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Abstract: Amino acids, peptides and proteins are central building blocks of life and of key importance in the
biogeochemistry of aquatic ecosystems. In sunlit surface waters, amino acid-based molecules at different levels
of structural organization are susceptible to transformation by both direct photochemical reactions and indirect
processes caused by photochemically produced reactive oxygen species (e.g. hydroxyl radical or singlet oxygen).
Photochemical transformation processes can thereby affect the availability of these crucial nutrient sources in
aquatic ecosystems, inhibit the function of microbial extracellular enzymes, or even promote the degradation of
amino acid-based pollutant molecules. In this article, the environmental photochemistry of amino acids, peptides
and proteins in aquatic systems is reviewed.
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Introduction

Nitrogen is an essential element of all
living organisms and fixed nitrogen is one
of the most limiting nutrients in many eco-
systems.[!l In natural waters, amino acids
(AAs) are valuable sources of fixed nitro-
gen for the environmental microbiome,
acting as the building blocks for proteins
and providing energy for microbial me-
tabolism and growth. AAs and AA-based
molecules (e.g. peptides and proteins) are
ubiquitous in surface waters, derived from
biotic processes including extracellular
exudate production (active or passive) by
phytoplankton,? active release of micro-
bial extracellular enzymes,3! zooplankton
release via grazing, fecal pellet excretion
or decay,/* and viral-induced lysis of au-
totrophs and heterotrophs (Fig. 1).5! In
addition, AA-based molecules can be in-
troduced into aquatic systems through at-
mospheric depositionl® or anthropogenic
inputs, such as agricultural runoff or waste-
water effluent.[”l Once released into surface
waters, AAs and AA-based molecules are
susceptible to a variety of environmental
fate processes, including bacteria or phyto-
plankton uptake!8! and abiotic transforma-
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tions, such as photochemical reactions or
adsorption (Fig. 1).°1 Yet, comprehensive
studies examining the environmental fate
of this pool of bioavailable substrates are
scarce. There are significant gaps in our
understanding of the environmental factors
that impact this pool, which are essential
for elucidating the roles of AAs and AA-
based molecules in global biogeochemical
cycles, modeling nutrient fluxes in aquatic
ecosystems,®l and predicting the persis-
tence of AA-based pollutant molecules.10]

A major limitation in examining the en-
vironmental fate of AA-based molecules in
aquatic environments is that the environ-
mental pool of AA-based molecules is
chemically complex and largely unchar-
acterized.[!b.111 Natural waters contain, at
any one point in time, a diverse mixture

of dissolved free amino acid monomers
(DFAAs) and AA-based molecules with
different levels of structural organization,
ranging from peptides (i.e. primary protein
structure) to extracellular enzymes (i.e.
tertiary or quaternary protein structure),
collectively referred to herein as dissolved
combined amino acids (DCAAs; refer to
Fig. 1). Yet, this DCAA pool can be ex-
tended to include larger protein complexes,
such as virusesl52l and bacterial membrane
porins (outer membrane channel pro-
teins),[2] or could be a complex concoc-
tion of AA-based molecules with unknown
structural organization indicative of par-
tially denatured enzymes, molecules with
unique structural motifs (e.g. branched, cy-
clic or polycyclic), or AA-based molecules
at varying stages of degradation (e.g. par-
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Fig. 1. Schematic representation of some of the sources and sinks of dissolved free amino acids
and dissolved combined amino acids (e.g. peptides and proteins) in aquatic systems.
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tially hydrolyzed proteins). The complex-
ity of this pool, therefore, makes it difficult
to study the transformation processes gov-
erning their environmental fate.

It is well understood that DFAAs,
proteins and other DCAAs are important
bioavailable nitrogen substrates for ma-
rine and freshwater microorganisms.[3¢.13]
Compared to smaller DFA As that are read-
ily taken up, DCAAs require further degra-
dation to liberate smaller AAs and peptides
before they can be assimilated. This pro-
cess can be facilitated by proteolytic en-
zymes (e.g. aminopeptidases) that catalyze
peptide hydrolysis.[?! In some instances,
photochemical reactions have been shown
to release labile AAs or ammonia (i.e. pho-
toammonification).[%141 However, Keil et
al.l'al predict a broad continuum of DCAA
lability ranging from highly labile protein
to highly recalcitrant DCAA forms.

There is increasing recognition that mi-
crobial utilization of proteins and DCAAs
may be affected by abiotic transforma-
tions. For example, in sunlit surface wa-
ters, photochemical reactions can degrade
or impact concentrations of DCAAs,®l and
have been shown to inactivate or inhibit ex-
tracellular enzymes (e.g. aminopeptidases
or phosphatases),l®-15] which are critical
in the microbial acquisition of nutrients
from otherwise inaccessible sources.[3!
In another example, protein adsorption to
organic matter, clays, or other particles,
may inactivate enzymesl!ol or preserve
these molecules through encapsulation.[!”]
Currently, it is unknown both to what extent
abiotic transformations affect the availabil-
ity of DFAAs and DCAAs and specifically,
what role abiotic transformation processes
play in the environmental fate of AA-based
molecules.

In this article, we review the environ-
mental photochemistry of AAs and AA-
based molecules. We first focus on the pho-
tochemical transformations of DFAAs by
direct and indirect photochemical reactions
under environmentally relevant conditions.
We then present recent advances in the
study of photochemical transformations of
structurally more complex AA-based mol-
ecules. This is followed by a discussion of
the possible effects on the photochemistry
of AAs (free and combined) as the result
of their interactions with natural organic
matter. Finally, we discuss the outlook and
implications of this area of research.

Photochemical Reactions of
Dissolved Free Amino Acids
(DFAAs)

In sunlit surface waters, DFAAs and
AA-based molecules are susceptible to
photochemical transformation. Much of
what is known about the photochemical

oxidation of AAs stems from photobiol-
ogy studies relevant to cellular systems.[!8]
In these systems, intracellularly generated
reactive oxygen species (ROS; e.g. singlet
oxygen ('O,), hydroxyl radical ("OH), hy-
drogen peroxide (H,0,)) can lead to dam-
age and degradation of biomolecules such
as DNA, proteins and lipids.l'8! In fact,
AAs and proteins are considered the key
targets of cellular ROS.[18:191 Thus, reac-
tions of proteinogenic AAs with various
ROS have been extensively studied and
most bimolecular rate constants are known,
some of which are given in Fig. 2.1201 In the
following sections, key studies from both
environmental photochemistry and pho-
tobiology are summarized; these findings
provide an overview of the current under-
standing of the photochemical behavior of
AA-based molecules in natural waters.
An understanding of the photochemis-
try of DFAAs is important not only for as-
sessing the environmental fate of free AAs,
but also provides a foundation for study-
ing the photochemical transformation of
DCAAs. From photobiology studies, it is
well understood that ROS react preferen-
tially with the side-chain moieties of the

AAs tryptophan, tyrosine, histidine, cyste-
ine and methionine, collectively referred to
as photooxidizable AAs (Fig. 2). Recently,
Pattison et al.l?!] extensively reviewed the
mechanistic pathways of the photooxida-
tion of AAs with various ROS. Under en-
vironmentally relevant conditions, Boreen
et al.122l showed that among the 18 of 20
proteinogenic AAs assessed (cysteine and
proline were not examined for analytical
reasons), the AAs tryptophan, tyrosine,
histidine and methionine are susceptible to
photochemical degradation both by direct
and indirect processes, which are caused
by ROS and excited triplet states of natural
organic matter.[22]

Direct Photochemical Reactions
Direct photochemical degradation re-
quires an AA moiety (i.e. chromophore)
that is capable of absorbing light of the
solar spectrum. A substantial fraction of
the solar UV radiation is absorbed by at-
mospheric ozone, with only a small portion
of the UVB light (A = 280-320 nm) reach-
ing surface waters. In comparison, there is
relatively more UVA light (A = 320-400
nm) and visible light (A > 400 nm). Thus,
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Fig. 2. An overview of the 20 proteinogenic amino acids and cystine, the disulfide of cysteine, and

their reactivity by direct and indirect photochemical processes under environmentally relevant
conditions (pH 6-9; A > 280 nm). Known bimolecular reaction rate constants of amino acids with
hydroxyl radical (*OH) and singlet oxygen ('O,) are shown.? All reaction rate constants are given

in 10" M's™".
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for the proteinogenic AAs, only trypto-
phan and tyrosine are susceptible to direct
photolysis in sunlight.[22.231 The direct pho-
tochemistry of tyrosine is pH dependent
(pK, of tyrosine side-chain is 10.1). In its
protonated form, tyrosine has very little
spectral overlap with the solar spectrum;
however, the phenolate form has substan-
tial overlap. Hence, direct photochemical
reaction for tyrosine may be significant
only in more alkaline waters. Cystine, the
disulfide of cysteine, shows a very weak
absorbance in the UVB region and could
potentially undergo direct photochemical
transformation, but this has not been docu-
mented under environmentally relevant
conditions. Tryptophan shows the greatest
spectral overlap with the solar spectrum
and Janssen et al.13] observed significant
direct photochemical degradation of tryp-
tophan in natural waters.

Indirect Photochemical Reactions

In natural waters, chromophoric dis-
solved organic matter (CDOM) is an im-
portant constituent that absorbs solar radi-
ation and ROS are continuously produced
upon CDOM absorption of sunlight.[24
Consequently, in aquatic environments
photooxidizable AAs are susceptible to
degradation by photochemically gener-
ated ROS. In particular, hydroxyl radical
(‘OH), singlet oxygen ('O,), and hydrogen
peroxide (H,0,), as well as triplet excited
CDOM molecules (*CDOM) are important
oxidants, which are commonly found at pi-
comolar to micromolar concentrations in
environmental systems. Techniques have
been developed to measure steady-state
concentrations of some ROS, but their
short lifetimes and fast reaction rates make
quantification of ROS challenging.[?3]
In the following section, the relevance of
these reactive species in aquatic systems
and their reactions with photooxidizable
AAs are summarized.

Hydroxyl Radicals

Hydroxyl radicals (*OH) are formed in
the presence of oxygen and photochemi-
cal reactions of CDOM, nitrate, and nitrite
or by Fenton chemistry. Measured life-
times of *OH range from 0.2—40 usecf20al
and lifetimes are highly dependent on the
concentration of *OH quenchers present in
the aquatic system, mainly represented by
DOM. Steady-state concentrations of *OH
are low, ranging from 1075 to 1077 M, 20
and are rather stable (i.e. at DOM concen-
trations greater than 5 mg carbon L™)27]
because (i) DOM represents both the major
source and sink for *OH, (ii) *OH reacts
at fast rates, and (iii) *OH reacts relatively
unselectively with many substrates. Since
*OH is such a potent oxidant, all proteino-
genic AAs are susceptible to reactions
with *OH; the bimolecular reaction rate

constants of AAs with "OH range from 1.7
x 107 M 57! (glycine) to 1.3 x 10" M' s
(tryptophan and tyrosine) (Fig. 2).

For several AAs, the mechanisms of re-
action with *OH are known. For instance,
the side chain of arginine, lysine, proline
and threonine (i.e. RKPT residues; Fig. 2)
are known to undergo carbonylation upon
reaction with *OH; in fact, this is a well-
known mechanism of oxidative protein
damage in cellular systems.[?81 The aro-
matic side-chains of the AAs tryptophan,
tyrosine, histidine, and phenylalanine re-
act with *OH by addition reactions result-
ing in hydroxylation of the aromatic ring.
Considering the range of environmental
*OH concentrations, one can calculate the
environmental half-lives of the fastest re-
acting AAs, tryptophan and tyrosine, to
range from 14 hours to 60 days in sunlit
surface waters, for reactions with *OH only.

Singlet Oxygen

Singlet oxygen ('O,) is formed by en-
ergy transfer from an excited triplet sensi-
tizer to molecular oxygen. For example, in
sunlit surface waters, reactions of *\CDOM
with oxygen can generate 'O,. As the en-
ergy required to excite oxygen from its
triplet ground state to its first excited sin-
glet state is low (22.5 kcal mol™ from T,
to S,),129! most triplet sensitizers are ener-
getic enough to produce 'O, at diffusion-
controlled rates. The lifetime of 'O, in pure
water is 4 pusecB3% and is typically lower in
the aquatic environment depending on the
concentrations of quenching molecules.
Steady-state concentrations of 'O, typi-
cally range from 107'? to 10~'* M in surface
waters.31 Despite higher steady-state con-
centrations of 1O2 compared to *OH, the re-
activity of 1O2 is far more selective. Thus,
fewer AAs (i.e. 5 out of 20 proteinogenic
AAs) react with 'O2 and the bimolecular
rate constants are one to three orders of
magnitude lower with 'O, than with *OH
(Fig. 2). The mechanisms of 'O, reactions
with these photooxidizable AAs have been
described in the literature.32]

In aquatic systems, photochemically
produced 'O, plays a major role in the deg-
radation of histidine and to a lesser extent
for tryptophan and tyrosine.?2] Boreen et
al.'?2l showed that the degradation of histi-
dine may be attributed solely to reactions
with 'O, (i.e. no significant reactivity with
3CDOM or "OH) in natural waters. In ad-
dition, histidine has the highest reactivity
with 'O, at circumneutral pH values com-
pared to other photooxidizable residues
(i.e. with a reaction rate constant on the or-
der of 7 x 107 M~'s™!); thus, the half-life of
histidine based on reaction with 'O, would
be much shorter, ranging from three hours
to 12 days, than estimates of reactions with
‘OH (vide supra).

Hydrogen Peroxide

Hydrogen peroxide (H,O,) is consid-
ered a tertiary ROS because the formation
of H,0, requires first, the reduction of oxy-
gen to superoxide (O,™) by a photo-excited
sensitizer (e.g. *CDOM) and second, the
dismutation of O, to H,0,.33 Hydrogen
peroxide is ubiquitous in surface waters,
which is due to its extremely long lifetime
(hours or days),** and H,O, concentra-
tions range between 10 and 107! M.133!
Even though H,O, is present at high con-
centrations in the aquatic environment, its
reactivity with AAs is very selective and
the reaction rates are low compared to 'O,
or "OH. In natural waters, it is expected that
H,0, may be important in the degradation
of sulfur-containing AAs (refer to Fig. 2),
such as cysteine and methionine.[21-22]

Triplet DOM and DOM as an
Antioxidant

Besides being a source of ROS in sur-
face waters, *CDOM can be considered a
reactive species in its own right. Triplet
CDOM is a mixture of many species,
which makes its quantification and assess-
ment of its reactivity more challenging.
Triplet CDOM has been shown to partici-
pate in both electron transfer oxidation(30]
and energy transfer reactions.37! The cur-
rent literature suggests that the AAs tryp-
tophan, tyrosine, histidine and methionine
can undergo oxidation by *CDOM.[22:23.38]
Remucal and McNeill(* have shown that
the reaction rate constants of AAs with
triplet flavins ranged over one order of
magnitude with decreasing rates from
tryptophan to tyrosine, methionine, and
histidine. Tryptophan can be directly oxi-
dized by reaction with 3CDOM and deg-
radation by *CDOM represents the domi-
nant pathway (approximately 55%) of its
photochemical degradation in the aquatic
environment.[22:23]

Aside from its photosensitizing prop-
erties, DOM also plays an opposing role,
slowing photooxidation. Janssen et al.[?3!
have recently shown that DOM can quench
the photooxidation of tryptophan. Both di-
rect photochemical reactions and reactions
with *CDOM form tryptophan radical cat-
ion intermediates, which can be converted
back to tryptophan through suitable elec-
tron or hydrogen atom donors, for example
by redox-active components of DOM.[23]

Relative Rates and Pathways of
Photooxidation of DFAAs in the
Water Column

The photochemical reaction rates of
photooxidizable AAs with ROS are typi-
cally measured under conditions of full
sunlight exposure (or simulated sunlight
exposure in the laboratory). Yet, these con-
ditions are only representative of the up-
permost portion of the water column (i.e.
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top few centimeters). In fact, the relative
importance of direct and indirect photo-
chemical processes changes with water
depth. As sunlight penetrates into the water
column, natural water constituents (i.e. or-
ganic matter, algae or particles) can absorb
or effectively screen sunlight and thereby
alter the sunlight spectrum at varying wa-
ter depths (Fig. 3 inset). The data in Fig.
3 illustrate the dependence of direct and
indirect photochemical degradation path-
ways for tryptophan as a function of depth
in the photic zone. Natural organic matter
screens sunlight across the solar spectrum
and results in approximately 50% and 5%
of the total irradiance penetrating 10 cm
and 100 cm into the water column, respec-
tively (Fig. 3). The UVB component of the
solar spectrum penetrates to approximate-
ly 20 cm under these simulated conditions
and accordingly, the overall photochemical
degradation rates of tryptophan decrease.
Thus, the overall effect of AA photochemi-
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Fig. 3. An example of major photochemical
reaction pathways involved in the degradation
of the AA tryptophan in aquatic environments,
presented as a function of depth in the water
column (0-100 cm). Also, the relative penetra-
tion of sunlight irradiation (280-700 nm) and
the UVB component of the solar spectrum
(280-320 nm) throughout the water column

are presented (yellow solid and dashed lines,
respectively); values were calculated using

the absorption spectrum for Suwannee River
Fulvic Acid at 5 mg carbon L. The relative
contribution of direct and indirect photochemi-
cal degradation pathways (i.e. 3CDOM, *OH,
and '0,) were calculated for the case of trypto-
phan (bar graph). The figure inset shows the ef-
fect of wavelength-dependent screening on the
sunlight spectrum at various water depths.

cal transformations (direct and indirect)
decreases into the water column and may
become less competitive fate processes
relative to biodegradation.

Photochemistry of Peptides and
Proteins

It is well established that several
DFAAs are susceptible to photooxidation
by ROS (vide supra). Yet, in both cellular
and environmental systems, the photo-
oxidation kinetics of AA residues within
peptides and proteins has received much
less attention. The susceptibility of AA
residues to photooxidation in a peptide
or protein is highly dependent on protein
structure and their reaction rates are poorly
predicted based on the rate constants for
DFAAs. Unique protein structure environ-
ments can result in variability in the chemi-
cal reactivity and mechanism of oxidation
of an AA residue.l“0] This variability seems
to be mainly due to two factors: (i) steric
hindrance from neighboring residues in
the primary protein structure, and (ii) the
three-dimensional location of the residues
in the folded higher-order structure (i.e.
tertiary or quaternary protein structure).

Previous studies have shown that sev-
eral individual AA monomers (i.e. DFAA)
are degraded by photogenerated ROS in
natural waters, with 'O, being an important
oxidant in many cases.[?223] A recent study
by Lundeen and McNeill*!l quantified the
range of 'O, photoreactivity of photooxi-
dizable AA residues, primarily histidine

residues, within the context of well-de-
fined peptides and an intact protein. To
assess the photochemical reactivity of AA
residues in higher order protein structures,
proteomic techniques were adapted to fol-
low the photooxidation of individual resi-
dues within a protein.[4!]

Lundeen and McNeilll*!l examined the
dependence of 'O, reaction rate constants
(k, ) on residue accessibility in the intact
protein, glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH). In these studies,
GAPDH was an ideal representative pro-
tein owing to its well-characterized crystal
structure. GAPDH crystal structure data
were important in calculations of 'O, acces-
sible surface areas ('O,-ASA) of histidine
residues (Fig. 4). The 'O,-ASA values of
histidine residues spanned the entire range
of accessibilities within the three-dimen-
sional structure of GAPDH and provided
an ideal structural framework to examine
the effect of accessibility on 'O, k_ values.

The photochemical reactivity of his-
tidine residues in GAPDH were found to
span a four-fold range of 'O, k_ values
(Fig. 4). Histidine residues located on the
surface of GAPDH (i.e. H54 '0,-ASA =
138 A?), were found to be more susceptible
to oxidation by 'O, than histidine residues
buried in the interior of the folded protein
(e.g. H108 '0,-ASA = 0.21 A?). These dif-
ferences in 'O, k_ values were linearly
correlated with calculated histidine 'O,-
ASA values (Fig. 4).1411

In addition, the effect of primary se-
quence on 'O, reactivity was found to be
small.[*!l This was established by examin-
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ing the reactivity of histidine residues in
short, unstructured peptides (i.e. peptides
were composed of six to seven AA residues
with no secondary protein structure). The
data showed that 'O, k_ for histidine resi-
dues in such peptides were similar to one
another and also to that of the free histidine
monomer (refer to Fig. 4). This agreement
of k_ indicates that the primary protein
structure has only a minor influence on the
'0, reactivity of histidine residues.

For higher-order protein structures,
the observed 'O, reactivity differences of
histidine residues have broad implications
for predicting the photochemical transfor-
mations of AA-based molecules in sunlit
surface waters. For freely dissolved and
unstructured AA-based molecules (e.g.
short peptides), reaction rates can be ad-
equately predicted using the k_ values for
free histidine monomers. However, the in-
direct photochemical transformation rates
of AA-based molecules with higher-order
protein structures cannot be predicted
simply using the reaction rates of free AA
residues; rather, they require the use of
location-specific rate constants. These ob-
servations may be useful in assessing the
role of photochemistry in the degradation
of DCAAs over competing processes of
microbial uptake or biodegradation.

Sorption of AAs, Peptides and
Proteins to Organic Matter and Its
Effect on Their Photochemical Fate

Natural organic matter, which has been
described above as an important photosen-
sitizer and quencher, plays an additional
role as a sorbent for AA-based molecules.
The factors controlling the sorption or
binding of AA-based molecules to natu-
ral organic matter have been established
in several studies;!!7de42l however, the
mechanism of binding between AAs and
natural organic matter is still an active area
of research. While binding of DFAAs and
DCAAs to natural organic matter certainly
has implications with respect to the trans-
port and bioavailability of AAs, herein
only the potential of sorption to alter AA
photochemistry is briefly discussed.

From a photochemical standpoint,
there are two major characteristics of
natural organic matter that may influence
the photochemistry of bound AAs. First,
natural organic matter contains species
that can act as excited state quenchers
and ROS scavengers, and thus natural or-
ganic matter can protect bound AAs from
photochemical damage. Second, natural
organic matter contains sensitizers that
generate ROS, and thus AAs bound to or-
ganic matter could experience high local
ROS concentrations/*3! that enhance rates
of AA photooxidation. In one study, Kohn

et al.*¥ observed that association of the
virus, bacteriophage MS2, with natural or-
ganic matter resulted in faster rates of 'O,
inactivation compared to 'O, inactivation
rates for freely dissolved MS2. Though
it is increasingly evident that AA-organic
matter complexes are important in altering
the photochemistry of AAs, the extent to
which these interactions impact the rates
of photochemical transformations of AA-
based molecules remains to be seen.

Environmental Implications

Amino acid-based molecules play nu-
merous important roles in environmental
systems, acting as valuable substrates for
heterotrophic bacteria, as functional extra-
cellular enzymes that are important in nutri-
ent acquisition (e.g. alkaline phosphatase),
or even as contaminants that can endanger
human health (e.g. naturally occurring
toxins like microcystins). Photochemical
processes that oxidize AAs and alter their
structures are likely to disrupt these roles
in the environment. Examining Fig. 2, one
might have the impression that the effects
of photochemistry are fairly limited, with
so few of the AA monomers being reactive
toward direct photochemical transforma-
tions or reaction with most ROS. However,
it is important to consider the ‘value’ of the
AAs that are the primary targets of photo-
oxidation.

The high value of the photooxidizable
AAs can be visualized by examining Fig.
5, which shows the 20 proteinogenic AAs
plotted in two dimensions, each dimension
corresponding to a measure of AA value.
On the x-axis, free energies are reported for

the synthesis of each AA from CO,, NH ,
H,S and H, (AG, were calculated for sur-
face seawater conditions)*3! and provide
a direct measure of the thermodynamic
‘expense’ of each AA. On the y-axis, the
abundance of each AA as a fraction of the
total AA pool is plotted. Amino acid abun-
dances in three pools are considered: cel-
lular proteins/“®l and DFAAs and DCAAs
reported in aquatic environments.!*’! Here,
rare AAs are construed as more valuable.
Indeed, a general inverse relationship be-
tween abundance and thermodynamic cost
is seen in this data. Four of the five pho-
tooxidizable AAs fall into the lower right
quadrant of the graph, corresponding to
rare and expensive AAs. The fifth AA, me-
thionine, might not be considered ‘expen-
sive’ by this thermodynamic measure, but
it is certainly rare. Fig. 5 also shows that
as one moves from the cell to the aquatic
environment, there is a general trend of the
rare AAs becoming rarer and the abundant
ones becoming enriched.

Whether the depletion of rare, valuable
AAs in the aquatic environment is more re-
flective of their selective photochemical re-
moval or their selective uptake by microor-
ganisms is an open question. Nevertheless,
it is clear that photooxidation selectively
targets some of the most valuable AAs. A
similar conclusion can be reached if one
considers not only total abundance but also
abundance in active sites of enzymes. Such
an analysis concluded that histidine and
cysteine were the two most overrepresent-
ed AAs in enzyme active sites, indicating
that photochemistry has a high potential to
inactivate enzymes through oxidation of
these catalytic residues.[*8]

The knowledge of environmental pho-
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Fig. 5. Abundances of proteinogenic amino acids versus the energy required for AA synthesis
reactions (AG ; kJ mol™).# The AG, values are given for the hypothetical synthesis of each amino
acid from CO,, NH,*, H,S and H, under surface seawater conditions."” The AA abundances

are given for cellular proteins“® and compared to DFAAs and DCAAs reported in aquatic envi-

ronments.“” AA abundances were calculated as
Photooxidizable AAs are shown in red; however,

a fraction of the total proteinogenic AA pool.
environmental abundances of cysteine were ex-

cluded due to a lack of data. Arrows indicate qualitative trends in environmental depletion (green;
downward trend) or environmental enrichment (blue; upward trend) of AAs in natural waters rela-
tive to their abundance in cellular proteins. Average abundance and weighted average of AG, rela-
tive on AA abundance in cellular proteins are plotted for comparison (dotted lines).
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tochemical transformations of DFAAs led
the way to examine the photooxidation ki-
netics of AA residues in structurally more
complex DCAAs. More fundamental stud-
ies are needed to investigate the effects of
sorption to photochemically active organic
matter on abiotic transformation processes
of AA-based molecules. Beyond photo-
chemical mechanisms, the extent to which
photochemical transformations affect the
availability of DFAAs and DCAAs in sun-
lit ecosystems remains to be investigated.
In the future, an integrative systems analy-
sis is needed to (i) compare the role of pho-
tochemical transformation in the aquatic
ecosystem for availability of nutrients and
AA-based substrates, and (ii) assess under
which conditions photochemical transfor-
mation is competitive with other environ-
mental fate processes (e.g. biological up-
take, sorption and sedimentation).
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