1duosnue Joyiny vd3 1duosnuel Joyiny vd3

1duosnuel Joyiny vd3

EPA Public Access

Author manuscript
Toxicol In Vitro. Author manuscript; available in PMC 2022 March 01.
About author manuscripts [ Submit a manuscript

Published in final edited form as:
Toxicol In Vitro. 2021 March ; 71: 105073. doi:10.1016/j.tiv.2020.105073.

In vitro screening for chemical inhibition of the iodide recycling
enzyme, iodotyrosine deiodinase

Jennifer H. Olker®”*, Joseph J. Korte?1, Jeffrey S. Denny?, Jonathan T. Haselman?, Phillip
C. HartigP, Mary C. CardonP, Michael W. Hornung?, Sigmund J. Degitz?

ayu.S. Environmental Protection Agency, Office of Research and Development, Center for
Computational Toxicology and Exposure, Great Lakes Toxicology and Ecology Division, Duluth,
Minnesota, 55804, USA

bu.S. Environmental Protection Agency, Office of Research and Development, Center for Public
Health and Environmental Assessment, Research Triangle Park, North Carolina, 27709, USA

Abstract

The iodide recycling enzyme, iodotyrosine deiodinase (1'YD), is a largely unstudied molecular
mechanism through which environmental chemicals can potentially cause thyroid disruption. This
highly conserved enzyme plays an essential role in maintaining adequate levels of free iodide for
thyroid hormone synthesis. Thyroid disruption following /n vivo IYD inhibition has been
documented in mammalian and amphibian models; however, few chemicals have been tested for
I'YD inhibition in either in vivoor in vitro assays. Presented here are the development and
application of a screening assay to assess susceptibility of I'YD to chemical inhibition. With
recombinant human I'YD enzyme, a 96-well plate /n vitro assay was developed and then used to
screen over 1,800 unique substances from the U.S. EPA ToxCast screening library. Through a
tiered screening approach, 194 1'YD inhibitors were identified (inhibited I'YD enzyme activity by
20% or greater at target concentration of 200 uM). 154 chemicals were further tested in
concentration-response (0.032 — 200 pM) to determine 1Csq and rank-order potency. This work
broadens the coverage of thyroid-relevant molecular targets for chemical screening, provides the
largest set of chemicals tested for I'YD inhibition, and aids in prioritizing chemicals for targeted /in
vivotesting to evaluate thyroid-related adverse outcomes.
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Introduction

Environmental contaminants have been shown to disrupt thyroid function through a variety
of molecular mechanisms, including those involved with thyroid hormone (TH) synthesis,
transport, elimination, metabolic activation and inactivation, as well as feedback
mechanisms (Boas et al., 2012; Brucker-Davis, 1998; DeVito et al, 1999; Noyes et al.,
2019). Given the complexity of these coordinated events, there are multiple potential
molecular targets for chemical disruption. Many targets, however, have little known of their
capacity for disruption by xenobiotics or linkages to thyroid-relevant endpoints (DeVito et
al., 1999; EU, 2017; Noyes et al., 2019). This challenge has been addressed by several
efforts to define critical elements of TH regulation or action, and recommendations of
priority molecular targets for assay development and testing (Murk et a/., 2013; OECD,
2014; Noyes et al., 2019; Thomas et al., 2019).

These recommendations led to focused efforts to develop and/or optimize /n vitro assays for
rapidly screening chemical disruption of molecular targets related to TH synthesis
[thyroperoxidase (TPO; Paul et al., 2014; Paul Friedman et al.,, 2016; Dong et al., 2020) and
sodium-iodide symporter (NIS; Hallinger et al., 2017; Lecat-Guillet et al,, 2007)], TH
transport [transthyretin (TTR; Montano et a/., 2012); monocarboxylate transporter 8 (MCTS;
Dong and Wade, 2017; Jayarama-Naidu et a/., 2015)], and TH metabolic activation/
inactivation [iodothyronine deiodinases (DI10Os; Hornung et al., 2018; Renko et al., 2012,
2015)]. Several of these assays have already screened chemicals in the U.S. EPA’s Toxicity
Forecaster (ToxCast) Program (U.S. EPA, 2015; Paul Friedman et al., 2016; Hornung et al.,
2018; Olker et al.,, 2019; Wang et al., 2018, Wang et al., 2019a; Buckalew et al., 2020).
Other molecular targets, however, still have little known of their toxicological relevance. The
iodine recycling enzyme, iodotyrosine deiodinase (1'YD), is one such molecular target that
has an important role in maintaining adequate levels of TH; yet is not well-characterized
with regard to its susceptibility to chemical inhibition and has been largely omitted from
identification of thyroid endpoints for screening (Murk et al., 2013; Noyes et al., 2019).

I'YD is a reductive dehalogenation enzyme that works in concert with NIS to maintain
adequate iodide concentrations for TH synthesis (Friedman et a/.,, 2006; Rokita et a/., 2010;
Rousset et al., 2015; Thomas et al., 2009). I'YD promotes iodide retention in the thyroid
gland by catalyzing iodide recycling from byproducts of TH synthesis: monoiodotyrosine
(MIT) and diiodotyrosine (DIT). This membrane-bound protein, located at the apical pole of
the thyroid follicular cell, rapidly deiodinates MIT and DIT released from thyroglobulin,
providing free iodide for TH production (Gnidehou et a/., 2004; Rokita et al.,, 2010). IYD
has also been identified in the kidney and liver of mammals (Gnidehou et a/., 2006; Sun et
al. 2015) and amphibians (Olker et al., 2018), where I'YD is thought to prevent loss of iodide
through metabolism and excretion in waste.

The biological importance of I'YD has been documented in humans, rodents, and
amphibians. First documented in humans, failure of I'YD (named DEHAL1) due to genetic
mutations resulted in hypothyroidism, goiter, and mental retardation (Moreno et al., 2008;
Moreno and Visser, 2010). Subsequent /7 vivo testing of 1'YD inhibition by nitrotyrosines in
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rodents showed reduced circulating TH levels, increased thyroid gland size, and increased
thyroid-stimulating hormone (TSH) levels (Green, 1968, 1971; Meinhold and Buchholz,
1983). Recently, effects of 1'YD inhibition were demonstrated in the amphibian Xenopus
laevis, where in vivo exposure to the known inhibitor 3-nitro-L-tyrosine (MNT) resulted in
decreased TH synthesis and circulating TH, glandular histopathological changes, and,
ultimately, altered metamorphic development (Olker ef al., 2018). These adverse effects are
dependent on available dietary and/or environmental iodine, as evidenced by mild
phenotypes in humans with iodine-rich diets (Moreno et al., 2008; Moreno and Visser, 2010)
and prevention or reversal of negative effects in chemical 1'YD inhibition studies with rats
(Green 1971) and amphibians (Olker et al., 2018). Thus, I'YD is a potential thyroid-relevant
target for chemical disruption, which may be particularly critical for low iodine diets and
environments.

Presented here are the development and application of a screening assay to assess
susceptibility of I'YD to chemical inhibition. The aims of this study were: 1) develop a
robust 96-well plate-based /n vitro assay amenable for screening chemicals for 1'YD
inhibition, and 2) screen over 1,800 ToxCast chemicals to identify inhibitors of I'YD. The
I'YD inhibition assay described herein provides an additional tool to screen chemicals for
potential thyroid-disrupting activity and the screening results greatly expand the number of
chemicals tested for 1'YD inhibition, with most chemicals (89%) producing little to no
inhibition.

2 Materials and methods

Development of this I'YD enzyme inhibition assay was based on a variety of previously
published methods to detect 1'YD activity (Rosenberg, 1970; Rosenberg and Goswami, 1984;
Renko et al., 2016). The assay was optimized for non-radioactive methods in a 96-well plate
with a colorimetric readout that measures release of iodide from the substrate. The final
assay used recombinant human 1'YD enzyme produced in a baculovirus system with insect
cells, MIT as the substrate, NADPH as the reducing agent, and 3-nitro-L-tyrosine (MNT,
CASRN: 621-44-3, purity >98%, Alfa Aesar, Tewksbury, Massachusetts, USA) as the model
inhibitor (positive control). A set of pilot chemicals was used for assay development, with
details and results included in Table 1. Screening of chemicals from the ToxCast libraries
closely followed the tiered strategy described in Hornung et a/. (2018) and Olker et al.
(2019), with initial testing at a single concentration (200 uM) followed by concentration-
response screening (0.032 — 200 uM) with a subset of chemicals. Single-concentration and
concentration-response assay plate layouts are included in Supplementary Fig. 1.

2.1 Chemicals

Test chemicals from the ToxCast chemical libraries (Richard et a/., 2016) were obtained via
the ToxCast program on 26 chemical source plates containing 1,951 samples with a total of
1,837 unique chemicals. This set included 293 ToxCast Phase 1_v2 (phlv2), 750 ToxCast
Phase 2 (ph2), and 776 ToxCast e1k chemicals, as well as 18 ToxCast Phase 3 (ph3)
chemicals that were requested as additional compounds to include as space allowed on the
chemical source plates. These test chemicals were supplied in 96-well plates with one
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chemical sample per well, each at a target stock concentration of 20 mM in dimethyl
sulfoxide (DMSO). Quality control of the plated chemicals relied on requirements (e.g.,
identification, purity, analytical verification) of the ToxCast library (Richard et al., 2016).
Plates were received with chemical identities masked until completion of the single-
concentration screening. Actual plated concentrations were also provided at that point and,
in some cases, these differed from 20 mM target. These differences were due to lower
solubility of a chemical in DMSO or samples that were an oil or mixture (for which
concentrations were provided in mg/ml). For 92% of the chemicals the concentration on the
chemical source plates received was within 1 mM of the target 20 mM; however, 3
chemicals were provided at much higher concentration (100 mM), and 8 chemicals were
provided at less than 1 mM. As described below under Assay quality/performance, 12
chemicals were identified with data flags as interfering with the assay; these compounds are
listed in Supplementary Table 1 and were not included in data summaries or analyses. Thus,
the final set of test chemicals included 1,825 unique chemicals tested in the initial single-
concentration screening (listed in Supplementary Table 2, with maximum concentration
tested).

Multiple control compounds were included on each test plate, including a known I'YD
inhibitor as the positive control, solvent controls as the negative control, and several
chemicals that had previously been tested for I'YD inhibition (see next paragraph on
replicated chemicals). When chemical source plates were received, column 1 and several
random wells had been left empty for the addition of positive and negative controls. MNT
was selected for the positive control in this assay. MNT is a tyrosine derivative that has
historically been used in /in vivo and in vitro studies of 1'YD inhibition and produced the
highest potency of known I'YD inhibitors tested with this assay (see Initial Assay
Development). MNT, however, is not a chemical of concern for human or environmental
exposure. A MNT concentration-response curve was added to column 1 of each plate using
a stock solution of 20 mM MNT that was prepared in 0.05 M NaOH and diluted to yield
final test concentrations of 200, 1.0, 0.16, 0.075, 0.025, 0.005, and 0.0005 pM MNT, with
200 uM MNT serving as the completely inhibited control. These concentrations were
selected to match the target of 200 uM for test chemicals while also obtaining a full
concentration-response for MNT. Both 0.05 M NaOH and DMSO were used as solvent
controls and were considered negative controls that reflected maximum 1'YD activity (no
inhibition). Each plate contained the MNT concentration-response curve, 7 high
concentration (200 uM final) MNT wells, 4 0.05 M NaOH solvent control wells, and 3
DMSO solvent control wells (see Supplementary Fig. 1 for example locations in 96-well
format).

As a measure of intra-assay reproducibility, 10 chemicals were selected for replication
across chemical source plates in single-concentration screening (Supplementary Fig. 2).
These chemicals were identified from the published I'YD studies and selected based on
availability for plating on the chemical source plates. Tribromsalan (CASRN: 87-10-5),
bithionol (CASRN: 97-18-7), triclosan (CASRN: 3380-34-5), and bromoxynil (CASRN:
1689-84-5) were selected as known or suspected 1'YD inhibitors based on results in Shimizu
et al. (2013). Bisphenol A (CASRN: 80-05-7), dibutyl phthalate (CASRN: 84-74-2),
acetochlor (CASRN: 34256-82-1), genistein (CASRN: 446-72-0), 4-nonylphenol (CASRN:
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104-40-5), 2,2’ 4,4’ -tetrahydroxybenzophenone (CASRN: 131-55-5) selected as likely
‘inactive’ for inhibition of I'YD enzyme activity based on producing no inhibition in Renko
et al. (2016). These chemicals were included on the chemical source plates when received
from the supplier, with three to seven of these chemicals per plate and identities masked.

Initial assay development and preliminary experiments were performed with a set of pilot
chemicals identified from the literature (Table 1). This set included three nitrotyrosines with
documented 1'YD inhibition /n vitro (Green, 1968; Greer and Grimm, 1968; Renko et af.,
2016; Solis-S et al., 2004) and experimental /n7 vivo effects on the thyroid system consistent
with I'YD inhibition (Green, 1968, 1971; Meinhold and Buchholz, 1983; Olker et al., 2018).
Additional pilot chemicals included three suspected inhibitors previously tested in Shimizu
et al. (2013) and three suspected non-inhibitors that did not produce 1'YD inhibition in Renko
et al. (2016). Nominal concentrations were used for these pilot chemicals and for MNT
added to the test plates. Chemical reagents, other than pilot chemicals described here and the
chemical test set described above, were purchased from Sigma-Aldrich (St. Louis, Missouri,
USA).

2.2 Baculovirus Expression of Human lodotyrosine Deiodinase

Human lodotyrosine Deiodinase, based on GenBank BC056253.1 open reading frame, was
synthesized (GenScript, Piscataway, New Jersey, USA). This sequence encodes the full
length I'YD gene and was optimized for synthesis and expression in insect cells using
GenScript proprietary software. It was directionally cloned into the shuttle vector pVL1392
using Eco RI (5%) and Bam H1 (3’) linkers and sequenced. SF21 cells were propagated in
shaker cultures in TNM-FH medium with 10% fetal bovine serum. Culture methods,
conditions and pVL1392 are described in O’Reilly et al. (1992). 1'YD expression was
controlled by the polyhedron promoter and recombinant baculovirus produced using
ACVEPA parental DNA as described previously (Hartig et al,, 1991, 1992). Stationary
cultures produced the maximum protein yield. Therefore, 150 mM dishes were plated with
4.5 x 10E7 SF21 cells, allowed to attach for 2 h, medium replaced with 2.5 ml virus (3.8
X10E9 plaque forming units per ml), incubated 1 h and fed with 18 ml medium, incubated
48 h, scraped free, centrifuged (700xg 5 min), suspended in Hanks buffered salt solution and
7.5% DMSO to 5 X 10E6 cells/ml, and gently frozen with cell freezer. Cell lysates were
kept at —80°C until use in the assay. This approach consistently produced sufficient yield and
activity for a screening assay using cells that are readily available, adapted well to shaking
water bath cultures, and contained no detectable endogenous 1'YD activity (data not shown).

Several batches of these 1'YD-containing cells were prepared, with some variability in
protein concentration and specific activity between batches. A typical preparation contained
about 1.8 mg/ml total protein, as determined with the Bradford assay using bovine serum
albumin (BSA) as a standard (Sigma-Aldrich). In the screening of the first four plates, preps
were diluted 2 to 3-fold with 0.1% BSA. The BSA was later found to be unnecessary, so
dilutions were subsequently made with water instead. After dilution, the cell suspensions
were briefly homogenized by sonication. The preparations were diluted to contain an
amount of activity that would produce the optimum iodide release for a 15-min Sandell-
Kolthoff (SK) reaction (see below) to result net change in absorbance of about 0.6

Toxicol In Vitro. Author manuscript; available in PMC 2022 March 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Olker et al.

Page 6

absorbance units after a 3-h chemical inhibition assay incubation. This was similar to a
typical response generated from 60 pmoles iodide standards under similar conditions.
Dilutions were adjusted for each batch to maintain similar uninhibited enzyme activity
across all assay plates. A typical assay contained about 25 pg cell lysate protein per well.
Under these conditions the specific activity was determined to be about 3 pmoles iodide per
hour per pg of protein.

2.3 Assay for Inhibition of lodotyrosine Deiodinase

2.3.1 Initial Assay Development.—Assay development was based on the work of
Rosenberg and Goswami (1984), Renko et a/l. (2016), and our own experience with assays
for DIO Types 1, 2, and 3 (Hornung et al., 2018; Olker et al.,, 2019). Initially, this work used
a truncated form of purified 1'YD received as a gift from Steven Rokita (Johns Hopkins
University). Ultimately, it was determined that this assay needed to use the native full-length
form of the enzyme. In part, this was based on the fact that two well-known I'YD inhibitors,
mono- and dinitrotyrosine (MNT and DNT), could not be assayed in the presence of
dithionite, which is a necessary reductant when using the truncated form of the enzyme
(Watson, 2006). Numerous attempts at producing a purified soluble form of full-length 1'YD
yielded enzyme that was not active in the presence of NADPH as the reductant. The native
form of the enzyme is believed to require a separate reductase to be able to utilize NADPH
as a reductant (Goswami and Rosenberg, 1977). Transient expression of full-length I'YD into
CHO and HEK293 cells produced the protein, but I'YD activity could only be shown in
HEK?293 cells, which were thought to be able to express the reductase (Gnidehou et af,
2004). Fortunately, the preparations described here, from the insect cell line, seem to contain
a satisfactory amount of reductase as it was possible to use NADPH as the reductant.
Preliminary work showed that using MIT as the substrate produced a stronger signal than
DIT. This preference is likely due to reported substrate inhibition observed with
concentrations of DIT above 5 UM and a higher turnover number with MIT versus DIT
(Rosenberg and Goswami, 1984).

The pilot plate of chemicals tested before screening ToxCast test chemicals included 9
chemicals [Table 1; di-bromotyrosine (DBT), bisphenol A, MNT, bromoxynil, DNT,
genistein, dibutyl phthalate, phloxine-B, and triclosan] at final concentrations of 200, 100,
20, 4, 0.8, 0.16 and 0.032 uM. DBT, MNT, and DNT were dissolved in 0.05 M NaOH, with
the rest of the compounds dissolved in DMSO. These seven concentrations were selected to
match the target 200 uM for test chemicals on the high end, with serial dilution to obtain
concentrations expected to produce full inhibition curves. Pilot chemicals were tested on
three separate assay plates, with two sets of wells containing MNT and DBT on each plate,
for n = 6 for each concentration of MNT and DBT and n = 3 for each concentration the other
seven chemicals. The pilot plate showed that MNT was a much more effective inhibitor than
DBT, which had previously been used as a model I'YD inhibitor. Based on these results, the
concentrations of MNT were adjusted downward to obtain full concentration-response
curves in all subsequent testing. Consistent with the screening of the test plates, the plate
with pilot chemicals showed little difference in the solvent controls.
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2.3.2 Inhibition assay and iodide extraction—The assay development (described
above) resulted in an 1'YD inhibition assay that was optimized for measuring 1'YD-liberated
iodide with the SK reaction in a 96-well plate format using the native full length form of
YD, MIT as the substrate, NADPH as the reducing agent, and MNT as the model inhibitor
(positive control). The cell lysate with expressed I'YD was thawed, mixed, sonicated, and
diluted in pH 7.4 HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer. For
convenience, the enzyme preparation and master mix were combined in amounts large
enough for a full plate and then 111.25 pl of this combination was added with a
multichannel pipet to each well of the 96-well assay plate (untreated polystyrene, 360 pl
well volume, Corning, Corning, New York, USA). Each well contained 72.5 ul of diluted
enzyme preparation (about 25 pg protein) and 38.75 pl of a master mix containing 0.323 M
HEPES (pH 7.4), 0.645 M KCl, 96.8 uM FAD (flavin adenine dinucleotide), 32.3 uM MIT,
and 0.161 M DTT (dithiothreitol), which resulted in 200 MM HEPES (pH 7.4), 200 mM
KCI, 50 mM DTT, 30 uM FAD, and 10 pM MIT in the final assay conditions Then, 1.25 pl
from the chemical source plate was added using a Liquidator 96—20 pipettor (Mettler-Toledo
Rainin, LLC, Oakland, California, USA). Finally, the assay was initiated by adding 12.5 pl
of 1 mM NADPH in 1% NaHCO3 with the liquidator pipet for a final assay volume of 125
ul in each well. The final target concentration of each chemical was 200 uM and 1.65%
DMSO (1% DMSO from the chemical source plate plus 0.65% from the cell suspensions in
enzyme production). This was the maximum testable target concentration while maintaining
the chemical source plate contribution at 1% DMSO (given the target concentration of 20
mM on the chemical source plates). In the assay, the wells with 1% DMSO added did not
produce any inhibition of enzyme activity. The assay plate was sealed with an adhesive
cover sheet (Thermo Fisher Scientific, Waltham, Massachusetts, USA), mixed in a plate
shaker, and incubated for 3 h at 37° C. Following the incubation, 75 pl were transferred to a
96-well, 2 ml polypropylene filtration plate (Biotage USA, Charlotte, North Carolina, USA)
containing Dowex 50WX2 (Sigma-Aldrich) and the free iodide was eluted into a 96-well
collection plate (Biotage USA) with application of 100 pl of 10% acetic acid.

The remaining steps through the SK reaction are the same as those described in Hornung et
al. (2018) and Olker at al. (2019), except the 15-min reading during the SK reaction gave the
best result for determining the change in absorbance at 420 nm (compared to the 10-min
reading used in the DIO assays). Briefly, the SK reaction provides a colorimetric readout in
which the rate of change from the yellow-colored cerium 1V (Ce™) to the colorless cerium
111 (Ce*3) in presence of arsenic (As*3) is dependent on the concentration of free iodide
(Sandell and Kolthoff, 1937). The eluent (75 ul) from the wells of the collection plate was
transferred to a new untreated polystyrene 96-well plate, where 75 pl of arsenic reagent [25
mM NaAsO,, 0.8 M NaCl, 0.5 M H,SO4] was added with the Liquidator 96—200 pipet and
mixed well. Then, 75 ul of Ce*4 reagent [20 mM (NH4)4Ce(SO4)4-2H50, 0.44 M H,S0,]
was added and the plate was immediately placed on the plate reader, where it was mixed on
the fast setting for three seconds, and absorbance at 420 nm was read every minute at room
temperature. Nearly all assay plates were processed with a Synergy 4 plate reader (BioTek
Instruments, Inc., Winooski, Vermont, USA); however, this instrument had to be replaced
and a Synergy Neo2 (BioTek Instruments, Inc.) was used for the final 3 concentration-
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response plates. No difference was found in the time course of the absorbance for the control
chemicals on the plates processed with the new instrument.

2.4 Chemical screening with a tiered approach

Screening of chemicals followed the tiered strategy previously used for the iodothyronine
deiodinases (Hornung et al., 2018; Olker et al., 2019). All chemicals were tested at a single
target concentration of 200 uM. A subset of chemicals was further tested at seven
concentrations (0.032 — 200 puM) to obtain a concentration-response curve and metrics of
potency. Chemical source plates were thawed and test chemical mixed before use in the
single-concentration screening. The model inhibitor (MNT), DMSO, and 0.05 N NaOH
were added to empty wells on each plate, as described in Chemicals above. Each chemical
source plate was tested on three individual assay plates on the same day, for n = 3 data
points for each chemical. Data were normalized to percent of control, with solvents (DMSO,
NaOH) representing maximal enzyme activity (0% inhibition) and 200 pM MNT as no
enzyme activity (100% inhibition) as described in detail below in Data processing and
analysis section. Calculations were based on this full range of inhibition, with % inhibition
and absolute IC50s reported. In the single-concentration screening, chemicals that produced
median inhibition of less than 20% were considered “inactive’. Chemicals that produced
inhibition of 20% or greater were considered potential I'YD inhibitors (hereafter called ‘1'YD
inhibitors”). The background variability of the maximal activity (in the solvent controls:
DMSO, NaOH) supported the use of this 20% threshold; using a calculation similar to that
in the ToxCast Analysis Pipeline (tcpl), the background variability was based on three times
the median absolute deviation (MAD) of the solvent control(s), which was 17.8 across all
replicates of all tested plates.

A subset of 154 chemicals were included in concentration-response screening. This set
included 80 ToxCast test chemicals that produced 50% median inhibition or greater and all
10 of the replicated chemicals previous tested for 1'YD inhibition (6 ‘inactive’ and 4 that
produced inhibition of 50% or greater). The 50% level of inhibition was selected for greater
separation from the background variability and biological relevance. In addition, the
following were included in concentration-response screening: 31 chemicals with high
variability across replicates in single-concentration screening, 14 chemicals that produced
less than 20% inhibition but were structurally similar to a compound producing greater than
30% inhibition, and 19 chemicals previously demonstrated to inhibit DIO Type 1, 2, or 3.
For concentration-response screening, chemicals were removed from the original chemical
plate and added to new 96-well polypropylene plates (Corning). Dilutions in DMSO were
made in this new plate so that they could be tested at final target concentrations of 200, 100,
20, 4.0, 0.8, 0.16, and 0.032 uM. Each of the concentration-response chemical plates were
also tested in three separate assay plates for n = 3 data points for each concentration of each
chemical (see Supplementary Fig. 1 for example locations).

2.5 Data processing and analysis

Data were processed and analyzed using R (version 3.6.1; R Core Team 2019) with data
from each plate processed through an automated pipeline to normalize data, calculate plate
diagnostics, and assign assay-specific flags. The plate-wise normalization used the solvent
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controls (DMSO, NaOH) and the high concentration of the model inhibitor (MNT). First,
change in absorbance between the 1- and 15-min readings was calculated for each well.
Then net change in absorbance was calculated for each well by subtracting the background
change in absorbance (mean of the seven completely inhibited reactions from the 200 uM
MNT wells). The mean net change in absorbance of the solvent control reactions (4 from
0.05 M NaOH and 3 from DMSQO) was used to represent the uninhibited reaction and used
to normalize all data to percent of control. The difference between the 0.05 M NaOH and
DMSO solvent controls was insignificant. For single-concentration screening, the median of
the three replicates was calculated. Results are reported as percent inhibition (calculated as
100 minus the percent of control). For the pilot chemicals, model fitting of the
concentration-response data was completed with the Analysis of Dose-Response Curves
(drc) package version 3.0 (Ritz et al., 2015), using the three replicates for each concentration
of a chemical, the 4-parameter log-logistic model, and calculation of absolute 1Cyg, absolute
ICsg, and Hill slope, where appropriate.

Data from concentration-response screening of ToxCast test chemicals were analyzed with
the ToxCast Analysis Pipeline (tcpl) package version 2.0.2 (Filer et al., 2017; Filer, 2019)
using the tcplLite option to work with stand-alone csv files. For this analysis, percent
inhibition was used as the response value, 20% inhibition as the threshold cutoff, and all
replicates for each concentration of a chemical were included to fit dose-response curves
based on three models (constant, constrained Hill, and constrained gain-loss model). The
best model is identified based on lowest Akaike Information Criterion (AIC) value, and
absolute 1Cyg, absolute ICgq, and Hill slope were calculated from the model fit parameters
from the tcpl package for those chemicals that fit the robust Hill model. Concentration-
response results are displayed as inhibition from maximum response, with chemical
concentration (log-10 scale) on the x-axis and percent of control on the y-axis.

For the ToxCast ph1lv2 and ph2 chemicals, a single predominant descriptive use category for
each chemical was assigned following previously published approaches (Strickland et a/,
2018; lyer et al., 2019), which were based on the general use categories in the Chemical
Products Categories (CPCat) database (Dionisio et al,, 2015) that are available in the EPA’s
CompTox Chemicals Dashboard (https:\\comptox.epa.gov/dashboard). Categories with less
than 6 chemicals tested were combined into an ‘Other’ category. These categories were used
for describing general patterns in chemicals tested, ‘inactive’ chemicals (producing less than
20% inhibition), and chemicals producing inhibition of I'YD enzyme activity of 50% or
greater.

2.5.1 Assay quality/performance—Quality control measures were calculated for each
assay plate, closely following that described in Olker et al. (2019). Variability and separation
between the positive control (200 uM MNT) and solvent controls (DMSO, NaOH) were
evaluated with plate-wise median absolute deviations and plate-wise Z’ factors. The Z’
factor is typically used as an indication of assay quality, with values above 0.5 indicating
good separation between the positive and negative controls (Zhang et al., 1999). Assay
plates were typically re-run if quality criteria were not met (e.g., low Z’ factor, high
variability of controls, unusual MNT standard curve). In several instances, plates with minor
deviations (e.g., Z’ factor = 0.4) from acceptable quality were not re-run. For chemicals
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replicated across multiple single-concentration screening plates, median percent inhibition
was compared across plates. The median values from the ToxCast ph2 plates were used in
summaries except for dibutyl phthalate (not tested on ToxCast ph2 plates) for which the
median values from the ToxCast elk plates were used.

Three types of flags were applied to single data points and test chemical wells that fell
outside of acceptable parameters. These flags included those described in Olker et al.
(2019), with: 1) High variability flagged when the absolute difference between the mean and
median of the three replicate runs was greater than 10%, or the range of the three replicate
runs was greater than 30%); 2) Extreme values flagged when median percent of control was
greater than 190% or less than —20%. 3) Potential issues with reagents or assay interference
(four sub-types), flagged when the time course of absorbance was outside of that produced
by the solvent and positive controls based on (a) change in absorbance was less than 0.1
absorbance units; (b) absorbance at one min was less than 85% of the solvent controls; (c)
absorbance at 15 min was either less than 50% of the DMSO control or greater than 115% of
the positive control; or (d) no change in absorbance (typically due to a well not receiving
one or more reagent). Wells and chemicals with flags were manually reviewed and excluded,
re-tested, or determined to be marginally acceptable (just outside of acceptability values, but
usable for screening purposes). Chemicals with multiple replicates flagged based on the
criteria in 2) and 3) above were considered potentially interfering with the assay. The 12
chemicals with evidence of assay interference based on these flags were excluded from
summaries and analyses and are listed in Supplementary Table 1 with reason for exclusion.
Further investigation of assay interference for each of these chemicals was beyond the scope
of this study.

3 Results

3.1 Assay development, performance, and quality control

The development and optimization efforts resulted in an assay amenable for screening large
chemical libraries for inhibition of the native full-length form of the human 1'YD enzyme
using the reductant NADPH and the most potent documented inhibitor (MNT). To ensure
the quality of the assay data, model inhibitor inhibition curves, Z’ factor, and variability of
the positive and solvent controls were evaluated for each assay plate and summarized across
all plates. The control chemicals and quality control metrics were consistent during multiple
months of data collection across the triplicate testing of 42 chemical plates (one plate in
assay development, 26 single-concentration plates, and 15 concentration-response plates).
Inhibition curves for the positive control chemical (MNT) were consistent with mean 1Cgq of
0.035 (+ 0.016 SD) and mean Hill slope of —1.089 (+ 0.145 SD) (Supplementary Fig. 3).
The assay had good dynamic range and acceptable variability in positive control and solvent
controls, as indicated by Z’ factor that was generally 0.5-0.9 and mean Z’ factor above 0.5
for all assay plates, with the exception of three plates each with mean Z’ factor = 0.4. The
plate-wise MADs for the solvent controls and model inhibitor (MNT) were 12% or less for
most (93%) of the assay plates. In general, there was higher variability in the uninhibited
wells (both DMSO and NaOH solvent controls, median MAD 3-13%) than in the fully
inhibited wells (200 uyM MNT, median MAD 2-10%).
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The set of ten replicated chemicals used for intra-assay reproducibility consistently
identified inhibitors of I'YD across multiple plates (Supplementary Fig. 2). Six of the
chemicals were considered “inactive’ producing I'YD inhibition of <20% in all instances
except for genistein, which produced median inhibition of 22% on one of the five plates that
it was included on. The other four chemicals inhibited I'YD enzyme activity by 40-100%
with consistent categorization of chemicals as I'YD inhibitors, but with some variable
amount of inhibition. The largest variability in these replicated chemicals was in triclosan
and tribromsalan, which may have been due to the different lots of chemicals used in testing
on the phlv2 plates (for triclosan) or the steep Hill curve when tested in concentration-
response screening (tribromsalan).

3.2 Single-concentration screening

Reported here are the single-concentration screening results for a total of 1,825 chemicals at
a single target concentration of 200 UM (as permissible with solubility). As described above
in Assay quality/performance, 12 of the 1,837 chemicals received had evidence of assay
interference and were excluded from the analysis and summaries (listed in Supplementary
Table 1). The tested ToxCast chemicals produced a range of responses; however, most
produced little to no inhibition of I'YD enzyme activity (Table 2, Fig. 1), with 1,631
chemicals producing median inhibition of less than 20% compared with activity of the
negative (solvent) controls. There were 194 chemicals (10.6%) that produced greater than
20% inhibition of 1'YD enzyme activity, of which 84 chemicals (4.6%) produced greater than
50% inhibition.

Of the tested chemicals, 1,034 had chemical use previously summarized to approximately 50
primary uses (Strickland et a/, 2018). In order of number of chemicals tested (from largest
to smallest), these primary uses include pharmaceutical, chemical intermediate, herbicide,
pesticide/insecticide, microbicide/fungicide, food/flavor/fragrance, solvent, surfactant,
plastics, plasticizers, antioxidant, dye, flame retardants, and a variety of other uses that each
included 4 or fewer compounds (Fig. 2). Chemicals producing greater than 50% inhibition
were found across multiple use categories, including the following with examples:
pharmaceutical (troglitazone, UK-337312), chemical intermediate (1,2-dinitrobenzene, 4-
heptylphenol), herbicide (diquat dibromide monohydrate), pesticide/insecticide (kepone),
microbicide/fungicide (triclosan, fenaminosulf), food flavor/fragrance (tannic acid),
surfactant (sodium dodecyl sulfate, dodecylbenzenesulfonic acid), plastics (4-octylphenol),
antioxidant (2,4-di-tertbutylphenol), and flame retardant (3,3’,5,5’-tetrabromobisphenol A).

Single-concentration screening results are listed for all tested chemicals in Supplementary
Table 2, including chemical name, DSSTox Substance ID, CASRN, maximum concentration
tested, and the median percent inhibition.

3.3 Concentration-response screening

Concentration-response screening included a total of 154 chemicals, including the 84
chemicals that produced inhibition of 50% or greater as well as another 70 chemicals
selected to check intra-assay consistency, verify results for chemicals that produced variable
inhibition or other issues in single-concentration screening, and further investigate chemicals
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of interest with structural similarity to known inhibitors or activity in other assays (e.g., DIO
assays). Concentration-response screening results are listed in Supplementary Table 3,
including chemical name, DSSTox Substance ID, CASRN, maximum concentration tested,
median percent inhibition produced at the maximum tested concentration, and Hill model fit
parameters (Hill slope, absolute I1Cyq, and absolute 1Csq, when applicable), with inhibition
curves shown in Supplementary Fig. 4. A constant model (no change in activity across
chemical concentration) was the best model fit in the ToxCast pipeline for 43 chemicals
tested in concentration-response screening. The Hill model was identified as an acceptable
model fit with tcpl for the other 111 chemicals, with the Hill model as the best fit for nearly
all (based on AIC, with 2 chemicals for which the gain-loss model had a lower AIC score).
Thus, Hill model parameters are reported for these chemicals.

The concentration-response and single-concentration results were compared for consistency
in inhibition produced at the highest tested concentration and classification of a chemical as
‘inactive’ versus I'YD inhibitor. For 96% (148/154) of the chemicals, the concentration-
response confirmed the single-concentration screening results, with no change in
classification. There were six chemicals for which the results differed by more than 25%
with a change in classification from inhibitor to ‘inactive’ (3 chemicals: acid orange 156,
linolenic acid, FR167356) or from ‘inactive’ to inhibitor (3 chemicals: allura red C11603,
4,5-dichloro-2-octyl-3(2H)-isothiazolone, and 4-dodecylmorpholine). These few chemicals
represent the possibility of false positives and false negatives; hence, it is worth noting that
they produced moderate inhibition at most (no more than 51%) with 1Cgq values of greater
than 200 pM in concentration-response screening. These chemicals also highlight the
variability observed with no enzyme inhibition (as seen in the solvent controls) and low-
moderate inhibition in this assay. This variability could be due to heterogeneity of the
enzyme preparations and/or variability in enzyme activity within the 1'YD-containing cells
used as the enzyme source. There were other instances where the single-concentration and
concentration-response screening results differed by greater than 25%; however, these
differences did not change the classification of each chemical and, in general, the
concentration-response screening was more sensitive (greater inhibition at the same
maximum concentration).

The 25 most potent ranked chemicals, based on absolute ICsg, are included in Table 3 along
with the mean values for the model inhibitor MNT, with inhibition curves for 10 compounds
shown in Fig. 3. None of the tested chemicals inhibited 1'YD enzyme activity with greater
potency than MNT. The previously documented inhibitors of I'YD (methylene blue,
triclosan, bithionol, and tribromsalan) had ICgg values of 3.4, 28.7, 53.8, and 105.0 uM,
respectively; which are two or more orders of magnitude higher than the 1Csq of 0.035 pM
for MNT. Several of the ToxCast test chemicals had similar or higher potency than these
previously documented 1'YD inhibitors, with tannic acid and diquat dibromide monohydrate
producing ICsgq values of 7.8 and 11.7 uM, respectively, which are still 200 to 300 times
higher than the ICsq for MNT.
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3.4 Chemicals flagged for potential assay interference

There were 12 chemicals that were flagged as potentially interfering based on assay results
falling outside of acceptable parameters as described above (see Materials and Methods:
Assay quality/performance). These chemicals are listed in Supplementary Table 1 and
include several chemicals known to interfere with the SK reaction (e.g., thiocyanate, Sandell
and Kolthoff, 1937) as well as multiple iodine-containing chemicals that may contain free
iodide in the chemical solution or may be substrates for deiodinases (e.g., iopanoic acid,
Renko et al., 2012). All remaining iodinated chemicals were manually reviewed (even in the
absence of automatic flags used to indicate assay interference) and were found to meet
acceptable parameters with time course of absorbance data within the expected ranges of the
positive and negative controls. Potentially interfering chemicals were considered unsuitable
for testing with this assay and excluded from summaries.

4 Discussion

Presented here is the development and application of a new screening assay for inhibition of
the iodine recycling enzyme, I'YD, which has an important role in maintaining sufficient free
iodide for TH synthesis. Through a tiered approach to screen 1,825 chemicals from the
ToxCast chemical libraries, 194 1'YD inhibitors were identified, of which 84 chemicals
produced inhibition of 50% or greater. These 84 inhibitors include 4 chemicals that had
previously been documented to inhibit I'YD enzyme activity (triclosan, bithionol,
tribromsalan, methylene blue), with the rest not previously reported as 1'YD inhibitors, to the
best of our knowledge.

Recombinant human 1'YD was successfully produced in the native full-length form using the
baculovirus system with insect (SF21) cells. This approach produced sufficient enzyme yield
and activity for development of a screening assay that uses small volumes and a colorimetric
readout. Using the full-length form of the enzyme allowed use of the native reducing agent
NADPH rather than the artificial reductant dithionite, which has been shown to react with
the nitro groups with several known 1YD inhibitors (MNT, DNT) and may interfere with
assaying test chemicals. With this assay, chemicals were screened for direct inhibition of
I'YD as well as interaction with the required separate reductase responsible for transferring
reducing equivalents from NADPH to 1YD, thus identifying chemicals that reduced 1'YD
activity through effects on this unknown reductase that would be missed when using
dithionite to drive dehalogenation.

Across an extensive screening effort, this assay produced reliable responses in positive and
negative controls, consistent inhibition curves for the model inhibitor, and high Z’ factors,
indicating suitability for high-throughput screening. There is limited research on YD, with
few chemicals previously tested and no established reference chemicals. Previous studies
were limited to three nitrotyrosines studied with /n vivo rodent experiments as well as
mammalian thyroid gland slices and tissue homogenates (Green, 1968, 1971; Greer and
Grimm, 1968; Meinhold and Buchholz, 1983; Solis-S et al., 2004), and recent /n vitro assays
that tested 12 suspected endocrine disrupting compounds (Renko et a/., 2016) and 44
halogenated compounds (Shimizu et al., 2013).
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Overall, the assay results presented here are consistent with previous reports I'YD inhibition.
The three nitrotyrosines (MNT, DBT, and DNT) were strong 1'YD inhibitors, with MNT
more potent than DBT (see Initial Assay Development). The five chemicals that were also
tested by Shimizu et al. (2013) matched rank order potency, with phloxine B as the most
potent, followed by triclosan, bithionol, tribromsalan, and bromoxynil. In fact, 1Cyq values
were very close for triclosan (10 versus 19 uM), bithionol (27 uM in both studies), and
tribromsalan (88 versus 66 |AM) on the chemical source plates. Bromoxynil differed, with
less than 8% inhibition produced across multiple plates at 160 uM (Supplementary Fig. 2)
compared to moderate inhibition in Shimizu ef a/. (2013) when tested at a higher
concentration (600 uM). Results can also be compared for six chemicals tested in both this
assay and Renko et al. (2016). Dibutyl phthalate, bisphenaol A, genistein, acetochlor, and
2,2°,4,4’-tetrahydroxybenzophenone matched results from Renko et a/. (2016), with little to
no 1'YD inhibition. Unexpectedly, 4-nonylphenol produced 60-90% inhibition across
multiple plates while it was documented as “inactive’ by Renko et al. (2016). Closer
comparison, however, revealed no contradiction between studies. In Renko et a/. (2016),
chemicals were tested only at 10 uM and, based on concentration-response testing reported
here, 4-nonylphenol at a comparable concentration would produce enzyme inhibition of 20%
or less (Supplementary Fig. 4).

The screening of 1,825 chemicals reported here is the most comprehensive testing for
inhibition of I'YD to date, greatly expanding the chemical space screened for I'YD inhibition.
The ToxCast chemical libraries screened here include phlv2 with over 200 pesticides and
several other compounds of regulatory interest (e.g., PFOS), ph2 with nearly 750
environmental, industrial, and pharmaceutical compounds, and elk with over 750
compounds primarily selected based on their known or suspected activity towards estrogen
or androgen receptors (Richard et al., 2016). This diverse set of compounds includes
hundreds of chemical use categories, for which the ToxCast phlv2 and ph2 compounds were
previously summarized to approximately 50 primary uses (Fig. 2) (Strickland et a/., 2018).
Most chemicals in each of these primary use categories were considered inactive. Chemicals
producing 1'YD inhibition of 50% or greater were in multiple use categories, suggesting a
range of possible chemical types that could perturb this molecular target. Thus, further
research could investigate the physiochemical properties and structural features associated
with I'YD inhibition.

Interpretation of all /n7 vitro screening assays requires acknowledgement of assay limitations
and uncertainties, as previously described in detail (Judson et a/., 2013, 2016; Thorne et al.,
2010; McGovern et al.,, 2002, 2003; Shoichet, 2006). Here, potential assay interference was
identified by flagging data points that failed to meet quality control parameters; however,
some sources of interference and nonspecific chemical activity could have been missed. For
example, surfactants may disrupt the test system or produce nonspecific enzyme inhibition
via protein denaturation. Surfactants had a higher relative frequency (17/32) of producing
greater than 50% inhibition than other primary use categories (Fig. 2). In addition, 7 of the
top 25 ranked inhibitors were identified as surfactants, suggesting that surfactants may be
inaccurately identified as I'YD inhibitors due to nonspecific enzyme inhibition. However,
many other surfactants did not produce inhibition greater than 20%, and one that produced
I'YD inhibition (4-nonylphenol) has published /n vivo studies suggesting thyroid disruption
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(Christensen et al., 2005; He et af., 2019; Shirdel and Kalbassi, 2016; Wang et a/., 2019b; Xi
et al., 2013). It must be recognized that some chemicals (e.g., surfactants, redox active
substances) could inhibit the reduction of 1'YD, which is not distinguished in this assay from
those that directly inhibit 1'YD enzyme activity. This could be further explored for chemicals
of interest through comparing results with NADPH and dithionite each used as the reducing
agent for the full-length native enzyme.

Caution must also be used when interpreting /n vitro results to evaluate potential /n vivo
effects. Pathway-based predictive models are necessary to link molecular targets on the HPT
axis to downstream biochemical responses and, ultimately, adverse outcomes for organisms
(Noyes et al., 2019). While recent progress has been made in this regard for TPO in
mammalian and amphibian models (Haselman et a/.,, 2020; Hassan et al., 2020), data are
limited for I'YD. Adverse organismal outcomes have only been evaluated with human
congenital hypothyroidism due to I'YD mutation (Medeiros-Neto and Stanbury, 1994;
Moreno et al., 2008; Afink et al,, 2008; Moreno and Visser 2010) and in a few 1'YD
inhibition studies with nitrotyrosines (Green 1971; Olker et al., 2018).

Chemicals producing the maximum inhibition and highest potency are of most interest for
potential thyroid effects /n vivo. For the top 25 ranked chemicals, very little information on
thyroid-related endpoints could be found in the literature, and only methylene blue and
triclosan were previously reported as 1'YD inhibitors. Methylene blue, the most potent tested
ToxCast chemical, was shown in Bastomsky and Rosenberg (1966) to inhibit deiodination of
DIT in calf thyroid slices and rat thyroid homogenates. In addition, several mammalian
studies have shown methylene blue to interfere with binding to the TH nuclear receptors and
alter circulating THs in rats after /n vivo dietary exposure (Brtko et al., 1997; Nedvidkova et
al., 1995) and interfere with the actions of TSH in isolated mouse thyroid lobes (Hashizume
et al., 1975). Disruption of thyroid endpoints by triclosan has been studied in multiple /n
vivoand in vitro studies (as reviewed in Dann and Hontela, 2011; Johnson et al., 2016;
Mihaich et al., 2017), with evidence of thyroid disruption reported in some species. For
example, /n vivo exposure to triclosan has been shown to reduce circulating THs in rodents
(Crofton et al., 2007; Stoker et al., 2010; Zhang et al., 2018). Using /n vitro studies, triclosan
was reported as active against several thyroid-relevant targets, including inhibition of 1'YD
enzyme activity (Shimizu et al., 2013), binding to TTR (Cavanaugh et a/., 2018), inhibition
of NIS-mediated iodide uptake (Wu et af., 2016), and weak inhibition of TPO enzyme
activity (Butt ef al., 2011; Paul et al.,, 2014; Wu et al., 2016). Another compound, D&C Red
27 is closely related to the food colorant phloxine B (D&C Red 28) that was a potent I'YD
inhibitor in Shimizu et al. (2013), yet no other published literature indicating thyroid
disruption was found for either of these colorants.

Publications related to thyroid disruption were found for three other compounds in the top
25 ranked 1'YD inhibitors: 4-nonylpenol, kepone, and oleic acid. For 4-nonylphenol, a
surfactant documented to bind to the estrogen receptor (Routledge and Sumpter, 1997), in
vivo exposure has resulted in thyroid effects including altered levels of circulating THs in
rodents (He et al., 2019; Wang et al., 2019b; Xi et al., 2013) and fish (Naderi et al., 2015;
Shirdel and Kalbassi, 2016). There are a few studies in the literature on thyroid disruption
associated with exposure to kepone, including associations between TH and peri- and post-
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natal exposure in humans (Cordier et a/., 2015) and altered circulating THs in adult rare
minnow (Gobiocypris rarus) after long-term exposure (Yang et al., 2020). Oleic acid, a
naturally occurring fatty acid, has been studied for a variety of thyroid effects with evidence
of interference with TH binding to transport proteins (Lim et a/, 1995; Herrmann et al.,
1985) and nuclear receptors (Fiona et al.,, 1991; Inoue et al., 1989; Romo et al., 1997). No
other reported /n vivo thyroid effects were found for the other 20 compounds in the top 25
ranked I'YD inhibitors, despite significant effort put into a systematic search through
multiple literature search engines (PubMed, Web of Science, Science Direct, ECOTOX).

In summary, the development and optimization of this 96-well plate screening assay for
inhibition of I'YD enzyme activity has been successfully demonstrated and is a significant
contribution to the expansion of available thyroid-relevant /n vitro assays for identification
and prioritization of chemicals that could negatively affect TH synthesis and signaling. The
application of this assay to screen large chemical libraries greatly expands the understanding
of susceptibility of 1'YD to chemical inhibition and provides relevant data for development
and evaluation of structure-activity relationships. Importantly, most of the tested ToxCast
chemicals (89%) were classified as ‘inactive’, producing less than 20% inhibition at the
highest tested concentration. Thus, there is a much smaller list of chemicals for which
further testing is warranted to understand potential effects on THs and translation to adverse
in vivo effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Inhibition of iodotyrosine deiodinase (I'YD) enzyme activity produced by chemicals in
single-concentration screening (ToxCast Phase 1_v2, Phase 2, and elk chemical libraries
plus the 10 chemicals in the replicated test set) at target concentration of 200 uM, displayed
as % of control with median (black circle) and range (line) of three biological replicates. [A]
All chemicals, [B] Expanded plot of chemicals that produced >20% inhibition. Chemicals
are plotted by rank order based on median % inhibition in single-concentration screening,

with those producing the greatest inhibition to the right. Chemicals further tested in
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concentration-response screening are indicated with white asterisk (*). The top 25 ranked
chemicals based on absolute 1Csq are shown in Table 3, with tested concentrations and
median % inhibition values for each chemical in Supplementary Table 2.
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N No. of chemicals

N No. inactive (= 20% inhibition)
mNo. =2 50% inhibition

0 50 100 150 200 250
No. of chemicals within each use category

Distribution of chemicals from ToxCast Phase 1_v2 and Phase 2 libraries screened in the
iodotyrosine deiodinase enzyme assay by general use categories (diagonal stripes, n = 1,034)
with “inactive’ chemicals from this set (< 20% inhibition, grey, n = 994) and chemicals that
produced 50% inhibition or greater (red, n = 28) for each use category.
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Figure 3.
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Concentration-response curves for inhibition of iodotyrosine deiodinase enzyme activity by
18 compounds, tested at seven concentrations with three replicates at each concentration
(black circles), Hill model fit (black line), and testing on additional plates for some
compounds (open circles); examples include the model inhibitor (A), 6 of the replicated test
chemicals (B-I), and 9 of the top 25 ranked inhibitors (J-R), selected from Table 3 to
represent a variety across types of compounds and inhibition curves.
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Table 2.

Single-Concentration Screening at Target Concentration of 200 UM, with Number and Percent of Chemicals in
Each Set that Produced = 20% Inhibition and = 50% Inhibition.

Chemicals producing > 20% inhibition =~ Chemicals producing > 50% inhibition

Chemical Set No. chemicals tested & No. % No. %

Replicated Test Set b 10 4 40.0% 4 40.0%
ToxCast Phase 1_v2 286 24 8.4% 1 0.3%
ToxCast Phase 2 760 68 8.9% 29 3.8%
ToxCast elk 769 98 12.7% 50 6.5%
Total 1,825 194 10.6% 84 4.6%

laChemicaI source plates received from ToxCast included 1,837 unique chemicals, however 12 chemicals were excluded from results and
summaries based on evidence of assay interference. Numbers of chemicals represent those included on plates for each requested chemical set, with
the replicated test set chemicals excluded from the count. Note that the ToxCast Phase 2 (ph2) set included 16 chemicals from ToxCast Phase 3
(ph3); these additions were to replace chemicals no longer available.

bldentified from the literature based on previous testing for I'YD inhibition, including chemicals from ToxCast Phase 1_v2 (triclosan, dibutyl
phthalate, bromoxynil, bisphenol A, acetochlor), ToxCast ph2 (genistein, 4-nonylphenol, 2,2°,4,4’-Tetrahydroxybenzophenone), and ToxCast ph3
(tribromsalan, bithionol).
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Table 3.

The Top 25 Ranked ToxCast Chemicals for Inhibition of lodotyrosine Deiodinase (1'YD), Based on Absolute
ICsp.

Single-Conc. Concentration-Response
Max % Inhibition

Tested Median % at Max Conc. 1Cs0 ICso
Rank  Chemical CASRN  COMC.BM  ipition & b (M) (M)
3-Nitro-L-tyrosine ¢ 621-44-3 200 NA d 100 0.01 0.04

1 Methylene blue 61-73-4 200 54 53 1.9 34
2 Tannic acid 1401-55-4 70 92 101 6.6 7.8
3 Diquat dibromide monohydrate 6385-62-2 100 90 98 5.8 11.7
4 D&C Red 27 13473-26-2 132 78 78 4.1 13.4
5  Dodecylphenol 27193-86-8 200 97 100 11.6 20.1
6 Lauryl gallate 1166-52-5 200 87 107 11.9 22.3
7  4-Dodecylphenol 104-43-8 200 90 99 6.9 23.1
8  4-Nonylphenol 104-40-5 200 80 98 8.9 23.6
9 Dinocap 39300-45-3 200 88 98 19.8 23.8
10  Hexadecyltrimethylammonium bromide  57-09-0 200 97 104 20.7 24.7
11 Sodium myristyl sulfate 1191-50-0 200 82 104 11.3 25.7
12 Calcium dodecylbenzene sulfonate 26264-06-2 200 102 105 17.1 26.0
13 Methyltrioctylammonium chloride 5137-55-3 200 96 101 7.7 26.1
14 Triclosan 3380-34-5 200 79 112 10.4 28.7
15 tzerztbmﬁtgg ;ﬁg‘l’)bis(“methy"ﬁ' 119-47-1 200 72 92 7.7 289
16  Sodium hexyldecyl sulfate 1120-01-0 100 58 102 145 29.5
17 Sodium tridecyl sulfate 3026-63-9 200 95 107 16.1 317
18  Sodium dodecylbenzenesulfonate 25155-30-0 200 90 107 17.8 321
19  Methylbenzethonium chloride 25155-18-4 1000 103 105 13.6 32.2
20  Docusate sodium 577-11-7 200 94 100 16.2 33.0
21  Kepone 143-50-0 200 56 95 7.6 334
22 Oleic acid 112-80-1 200 87 89 213 34.1
23 Dodecylbenzenesulfonic acid 27176-87-0 200 88 102 20.1 345
24 Octylparaben 1219-38-1 200 82 107 16.8 35.2
25 C.l. Acid Red 114 6459-94-5 140 99 103 18.0 36.9

a. . . - . . . .
Median of three replicates in single concentration screening (at maximum concentration)

Median of three replicates at maximum concentration of chemical in concentration-response screening; in three chemicals (Methylene blue,
Tannic Acid, and D&C Red 27) concentrations below the maximum tested concentration produced greater inhibition (see Fig. 3).

CMNT, known 1'YD inhibitor included as positive control in concentrationresponse on every assay plate, with 41 plates each tested in triplicate.
Mean IC20 and IC5( values across all plate reported in table. IC5( values ranged from 0.012 to 0.076 uM with mean = 0.035 uM and SD = 0.016.

dNA, not applicable
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