this activity gradually decreased during
chlorination. Anti-AChE activities calculated from the concentration of either diazinon or diazinon-
oxon in the solution and from dose-response curves for chemical standards of the compounds were

comparable with observed activities at every chlorination time regardless of whether the solution had



undergone metabolism. Thus, the observed anti-AChE activities were attributable solely to the
presence of diazinon and diazinon-oxon in the solution before metabolism, suggesting that diazinon-

oxon, but not other transformation products, should also be included in drinking water regulations.

Analysis using a combination of MS/MS and i silico site-of-metabolism prediction tools suggested
that the compound that was generated through metabolism and was responsible for the observed
indirect anti-AChE activity of the solution was a compound that was generated by mono-oxidation
of a diazinon-oxon molecule; namely, either diethyl 6-(hydroxymethyl)-2-(propan-2-yl)pyrimidin-4-
yl phosphate or diethyl 2-(2-hydroxypropan-2-yl)-6-methylpyrimidin-4-yl phosphate. However,
because these compounds are produced via metabolism in the human body after oral ingestion of

diazinon, their presence in drinking water need not be monitored and regulated.
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Fig. S1 Chemical structures of (a) diazinon and (b)
diazinon-oxon.

Table S1 Composition of stock solution of S9 mix.

Component Amount
S9 2 mL
glucose-6-phosphate 37.6 mg
B-NADPH 70.8 mg
B-NADH 53.2 mg
0.4 M MgCl, solution 400 pL
1.65 M KCI solution 400 pL
0.2 M phosphate buffer * 10 mL
Milli-Q water 8 mL
* Phosphate buffer Amount
NaH,PO,-2H,0 157 g

Na,HPO,-12H,0 359 g

Milli-Q water 500 mL




Text S1 Quantification of choline, diazinon, and diazinon-oxon

The concentration of choline was measured by using a hybrid quadrupole-orbitrap mass spectrometer
(MS; Q-Exactive, Thermo Fisher Scientific Inc., Waltham, MA, USA) coupled with a liquid
chromatograph (LC; UltiMate 3000, Thermo Fisher Scientific). A 5-uL sample of the test solution
was assayed with the LC equipped with a 100 mm X 2.1 mm Cortecs UPLC HILIC column (1.6-um
particle size, Waters Corporation, Milford, MA, USA). The mobile phase was a binary gradient of
100 mM ammonium formate in Milli-Q water (solvent A) and 100% acetonitrile (solvent B) at a flow
rate of 200 uL/min as follows: begin with 95:5 (v/v) A/B, increase linearly to 60% B over a period of
0.75 min, hold at that ratio for 0.25 min, decrease linearly to 30% B over a period of 0.25 min, hold
at that ratio for 1.25 min, and then decrease linearly to 5% B over a period of 3.5 min. The MS was
operated in electrospray ionization mode (positive) with a spray voltage of 3.2 kV. The temperature
of the capillary and electrospray ionization probe heater was 220 and 450 °C, respectively. The flow
rate of the sheath gas, auxiliary gas, and sweep gas was 50, 15, and 0 units, respectively. The S-lens
radio frequency level was set to 57. The concentration of choline was quantified in selected-ion-

monitoring mode with m/z 104.1070 (resolution = 70,000). The detection limit for choline was 5 nM.

The concentrations of diazinon and diazinon-oxon were measured with the same apparatus as used
for choline. A 5-pL sample of test solution was assayed with the LC equipped with a 50 mm x 2.1
mm Hypersil Gold column (1.9-um particle size, Thermo Fisher Scientific). The mobile phase was a
binary gradient of 2 mM ammonium formate in Milli-Q water (solvent A) and 100% methanol
(solvent B) at a flow rate of 200 pL/min as follows: 99:1 (v/v) A/B for 2 min, increase linearly to
60% B over a period of 2 min, increase linearly to 75% B over a period of 5 min, increase linearly to
99% B over a period of 5 min, decrease linearly to 1% B over a period of 0.1 min, and then hold at
that ratio for 1.9 min. The MS was operated in electrospray ionization mode (positive) with a spray
voltage of 3.2 kV. The temperature of the capillary and electrospray ionization probe heater was 220
and 450 °C, respectively. The flow rate of the sheath gas, auxiliary gas, and sweep gas was 50, 15,
and O units, respectively. The S-lens radio frequency level was set to 57. The concentrations of
diazinon and diazinon-oxon were quantified in selected-ion-monitoring mode with m/z 305.1083 and
289.1312, respectively (resolution = 70,000). The detection limit was 3 nM both for diazinon and

diazinon-oxon.
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Fig. 82 Concentrations of dissolved organic carbon (DOC) derived from diazinon during chlorination and the structures of

three of its transformation products. (a) Diazinon, (b) diazinon-oxon, (c¢) 2-isopropyl-6-methyl-pyrimidin-4-ol (IMP), (d)

diethyl phosphate, and (e) dimethyl phosphate.
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Fig. S3 Concentrations of dissolved organic carbon (DOC) derived
from diazinon during chlorination after metabolism. (a) Diazinon,

(b) diazinon-oxon, (c¢) 2-isopropyl-6-methyl-pyrimidin-4-ol (IMP),
(d) diethyl phosphate, and (e) dimethyl phosphate. Dashed line
indicates the DOC concentration of the initial sample (before
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Fig. S6 Comparison of liquid chromatography (LC) chromatograms (positive ion mode) of (a)
diazinon, (b) diazinon-oxon, and (c) control subjected to acetylcholinesterase activity assay after
metabolism. The control sample was prepared as follows: 800 puL phosphate buffer was mixed with
2000 pL of the stock solution of S9 mix, and then incubated at 37 °C for 20 min in a shaking water
bath. After that, 900 pL of the solution was immediately centrifuged for 60 min by using an
ultracentrifuge.
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chlorination after metabolism. Error bars indicate standard
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Table S2 Candidate molecular formulae for the compound represented
by Peak 2 (m/z = 305.1256).

Molecular formula Theoretical m/z Error, ppm
C,,H,,05N,P 305.1261 -1.6
CyH,,O4NP 305.1234 7.2
C,;H,,04 305.1231 8.2

Calculation condition: C<14, H<50, O<10, N<2, P<1, and S<I1.
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Fig. S8 Candidate chemical structures of the metabolite detected as Peak 2.
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Fig. S9 Tandem mass spectrometry spectra of Peak 2 (m/z = 305.1256, positive ion mode) with different values of collision
energy (CE) and assignment of fragment ions for Structure S8a. Red and green arrows represent fragment ions assigned with
Mass Frontier and MAGMa, respectively.

S10



Relative intensity

Relative intensity

1.0

0.5

0.0

1.0

0.5

0.0

(a) CE =10 eV, annotation for Structure S8b

OH * * O\\ /O
i y v P
- P * Q o
\ AN \
/ ‘* NN
N \ |
| =
= N +
N m/z=287.1149
OH + [ 0\\ i
mlz =231.0524 P -
i i 07 o o\
— 0]
N Nl \ " \ \
OH
HNél m/z=151.0863 F | =
N
NS * OH
N + _ OH
\[(\ mlz = 2390840 * m/z =305.1256
—_ﬁ
m/z=133.0759 | *
100 200 300
m/z
(b) CE =50 eV, annotation for Structure S8b
+ o]
N _ = + * Il
v N o > * NI X P
[e] o
—p— 0,
" miz=920404 MO/ _ F
H,0 F—0 N +
HoN m/z=98.9840 o OH
m/z =109.0049 m/z=151.0863 N

m/z = 84.0443

VNHQ

Y
miz = 68.0495
N

|\

m/z=66.0338

m/z =213.0422

P
O/ %O
N| N
W/k =
N

% OH
i

s OH
HN N
\[(\\
N +
m/z=133.0759

m/z=231.0524

200 300

mlz

Fig. S10 Tandem mass spectrometry spectra of Peak 2 (m/z = 305.1256, positive ion mode) with different values of collision
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Mass Frontier and MAGMa, respectively.
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Text S2 Results and interpretation of in silico site-of-metabolism analyses

FAst MEtabolizer 2 (FAME 2)! outputs for the four identified metabolite candidate structures (Table S3).
Probabilities were generated for each atom in the structure by using the extra trees model (i.e., the percentage of
trees that predicted the atom as a site of metabolism [SOM]); the higher the probability is, the more likely the
structure is enzymatically produced by CYP. Structures S8a and S8d showed the largest probabilities, followed by
S8b and S8c in that order.

Table S3 Comparison of probabilities obtained using FAME 2 for the identified candidate structures of the metabolite
with anti-acetylcholinesterase activity. The higher the probability is, the smaller the rank is.

S8a S8b S8c S&d
CHy CHy CHy CHy
o [ o [ o [ o [
\_© N\ _o© \ N\ _o©
AR N\ AR o
O;\ O—\ O—\ O—\
NN Ot NN Che NN Ch NN Cte
chﬁ)l\ — HBCW)I\ — | — HiC ! —
N CHy N HO N CHy N CHy
HO
CHy CHy OH CHy CHy
Probability 0.14 0.12 0.08 0.15
Rank 2 3 4 1

RS-WebPredictor? outputs for the top three predicted SOMs for each CYP isozyme for each candidate structure
(Table S4). Structures not in the top 3 were assigned rank 4. S8a and S8b were ranked within the top 3 for almost
all isozymes, whereas S8c and S8d were ranked below the top 3 for almost all isozymes. The candidate structures

were ordered based on their average ranks.

Table S4 Comparison of ranks obtained using RS-WebPredictor for the identified candidate structures of the metabolite
with anti-acetylcholinesterase activity.

S8a S8b S8c S&d
CH;, CH;, CHy CHy
[e] ( [e] ( [e] ( 0, (
\_© \_© \ o N\ o
o~ . o~ \O o~ . o~ .
o \ A\ \ N\
N AN CHs N AN CHy N \ CH;, N AN CHy
H;Cﬁ)l\ = H;Cﬁ)l\ = /\H|\ = HJC}/“\ =
N CH, N HO N CHy N CH,
HO
CHy CHy OH CH, CHs

CYPI1A2 3 2 4 4
CYP2A6 3 1 4 4
CYP2B6 2 1 4 4
CYP2CS8 2 1 4 4
CYP2C9 2 1 4 4
CYP2CI19 3 1 4 4
CYP2D6 4 1 4 4
CYP2EI1 4 1 4 2
CYP3A4 3 1 4 4
Average 2.9 1.1 4.0 3.8

S}
—_
N
w

Average rank
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SMARTCyp® outputs for the candidate structures (Table S5). A score was calculated by using the reactivity
descriptor (an estimate of the energy required for the CYP under consideration to react with a given atom in the
molecule) and the accessibility descriptor (the longest bond-path distance from the atom under consideration divided
by the longest bond-path distance across the whole molecule). The atoms in the molecule were ranked by score,
with the lowest score resulting in the lowest rank, and thus the highest probability of being a SOM. The scores for

S8b and S8d were comparable for all CYP isozymes, and were always lower than those for S8a and S8c.

Table S5 Comparison of scores obtained using SMARTCyp for the identified candidate structures of the metabolite with
anti-acetylcholinesterase activity. The lower the score is, the smaller the rank is.

S8a S8b S8c S8d
CH, CHs CH, CHs
o [ < [ o [ o [
\\F’/O \\P/O \\P/O \\F'/O
o~ 5 o \o o \O o \o
o \ N\ N\ N\
N CH, N CH, N CHy VX CHy
Yﬁ - % ~ AH'\ P % -
N CHs N HO' N CH, N CHs
HO
CHy CHs OH CHy CH;
CYP2C9 94 70 87 72
Scor CYP2D6 96 71 87 73
O cyp3ag 71 57 79 59
Average 87 66 85 68
Average rank 4 1 3 2

SOMP* outputs for the candidate structures (Table S6). Delta P values were calculated by subtracting the probability
that a given atom is not a SOM for the CYP isozyme under consideration from the probability that the atom is a
SOM. Accordingly, the higher the delta P value is, the more likely the structure is enzymatically produced by the
CYP. The delta P values of S8b and S8d were positive for all CYP isozymes, whereas those of S8a and S8c were

negative for more than half of the CYP isozymes and were always smaller than those of S8b and S8d.

Table S6 Comparison of delta P values obtained using SOMP for the identified candidate structures of the metabolite
with anti-acetylcholinesterase activity. The higher the delta P value is, the smaller the rank is.

S8a S8b S8¢ S8d
CHy CHy CH; CHy
o [ o [ o [ o [
N\ o N\ o N\ N\ o
AR N AP AP
0;\ 0—\ 0—\ O—\
X CH, X CH;, X CH X CHy
H3Cﬁ)|\ = Hzcﬁ)|\ = | = HsC I =
N CHy N HO N CHy N CHy
HO
CHs CH; OH CHs CHg
CYPIA2 0.37 0.57 -0.20 0.88
CYP2CI19 -0.25 0.58 0.33 0.27
Delta P CYP2C9 -0.29 0.65 -0.07 0.91
CYP2D6 -0.17 0.17 -0.53 0.92
CYP3A4 0.41 0.53 0.04 0.89
Average 0.01 0.50 -0.09 0.77
Average rank 3 2 4 1
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