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Abstract

Sulfur (S)-containing amino acids are key sources of carbon, nitrogen, and sulfur
involved in protein synthesis, protein function, and providing energy for microbial growth.
Dissolved free and combined methionine is one of two S-containing amino acids
incorporated into proteins and has been attributed to their stability and function. The
oxidation of methionine has received considerable attention given its ubiquitous presence
in most biological systems and has been associated with losses in protein function and
pathological disorders. In natural waters, methionine is rapidly and selectively taken up by
microorganisms to achieve cellular requirements of carbon, nitrogen, and sulfur. The
abiotic transformation of methionine is ultimately a sink of key macronutrients and
attributed to cycling across environmental compartments. In particular, the photochemical
transformation of methionine in the presence of dissolved organic matter (DOM) is an
important component of cycling in sunlit surface waters globally, yet knowledge is lacking

on the fate and transformation of methionine in the environment.

In this study, we investigated the photo-transformation products involved in the
photochemical fate of dissolved free methionine in the presence of surrogate and standard
isolate dissolved organic matter (DOM). Temperature-dependent, bench-top photolysis
experiments under simulated sunlight at 10, 20, and 30 °C were conducted and a wide array
of analytical analyses were employed to elucidate transformation products and provide
insights into reaction mechanisms. Two surrogate DOM compounds structurally unique
and relevant to complex mixtures of DOM were employed, including 1,4-naphthoquinone
and 2-naphthaldehyde. The two surrogate DOM have common base structures and critical

X1



functional groups known to be important photosensitizers in the natural environment
generating photochemically-produced reactive intermediates including excited triplet-state
chromophoric DOM, singlet oxygen, and hydroxyl radicals. The quinone and carbonyl
functionalities in 1,4-naphthoquinone and aldehyde and naphthalene functionalities in 2-
naphthaldehyde generated unique transformation pathways for methionine and novel
photo-transformation products were identified, providing key insights into the mechanisms
of transformation. Photolysis experiments were expanded to two unique standard isolate
DOM (Suwannee River Humic Acid, Elliott Soil Humic Acid) and previously identified
transformation products were quantified to validate results in environmentally-relevant
solutions of DOM. Mass balance analyses were performed to assess the transformation of

key macronutrients including carbon, nitrogen, and sulfur present in methionine.
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1 Introduction

In natural waters, amino acids (AAs) and AA-based molecules are vital sources of
carbon (C), nitrogen (N), and sulfur (S) that provide the building blocks for protein
synthesis and energy for microbial growth.! AAs and AA-based molecules enter the
environment naturally from allochthonous (e.g., terrestrial and vegetative debris in runoft)
and autochthonous (e.g., algal exudates) sources of dissolved organic matter (DOM) and
anthropogenic inputs such as wastewater effluents.!? The discharge of wastewater
effluents to surface waters results in high concentrations of effluent organic matter (EfOM)),
primarily consisting of soluble microbial products and assimilable organic matter (AOM),
such as dissolved organic nitrogen (DON) and dissolved organic sulfur (DOS).>*
Considering that nearly half of the United States’ drinking water treatment plants are
impacted by upstream wastewater discharges and increasing potable reuse applications,
human health and ecological impacts of EfOM will become more apparent.® Dissolved free
amino acids (DFAAs) and combined amino acids (DCAAs) comprise a significant fraction
of DON in wastewater EfOM. Contributions to total DON ranges from 1 to 7% for DFAAs
and up to 20% for DCAAs.%*” Rapid and selective uptake of DFAAs and DCAAs has been
reported, accounting for 20-65% of bacterial nitrogen demand.®'° In addition to bacterial
nitrogen demand, S-containing DFAAs (e.g., methionine, cysteine) and DCAAs have been
shown to be rapidly and selectively taken up to achieve cellular requirements of S.!!
Concentrations of individual S-containing amino acids are low; however, higher
concentrations in cells further indicate rapid cycling in biota."!! Although DFAAs only

account for a few percent of total AAs, they are considered expensive in terms of energy



and rare considering abundance.! In particular, S-containing amino acids (i.e., methionine
and cysteine) account for less than 5% of the total AA pool.!! Thus, understanding the
fate and transformation of S-containing amino acids in natural waters is a key component
of the global cycling of essential macronutrients, including C, N, and S. Considering the
low abundance of DFAAs and their rapid and selective bacterial uptake, abiotic
transformations pathways play an important role for the fate of DFAAs. 1213

In sunlit surface waters, photochemical transformation is a key abiotic transformation
pathway for DFAAs and a sink for DON. Out of the 20 proteinogenic DFAAs, only five
are susceptible to photochemical oxidation, including: tryptophan, tyrosine, histidine,
cysteine, and methionine.*!>!* Photochemical transformation occurs via direct photolysis
and indirect photolysis by photochemically produced reactive intermediates (PPRIs).!
Tryptophan and tyrosine have been shown to undergo direct photolysis; however, direct
photolysis is not considered the dominant degradation pathway for these DFAAs.!
Consequently, indirect photolysis is the primary degradation pathway for all photo-viable
DFAAs by the reactions with PPRIs, including excited triplet state chromophoric dissolved
organic matter C(CDOM¥), singlet oxygen ('0.), hydroxyl radicals (HO"), and hydrogen
peroxide (H20,).!® In particular, the presence of chromophoric constituents in DOM
(CDOM) play a critical role (Figure 1). The production of *CDOM?* plays an important
role in natural waters as it has been shown to sensitize production of PPRI and the
degradation of DFAAs.%'5 Briefly, ground state CDOM absorbs light producing its singlet
excited state (\CDOM*), which may undergo two major pathways: (1) non-radiative

relaxation to the ground state or (2) intersystem-crossing (ISC) to the 3CDOM* 16-18
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The first order rate constants of *CDOM?* relaxation range from (0.6 — 1.2) x 10° s™..1® The
ISC process is rapid and the first order rate constant is estimated on the order of 10! 5.1
The 'O, is generated by temperature-dependent energy-transfer reaction of *CDOM* with
dissolved ground state molecular oxygen (°0,) and has been known to contribute to the
transformation of DFAAs.'"!216 The rates constant for production of 'O, has been
previously estimated for well-defined sensitizers on the order of 10° M's!.!>!® This
process is driven the difference in the energy between the *\CDOM?* (140 — 300 kJ/mol for
single molecule sensitizers) and singlet-state for 02 (94 kJ/mol).!'* 'O, can similarly
undergo temperature-dependent, non-radiative relaxation to the ground state (2.7 - 2.9 x
10° s1).1® In general, initial transformations of DFAAs have been studied both
experimentally and computationally; however, the subsequent reactions with PPRI that
determine the fate of DFAAs in natural waters has not been elucidated yet due to the
complex radical-involved aqueous-phase reaction mechanisms and unknown properties of
complex mixtures of DOM.

The complex and highly diverse nature of DOM intrinsically relates the cycles of key
macronutrients: C, N, P, and S. While multiple studies have focused on the photo-
production of low molecular weight (MW) compounds and the photo-mineralization of
dissolved organic carbon (DOC),!” DON,!** and dissolved organic phosphorus (DOP),*
less attention has been given the photo-transformation of DOS constituents of DOM (e.g.,
S-containing amino acids). S is often not limiting in freshwaters;*!*> however, recent
estimates suggest that average cellular requirements are similar to that of phosphorus
(C:N:P:S = 124:16:1:1.3).23* Mass spectrometry studies on the photochemical lability of

DOS in various environments demonstrated more selective and rapid degradation of
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CHOS-containing formulas relative to CHO, with conversion of CHOS into CHO-
containing formulas.?>"?® More recent studies have investigated the photo-production of low
MW DOS compounds (e.g., dimethyl sulfide, dimethyl sulfoxide, methanesulfonic
acid)'*!%?>30 and inorganic S (e.g., carbonyl sulfide, carbon disulfide, sulfate)'*!%2° in
aquatic systems. Furthermore, a comparison of the mass spectra of a reference NOM
sample with EfOM showed significantly more S-containing molecular formulas (CHOS)
unique to EfOM.* While environmental DOS concentrations are relatively rare compared
to inorganic S in the literature, existing data suggests DOS cannot be ignored in the study
of S-cycling. For example, Houle et al. 1995 demonstrated that DOS accounted for 9 —
22% of total S in 59 lakes in Quebec, Canada.*? In particular, the photo-transformation of
DOS in sunlit surface waters cannot be ignored as it is likely a key component for the
turnover of DOS and has global-scale implications for S-cycling. Considering the rarity,
energy expense of formation, and ubiquitous biological importance of S-containing amino
acids, it is crucial to understand their photo-transformation pathways and byproducts.
Furthermore, there is a need to better understand the role of different chromophoric
functional groups in photo-transformation given the complex and widely diverse nature of
environmental DOM.

In this study, we investigate the photo-transformation pathways and byproducts of
free methionine (MET) in the presence of two surrogate DOM (i.e., 2-naphthaldehyde, 1,4-
naphthoquinone) under bench-scale solar irradiation at pH 7 with 3 different solution
temperatures (10, 20, and 30°C). The two surrogate DOM have common structures found
in complex mixtures of DOM, including quinone and carbonyl functionalities in 1,4-
naphthoquinone and aldehyde and naphthalene functionalities in 2-naphthaldehyde (Figure

5



1). We use laboratory bench-scale experiments and a wide array of analytical analyses to
identify product formation, provide insight into reaction mechanisms and guide theoretical
investigations using density functional theory quantum mechanical calculations. We then
utilize findings from surrogate DOM to investigate the photo-transformation pathways and
byproducts produced in two standard isolate DOM derived from the environment,
including Suwannee River Humic Acid (SRHA) and Elliot Soil Humic Acid (ESHA) under

environmentally relevant conditions.

1.1 Transformation of Methionine: Overview

Over the years, the transformation of MET has been studied in various aspects of
chemistry. It has received considerable attention in biological studies given its presence in
proteins and importance in most biological systems.* In proteins, the oxidation of MET
has been linked to losses in protein functionality and pathological conditions such as
biological aging, neurodegenerative diseases (e.g., Alzheimer’s disease), and even some
cancers.>>3> The photo-transformation of MET in foods and beverages (e.g., dairy
products, beer, wine) has been linked with the production of flavor defects (e.g., rotten egg
smell, cooked cabbage) and discoloration induced by the presence of photo-sensitizers
(e.g., riboflavin, chlorins, porphyrins).*** In sunlit aquatic systems, the presence of
CDOM (Figure 1) and other oxidants have been attributed to the photo-transformation of
MET.%!3:20 Despite research thrusts in various fields, few studies have comprehensively
studied the byproducts which is key to unlocking reaction mechanisms and ultimately the

fate of MET in various environmental and biological compartments.



Proteins are subject to modification by various oxidants, produced deliberately
(e.g., enzymatic intermediates, pathological response) and accidentally (e.g., exposure to
chemicals, solar irradiation, radiation, or drugs).33 The oxidation of side-chain MET in
proteins to methionine sulfoxide (MetO) has received considerable attention in both
environmental and human health aspects.!32%3435 MET residues in proteins have been
attributed to protein translation and stability, typically forming the hydrophobic core of
proteins.!!343% The oxidation of MET to MetO yields a decrease in hydrophobicity which
may lead to changes in protein conformation and loss of function.**> Conversely, MET
residues can also act as antioxidants on the surface of proteins, providing protection to
residues essential for protein functionality.® The reversibility of the oxidation of MET to
MetO is owed to the ability of cells to reduce MetO via MET sulfoxide reductases (MSRs),
but depends on accessibility of MSRs to oxidized MET residues.***> While the oxidation
of MET to MetO has been extensively studied by various 2-electron oxidants (e.g.,
hypohalous acids, iodic species, chloramines, H,O», etc.)’>**#* 10, has specifically
received considerable and increasing attention over the years due to its prevalence in
aquatic systems under sunlit irradiation, engineered water oxidation systems, and

biomedical systems.***4¢

The 'Or-mediated oxidation of MET has been extensively studied and it is
commonly understood that the main byproduct is MetQ.5*>#041:44 In addition, the
mechanisms of MetO formation have been investigated both experimentally and
theoretically.’>*** It is generally understood that MET undergoes 'O,-addition to the S-
atom (kio2 = 4.00 x 10’ M!s™),* yielding a persulfoxide intermediate (Figure 2).3%40:4445

The persulfoxide intermediate then undergoes pH-dependent reactions via: (A) encounter
7



with another Met to form two sulfoxide in acidic solution and/or (B) OH" attack on the
sulfur, forming sulfoxide and H,O» in basic solutions (Figure 2; Pathway A and B).3>4044

Dehydromethionine (DHM), a cyclic azasulfonium salt, has also been attributed to the 'O»-

).4044

mediated oxidation of MET via intramolecular interaction (Figure 2; Pathway C

MET

Figure 2. Schematic of the '0O,-mediated oxidation of MET: A) encounter with another
MET in acidic solution, B) OH- attack on the sulfur in basic solution, and C) intramolecular

interaction with amine group.

DHM was first reported along with HO, and MetO as a co-products in the 'O»-mediated
oxidation of Met at pH 6-10 by Sysak et al. 1977,%° then later in the reactive halogen (e.g.,
HOCI, HOBr, I3, etc) induced oxidation of free MET and N-terminal MET residues in
peptides and proteins by Peskin et al. 2009 and Beal et al. 2009.4** Very recently, the
works of Nascimento et al. 2022 demonstrated unequivocally that DHM is formed along
with H>O, and MetO by 'O, at pH 5.2, 7.4, and 9.2 with increasing amounts of DHM and
H>0, with increasing pH.* It is worth noting that the production of H,O» as a reactive
species has been associated with near full conversion to MetO.* At the neutral pH of 7,

MET is in the zwitterionic form, where the carboxylic group (pKa. = 2.13) is deprotonated



with a negative charge and the amine group (pKy» = 9.28) is protonated with a positive
charge, yielding a net neutral charge for the molecule.*® As such, it is expected that mixture
of mechanisms may occur with 'O,-mediated degradation of MET as well as those

described for the triplet-state-induced transformation in the remainder of this section.

While 2e-oxidants (e.g., 'O,, H»O,, halogenated species) have received
considerable attention in the oxidation of MET, the 1-electron oxidation (e.g., *\CDOM?*,
HO’, other radical species) of MET is less understood despite potentially leading to
irreversible biological damage.>**” This is primarily owed to the rapid production of highly
reactive transients following le-oxidation and the subsequent complex degradation
pathways.*’ In general, it is understood that the le-oxidation of MET produces radical
cations of S and N as well as C-centered radical species.>”*”*® Furthermore, the production
and stabilization of these transient species is influenced by the nature of the oxidant, pH of
solution, and neighboring functional groups, confounding the complexity of le-oxidation

of MET.%’

In the HO -mediated oxidation, the electrophilic nature of HO" lends itself to S-atom
addition at diffusion-controlled rates.*’ The reaction steps that follow depend on pH. At
neutral pH, it has been proposed that intramolecular interaction with the protonated amine
group yields dihydroxylation and a three electron-bonded complex between the resulting —
NH; and >S™, followed by opening of this complex to yield an N-centered radical cation
(NH>™).*” The transfer of this electron to the unprotonated carboxylate group (-COO")
promotes decarboxylation to form an o-amino-alkyl radical (a-N radical) with high

reducing potential.*’



Analogous mechanisms has been proposed for the carboxybenzophenone (CB)*’ and
riboflavin®” sensitized photo-transformation of MET; however, initial mechanisms of
reaction for triplet state sensitizers (*Sens*) involves the generation of charge transfer
(CT)-complex with the S-atom at neutral and basic pH via single electron transfer (SET).*’
The summarized initial reaction pathways for CB are shown in Figure 3. Based on the CB-
sensitized mechanisms, the CT complex ([CB™...>S"]) follows four major pathways for
degradation: (1) charge separation producing CB" and >S"" radicals, (2) proton transfer
within complex to yield a ketyl radical (CBH") and a C-centered radical in the a-position
relative to the S-atom (a-S), (3) transfer of a proton from the protonated amine group
yielding a ketyl radical (CBH") and a >S"" radical with a deprotonated amine group, and (4)

).*7 The production of an

reverse electron transfer to restore the initial reactants (Figure 3
unprotonated amine group in the >S"" radical stabilizes via formation of a three electron-
bonded complex followed by decarboxylation to yield an a-N radical described in the HO®
mechanism.*’ The >S"" radical with a protonated amine group can additionally be stabilized
via intermolecular interaction with another MET, forming a three electron-bonded complex
between two S-atoms ([S+S]"), or deprotonated to form an a-S radical.*’ The generation of
these short-lived, transient species are simply the initial steps in the complex and
predominantly irreversible transformation of MET and MET-containing proteins.** Such
initial mechanisms have been proposed for other sensitizers, including pterins, flavins, and
quinones.*'*">* Multiple studies on the photo-transformation of MET in food and
beverages have described volatile byproducts such as methional,**3%" methanethiol
(MeSH),*>>3° dimethyl sulfide (DMS),*® dimethyl disulfide (DMDS),*%*° dimethyl
trisulfide,*® and acetaldehyde/CO,.3647
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The production of methional from MET has been proposed to follow reaction pathways
that form the decarboxylated a-N radicals, which reduce the ground-state sensitizer and
hydrolyze to form methional and ammonium (NH4").*’ The photo-ammonification of MET
has been previously documented in the presence of surrogate DOM (i.e., anthraquinone-2-
sulfonate, rose bengal),” standard isolate DOM (i.e. SRHA),?® and in natural water
samples.* The works by Zhang et al. 2021 utilized rose bengal (RB) to evaluate
contribution of 'O, and anthraquinone-2-sulfonate (AQ2S) to evaluate the contribution of
3CDOM* to photo-ammonification of MET.*’ This group demonstrated significant photo-
ammonification in AQ2S whereas little to none was observed in RB, suggesting the critical
role of *CDOM* in the photo-ammonification of MET.* The works by Ossola et al. 2019
described the photo-production of methanesulfonic acid (MSA) and sulfate from MET in
the presence of a natural DOM sensitizer.'* Evidently, the cleavage of the S — C bond in
MET is of clear importance to le-induced oxidation and is likely associated with
production of volatiles and photo-mineralization of C, N, and S. The formation of the
[S=~S]" complexes has been proposed to produce DMDS via S — C cleavage of both MET
molecules.>” While methional is known to be unstable and further degrade to compounds
such as MeSH, it is still not fully understood and three mechanisms have been proposed,
including: (1) retro-Michael addition reaction to form MeSH and 2-propenal, (2) H
abstraction followed by S — C cleavage, forming MeSH radical (MeS’) and 2-propenal, and
(3) another SET between *Sens* and methional, yielding MeSH, ethylene, and formic
acid.’” While production of methional is generally accepted, the works by Asaduzzaman et
al. 2019 provided evidence that MeSH may also be formed directly from MET without

methional as an intermediate.*® They demonstrated rapid generation of MeSH and delayed
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formation of methional, 2-propenal, and formic acid.*® Utilization of a methional blocking

agent to mitigate degradation to MeSH further provided evidence of such a pathway.*°
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2 Materials and Methods

2.1 Chemicals

L-Methionine (>99.5%), L-Methionine Sulfoxide (>98%), L-Methionine Sulfone
(>98%), L-Aspartic Acid (=99%), L-Serine (=99%) were obtained from Sigma Aldrich.
An aqueous working standard of 5 mM L-Aspartate 4-semialdehyde was obtained from
GlycoFineChem. L-Homoserine (>98%) was obtained from Tokyo Chemical Industry
(TCI). 3-methylthiolpropionaldehyde (Methional, 96%), dimethyl sulfide (>99%),
dimethyl disulfide (=99%), thiophene (>99%), ammonium sulfate (=99%),
methanesulfonic acid (>99%), formic acid (>96%), acetic acid (=99%), and oxalic acid

(>99%) were obtained from Sigma Aldrich.

1,4- naphthoquinone (97%), 2-naphthaldehyde (98%), borax anhydrous (>99.0%),
sodium phosphate dibasic (>99.0%), sodium phosphate monobasic (>99.0%), sodium
azide (>99.8%), sodium hydroxide (= 98%), hydrochloric acid (37%), phosphoric acid
(>85%), sulfuric acid (99%), acetonitrile (UHPLC grade, >99.92), methanol (UHPLC
grade, >99.92%), 2,4,6-trimethylphenol (97%), 4-chlorobenzoic acid (99%), furfuryl
alcohol (98%), neocuproine (>98%), copper (II) sulfate (>99.99%), ferrous ammonium
sulfate (=99%), and ACS grade xylenol orange were obtained from Sigma Aldrich. O-
phthaldehyde and 3-mercaptopropionic acid in a 0.4 M borate buffer and 0.4 N borate
buffer (pH 10.2) were obtained from Agilent Technologies, Inc. Sodium chloride (=99%)
was obtained from Fisher Scientific and ACS grade ethanol was obtained from Pharmco-

AAPER. Standard isolate DOM, including Suwannee River Humic Acid (SRHA; 3S101H)
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and Elliott Soil Humic Acid (ESHA; 5S102H), were purchased from the International

Humic Substances Society (IHSS).>!

2.2 Experimental Methods

2.2.1 Temperature-Controlled Solar Irradiation Apparatus

Bench-top phototransformation experiments were conducted using an Atlas
SunTest XLS+ (II) solar simulator equipped with a 1700 W xenon arc lamp and daylight
filter to limit exposure of solutions to the ultraviolet-visible light range of 300 — 800 nm.
Total irradiance was set to 500 W/m? in the solar simulator. Experimental irradiance
measurements were collected with a Black Comet spectroradiometer (StellarNet Inc.)
within the solar simulator and outside on our rooftop experimental platform at 47.12°N,
88.55° W on July 22nd, 2019 at 2 PM to validate the manufacturer-provided solar simulator

irradiance with that of the solar spectrum (Figure 4).>

[a—
S

SunTest Manufacturer Data
——SunTest Spectroradiometer
. —Solar Spectrum

Irradiance Measurement (W/m?)
S = N W Bk U0 N 9 0 O
1

300 400 500 600 700 800
Wavelength (nm)

Figure 4. Irradiance Measurement for SunTest Simulator and Solar Spectrum.
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Our group previously observed strong increases in solution temperature with
exposure to solar irradiation (0.4 °C/min over first 15 minutes), indicating that circulating
cooling air was not sufficient for strict temperature control. The solar simulator was fitted

with a circulating water bath to control solution temperature throughout the experiments

(Figure 5).

Cooling
Water
Bath

A‘OOW Xe Arc Lamp {

[\r/

Cooling Water Out | "1 Sireig Cooling Water In

Figure 5. Experimental Setup for Solar-Simulated Transformation Experiments: Schematic
of custom circulating water bath (top) and inner view of temperature-controlled water bath

(bottom).
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Briefly, two pumps circulate cooling water from the Cole Parmer Polystat Cooling/Heating
Circulating bath to a custom built acrylic water basin on a six position magnetic stir plate
within the simulator. Custom quartz photoreactors (50 mL) were placed on o-rings to
maximize contact between reactors and cooling water during experiments (Figure 5). The

temperatures studied included 10, 20, and 30 °C.

2.2.2 Photo-transformation Experiments

Bulk solutions were prepared containing 10 mg C/L of a single surrogate CDOM
(i.e., 2-naphthaldehyde, 1,4-naphthoquinone) or standard isolate DOM (i.e., SRHA,
ESHA) dissolved in a 1 mM phosphate buffer at neutral pH of 7. All solutions were
prepared using Milli-Q grade water (resistivity > 18 MQ, Millipore Milli-Q Gradient A10
purification system. Upon preparation, dissolution for 48 hours was allowed prior to using
bulk solutions. All solutions were stored at 4°C while mixing. 24 hours prior to an
experiment, approximately 600 mL of bulk CDOM solution was collected in a brown
borosilicate bottle and placed in a Cole Parmer temperature-control bath to equilibrate the
solution to the correct temperature. On the morning of experiments, methionine was spiked
into solution and filtered through a 0.2 um polyethersulfone membrane filter. For
photolysis of surrogate and standard isolate solutions, an equivalent volume of Milli-Q
water was added in place of methionine stock solution. Solutions were transferred to clean
brown bottles and placed in the water bath for an additional hour. The concentration of
methionine was 30 uM in all experiments. 50 mL of solutions were transferred to
photoreactors and placed in the solar simulator. A total of 6 photoreactors were used and

to obtain enough volume to perform numerous analytical measurements, entire
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photoreactors were pulled at specified times depending on the surrogate CDOM. For 2-
naphthaldehyde, experiments were conducted for 60 minutes with sampling every 10
minutes. Experiments were conducted for 15 minutes with sampling every 2.5 minutes in
1,4-naphthoquinone due to its rapid photolysis. For photolysis of surrogate DOM, reduced
time-steps were utilized. In standard isolate DOM solutions, experiments were conducted
for 8 hours with sampling every 1 hour up to 4 hours, followed by every 2 hours up to 8
hours. Approximately 40 mL was collected and stored at 4°C immediately in amber vials.
All analytical measurements were completed within two weeks of experiments.
Experiments were first conducted with surrogate DOM at 20°C to perform
screening analyses of byproducts using UHPLC and direct infusion electrospray ionization
mass spectrometry (ESI-MS). Once an idea of potential byproducts observed in
experiments and literature was obtained, standards or high purity versions of commercially
available compounds were purchased and utilized in calibration of analytical instruments
for quantification. Experiments were then conducted at each solution temperature for
surrogate CDOM then analyzed using the suite of analytical measurements described

below. For standard isolate DOM, experiments were only conducted at 20°C.

2.2.3 Probe Compound Decay Experiments

Due to the typically low concentration and short-lived nature of PPRI (e.g.,
3CDOM*, '0,, HO"), probe compounds have been utilized extensively to provide indirect
estimates of steady-state PPRI concentrations in both surrogate DOM solutions and
standard isolate DOM.!>#6:335% We employed 2,4,6-trimethylphenol (TMP)!*3%* and

furfuryl alcohol (FFA)!%4654 for the probing of *CDOM* and 'O», respectively. Estimation
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of steady-state PPRI concentrations was completed using the observed pseudo-first-order

decay rate constants (k' ) obtained in experiments and reported bimolecular reaction

probe

k FFA

rates for FFA (&,
2

=1x 10* M'sH)>* and TMP (k™ = 2.0 x 10° M!s1)** in the

3CDoOM*

following equations:

kl
[*’CDOM*]g = —IMP 2.1)
3CDOM*
1 k'FFA 2.2
[Oz]ssz kFFA ( M )
]O2

The preparation of experimental bulk solutions of surrogate and standard isolate
DOM are described in the prior section (2.2.2 Photo-transformation Experiments). Stock
solutions of FFA and TMP were prepared at concentrations of 1 mM. FFA stock solutions
were stored at 4 °C and TMP was stored at room temperature, with constant mixing. The
day prior to experiments, 250 mL of bulk surrogate or isolate DOM solution was collected
in a brown borosilicate bottle and equilibrated to the desired temperature for 24 hours. On
the morning of experiments, FFA or TMP were spiked into solution and filtered through a
0.2 um polyethersulfone membrane filter. The resulting solution was transferred to a fresh
brown borosilicate bottle and allowed further temperature equilibration for an additional
hour. The concentration of each probe compound was constant at 30 uM. Following
equilibration, solutions were transferred to 50 mL photoreactors and placed in the solar

simulator.

Our group previously investigated the temperature-dependent probe compound
decay in 5 mg C/L surrogate DOM solutions? and for this reason, we only studied 20 °C
at 10 mg C/L surrogate DOM concentrations. For surrogate DOM, previous investigations
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into the temperature-dependent probe compound decay at 5 mg C/L over a two hour
experiment revealed two-phase decay in 1,4-naphthoquinone, with a rapid initial phase up
to 15 minutes followed by a much slower consumption of probe compounds up to 120
minutes.>? In addition, full consumption of TMP was observed with 2-naphthaldehyde in
the first 15 minutes.*? For these reasons, we conducted experiments for only 10 minutes
with sampling every 2 minutes to capture trends for surrogate DOM at 10 mg C/L. For
standard isolate DOM solutions, we employed a 6 hour experiment with sampling every

hour.

2.3 Analytical Methods

2.3.1 Ultra-High Performance Liquid Chromatography

2.3.1.1 Free Amino Acid Analysis

Free amino acids were detected and quantified using ultra-high performance liquid
chromatography (UHPLC) via an online derivatization procedure using o-
phthaldiadehyde/3-mercaptopropionic acid (OPA/3-MPA). This method was previously
established in our laboratory and is based on methods and reagents described by Agilent
Technologies.> The summary of the free amino acids used in calibration are listed in Table
1 along with structures, retention times, limits of detection (LOD), and limits of

quantification (LOQ).
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Table 1. Summary of free amino acids analyzed via UHPLC: structures, retention times,

and detection limit parameters.

Retention LOD LOQ

Name Structure Time (min)  (uM) (M)
o
L-Aspartic Acid (ASP) OWEO_ 1.05 0.02 0.05
OH NHg
0]
L-Aspartate 4-Semialdehyde (ASA) OWLJ{O_ 2.22 0.04 0.12
H NH;
0]
L-Serine (SER) HO/\N)HJ:O_ 3.39 0.04 0.12
3
(0]
L-Methionine Sulfoxide (MetO) - g\/\N)HLJ'O 4.59 0.04 0.12
3
o ¢}
L-Methionine Sulfone (MetOO) /(.éj\/\N)HJ:o' 5.00 0.03 0.10
3
(0]
L-Methionine (MET) /SV\N)HEO' 7.96 0.07 022
3

Free amino acids were separated using a gradient method consisting of A) 10 mM
sodium phosphate dibasic: 10 mM borax anhydrous: 5 mM sodium azide (pH 8.20) and B)
45% acetonitrile: 45% methanol: 10% water by volume. The flowrate was 1.5 mL/min and
the gradient program was as follows: 98% A: 2% B (0-0.35 min); 43% A: 57% B (0.35-
13.4 min); 0% A: 100% B (13.5-15.7 min); 98% A: 2%B (15.8-18 min). Derivatization of
free amino acids was achieved by mixing 52.5 uL of 0.4 N borate buffer (pH 10.2), 2.5 uLL
of OPA/3-MPA, and 1 uL of aqueous sample in the sample loop. To match mobile phase
conditions, dilution with 15 uL of injection diluent (100 mL Mobile phase A + 0.4 mL 85%

phosphoric acid) was performed and 2 uL was injected into the system. Amino acids were
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separated on a reverse-phase Agilent AdvanceBio AAA column (4.6 mm x 100 mm, 2.7
um) at 40 °C using a Dionex Ultimate 3000RS UHPLC. Detection was completed using

fluorescence with excitation and emission wavelengths of 340 and 450 nm, respectively.

2.3.1.2 Probe Compound Analysis

2,4,6-trimethylphenol was employed as a triplet-state probe compound.
Measurement was completed using an isocratic mobile phase and an Agilent AdvanceBio
AAA column (4.6 mm x 100 mm, 2.7 um). The flowrate was 1 mL/min and the column
temperature was 40 C. The mobile phase composition was 45% water: 55% methanol. The
injection volume was 50 uL and 2,4,6-trimethylphenol was detected using UV-detection at
220 nm. The retention time was 4.50 minutes. The limit of detection and quantification

were 0.02 uM and 0.08 puM, respectively.

Furfuryl alcohol was employed as a probe compound for 'O, that was measured
using an isocratic mobile phase and separated on an Agilent AdvanceBio AAA column
(4.6 mm x 100 mm, 2.7 um). The flowrate was 1 mL/min and the column temperature was
40 C. The mobile phase composition was 60% water: 40% methanol. The injection volume
was 100 uL and 2,4,6-trimethylphenol was detected using UV-detection at 220 nm. The
retention time was 1.50 minutes. The limit of detection and quantification were 0.13 pM

and 0.40 uM, respectively.

2.3.2 Gas Chromatography combined with Mass Spectrometry

In order to measure volatile sulfur compounds (VSCs), gas chromatography

combined with mass spectrometry (GC/MS) utilizing headspace solid-phase micro
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extraction (HS/SPME). The method utilized was developed based on the studies reported
in the literature for the same compounds of interest.’¢-3%® HS/SPME extraction was
automated using the PAL3 autosampler, equipped with two heated agitation units and a
SPME conditioning port. Briefly, samples were prepared by adding 5 mL of aqueous
sample to a 20 mL headspace vial along with 1 g of sodium chloride (20% w/v) to improve
analyte extraction to the headspace. The automated extraction procedure is as follows:
equilibration to 50°C (20 minutes); extraction at 50°C (35 minutes); thermal desorption at
250°C (0.5 minutes). The agitation speed was kept constant at 500 rpm for equilibration
and extraction. The SPME arrow employed was a PAL carbon-wide
range/polydimethylsiloxane (C-WR/PDMS; dimensions). The SPME arrow was
conditioned for 5 minutes pre- and post-desorption at 260°C in N> gas. To separate the
VSCs, an Agilent 8890 gas chromatograph equipped with a Restek RXI-624Sil capillary
column (30m x 0.25mm x 1.4pum) with an oven temperature as follows: 30°C (hold, 1.5
min); 120°C (25°C/min); 220° (45°C/min, hold 1 min). The GC inlet was maintained at a
10:1 split ratio to accommodate the wide range of compound boiling points and extraction
efficiencies.

Detection of VSCs was completed using an Agilent 7010b triple-quadrupole mass
spectrometer. First, standard solutions containing the relevant VSCs were analyzed in full-
scan mode to obtain the total ion chromatogram (TIC). Fragmentation of ions was achieved
using 70 electron volts and qualitative analysis was completed using Agilent MassHunter
software. Mass spectra obtained from ion peaks were validated by comparing with
fragmentation patterns observed in the NIST Mass Spectral database. Only matches with

greater than 95% quality match were accepted. Standard solutions were then used to
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develop a selected-ion-monitoring (SIM) method for quantification. Prior to analyzing
standards using the SIM method, TIC’s were collected from samples and NIST quality
matches obtained for VSCs at each temperature. Detection was then optimized using time-
segments for compounds that were expected in samples. Samples and standards were
analyzed in triplicate. Thiophene was employed as an internal standard in calibration. Table
2 summarizes the detection parameters, NIST quality matches, and detection limits for each

compound.

Table 2. Summary of volatile sulfur compounds analyzed via HS/SPME GC/MS:

structures, retention times, NIST quality matches, and detection parameters.

Name Structure Retention  NIST Quality SIM Tons LOD LOQ

Time (min) Match (uM) (M)

Thiophene* Z/ \5 6.11 98% 84, 56 n/a n/a

s
Dimethyl Disulfide .S 0
(DMDS) s7N 9.15 98% 94,78 0.06 0.18
O
Methional 7.12 979 104, 76, 48 0.09 0.27
ethiona ~s /\)]\H % , 76,

*Internal standard spiked at 1 uM for each standard and sample analyzed.

2.3.3 Anionic Chromatography and NHs+* Measurement

Anion chromatography was performed in the Chemical Advanced Resolution
Methods (ChARM) Facility located at Michigan Tech University, as a part of the
Chemistry Department and Michigan Tech’s Micro-Analytical Facility (MAF). Briefly, a
Dionex ICS-2100 equipped with an AS-17 column was utilized to separate and detect
various anions via gradient elution. The mobile phase consisted of potassium hydroxide

(KOH) and milli-Q water (MQ) and the gradient is as follows: 0 — 5 min (1 mM KOH,
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isocratic), 5 — 10 min (1-10 mM KOH, gradient), 10 — 15 min (10 mM, isocratic), 15 — 25
min (10-40 mM, KOH gradient). The flowrate was 1 mL/min and the injection volume was
I mL. Samples and standards were analyzed in triplicate. Anions quantified included:
formate, acetate, oxalate, sulfate, and methanesulfonic acid (MSA). The structures,
retention times, and detection parameters are summarized in Table 3. Samples and

standards were analyzed in triplicate.

Table 3. Summary of anionic compounds analyzed via ion chromatography: structures,

retention times, and detection limits.

Retention Time

Name Structure (min) LOD (uM) LOQ (uM)

(@]

Acetic Acid )k 2.25 0.23 0.70

OH

(o]

Formic Acid )J\ 261 0.30 0.90
I

Methanesulfonic Acid (MSA) Hsc—ﬁ—OH 3.03 0.05 0.14
O
I

Sulfate 'O—ﬁ—O' 11.82 0.16 0.50
O

Oxalic Acid “O\H)I\OH 12.42 0.49 1.48

Ammonium (NH4") quantification was completed by the AQuatic Analysis

(AQUA) lab and their employees located in the Great Lakes Research Center at Michigan
Tech University, also a part of the Michigan Tech MAF. NH4" was measured using a SEAL
Analytical AQ-2 discrete analyzer under the Environmental Protection Agency (EPA)-
approved method: AQ2 Method EPA-148-A Rev. 2.°7 Briefly, ammonia is reacted with

hypochlorite previously released from dichloroisocyanurate, forming chloramine.
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Salicylate is reacted with chloramine at alkaline pH of 12.6, forming indophenol blue dye.
Colorimetric detection at 660 nm is used and related to the concentration of ammonium.

The LOD and LOQ were 0.50 uM and 1.50 uM, respectively.

2.3.4 Non-Targeted Electrospray lonization-Mass Spectrometry

Qualitative direct-infusion electrospray ionization-mass spectrometry (ESI-MS)
was conducted in collaboration with the ChARM facility’s technician. Briefly, standards
and samples were diluted in methanol then injected directly to a ThermoScientific
Ultrahigh Resolution Orbitrap Elite Mass Spectromer for ESI-MS. Samples were analyzed
in both positive and negative polarity modes on the MS. The MS was operated in full scan
mode with a mass range of 100 — 800 g/mol for screening of byproducts and mass spectra
were collected by averaging 150 scans together. Mass spectra data was then input into a
formula assignment software, MFAssignR, developed by the ChARM lab.*® Molecular

formula assignment was completed with allowable mass error of 2.5 ppm.

2.3.5 Spectrophotometric Measurements

2.3.5.1 Absorbance Measurement

All absorbance readings were conducted using a Hach DR 5000 spectrophotometer
and a 1 cm quartz cuvette. Wavelength-scanning function was utilized to characterize the
time-dependent absorption spectrums of surrogate and standard isolate DOM. Wavelength
scans were obtained using a wavelength range of 280 — 800 nm, corresponding to the
ultraviolet-visible (UV-VIS) range. For 1,4-naphthoquinone, time-dependent absorbance

readings were taken at 0, 2.5, 5, 10, and 15 minutes. Measurements were taken every 20
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minutes up to 60 minutes for 2-naphthaldehyde. For standard isolate DOM, measurements

were taken every 2 hours up to 8 hours.

2.3.5.2 Hydrogen Peroxide Assays

Hydrogen peroxide (H>O;) was quantified using an adapted procedure with
neocuproine (DMP) and copper (II) sulfate, followed by spectrophotometric measurement
of absorbance at 454 nm.* Briefly, 10 mL of standard or sample was added to a 25 mL
volumetric flask followed by 2.5 mL of 10 g/L DMP and 0.01 M Cu(II)SOs. For the reagent
blank and standards prepared in Milli-Q water, 10 mL of bulk surrogate DOM solution was
added for background. The solutions were briefly mixed then diluted to the 25 mL mark
on the flask. Micro stir-bars stirred solutions for an incubation time of 10 minutes.
Immediate absorbance readings were taken at 454 nm in a 1 cm quartz cuvette. Absorbance
measurements of surrogate DOM photolysis indicated that neither assay could not be used
for 1,4-naphthoquinone due to production of hydroxylated forms that absorb light at and
above 454 nm.®* The established detections limits for this method were 0.20 uM and 0.60

uM for the LOD and LOQ, respectively.

For standard isolate DOM, H>O, was quantified using an adapted procedure ferric
xylenol orange (FOX) assay with spectrophotometric measurement at 580 nm.®! Briefly,
10 mL of standard or sample was added to a 25 mL volumetric flask along with 10 mL of
dilute sulfuric acid to achieve a concentration of 25 mM H>SO4. Next, 1 mL of 6250 uM
ferrous ammonium sulfate and 1 mL of 2500 uM xylenol orange were added and mixed
briefly. Milli-Q water was used to dilute reaction solutions to the 25 mL mark. The solution

pH was approximately 1.8. Micro stir-bars were added and solutions were mixed for 30
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minutes in the dark. Immediate absorbance readings were taken at 580 nm in a 1 cm quartz
cuvette. The established detections limits for this method were 0.15 uM and 0.45 uM for

the LOD and LOQ, respectively.

2.3.6 Dissolved Organic Carbon and Total Nitrogen

Dissolved organic carbon (DOC) and total nitrogen (TN) quantification was completed
by the AQuatic Analysis (AQUA) lab and their employees located in the Great Lakes
Research Center at Michigan Tech University, also a part of the Michigan Tech MAF.
DOC and TN were quantified using a Shimadzu TOC-Lcpn equipped with an inline TNM-
L under Standard Methods for the Examination of Water and Wastewater: Method 5310-
B (21° Edition).®* Briefly, samples are acidified to promote conversion of inorganic carbon
(IC) to CO> and sparged for removal. The remaining non-purgeable organic carbon
(NPOC) is injected into a combustion tube where an oxidation catalyst is used to convert
NPOC to CO; through combustion at 680°C. The produced CO: is delivered in a carrier
gas to a non-dispersive infrared gas analyzer for detection. Potassium hydrogen phthalate
was utilized as a source for NPOC in standard solutions. All samples were measured in
triplicate. The established LOD and LOQ for NPOC were 0.46 mg C/L and 1.39 mg C/L,

respectively.

The inline TNM-L allows for subsequent measurement of TN in the same injection as
for DOC. In the case of TN, samples injected are combusted at 720°C promoting the
decomposition of TN to nitrogen monoxide (NO) gas. NO is delivered via carrier gas to a

chemiluminescence gas analyzer for detection. Potassium nitrate was utilized as a source
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of TN in standard solutions. All samples were measured in triplicate. The established LOD

and LOQ for TN were 0.05 mg N/L and 0.14 mg N/L, respectively.

2.4 Data Analysis

2.4.1 Conversion Calculations

For the conversion of MET to the measured byproducts in this study, concentration
data was evaluated as the observed change in concentration relative to initial values for
MET and products (Prod):

A[MET], = [MET], - [MET], (2.3)

A[Prod], = [Prod], - [Prod], (2.4)

For compounds detected in DOM photolysis and in the presence of MET, the contributions

of DOM photolysis in measured byproducts was removed by subtracting the observed
change in concentrations as shown in Equation 2.5:

A[Prod],,,. , = A[Prod], - A[Prod],,, (2.5)

corr, t

Where A[Prod],_ .  represents the corrected change in concentration associated to the

corr, t

presence of is MET, A[Prod],is the change in concentration with MET present in DOM
solutions, and A[Prod],,,  is the change in concentration in background DOM photolysis

experiments. The conversion of MET to each byproduct was then calculated at each time-

step using equation 2.6:

A[Prod
% Conversion = Prodli, 100% (2.6)

A[MET],
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% Conversion was averaged over the time-scale of the experiments at each solution
temperature. In addition, an overall average and standard deviation was taken including all

three temperatures to access differences in temperature.
2.4.2 Carbon and Nitrogen Mass Balance Calculations

DOC and TN measurements were performed to gain insight into changes in major
elements during MET-sensitized degradation in all DOM solutions. MET degradation and
byproduct formation were utilized to complete balances on both carbon and nitrogen. In
order to assess the balance relative to measured values of DOC and TN, all the measured
concentrations of byproducts were summed to obtain the calculated values (DOCcac,
TNeate). Background experiments on DOM photolysis were included in the calculation as
shown in equations 2.7 and 2.8 at each measured time-step for DOC and TN, respectively:

[DOC],,.. =[DOM], + [MET], + £[Prod], (2.7)
[TN],,. =[DOM], + [MET], + E[Prod], (2.8)
Where [DOM], represents the measured DOC or TN concentration from DOM photolysis,

[MET], is the measured MET concentration, and X[Prod] is the sum of all byproduct

concentrations at a specified time-step. For TN, the approach only differed for surrogate
DOM in that background concentrations of TN were negligible and confirmed to be lower
than the detection limit of the instrument. To further evaluate the calculations, we
compared them with the measured values from MET degradation experiments at each time-
step using the following equations:

DOChues 10004 2.9)
[DOC]

meas,t
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TN
MNJaier 1009 (2.10)

[ TN nease
This approach allows us to directly compare actual measured concentrations of specific
compounds with changes observed in major elements. While there inherently exists errors
in measurement and a potential confounding effect in such a calculation, a secondary
evaluation of the % conversion in terms of DOC (mg C/L), TN (mg N/L), and S (mg S/L)

was employed using equation 2.6. This provides a more direct measure of the conversion

of C,N, and S from the parent MET molecule to products measured in experiments.
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3 Results and Discussion
3.1 Dissolved Organic Matter (DOM) Photolysis

3.1.1 Surrogate DOM Photolysis

3.1.1.1 Photo-transformation of Absorption Spectra

The time-dependent absorption spectra was collected for each of the tested
surrogate DOM to access significant changes in absorption in the UV-VIS range 300 — 800

nm. These time-dependent absorption spectra are depicted in Figure 6.
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Figure 6. Time-dependent absorption spectra for 2-naphthaldehyde (left) and 1,4-
naphthoquinone (right) at 20 °C.

2-naphthaldehyde did not demonstrate significant changes in absorption spectra with time,
indicating that it is not significantly photo-transformed when irradiated by sunlight.
Conversely, significant changes in absorbance were observed in 1,4-naphthoquinone
photolysis. Generally, increasing absorption was observed across the spectrum, with the

exception of 330 — 360 nm where a decrease in absorption was observed. Furthermore, the
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majority of changes in absorption occur in the first 2.5 minutes of 1,4-naphthoquinone

photolysis, suggesting rapid photo-transformation.

McNeill & Canonica 2016 reported the triplet state energies and reduction
potentials (E°*) for both surrogate DOM tested.!> The reported Et for 2-naphthaldehyde is
249 kJ mol™! and the £°* is 1.48 V (SHE).'> For 1,4-naphthoquinone, the reported Et was
241 kJ mol™! and the E°* is 2.38 V (SHE).!* The high reduction potential of triplet state
1,4-naphthoquinone (*NQ¥) indicates high reactivity that is associated with the significant
photo-transformation observed in absorption spectra. Brahmia & Richard 2003 studied the
photolysis of 1,4-naphthoquinone using 313 nm and 334 nm irradiation to elucidate
influence of pH, photo-products, and transients.®® Following irradiation at 334 nm, 1,4-
naphthoquinone was completely consumed within 5 minutes supporting the rapid
transformation that we have observed within 2.5 minutes. Several photo-products were
identified, including: (1) 1,4-dihydroxynaphthalene (Amax = 323 nm), (2) 7-hydroxy-1,4-
naphthoquinone (7-OH-NQ; Amax = 390 nm), (3) 5-hydroxy-1,4-naphthoquinone (5-OH-
NQ; Amax = 425 nm), and (4) 2-hydroxy-1,4-naphthoquinone (2-OH-NQ).®® The observed
increases in absorbance at 323 nm, 390 nm, and 425 nm indicate formation of a mixture of
1,4-dihydroxynaphthalene, 7-OH-NQ, and 5-OH-NQ in agreement with Brahmia &
Richard 2003.%° Based on observed transient species, Brahmia & Richard 2003 propose the
rapid heterolytic addition of H>O to the Cs and C7 carbons (k* = 2.25 x 10° s!) to ultimately
form observed photo-products.®® Very little literature information is available on the
photolysis of 2-naphthaldehyde and our results suggest that relaxation pathways and
energy-transfer with ground state molecular oxygen (°0,) are dominant, as indicated by

little to no changes in absorption spectra.
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3.1.1.2 Photochemical Production of Reactive Intermediates

The production of reactive intermediates was probed in surrogate DOM solutions

using TMP for triplet states and FFA for 'O,. The results for TMP decay are shown in

Figure 7 for each surrogate DOM at 20 °C.
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Figure 7. Time-dependent natural-log [TMP]/[TMP] for both surrogate DOM at 20 °C.

TMP decay showed significant differences between the surrogates, with rapid decay of

TMP observed in 2-naphthaldehyde solutions. The pseudo-first-order decay rates were

9.71 x 103 s! and 1.45 x 10° s' for 2-naphthaldehyde and 1,4-naphthoquinone,

respectively. The corresponding [?°CDOM*]s values were 4.85 x 1012 M and 7.25 x 1073

M for 2-naphthaldehyde and 1,4-naphthoquinone, respectively. The effectively complete

consumption of TMP over 10 minutes in 2-naphthaldehyde suggest the highly efficient

production of triplet state 2-naphthaldehyde (*NA*). The lower TMP decay rates observed
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in 1,4-naphthoquinone may be owed to competing reactions of TMP, H,O, and >0, with

the *NQ*. The FFA decay is depicted in Figure 8 for the surrogate DOM at 20 °C.
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Figure 8. Time-dependent natural-log [FFA]/[FFA]o for both surrogate DOM at 20 °C.

Conversely to TMP, the decay of FFA was significant in 1,4-naphthoquinone
compared to 2-naphthaldehyde solutions. Both pseudo-first-order rate constants and
estimated ['O:]ss values were an order of magnitude higher in 1,4-naphthoquinone
solutions. The pseudo-first-order decay rates were 3.35 x 10 s and 3.41 x 103 s for 2-
naphthaldehyde and 1,4-naphthoquinone, respectively. The corresponding [PCDOM*]s
values were 3.35 x 107> M and 3.41 x 10" M for 2-naphthaldehyde and 1,4-
naphthoquinone, respectively. This result suggests the highly efficient production of 'O,
induced by *NQ*. This result suggests that energy transfer to O, may further be a

competing reaction that yields the low rate of TMP decay and steady-state concentration
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of NQ*. In 2-naphthaldehyde, the steady-state concentrations of *NA* and 'O, were on
the same order of magnitude, which along with the minimal changes in absorption spectra
may suggest that relaxation and energy transfer with 0, are the predominant decay
pathways for *NA*. While the triplet energies of 2-naphthaldehyde (249 kJ mol ™) and 1,4-
naphthoquinone (241 kJ mol) are sufficient to react with *O, (94 kJ mol™), it is
hypothesized that the high reactivity of NQ*(£°* = 2.38 V) will lend itself single electron
transfer (SET) with MET while also producing O as a reactive species.!> The lower triplet
reduction potential of NA*(E°* = 1.48 V)!* may not be sufficient to induce significant

SET of *°NA* with MET, yet it is anticipated that 'O, will be an active species in solution.

The production of H>O, was also measured in surrogate DOM photolysis. Given
the significant changes in absorption spectra for 1,4-naphthoquinone (Figure 6), the
concentration of H>O» could not be determined spectrophotometrically due to lack of
available assay. Thus, only 2-napthaldehyde solutions were measured for H.O> production
in photolysis experiments. The time-dependent concentration profiles of H>O> are shown
in Figure 9 for 2-naphthaldehyde at 10, 20, and 30 °C. The production of H>O, was
observed at all temperatures in 2-naphthaldehyde; however, little differences were
observed between the different temperatures. On average between the temperatures, the
amount of H,O, formed in 2-naphthaldehyde photolysis was 1.10 £ 0.10 uM over the 60
minute irradiation. Overall, very little H>O> is produced in 2-naphthaldehyde photolysis

and is unlikely to contribute to the degradation of MET in these solutions.
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Figure 9. Time-dependent concentration profiles of H>O» in 2-naphthaldehyde solutions at

10, 20, and 30 °C. Error bars represent standard deviation of triplicate measurements.
3.1.1.3 Photo-production of Small lonic Species

The photo-production of small ionic species (i.e., formic acid, acetic acid, oxalic
acid) in photolysis background experiments was measured at 10, 20, and 30 °C. Sulfate and
ammonium were not measured in the photolyzed surrogate DOM solutions containing only
carbon, hydrogen, and oxygen in their molecular formulas. The results for organic acid

formation 2-naphthaldehyde are shown in Figure 10.
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Figure 10. Time-dependent concentration profiles of organic acids in 2-naphthaldehyde
photolysis at 10, 20, and 30 °C. Error bars represent standard deviation of triplicate

measurements.

The production of organic acids in the photolysis of 2-naphthaldehyde was only observed
for formic acid. Temperature-dependent formation was apparent for formic acid,
demonstrating increases of 1.00 uM, 1.40 uM, and 2.10 uM at 10, 20, and 30 °C,
respectively. Acetic and oxalic acids showed no significant changes in concentration with

time. The organic acid formation in 1,4-naphthoquinone solutions is shown in Figure 11.
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Figure 11. Time-dependent concentration profiles of organic acids in 1,4-naphthoquinone
photolysis at 10, 20, and 30 °C. Error bars represent standard deviation of triplicate

measurements.

Consistent with the significant photo-transformation depicted by the absorption
spectra and in the literature, the production of formic acid was more significant in 1,4-
naphthoquinone solutions. The concentration of formic acid increased by 2.70, 3.20, and
3.20 uM at 10, 20, and 30 °C, respectively. The production of acetic and oxalic acids was

not significant in 1,4-naphthoquinone solutions.
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3.1.2 Standard Isolate DOM Photolysis

3.1.2.1 Photo-transformation of Absorption Spectra

As with the surrogate DOM, the time-dependent absorption spectra of each
standard isolate DOM was accessed for significant changes in absorption in the 300 — 800
nm range. The absorption spectra for Suwannee River Humic Acid (SRHA) and Elliott

Soil Humic Acid (ESHA) are shown in Figure 12 at 20 °C.
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Figure 12. Time-dependent absorption spectra for SRHA (left) and ESHA (right) at 20 °C.

Comparing the two isolate DOM, ESHA demonstrates generally higher absorption than
SRHA across the range of wavelengths relevant to sunlight. Both SRHA and ESHA
demonstrated loss of absorbance, predominantly in the 300 — 600 nm range. These results
do not show highly significant changes in absorption for either standard isolate DOM,
indicating only minimal fractions of chromophores are transformed. In standard isolate
DOM, the combination of different functional groups and their properties yield the

macroscale properties that are observed.!> Thus, estimates of triplet reduction potentials
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and energies are lacking as natural DOM consists of multiple pools of *CDOM* with
varying energy. Parker & Mitch estimated Suwannee River DOM to have triplet reduction
potential in the range of 1.6 — 1.8 V (SHE),** which is comparable to that of 2-

naphthaldehyde.

3.1.2.2 Photochemical Production of Reactive Intermediates

Probing of reactive species in standard isolate DOM yielded some key differences
between the two isolate DOM tested. The time-dependent decay of TMP is depicted as the

natural-log normalized concentration in Figure 13.
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Figure 13. Time-dependent natural-log [TMP]/[TMP]o for standard isolate DOM at 20 °C.

In ESHA solution, TMP decay was rapid and full consumption was observed within the
first 90 minutes of irradiation. TMP remained available for quenching of triplet states

throughout the 240 minute experiment in SRHA solution. The pseudo-first-order decay
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rates were 1.70 x 10* s and 6.50 x 10* s for SRHA and ESHA, respectively. The
corresponding estimates of [?°CDOM*]ss were 8.50 x 10"'* M and 3.25 x 10"'* M for SRHA
and ESHA, respectively. The increased rate of TMP decay and higher absorption spectra
in ESHA suggest more efficient production of triplet states compared with SRHA. Thus,
production of 'O, was anticipated to be significantly increased in ESHA solution. The
time-dependent decay of FFA is depicted as the natural-log normalized concentration in

Figure 14.
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Figure 14. Time-dependent natural-log [FFA]/[FFA]o for standard isolate DOM at 20 °C.

Consistent trends with TMP were observed for the FFA decay in standard isolate
DOM solutions. ESHA demonstrated more rapid decay of the 'O, probe compared to
SRHA, decreasing to 18% of the initially added concentration over just 120 minutes. Once

again, FFA remained available for quenching 'O over the 240 minute experiment. The
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pseudo-first-order decay rates were 0.38 x 10 5! and 2.30 x 10 s! for SRHA and ESHA,
respectively. The corresponding estimates of ['O2]ss were 3.80 x 107"* M and 2.30 x 1072
M for SRHA and ESHA, respectively. For comparison, another study estimated the ['O2]ss
on the order of 7.60 x 10"'* M for SRHA and 6.70 x 10> M for ESHA at 5 mg C/L each,
which generally agree with our values determined at 10 mg C/L.®* These results indicate
the higher production of reactive species in ESHA solution will yield increased decay of
MET, particularly by that of '0,. Based on the previous estimates of triplet reduction
potential for SRNOM similar to that of 2-naphthaldehyde and the presence of low- and
high-energy triplet pools in complex DOM, it is anticipated that 'O, will likely be the

dominant reactive species.

The production of H>O; was additionally quantified in each standard isolate DOM
solution tested. The time-dependent H2O> concentrations for SRHA and ESHA at 20 °C
are shown in Figure 15. Both SRHA and ESHA demonstrated significantly more formation
of H>0> than in 2-naphthaldehyde solutions. Comparing the two isolates, the production of
H>O> was more significant in ESHA with higher background concentrations, consistent
with higher production of *CDOM* and 'O, indicated by probe compound decay.
Specifically, the formation of H>O- over the 480 minutes was 9.80 uM in SRHA and 12.00
puM in ESHA. Such concentrations of H>O> may participate in the degradation of MET,
either through direct reaction or indirectly through H>O photolysis, producing HO". While
this cannot be ignored, it is not likely to compete with other reactive species that are
expected to contribute significantly to the decay of MET in standard isolate DOM solutions

(i.e., *CDOM*, '0,).
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Figure 15. Time-dependent concentration profiles of H>O> in standard isolate DOM

photolysis at 20 °C. Error bars represent standard deviation of triplicate measurements.

3.1.2.3 Photo-production of Small lonic Species

The photo-production of organic acids (i.e., formic acid, acetic acid, oxalic acid,
methanesulfonic acid) as well as inorganic constituents (i.e., sulfate, ammonium) were
measured in standard isolate DOM solutions due to the presence of N and S-containing
formulas in naturally-derived DOM. The time-dependent concentration profiles for each

compound are shown in Figure 16 for SRHA photolysis at 20 °C.

44



7
] 020 °C - Formate
A20 °C - Acetate
] 020 °C - Oxalate
6 1 ©20 °C - Sulfate
A20 °C - NH4+
5
S o o}
3_ i
=4 7
Q ]
i o (@)
=
83 4 o
g o
2 A A A
A A A
1
a
8 8 8 o
0 T T T 1

0 60 120 180 240 300 360 420 480
Time (minutes)
Figure 16. Time-dependent concentration profiles of organic acids and inorganic

compounds in SRHA photolysis 20 °C. Error bars represent standard deviation of triplicate

measurements.

Consistent with the results for surrogate DOM, the formation of formic acid was the most
significant compound formed in SRHA photolysis. Comparing the organic acids, the
amount of formation observed in order of decreasing significance was: formic acid (2.10
uM) > acetic acid (1.70 uM) > oxalic acid (0.60 uM). The photo-production of sulfate was
minimal in SRHA photolysis, with a change in concentration of 0.12 uM over 480 minutes
and an average concentration of 0.43 + 0.04 pM. Photo-ammonification appeared to occur

within the first 60 minutes of the experiment, followed by fairly stable concentrations of
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NH" up to 480 minutes. The maximum change in concentration was 0.70 uM at 60 minutes
while at 480 minutes it was only 0.45 uM. This result should be taken with caution as it
may be a result of error in the initial measurement at 0 minutes. The time-dependent

concentration profiles for each compound are shown in Figure 16 for ESHA photolysis at

20 °C.
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Figure 17. Time-dependent concentration profiles of organic acids and inorganic
compounds in ESHA photolysis 20 °C. Error bars represent standard deviation of triplicate

measurements.

The formation of organic acids in ESHA photolysis followed similar trends as with

SRHA. Organic acid formation was generally lower than what was observed in SRHA.
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Over the course of the experiments, the amount of formation observed in order of
decreasing significance was: formic acid (1.40 uM) > acetic acid (0.95 pM) > oxalic acid
(0.30 uM). Furthermore, sulfate production was also minimal in ESHA solution, only
demonstrating an increase of 0.08 uM and an average concentration of 0.43 £ 0.03 uM.
Concentrations of NH4" appeared relatively stable throughout the experiment, with the
exception of 480 minutes where an increase of 0.50 uM was observed. Generally, it can be
concluded that minimal amounts of photo-ammonification occur in the photolysis of both

standard isolate DOM tested.

It should be noted that the photo-production of methanesulfonic acid (MSA) was
not detected whatsoever in the photolysis of either SRHA or ESHA. Furthermore, the
results depicted in this section contradict those presented in the literature for various small
ionic compounds. Specifically, Ossola et al. 2019 reports the photo-production of both
sulfate and MSA in the photolysis of various field-collected waters and standard isolate
DOM." Over a 5 hour irradiation, they observed sulfate formation of approximately 0.50
uM and 0.40 uM for 20 mg C/L SRHA and ESHA, respectively.!* For MSA, the detected
levels in SRHA and ESHA photolysis by Ossola et al. 2019 were below our detection limit
(~10 — 20 nM), suggesting differences in analytical sensitivity may account for the lack of
MSA production observed in our study.!* One clear difference is the strict solution
temperature-control we employed in our experimentation while Ossola et al. 2019 only

controlled the air temperature (30 — 32 °C) in the simulator.'?
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3.2 Photo-transformation of Methionine

3.2.1 Non-Targeted Screening in Surrogate DOM Solutions

3.2.1.1 2-naphthaldehyde

Direct-injection ESI-MS was performed on three samples collected at 20 °C (0, 30,
60 minutes) for initial screening of transformation in 2-naphthaldehyde. Both positive and
negative polarity modes were analyzed; however, it was found that preferential ionization
of sulfur-containing compounds in positive mode occurred, likely due in part to availability
of sodium (Na") as a charge adduct. For this reason, the results presented here will focus
on positive mode ESI. The comparison of the mass spectra with and without MET in
solution yielded molecular formulas unique to the presence of MET. Mass spectra for
carbon, hydrogen, nitrogen, oxygen, and sulfur (CHNOS)-containing formula detected are

shown in Figure 18.

Two major formulas were detected in the photo-transformed solutions of MET
(CsH11NO»S) in the presence of 2-napthaldehyde. The first was CsH11NOs3S corresponding
to oxygen-addition to the S-atom (+16 Da) to form methionine sulfoxide (MetO). The
second formula was CsHoNO,S indicating the loss of 2 hydrogen ions (-2 Da) and
corresponding to dehydromethionine (DHM). The structures are shown in Figure 19. The
pathways of formation have been previously investigated and described in Figure 2
(Section 1.1). We validated the production of MetO through matrix spikes of authentic

standards into samples and analysis via UHPLC.
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Figure 18. CHNOS-containing mass spectra for MET in 2-naphthaldehyde solutions at 20
°C: initial solution (top) and 60 minute irradiated solution (bottom). MET is indicated in

red and suspected byproducts in blue. Charge adducts indicated with Na®,
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Figure 19. Photo-product structures and formulas detected in positive mode ESI-MS in 2-

naphthaldehyde solution at 20°C.
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MS/MS fragmentation was performed on the suspected DHM ion observed at 148 m/z to
verify the structure through comparison with the literature (Figure 20). Fragmentation of
this ion yielded a major ion fragment at 120 m/z and minor fragments at m/z values of:
102, 90, 74, 64, and 60. These results are in agreement with fragmentation patterns reported
in the literature, where the major ion fragment at 120 m/z represented the loss of ethylene
(—C2H4) and the minor ion fragment at 102 m/z represented the loss of the thiol
functionality (—CH3S).*>* No significant formulas not associated to background were

assigned in the CHNO formulas.
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Figure 20. MS/MS fragmentation of suspected DHM ion at 148 m/z. Parent ion shown in

red and ion fragments consistent with the literature shown in blue.

To visualize the importance of MetO and DHM as products in 2-naphthaldehyde
solutions, the abundance values for products (A¢prod) Were normalized to the initial MET
abundance (Aomer), both taken as the sum of the protonated form (H") and the charge
adduct form with sodium (Na"). The time-dependent normalized abundances are shown in

Figure 21 for each compound detected in ESI-MS screening.
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Figure 21. Time-dependent normalized abundance of MET, MetO, and DHM in 2-
naphthaldehyde solution at 20°C.

In terms of MS abundance, MET decreased by 38% while MetO and DHM increased to
18% and 20% relative to the initial MET abundance. This yields a proportional change in
MS abundance, where the sum of MetO and DHM yield a total 38% increase in abundance
relative to the initial MET abundance. This result indicates that MetO and DHM represent
major products produced in 2-naphthaldehyde. Furthermore, the literature-reported
production of these compounds confirms our suspicions that 'O, is the primary reactive

species responsible for the decay of MET in 2-naphthaldehyde solutions. 5334044

3.2.1.2 1,4-naphthoquinone

Direct-injection ESI-MS was performed on three samples collected at 20 °C (0, 30,

60 minutes) for initial screening of transformation in 1,4-naphthoquinone solution.
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Consistent with 2-naphthaldehyde, the most efficient ionization was observed in positive
mode ESI and the results presented here will focus on this. The mass spectra of CHNOS-

containing formula detected are shown in Figure 22.
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Figure 22. CHNOS-containing mass spectra for MET in 1,4-naphthoquinone solutions at
20 °C: initial solution (top) and 30 minute irradiated solution (bottom). MET is indicated
in red and suspected byproducts in blue. Charge adducts indicated with Na".

As observed in 2-naphthaldehyde, the primary CHNOS formulas detected corresponded to
that of MetO (CsH11NO3S) and DHM (CsHoNO,S); however, the abundances of these

formulas were much less significant in 1,4-naphthoquinone solution despite increased
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MET degradation. Applying the same approach as with 2-naphthaldehyde, the normalized
abundances of CHNOS formulas were plotted to visualize the importance of MetO and

DHM in 1,4-naphthoquinone (Figure 23).
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Figure 23. Time-dependent normalized abundance of MET, MetO, and DHM in 1,4-

naphthoquinone solution at 20 °C.

Relative to the initial abundance, MET decreased by 90% in just 30 minutes and 94% over
the 60 minute irradiation. Meanwhile, MetO and DHM increased to 6% and 1% of the
initial MET abundance, demonstrating low conversion of MET to these products. As a
whole, these products represent less than 10% of conversion based on abundance, which
suggests that the rapid transformation of MET is likely owed to other reactive species, such
as °NQ*. Furthermore, the rapid decrease observed in the first 30 minutes followed by
significantly decreased rates up to 60 minutes indicate the consumption of 1,4-

naphthoquinone and its photo-products are primary chromophores present in solution.
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While the apparent 'O> production indicated by probe compound decay was significant,
the low amounts of formation may suggest that MetO and DHM are intermediary products
and subject to further degradation in 1,4-naphthoquinone solutions. Conversely to 2-
naphthaldehyde, significant CHNO-containing formulas were assigned in positive mode
ESI following irradiation. The mass spectra for CHNO-containing formulas are shown in

Figure 24. The proposed structures are shown in Figure 25.
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Figure 25. Proposed CHNO-containing product structures and formulas detected in

positive mode ESI-MS in 1,4-naphthoquinone solution at 20 °C.

Two major formulas appear as sodium-adducts in photo-transformed solutions with
1,4-naphthoquinone. The most significant was C4H7;NO; (-32 Da), indicating cleavage of
the S — C bond in MET. Multiple studies on the light-induced oxidation of MET as a side-
chains in proteins have reported the -32 Da species and it is commonly proposed to be an
aldehyde, L-aspartate 4-semialdehyde (ASA).>*% This compound corresponds to a loss of
CH4S (-48 Da) and oxygen addition at the carbon in the y-position (+16 Da). The second
formula was C4HoNO; (-30 Da), indicating cleavage of the S — C bond as with ASA. This
formula could correspond to two potential products, including L-Threonine (THR) or L-
Homoserine (H-SER). Considering the formation of small CHNO-containing amino acids
from MET, we further looked into the formulas for others similar amino acids and observed
formulas C4H7NO4 and C3H7NOs, which are anticipated to correspond to L-aspartic acid
(ASP) and L-serine (SER). ASP is the further oxidation product of ASA and its presence

may indicate that ASP is the final stable oxidation byproduct in 1,4-naphthoquinone
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solutions.®> ASA, ASP, and H-SER exist as important reactants and/or intermediates in
synthesis of amino acids such as MET, THR, lysine, and isoleucine in biological
pathways.®> It is clear that the products identified here parallel those observed as

intermediates and products in biosynthetic pathways.

The formation of S — C cleavage byproducts is supported in the literature by the
formation of small S-containing products such as MSA,!* sulfate,'® and volatile sulfur
compounds (e.g., methanethiol, DMS, DMDS, etc.).>6-3%48 While the mechanisms are not
understood fully, it is expected that *CDOM* plays a key role in this MET oxidation
pathway via formation of a sulfur-radical cation resulting from single electron transfer
(SET).**7 In the photo-sensitized cysteine oxidation, Ossola et al. 2019 proposes triplet-
induced C — S cleavage of L-Cysteine (CYS) photo-oxidation byproduct, CYS sulfinic
acid, to explain formation of sulfate.!* For UHPLC screening, high purity versions or
authentic standards were purchased and matrix spikes into experimental solutions helped
verify their presence. In particular, only H-SER and THR did not produce a chromatogram

peak that corresponded to any peaks observed in irradiated solutions.

3.2.2 Product Formation in Surrogate DOM Solutions

3.2.2.1 2-naphthaldehyde

The results from non-targeted screening indicated the predominant activity of 'O,
and the major photo-transformation products were expected to be MetO, DHM, and H,0O
(Figure 2; Section 1.1). The time-dependent concentration profiles for MET and major

products produced in 2-naphthaldehyde are shown in Figure 26 for 10, 20, and 30 °C.
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Figure 26. Time-dependent concentration profiles for MET and the major photo-
transformation products produced in 2-naphthaldehyde solutions at 10, 20, and 30 °C. Error

bars represent the standard deviation of triplicate measurements.

MET demonstrated temperature-dependent degradation that followed linear pseudo-first-
order kinetics. The pseudo-first-order decay constants (k”) were 6.50 x 10 s (R?>=0.96),
7.83x 10° s (R?=0.99), and 10.5 x 10~ (R?=1.00) at 10, 20, and 30°C, respectively. Clear
temperature-dependent formation of MetO is observed in accordance with the degradation
of MET. Relative to the change in concentration for MET, the formation of MetO at 60

minutes accounted for 60%, 74%, and 73% of decay at 10, 20, and 30 °C, respectively. On
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average over the time-scale of the experiment, MetO accounted for 82 + 22%, 85 + 6%,
and 82 + 7% of decay at 10, 20, and 30 °C, respectively. Similarly, the H>O> demonstrated
temperature-dependent formation most strongly observed at 30 °C, consistent with that of
MET decay. Over the course of 60 minutes, the amount of H>O, formed was 4.32 uM, 5.24
uM, and 8.32 uM for 10, 20, and 30°C, respectively. To calculate the percent of MET
decay accounted for by H»O» formation, the values were corrected by removing
contributions from 2-naphthaldehyde photolysis (Figure 9; Section 3.1.1.3) and the
procedure for this is described in section: 2.4.1 Conversion Calculations. Based on
corrected values, HoO» formation at 60 minutes accounted for 48%, 55%, and 77% of decay
at 10, 20, and 30 °C, respectively On average over the time-scale, H>O, formation
accounted 29 £+ 19%, 38 £ 19%, and 60 £ 16% of MET decay at 10, 20, and 30 °C,
respectively. These results verify the significant activity of 'O> in 2-naphthaldehyde

solutions. It is worth noting that methionine sulfone (MetOO) was not detected.

The formation of DHM could not be quantified due to the unavailability of
authentic standards. The remaining 25 — 40% of decay unaccounted for at 60 minutes is
expected to be associated with DHM due to its prevalence in non-targeted screening results
and literature-reported 'O, decay pathways (Figure 2; Section 1.1). Nascimento et al. 2022
reported that approximately 30% of conversion was associated with DHM, which is
consistent with the conversion unaccounted for in our results.** Furthermore, the
production of H>O> agrees with the formation of DHM in 2-naphthaldehyde; however, it
typically exceeds the 25 — 40% of decay unaccounted for at 60 minutes. This indicates that
some H>O; formation is associated with the formation of MetO (Figure 2: Pathway B;

Section 1.1) and agrees with the mixture of mechanisms occurring at neutral pH.**
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Figure 27. Time-dependent concentration profiles for inorganic compounds and organic
acids measured in 2-naphthaldehyde at 10, 20, and 30 °C: (A) NH4", (B) SO4>, (C) MSA,
(D) Formic Acid, (E) Acetic Acid, and (F) Oxalic Acid.
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The time-dependent concentration profiles for inorganic compounds (i.e., NHs",
SO4%) and organic acids (i.e., MSA, formic acid, acetic acid, oxalic acid) at all temperatures
are shown in Figure 27. The time-dependent concentration profiles of NH4" demonstrated
very little formation with no significant trends (Figure 27A). On average, the minimal
increases in [NH4'] accounted for 3.0 = 3.0%, 3.0 + 2.0%, and 5.0 = 3.0% of MET decay
at 10, 20, and 30 °C, respectively. Similarly, the time-dependent [SO4*] profiles
demonstrated no formation at 10 °C and very little formation (A[SO4+>] < 0.1 uM) at 20
and 30 °C (Figure 27B). On average between the temperatures that did show increases,
SO4* accounted for 0.5 + 0.4% of MET decay. The results for NHs" and SOs*
demonstrated that little photo-mineralization of N and S occur in 2-naphthaldehyde,

consistent with the predominant activity of !O,.

For organic acids, the only compounds that showed increases in concentration were
MSA (Figure 27C) and formic acid (Figure 27D). MSA formation was observed with
temperature-dependence, although concentrations were relatively low. At 60 minutes, the
[MSA] only increased by 0.12 uM, 0.22 uM, and 0.45 pM at 10, 20, and 30 °C,
respectively. On average, the formation of MSA accounted for 1.0 + 1.0%, 1.5+ 1.0%, and
2.2 +2.0% of MET decay at 10, 20, and 30 °C, respectively. While temperature-dependent
formation of formic acid was observed, its formation is effectively the same as what was
observed in 2-naphthaldehyde photolysis (Figure 10; Section 3.1.1.3). For example, the
A[Formic Acid] with MET present was 0.90 uM, 1.30 uM, and 1.90 uM compared to 1.00
uM, 1.40 pM, and 2.10 uM in 2-naphthaldehyde photolysis at 10, 20, and 30 °C,
respectively. This suggests that the slightly decreased formation of formic acid with MET

present is predominantly associated with 2-naphthaldehyde photolysis and not MET decay.
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Acetic acid (Figure 27E) and oxalic acid (Figure 27F) did not demonstrate increasing
concentrations with time with MET present, consistent with the results demonstrated in 2-

naphthaldehyde photolysis (Figure 10; Section 3.1.1.3).

The photo-transformation products of MET in 2-naphthaldehyde demonstrated the
activity of !0, as the predominant reactive species through the production of MetO and
H>O». The summarized reaction pathways and products are shown in Figure 28. The
significance of the apparent DHM formation demonstrated in non-targeted screening and
measured H,O, further validated previously described 'O, reaction mechanisms.
Generally, the results depicted here are in agreement with those reported in the literature
for the 'O,-mediated oxidation of MET.>340:4144 The low photo-ammonification observed
agreed with the lack of volatile sulfur compounds such as methional in 2-napthaldehyde.
While a degree of MSA formation was observed, it was not a major product formed and

indicates the low activity of *NA* as a reactive species.
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Figure 28. Summary of reaction pathways and products for MET in the presence of 2-
naphthaldehyde. Percent conversion shown in blue along with standard deviations between

temperatures.
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3.2.2.2 1,4-naphthoquinone

The non-targeted screening results for 1,4-naphthoquinone indicated the
predominance of fragmented amino acid compounds (i.e., ASA, ASP, SER), indicating the
loss of the thiol functionality from MET and the products associated with 'O> (i.e., MetO,
DHM) were expected to be of lesser importance in these solutions. The time-dependent
concentration profiles for MET and the major photo-transformation products produced in
1,4-naphthoquinone are shown in Figure 29 at 10, 20, and 30 °C. MET demonstrated
temperature-dependent decay with an initial rapid decay phase up to 7.5 minutes followed
by decreasing rates up to 15 minutes, signifying the consumption and transformation of
1,4-naphthoquinone. For this reason, decay rates were determined up to 7.5 minutes. The
pseudo-first-order decay rates up to 7.5 minutes were 1.98 x 107 57! (R?=0.89), 2.34 x 107
sT(R?=0.94), and 2.57 x 107 57! (R?>=0.93) at 10, 20, and 30 °C, respectively.

Consistent with screening results, ASA represented the most significant product
formed, representing one major fragment of the original MET following the fragmentation
of the thiol functionality. ASA demonstrated temperature-dependent formation most
significantly at 10 °C, while less variation was observed for 20 and 30°C. The A[ASA] over
the experiment was 15.30 uM, 16.40 uM, and 16.40 uM at 10, 20, and 30 °C, respectively.
Relative to the change in MET concentration, the formation of ASA at 15 minutes
accounted for 83%, 76%, and 70% of decay at 10, 20, and 30 °C, respectively. On average
over the time-scale, ASA accounted 77 + 3%, 76 £ 1%, and 73 £ 2% of MET decay at 10,
20, and 30 °C, respectively. The second major product, MSA, represented a significant

fraction of the fragmented thiol functionality from the original MET molecule.
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Figure 29. Time-dependent concentration profiles for MET and the major photo-

transformation products produced in 1,4-naphthoquinone solutions at 10, 20, and 30 °C.

Error bars represent the standard deviation of triplicate measurements.

Over the 15 minutes, the MSA concentration increases to 4.70 uM, 6.30 uM, and 7.10 uM
at 10, 20, and 30 °C, respectively. These concentrations of MSA account for 25%, 29%,
and 31% of MET decay at 10, 20, and 30 °C, respectively. On average over the time-scale
of the experiment, MSA accounted 23 + 2%, 26 + 3%, and 28 + 3% of MET decay at 10,
20, and 30 °C, respectively. The significant formation of ASA and MSA suggest they are
two co-products that represent major fragments of MET that has undergone cleavage of the

S — C bond. While MSA is not as abundant as ASA, this was anticipated due to the low
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boiling point of methanethiol (6 °C), suggesting that some portions of the S-containing
fragment may be lost to volatilization. To our knowledge, this is the first time that ASA
has been reported quantitatively and verifies previously proposed oxidation products in
proteins.*>®> The observed MSA formation is in agreement with literature-reported
production from MET in the presence of Dismal Swamp Water.!® In addition to these
products, we observed formation of other volatile sulfur compounds, amino acids, and

inorganic compounds.

The minor photo-transformation products measured in 1,4-naphthoquinone are
shown in Figure 30 at 10, 20, and 30 °C. Significant photo-ammonification was observed
in 1,4-naphthoquinone, demonstrating temperature-dependent formation (Figure 30A).
Over 15 minutes, the NH4" concentration increased by 3.80 uM, 4.50 uM, and 4.90 uM at
10, 20, and 30 °C, respectively. The increases in NH4" at 15 minutes accounted for 21 +
0.1% on average between the three temperatures. On average over the time-scale of the
experiment, the formation of NH4" accounted for 21 + 2%, 23 + 2%, and 20 *+ 1% of MET
decay at 10, 20, and 30 °C, respectively. Considering that photo-ammonification of MET

36,37,41 it was

has been previously associated with methional production in the literature,
anticipated that it would form to a similar order of magnitude. Methional formation
demonstrated no discernible temperature-dependence of formation, with tendencies to
increase initially up to 5 minutes followed by decreasing concentrations up to 15 minutes
(Figure 30B). Over the 15 minutes, the methional concentration increased by 2.30 uM, 1.20

uM, and 1.70 uM at 10, 20, and 30 °C, respectively. These concentrations accounted for

12%, 5%, and 7% of MET decay at 10, 20, and 30 °C, respectively.
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Figure 30. Time-dependent concentration profiles of minor photo-transformation products
measured in 1,4-naphthoquinone at 10, 20, and 30 °C: (A) NH4', (B) Methional, (C)
DMDS, (D) MetO, (E) SER, and (F) ASP. Error bars show + SD of measurements.
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On average over the time-scale of the experiment, the formation of methional accounted
for 17 + 5%, 11 + 5%, and 11 * 3% of MET decay at 10, 20, and 30 °C, respectively.
Clearly, the formation of NH4" exceeds that of methional formation at 15 minutes and on
average over the time-scale, suggesting the instability of methional as a product reported
in the literature.’®*” Focusing on the initial increases of methional in the 2.5 minute
samples, the ratio of methional to NH4" ([Methional]:[NH4"]) was determined to be 1.03,
0.74, and 0.78 at 10, 20, and 30 °C, respectively. This result indicates they are initially
formed in similar proportions predominantly at 10 °C, which may be owed to higher
stability of volatile methional at lower temperatures. DMDS was also formed at all three
temperatures, although only to low concentrations with no temperature-dependence
(Figure 30C). At 60 minutes, the [DMDS] only increased by 0.12 uM, 0.15 pM, and 0.13
uM at 10, 20, and 30 °C, respectively. On average over time and between the temperatures,
the formation of DMDS accounted for 0.5 = 0.2%, suggesting little variation between
temperatures and with time. Nevertheless, the presence of DMDS is indicative of MeSH
radical formation. The observed instability of methional suggests further degradation to

MeSH as proposed in the literature,3®’

providing a pathway for volatilization and
formation of MSA. It should be noted that MeSH could not be quantified due to its high
boiling point and instability.

Consistent with the results for non-targeted screening, other amino acid products
were formed, including MetO, ASP, and SER (Figure 30D-F). As expected, the formation
of MetO was less significant in 1,4-naphthoquinone and demonstrated no clear

temperature-dependence (Figure 30D). Furthermore, the trends in concentration appear to

show increasing and decreasing with time, suggesting potential instability of MetO in 1,4-
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naphthoquinone solutions. On average over time, MetO formation accounted for 8 + 3%,
7 £ 1%, and 7 £ 3% of MET decay at 10, 20, and 30 °C, respectively. Fragmented amino
acid products, ASP and SER, formed less than 1 uM over the course of irradiation, with
SER demonstrating higher formation than ASP (Figure 30E,F). Interestingly, ASP
demonstrates clear temperature dependence despite lower formation while SER does not.
On average over time and between temperatures, ASP formation accounted for 1.3 + 0.2%
while SER accounted for 2.8 + 0.2% of MET decay. The formation of ASP is in agreement
with ASA formation due to previous notions that ASP is the final oxidation product.®®
The time-dependent concentration profiles for organic acids (i.e., formic acid,
acetic acid, oxalic acid) and sulfate are depicted in Figure 31. Of the organic acids, formic
acid (Figure 31A) and acetic acid (Figure 31B) demonstrated enhanced formation relative
to 1,4-naphthoquinone photolysis (Figure 11; Section 3.1.1.3). Following correction
procedure (Section 2.4.1), the change in formic acid concentration associated to MET
decay was 0.80 uM, 1.80 uM, and 2.20 uM at 10, 20, and 30 °C, respectively. For acetic
acid, the change in concentration associated to MET decay was 0.30 uM, 0.50 uM, and
0.20 uM at 10, 20, and 30°C, respectively. On average over time, formic acid accounted
for 5.0 £3.0%, 6.0 +2.0%, and 7.0 £ 2.0% of MET decay at 10, 20, and 30 °C, respectively.
Acetic acid accounted for 0.7 = 0.7%, 1.6 + 0.3%, and 0.9 + 0.6% of MET decay at 10, 20,
and 30 °C, respectively. The enhanced production of formic acid with MET present is
indicative of literature-reported decay of methional to produce MeSH, formic acid, and

ethylene.¢7
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Figure 31. Time-dependent concentration profiles for organic acids and sulfate measured
in 1,4-naphthoquinone at 10, 20, and 30 °C: (A) Formic Acid, (B) Acetic Acid, (C) Oxalic
Acid, and (D) SO4>".
Oxalic acid was not formed in 1,4-naphthoquinone solutions (Figure 31C). The photo-
mineralization of organic S to sulfate was generally not observed in 1,4-naphthoquinone
(Figure 31D), consistent with previous results for 2-naphthaldehyde. On average over time
and between temperatures, sulfate formation only accounted for 0.3 £ 0.1% of MET decay.
The relatively low formation and unstable concentration trends observed for MetO
indicated that it may be susceptible to further degradation in the presence of 1,4-

naphthoquinone, particularly since 'O, production was highly efficient. To test this

68



hypothesis, we employed 30 uM of MetO as the parent compound and quantified the major
and minor products observed with MET. Volatile compounds were not quantified in this
experiment. The time-dependent concentration profiles for MetO, major products, and

minor products are shown in Figure 32 for 1,4-naphthoquinone at 20 °C.
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Figure 32. Time-dependent concentration profiles for MetO and major products (left) and

minor products (right) produced in 1,4-naphthoquinone at 20 °C.

MetO decay was observed over the 15 minute experiment, degrading to 65% of its initial
concentration and verifying the hypothesis that it is unstable in 1,4-naphthoquinone
solutions. The pseudo-first-order decay rate up to 5 minutes was 1.01 x 102 s (R> = 0.96),
which is approximately 2.3 times lower than what was observed for MET. Production of
ASA, MSA, NH4", ASP, SER, and formic acid were observed in solutions with MET and
MetO as the parent compound; however, key differences in product distributions were
observed. Conversely to MET, the most abundant product produced was NH4", accounting
for 54 + 6% of MetO decay on average. Importantly, ASA and MSA were formed to similar

proportions, accounting for 39 + 1% and 35 + 8% of MetO decay, respectively. These
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results imply that the oxygen addition to the S-atom in MetO provides a more stable
pathway to MSA following the cleavage of the S — C bond, whereas with MET more
volatile losses may likely occur. For example, if we compare [MSA]is min With that of the
sum of concentrations of fragmented products (i.e., ASA, ASP, and SER), the MSA
concentration accounts for 95% of fragmented product concentration in MetO solution.
With MET as the parent compound, the MSA concentration only accounts for 36% of the
fragmented product concentration. Furthermore, it seems that oxygen addition to the S-
atom induces preferential photo-ammonification. Both ASP and SER were measured at
increasing concentrations; however, we observed more significant formation of ASP and
less significant SER formation when using MetO as the parent compound. ASP and SER
account for 4.0 £ 0.2% and 1.0 £ 0.2% of MetO degradation on average. Formic acid
production was also enhanced with MetO as the parent compound, accounting for 7 £ 3%
of MetO decay. Lastly, we observed the formation of methionine sulfone (MetOO) only in
solutions with MetO as the parent compound, suggesting that when [MetO] is high, it is
subject to further oxidation whereas this was not observed in MET solutions with 1,4-
naphthoquinone. MetOO accounted for 1.0 = 0.5% of MetO degradation in 1,4-

naphthoquinone.

The photo-transformation products of MET in 1,4-naphthoquinone solution
demonstrated the strong activity of °NQ* and minor involvement of 'O,. The summarized
reaction pathways and products for MET in the presence of 1,4-napthoquinone are shown
in Figure 33 with percent conversions for each product. The significant production of

CHNO-containing amino acids (i.e., ASA, ASP, SER) and small S-containing products
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(i.e., MSA, DMDS) indicated that cleavage of the S — C bond in MET was a primary
reaction pathway induced by *NQ*. As a secondary pathway involving *NQ¥*,
decarboxylation and deamination of MET lead to the production of methional and NH4".
The unstable concentrations of methional and production of formic acid indicated further
decay of methional to produce MeSH, ethylene, and formic acid in agreement with
proposed decay in the literature.*®3” While !0, was active and produced MetO, it was found
to be further susceptible to degradation producing similar products but at different

proportions than with MET.
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3.2.3 Product Formation in Standard Isolate DOM Solutions

In order to put the results depicted in surrogate DOM solutions into perspective, the
same photo-transformation products observed in the surrogate DOM solutions were then
calibrated and measured for the degradation of MET in the presence of two standard isolate
DOM solutions at 20 °C: (1) Suwannee River Humic Acid (SRHA) and (2) Elliott Soil
Humic Acid (ESHA). These two isolate DOM solutions were chosen as they represent two
different environmental DOM (i.e., aqueous and soil DOM) with varying carbon content

as well as differences in reactivity observed by probe compound decay.

3.2.3.1 Suwannee River Humic Acid (SRHA)

The observed MET decay in SRHA solution followed pseudo-first-order kinetics,
decreasing to 79% of the initial MET concentration of 30 uM over the 480 minute
experiment. The pseudo-first-order decay rate was 8.30 x 10° s! (R? = 0.99),
approximately one order of magnitude lower than in 2-naphthaldehyde. The time-
dependent concentration profiles for MET and major products produced in 10 mg C/L
SRHA solution at 20 °C are depicted in Figure 34. Consistent with 2-naphthaldehyde,
MetO production was significant and represented the predominant product observed in
SRHA solution. Over the course of the experiment, MetO increased by 3.60 uM and
accounted for 60 * 2% of the observed MET degradation on average. Given the
predominance of MetO and literature-reported mechanisms for 'O», the production of
DHM and H>O» was expected. The production of H2O2 was enhanced relative to what was
produced in SRHA photolysis (Figure 15; Section 3.1.2.2). Specifically, formation of H2O>

at 480 minutes was 9.80 uM in SRHA photolysis and 10.90 uM with MET present in
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solution. On average over time, the corrected results demonstrate an increase of H>O»

associated with MET decay on the order of 2.20 + 0.80 uM.
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Figure 34. Time-dependent concentration profiles for MET and the major photo-

transformation products produced in 10 mg C/L SRHA solution at 20 °C. Error bars

represent the standard deviation of triplicate measurements.

The relatively high variation in corrected H>O2 concentrations potentially indicates
the contribution of H2O2 to MET decay over the time-scale of the experiment. We
experimentally investigated the H>O»-induced oxidation of 30 uM MET in the dark at 20
°C using 1 mM H»0O, to promote pseudo-first-order kinetics. Over the 6 hour experiment,

MET degraded to 87% of the initial concentration and conversion to MetO was 80 + 3%.
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The pseudo-first-order decay rate was 6.68 x 10 s (R? = 1.00), corresponding to an

apparent second-order rate constant ( & ) was 6.68 x 10 M's!. Taking into account

app, H,0,
the [H202]4s0min of 10.90 uM yields a pseudo-first-order rate of 7.30 x 10® 5!, two orders
of magnitude lower than the overall MET decay rate in SRHA. This confirms that H>O>
produced in SRHA photolysis and with MET present will not contribute significantly to

MET decay, even at the longer experimental time-scales used for standard isolate DOM.

The results thus far suggest that 'O, is largely responsible for the degradation of
MET in SRHA solutions, yet *CDOM*-induced reactions cannot be ignored due to the
formation of fragmented products. The time-dependent concentration profiles for minor
products are shown in Figure 35 for 10 mg C/L SRHA at 20 °C. Importantly, ASA
demonstrated formation SRHA solution, demonstrating an increase of 1.00 uM over the
480 minute experiment. While formed to a lesser extent than MetO, ASA still accounts for
a significant fraction of MET decay over the experiment. On average, ASA accounted for
14 £ 2% of the observed MET decay. While other CHNO-containing amino acids observed
in 1,4-naphthoquinone solutions were detected, their formation was relatively insignificant
in SRHA solution. For example, ASP demonstrated very little changes in concentration
with an average of 0.10 = 0.01 uM. The minimal increases in [ASP] corresponded to less
than 1% of MET decay on average. SER was only statistically detectable past 360 minutes
and for this reason, it can be considered effectively negligible, accounting for less than 1%
of MET decay on average. Consistent with observed formation of CHNO-containing amino

acids in 1,4-naphthoquinone, the formation of MSA was also observed in SRHA solution.
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MSA only forms approximately 0.30 uM over the 480 minutes and accounts for 4 + 1% of
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Figure 35. Time-dependent concentration profiles for the minor photo-transformation

products produced in 10 mg C/L SRHA solution at 20 °C. Error bars represent the standard

deviation of triplicate measurements.

MSA only forms approximately 0.30 uM over the 480 minutes and accounts for 4 + 1% of
MET decay on average. For comparison, the ratio of A[MSA] to change in CHNO-
containing amino acid concentration (i.e., ASA, ASP, and SER) yields a value of 0.27 in
SRHA solution while for 1,4-naphthoquinone the ratio was 0.36 at 20 °C. This suggests

that formation of MSA relative to CHNO-containing amino acids was in similar proportion
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between the 1,4-naphthoquinone and SRHA. The slightly decreased ratio may indicate that
the complex, macromolecular structure of SRHA may inhibit formation of MSA following

S — C cleavage.

The time-dependent concentration profiles for organic acids (i.e., formic acid,
acetic acid, and oxalic acid) and inorganic compounds (i.e., NH4", SO4*) are shown in
Figure 36. Consistent with SRHA photolysis, formic acid demonstrated the most
significant formation with MET present in solution. Comparing the organic acids, the
amount of formation observed in order of decreasing significance was: formic acid (2.20
uM) > acetic acid (1.70 uM) > oxalic acid (0.60 uM). The formation of organic acids with
MET present did not deviate significantly from SRHA photolysis (Figure 16; Section
3.1.2.3), indicating that their production was largely driven by the photolysis of SRHA.
For example, the change in formic acid and oxalic acid concentration was 2.10 uM and
0.50 uM in SRHA photolysis, respectively. Acetate deviates from this demonstrating
higher formation when MET was spiked into solution. Specifically, acetic acid increases
by 0.70 uM in SRHA photolysis and 1.70 pM with MET present in solution over the 480
minute experiment. The corrected values associated with MET decay accounted for 5 +
6%, 17 = 14%, and 3 + 3% for formic acid, acetic acid, and oxalic acid, respectively. The
production of inorganic compounds of N and S were generally minimal in both SRHA
photolysis and with MET present in solution. Photo-ammonification with MET present in
SRHA solution is observed to very small degree, with an increase of 0.20 uM over the
experiment. We previously observed higher photo-ammonification in the photolysis of
SRHA, forming approximately 0.50 uM over the experiment; however, this may be owed

to error in the initial sample measurement. Thus, it can be concluded that little to no photo-
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ammonification is observed and that volatile products such as methional may not be

formed.
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Figure 36. Time-dependent concentration profiles for organic acids and inorganic

compounds produced in 10 mg C/L SRHA solution at 20 °C. Error bars represent the

standard deviation of triplicate measurements.

Sulfate formation was not significant in either SRHA photolysis or with MET present.
Sulfate demonstrates highly similar trends in the photolysis of SRHA and when MET is
present in solution, suggesting that the increases observed are associated with SRHA
photolysis and not MET decay. This is consistent with results obtained for surrogate DOM

solutions.
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The results depicted for SRHA indicate that !0,-mediated oxidation of MET is the
dominant pathway for decay as observed with 2-naphthaldehyde, yet the formation of
fragmented byproducts indicate *CDOM?* involvement that cannot be ignored.
Furthermore, the proportions of key *CDOM?*-induced fragmentation products were
similar to that of 1,4-naphthoquinone as indicated by the ratio of MSA formation relative
to CHNO-containing amino acids formation. The production of H2O; was in agreement
with the 'O, mechanisms for formation of MetO and DHM. While non-targeted screening
was not applied to the standard isolate DOM, it is expected that a significant portion of
MET decay that isn’t accounted for is likely associated with DHM formation in SRHA

solution.

3.2.3.2 Elliott Soil Humic Acid (ESHA)

In ESHA solution, the observed MET decay was much more significant than in
SRHA solution, decreasing to just 42% of the initial MET concentration over the
experiment. The pseudo-first-order decay rate was 3.17 x 10° s (R* = 0.98),
approximately four times faster than in SRHA and more comparable to 2-naphthaldehyde.
The time-dependent concentration profiles for MET and major products produced in 10

mg C/L ESHA solution at 20 °C are depicted in Figure 37.

79



35 ZL

30 9

i A
i (@)

25 020 °C - MET
s ] ° A 020 °C - MetO
c o 020 °C - ASA
= 201 A20 °C - H202
S ] o
E; i
£ ]

5 15 | o
& ] o
o
O I A o)
10 1
] o
] o
5 ©
o
(]}
Oi D g D| ? T T T E!]
0 60 120 180 240 300 360 420 480

Time (minutes)
Figure 37. Time-dependent concentration profiles for MET and the major photo-

transformation products produced in 10 mg C/L ESHA solution at 20 °C. Error bars

represent the standard deviation of triplicate measurements.

Relative to SRHA, the enhanced MET decay in ESHA agrees with increased probe
compound decay for both *°CDOM* and 'O, probes (Section 3.1.2.2). As a result of
enhanced 'O, production, the formation of MetO was significant and comprised a major
fraction of MET transformation. Specifically, 13.00 uM of MetO was formed over the
course of the experiment, accounting for 76 + 1% of the observed MET decay on average.
The production of H>O» was significantly enhanced relative to what was produced in ESHA

photolysis (Figure 15; Section 3.1.2.2). For example, formation of H>O> at 480 minutes
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was 12.00 uM in ESHA photolysis and 29.90 uM with MET present in solution. On
average over time, the corrected results demonstrate increase of H-O» associated with MET
decay on the order 0f9.90 + 7.50 uM and a maximum increase of 17.90 uM at 480 minutes.
Despite significantly higher formation of H»O,, the concentration formed is still not
significant enough to contribute to significant decay of MET as with SRHA. Such high

production is likely a strong indicator for the formation of DHM in ESHA solution.

Consistent with SRHA, the results so far indicate the dominant activity of !0z in
the transformation of MET. Production of MetO and H>O» was significant and MetO
accounted for a larger fraction of MET decay compared to SRHA. Given the enhanced
production of *CDOM* in ESHA, it was also expected that production of fragmented
products would be increased relative to SRHA. The time-dependent concentration profiles
for minor products are shown in Figure 35 for 10 mg C/L ESHA at 20 °C. As expected, the
production of ASA was higher than what was observed in SRHA, forming 1.80 uM over
the course of the experiment and accounting for 10% of MET decay. On average, 8 + 2%
of decay was accounted for by ASA formation. Other CHNO-containing amino acids were
detected, yet their formation was insignificant as observed with SRHA. While ASP and
SER concentrations were within detection limits, the minimal increases in concentration
accounted for less than 1% of MET decay combined. Consistent with the formation of ASA

in both 2-naphthaldehyde and SRHA, MSA production was observed in ESHA solution.
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Figure 38. Time-dependent concentration profiles for the minor photo-transformation

products produced in 10 mg C/L ESHA solution at 20 °C. Error bars represent the standard

deviation of triplicate measurements.

MSA formation was higher in ESHA, forming 0.58 uM over the 480 minutes; however,
the relative significance as a product was less than with SRHA. Specifically, MSA
formation accounted for 2 + 1% of MET decay on average. While ASA and MSA formation
was increased in ESHA, the relative significance as a transformation product was lesser
than in SRHA due to the rapid MET decay and MetO formation observed. Applying the
same comparison as with SRHA, the ratio of AIMSA] to change in CHNO-containing

amino acid concentration (i.e., ASA, ASP, and SER) yields a value of 0.31 compared to
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0.27 for SRHA and 0.36 for 1,4-naphthoquinone. This suggests that formation of MSA
relative to CHNO-containing amino acids was in similar proportion between the 1,4-
naphthoquinone and both standard isolate DOM. On average between the surrogate and
standard isolate DOM, the ratio was 0.31 + 0.05. Furthermore, this result indicates that
there is likely some loss of the fragmented thiol group due to volatilization. Considering
the high activity of 'O, in both 1,4-naphthoquinone and ESHA, the higher ratios may be
associated with increased production of MetO and subsequent reaction with *CDOM?*,
which was demonstrated to produce MSA and CHNO-containing amino acids in near 1:1

proportions (Figure 32; Section 3.2.2.2).

The time-dependent concentration profiles for organic acids (i.e., formic acid,
acetic acid, and oxalic acid) and inorganic compounds (i.e., NHs*, SO4*) are shown in
Figure 39. Comparing the organic acids, the amount of formation observed in order of
decreasing significance was: formic acid (1.30 uM) > acetic acid (0.90 uM) > oxalic acid
(0.30 uM). Formic acid demonstrated less formation when MET was present in solution
compared to ESHA photolysis. Similar to SRHA, acetic acid formation was enhanced in
the presence of MET, accounting for 1 + 1% of MET decay on average. Formic acid and
oxalic acid accounted for less than 1% of MET decay, suggesting their formation is likely

owed to the photolysis of ESHA and not transformation of MET.
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Figure 39. Time-dependent concentration profiles for organic acids and inorganic

compounds produced in 10 mg C/L ESHA solution at 20 °C. Error bars represent the

standard deviation of triplicate measurements.

The photo-mineralization of N and S was not observed in ESHA solution with or
without MET present to a significant degree. Photo-ammonification with MET present was
observed with generally increasing concentrations throughout the experiment, albeit only
amounting to 0.30 uM of formation. In ESHA photolysis, [NH4"] remained stable until 480
minutes, where an increase of 0.50 uM is observed. This is consistent with what was

observed with SRHA, yet the relatively steady increasing trends in ESHA suggest a degree

84

480



of enhancement with MET present. On average, photo-ammonification accounts for 2 +
2% of MET decay. Sulfate formation was not significant in either SRHA photolysis or with
MET present. Similar trends were observed for sulfate formation in SRHA photolysis and

with MET 1is present in solution, suggesting that the increases observed are driven by

SRHA photolysis and not MET decay.

The standard isolate DOM tested in this study demonstrated major formation of
0,-mediated transformation products consistent with those observed in 2-naphthaldehyde
solution. Despite this, the minor transformation products indicated *CDOM?* involvement
that contributed significantly to MET decay as observed in 1,4-naphthoquinone solutions.
Furthermore, the production of MSA in standard isolate DOM relative to CHNO-
containing amino acids was observed in similar proportions to that 1,4-naphthoquinone
solutions, indicating similar *CDOM?*-induced decay mechanisms occurred. The
production of H,O> in both SRHA and ESHA further agrees with !0, mechanisms for the
production of DHM and MetO. While non-targeted screening was not applied to the
standard isolate DOM, it is expected that a significant portion of MET decay that isn’t

accounted for is likely associated with DHM formation.

3.2.4 Mass Balances & Conversion of Carbon, Nitrogen, & Sulfur

3.2.4.1 Dissolved Organic Carbon

The mass balance for dissolved organic carbon (DOC) was evaluated according to
procedure described in Section 2.4.2. DOC concentrations, both measured and calculated

based off quantified products in surrogate DOM solutions, are depicted in Figure 40.
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Figure 40. Time-dependent dissolved organic carbon (DOC) concentrations directly

measured (markers) and calculated (lines) based on quantified products: (A) 2-

naphthaldehyde and (B) 1,4-naphthoquinone.
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Compounds accounted for in the calculated DOC for 2-naphthaldehyde included: MET,
MetO, MSA, formic acid, acetic acid, and oxalic acid (Figure 40A). For 1,4-
naphthoquinone, the compounds included in addition to those used for 2-naphthaldehyde
were: ASA, ASP, SER, methional, and DMDS (Figure 40B). Consistent with low photo-
transformation of 2-naphthaldehyde and high conversion to MetO, little changes in
measured DOC were observed. Conversely, loss of DOC in all three solutions was
observed in the first 5 minutes of irradiation in 1,4-naphthoquinone. The average loss of
DOC at 15 minutes was 1.80 £ 0.20 mg C/L for all three temperatures. This was anticipated
given the production of methional via MET-decarboxylation in addition to the production
of other volatile species (ie., DMDS, MeSH) that can be lost from solution. Furthermore,
the rapid photo-transformation of 1,4-naphthoquinone significantly contributed to loss of
DOC, with an average loss of 1.60 + 0.10 mg C/L at 15 minutes between the three
temperatures. Taking the difference, approximately 0.20 £ 0.10 mg C/L of DOC lost is
associated with MET decay corresponding to 11 £ 6% of the total loss observed. Thus, loss
of DOC was predominantly driven by 1,4-naphthoquinone photolysis. The calculated DOC
concentrations based on product concentrations fit the measured values well for both
surrogate DOM. In 2-naphthaldehyde, the calculated DOC accounted for 104 + 1%, 104
1%, and 103 % 2% of the measured DOC at 10, 20, and 30 °C on average, respectively.
Similar results were obtained for 1,4-naphthoquinone, where the calculated DOC
accounted for 99 + 1%, 96 + 3%, and 97 + 4% of the measured DOC at 10, 20, and 30 °C
on average, respectively. Generally, these results indicate that the C-containing products
measured in each surrogate DOM solution accounted for significant fractions of DOC

transformation.
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The measured and calculated DOC concentrations for standard isolate DOM at 20
°C are depicted in Figure 41. Calculated values of DOC in standard isolate DOM included
the following compounds: MET, MetO, ASA, ASP, SER, MSA, formic acid, acetic acid,
and oxalic acid. It is worthy to note that initial DOC concentrations were less than 10 mg
C/L for standard isolate DOM due to the presence of inorganic and purgeable organic

components present in standard isolate DOM.
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Figure 41. Time-dependent dissolved organic carbon (DOC) concentrations directly
measured (markers) and calculated (lines) based on quantified products in SRHA (blue)
and ESHA (red) solutions at 20 °C.
In SRHA solution, changes in DOC concentration were minimal throughout the
experiment. The average measured DOC was 8.70 + 0.20 mg C/L and reached a maximum

at 480 minutes of 9.00 mg C/L. Similarly, the measured DOC concentration in SRHA

photolysis demonstrated an average of 6.90 = 0.20 mg C/L and reached a maximum at 480
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minutes of 7.20 mg C/L. Conversely, decreases in the measured DOC concentration were
observed throughout the experiment in ESHA solution. At 480 minutes, the loss of DOC
was 1.20 mg C/L. In ESHA photolysis, the measured DOC showed an initial increase of
up to 120 minutes followed by decreasing DOC concentrations up to 480 minutes. Relative
to the initial 7.40 mg C/L at 0 minutes, the overall decrease of 0.40 mg C/L at 480 minutes
corresponds to 33% of DOC loss associated with ESHA photolysis. From the maximum of
7.70 mg C/L at 120 minutes, the decrease of 0.70 mg C/L corresponds to approximately
60% of DOC loss associated with ESHA photolysis. The calculated values of DOC
demonstrated good fits with measured values, consistent with surrogate DOM solutions.
On average over time, calculated DOC based on measured products accounted for 100 +
1% and 100 £ 1% of the measured DOC concentrations in SRHA and ESHA solution,
respectively. Consistent with results for surrogate DOM, the standard isolate DOM
demonstrated that the quantified C-containing transformation products accounted for
significant fractions of DOC transformation, suggesting DOC was balanced well with

measured products.

To further evaluate the transformation of C in surrogate and standard isolate DOM
solutions, the conversion of MET to measured transformation products in terms of mg C/L
was determined using the procedure described in Section 2.4.1. Compounds were grouped
into classes, including: (1) MetO, (2) amino acids (i.e., ASA, ASP, and SER), (3) organic
acids (i.e., MSA, formic acid, acetic acid, and oxalic acid), and (4) volatiles (i.e., methional
and DMDS). MetO was evaluated separate from the amino acid class given the generally
high conversion observed in 2-naphthaldehyde and standard isolate DOM solutions. The

distribution of these classes in each solution is shown in Figure 42 at 20 °C.
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Figure 42. Distribution of quantified photo-transformation products based on conversion
of carbon in surrogate and standard isolate DOM solutions at 20 °C. Error bars represent

the standard deviations of conversion over time for each compound class.

The total conversion of C accounted for by products measured was determined to be 86 +
8% and 87 + 8% in 2-naphthaldehyde and 1,4-naphthquinone, respectively. For standard
1solate DOM, total conversion of C was determined to be 77 £ 7% and 82 + 4% in SRHA
and ESHA, respectively. Generally, the conversion of C was accounted for significantly
by the quantified changes in products concentrations; however, important differences in
distributions of each class were observed. Firstly, the production of MetO accounted for

significant conversion of C in 2-naphthaldehyde and both standard isolate DOM. The
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relative significance of MetO formation in decreasing order was: 2-naphthaldehyde (85 +
6%) > ESHA (76 + 1%) > SRHA (60 £ 2%) > 1,4-naphthoquinone (7 + 2%). Secondly,
production of other amino acids was dominant in 1,4-naphthoquinone and also observed to
a lesser degree in standard isolate DOM solutions. The relative significance of amino acid
production in decreasing order was: 1,4-naphthoquinone (64 + 1%) > SRHA (12 + 6%) >
ESHA (6 £ 2%) > 2-naphthaldehyde (0%). For organic acids, the relative significance of
formation in decreasing order was: 1,4-naphthoquinone (7 + 1%) > SRHA (4 £+ 3%) > 2-
naphthaldehyde (2 £ 2%) > ESHA (<1%). Lastly, volatile formation observed in 1,4-

naphthoquinone contributed significantly to conversion of C, accounting for 9 + 4%.

Generally, it can be concluded that the product distributions in terms of C in
standard isolate DOM closely resemble those observed in 2-naphthaldehyde. The
significant production of MetO in these solutions accounted for the majority of C-
conversion and verify the significant importance of '0». Despite this, the production of
CHNO-containing amino acids constituted a fraction of conversion that cannot be in
ignored in standard isolate DOM solutions. Strong *CDOM-induced transformation was
observed in 1,4-naphthoquinone and the production formation of ASA and MSA in

standard isolate DOM suggests involvement of *CDOM.

3.2.4.2 Total Nitrogen

The mass balance on total nitrogen (TN) was evaluated following a same procedure
as used for DOC (Section 2.4.2). Measured and calculated TN concentrations based on
quantified product concentrations are depicted in Figure 43 for the surrogate DOM

solutions at all three temperatures.
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Figure 43. Time-dependent total nitrogen (TN) concentrations directly measured (markers)
and calculated (lines) based on quantified products: (A) 2-naphthaldehyde and (B) 1,4-

naphthoquinone.
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Compounds accounted for in the calculation of TN for 2-naphthaldehyde included: MET,
MetO, and NH4" (Figure 43A). For 1,4-naphthoquinone, the compounds utilized in the
calculation of TN included: MET, MetO, ASA, ASP, SER, and NH4" (Figure 43B).
Generally, it was anticipated that very little changes in measured TN concentration would
be observed in surrogate DOM solutions, which is observed visually in Figure 43. In
addition, the average measured TN concentration across time and temperature was 0.53 +
0.03 mg N/L and 0.48 + 0.01 mg N/L showing little variation for 2-naphthaldehyde and
1,4-naphthquinone, respectively. The calculated TN concentrations based on product
concentrations provided good fits of the measured TN concentrations for both surrogate
DOM. In 2-naphthaldehyde, the calculated TN accounted for 90 + 4%, 90 + 3%, and 83 +
6% of the measured TN at 10, 20, and 30 °C on average, respectively. Similar yet slightly
improved results were obtained for 1,4-naphthoquinone, where the calculated TN
accounted for 100 £+ 5%, 99 + 3%, and 99 + 5% of the measured TN at 10, 20, and 30 °C
on average, respectively. The production of significant CHNO-containing amino acids,
NH4", and MetO seem to provide a better balance of TN in 1,4-naphthoquinone while the
lack of DHM concentrations may account for the lesser balance of TN in 2-
naphthaldehyde. Overall, the results demonstrate that the N-containing products measured
in surrogate DOM solutions account for a significant fraction of the measured TN

concentrations.

The measured and calculated TN concentrations for standard isolate DOM at 20 °C
are depicted in Figure 41. In standard isolate DOM, the calculated values of TN included

the following compound concentrations: MET, MetO, ASA, ASP, SER, and NH,4".
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Figure 44. Time-dependent total nitrogen (TN) concentrations directly measured (markers)
and calculated (lines) based on quantified products in SRHA (blue) and ESHA (red)

solutions at 20 °C.

Consistent with surrogate DOM, the measured TN concentrations demonstrated very little
changes over the experiment. The average TN concentrations over time were 0.64 + 0.01
mg N/L and 1.04 £ 0.03 mg N/L for SRHA and ESHA, respectively. The average
background concentrations of TN were 0.26 £ 0.01 mg N/L and 0.64 = 0.01 mg N/L for
the photolysis of SRHA and ESHA, respectively. The calculated TN concentration was
generally higher than the measured TN concentration. Specifically, the calculated values
of TN accounted for 117 £2% and 112 £ 4% of the measured TN concentration on average
for SRHA and ESHA, respectively. While overestimated, these results generally agree with
surrogate DOM in that N-containing compounds measured in experiments account for the

measured TN concentrations and consequently the transformation of TN in solution.
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To directly evaluate the conversion of N in MET to products measured, the same
approach used for DOC was utilized (Section 2.4.1). Compounds were grouped into
classes, including: (1) MetO, (2) amino acids (i.e., ASA, ASP, and SER), and (3) inorganic
N (i.e. NH4"). Similar to DOC, MetO was evaluated as its own class due to the significant
conversion observed in 2-naphthaldehyde and both standard isolate DOM solutions. The
distribution of these classes in surrogate and standard isolate DOM solutions are shown in

Figure 45 at 20 °C.
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Figure 45. Distribution of quantified photo-transformation products based on conversion
of nitrogen in surrogate and standard isolate DOM solutions at 20 °C. Error bars represent

the standard deviations of conversion over time for each compound class.
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The total conversion of N accounted for by products measured was determined to be 88 +
9% and 110 + 4% in 2-naphthaldehyde and 1,4-naphthquinone, respectively. For standard
1solate DOM, total conversion of N was determined to be 78 = 7% and 85 + 5% in SRHA
and ESHA, respectively. Consistent with the conversion of C, a significant fraction of N in
MET was accounted for by the measured products, particularly regarding the formation of
MetO. The relative significance of MetO formation for N-conversion in decreasing order
was: 2-naphthaldehyde (85 = 6%) > ESHA (76 £ 1%) > SRHA (60 = 2%) > 1,4-
naphthoquinone (6 = 1%). For the production of other amino acids observed in 1,4-
naphthoquinone and the standard isolate DOM, the relative significance to N-conversion
in decreasing order was: 1,4-naphthoquinone (80 £+ 1%) > SRHA (15 + 2%) > ESHA (8 £
2%) > 2-naphthaldehyde (0%). The photo-mineralization of N in MET was only
significantly observed in 1,4-naphthoquinone. The relative significance of inorganic N (i.e.
NH") to the conversion of N in decreasing order was: 1,4-naphthoquinone (23 + 2%) > 2-

naphthaldehyde (3 + 2%) = SRHA (3 + 2%) > ESHA (1 + 1%).

Consistent with conversion of C, the product distributions in terms of N for standard
isolate DOM further resemble that observed in 2-naphthaldehyde, with the exception of
formation of CHNO-containing amino acids observed in standard isolate DOM. This
agrees with previous conclusions that 'O»-induced oxidation of MET to MetO dominates
in standard isolate DOM solutions; however, *CDOM#*-induced transformation cannot be
ignored as it contributes a significant fraction of transformation. The lack of MET photo-
ammonification observed in 2-naphthaldehyde and standard isolate DOM further agree
with minimal contributions of 'O» as speculated by Zhang et al. 2021 using rose bengal as

a 'O, sensitizer.* The high photo-ammonification of MET observed in 1,4-
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naphthoquinone agrees with the work by Zhang et al. 2021 using anthraquinone-2-
sulfonate to evaluate contribution of *CDOM, suggesting quinones play an important
role.*” Despite this, discrepancies exist between the results described here and in the
literature for standard isolate DOM. Tarr et al. 2000 reported significant photo-
ammonification of 100 uM MET in the presence of 37 mg C/L SRHA on the order of 20
UM over 6 hours; however, this group did not employ strict temperature control of their
solutions.?” Zhang et al. 2021 reported photo-ammonification of 100 uM MET in natural
water samples from various sources in China ranging from 11 — 16 uM over 6 hours, with
reported solution temperature control at 25 + 5 °C.* Beyond the lack of strict temperature
control in these studies and higher MET and DOM concentrations, no clear differences can
be attributed to the discrepancies identified. From a mechanistic standpoint, the production
of S — C cleaved products (i.e., ASA, MSA) in standard isolate DOM may indicate
preferential *CDOM*-induced reaction pathways with MET as observed for 1,4-
naphthoquinone. Furthermore, the wide array of triplets with varying energies and triplet
reduction potentials present in complex DOM may influence the availability of *\CDOM*
that can react with MET. The majority of triplets may undergo energy transfer with 0, to
produce 'O,, which can shorten lifetimes of *CDOM* consequently reducing their

concentration.*

3.2.4.3 Conversion of Sulfur

The conversion of S present in MET was evaluated similarly to the conversion
previously discussed for C and N (Section 2.4.1). Compounds were group into classes,

including: (1) MetO, (2) MSA, (3) Inorganic S (i.e. sulfate), and (4) Volatiles (i.e.,
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methional and DMDS). MetO and MSA were evaluated as their own classes given their
significance as transformation products in surrogate and standard isolate DOM solutions.
The distribution of these classes in surrogate and standard isolate DOM solutions are shown

in Figure 46 at 20 °C.
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Figure 46. Distribution of quantified photo-transformation products based on conversion
of sulfur in surrogate and standard isolate DOM solutions at 20 °C. Error bars represent the

standard deviations of conversion over time for each compound class.

The total conversion of S accounted for by products measured was determined to be 87 +
8% and 44 + 10% in 2-naphthaldehyde and 1,4-naphthquinone, respectively. In standard

isolate DOM solutions, the conversion of S accounted for by products measured was 65 +
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3% and 76 + 2% for SRHA and ESHA, respectively. Similar to conversion of C and N, a
significant fraction of the S-conversion was accounted for by oxidation to MetO in 2-
naphthaldehyde and both standard isolate DOM. Specifically, the relative significance of
MetO formation for S-conversion in decreasing order was: 2-naphthaldehyde (85 + 6%) >
ESHA (76 £ 1%) > SRHA (60 £ 2%) > 1,4-naphthoquinone (6 £+ 2%). MSA formation was
observed in all solutions to varying degrees and the relative significance for S-conversion
in decreasing order was: 1,4-naphthoquinone (25 + 3%) > SRHA (4 + 1%) > ESHA (2 £
1%) = 2-naphthaldehyde (2 = 1%). The photo-mineralization of S present in MET to
inorganic S (i.e. sulfate) was negligible in surrogate and standard isolate DOM solutions,
with conversion values accounting for less than 1% of MET transformation. In 1,4-
naphthoquinone, the conversion of S accounted for by products was low and the
predominant S-products were MSA and volatile sulfur compounds. The production of

volatiles in 1,4-naphthoquinone accounted for 12 + 5% of the S-conversion.

The product distributions in terms of S-conversion demonstrates clear differences
associated with the *CDOM?*- and 'O,-induced transformation of MET. Consistent with
both conversion of C and N, the S-conversion provides further demonstrates the similarities
of 2-naphthaldehyde and the standard isolate DOM. The '0,-mediated oxidation of MET
to MetO is the predominant transformation pathway present in 2-naphthaldehyde and
standard isolate DOM solutions, yet consistent observations of products indicative of S —
C cleavage in MET provides evidence for *\CDOM* involvement in standard isolate DOM.
Interestingly, the production of MSA was observed in 2-naphthaldehyde despite the lack
of formation of CHNO-containing amino acids as observed with 1,4-naphthoquinone,

SRHA, and ESHA. This suggests a small degree of *CDOM*-induced transformation in 2-
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naphthaldehyde and agrees with distributions observed for SRHA and ESHA. The
observed production of volatile sulfur compounds indicates that loss of S to the atmosphere
likely occurs in the *\CDOM-induced transformation of MET. This is in agreement with the
lower S-conversion accounted for in 1,4-naphthoquinone solutions and literature reported
production of volatiles (e.g., methional, DMDS, MeSH).3*36-3:48 Degpite reported photo-
mineralization of S in the literature for both the photolysis of various types of naturally-
derived DOM and in the presence of MET,!® we consistently observed negligible amounts
of sulfate formation in surrogate and standard isolate DOM solutions. The works by Ossola
et al. 2019 measured the production of MSA and sulfate from various DOS compounds,
including thiols, thioethers, sulfonic acids and sulfate esters.!* This group reported
production of both MSA and sulfate from 50 pM MET in the presence of a naturally-
derived sensitizer (dismal swamp water), forming approximately 1.90 uM of sulfate and
2.00 uM of MSA over 2 hours.!* The production of MSA was only observed in methylated
thioethers such as MET, suggesting that these compounds are the main precursors to MSA.
Sulfate production from MET is indicative of S — C cleavage and demethylation; however,
Ossola et al. 2019 demonstrated the photo-stability of MSA with no production of sulfate,
suggesting MSA is not subject to further oxidation.!® Thiols such as cysteine appear to be
more conducive to sulfate formation which agrees with the lack of observed MSA
production when employing thiols as the parent compound. Even under highly oxidative
conditions observed in 1,4-naphthoquinone, no sulfate production was observed from MET
or MetO and the results generally suggest MSA is the dominant S-containing product
followed by volatile sulfur compounds. The only clear difference between the works by

Ossola et al. 2019 and this study is the utilization of a strict temperature control method
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and mechanistic differences remain unclear. In general, more attention should be payed to
solution temperature in studies of aquatic photochemistry to better replicate

environmentally-relevant conditions.
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4 Environmental Implication

Amino acids, both free and combined, represent important sources of key
macronutrients providing the building blocks for protein synthesis and energy for microbial
growth in natural waters. The abiotic transformation of amino acids has received
considerable attention given their significant contributions to bacterial nitrogen demand
and to DON pools in engineered and natural waters. The major sinks of amino acids include
biological uptake, photochemical transformation, and abiotic adsorption.’’”’® During
photosynthetic processes, organisms such as algae produce exudates of organic matter both
actively and passively.”!"”> Notably, dissolved free and combined amino acids have been
identified as primary algal exudates that are selectively and rapidly taken up by
heterotrophic bacteria.'’”*’* While all amino acids intrinsically relate to cycling of DOC
and DON, S-containing amino acids and DOS in general have received less attention. In
oxygenated surface waters, labile dissolved S species are assimilated by microorganisms
to achieve cellular requirements of S and the formation of critical S-containing amino acids
(e.g., cysteine and MET) for protein synthesis.!!"”> Concentrations of S-containing amino
acids are low, representing less than 5% of the total amino acid pool; however, higher
concentrations in cells further suggest rapid cycling in biota.""!! The relative contribution
to the total DOS pool in the Eastern Atlantic indicated approximately 2% is derived from
proteins, suggesting S-containing amino acids represent an important fraction of DOS
subject to transformation in the ocean.?* Understanding the abiotic sinks of S-containing

amino acids has important implications for global cycling of C, N, and S.
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Evaluating the relative magnitudes of abiotic sinks for S-containing amino acids is
critical in natural waters. In the Atlantic Ocean, Zubkov et al. 2008 reported biological
uptake rates for MET of 23 pmol L! h! ((MET] = 200 pmol L) in temperate Atlantic
waters, 12 pmol L' h'! (IMET] = 410 pmol L) in the Atlantic gyre, and 32 pmol L'! h!
(IMET] = 690 pmol L") in the equatorial waters of the Atlantic.”® These microbial uptake
rates and concentrations yield half-lives (ti2) of 6 hours in the temperature regions, 24
hours for the gyre regions, and 15 hours in the equatorial waters of the Atlantic Ocean.
Evaluating the observed pseudo-first-order decay rates of MET in 10 mg C/L SRHA (0.03
h'') and ESHA (0.11 h!), the corresponding ti,» values would be 23 hours for SRHA and 6
hours for ESHA. This suggests that photo-transformation in surface waters of the Atlantic
Ocean have a high potential to impact bioavailability of MET. Recently, Brailsford et al.
2020 evaluated the heterotrophic bacterial uptake of isotopically labeled MET and cysteine
in upland oligotrophic and lowland mesotrophic river samples.!! The decay rates observed
were 0.89 h'! and 2.36 h! in upland oligotrophic and lowland mesotrophic river samples,
respectively. These rates correspond to much more rapid ti2 values, just 0.3 hours and 0.8
hours for upland oligotrophic and lowland mesotrophic samples, respectively. While this
suggests a much lesser impact on bioavailability, the rates of decay in SRHA and ESHA
constitute 1 — 3% and 5 — 13 % of the observed biological depletion rates, respectively.
Consequently, photo-transformation is still likely to have an impact on bioavailability in
these waters. Furthermore, this highlights the importance of the characteristics of the DOM
present as well as the relative productivity in natural waters. For example, if we compare
rates of decay in ESHA with that determined for the river samples, the photo-
transformation rate constitutes 5% in mesotrophic waters and increases to 13% in
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oligotrophic waters. This suggests the importance of photo-transformation as a sink

increases in less biologically productive systems, such arctic lakes and rivers.”

While photo-transformation processes for MET are of clear importance to its
bioavailability in natural waters, the ability of biota to utilize the transformation products
is key to understanding the fate of MET in sunlit surface waters. In this study, we identified
multiple classes of transformation products including oxidized forms of MET (i.e. MetO),
fragmented CHNO-containing amino acids (i.e., ASA, ASP, and SER), DOS compounds
(i.e., MSA, methional, and DMDS), and photo-mineralized inorganic compounds (i.e.
NH4"). The predominant conversion of MET to MetO is one of the few transformations
that is known to be biologically reversible through MSRs.**** In cellular proteins, MET
residues can act as antioxidants where MSRs can access the residue to reverse the oxidative
damage whereas when bound in the core of proteins, the oxidation to MetO can lead to loss
of protein function due to decreased hydrophobicity.>** The irreversible oxidation of MET
to CHNO-containing amino acids suggest a lesser impact on availability of DOC and DON
but has potential to impact the bioavailability of S. Indeed, the production of volatile
species could yield a flux of DOS into the atmosphere, yet uptake and incorporation of
volatile DOS compounds into proteins has been reported in the literature for compounds
such as MeSH, a further degradation product of methional.”” Furthermore, MSA has been
shown to be utilized by microorganisms as a source for C, S, and energy in various
environments, with particular importance in marine environments.'* Uptake of inorganic
forms of S (i.e. sulfate) and N (i.e. NH4") are the predominant forms utilized in the synthesis

of proteins, yet these processes are more energy intensive."!! The lack of photo-
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mineralized S observed in this study suggests S remains bound in organic forms that may

be utilized by microorganisms or lost to the atmosphere through volatile production.

While this study identified various products produced from both triplet-state
dissolved organic matter and 'O,, further research should be completed to evaluate of
specific functional groups found in naturally-derived dissolved organic matter. More
research comparing the differences in structural components of naturally-derived dissolved
organic matter is likely needed. Furthermore, more attention should be payed to the
energetic feasibility of triplet-states in the transformation of methionine and evaluating the
different energetic pools found in naturally-derived dissolved organic matter. The work
here highlights the importance of quinones and their high oxidizing capabilities and future
work should give focus to such functional groups and their role in irreversible oxidative
damage to proteins and free amino acids. Future studies should employ stricter
temperature-control to better replicate environmentally-relevant surface water conditions
to elucidate whether or not DOS such as MET is photo-mineralized to sulfate. Furthermore,
the quantification of the transformation products detailed in this study should be expanded
to other surrogate and naturally-derived DOM in photo-sensitized experiments to further
elucidate the understanding of different reactive species in their production and the roles

of specific functional groups.
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