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Haloacetonitriles (HANs) are a class of toxic
drinking water disinfection byproducts (DBPs). However, the
toxicity mechanisms of HANs remain unclear. We herein
investigated the structure-related in vitro toxicity of 6 representative
HANs by utilizing complementary bioanalytical approaches.
Dibromoacetonitrile (DBAN) displayed strong cytotoxicity and
Nif2 oxidative stress responses, followed by monohalogenated
HANs (monoHANs) while other polyhalogenated HANs (poly-
HANs) exhibited little toxicity. Activity based protein profiling
(ABPP) revealed that toxic HANs adduct to human proteome thiols,
supporting thiol reactivity as the primary toxicity mechanism for
HANs. By using glutathione (GSH) as a thiol surrogate,
monoHANSs reacted with GSH via Sy2 while polyHANs reacted
through ultrafast addition reactions. In contrast, DBAN generated an unexpected fully debrominated product and glutathione
disulfide (GSSG). The unique reaction of DBAN with GSH was found to be mediated by radicals which was supported by electron
paramagnetic resonance (EPR) spectroscopy and by radical trapping reagent reaction quenching. Shotgun proteomics further
revealed that monoHANs and DBAN adducted to proteome thiols in live cells forming dehalogenated adducts. Multiple antioxidant
proteins, SOD1, CSTB, and GAPDH, were adducted by toxic HANs at specific cysteine residues. This study highlights the
structurally selective toxicity of HANs in human cells, which are attributed to their distinct reactions with proteome thiols.

haloacetonitrile, oxidative stress, thiol reactivity, radical reaction, proteomics

Although HANs have similar structures, the orally
administered rat LDg, values of HANs exhibit a > 7-fold
variation merely through the alteration of their halogen
functionality.”' ~** The structurally selective toxicity of HAN's
have also been well documented by in vitro testing. For
instance, Lin et al. found that DBAN exhibited the strongest
alkylating ability on a DNA surrogate compared to
bromochloroacetonitrile (BCAN), chloroacetonitrile (CAN),
DCAN and trichloroacetonitrile (TCAN).** In another study,
DBAN showed the highest genotoxicity and cytotoxicity within

Disinfection by products (DBPs) have long been associated
with various adverse health outcomes including bladder
cancer.' ™ Of the >700 DBPs discovered,”™”’ only 2 classes,
trihalomethanes (THMs) and haloacetic acids (HAAs) are
regulated in Canada.*” However, unregulated nitrogenous-
DBPs'”"" are considerably more toxic than the regulated
THMs,"” and urgently need more attention. In particular,
haloacetonitriles (HANs) are a class of nitrogenous-DBPs
found commonly in disinfected drinking water.'*”'° HANs i A )
have been reported to be more cytotoxic and genotoxic than S tested HANSs in Salmonella typhimurium.” Paralleling t.hese
HAAs by 2 orders of magnitude.'” Although their concen- results, DBAN and most monoHANs were found to be highly

trations are lower than regulated HAAs and THMs,'® HANS, cytotoxic and genotoxic in Chinese hamster ovary (CHO) cells

particularly dibromoacetonitrile (DBAN), have been high- but polychlorinated HAN like TCAN and DCAN exhibited

lighted as one of the possible drivers of DBP toxicity in

drinking water.'"""? In 2022, the US EPA’s Contaminant July 30, 2024
Candidate List S included HANs for the first time, including November 15, 2024
dichloroacetonitrile (DCAN) and DBAN.”® Despite the November 27, 2024

mounting evidence, HANs remain unregulated in the December 3, 2024

Americas, therefore necessitating more toxicity research on
HANSs to better understand their potential health effects.
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little toxicity.'” Together, these results highlighted the
structurally selective toxicity of HANs and the generally strong
toxicity of DBAN, but their toxicity mechanism remains
unclear.

The toxicity of DBPs has long been correlated with their
ability to react with thiols such as N-acetyl cysteine.”® A recent
study further confirmed that thiol-reactive DBPs in water
extracts primarily drive Nrf2-mediated oxidative stress in
human cells, through chemical sequestration by glutathione
(GSH).”” Specifically, the cellular toxicity of haloacetamides
and haloacetic acids have been linked to their capacity to
modify protein cysteine residues through Sy2 reactions.”®”’
Compared to well studied haloacetamides and haloacetic
acids,”®*’ a few studies found that HANs can react with
proteome thiols via both Sy2 and addition reactions,
depending on the number and type of halogens.”**” "%
This demonstrates the complicated toxicity mechanism of
HANs compared to well-studied DBPs, which highlights the
necessity to explore HAN structure-related toxicity mecha-
nisms in depth.

In this study, we selected 6 representative HANs with a
distinct number (1—3 halogens) and type of halogens (Cl, Br,
or I), to systematically illustrate their structure-related toxicity
mechanisms in human cells. We focused on cytotoxicity and
Nrf2-mediated oxidative stress as these are some of the most
studied toxicity end points for DBPs.”' >* We integrated
multiple bioanalytical strategies including activity-based
protein profiling (ABPP), high-resolution mass spectrometry
(HRMS), electron paramagnetic resonance (EPR) spectrosco-
py, and shotgun proteomics to explore HAN-thiol reaction
mechanisms acellularly and cellularly. Using molecular
toxicology, we discovered that the cellular toxicity of HANs
is governed by their unique chemical structures and mediated
by their distinct proteome thiol reaction pathways.

DBAN standard (94% purity) was purchased from Alfa Aesar
(Haverhill, MA, USA). All other HAN authentic standards (97—
98% purity) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Iodoacetamide (IAM, 98% purity) was purchased from Sigma-
Aldrich (St. Louis, MO). The IAM-fluorescein used in ABPP was
sourced from Toronto Research Chemicals (Toronto, ON, CA). Cell
culture reagents: fetal bovine serum, antibiotic—antimycotic solution,
and Geneticin were sourced from Thermo Fisher Scientific (Ottawa,
ON, CA). Dulbecco’s modified Eagle’s medium (DMEM—high
glucose) was from Sigma-Aldrich (St. Louis, MO, USA). Stably
transfected luciferase MCF7 cell lines were purchased from Signosis
(Santa Clara, CA, USA). The MTT Cell Viability Assay Kit was
purchased from Biotium (Fremont, CA, USA). The Nrf2 assays used
the Steadylite Plus gene assay system from PerkinElmer Inc.
(Waltham, MA, USA). All solvents, including methanol (MeOH)
were LC—MS grade and were obtained from Thermo Fisher Scientific
(Waltham, MA, USA) and Sigma-Aldrich (St. Louis, MO, USA).

Cytotoxicity and Nrf2 assays were performed in accordance to
previously reported protocols to measure in vitro cytotoxicity and
oxidative stress responses by HANSs,>”>”*° respectively. The 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
was used to measure cytotoxicity as only living cells can transform
MTT to colored formazan crystals whose measurable absorbance at
570 nm is proportional to the number of living cells within the plate
as compared to control groups. In both assays, luciferase-transfected
MCEF7 cells were seeded on 96-well plates and were subsequently
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dosed with a series of concentrations of HANs (1—1000 uM for the
MTT assay, 1—50 uM for the Nrf2 assay) (n = 4 replicates). Previous
studies have found that combined HAN concentrations can range
from 0.216—14 ug/L."*>*" Other bioassay-based studies typically
test usin§ enriched (i.e,, concentrated 10X or more) drinking water
samples.”® Therefore, our study utilizes HAN concentrations that are
comparable to literature. All exposures occurred in DMEM high
glucose, supplemented with 0.1% FBS (exposure medium) and lasted
for 16 h. Methanol (v/v 0.1%) was the solvent control and
iodoacetamide (IAM, SO uM) was the positive control. After 16 h
of HAN exposure, 10 uL of MTT was added to all samples and
controls for an additional 4 h. The formazan crystals formed after a
total incubation time of 20 h were dissolved by DMSO and the
samples’ absorbances were measured at 570 nm using a Biotek
Synergy HTX plate reader (Winooski, VT, USA).

The Nrf2 assay consists of a stably transfected luciferase human cell
line to visualize increased signaling of the Nrf2-Keapl antioxidant
stress pathway. As in the MTT assay, the cells were first seeded to 96-
well plates to confluency and incubated with HANs (1—-50 uM) for
16 h (n = 4 replicates for each treatment group). The lower
concentration range of the Nrf2 assay reflects the upper limit of cell
viability as determined by the MTT assay. Previous work in our group
has determined 16 h as the optimized time for this Nrf2 assay to
accumulate enough signal for measurement.”””’ After 16 h, the
exposure medium was removed, cells were rinsed with phosphate
buffered saline twice and 7S uL of Dulbecco’s PBS containing calcium
and magnesium and Steadylite buffer/substrate solution were added
respectively to each replicate. Following a 15 min incubation in the
dark, the chemiluminescence of each HAN concentration was
measured with a BMG Labtech PHERAstar Plus HTS microplate
reader (Ortenberg, BW, Germany). MeOH (v/v 0.1%) and IAM (S
M) were used as controls.

Activity based protein profiling (ABPP) was employed to investigate
the proteome thiol reactivity of HAN’s as described in previous studies
from our group and others.””**** In brief, MCF?7 cells were grown to
confluency in growing medium (DMEM, high glucose, supplemented
with 10% FBS, and antibiotics) prior to 2X PBS rinses and harvested
with cold PBS. The cells were centrifuged (1000g, 4 °C, 10 min),
resuspended in lysis buffer (500 mM NaCl, 20 mM HEPES, 1% SDS,
0.1% NP40, pH = 7.4), freeze—thawed 3 times, and sonicated with an
Ultrasonic Sonifer SFX250 Cell Disruptor (Branson Ultrasonics;
Danbury, CT, USA). Afterward, S0 pg of cell lysate was incubated
with each HAN respectively at varying concentrations (1—50 zM) or
with MeOH vehicle solvent in duplicate for 1 h at room temperature,
shaking, and in the dark (n = 2 replicates). This concentration range
was chosen to adequately capture the dose response and mechanism
of dosed HANs to cell lysate within the experimental time frame.
Actual concentrations of various DBPs within blood samples are in
the ng/L range after routine household activity like drinking and
washing.*' ™ Then, 50 uM of the IAM-fluorescein probe was added
to each sample to react for 1 h at room temperature, shaking, and in
the dark. Finally, the labeled lysates were precipitated with cold
acetone and pelleted (14,000¢, 4 °C, 20 min) twice. The remaining
cell pellets were dried before solubilization by SDS loading buffer (50
mM Tris—HCI, 100 mM DTT, 2% SDS, 0,1% bromophenol blue,
10% glycerol 30%, and 5% f-metcaptoethanol, pH = 6.8) and imaged
by SDS-PAGE gel electrophoresis. In-gel fluorescence was imaged
using a GE Healthcare Life Sciences Typhoon FLA 9500 (Chicago,
IL, USA) and images were processed using Image].

Direct infusion was used to determine HAN-GSH reaction products
and kinetics. 10 uM of each HAN (IAN, BAN, CAN, and DBAN)
were incubated with 1 mM of GSH respectively in ammonium
bicarbonate buffered solvent (pH 8.0) and injected immediately (<30
s) into a Q Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer
(Thermo Fisher Scientific; Waltham, MA, USA) to visualize the
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increase of reaction products over time. TCAN and DCAN were
reacted at a 1:1 (1 mM: 1 mM) ratio with GSH respectively to
capture their faster reactions. Positive and negative full MS scans
(100—900 m/z) at a resolution of 70,000 (at m/z 200) were obtained
over a period of 450 s. The flow rate of the sample into the
spectrometer was set to 10 #L/min. Maximum injection time was set
to 200 ms and the maximum ion population was set to 3 X 10°. Spray
voltage was held at 3.0 kV, capillary temperature at 275 °C, and
sheath gas at 10 L/h.

Nuclear magnetic resonance (NMR) acquisition was conducted on a
500/600 MHz Agilent DD2 NMR Spectrometer (Santa Clara, CA,
USA). Sixteen scans were obtained for 'H spectra at a 45 °C pulse
angle, 1.0 s relaxation delay, and a 6.0 s acquisition time. All NMR
reactions were performed in D,O (pH 8) as GSH is insoluble in
common nonpolar solvents (e.g., chloroform) and DMSO can oxidize
GSH* which affected HAN-GSH reaction (data not shown).
Reactions were incubated for 3 h at room temperature in the dark
prior to acquiring NMR spectra with a 1:1 (50 mM: 50 mM) ratio of
GSH/HAN (n = 2 replicates). These conditions were chosen to
capture both the slower reactions between DBAN and GSH and the
faster reactions between DCAN and GSH. All reaction spectra were
run alongside the respective HAN control (i.e., S0 mM DBAN or S0
mM DCAN) and a GSH only control (i.e, SO mM GSH). All NMR
spectra were baseline, solvent, and phase corrected using MestreNova
for comparison between different samples.

Liquid chromatography—mass spectrometry (LC—MS) was used to
supplement the HAN-GSH direct infusion data. 1 mM HAN was
incubated with 1 mM GSH for 3 h prior to injection onto the LC—
MS (n = 3 replicates). Reactions that involved the radical quenching
agent S,5-dimethyl-1-pyrroline-N-Oxide (DMPO) were performed as
follows: 1 mM DMPO was mixed with 100 4gM GSH for 10 min
before the addition of 10 uM DBAN or IAM, respectively. This
solution was left to stand for 3 h until injection into the Vanquish
UHPLC system (Thermo Fisher Scientific, Waltham, MA) coupled to
a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer
(Thermo Fisher Scientific, Waltham, MA). All samples were prepared
in ammonium bicarbonate buffer (pH 8). The HAN-GSH products
and reagents were separated with an RP-Amide column (2.7 ym, 2.1
mm X 100 mm, Advanced Materials Technology Inc., Wilmington,
DE) with 1 uL injection volume. The LC system mobile phases were
0.1% formic acid in H,O (A) and 0.1% formic acid in MeOH (B).
Over the course of 8.5 min: B was increased from 0—2% from start to
2 min, increased again to 5% by 4 min, surged to 100% by 4.5 min,
and decreased to 2% at 6 min, 2% was held static until completion.
The flow rate was 0.3 mL/min and the column chamber temperature
was 40 °C throughout the run.

Full scans in both positive and negative ESI modes (90—1000 m/z,
70,000 resolution at m/z 200) accompanied all MS/MS scans. The
ESI settings were the same as the direct infusion MS. Briefly, the S
lens RF levels were set at 50.0, spray voltage was 13 kVI, capillary
temperature was set to 300 °C, and vaporizer temperature was 450
°C. The maximum injection time was set at 100 ms and the maximum
ion population was set to 3 X 10°

Nontarget analysis was conducted to identify the reaction products
from the reactions between HANs and GSH. Our nontarget strategy
was performed as previously described.””** Briefly, MSconvert was
used to convert Raw MS files to mzXML files. Our in-house R script*®
utilized the “XCMS” R package by Smith et al.*® to detect MS peaks
with tolerances of 2.5 ppm m/z. Peak features detected in HAN-GSH
reactions were compared to HAN-only or GSH-only controls. Peak
features with statistically significant (p < 0.05), >S50-fold higher
abundance, and >1.0 X 10° in intensity, were further selected for
structure assignments.

The HAN-GSH product formulas were predicted within a mass
tolerance of 5 ppm. The atom allowance for chemical formulas were
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set to 100 C, 200 H, 20 N, 40 O, 3 S, 3 Cl, 2 Br, and 1 I per molecule.
Characteristic isotopic halogen peaks were used to further constrain
the number of reasonable halogens. All assigned formulas were
required to meet basic chemical criteria as described previously.*”**
HAN-GSH formulas were predicted at confidence level 3 (known
exact mass, tentative exact structure) according to the Schymanski et
al. scale.*

To capture the short-lived radical species, 100 mM of 5-
(diethoxyphosphoryl)-S-methyl-1-pyrroline-N-oxide (DEPMPO) or
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) were incubated with SO
mM GSH and 25 mM DBAN, respectively in ammonium bicarbonate
buffer (pH 8.0). After approximately 8 min of reaction time under
ambient light and temperature, the sample was measured using a
Bruker CW X-band ECS-EMXplus EPR Spectrometer. Each sample
was tuned prior to EPR measurement as per instrument manufacturer
recommendations. The typical spectrometer parameters are as
follows: 300 G scan range, 3330.4 G center field, 90 s sweep time,
30 db receiver gain, 0.01 ms time constant, 1.00 G modulation
amplitude, 100 kHz modulation frequency, and 20 mW microwave
power. The resultant spectra were simulated by WinSim (version
0.96, NIEHS) and the hyperfine splitting constants were calculated.

Shotgun proteomics was employed to detect HAN protein adducts in
live adherent cells. We incubated MCF7 cells with 10 uM of HAN for
16 h prior to lysis, mirroring both the in vitro cell assay (HAN
incubation) and ABPP methodology (lysis) employed for this study
(n = 3 replicates). The proteomics protocol has been reported in our
previous studies.””*” After lysis, cells were digested with trypsin and
the peptides were injected into an EASY-nanoLC 1200 UHPLC ESI
source tandem Q-Exactive HF-X orbitrap mass spectrometer
(Thermo Fisher Scientific; Waltham, MA, USA). Samples were
separated on an in-house packed C18 column (10 cm X 75 pm
internal diameter packed with 3 gm Luna C18 100 A reverse phase
beads (Phenomenex; Torrance, CA, USA)). The nanoLC solvent
phases were: 0.1% formic acid in H,O (A) and 0.1% formic acid in
80:20 acetonitrile/H,0O (B). B was increased from 2—5% in the first
minute, gradually ramped to 26% by 90 min, ramped to 100% at 105
min, and held at 100% for 15 min. The flow rate was held at a
constant 300 nL/min.

We employed a data-dependent acquisition (DDA) top 20 method
for our shotgun proteomic experiment. Full MS scan parameters were
controlled as follows: a range of 350—1400 m/z, 60,000 resolution (at
m/z 200), and an AGC of 3 X 10°. MS/MS scans held precursor ions
1.4 m/z windows and were accumulated for 20 ms or until the AGC
target (1 X 10°) was reached.

All graphical analyses were performed using GraphPad Prism (v7.0.4,
GraphPad Software Inc., San Diego, CA). Results were considered
significant if (1) the p-value <0.05 between treatment groups (i.e.,
HAN protein adduct m/z response) and control groups (i.e., vehicle
solvent blanks) when calculated using t-test functions; (2) there is a >
10-fold difference between treatment group adducted peptide
intensities; and (3) the mass response had an intensity >10*. Raw
proteomics data were analyzed using MaxQuant (version 2.4.10) and
default parameters were used with a false discovery rate of 1% with a
list of common contaminants. Tryptic peptides were derived from the
Uniprot human (assessed on Sept. 7, 2023) reference proteome and
used to match extracted MS/MS spectra. Proteomic data analysis was
conducted on the visualization tab of Maxquant or on Microsoft
Excel. To determine HAN adducts, only variable modifications were
included at the cysteine site and additionally included oxidation, N-
terminal acetylation, and carbamidomethyl as per default settings.
Proteomic data was uploaded to MassIVE (ftp: //massive.ucsd.edu/
v08/MSV000095399/). Protein structures of GADPH were gen-
erated using AlphaFold due to the lack of experimentally determined
structures.

https://doi.org/10.1021/acsenvironau.4c00068
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Figure 1. Selected HANs were tested for cytotoxicity and oxidative stress responses. (a) Chemical structures of the 6 HANS tested; (b) MTT assay
results of 6 selected HANS (n = 4). ECq, for all tested HANSs were calculated using Graphpad Prism’s built in dose—response curve fitting. Controls
are denoted by the legend on the bottom left. (c) Nrf2 assay results of 6 selected HANs (1 = 4), negative control (methanol), and positive control
(IAM S uM). Asterisks denote significantly increased Nrf2 responses (p < 0.05).

disinfection byproducts (DBPs)*”*’ and the assay’s strong

correlation with other typical DBP toxicity end points.*”
Additionally, exposure to DBPs have been shown to induce

. . 50,51
increases in hormones such as progesterone and estrogen.

Previous research has reported the potent cytotoxicity of
HANs in Chinese hamster ovary (CHO) cells.'” To determine
whether this phenomenon extends to human cells, we
examined 6 HANs, consisting of 3 monohalogenated
(monoHANS) and 3 poly halogenated (polyHANs) HANs
(structures shown in Figure 1a). The human breast cancer cell
line (MCF7) was selected due to its documented sensitivity to
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All monoHANSs exhibited significant cytotoxicity at a
concentration of SO yM (Figure 1b), with iodoacetonitrile
(IAN, 17 + 2% cell viability, p = 0.005) > bromoacetonitrile
(BAN, 21 =+ 3% cell viability, p = 0.01) > chloroacetonitrile
(CAN, 75 + 8% cell viability, p = 0.01). The observed toxicity
trend was previously observed in CHO cells,'” demonstrating
the conserved toxicity effects across species and cell lines. In

https://doi.org/10.1021/acsenvironau.4c00068
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Figure 2. ABPP was used to identify proteome thiol reactivities of HANSs in cell lysates. (a) ABPP workflow schematic (b) ABPP results for
selected HANs (n = 2). Loss of fluorescence (gray protein bands) represent occupation by HAN on cysteine residues of lysate proteins. HANs
highlighted in blue have significant HAN adduction to cysteinyl proteins; asterisks denote large amounts of thiol adduction by HANs on cell lysate

proteins at various concentrations.

contrast, 2 polyHANs, DCAN and TCAN, showed no
significant cytotoxicity at the tested concentrations. Interest-
ingly, DBAN exhibited comparable cytotoxicity (e.g, 22 =+
12% cell viability at 100 4M) to monoHANS. This observation
aligns with previous findings where DBAN exerted the highest
cytotoxicity in CHO cells,” suggesting a unique mechanism of
toxicity compared to other polyHANS.

To probe the mechanism of HAN cytotoxicity in human
cells, we investigated their ability to induce oxidative stress
which is a known pathway of DBP toxicity that may lead to
downstream effects like cytotoxicity and genotoxicity.””***>?
We evaluated HAN-induced oxidative stress responses using
the stably transfected Nrf2 reporter assay that has previously
been used to determine oxidative stress responses by other
DBPs.””* Unsurprisingly, monoHANs induced significant
oxidative stress at concentrations as low as 1 yM (Figure lc)
in Nrf2 cells. Contrary to its cytotoxicity data, CAN elicited
significant Nrf2 responses (5.53 + 0.57 folds) at 10 uM,
surpassing those of IAN (4.12 + 0.66 folds) and BAN (3.87 +
0.15 folds) at the same concentration. This is likely due to the
potent cytotoxicity of IAN and BAN which may mask reporter
cell responses.”* Among the 3 polyHANs, only DBAN induced
Nrf2 responses. DBAN was found to induce oxidative stress at
all tested concentrations (>1 gM) and its response exceeded
(50 uM, 9.05 =+ 1.33 folds) that of the monoHANS. Together,
this corroborates DBAN’s potent cytotoxicity and possible
unique toxicity pathway as opposed to its polyHAN counter-
parts.

Previous studies have postulated that the molecular initiating
event for halogenated DBP toxicity in mammalian cells is via
covalent adductions with protein thiols.”**”**% In particular,
the N1f2 responses of DBPs have been found to be dependent
on their thiol reactivities.”” A recent study on haloacetamides,
another class of nitrogenous-DBPs, also reported the halogen-
dependent cytotoxicity in CHO cells,”® corroborated with their
reactivity with proteome thiols.”” Supported by the similarities
in HAN in vitro cytotoxicity and Nrf2 profiles, we propose that
HANs may also induce structure-related toxicity via a
proteome thiol reaction. ABPP has previously been used to
visualize the binding of DBPs to proteins in whole cell
lysates,” which was employed herein (see the workflow in
Figure 2a). To validate our hypothesis, we exposed cell lysate
to varying doses of HANSs for an hour to saturate all possible
HAN-protein binding sites and to determine a dose—response.
The IAM-fluorescein probe added after adducted to the
remaining unoccupied thiol sites in the lysate. Therefore,
ABPP can illustrate the proteome-wide thiol adductions of
HANs with human proteome thiols by monitoring the loss of
fluorescence signal in the SDS-PAGE gel. We observed a dose-
dependent protein thiol reaction for monoHANs and
polyHANSs (Figure 2b). Among the 3 monoHANs, IAN and
BAN demonstrated pronounced reactivity with proteome
thiols at 50 4#M, while CAN had negligible responses. This is
consistent with the cytotoxicity and Nrf2 bioassay results and
supports CAN’s diminished Sy2 reactivity compared to its I-
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and Br-analogues. This reactivity trend observed for mono-
HANSs supports our hypothesis that reaction with proteome
thiols via Sy2 is likely the major mechanism of toxicity for
monoHAN:Ss.

We then moved forward to determine the structure-related
proteome thiol reactivity of polyHANs. DCAN exhibited little
reactivity with proteome thiols which was consistent with its
absent bioassay responses. Surprisingly, substantial protein
thiol reactivity was observed for TCAN at concentrations (50
uM) akin to monoHANs (Figure 2b), despite its subdued in
vitro toxicity in the Nrf2 bioassay. This is interesting as
increased thiol ABPP reactivity has been linked to greater Nrf2
responses for similar DBPs like monohaloacetamides and
monohaloacetic acids.”’ Like TCAN, DBAN also exhibited
strong protein thiol reactivity at 50 uM like those of reactive
monoHANs (Figure 2b). Taken together, DBAN’s overall
cytotoxicity, oxidative stress, and proteome thiol reactivity
profiles match the responses of monoHANs better than with
other polyHANs. Therefore, given the disagreement between
thiol reactivity and in vitro toxicity for polyHANS, their
proteome thiol reaction mechanisms appear to be distinct and
complicated.

To elucidate the reaction mechanisms between HANs and
thiols, we employed direct infusion high-resolution mass
spectrometry. GSH, a widely accepted protein thiol surro-
gate,””*”"® was used to probe the reaction mechanisms. Under
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pseudo first order conditions (HAN/GSH, 10:1000 M), both
IAN and BAN generated multiple products, while CAN
exhibited negligible reactivity (Figures 3 and S1). By using
nontargeted analysis, monoHAN-GSH (C,HsN,O4S, m/z
347.1025, —0.4 ppm) was detected as the primary reaction
product. MS? spectra confirmed GSH adduction to mono-
HANSs through its thiol moiety (Figure S2), evidencing the
canonical Sy2 reaction between thiols and monoHANs. The
reactivity trend of JAN > BAN > CAN is expected for Sy2
reactions as Sy2 reactions are governed by leaving group
ability. A minor product was assigned as monoHAN-2GSH
(Cy,HyN,0,8, m/z 654.1803, 0.8 ppm) with two GSH
attached, one through substitution and the other via addition
at the nitrile carbon (Figure S3). Collectively, monoHAN was
found to react with GSH primarily through the Sy2 reaction,
with strong reactivities observed for IAN and BAN. This
observation agrees with the bioassay and ABPP results,
supporting thiol reactivity by Sy2 as the major mechanism of
toxicity for monoHAN:S.

Our group has previously observed the addition reaction for
DCAN with thiols,”” which was confirmed in this study
alongside the TCAN-GSH addition product which was
assigned as C,H;,CLiN,O.S (m/z 451.0005, —0.4 ppm)
(Figure S4). A previous study also found that TCAN can react
with GSH at the nitrile carbon®” to form the same product we
observed at m/z 421.0005. Unlike monoHANs, both
polychlorinated HANs reacted with GSH extremely quickly;
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debrominated product through reactions between GSH and DBAN.

therefore, to investigate their reaction products, reaction
kinetics were slowed by increasing the ratio of HAN/GSH
from 0.01 mM:1 mM to 1 mM:1 mM. The products reached
steady state at 162 s for DCAN and 44 s for TCAN. The
quicker reaction by TCAN can be explained by the increased
electronegativity from three chlorines attached at one carbon
end which induces a greater partial positive charge at the nitrile
carbon. However, TCAN’s strong thiol reactivity seems
inconsistent with its low Nrf2 bioassay toxicity which is
governed by thiol reactivity. A previous study has reported that
highly reactive chemicals (i.e., quinones) may present low
cellular toxicities due to their sequestration by protein thiols in

cell media before penetrating into cells.®>®" Bovine serum
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albumin (BSA) is reported to be a sink for reactive chemicals,
lowering their apparent cellular concentrations through
adduction.’’ Consistent with our observations, TCAN may
have been detoxified by its ultrafast, nonreversible reactions
with media proteins like BSA at its free thiol residue. This
contrasts with monoHANs which react at slower kinetics
which may allow cell penetration to be a competitive process
against thiol media protein sequestration.

Like its polyhalogenated counterparts, an addition product
assigned as Cj,H;sBr;N,O4S (m/z 504.9392, —0.9 ppm) was
found for DBAN albeit at low intensities. Unexpectedly,
DBAN’s primary reaction product was assigned as
C,H 5N, O4S (m/z 347.1015, —1.1 ppm), which is a fully
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debrominated product analogous to the monoHAN-GSH
product. Due to the 2 Br on DBAN, it is unlikely that this
product was generated via the same Sy2 reaction pathway as
monoHANs. To confirm the unexpected reaction, GC—MS
was used to quantify DBAN over a reaction period of 72 h with
GSH. We observed >50% consumption (p = 0.001) of DBAN
(Figure SS) through this reaction. Indeed, a study published 35
years ago by Lin et al, also noticed the formation of the
debrominated product of DBAN®? which cross-validated our
results. This debrominated product was unique to DBAN
within the polyHAN class. The formation of this unexpected
product may partially explain DBAN’s unique cytotoxicity and
Nrf2 responses compared to the two other polyHANS.

Single electron transfer (SET) has been well documented to
facilitate reductive dehalogenation in the presence of
reductants.””®> Additionally, thiolates are known to assist
SET as an electron donor by forming thiyl radicals.***
Combining these two processes, we sought to determine if the
DBAN-GSH reaction was radical-mediated. To test this
hypothesis, we employed a well studied trapping agent,
DMPO, that can adduct a diverse spectrum of radicals (Figure
4a).%"% Following a 3 h reaction, DMPO significantly
decreased the yield of m/z 347.1015 by >84 folds (p =
0.0S) relative to the controls in the absence of DMPO (Figure
4b). The same trend was not found for our control compound,
IAM (p = 0.2), which reacts with GSH via Sy2 without radical
involvement.””**’%”" Furthermore, using nontarget MS, we
determined that DMPO does not react with either GSH or
DBAN respectively (Figure S6). The DMPO trapping
experiment strongly indicates that reactive radical intermedi-
ates are directly involved in the DBAN-GSH reaction to form
m/z 347.101S. Despite our best efforts to directly monitor the
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radical species involved using EPR spectroscopy, we did not
observe any DMPO trapped radical signals. As the lifetime of
DMPO trapped radicals varies from the order of us to
minutes,”””*”* the DMPO trapped radical in DBAN-GSH may
be extremely short-lived and be below the LOD of the EPR.

We moved onto NMR spectroscopy to further confirm the
reaction products between DBAN and GSH. An unexpectedly
large signature of glutathione disulfide (GSSG) was detected in
DBAN-GSH reaction mixtures and confirmed by authentic
standards (Figure Sa). No formation of GSSG was observed
for DCAN under the same reaction conditions in NMR. This
result was additionally confirmed with direct infusion mass
spectrometry which visualized the increase of GSSG
(CyH3,NgO,S,, m/z 613.1593, 0.1 ppm) in DBAN-GSH
reactions (Figure S7). GSSG is formed when two GSH are
oxidized and the ratio between the two species is often
indicative of oxidative stress within cells.”* Therefore, the
discovery of the GSSG reaction product in DBAN-GSH
reactions further reveals DBAN’s unique thiol reactivity
compared to other HANS.

Disulfides have been documented to be formed when 2 thiyl
radicals terminate.”>”’® Spurred on by our radical results, we
decided to use another trapping agent, S-(diethoxyphosphor-
yl)-5-methyl-1-pyrroline-N-oxide (DEPMPO), which has been
reported to generate a more stable trap for thiyl radicals
compared to DMPO.””*’ After incubation of DEPMPO with
DBAN and GSH, we captured a 7-line peak radical signal that
was specific to the reaction (Figure Sb). To determine the
radical species, we used optimized spin fitting parameters in
WinSim to produce simulations of O and S radical centered
DEPMPO traps (Figure S8). We found that the following
hyperfine splitting constants for S radical simulation matched
closely with our experimental data: a = 14.28 G, a” = 45.80
G, and o' = 14.63 G. Moreover, the a® value is characteristic
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for thiyl radicals trapped by DEPMPO.” Additionally, LC—
MS results revealed significant decreases (p = 0.007) of GSSG
after addition of DEPMPO in DBAN-GSH reactions
compared to native reaction conditions (Figure Sc) which
further confirm that GSSG is formed through thiyl radicals
mechanisms. Like DMPO, DEPMPO was not found to react
with either of the reagents (Figure S9). DEPMPO was able to
trap thiyl radicals only when both DBAN and GSH were
present. Together, we propose that DBAN reacts with GSH by
undergoing SET and generating GS-radicals which combine to
form GSSG (Figure Sd). After SET, the resulting DBAN
radical is unstable and will likely undergo mesolytic cleavage to
form a carbon radical which can abstract a hydrogen, thus
forming BAN. The debromination pathway is well documented
for bromine chemicals undergoing SET.*'™** The resulting
BAN from the radical mediated debromination of DBAN will
undergo typical monoHAN-thiol Sy2 reactions to form m/z
347.101S (Figure Sd). This is supported by the similar kinetics
for the formation of the m/z 347.101S product in monoHAN
and DBAN-thiol reactions.

To further confirm if the observed acellular reactions could be
replicated at physiologically relevant conditions, shotgun
proteomics was used to monitor HAN protein adducts in
live, adherent MCF?7 cells exposed to HANs (Figure 6a). Using
the HAN-thiol reactions discussed above, the anticipated
protein adduct modifications were searched across samples.
Out of the 4 modification types, only the monoHAN-GSH
adduct signature (C,H,N) was detected (Figure 6b). In total,
58 peptides across all tested HANs were identified to have
protein adducts. The HAN with the most adducts was BAN
which adducted to 21 peptides, followed by IAN with 14
adducted peptides. In contrast, CAN only adducted to 4
peptides. Collectively, the in vitro proteomics for monoHANs
mirror their Sy2 reactivity trends and toxicities. Only a small
number of adducted peptides were detected for TCAN (2)
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and DCAN (S), consistent with their low Nrf2 bioassay
responses.

Unlike the other polyHANs, 14 peptide adducts were
observed for DBAN. Of these, 6 peptides were common with
IAN and BAN which was the highest degree of similarity found
among all tested HANs (Figure 6c). This observation
reinforces the similarities found in DBAN and monoHAN
bioassay profiles, thiol reactivity, and common GSH products.
Within these 6 common adducted peptides, half are associated
with antioxidant signaling and are ROS targets,84_86 including
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), cys-
tatin B (CSTB), and superoxide dismutase 1 (SOD1). SOD1
was adducted most by BAN (5.90 X 107 + 2.12 X 107 peptide
intensity), IAN (1.39 X 10° + 4.45 X 107 peptide intensity),
and DBAN (2.68 X 107 + 1.65 X 10" peptide intensity). All
HANs adducted to SOD1 at Cys 111. This observation is
aligned with a previous study that found SOD1 modification at
Cys 111 by IAM.*” This demonstrated that HANs and DBPs
selectively attack hypersensitive cysteine residues. Modifica-
tions at Cys 111 are known to cause misfolding and protein
aggregation®® and previous studies have found reduced SOD1
activity in murine stomachs after DBAN exposure.”” GAPDH
was found to be preferentially modified at Cys 156 by both
monoHANs and DBAN (Figures 6d and S10). This is
surprising as Cys156 is a buried cysteine and previous studies
have discovered that another DBP, iodoacetic acid (IAA),
selectively adducts to the more available Cys 152 site instead.””
This demonstrates that distinct proteome cysteine reactivities
depend on DBP chemical structures, which may lead to
complicated and distinct toxicity pathways. Collectively, the
proteomics profile supported the formation of debrominated
protein adducts from DBAN and Sy2 adducts from
monoHAN:S in live cells, supporting that the proposed radical
and Sy2 reactions are also physiologically relevant.

We herein demonstrated that the cellular toxicities of HANs
are determined by their distinct structure-related thiol reaction
pathways (Figure 7). MonoHAN toxicity is governed through
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Sn2-leaving group trends much like other monohalogenated
DBPs.””*’ Although DBAN and monoHANs share many
similarities, DBAN’s radical-mediated formation of debromi-
nated products is unique. To the best of our knowledge,
DBAN'’s unique ability to generate GSSG and its debrominated
product through radical reactions has not been reported
before. These novel products offer insight into the enhanced
toxicity of DBAN in vitro, relative to other HANS. This unique
chemical behavior necessitates further exploration to deter-
mine whether similar reaction mechanisms are applicable to
other dibrominated DBPs.

In this study, we only observed toxicity for HANs that were
able to generate dehalogenated products. TCAN and DCAN
showed little cellular toxicity despite their significant reactivity
with thiols. Both partitioning and reactivity might influence the
cellular concentrations of chemicals and hence their apparent
toxicity.”’ The log P values of TCAN (1.28)"° and DCAN
(0.88)°" are similar to those of DBAN (1.29)”” and
monoHANSs (0.33—0.93).*™ Thus, partitioning should not
explain the 10—100 times lower toxicity of TCAN and DCAN.
Instead, this is more likely attributed to their ultrafast addition
reactions with media proteins that can lead to the non-
reversible sequestration of TCAN and DCAN in cell culture
media preventing cell penetration. However, TCAN and
DCAN may be toxic in vivo where free thiols are not present
at high concentrations to sequester polyHANSs. Therefore, in
vivo studies are warranted to determine if the ultrafast
polyHAN addition reactions are physiologically relevant and/
or toxic in the future.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsenvironau.4c00068.

The Supporting Information provides text and figures
addressing: (1) GC—MS methodology, (2) BAN and
CAN reaction products with GSH, (3) MonoHAN-GSH
MS? spectrum, (4) MonoHAN-2GSH MS* spectrum,
(5) PolyHAN-GSH addition product full MS spectrum,
(6) DBAN GC—MS calibration curve and DBAN-GSH
reaction monitoring >72 h, (7) DMPO-GSH and
DMPO-DBAN reaction mixture nontarget analyses,
(8) direct infusion data for all DBAN-GSH products,
(9) EPR spectra of the DEPMPO-GSH-DBAN reaction
with S and O-centered radical simulation spectra, (10)
DEPMPO-GSH and DEPMPO—DBAN reaction mix-
ture nontarget analyses, and (11) representative MS?
spectrum of an HAN adducted peptide (PDF)
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