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The hidden hand of molecular chirality in marine

blogeochemistry
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Marine organic matter cycling, driven by microbial activities, involves largely unex-
plored chiral compounds. Despite their prevalence, the role of these compounds in
marine processes remains understudied. This review dives into the intriguing world
of marine enantiomers, mirror-imaged compounds with identical physical proper-
ties but often distinct biological fates. The review explores the diversity, biological
functions, microbial transformation, and enzymatic enantioselectivity of these en-
antiomers, with a particular focus on amino acids and sulfonates, highlighting
their significance in marine biogeochemistry. Additionally, the review discusses re-
cent advances in chemical and biological analytical methods, addressing the chal-
lenges and strategies for chiral analysis of marine dissolved organic matter (DOM).
Future research directions to bridge the gap between chemistry and ocean science
are also proposed.

Chiral molecules in the biosphere

Chirality is prevalent in nature, with the building blocks of biomacromolecules like protein and
nucleic acids being chiral [1] and chiral structures commonly observed in biomineralized materials
across the nanoscale to the macroscale [2]. Enantiomers, mirror-imaged chiral molecules, share
identical physicochemical properties but can have distinct biosynthetic origins, fates, and functions
[3]. Hundreds of enantiomer pairs have been discovered in various ecosystems, including terres-
trial, aquatic, and atmospheric environments [3,4]. For example, carvone enantiomers exhibit dis-
tinct scents, with (+)-carvone smelling of caraway and its antipode producing spearmint odor, and
are produced by higher plants [3]. Atmospheric a-pinene, the most abundant biogenic volatile or-
ganic compound, emitted from the Amazon rainforest exhibits chiral bias, with (+)-a-pinene dom-
inating at the canopy level and (-)-a-pinene at the tower top [5]. Only specific enantiomers of
pyrisulfoxin compounds from Streptomyces albolongus exhibited significant cytotoxicity against
various cancer cell lines [6]. Approximately 794 natural products with potential pharmaceutical ap-
plications existing as racemic mixtures were collected, with only a small fraction (approximately 5%,
42 enantiomeric pairs) originating from oceanic organisms (Table S1 in the supplemental informa-
tion online) [4]. Despite the vast diversity of compounds (likely composed of millions of molecules) in
the ocean, the chiral properties of these compounds have been largely overlooked.

The ocean holds a vast reservoir of DOM (see Glossary), estimated at a staggering 642 Pg carbon
(1 Pg = 10" g) - roughly equivalent to the amount of CO, in the atmosphere [7]. This ancient pool,
aged between 4000 and 6000 years, acts as a crucial long-term carbon sink, storing carbon in the
deep ocean for millennia [8,9]. By carbon sequestration, DOM plays a vital role in mitigating climate
change [7]. Oceanic biogeochemical processes, such as autochthonous production, heterotro-
phic consumption, photomineralization, and aggregation, significantly influence DOM compo-
sitions [10-12]. Essential nutrients like nitrogen, phosphorus, sulfur, and iron are cycled through these
processes, supporting marine life [13,14]. Heterotrophic processes driven primarily by oceanic micro-
organisms involve the breakdown of DOM into usable forms for organisms: incorporation into
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biomass, respiration that releases inorganic carbon back into the environment, and the creation of
more persistent organic matter [7,10]. Untargeted mass spectrometry and NMR measurements
have identified 165 microbial-origin DOM compounds that serve as carbon and energy sources or
signal molecules, shaping microbial community dynamics within the oceanic food web [15,16].
Fluorescence-induced thermal ionization mass spectrometry has revealed over 20 000 molecular for-
mulas in seawater DOM compositions, each potentially representing more than 30 isomers [10]. Cur-
rent techniques are sufficient to isolate and identify these isomeric compounds but are challenging
due to the low abundance of many chiral molecules, hindering our understanding of their transforma-
tions and cycling in the ocean. Thus, chirality remains enigmatic in the marine metabolite pool.

While traditional understanding of chiral molecules in the ocean has primarily focused on amino acids,
recent discoveries have expanded this knowledge. b-amino acids, primarily derived from bacterial cell
walls, are significantly less abundant than L-amino acids. b-amino acids can be utilized by deep-sea
bacteria, while also being considered potential carbon storage molecules [17,18]. Recent studies
have shown that phytoplankton, the primary ocean producers, synthesize two enantiomeric forms
of organic sulfur dihydroxypropanesulfonate (DHPS) [19]. These chiral molecules are widely distrib-
uted in marine environments and play a crucial role in carbon and sulfur cycling [13,19]. This review
synthesizes recent research on marine enantiomers, highlighting their biological function, nutrient cy-
cling, and enzyme-driven transformation mechanisms. Key enantiomers, b/L-amino acids and R/S-
DHPS being classical examples, are introduced, along with emerging technologies for future studies.
By acknowledging the importance of enantiomers in marine ecosystems, this review aims to stimulate
interdisciplinary research, particularly between chemistry and ocean science, to uncover hidden
aspects of biogeochemical cycling.

Diversity and functions of enantiomers in marine environments

Enantiomers, such as amino acids, sulfonates, and natural secondary metabolites from marine
organisms, as well as anthropogenic molecules from abiotic sources, have been discovered
in the ocean (Figure 1 and Table S1). These chiral molecules are essential for biomolecular com-
positions, cellular processes, and microbial interactions, but can also act as pollutants, negatively
impacting marine ecosystem health (Figure 2A-D).
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Figure 1. Classification and number of enantiomers in the ocean according to published literature. The number
following each classification indicates the current counts of known enantiomers in the ocean, with representative enantiomer
compounds shown. Abbreviations: AA, amino acid; DHPS, dihydroxypropanesulfonate; SL, sulfolactate; SLA, sulfolactaldehyde.
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Glossary

Aggregation: particulate organic
matter, derived from living organisms
and their decomposition products, can
come together to form larger particles.
Aggregation affects particle settling
velocities and interactions with marine
organisms, ultimately influencing the
vertical flux of carbon in the ocean.
Autochthonous production: the
generation of organic matter within an
ecosystem by its own organisms, such
as algae and cyanobacteria performing
photosynthesis in a body of water. It
involves the conversion of inorganic
substances (CO and H O) and energy
(e.g., sunlight, chemical energy) into
organic compounds, serving as a
primary energy source in the ecosystem.
Carbon sink/carbon sequestration:
a process or component that absorbs
and stores more carbon than it releases,
reducing atmospheric CO,
concentrations. In the ocean, this occurs
through four main mechanisms: the
microbial carbon pump, the biological
carbon pump, the carbonate counter
pump, and the solubility carbon pump.
Together, these processes make the
ocean a vital carbon sink.

Carbon sources: refers to a process or
component that releases CO or other
carbon compounds into the atmosphere
or ocean, increasing overall carbon
levels. Carbon sources in the ocean
include respiration by marine organisms
and the decomposition of organic matter
through biotic or abiotic processes.
Dissolved organic matter (DOM):
organic substances dissolved in
seawater that pass through a filter
typically with a pore size of 0.22-0.7 ym.
Enzymatic promiscuity: the ability of
an enzyme to catalyze an unexpected
side reaction in addition to its main
reaction.

Heterotrophic consumption: a
biological process where organisms
obtain energy and nutrients by
consuming organic matter produced by
other organisms.

Labile DOM: a fraction of dissolved
organic matter that is readily available
and easily degradable by
microorganisms. It typically includes
simple organic compounds like sugars
and L-amino acids.

Microbial carbon pump: a process by
which marine microbes convert labile
organic carbon into refractory dissolved
organic carbon through a series of
physiological and ecological processes.



Trends in Chemistry

( ) . . .
BT 505 09 3 50 (A)] Figure 2. Functions of chiral molecules
in the ocean. (A) Schematic diagram
» - % - ilustrating the secretion of b-amino acids in

§~f food ibri i

wn < $ ¢ ©
5 2 N ano cholerae as chemotactic repellent
=i g ' signals that can control the motility of
> 8 Intracellular V. cholerae, enabling them to shift away
) = from low-nutrient or adverse conditions [23].
; (B) The source and function of astaxanthin.
{OD-AA  § Racemase Peptidoglycan (C) Anthropogenic —enantiomers ~ from
(O L-AA 'y Methyl-accepting chemotaxis protein | pharmaceuticals, pesticides, and other
\ J

- \ sources enter marine  ecosystems.

(D) Diagram of dissolved and particulate
organic matter cycling in the ocean.
Abbreviations: AA, amino acid; DOM,

,
Source:

_ o ! : g 1| dissolved organic matter; MCP, microbial
T © ; ¢ | - ;
SBs P 4 ¢ | carbon pump; POM, particulate organic
© 8 E A 1| matter; RDOG, refractory dissolved organic
Z 3] G staceansnicioalgacy! carbon; ROS, reactive oxygen species.

Increased activities b hhhiiieisieieinieil ’ ’ ' >ygen Speces.

of —=ROS >
antioxidant enzymes ___________ """ Antioxidant activities: 0

-

,
J U

Land — Urban (C)

Chiral pharmaceuticals and pesticides

Marine creatures

Anthropogenic
pollutants

[

‘
J

co, ()

" K . S
lnerelllgatlon
Higher t;rophic levels

X’.. Large POM

|

+4 poM
|

Nutrient
cycling

+ Sinking

[

Trends In Chemistry

While proteins predominantly comprise L-amino acids, marine organisms can produce a range of
D-amino acids. These D-amino acids can be found in free form or incorporated into various bio-
molecules, including peptidoglycan and peptides [20]. A total of 17 p-amino acid isomers of
proteinogenic amino acids, as well as the metabolite intermediate b-ornithine, have been detected
in marine seawater and organisms (Figure 1). b-tryptophan and b-glutamine have not yet been de-
tected. Free b-amino acids exhibit a wide range of biological functions, such as facilitating biofim
formation and degradation, promoting spore germination and growth, maintaining peptidoglycan
homeostasis, and providing carbon and nitrogen for cellular metabolism [21]. Marine organisms,
such as invertebrates, utilize b-aspartic acid and D-alanine for neurotransmission and osmoregu-
lation [22]. b-amino acids also shape microbial communities. For example, b-arginine and p-ly-
sine, recognized by Vibrio species chemoreceptors, repel Vibrio from unfavorable conditions
(Figure 2A) [23]. Additionally, Vibrio-secreted p-arginine can inhibit the growth of other bacteria
by interfering with their phosphate transport and being mistakenly incorporated into their protein,
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This transformation helps to sequester
carbon in the ocean for extended
periods, contributing to climate
regulation.

Microbial loop: a complex food web
involving bacteria, phytoplankton, and
zooplankton, efficiently recycling
nutrients and energy in marine
ecosystems.

Photomineralization: a process by
which organic compounds are
converted into inorganic minerals
through the action of light, typically UV
light.

Refractory dissolved organic
carbon: a type of organic carbon
compound that is highly resistant to
microbial degradation and can persist in
the ocean for millennia.
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presumably resulting in proteotoxicity [24]. Recently, in the coral system, newly discovered sym-
biotic microbes have been found to possess an extremely reduced genome, lacking normal car-
bohydrate metabolism [25]. These microbes may rely solely on L-arginine provided by their coral
host for energy [25]. b-alanine and b-glutamic acid are major components of peptidoglycan in the
bacterial cell wall, with smaller amounts of b-serine and p-aspartic acid also present [17]. D-
aspartic acid may also be a component of archaeal cell walls and is frequently detected in marine
algae [26]. p-alanine, D-valine, b-leucine, and D-serine are among the most common b-amino
acids found in bioactive peptides produced by marine algae and fungi via non-ribosomal peptide
synthesis and ribosomally synthesized and post-translationally modified peptide synthesis [20].

Marine natural products, including enantiomeric compounds, exhibit diverse bioactivities such as an-
timicrobial, cytotoxic, enzyme inhibitory, anti-inflammatory, and antioxidant properties [27]. For exam-
ple, astaxanthin, a potent antioxidant primarily derived from marine crustaceans, fish, and algae,
exists in three isomers [(3S, 3'S), (3R, 3'R), and (3R, 3'S)] (Figure 1) [28,29]. The (3S, 3S')-isomer,
with its optimal spatial arrangement, demonstrates the highest bioactivity [28]. Located at the cell
membrane, astaxanthin directly interacts with reactive oxygen species, neutralizing free radicals
and protecting cells from oxidative damage (Figure 2B) [28]. Reactive oxygen species are omnipres-
ent in the ocean and can directly affect the growth of marine organisms, thereby shaping microbial
communities [30]. Algal blooms are prominent hotspots for substantial reactive oxygen species
production [30]. Marine bacteria and algae can produce astaxanthin [29], which may help to alleviate
oxidative stress.

Anthropogenic chiral pollutants, primarily pharmaceuticals and pesticides, also contaminate ma-
rine environments through various pathways: river import, atmospheric deposition, and oceanic
transport (Figure 2C) [31,32]. These pollutants, such as chiral organochlorine pesticides, have
been detected in surface waters, deep-sea waters, and sediments [33,34]. They can be
transported to the deep sea via biological, physical, and particle-mediated processes [33].
Once in the marine food web, chiral pollutants can be selectively bioaccumulated by organisms,
leading to various levels of ecotoxicity. For example, chiral pharmaceuticals like atenolol and met-
oprolol exhibit enantioselective accumulation and toxicity in marine organisms [35].

Phytoplankton including algae and cyanobacteria, responsible for half of Earth’s photosynthesis,
produces organic matter that fuels the marine microbial loop (Figure 2D) [16]. Their metabolites,
such as sugars, amino acids, and sulfur compounds, including DHPS, serve as metabolic curren-
cies exchanged between phytoplankton and bacteria. Diatoms may provide DHPS to bacteria as
a carbon and sulfur source, receiving vitamin B+, in return [36]. DHPS also functions as an anti-
oxidant and osmoprotectant, accumulating to millimolar concentrations in diatoms [37]. Both
R- and S-enantiomers of DHPS are widely distributed in marine environments and can be utilized
by aerobic bacteria in surface seawater [19]. Even in anoxic marine environments, such as sedi-
ments and the intestinal tracts of fish, sulfur derived from DHPS can be metabolized by sulfate
and sulfite-reducing bacteria to hydrogen sulfide, posing a threat to organismal health [38]. Addi-
tionally, microbes have been observed to degrade anthropogenic chiral pollutants and unusually
occurring L-glucose as carbon sources [39,40]. These findings suggest that microbes possess
a remarkable ability to adapt and utilize a wide range of chiral molecules, highlighting their evolu-
tionary flexibility and the significant role of chirality in marine biogeochemical cycles.

D-amino acids: a microbial carbon paradox
Amino acids constitute a major component of the marine DOM pool, with estimated inventories of
approximately 89 + 29 Pg carbon and 35 + 11 Pg nitrogen, respectively [41]. The majority of marine

L- and b-amino acids exist in combined forms, both high- (>2500 Da) and low-molecular-weight
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molecules [42]. Marine microbes possess a diverse array of extracellular and intracellular pepti-
dases and proteases that cleave peptide bonds between L-amino acid residues, facilitating the ca-
tabolism of polymers of amino acids [43]. Free L-amino acids and their oligopolymers are readily
utilized by marine microbes, serving as carbon and nitrogen sources in both seawater and sedi-
ment environments [44,45]. By contrast, the dual role of b-amino acids in marine carbon cycling re-
quires further clarification, as they may function as either a carbon source or a carbon sink.

Bacteria and archaea utilize b-aminopeptidases to selectively break down bacterial peptidogly-
can di- and tripeptides, releasing free b-amino acids [45,46]. These D-amino acids can be either
released extracellularly or metabolized intracellularly during cell wall remodeling [47]. Hydrolyzable
D-amino acids derived from samples hydrolyzed by hydrochloric acid are generally less abundant
than hydrolyzable L-amino acids in sunlit surface waters, often with differences in concentrations
of four- or fivefold [42]. In the deep sea, concentrations of hydrolyzable b-amino acids are even
lower, with their free forms often falling below detectable limits [48]. Four peptidoglycan-derived
D-amino acids (p-alanine, b-glutamate, D-aspartic acid, and p-serine) are relatively abundant in
surface seawater, with concentrations in the tens of nanomoles and p:L ratios ranging from 0.2
to 0.7, p-alanine being the predominate one [42]. These amino acids also constitute a significant
portion of hydrolyzable amino acids in marine sediments [49]. The D:L ratio of amino acids in ma-
rine sediments tends to increase with depth [50,51]. This accumulation of b-amino acids in sed-
iments is primarily attributed to the presence of peptidoglycan in bacterial cell walls and the
preservation of bacterial macromolecular remnants [50]. This suggests that b-amino acids are
more likely to be preserved in sediments than L-amino acids. In older, deeper coastal Chilean sed-
iments, they can constitute over half of the total hydrolyzable amino acids, with the majority of b-
amino acids existing in combined forms [49]. This suggests that incomplete peptidoglycan deg-
radation contributes to the formation of refractory organic carbon. Additionally, enzymes capable
of hydrolyzing bonds between b-amino acids or between b- and L-amino acids are relatively rare
in microbes. Thus, while high-molecular-weight compounds containing b-amino acids can po-
tentially be degraded into smaller fragments, these low-molecular-weight compounds often resist
further breakdown by microbial enzymes (Figure 3A) [52]. This property has significant applica-
tions for drug design, particularly in the development of peptide-based therapeutics [53]. For in-
stance, replacing L-amino acids with b-amino acids in antibacterial peptides can significantly
increase their resistance to microbial degradation [54,55].

L-amino acids in living organisms serve as substrates for b-amino acid synthesis, reactions cata-
lyzed by enzymes termed racemase, which alters the stereochemistry of the chiral a-carbon [56].
Free b-amino acids can be used for the synthesis of cell wall peptidoglycan and are primarily ca-
tabolized by marine bacteria through two main pathways: reversible reactions catalyzed by
racemases, converting b-enantiomers to L-enantiomers, or deamination by b-amino acid dehy-
drogenases, transaminases, ammonia-lyases, and oxidases, yielding a-keto acids and ammonia
(Figure 3B) [57,58]. a-Keto acids further enter central metabolism. Additionally, some bacteria
and archaea, such as Rhodobacterales and halobacteria, use an acetylation pathway involving
N-acetyltransferase and N-acetyl-D-glutamate racemase to convert b-glutamate to the L-form
(Figure 3B) [18]. Racemases and oxidases for D-alanine, b-aspartic acid, and D-glutamate are
common in marine microbes (Table S2 in the supplemental information online). These findings
suggest that relatively abundant free b-amino acids can be labile substrates for microbes, serving
as potential carbon sources in these environments.

Most marine microbes preferentially utilize free L-amino acids, but some can use free D-amino
acids. Cultures of bacteria and archaea have shown the consumption of all free b-isomers of
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Figure 3. Occurrence and transformation of amino acids in marine environments. (A) Diagram of the trendline of b-amino acid and L-amino acid concentrations in
the water column. The trendline refers to the research by laniri et al. [42]. The horizontal axis represents the yields of b- and L-amino acids varying with depth, with the light-
blue curve representing L-amino acids and the pink curve representing b-amino acids. HMW and LMW represent high- and low-molecular-weight organic matter,
respectively. The molecular weight cutoff for LMW/HMW is 2500 Da. (B) Currently known racemization, deamination of amino acids in marine microbes. Amino acid
metabolism enzymes are shown in Table S2 in the supplemental information online. The primary degradation manner of amino acids (racemization and deamination) is
displayed. Enzyme Commission (EC) numbers of racemases for amino acid metabolism are shown. All of the enzymes are retrieved from the Integrated Microbial
Genomes and BioCyc databases [97,98]. The numbers in brackets represent the amounts of known catalyzable amino acids out of all 20 amino acids. Abbreviations:
AA, amino acid; DgcA, N-acetyl-pD-glutamate racemase; DgcN, N-acetyltransferase. The DgcN-DgcA pathway converts b-glutamate to the L-form [18].

proteinogenic amino acids, although individual species typically utilize only a subset (Table S2).
Additionally, some species, like the deep-sea bacterium Nautella sp. strain AO4V, even grow bet-
ter with p-valine than L-valine as a sole carbon source [59], and archaea marine Crenarchaeota
Group | preferentially takes up D-aspartate over L-aspartate in deep-sea environments [60]. Bac-
teria and archaea actively take up exogenous free L-amino acids through various amino acid
transporters in the cellular membrane. One of the smallest bacteria in the ocean, the ubiquitous
SAR11, exhibits ultrahigh affinity of its solute-binding proteins in the transporter system for 16
L-amino acids, ranging from several hundred picomolar to nanomolar [61]. This affinity is con-
sistent with the average concentration of free L-amino acids in the ocean. When these bacteria
become abundant, they will be responsible for up to 50% of L-amino acid assimilation in the
surface seawater [62]. While amino acid transporters often possess broad substrate specific-
ity, capable of transporting both L- and b-amino acids (e.g., b-alanine and L-alanine) [63], the
number of b-amino acids with dedicated transporters is limited. To date, only transporters
for D-alanine, b-aspartic acid, b-serine, D-arginine, b-leucine, b-methionine, and b-histidine
have been identified in bacteria [64]. Some transporters for D-alanine show a higher affinity
for p-alanine than for L-alanine [61], suggesting a specialized transport system for b-amino
acids. By contrast, substrate-binding proteins of b-methionine transporters typically exhibit
low affinity in the millimolar range [65]. Given the extremely low concentrations of most non-
peptidoglycan-derived free D-amino acids in seawater (below 1 nM) [48], which often fall
below microbial uptake thresholds, these compounds may contribute to the pool of refractory
organic carbon, especially in the deep sea. This suggests that, while microbes can utilize b-
amino acids under laboratory conditions with high b-amino acid concentrations, their uptake
of ambient free bD-amino acids in natural environments might be limited.
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Overall, the degradability of b-amino acids can vary depending on specific biogeochemical
conditions. While these compounds can contribute to the formation of refractory dissolved
organic carbon within the marine microbial carbon pump [7], their bioavailability is often lim-
ited. The low concentration of most free b-amino acids in deep-sea seawater limits their direct mi-
crobial uptake, and their incorporation into complex compounds reduces their degradability.
However, abundant b-amino acids in bacterial peptidoglycan, like p-alanine [42], can serve as
carbon sources for marine microbial communities.

Chiral compound metabolism: implications for enzymatic promiscuity
Microorganisms have evolved remarkable abilities to adapt to diverse chiral environments. A
key factor in this adaptation is the presence of enzymes that can metabolize chiral compounds.
This evolutionary process, shaped by the interaction between enzymes and their chiral sub-
strates, has led to the development of complex metabolic networks [10]. A significant charac-
teristic of enzymes that catalyze chiral metabolites is their promiscuity, which allows them to act
on a variety of substrates.

Similar to amino acid transport, both enantiomers of DHPS can be taken up by a common trans-
porter in bacteria [37]. However, the metabolic pathway of DHPS in aerobic bacteria, such as
Roseobacteraceae, involves individual enzymes that are specific for the DHPS enantiomers
(Figure 4) [19]. Two dehydrogenases, HpsO and HpsP, stereoselectively catalyze R-DHPS and
S-DHPS, respectively [19]. R-DHPS can also be the substrate of dehydrogenase HpsN, but
not the S-enantiomer (Figure 5) [19,66]. By contrast, the dehydrogenase GabD has catalytic ac-
tivities for R- and S-sulfolactaldehyde, the products of DHPS oxidization by HpsO and HpsP
(Figure 4) [19]. The dehydrogenase DhpA from an anoxic bacterium, Desulfovibrio sp. DF1, can
potentially metabolize both R- and S-enantiomers of DHPS [67]. These enzymes (HpsO, HpsP,
and HpsN) in Roseobacteraceae also exhibit promiscuous activities toward p-gluconate, b-sorbi-
tol, and L-histidinol, respectively [19]. For instance, HpsO and b-gluconate dehydrogenase both
belong to the short-chain dehydrogenase/reductase superfamily and share similar overall protein
structures and common active-site architecture, including catalytic triad serine, tyrosine, and

Phytoplankton \\Bacteria )
@ < @N \\ N WS

R-DHPS

HpsP. - -2 -
ips G N0 Gabd2 035/\/K0

OH NAD(P}* NAD(P)H OH  NAD(P)" NAD(P)H
I sicc

OH

> R-configuration peak

©  Gephyrocapsa oceanica

O Emiliania huxieyi CS369 &
@  Emiliania huxleyi 2090

Emilania huxleyi 1516
O Nitzschia closterium f. minutissima, @
@ phacodactylum tricomutum 267
O Bidduphia sinensis Greville 442
@  Thalassiosira pseudonana 220
O Lephtocylindrus danicus
@ Ditylum brightwelli 108 &

Chaetoceros debilis Cleve 117 /5%
Chaetoceros gracilis 116
@ Thalassiosira weissflogii 102
@ Navicula pelliculosa 350
@ skeletonema costatum 125

'S-configuration peak

G g

o
Sulfopyruvate

Py HSO3
Skcd ncOmc IR

HpsO. GabD2 W e
ps R - ) uy
o8 T on TN oo 7= o,s/YL“o

OH NAD(P)* NAD(P)H PH OH

OH  NAD(P)" NAD(

NAD(PH
HpsN
NAD(P)*-

Relative abundance (%)

165 17 175 RDHPS

S-DHPS

Total DHPS concentration (mM)

Retention time (min) O Cell volume not available

Chiral configurations Enzymatic enantioselectivity
Trends InChemistry
Figure 4. Production of dihydroxypropanesulfonate (DHPS) in marine phytoplankton and chirally selective DHPS catabolic pathway in marine
Roseobacteraceae. The chromatographic peaks represent R- and S-DHPS derived from diatoms and coccolithophores. In this catabolic pathway, the enzymes and
intermediates are shown and the reactive groups are colored in red. Abbreviations: GabD-2, R- and S-sulfolactaldehyde dehydrogenase; HpsN, R-DHPS dehydrogenase;
HpsO, R-DHPS dehydrogenase; HpsP, S-DHPS dehydrogenase; SicC, S-sulfolactate dehydrogenase; SlcD and ComC, R-sulfolactate dehydrogenase; SuyAB, R-
sulfolactate sulfolyase. Broken lines indicate that the multiple-step reactions involve the conversion of sulfopyruvate to pyruvate, acetyl-CoA, and bisulfite.
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Figure 5. Structural analysis of chirally selective enzymes. Toillustrate clearly, only hydrogen bonds formed between
functional groups at chiral carbon of ligands and essential residues are shown as white broken lines. The ligand-docked
protein structures of R-dihydroxypropanesulfonate (DHPS) dehydrogenase HpsO (Protein Data Bank ID: 8WWF), HpsN
(BWWE), and S-DHPS dehydrogenase HpsP (8WWD) are from marine Roseobacteraceae [19]. b/L-Asp racemase (5WXY
and BWX2) is from Microcystis aeruginosa [69]. b-Ala oxidase (1COP) is from Rhodotorula toruloides [99].

lysine [19]. All HpsO, HpsP, and HpsN contain ancient and conserved Rossmann-fold domains
[19], suggesting that they may have evolved from a common generalist ancestor within this su-
perfamily that diverged to give a range of different families with different functions. Additionally,
there are other known enzymes involved in chiral sulfonate metabolism, such as CuyA and
CuyB catalyzing L- and b-cysteate, respectively [68].

Amino acid racemases, in addition to acting on both amino acid enantiomers by accommodating
both substrates within their structure and lowering the energy barrier between them — such as
McyF binding L- and D-aspartate in the same active pocket through stable hydrogen bonding
and hydrophobic interactions with conserved residues (Figure 5) [69] — also exhibit broad sub-
strate specificity. For instance, BsrV from Vibrio cholerae can reversibly racemize ten of the
proteogenic amino acids [70]. Intriguingly, it exhibits enhanced catalytic efficiency toward lysine,
arginine, and methionine, likely due to its larger substrate entry channel, which can accommmodate
a diverse range of L-amino acids [70]. However, hydrogen bond interactions with the hydroxy or
amino groups on the chiral center with conserved residues provide the rationale for substrate p-
specificity and prevent the binding of L-amino acid, such as b-alanine oxidase (Figure 5).

Enzymatic promiscuity, the ability of enzymes to catalyze reactions beyond their primary func-
tion, is a key driver of enzyme evolution [71]. This versatile property allows enzymes to adapt to
new substrates and environments, leading to the emergence of specialized enzymes through
processes such as gene duplication and divergence. Directed evolution and high-throughput
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screening are powerful techniques that can rapidly accelerate the evolution of enzymes with de-
sired properties, such as high enantioselectivity [72]. By introducing random mutations and
selecting for specific phenotypes, we can engineer enzymes with remarkable chiral selectivity.
For example, lipases with no initial chiral preference can be evolved to favor specific enantiomers
of esters [73]. Similarly, mutations in alcohol dehydrogenases and ketoreductases can confer the
ability to produce single-enantiomer compounds [74,75]. Even short-term evolutionary pro-
cesses can enable bacteria to adapt to non-native chiral carbon sources like b-xylulose [76].
This is possible because promiscuous enzymes can be recruited to metabolize these non-
native enantiomers [76]. Site-directed mutagenesis can enhance enzymes’ selectivity by altering
protein structure at key residues in the active sites or substrate-binding pocket. For example,
wild-type cyclohexanone monooxygenase from Acinetobacter sp. NCIMB 9871 has poor
enantioselectivity for 4-hydroxycyclohexanone (9% R), but a mutant in which phenylalanine was
converted to serine reverses stereoselectivity to 79% (S) [77].

Considering the vast diversity of organic compounds in the ocean, estimated to exceed 4 million
[10], it is plausible that enzymatic promiscuity plays a crucial role in microbial metabolism. By en-
abling the utilization of diverse chiral compounds, these enzymes contribute to the efficient cy-
cling of organic matter in marine environments.

Challenges and strategies in chiral analysis of marine DOM

The analysis of molecular chirality typically involves sample preparation and detection. Sample
preparation is a necessary and crucial step to separate chiral molecules from matrices that inter-
fere with detection and to concentrate the chiral molecules. The concentration levels of chiral mol-
ecules in biological and environmental samples are usually very low, and the backgrounds are
highly complex [78]. The concentration of seawater DOM is generally only 80-200 pM, with indi-
vidual compounds present at picomolar to nanomolar levels [10]. Additionally, the salinity of sea-
water is extremely high, whereas other salt solutions, such as those used for metabolite analysis,
typically have much lower salt concentrations. For example, the 1-10 g/l salt solutions found in
blood and urine are approximately 30 times lower than that of seawater [16]. Nonvolatile salts
can interfere with ion formation, leading to reduced spectral quality in mass spectrometry, and
salts decrease the sensitivity of the NMR probe. The metabolites in seawater, especially small
and highly polar organic molecules (<200 Da), constituting the majority of the labile DOM in
the ocean, are difficult in enrichment and purification, which hinders the detection of marine chiral
molecules. While strategies like tangential flow filtration [79], reverse osmosis/electrodialysis [80],
and solid-phase extraction can remove salts [81], they capture only a small fraction (10-40%) of
marine DOM, primarily targeting moderate- (>300 Da) to high-molecular-weight compounds [16].

The techniques for chirality analysis have been comprehensively summarized in the literature
[4,78]. Currently, due to their versatility in applications, as well as their sensitivity and reproducibil-
ity in providing qualitative and quantitative data, chiral liquid chromatography and 2D liquid chro-
matography—mass spectrometry are the most widely used methods for chiral separation [78].
Derivatization is one powerful strategy in chiral liquid chromatography for the analysis of chiral me-
tabolites. By reacting with nonpolar chiral derivation agents before chromatography, small mole-
cules of interest become more hydrophobic, improving their recovery from seawater.
Furthermore, derivatization disrupts the symmetry of enantiomers, converting them into diaste-
reomers that can be separated chromatographically. For example, free b- and L-amino acids
have been extensively analyzed using chiral thiol N-isobutyryl-L-cysteine followed by chromatog-
raphy [42]. Similarly, DHPS enantiomers from seawater can be effectively separated after deriva-
tion with the chiral phosphine reagent diisopropyl phosphoryl L-alanine [19]. The incorporation of
phosphorus enhances mass spectrometry sensitivity, leading to improved detection [82]. Chiral
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phosphine reagents can also undergo dehydration condensation reactions with hydroxyl, amino,
and thiol functional groups, making them promising tools for the discovery of additional chiral en-
antiomers in seawater. However, not all target chiral molecules possess suitable functional
groups for derivatization, requiring the development of distinct derivatization reagents for different
types of analytes. Moreover, impurities in chiral derivatizing reagents and unwanted side reactions
may interfere with the detection [78]. Another strategy is to use chromatography columns with
chiral stationary phases. This method does not require chiral derivatization and involves fewer
sample preparation steps. However, chiral columns are not suitable for all chiral compounds
and are more expensive than non-chiral columns. The combination of chiral mobile phase addi-
tives with achiral stationary phases can also effectively separate chiral enantiomers. Liquid chro-
matography using chiral mobile phases can separate and subsequently detect 18 chiral amino
acids present in plasma at picomolar concentrations [78]. The caveat is that the chiral mobile
phase must be enantiomerically pure and not interfere with the detection. 2D and 3D high-perfor-
mance liquid chromatography have been developed and can separate trace amounts of chiral
metabolites. This approach involves connecting two or three chromatographic columns in series,
with the first dimension using an achiral column, the second dimension using a chiral column, and
an additional column, such as an anion-exchange column [83], potentially used in the third dimen-
sion to further purify the enantiomers. Moreover, a novel method for the direct separation and
analysis of enantiomers using dual alternating-current excitation to control the ion rotation direc-
tion, leveraging differences in collision cross-sections of enantiomers in an electric field, provides
a potential strategy for chiral separation in mass spectrometry without column-based analysis
[84]. However, the selectivity of this method is limited, making it unable to be applied to chiral
analytes with very low enantiomeric ratios.

High-throughput metagenomics, metatranscriptomics, and metaproteomics can help in
deciphering novel metabolites involved in biogeochemical cycles. The Earth Microbiome Project
aims to profile the metabolic content of all known species on Earth [85]. While public databases
like Global Natural Products Social Molecular Networking contain a large number of metabolites
(approximately 52 496) [85,86], the lack of available standards significantly hampers the qualita-
tive and quantitative analysis of novel compounds. Screening potential chiral metabolites from
these databases, in combination with chemical analysis, can guide further research into their
role in marine ecosystems (Figure 6). Labile DOM is rapidly consumed by heterotrophic bacteria
within minutes to hours, forming a highly dynamic metabolite pool. Isotope-labeled metabolic rate
measurements, such as °H, '°C, and "°N labeling of substrates (Figure 6) [87,88], are promising
strategies for tracking rapid metabolic transformations and fluxes of chiral compounds in natural
environments, providing insights into the role of chirality in biogeochemical cycles.

Concluding remarks and future perspectives

In conclusion, the nature of enantiomers significantly impacts their biological roles. From influencing
cellular processes to shaping marine carbon cycling, enantiomers exhibit diverse biological activities.
While some are readily metabolized by microorganisms, others resist degradation, potentially acting
as long-term carbon reservoirs. The catalytic promiscuity of enzymes involved in chiral compound
metabolism highlights the evolutionary adaptability of microorganisms, enabling them to exploit
novel substrates and contribute to the dynamic interplay between biology and the environment.

Although the analysis of chiral compounds in marine environments is hindered by factors such as
low concentrations and complex matrices, recent technological advances in chiral analysis provide
promising avenues for future research (Figure 6). These advances enable the development of tech-
niques to identify and enrich specific enantiomers in the ocean. While many studies on chiral com-
pound metabolism are conducted in laboratory settings, in situ biological incubator instruments
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Outstanding questions

What specific biological functions are
associated with each enantiomer?
How do marine microorganisms
metabolize enantiomers?

How can we develop more advanced
techniques to discover novel marine
enantiomers and determine their
absolute configurations?

How can we design in situ biological
incubation experiments to study the
real-time transformation of chiral com-
pounds in extreme environments
such as the deep sea and hydrother-
mal vents?

How can we utilize advanced
computational tools and experimental
techniques to discover and characterize
novel enantioselective enzymes?
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Figure 6. Framework for advanced analytical methods for chiral molecules in the ocean and perspectives on future

research directions. Abbreviations: DOM, dissolved organic matter; HPLC, high-performance liquid chromatography; POM,
particulate organic matter.

offer a promising approach to study the transformation of chiral enantiomers under various environ-
mental conditions, such as amino acids in the high-pressure, oxidative-stress environments of the
deep sea (Figure 6) [88]. More than half of the ocean occurs in regions below 3000 m [89], repre-
senting a largely undiscovered pool of chiral compounds. In addition to the deep sea, hydrothermal
vents are another key area of interest for future research into chiral compounds, given their potential
role in the evolution of life. Bacteria inhabiting these extreme environments have been found to pro-
duce DHPS [90]. Understanding how marine organisms synthesize and degrade enantiomers can
provide insights into their ecological and biological roles, such as homeostatic mechanisms be-
tween D- and L-amino acids, as well as potential applications in biotechnology. The advent of the
omics era has yielded large datasets of marine metabolic enzymes, such as Tara Oceans and
The Global Ocean Microbiome [91,92]. These datasets provide a foundation for the mining of en-
zyme information, construction of metabolic pathways for marine DOM, and identification of
enantiomer-specific transporters, such as those for b-amino acids. Improving the enantioselectivity
of biocatalysts remains a challenge. The discovery of new chiral enzymes, coupled with advances
in protein engineering, is expanding the substrate scope and catalytic performance of biocatalysts.
Recent breakthroughs in protein structure prediction, such as AlphaFold3 and associated tools like
Foldseek and domain analysis [93-95], provide a deeper structural understanding of enzyme ca-
talysis and the mechanism of chiral enzymes recognizing chiral substrate. Additionally, recent stud-
ies have used machine learning to predict the enantioselectivity of an amidase enzyme toward
novel substrates. These data-driven approaches highlight the potential of machine learning to ex-
pedite biocatalyst development and optimize biocatalytic processes.
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Chirality, a fundamental concept with a 176-year history, continues to shape our understanding
of the natural world. The creation of mirror bacteria has recently been highlighted as carrying po-
tential risks, such as immune evasion and ecosystem invasion [96]. By contrast, chemically syn-
thesized chiral molecules entering the environment are unlikely to significantly alter marine
biogeochemistry, as microbes may develop mechanisms to degrade them over time. This natural
process, combined with sustainable synthesis practices, helps to minimize their ecological im-
pact. As chemists delve deeper into the chiral world of the ocean in the future (see Outstanding
questions), it will foster interdisciplinary collaboration between chemistry and marine science,
unveiling invisible dimensions of biogeochemical cycling and assisting in the development of
novel biocatalysts with potential applications in chemistry.

Acknowledgments
This study was supported by the National Natural Science Foundation of China project (92251306, 42188102, 42141003)
and the Ocean Negative Carbon Emissions (ONCE).

Declaration of interests
The authors declare no interests.

Supplemental information
Supplemental information associated with this article can be found online at https://doi.org/10.1016/j.trechm.2025.01.007.

References
1. Devinsky, F. (2021) Chirality and the origin of life. Symmetry 13, 18. Yu, Y. et al. (2023) Novel D-glutamate catabolic pathway in ma-
2277 rine Proteobacteria and halophilic Archaea. ISME J. 17, 537-548
2. Jiang, W. et al. (2019) Chiral biomineralized structures and their 19. Liu, L. et al. (2024) Enantioselective transformation of
biomimetic synthesis. Mater. Horiz. 6, 1974-1990 phytoplankton-derived dihydroxypropanesulfonate by marine
3. Finefield, J.M. et al. (2012) Enantiomeric natural products: bacteria. ISME J. 18, wrae084
occurrence and biogenesis. Angew. Chem. Int. Ed. Engl. 51, 20. Armstrong, D.W. and Berthod, A. (2023) Occurrence of D-amino
4802-4836 acids in natural products. Nat. Prod. Bioprospect. 13, 47
4. Bitchagno, G.T.M. et al. (2022) Demystifying racemic natural 21. Aliashkevich, A. et al. (2018) New insights into the mechanisms
products in the homochiral world. Nat. Rev. Chem. 6, 806-822 and biological roles of D-amino acids in complex eco-systems.
5. Zannoni, N. et al. (2020) Surprising chiral composition changes Front. Microbiol. 9, 683
over the Amazon rainforest with height, time and season. 22. Genchi, G. (2017) An overview on D-amino acids. Amino Acids
Commun. Earth Environ. 1, 4 49, 15621-1533
6. Du, Y. et al. (2020) Cytotoxic and optically active pyrisulfoxins 23. lIrazoki, O. et al. (2023) D-amino acids signal a stress-dependent run-
from the endophytic Streptomyces albolongus EA12432. Front. away response in Vibrio cholerae. Nat. Microbiol. 8, 1549-1560
Chem. 8, 248 24. Alvarez, L. et al. (2018) Bacterial secretion of D-arginine controls
7. Jiao, N. et al. (2024) The microbial carbon pump and climate environmental microbial biodiversity. ISME J. 12, 438-450
change. Nat. Rev. Microbiol. 22, 408-419 25. Vohsen, S.A. et al. (2024) Discovery of deep-sea coral symbionts
8. Walker, B.D. et al. (2016) Pacific carbon cycling constrained by from a novel clade of marine bacteria with severely reduced ge-
organic matter size, age and composition relationships. Nat. nomes. Nat. Commun. 15, 9508
Geosci. 9, 888-891 26. Nagata, Y. et al. (1999) Occurrence of D-amino acids in a few ar-
9. Hansell, D.A. (2013) Recalcitrant dissolved organic carbon frac- chaea and dehydrogenase activities in hyperthermophile
tions. Annu. Rev. Mar. Sci. 5, 421-445 Pyrobaculum islandicum. Biochim. Biophys. Acta 1435, 160-166
10. Dittmar, T. et al. (2021) Enigmatic persistence of dissolved or- 27. Zhong, W. et al. (2021) Euroticins C-E, three pairs of polycyclic
ganic matter in the ocean. Nat. Rev. Earth Environ. 2, 570-583 salicylaldehyde derivative enantiomers from a marine-derived fun-
11. Luo, Y.W. et al. (2012) Interannual variability of primary produc- gus Eurotium sp. SCSIO F452. Org. Chem. Front. 8, 1466-1473
tion and dissolved organic nitrogen storage in the North Pacific 28. Sun, J. et al. (2023) Astaxanthin with different configurations:
Subtropical Gyre. J. Geophys. Res. 117, GO3019 sources, activity, post modification, and application in foods.
12. Ma, Y. et al. (2023) Autochthonous sources and biogeochemical Curr. Opin. Food Sci. 49, 100955
processes drive the spatiotemporal variation of DOM composi- 29. Debnath, T. et al. (2024) Astaxanthin from microalgae: a review
tion and optical indicators in a karst river. J. Hydrol. 623, 129825 on structure, biosynthesis, production strategies and application.
13. Moran, M.A. and Durham, B.P. (2019) Sulfur metabolites in the Food Res. Int. 176, 113841
pelagic ocean. Nat. Rev. Microbiol. 17, 665-678 30. Morris, J.J. et al. (2022) Reactive oxygen species in the world
14. Falkowski, P.G. et al. (2008) The microbial engines that drive ocean and their impacts on marine ecosystems. Redox Biol.
Earth’s biogeochemical cycles. Science 320, 1034-1039 52, 102285
15. Steen, A.D. et al. (2020) Analytical and computational advances, 31. Galban-Malagon, C. et al. (2012) The oceanic biological pump
opportunities, and challenges in marine organic biogeochemistry modulates the atmospheric transport of persistent organic pol-
in an era of “omics”. Front. Mar. Sci. 7, 718 lutants to the Arctic. Nat. Commun. 3, 862
16. Moran, M.A. et al. (2022) Microbial metabolites in the marine car- 32. Perez-Pereira, A. et al. (2024) Enantioselectivity in ecotoxicity of
bon cycle. Nat. Microbiol. 7, 508-523 pharmaceuticals, illicit drugs, and industrial persistent pollutants in
17. Zhang, Z. et al. (2015) Microbial D-amino acids and marine car- aquatic and terrestrial environments: a review. Sci. Total Environ.
bon storage. Sci. China Earth Sci. 59, 17-24 912, 169573

12 Trends in Chemistry, Month 2025, Vol. xx, No. xx


https://doi.org/10.1016/j.trechm.2025.01.007
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0005
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0005
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0010
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0010
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0015
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0015
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0015
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0020
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0020
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0025
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0025
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0025
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0030
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0030
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0030
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0035
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0035
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0040
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0040
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0040
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0045
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0045
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0050
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0050
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0055
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0055
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0055
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0060
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0060
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0060
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0065
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0065
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0070
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0070
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0075
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0075
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0075
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0080
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0080
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0085
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0085
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0090
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0090
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0095
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0095
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0095
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0100
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0100
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0105
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0105
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0105
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0110
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0110
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0115
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0115
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0120
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0120
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0125
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0125
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0125
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0130
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0130
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0130
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0135
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0135
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0135
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0140
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0140
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0140
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0145
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0145
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0145
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0150
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0150
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0150
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0155
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0155
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0155
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0160
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0160
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0160
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0160

Trends in Chemistry

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Sanganyado, E. et al. (2021) Organic pollutants in deep sea:
occurrence, fate, and ecological implications. Water Res. 205,
117658

Jin, M. et al. (2017) Distribution and enantiomeric profiles of or-
ganochlorine pesticides in surface sediments from the Bering
Sea, Chukchi Sea and adjacent Arctic areas. Environ. Pollut.
222,109-117

Ruan, Y. et al. (2020) Enantiomer-specific bioaccumulation and
distribution of chiral pharmaceuticals in a subtropical marine
food web. J. Hazard. Mater. 394, 122589

Durham, B.P. et al. (2015) Cryptic carbon and sulfur cycling be-
tween surface ocean plankton. Proc. Natl. Acad. Sci. U. S. A.
112, 453-457

Chen, X. et al. (2021) Metabolism of chiral sulfonate compound
2,3-dihydroxypropane-1-sulfonate (DHPS) by Roseobacter bac-
teria in marine environment. Environ. Int. 157, 106829

Liu, J. et al. (2020) Two radical-dependent mechanisms for anaer-
obic degradation of the globally abundant organosulfur compound
dihydroxypropanesulfonate. Proc. Natl. Acad. Sci. U. S. A. 117,
16599-15608

Shimizu, T. et al. (2012) An L-glucose catabolic pathway in
Paracoccus species 43P. J. Biol. Chem. 287, 40448-40456
Mao, Z. et al. (2024) Characterization of two novel hydrolases
from Sphingopyxis sp. DBS4 for enantioselective degradation
of chiral herbicide diclofop-methyl. J. Hazard. Mater. 469,
133967

Gaye, B. et al. (2022) What can we learn from amino acids about
oceanic organic matter cycling and degradation? Biogeosciences
19, 807-830

laniri, H.L. et al. (2022) Bacterial sources and cycling dynamics of
amino acids in high and low molecular weight dissolved organic
nitrogen in the ocean. Mar. Chem. 241, 104104

Shindoh, S. et al. (2021) Induction of extracellular aminopepti-
dase production by peptides in some marine bacterial species.
Microbes Environ. 36, ME20150

Wang, R. et al. (2020) Differences in bioavailability of canonical
and non-canonical D-amino acids for marine microbes. Sci.
Total Environ. 733, 139216

Yu, Y. et al. (2024) Evidence for archaeal metabolism of D-amino
acids in the deep marine sediments. Sci. Total Environ. 948,
174723

Asano, Y. and Lubbehusen, T.L. (2000) Enzymes acting on pep-
tides containing D-amino acid. J. Biosci. Bioeng. 89, 295-306
Katayama, T. et al. (2024) A marine group A isolate relies on other
growing bacteria for cell wall formation. Nat. Microbiol. 9,
1954-1963

Kaiser, K. and Benner, R. (2009) Biochemical composition and
size distribution of organic matter at the Pacific and Atlantic
time-series stations. Mar. Chem. 113, 63-77

Lomstein, B.A. et al. (2006) Amino acid biogeo- and stereochem-
istry in coastal Chilean sediments. Geochim. Cosmochim. Acta
70, 2970-2989

Chen, Y. et al. (2018) Sources and degradation of sedimentary or-
ganic matter in the mud belt of the East China Sea: implications
from the enantiomers of amino acids. Org. Geochem. 116, 51-61
Fernandes, L. et al. (2014) Amino acid biogeochemistry and bac-
terial contribution to sediment organic matter along the western
margin of the Bay of Bengal. Deep Sea Res. | Oceanogr. Res.
Pap. 83, 81-92

Jiao, N. et al. (2011) The microbial carbon pump and the oceanic
recalcitrant dissolved organic matter pool. Nat. Rev. Microbiol. 9,
555

Lander, A.J. et al. (2023) D-peptide and D-protein technology:
recent advances, challenges, and opportunities. Chembiochem
24, 202200537

Lam, H. et al. (2009) D-amino acids govern stationary phase cell
wall remodeling in bacteria. Science 325, 1552-1555

Wu, H. et al. (2020) D-methionine and D-phenylalanine improve
Lactococcus lactis F44 acid resistance and nisin yield by
governing cell wall remodeling. Appl. Environ. Microbiol. 86,
e02981-19

Gu, S.-X. et al. (2020) Natural occurrence, biological functions,
and analysis of D-amino acids. Pharm. Fronts 2, e79-e87
Cava, F. et al. (2011) Emerging knowledge of regulatory roles of
D-amino acids in bacteria. Cell. Mol. Life Sci. 68, 817-831

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Du, S. et al. (2023) D-amino acids in biological systems. Chirality
35, 508-534

Kubota, T. et al. (2016) Enantioselective utilization of D-amino
acids by deep-sea microorganisms. Front. Microbiol. 7, 511
Yokokawa, T. et al. (2012) Differentiating leucine incorporation of
Archaea and Bacteria throughout the water column of the east-
ern Atlantic using metabolic inhibitors. Aquat. Microb. Ecol. 66,
247-256

Cliton, B.E. et al. (2024) The ultra-high affinity transport proteins
of ubiquitous marine bacteria. Nature 634, 721-728
Malmstrom, R.R. et al. (2004) Contribution of SAR11 bacteria to
dissolved dimethylsulfoniopropionate and amino acid uptake in
the North Atlantic ocean. Appl. Environ. Microbiol. 70, 4129-4135
Kolukisaoglu, U. (2020) D-amino acids in plants: sources, metab-
olism, and functions. Int. J. Mol. Sci. 21, 5421

Landick, R. et al. (1985) Bacterial amino acid transport systems.
In The enzymes of biological membranes (Martonosi, A.N., ed.),
pp. 577-615, Springer

Nguyen, P.T. et al. (2018) Noncanonical role for the binding pro-
tein in substrate uptake by the MetNI methionine ATP binding
cassette (ABC) transporter. Proc. Natl. Acad. Sci. U. S. A. 115,
E10596-E10604

Burchill, L. et al. (2024) Structural and kinetic insights into the ste-
reospecific oxidation of R-2,3-dihydroxypropanesulfonate by
DHPS-3-dehydrogenase from Cupriavidus pinatubonensis.
Chem. Sci. 15, 157567-15768

Burrichter, A. et al. (2018) Anaerobic degradation of the plant
sugar sulfoquinovose concomitant with H,S production:
Escherichia coli K-12 and Desulfovibrio sp. strain DF1 as co-
culture model. Front. Microbiol. 9, 2792

Liu, C. et al. (2024) Bacterial cysteate dissimilatory pathway in-
volves a racemase and D-cysteate sulfo-lyase. J. Biol. Chem.
300, 107371

Cao, D.D. et al. (2019) Structural insights into the catalysis and
substrate specificity of cyanobacterial aspartate racemase
McyF. Biochem. Biophys. Res. Commun. 514, 1108-1114
Espaillat, A. et al. (2014) Structural basis for the broad specificity
of a new family of amino-acid racemases. Acta Crystallogr. D
Biol. Crystallogr. 70, 79-90

Copley, S.D. (2015) An evolutionary biochemist’s perspective on
promiscuity. Trends Biochem. Sci. 40, 72-78

Srivastava, A. et al. (2021) Enzyme promiscuity in natural environ-
ments: alkaline phosphatase in the ocean. ISME J. 15, 3375-3383
Qu, G. et al. (2020) The crucial role of methodology development
in directed evolution of selective enzymes. Angew. Chem. Int. Ed.
Engl. 59, 13204-13231

Wu, K. et al. (2020) Engineering an alcohol dehydrogenase with
enhanced activity and stereoselectivity toward diaryl ketones: re-
duction of steric hindrance and change of the stereocontrol ele-
ment. Catal. Sci. Technol. 10, 1650—-1660

Tang, J. et al. (2021) Structure-guided evolution of a
ketoreductase for efficient and stereoselective bioreduction of
bulky a-amino (3-keto esters. Catal. Sci. Technol. 11, 6755-6769
Guzman, G.I. et al. (2019) Enzyme promiscuity shapes adapta-
tion to novel growth substrates. Mol. Syst. Biol. 15, e8462
Reetz, M.T. et al. (2004) Directed evolution as a method to create
enantioselective cyclohexanone monooxygenases for catalysis in
Baeyer-Villiger reactions. Angew. Chem. Int. Ed. Engl. 43,
4075-4078

Liu, Y. et al. (2023) Detection and analysis of chiral molecules as
disease biomarkers. Nat. Rev. Chem. 7, 355-373

Aluwihare, L.I. et al. (1997) A major biopolymeric component to
dissolved organic carbon in surface sea water. Nature 387,
166-169

Koprivnjak, J.F. et al. (2009) Chemical and spectroscopic char-
acterization of marine dissolved organic matter isolated using
coupled reverse osmosis—electrodialysis. Geochim. Cosmochim.
Acta 73, 4215-4231

Johnson, W.M. et al. (2017) Extraction efficiency and quantifica-
tion of dissolved metabolites in targeted marine metabolomics.
Limnol. Oceanogr. Methods 15, 417-428

Chen, Y. et al. (2004) Sensitivity improvement of amino acids by
N-terminal diisopropyloxyphosphorylation in electrospray ioniza-
tion mass spectrometry. Rapid Commun. Mass Spectrom. 18,
469-473

Trends in Chemistry, Month 2025, Vol. xx, No. xx

¢ CellP’ress

13



http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0165
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0165
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0165
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0170
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0170
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0170
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0170
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0175
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0175
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0175
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0180
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0180
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0180
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0185
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0185
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0185
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0190
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0190
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0190
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0190
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0195
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0195
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0200
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0200
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0200
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0200
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0205
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0205
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0205
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0210
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0210
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0210
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0215
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0215
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0215
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0220
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0220
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0220
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0225
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0225
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0225
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0230
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0230
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0235
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0235
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0235
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0240
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0240
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0240
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0245
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0245
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0245
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0250
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0250
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0250
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0255
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0255
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0255
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0255
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0260
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0260
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0260
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0265
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0265
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0265
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0270
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0270
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0275
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0275
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0275
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0275
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0280
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0280
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0285
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0285
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0290
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0290
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0295
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0295
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0300
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0300
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0300
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0300
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0305
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0305
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0310
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0310
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0310
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0315
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0315
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0320
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0320
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0320
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0325
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0325
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0325
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0325
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0330
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0330
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0330
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0330
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0335
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0335
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0335
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0335
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0335
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0340
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0340
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0340
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0345
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0345
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0345
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0350
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0350
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0350
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0355
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0355
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0360
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0360
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0365
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0365
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0365
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0370
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0370
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0370
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0370
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0375
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0375
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0375
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0380
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0380
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0385
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0385
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0385
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0385
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0390
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0390
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0395
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0395
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0395
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0400
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0400
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0400
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0400
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0405
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0405
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0405
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0410
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0410
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0410
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0410

¢? CellPress

83

84.

85.

86.

87.

88.

89.

90.

. Furusho, A. et al. (2019) Three-dimensional high-performance
liquid chromatographic determination of Asn, Ser, Ala, and Pro
enantiomers in the plasma of patients with chronic kidney
disease. Anal. Chem. 91, 11569-11575

Zhou, X. et al. (2024) Differentiating enantiomers by directional
rotation of ions in a mass spectrometer. Science 383, 612-618
Shaffer, J.P. et al. (2022) Standardized multi-omics of Earth’s
microbiomes reveals microbial and metabolite diversity. Nat.
Microbiol. 7, 2128-2150

Wang, M. et al. (2016) Sharing and community curation of mass
spectrometry data with Global Natural Products Social Molecular
Networking. Nat. Biotechnol. 34, 828-837

Raina, J.-B. et al. (2023) Chemotaxis increases metabolic ex-
changes between marine picophytoplankton and heterotrophic
bacteria. Nat. Microbiol. 8, 510-521

Amano, C. et al. (2023) A device for assessing microbial activity
under ambient hydrostatic pressure: the in situ microbial incubator
(ISMI). Limnol. Oceanogr. Methods 21, 69-81

Corinaldesi, C. (2015) New perspectives in benthic deep-sea
microbial ecology. Front. Mar. Sci. 2, 17

Gotz, F. et al. (2018) Targeted metabolomics reveals proline as a
major osmolyte in the chemolithoautotroph Sulfurimonas denitrificans.
Microbiologyopen 7, e00586

14 Trends in Chemistry, Month 2025, Vol. xx, No. xx

91.

92.

93.

94.

95.

96.

97.

98.

99.

Chen, J. et al. (2024) Global marine microbial diversity and its
potential in bioprospecting. Nature 633, 371-379

Salazar, G. et al. (2019) Gene expression changes and community
turnover differentially shape the global ocean metatranscriptome.
Cell 179, 1068-1083.e21

van Kempen, M. et al. (2024) Fast and accurate protein structure
search with Foldseek. Nat. Biotechnol. 42, 243-246
Abramson, J. et al. (2024) Accurate structure prediction of bio-
molecular interactions with AlphaFold 3. Nature 630, 493-500
Lau, A.M. et al. (2024) Exploring structural diversity across the
protein universe with The Encyclopedia of Domains. Science
386, eadq4946

Adamala, K.P. et al. (2024) Confronting risks of mirror life. Science
386, 1351-1353

Chen, I.A. et al. (2023) The IMG/M data management and analysis
system v.7: content updates and new features. Nucleic Acids Res.
51,D723-D732

Karp, P.D. et al. (2019) The BioCyc collection of microbial genomes
and metabolic pathways. Brief. Bioinform. 20, 1085-1093
Umhau, S. et al. (2000) The X-ray structure of D-amino acid oxi-
dase at very high resolution identifies the chemical mechanism of
flavin-dependent substrate dehydrogenation. Proc. Natl. Acad.
Sci. U. S. A. 97, 12463-12468

Trends in Chemistry


http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0415
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0415
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0415
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0415
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0420
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0420
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0425
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0425
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0425
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0430
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0430
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0430
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0435
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0435
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0435
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0440
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0440
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0440
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0445
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0445
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0450
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0450
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0450
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0455
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0455
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0460
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0460
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0460
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0465
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0465
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0470
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0470
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0475
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0475
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0475
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0480
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0480
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0485
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0485
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0485
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0490
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0490
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0495
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0495
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0495
http://refhub.elsevier.com/S2589-5974(25)00007-3/rf0495

	The hidden hand of molecular chirality in marine biogeochemistry
	Chiral molecules in the biosphere
	Diversity and functions of enantiomers in marine environments
	d-amino acids: a microbial carbon paradox
	Chiral compound metabolism: implications for enzymatic promiscuity
	Challenges and strategies in chiral analysis of marine DOM
	Concluding remarks and future perspectives
	Acknowledgments
	Declaration of interests
	Supplemental information
	References




