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Although halogen radicals are recognized to form as products of
hydroxyl radical (*OH) scavenging by halides, their contribution to the
phototransformation of marine organic compounds has received little
attention. We demonstrate that, relative to freshwater conditions, sea-
water halides can increase photodegradation rates of domoic acid, a
marine algal toxin, and dimethyl sulfide, a volatile precursor to cloud
condensation nuclei, up to fivefold. Using synthetic seawater solutions,
we show that the increased photodegradation is specific to dissolved
organic matter (DOM) and halides, rather than other seawater salt
constituents (e.g., carbonates) or photoactive species (e.g., iron and
nitrate). Experiments in synthetic and natural coastal and estuarine
water samples demonstrate that the halide-specific increase in photo-
degradation could be attributed to photochemically generated halogen
radicals rather than other photoproduced reactive intermediates [e.g.,
excited-state triplet DOM (3DOM?*), reactive oxygen species]. Computa-
tional kinetic modeling indicates that seawater halogen radical concen-
trations are two to three orders of magnitude greater than freshwater
*OH concentrations and sufficient to account for the observed halide-
specific increase in photodegradation. Dark *OH generation by gamma
radiolysis demonstrates that halogen radical production via *“OH scav-
enging by halides is insufficient to explain the observed effect. Using
sensitizer models for DOM chromophores, we show that halogen
radicals are formed predominantly by direct oxidation of CI~ and
Br~ by 3DOM*, an *OH-independent pathway. Our results indicate
that halogen radicals significantly contribute to the phototransforma-
tion of algal products in coastal or estuarine surface waters.

halogen radicals | photochemistry | domoic acid | dimethyl sulfide |
dissolved organic matter

Research on the photochemical transformation of organic com-
pounds in seawater has focused on freshwater-relevant path-
ways, including direct photolysis and dissolved organic matter
(DOM)-sensitized indirect photodegradation by excited triplet state
DOM (*DOM*) or reactive oxygen species [e.g., hydroxyl radical
(*OH)] (1). High halide concentrations, the key characteristic
distinguishing seawater from freshwater, are the predominant
sink for *OH in seawater, with Br™ scavenging ~93% (Eq. 1) (2),
resulting in an ~40-fold reduction in *OH concentrations.

*OH+Br —»Br*+OH . [1]

The role of the resultant Br®, as well as other radical reactive halo-
gen species (RHS) (e.g., C1°, Cl,*7, Br,*™, CIBr*"), in seawater pho-
tochemistry has received little attention. Here we evaluate the
contribution of RHS, a family of photooxidants specific to seawater,
to the photodegradation of important marine products for two rea-
sons. Unlike diffusion-limited *OH rate constants, RHS rate con-
stants with organic molecules span orders of magnitude (3), such
that conversion of *OH to RHS focuses oxidation on more reactive
molecules relative to bulk DOM. Secondly, direct halide oxidation
by *DOM?*, previously demonstrated using model triplet sensitizers
(4, 5), may provide a seawater-specific, *OH-independent RHS pro-
duction pathway that could increase overall radical generation rates.

We investigated the importance of RHS for photooxidation of
dienes and thioethers. Dienes occur in biomolecules (e.g., fatty acids)
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and in the marine algal toxin (6, 7), domoic acid (Fig. 14, ii), where
the diene contributes to toxicity (8). During summer 2015, a large
bloom of the marine diatom Pseudo-nitzschia, extending from
central California to Alaska, led to significant concern regarding
the production of domoic acid, a potent neurotoxin (9). Con-
sumption of mollusks and fish contaminated with domoic acid has
caused deaths and neurological damage in humans (6, 7), seabirds
(10), and marine mammals (11). Dissolved domoic acid can affect
marine microbial ecology by ligating micronutrients [e.g., iron (12)]
and suppressing grazing by krill (13) and copepods (14). Although
biological degradation in the water column has not been reported,
both direct (15) and indirect (16) photodegradation contribute to
domoic acid loss in seawater. These studies have not considered
the role of RHS oxidation in domoic acid photodegradation.
Thioethers occur in the amino acid methionine and the marine
algal product dimethyl sulfide (DMS) (Fig. 14, iv). DMS is the
primary natural marine sulfur source to the atmosphere, playing a
critical role in cloud condensation nuclei formation and thereby
affecting atmospheric albedo (17-19). Previous research indicated
that phototransformation accounts for 20-90% of DMS degra-
dation in seawater, with the remainder due to biological degra-
dation (20). Laboratory studies suggested that RHS formed by
nitrate photolysis in the presence of seawater Br~ (via *OH) could
promote DMS photodegradation, indicating a possible role for
RHS-mediated DMS oxidation (21). However, field measure-
ments suggest that, except for high-nitrate, low-DOM waters (22),
DOM is the primary photosensitizer contributing to DMS pho-
todegradation in natural waters (23, 24), indicating a need to
clarify mechanisms responsible for DMS photodegradation in
surface seawaters (1). For each compound class, we evaluated
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Fig. 1. Photodegradation of organic compounds in synthetic and natural water matrices. (A) Chemical structures of dienes and thioethers. (B) Pseudofirst-

order photodegradation rate constants of dienes and thioethers in synthetic matrices sensitized by 5 mg/L Suwannee River DOM at pH 8.1 with 20 mM
phosphate buffer alone (freshwater), with 540 mM NaClO, (ionic strength control), or with 540 mM NaCl and 0.8 mM NaBr (seawater halides). (C) Experi-
mental domoic acid photodegradation rate constants and attributions to specific degradation pathways. (D) Experimental domoic acid photodegradation
rate constants in synthetic and natural water samples with and without 250 mM isopropanol as a radical quenching agent. Radical contributions in each
sample were predicted from the rate of photon absorbance by DOM in each sample and the quantum yield of radical-mediated domoic acid photo-
degradation determined using the radical contribution quantified in synthetic seawater solutions. Error bars represent the SE of the slope obtained by linear

regression of duplicate sets of semilog transformed kinetic data.

structural analogs with known RHS rate constants [i.e., sorbic acid
(25), Fig. 14, i: k(ClL*") = 6.8 x 10° M~'s™; N-acetylmethionine
(26), Fig. 14, iii: k(Br,*") = 3.0 x 10° M~'s7'].

Results and Discussion

Effect of Halides on Photodegradation. First, we investigated diene
and thioether photodegradation in synthetic freshwater and
seawater solutions to isolate the impact of halides. In solutions
containing 5 mg/L Suwannee River DOM at pH 8.1 illuminated
by a solar simulator, the pseudofirst-order photodegradation rate
constants (kops) increased by factors of 2-5 from synthetic
freshwater to seawater (540 mM CI™ and 0.8 mM Br™) (Fig. 1B).
In ionic strength controls, ks for dienes increased by factors of
1.5-1.6 relative to the freshwater case, but ionic strength had less
effect for thioethers.

Additional experiments delineated specific pathway contribu-
tions to domoic acid photodegradation, including direct photol-
ysis (DOM-free experiments), singlet oxygen ['O,; deuterium
oxide experiments (27)], and >DOM* electron transfer (i.e., oxi-
dation) reactions [phenol and alcohol quenching experiments
(28)] (Fig. 1C and SI Appendix, Contribution of Photochemical
Pathways). The >DOM* also can transfer energy to domoic acid, a
cis—trans diene, forming geometric isomers (29). As observed
previously with sorbic acid (30), the domoic acid isomerization
rate doubled between freshwater and the ionic strength control or
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seawater halides (S Appendix, Fig. S1 E and F), accounting for the
ionic strength-specific rate increase. Although the role of radicals
(alcohol quenching experiments; SI Appendix, Table S1) was minor
in halide-free solutions, their importance increased by 25-fold or
more in the presence of halides, completely accounting for the
seawater halide-specific effect (Fig. 1C). These results suggest that
freshwater radicals (e.g, °OH) were relatively unimportant,
whereas RHS could contribute significantly to domoic acid pho-
todegradation in seawater. Additional experiments validating these
conclusions are discussed in Elucidation of Radical Intermediates.
Highlighting the importance of CI” and Br~ among seawater
ions, the domoic acid photodegradation rate was the same in the
presence of seawater-relevant halide concentrations or full syn-
thetic seawater, containing seawater-relevant halide concentra-
tions as well as other major salts present in seawater (SI Appendix,
Fig. S2). The importance of DOM for radical production was
suggested by the lack of significant increase in domoic acid pho-
todegradation rates upon addition of nitrate (5200 pM) and Fe>*
(2—-10 nM) as initiators of *OH production (SI Appendix, Fig. S2).

Although synthetic solutions were used to isolate the role of

halides, a similar importance for radical-mediated domoic acid

degradation was found in natural coastal waters. Addition of

250 mM isopropanol as a radical quenching agent reduced domoic
acid photodegradation rates by 40-50% in three California coastal
waters (Fig. 1D) containing 1.3-6.0 mg C/L DOM, 3-175 pM
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nitrate, and <20 nM iron (SI Appendix, Table S2). The contribu-
tion of radicals to ko, in these coastal waters was well predicted by
scaling the radical-associated ks for synthetic seawater (Fig. 1C)
by the rate of photon absorbance by the solution (<400 nm; S/
Appendix, Fig. S3) in the natural waters (Fig. 1D), suggesting that
DOM contributes to radical production.

Elucidation of Radical Intermediates. We sought to distinguish the
contribution of *OH and RHS to the radical-mediated photo-
degradation of domoic acid. Solar simulator illumination of bro-
moacetophenone (BrAP) produces Br® [0.4 quantum yield (31)],
which rapidly reacts with seawater halides (540 mM ClI~, 0.8 mM Br")
to form other RHS and with H,O/OH™ to form *OH. While fert-
butanol and methanol have been used to quench *OH, they also
quench RHS, although less effectively. Application of 25 mM and
250 mM of either fer-butanol or methanol as radical quenchers
resulted in ~10-50% reduction in domoic acid photodegradation
(Fig. 24). A computational model (S Appendix, Reactions Included
in Kinetic Model) indicated that these quenchers would decrease
domoic acid photodegradation by >85% if only *OH oxidized
domoic acid, but would approach the experimentally observed
quenching (1045%) if RHS reactions were considered (Fig. 24).
These results indicate that RHS can degrade domoic acid in an
RHS-dominated system.

Considering the effect of a series of quenchers on domoic
acid indirect photodegradation pseudofirst-order rate constants
(Kingireet) In the presence of seawater halides, we found a strong
linear correlation (R* = 0.87; P = 0.002) between rate constants
observed in the BrAP-sensitized and the more complex DOM-
sensitized matrices (Fig. 2B). Because these quenchers would almost
completely scavenge *OH, the strong correlation and moderate
reduction in K;,gireer indicate that RHS dominated the halide-specific
component of domoic acid photodegradation sensitized by DOM.

Product Analysis. Liquid chromatography-mass spectrometry (LC-
MS) analysis in the full-scan mode indicated that BrAP- and
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Fig. 2.

DOM-sensitized domoic acid ((M+H]* = 312) photodegradation
in the seawater halides matrix did not generate products with the
characteristic isotopic ratios of chlorinated or brominated com-
pounds. For the DOM-sensitized matrices, a product ([M+H]* =
268) was observed in both the freshwater and seawater matrices
(SI Appendix, Fig. S4). Previous research indicated that this
product is a decarboxylation product of domoic acid (32). The
lack of its detection in the BrAP-sensitized system suggests that
this is not a product of RHS reactions but is a product of other
photodegradation pathways. However, LC-MS analysis con-
firmed that BrAP- and DOMs-sensitized domoic acid photo-
degradation in the seawater halides matrix generated the same
predominant, but unidentified, product ((M+H]" = 344), which
was not observed in DOM-sensitized freshwater or the ionic
strength control (SI Appendix, Fig. S4). These results indicate
that halides increase domoic acid photodegradation and alter its
transformation pathway. The lack of detection of chlorinated
and brominated products is consistent with previous research
showing that, although halogenated byproduct formation is
possible, RHS react predominantly by oxidation rather than
halogen addition for some organic substrates (25, 33). For ex-
ample, although engineered treatment of phenol by *OH in the
presence of seawater halides (which generates RHS) formed
halophenols, the maximum yield was ~0.5% (33).

Photochemical Generation of RHS. RHS formation via halide scav-
enging of *OH (Eq. 1) simply converts one radical oxidant to an-
other. However, domoic acid photodegradation rates may increase
in seawater relative to freshwater through conversion of *OH to
RHS because RHS more selectively target some organic constit-
uents over DOM (3, 25). When *OH was produced by gamma
radiolysis in the presence of 5 mg/L. DOM, domoic acid degrada-
tion doubled between an ionic strength control and a seawater
halides matrix (SI Appendix, Fig. S5). However, methanol (25 mM)
applied to sunlit DOM-sensitized solutions indicated a minor *OH
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Domoic acid photodegradation in the seawater halides matrix (540 mM Cl~, 0.8 mM Br~) in the presence of quenching agents. (A) Rate constants

relative to unquenched rate constants sensitized by 100 pM bromoacetophenone (BrAP) obtained experimentally or by a computational model including
domoic acid degradation via reactions with both *OH and RHS or *OH alone. (B) Correlation between rate constants of domoic acid degradation sensitized by
5 mg/L Suwannee River DOM versus degradation sensitized by 100 uM BrAP in the presence of radical quenching agents. Error bars represent the SE of the
slope obtained by linear regression of duplicate sets of semilog transformed kinetic data.
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contribution to domoic acid photodegradation in freshwater (Fig.
1C). If the freshwater pseudofirst-order rate constant for radical
reactions were doubled in seawater (as observed using gamma
radiolysis), conversion of *OH to RHS could at most account for
5(+4)% of the halide-specific increase in domoic acid photo-
degradation observed in seawater. These results suggest that con-
version of *OH to more selective RHS alone is insufficient to
account for the enhanced radical-mediated degradation of domoic
acid in seawater.

We evaluated RHS production from direct halide oxidation by
3DOM* as an alternative formation pathway in seawater. Tran-
sient spectroscopy demonstrated RHS formation from direct
halide oxidation by synthetic aromatic ketone triplet sensitizers
(*SEN*) (4, 5), which may represent a component of natural
DOM triplet sensitizers. Aromatic ketone triplet sensitizers form a
charge transfer complex (exciplex) with halides, resulting in *SEN*
quenching to the ground state (SEN) or charge separation to
produce RHS (Egs. 2 and 3) (4). As the halide reduction potential
decreases relative to the triplet sensitizer reduction potential, the
exciplex activation free energy (AG*) decreases (Fig. 34), favoring
exciplex formation (S Appendix, Oxidation of Halides by Triplets).
Because E°p,/pr— (1.92 Vnug) < Ecya- (2.50 Vaag), Br™ exciplexes
are favored (4). However, halide concentrations also control
radical yields. At <10 mM halides, exciplex quenching is favored
(Eq. 2). The greater spin—orbit coupling constant of Br~ com-
pared with ClI” promotes the intersystem crossing associated
with quenching (34). At >100 mM halides, ternary exciplexes
form, promoting RHS formation (Egs. 3 and 4) because the lack
of spin—orbit coupling for the nascent dihalide radicals inhibits
quenching via intersystem crossing. RHS formation by Eq. 3 is
expected to dominate in seawater containing both Br™ and CI™

due to the lower reduction potential of Br~. However, RHS
formation by Eq. 4 may also contribute because Cl™ concentra-
tions in seawater are 675-fold higher than Br™.

3(SEN)* +Br~ — *(SEN-Br)*~ — SEN + Br~ [2]

3(SEN)* +Br~ — 3(SEN-Br)*~ + CI~ -
—3(SEN-Br-Cl)**~ - SEN*~ + BrClI*~

3(SEN)* +CI™ — *(SEN-CD)*™ + CI™ i

—3(SEN-CI-C1)**~ = SEN*~ + Cl}".

For aromatic ketone triplet sensitizers, the percentage changes
in quantum yields for domoic acid photodegradation in the
presence of halides relative to ionic strength controls were
plotted versus triplet reduction potentials (Fig. 3B). For all sen-
sitizers, 0.8 mM Br™ alone did not increase domoic acid photo-
degradation, suggesting that triplet quenching was favored over
RHS formation. For 540 mM Cl~, domoic acid photodegrada-
tion increased with *SEN* reduction potential, suggesting suffi-
cient CI” concentration to promote Cl,*~ formation. Quantum
yields in solutions containing both 540 mM CI™ and 0.8 mM Br™
were even higher than for CI™ alone. The results are consistent
with BrCl*~ formation due to favorable exciplex formation via
the lower AG* of *SEN*-Br~ interactions, and promotion of
ternary exciplex formation by the high CI™ concentration (Eq.
3). The same trend was observed for 5 mg/LL DOM (Fig. 3C).
The increase in quantum yield was intermediate between those
observed for acetophenone and benzophenone, suggesting triplet
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Fig. 3. Domoic acid photodegradation by 3SEN* of varying reduction potentials (2-acetonaphthenone, 1.34 Vyye; acetophenone, 1.63 Ve benzophenone,
1.79 Vyne; benzophenone-4-carboxylate, 1.83 Vyye; and 3-benzoylpyridine, 1.95 Vyue). (A) Calculated AG* for charge transfer exciplex formation from 3SEN*
with CI~ or Br™. Percent change in domoic acid photodegradation quantum yields relative to the ionic strength control (540 mM NaClO,) with varying halide
conditions sensitized by (B) 50 pM synthetic triplet sensitizers or (C) 5 mg/L Suwannee River DOM. Error bars represent the SE of the slope obtained by linear

regression of duplicate sets of semilog transformed kinetic data.
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reduction potentials of ~1.6-1.8 Vnyg, concurring with previous
estimates based on *DOM* reactivity with phenols (1.36-1.95
Vnue) (35). However, it is important to note that aromatic ke-
tones, whose halide oxidation capability has been validated (4, 5),
may represent one of several components of DOM*,

Radical Steady-State Concentrations. Although *OH steady-state con-
centrations are about one order of magnitude lower in seawater
(["OHJss = 1.1 x 1077 M in seawater) than in freshwater (2),
kinetic modeling estimates that RHS production offsets this loss,
generating total RHS concentrations two to three orders of mag-
nitude higher ([RHS]ss ~ 2 x 107* M in seawater) (SI Appendix,
Table S3). Although CIBr®~ is predicted to be the dominant RHS
formed initially via halide oxidation by *DOM* (Eq. 3), kinetic
modeling indicates that Br,*~ concentrations may exceed those of
CIBr*™ by ~2.5-fold (SI Appendix, Table S3). Additional modeling
indicated that the dominance of Br,®™ arises from further reactions
of CIBr*~ (e.g., with Br™) (SI Appendix, Table S3). For model
validation, we divided the experimental seawater-specific photo-
degradation pseudofirst-order rate constants for dienes and thio-
ethers (Fig. 1) by modeled RHS concentrations (SI Appendix,
Table S3) to estimate second-order rate constants for diene and
thioether oxidation by the dominant RHS species (Br,*~, CIBr*")
of 1-17 x 108 M~s™" and 1-5 x 10° M~":s™", respectively. These
values agree with previously reported values for sorbic acid and
ClL"" (6.8 x 10® M~'s™") (25), and N-acetylmethionine and Br,"~
(3.0 x 10° M~'s7") (26). Note that indirect photodegradation of
domoic acid by RHS exceeded that by direct oxidation by *DOM*
(electron transfer) in synthetic seawater experiments (Fig. 1C).
Previous research measured *DOM?* steady-state concentrations of
~107"* M under similar conditions (30). Thus, for compounds that
are readily oxidized by RHS, oxidation by RHS may exceed
transformation by direct reaction with DOM*.

Implications. Our results indicate that halides present in seawater
increase the photodegradation of dienes (e.g., domoic acid) and
thioethers (e.g., DMS) by factors of 2-5, driven Eredominantly by
RHS produced by direct halide oxidation by “DOM™*. Beyond
algal toxins and DMS, the prevalence of photoproduced RHS
suggests their potential importance for turnover of marine or-
ganic constituents featuring RHS rate constants > 10° M~'.s™" in
coastal or estuarine waters exhibiting sufficient DOM to pro-
mote indirect photolysis. Accordingly, photogenerated halogen
radicals are expected to contribute to sulfur (21) and organic
carbon (36) biogeochemical turnover in coastal waters, as well as
the abiotic photohalogenation of marine organic matter (37, 38).

Our results also demonstrate the importance of direct halide oxi-
dation by *DOM* for RHS generation in sunlit coastal waters. Al-
though this research focused on seawater conditions, RHS formation
from direct halide oxidation by *DOM?* likely also applies to marine
aerosols, where halide concentrations can exceed those in seawater
(39, 40). Because nonradical dihalogen species form as products of
radical RHS reactions [e.g., 2 CIBr*~ — CIBr + Br™ + CI™ (41)], this
pathway may contribute to the release of halogens to the atmosphere,
with implications for tropospheric ozone degradation (42) and the
atmospheric mercury cycle (43).

Materials and Methods

Synthetic and Natural Matrices. Synthetic samples, including full synthetic
seawater (420 mM Nacl, 0.8 mM NaBr, 29 mM Na,SO,4, 54 mM MgCl,e6H,0,
11 mM CaCl,e2H,0, 10 mM KCl, 0.35 mM H3BOs3, 1.8 mM NaHCOs, and
0.26 mM Na,CO3) and samples amended with nitrate (5-200 uM) and iron
(2-10 nM), were prepared using reagent-grade chemicals. Unless otherwise

1. Mopper K, Kieber DJ, Stubbins A (2015) Marine Photochemistry of Organic Matter:
Processes and Impacts. Biogeochemistry of Marine Dissolved Organic Matter, eds
Hansell DA, Carlson CA (Elsevier, New York), 2nd Ed, pp 389-450.

2. Mopper K, Zhou X (1990) Hydroxyl radical photoproduction in the sea and its po-
tential impact on marine processes. Science 250(4981):661-664.
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noted, Suwannee River natural organic matter (5 mg C/L) obtained from the
International Humic Substances Society was used as a sensitizer in synthetic
matrices. Natural waters were obtained as grab samples from locations in
San Francisco Bay and Monterey Bay. Measured water quality parameters
(i.e., salinity, organic carbon content, solution absorbance, pH, NOs™, Fe) are
presented in S/ Appendix, Table S2.

Photochemical Experiments. Photodegradation experiments were performed
using a Q-SUN Xenon Test Chamber (Xe-1) solar simulator. The total photon
flux for the system from wavelengths 280-700 nm was calculated to be 4.13 x
107 molphotonL™"s™" using p-nitroanisole/pyridine actinometry (44). Sam-
ples were stirred in 25-mL quartz test tubes held at a 30° angle from the
reactor bottom. Temperature was held at 20 °C using a recirculating water
bath. Aliquots were periodically sampled from the test tubes. Absorbance
scans were taken during experiments using an Agilent Cary 60 UV-Vis
spectrophotometer to ensure that sensitizer photobleaching was not sig-
nificant during the course of the experiments.

Gamma-Radiolysis Experiments. Steady-state y-radiolysis was performed using a
Cesium-137 source with a dose rate of 270 R/min determined using Fricke do-
simetry (45). Synthetic seawater samples (25 mL) containing 2 pM domoic acid
were purged with nitrous oxide (NO) for 10 min before exposure to isolate *OH.

Analytical Methods. Sorbic acid degradation was monitored using an Agilent
1260 Infinity HPLC-UV equipped with an Inertsil ODS-3 C18 column using a
previously reported method (46).

Using the same system, domoic acid concentrations were measured with
an isocratic mobile phase (90% 25 mM formic acid in MilliQ water and 10%
acetonitrile) at 1 mL/min (retention time = 23 min) and UV absorbance at
242 nm. Due to the low pK, values for the three carboxylic acid functional
groups in domoic acid (2.10, 3.72, and 4.97) (47), all domoic acid samples and
standards were acidified with 50 mM phosphoric acid before analysis to
improve peak shape. Domoic acid product analysis was performed using an
Agilent 1260 HPLC coupled to a 6460 triple quadrupole mass spectrometry
(MS) system. Product isomer identification was confirmed using positive
mode (m/z 100-450) with the same column and isocratic mobile phase as
HPLC-UV, but with reduced flow (0.5 mL/min). Detection of oxidation
products was attempted in both positive (m/z 100-500) and negative (m/z
20-500) mode using a gradient method with 25 mM formic acid in MilliQ
water and acetonitrile as the mobile phase.

N-acetylmethionine was analyzed using the HPLC-MS system equipped with an
Agilent Poroshell 120 EC-C18 column and an isocratic mobile phase (98% 25 mM
formate buffer in MilliQ water and 2% acetonitrile) at 0.4 mL/min (retention time
=4 min). Quantification was achieved in single ion monitoring mode (m/z = 190.2).

Samples containing DMS were spiked with 2 M DMS-dg as an internal
standard. Following the addition of sodium sulfate to saturation, liquid—liquid
extraction was performed using methyl tert-butyl ether. Sample extracts were
analyzed using gas chromatography mass spectroscopy (Agilent 240 GC-MS).
Aliquots (5 pL) were injected in splitless mode (inlet temperature = 90 °C). The
oven temperature was held at 30 °C for 5 min, then raised to 100 °C at 5 °C/min.
Analytes were quantified under electron impact ionization in single ion
monitoring mode (DMS, m/z = 47 + 62; DMS-dg, m/z = 50 + 68).

Kinetic Model. Kinetic modeling was performed using the computer program
Kintecus 4.55 (48). The model contains 166 inorganic reactions with rate
constants obtained from the literature or estimated as detailed previously
(32, 49). Previous work with phenol, for which reaction rate constants with
many daughter radicals were available, indicated good agreement with
experimental results (32). Reactions modeled between organic chemicals
and radical species were added to the model with rate constants described in
the SI Appendix, Reactions Included in Kinetic Model, and Table S4.
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