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Summary

Over the past seven decades, research on autotrophic and heterotrophic model organisms has
defined how the flow of electrons (“reducing power”) from high-energy inorganic sources, through
biological systems, to low-energy inorganic products like water, powers all of Life’s processes.
Universally, an initial major biological recipient of these electrons is nicotinamide adenine
dinucleotide-phosphate, which thereby transits from an oxidized state (NADP™) to a reduced state
(NADPH). A portion of this reducing power is then distributed via the cellular NADPH-dependent
disulfide reductase systems as sequential reductions of disulfide bonds. Along the disulfide
reduction pathways, some enzymes have active sites that use the selenium-containing amino acid,
selenocysteine, in place of the common but less reactive sulfur-containing cysteine. In particular,
the mammalian/metazoan thioredoxin systems are usually selenium-dependent as, across
metazoan phyla, most thioredoxin reductases are selenoproteins. Among the roles of the NADPH-
dependent disulfide reductase systems, the most universal is that they provide the reducing power
for the production of DNA precursors by ribonucleotide reductase (RNR). Some studies, however,
have uncovered examples of NADPH-independent disulfide reductase systems that can also
support RNR. These systems are summarized here and their implications are discussed.
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Redox reactions and reducing power

Reduction and oxidation (redox) reactions involve the transfer of electrons between
molecules. Reducing agents (reductants) carry electrons that can be transferred to a more
oxidized substrate. Oxidizing agents (oxidants) are electrophilic and will readily accept
electrons from a more reduced substrate. All reduction reactions are also oxidation reactions,
and vice versa, in that the reduction (gaining of electrons) of one compound requires the
oxidation (loss of electrons) of another. Thus, the concept of “reducing power” can be
established to describe the propensity of one compound to donate its electrons to another
compound, and has an associate value, expressed in volts, that describes how readily those
electrons will be donated, or their “redox potential.” Electrons are often transferred as pairs
(2-electron transfers), but single electron transfers also occur in biology. Molecules with
unpaired electrons are free radicals, which are typically unstable and highly reactive. Some
free radicals are biologically relevant as damaging agents. Others are essential for biological
functions, in particular as critical intermediates within certain enzymatic reactions. There is
an extensive body of knowledge regarding the electron transfer mechanisms within
enzymatic reactions, including single- and paired-electron transfers; however coverage of
this literature is beyond the scope of this review.

NADPH: a “universal currency” for anabolic reduction reactions

Inorganic carbon, for example within CO, is usually in an oxidized state, whereas the
carbon in organic molecules is highly reduced. Organic molecules are generated via the
reduction of oxidized inorganic carbon sources by autotrophs, which include both
photosynthetic and chemolithotrophic organisms. To generate organic molecules, autotrophs
use energy from photons of light or from oxidation of inorganic minerals to obtain electrons,
and these are used to chemically reduce the CO, by forming carbon-carbon or other bonds.
The bonds of organic molecules store most of Life’s energy, which is released under
heterotrophic conditions by oxidation (i.e., extraction of the electrons) of these bonds.

Most of the energy that drives Life’s processes likely entered the biological world via
photosynthesis. In the light-dependent reactions of photosynthesis, energy from photons is
used to extract electrons from a low energy source, usually water. Typically four photons are
used to cleave two molecules of water, yielding one molecule of molecular oxygen (O5),
four protons (H*), and four electrons of reducing power. A small amount of the energy from
this process is also often used to generate three phosphodiester bonds within adenosine
triphosphate (ATP). The four electrons are used to reduce two molecules of oxidized
nicotinamide adenine dinucleotide phosphate (NADP™) into their reduced form (NADPH;
Fig. 1), thereby capturing the reducing power (Eg. 1).
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2H,0 + 2NADP™ + 3ADP + 3P, + [4 photons] — 2NADPH + 2H* + 3ATP + O, [Eq. 1]

Interestingly, chemolithotrophs also capture reducing power, albeit obtained from oxidation
of inorganic compounds rather than from photons of light, as NADPH. Thus, NADPH is the
organic compound to initially receive the reducing power obtained from inorganic sources in
all autotrophs. In the light-independent (“dark™) reactions of photosynthesis (the Calvin
cycle, which is also used in chemolithotrophs), the electrons from NADPH are used to
reductively “fix” CO, into sugar. This more stably stores the reducing power as reduced
carbon, predominantly within carbon-carbon bonds [1-3]. Although some NADPH-driven
reductions are catabolic, more generally NADPH is the electron donor for anabolic
reduction reactions and, accordingly, hundreds of reductive enzymes (reductases) are known
to be NADPH-dependent. As such, NADPH can be considered a “universal currency” for
anabolic reduction reactions.

NADPH cannot be acquired from extracellular sources but, rather, must be generated by the
reduction of NADP* within each cell. To generate NADPH in heterotrophic conditions, the
reducing power that was stored in the bonds of organic molecules during the Calvin cycle
can be used by a few reactions to reduce NADP* + H* + 2e” — NADPH. In mammals,
oxidations of several organic molecules can fuel NADPH-generating reactions. These
include oxidation of glucose in the pentose phosphate pathway, oxidation of isocitrate by
isocitrate dehydrogenase, oxidation of malate by malic enzyme, and oxidation of
methylenetetrahydrofolate [4-8].

The [NADPH/NADP*] redox couple is one of two predominant nicotinamide adenine
dinucleotide systems in cells, the other being [NADH/NAD*]. The [NADH/NAD™*] redox
couple is used primarily for biological oxidations, such as for extracting energy from organic
molecules, and therefore its steady-state equilibrium in living cells favors the oxidized NAD
* over NADH. Conversely the reduced NADPH is about ten-times more abundant than the
oxidized NADP™*, and NADPH is used predominantly for reduction reactions, such as within
anabolic processes, as described above, or for antioxidant activities. In some situations,
reducing power can be transferred between NADH and NADPH by nicotinamide nucleotide
transhydrogenases (NNT) [9, 10]. In mitochondria, wherein NADH is abundant, NNT-
derived NADPH is estimated to account for half of the NADPH, and NNT-knockdown alters
mitochondrial redox status [11].

Early evolution of biological disulfide reduction

Life arose in an anoxic environment and likely relied heavily on hydrogen sulfide and
ferrous iron (H,S/Fe2*)-based redox reactions [12, 13]. Before photosynthetic organisms
arose that could harvest energy from light, all autotrophic life was chemolithotropic,
meaning that nutrients and energy were acquired from chemical reactions involving
minerals. An abundant and therefore likely source of chemolithotropic potential for
supporting early life is associated with sulfur (S)-rich hydrothermal vents, which expel large
amounts of both H,S and Fe2* in an environment suitable for sustaining life (pH 3—4 and
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temperature/pressure conditions in which water is liquid) [14, 15]. The abundant iron-sulfur
(FeS) compounds found in such environments are capable of (/) catalyzing other redox
reactions (e.g., No to NH3 or NO3™)[16]; (/) forming planar sheets that likely became the
first barriers encapsulating the biological machinery from the external environment as a
primitive cell; and (/i) assembling into in FeS clusters, which still serve as electron conduits
in contemporary biological redox reactions. Other metal-S minerals, like ZnS and (FeNi)S,
can activate C-H bonds, and thereby abiotically catalyze the formation of C-X bonds (X = C,
O, or N) to generate simple organic molecules [17-19]. These inorganic redox reactions and
simple organic molecules were likely critical to the onset of life.

Because H,S and Fe2* are abundant in hydrothermal environments, primitive organisms
likely extracted two electrons of reducing power from oxidation of H,S, which then coupled
with Fe2*, yielding pyrite (FeS,)[20]. However, the capacity for more efficient extraction of
reducing power existed and was eventually exploited, since complete oxidation of H,S to
sulfate (S0,427) yields eight electrons (Fig. 2). Later organisms would use intracellular
reducing power, stored as organic carbon sources and transferred via NADPH, to
enzymatically reduce environmental sulfate into sulfite by adenylyl-sulfate (APS) reductase
and phosphoadenylyl-sulfate (PAPS) reductase. Further reduction to sulfide through three
consecutive 2-electron transfers by ferredoxins would then support the biological production
of sulfide. This allowed organisms to radiate out from restricted sulfide-rich hydrothermal
vent ecosystems into new environments and expanded niches [21-23].

Photosynthetic autotrophs first appeared about 2.3 billion years ago. H,S likely also played a
critical role in the evolution of photosynthetic organisms from chemolithotrophic
predecessors. Because of its high abundance in certain environments and its being similar to
H-,0, yet with more easily activated electrons (oxidation potential —0.14 E°(V) for H,S as
compared to —1.78 E°(V) for H,0), H,S would have provided an accessible electron source
for early chlorophylls that were unable to oxidize H,O [24, 25]. The subsequent evolution of
more efficient photosystems would have led to more powerful photoreactions that could
extract electrons from H,0, and this advance would lead, eventually, to “the great
oxygenation event”. Herein, the production of O, as a byproduct of the photolysis of water
(Eq. 1) resulted eventually in a ~10°-fold increase in the concentration of atmospheric
oxygen on earth [26]. This new and generally ubiquitous abundance of molecular oxygen
allowed the subsequent evolution of respiration, wherein O, serves as the final electron
acceptor for biological reductions, yielding H,O. The abundance of O, in the atmosphere
peaked 200 million years ago at ~33%. Subsequently the equilibrium between
photosynthetic production and respiratory consumption of O, in the biosphere brought
atmospheric O levels to ~20%, which has shown only modest fluctuations thereafter [27,
28].

The great oxygenation event, coupled with biogenesis of reactive oxygen species (ROS) as a
byproduct of respiration, marked the onset of biological oxidative stress. It has been
speculated that early antioxidant mechanisms were only slight alterations of previous S-
based redox systems that existed to manage oxidative S species [25]. Present day organisms
still utilize Sfor diverse redox reactions. In particular the Samino acid cysteine (Cys) is
ubiquitously used in the context of oligopeptides like glutathione (GSH; y-glutamyl-Cys-
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glycine) or small proteins like thioredoxin (Trx) to generate [dithiol-disulfide] redox couples
for transmission of intracellular reducing power. It should however be noted that Cys
residues are used for a wide range of functions — catalytic, regulatory, structural, and others
— whereas the related amino acid selenocysteine (Sec, further discussed below) seems to be
uniquely dedicated to the catalysis of redox reactions [29-32].

Disulfide reductase-driven reactions fuel DNA precursor biosynthesis

One important event in the early evolution of life was adoption of the DNA genome. Several
factors are thought to have spurred the transition from an RNA- to a DNA-genome. DNA is
more stable in an aqueous environment, is more resistant to damage by transition metals, and
is less susceptible to damaging photoreactions than is RNA [33]. Also, cytosine (C) easily
deaminates to uridine (U). In an RNA genome, this would lead to a uridine-guanosine (U-G)
base-pair, which would be strand-ambiguous for repair, since either the U on one strand
could be repaired to a C or the G on the other strand could be repaired to an adenosine (A).
In a DNA genome, C-deamination also yields a U-G base pair, however since U is unnatural
in DNA, and instead is replaced by thymidine (T), the U can be unambiguously recognized
as a deaminated C and correctly repaired [34]. Thus, an RNA genome might be more prone
to information degradation than is a DNA genome.

For DNA synthesis, ribonucleotides have to be reduced to deoxyribonucleotides. This
critical reduction reaction is catalyzed by the enzyme ribonucleotide reductase (RNR).
Although three classes of RNR with various known permutations have been described, the
enzyme likely arose only once, as all known RNR enzymes appear to share a common
ancestor [35]. The complex chemistry of ribonucleotide reduction involves a transition state
having an enzyme-associated free radical to drive the reaction. In most RNRs, this is a thiyl
radical generated on a Cys residue within the active site of RNR [36-38]. With few
exceptions (see below), generation of the radical intermediate, and therefore the reduction of
ribonucleosides, is driven by electrons provided through a dithiol-disulfide exchange. This
exchange, in turn, is fueled by an initial disulfide reduction reaction in which the electrons
are derived from NADPH and used to generate a dithiol. For more details about the
enzymatic mechanisms and evolutionary relationships of RNRs, the reader is directed to
excellent reviews specifically focused on these topics [35, 39-41].

NADPH-dependent disulfide reductases

Although there are hundreds of different NADPH-dependent enzymes in biology, each of
which has the ability to use electrons extracted from NADPH to reduce specific organic or
inorganic substrates, only two small groups of these enzymes, the Trx-disulfide reductases
(TrxRs) and the glutathione-disulfide (GSSG)-reductases (Gsrs), can reduce an intracellular
disulfide [42]. In TrxRs, electrons from NADPH are used to reduce an active site disulfide in
oxidized Trx (Trx-disulfide), yielding NADP* and a reduced Trx-dithiol [30, 36, 39]. In
Gsrs, electrons from NADPH are used to reduce GSSG, yielding NADP* and 2GSH [43].
The reduced Trx or GSH then distribute this NADPH-derived reducing power by their
transmission of these electrons to other molecules, mainly via dithiol-disulfide exchange

Free Radic Biol Med. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miller et al.

Page 6

reactions. In all known living systems under nearly all conditions, reduction of RNR is
fueled by either a TrxR system, a Gsr system, or both [44-47].

Beyond providing reducing power for production of DNA precursors by RNR, the NADPH-
dependent TrxR- and Gsr-driven systems in most organisms fuel reductive “antioxidant”
enzymes. These activities are used to sustain a moderately reducing status of most molecules
in the cytosol, manage ROS, prevent oxidative stress, repair oxidative damage, and regulate
signaling (see below). These activities occur both through direct protein-disulfide reductions
and via the transfer of this reducing power to Trx-dependent peroxiredoxins and methionine
sulfoxide reductases [48, 49], or to GSH-dependent glutathione peroxidases [43].

Gsrs across phyla share a common ancestor, suggesting that this enzyme arose only once
[50]. By contrast, two different non-homologous families of TrxRs are known. One family is
found in archea, eubacteria, protists, fungi, and plants, but is generally absent from
metazoans (multicellular-animals). The second family of TrxRs is found in metazoans and,
interestingly, is homologous to Gsr [48, 51, 52]. This indicates that the transition from
single-celled heterotrophic protozoa to multicellular heterotrophic metazoans was associated
with duplication and specialization of the Gsr gene to generate a new TrxR gene [53, 54],
and in most cases, loss of the ancestral TrxR gene. In one exception, the single-celled green
alga Chlamydomonas has both the “bacterial” and the “metazoan” form of TrxR [55]. The
evolution of metazoan TrxRs from Gsr involved acquisition of a carboxy (C)-terminal
extension to the enzyme that encodes the active site responsible for reducing Trx-disulfides
[48, 51, 54]. Interestingly, in most metazoan TrxRs, this C-terminal active site contains a
Cys-selenocysteine (Cys-Sec) pair rather than Cys-Cys pair [51]. Sec is typically considered
a “hyperactive” version of Cys, as it is structurally the same as Cys, but has the Sreplaced
by the chemically similar, yet more reactive, selenium (Se). Sec is a rare amino acid, being
found in only 25 human proteins, and in nearly all situations it is found in the active site of a
redox-active enzyme [56, 57]. However, the evolutionary history of Sec and the roles Se
might have played in the early evolution of life are unclear. Sec is not used in all metazoan
TrxRs or even in all metazoans. Selenoproteins are found in species from all three kingdoms,
although this distribution is scattered and varies widely between kingdoms [58—-60].
Importantly, the entire Trx system in mammals is critically dependent on nutritional
selenium status, since TrxRs are selenoproteins. In the GSH system several Gpx isoenzymes
are selenoproteins. Among these, Gpx4 was recently shown to have critical cell survival
functions when other selenoproteins were deleted [61]. The reader is directed to reviews on
TrxR proteins and their evolution for more details on this [48, 49, 53, 62] and to other
articles in this issue for more details on the roles of Seand Sec in living systems.
Importantly for this review, Gsr and both families of TrxRs are NADPH-dependent; however
the phylogenetic distribution of the metazoan TrxR appears to be similar to the predicted
phylogenetic distribution of an NADPH-independent disulfide reductase system (see below).

In some organisms, the disulfide reductase-dependent redox systems have diverged away
from the ancestral TrxR- and Gsr-driven systems. For instance, several microbes synthesize
modified versions of GSH or have even replaced GSH with distinct but redox-similar
analogs [63]. These include the small molecules bacillithiol, found in gram-positive bacteria
of the genus Bacillus and comprised of L-cysteine-D-glucosamine and malic acid [64-66],
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or mycothiol, found in mycoplasma and other actinomycetes bacteria, and consisting of N-
acetyl-L-cysteine linked to a glucosamine and inositol [67, 68]. Coenzyme A (CoA), a
ubiquitous cellular cofactor associated most often with the tricarboxylic acid (TCA) cycle
and fatty acid metabolism, serves as the primary low molecular weight thiol for transmission
of disulfide reducing power in Staphylococcus aureus [69, 70]. Similarly, trypanothione, an
important redox regulator in protozoan parasites, is a small molecule comprised of two GSH
residues connected by a spermidine linkage [71-73]. In each case, these thiol-containing
molecules form redox couples that participate in dithiol-disulfide exchange reactions akin to
those performed by the GSH or Trx systems in other organisms, and they are reduced by
NADPH-dependent enzymes that are homologous to Gsr or TrxR, [64, 67, 69, 70]. Because
many of these redox systems are diverged from GSH or Trx, yet are found in pathogens and
essential to virulence, they are of interest as possible drug targets. For more detailed
information on the specialized derivatives of the NADPH-dependent disulfide reductase
systems, the reader is directed to other excellent reviews [74-79].

NADPH-independent disulfide reductase systems capable of sustaining

DNA replication in microbes or plants

Trx was originally discovered as the electron-donor for RNR in £. coli, which subsequently
led to the identification of TrxR as the NADPH-dependent reductase that recycled Trx-
disulfide back to Trx-dithiol to support this reaction [47, 80]. However, E. coli mutants
having disruptions in the TrxR system remained viable, which led to the discovery of
glutaredoxins (Grxs; [45, 81]). All organisms use either the NADPH-dependent TrxR- or
Gsr-driven systems, or both, to provide reducing power to RNR [35]. Moreover, E. coli
coincidentally lacking both TrxR and Gsr (TrxR/Gsr-null) cannot support replication,
although spontaneous TrxR/Gsr-null suppressor mutants are readily isolated (Fig. 3A, [82—
84]. Notwithstanding, the requirement for additional genetic lesions to allow survival of
TrxR/Gsr-null £. coliindicates that they can mutagenically acquire, but do not constitutively
possess, an alternative disulfide reductase system. On the other hand, it also shows that the
capacity for combinatorial TrxR- and Gsr-independent disulfide reduction is easily
programmed onto the existing machinery of bacteria, and is almost certainly used naturally
in some microbes.

TrxR/Gsr-null £. coli suppressor mutants were found to carry an expanded triplet repeat in
the gene encoding alkyl hydroperoxide reductase C (AhpC), which encodes a Trx- and
GSH-independent peroxidase (Fig. 3B; [82—-84]). Wild type AhpC-dithiol reduces alkyl
hydroperoxides and related substrates, and in the process generates an active site disulfide.
AhpC-disulfide is subsequently reduced by AhpF, a close homologue of bacterial TrxR that
can use either NADPH or NADH as a source of reducing power. In the suppressor mutants,
reduced Trx is not required for survival, but both GSH and Grx1 are. The mutant AhpC was
found to have an altered substrate specificity, and can generate GSH through the disulfide
reduction of glutathionylated-Grx1 (Grx1-SSG), an oxidized form of Grx1 [84]. This
disulfide reductase system, while bypassing the need for either TrxR or Gsr, and while also
being able to use NADH as a source of disulfide reducing power, does not likely generate
substantial amounts of NADPH-independent disulfide reducing power. In living cells, the
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[NADH:NAD*] redox couple is typically maintained in an oxidized state whereas the
[NADPH:NADP*] redox couple is kept in a reduced state (see above). Thus, even though
AhpF canobtain electrons from NADH, based on the relatively low availability of NADH in
cells, the suppressor mutant of AhpC is likely fueled predominantly by NADPH.

After further complete disruption of the AhpC gene, generating TrxR/Gsr/AhpC-triple-null
E. coli, additional suppressor mutants were isolated (Fig. 3C). These clones were found to
carry a disrupting mutation in the gene encoding lipoic acid dehydrogenase-A (LpdA), an
accessory protein of the TCA cycle [85]. Lipoic acid (LA) is an important 2-S-containing
cofactor for several enzymes in the TCA cycle. LA can exist in either a reduced dithiol
(dihydrolipoamide) or an oxidized disulfide state. Normal bioenergetic oxidation of
substrates in the TCA cycle generates reduced dihydrolipoamide cofactors, whose oxidation
by LpdA is coupled to reduction of NAD* to NADH. The NADH is then used for production
of ATP, thereby generating expendable energy and regenerating the oxidized NAD™. In the
suppressor mutants, LpdA is compromised. As the TCA cycle oxidations drive the reduction
of LA, the cycle stalls with a high reducing potential within the components of the TCA
cycle and accumulation of dihydrolipoamide. At the same time, the absence of Gsr and TrxR
in these cells results in an oxidized cytosol in which Grx1-disulfide or Grx-SSG
accumulates. Under these conditions, the reduced LA can directly reduce the oxidized Grx,
which in turn can support RNR activity [85]. This suppressor mutant therefore uses a bona
fide NADPH-independent disulfide reductase system to drive RNR. To our knowledge,
however, no naturally occurring organisms have been described as yet that use such a system
constitutively. Moreover, since eukaryotes segregate the TCA cycle within the mitochondria
while RNR is exclusively cytosolic [86], it is unlikely that the eukaryotic TCA cycle could
be similarly modified to directly support DNA precursor production.

E. coli have one other known TrxR- and Gsr-independent system of supporting RNR
activity; however rather than using NADPH-independent disulfide reduction, this system
might obviate the need for disulfide reduction. Under anaerobic conditions, £. coliexpress a
type 111 RNR that can use either reducing power supplied by Trx or Grx, or can directly use
the oxidation of formate, to generate a thiyl radical in the RNR active site and thereby drive
the reduction of ribonucleotides [87, 88]. Although the formate-driven reaction does not use
Trx or Grx and is independent of NADPH, TrxR, and Gsr, it also might not involve reduction
of a disulfide bond. Therefore, this might not constitute a bona fide NADPH-independent
disulfide reductase system.

Yeast also require either a functional TrxR1 or functional Gsr system for survival. Thus,
TrxR1/Gsr-null yeast are non-viable [89, 90] as are colonies coincidentally lacking Gsr and
both thioredoxins (Trx1 and Trx2) [91]. Indeed, even yeast only lacking Trx1 are severely
compromised in their ability to synthesize DNA during S phase, resulting in growth arrest
[92, 93].

Some algae and plants have an NADPH-independent thioredoxin reductase that, instead,
obtains reducing power directly from the electron transport chain of the photosynthesis light-
reaction. For this, a reduced ferredoxin within the electron transport chain can transfer
reducing power directly to ferredoxin-thioredoxin reductase (FTR). FTR reduces Trx-
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disulfide; however it is unrelated to either TrxRs or Gsrs, and it uses a distinct mechanism
involving an FeS-cluster [94-96]. This is, therefore, a bona fide NADPH-independent
disulfide reductase; however its activity is restricted to photosystem activity and it is unclear
whether it supports DNA replication.

Sources of disulfide reducing power in eukaryotic organelles

Eukaryotic evolution of organelles, including nuclei, mitochondria, endoplasmic reticula,
and plastids, each with differing restrictions on molecular exchanges with the cytosol,
required development of specialized subcellular disulfide reductase machineries. GSH is
synthesized exclusively in the cytosol but is found in most organelles as a result of either
diffusion or regulated transport [97, 98]. Mitochondria, which import GSH yet have no
disulfide-dithiol exchange exchange with the cytosol [99], have their own dedicated Trx
system (TrxR2, Trx2, and Prx3) and GSH system (Gsr, Grx2, 3, and 5, and Gpx1, 3, and 4).
A similar situation is found for plastids in plants [100]. Cytosolic and mitochondrial Gsr are
encoded by alternative mRNA splice-isoforms from the same gene [101], whereas the other
mitochondrial components each have unique genes. The endoplasmic reticulum also has
tight restriction on exchange with the cytosol and it, uniquely, maintains an oxidizing redox
status to support protein folding and disulfide formation. The ER does not have either a
TrxR or Gsr. Rather, it obtains the small amount of disulfide reducing power it needs from
the free thiols that translocate into the ER in the context of nascent proteins and by import or
perhaps exchange of GSH [97, 102]. Nuclei have freer exchange of small molecules with the
cytosol; however TrxR1 and Gsr do not localize to the nucleus. Nonetheless, the nucleus has
at least one dedicated Trx-family member, nucleoredoxin [103], which can regulate the
activity of some transcription factors. Also, during oxidative stress both Trx1 and Grx1
transit to the nucleus [104, 105]. It is unclear how redoxins within the nucleus obtain their
reducing power from cytosolic TrxR1 or Gsr, but most likely this will be by a dithiol-
disulfide shuttle involving GSH-GSSG and perhaps the redoxins, themselves.

Organellar compartmentalization restricts the possibilities for having NADPH-independent
disulfide reductase pathways in eukaryotes. For instance, the eukaryotic TCA cycle is
confined to the mitochondria whereas RNR is strictly cytosolic [106]. As a result, the
NADPH-independent pathway for generating reduced Grx that arose in TrxR/Gsr/AhpC-
null/LpdA-mutant £. coli and supported RNR activity (see above, Fig 3c) could not support
RNR in eukaryotes.

The identification of a constitutive NADPH-independent cytosolic disulfide

reductase system in mammals

Based on the well-established requirement for the NADPH-dependent disulfide reductase
systems in microbial models, as discussed above, it seemed to be a foregone conclusion that
mammalian cells would also require the presence of at least one of the two NADPH-
dependent cytosolic disulfide reductases for survival. In 2015, however, we reported the
surprising observation that mice in which all hepatocytes are constitutively TrxR1/Gsr-null
are long-term viable and sustain relatively normal hepatic activities [107]. The TrxR1/Gsr-
null hepatocytes exhibit robust proliferation during postnatal liver growth and during
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regeneration following surgical partial hepatectomy [107]. Mice with TrxR1/Gsr-null livers
exhibit full recovery from sterile acute oxidative stress induced by surgical hepatic ischemia/
reperfusion injury [108], indicating that antioxidant defenses in TrxR1/Gsr-null cells are at
least not so deficient as to be at a critical lethal-threshold. These findings indicate that
mammalian hepatocytes, unlike microbes, must have a constitutive alternative mechanism of
supporting RNR activity and redox homeostasis that can sustain hepatocyte physiology in
the complete combined absence of both TrxR1 and Gst.

Mice with TrxR1/Gsr-null livers are highly sensitive to pharmacological inhibition of GSH
biosynthesis by buthionine sulfoximine (BSO; Fig. 4A) as well as to conjugation-mediated
depletion of GSH by acetaminophen, either of which induces rapid necrotic death of all
hepatocytes and fulminant acute liver failure [107, 108]. This indicates that survival is
critically dependent upon GSH, and therefore is not being sustained by an alternative Trx-
disulfide reductase, such as by repurposing of either the mitochondrial TrxR2 or the testis-
specific Tgr (TrxR3) [48, 109].

Curiously, like the livers of Gsr-null mice reported a decade earlier by Rogers and
colleagues [110], TrxR1/Gsr-null livers exhibit no detectable GSSG-reductase activity, yet
they maintain normal or higher levels of total GSH, of which nearly all is in the reduced
form [107, 108]. In combination, these results indicated that GSH was likely sustaining
redox homeostasis in the TrxR1/Gsr-null livers, and that this was supported by de novo GSH
synthesis rather than by reductive recycling of GSSG into 2GSH [107].

Although the above results indicated that essential cytosolic disulfide reducing power in
TrxR1/Gsr-null livers was coming from newly synthesized GSH, it was unclear how the
hepatocytes could acquire the Cys used to synthesize GSH. In blood plasma, Cys is rapidly
oxidized to its disulfide form, cystine, both spontaneously and catalytically [111, 112]. Other
chemical species of extracellular Cys are also largely or entirely in oxidized disulfide states
(e.g., GSSG or protein-disulfides). Normally cells import extracellular disulfides and
generate Cys by reduction of these in the cytosol using either the TrxR1- or the Gsr-system
[112-114]. Based on known mechanisms, TrxR1/Gsr-null hepatocytes could therefore
neither acquire reduced Cys from the blood plasma nor by disulfide reduction in the
cystosol. However, another route of Cys biosynthesis is known that does not require either
acquisition of an extracellular thiol or intracellular disulfide reduction. Thus, by using de
novo biosynthesis of Cys viathe methionine (Met) cycle and transsulfuration pathway to
generate intracellular Cys, cells can “extract” the reduced Sfrom Met (Fig. 4A), move it via
Cys into GSH, and then utilize this in reduction reactions [107]. Although the thiol-Sin Cys
and the thioether-Sin Met are both in the same redox state (Fig. 2), the thioether form is
considerably more oxidation-resistant. Therefore Met generally retains a reduced state in the
extracellular environment [107].

Work by Banerjee and colleagues showed that in HepG2 human liver carcinoma cells,
roughly half of the Sin the intracellular glutathione pool could be derived from
homocysteine (Hcy) added to the culture media [115, 116]. However, Hcy is not typically
found at appreciable levels either in food or in extracellular fluids [112]. Rather, it is a key
transient intermediate metabolite in the Met-cycle that also serves as a branchpoint-
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metabolite for fueling the transsulfuration pathway (Figs 4A & 5). Therefore, the
implication from this work is that a large portion of the Sin normal cellular steady-state
GSH pools is derived from Met viathe Met-cycle and transsulfuration. These pathways are
exceptionally active in liver [117]. Because HepG2 cells are highly de-differentiated
compared to normal hepatocytes /n situ, and therefore are expected to have a less robust Met
cycle and transsulfuration pathway than those found in normal liver, the GSH pool in normal
liver could contain a substantially larger proportion of Met-derived S[115, 116, 118-120].

Based on the ability of the Met cycle and transsulfuration pathway to supply reduced Sto
hepatic GSH pools, we hypothesized that hepatocytes in the TrxR1/Gsr-null livers obtained
all of their Cys and all of their cytosolic disulfide reducing power from consumption of Met
[107]. Consistent with this, inoculation of propargy! glycine (PPG), which inhibits the last
step of transsulfuration (Fig. 4A), caused fulminant acute liver failure in these mice, but had
no effect in control livers having an active allele encoding TrxR1 [107]. Furthermore,
whereas administration of either [3°S]-Met or [3°S]-cystine resulted in rapid [3°S]-labeling
of hepatic GSH and protein pools in control mice, only administration of [3°S]-Met, not
[35S]-cystine, appreciably radiolabeled either hepatic GSH or protein pools in mice with
TrxR1/Gsr-null livers [107]. These experiments indicated that, in addition to requiring Cys-
dependent de novo biosynthesis of GSH for survival (see above), TrxR1/Gsr-null livers
require de novo biosynthesis of Cys via transsulfuration, and that they cannot effectively
utilize cystine as a hepatic Cys source [107].

The radio-tracer studies also revealed the fate of the GSSG that was produced in TrxR1/Gsr-
null livers. Following administration of [3°S]-Met, mice with TrxR1/Gsr-null livers but not
wild type controls showed substantial accumulation of radiolabel in their blood serum GSSG
pools [107]. This indicated that the TrxR1/Gsr-null livers excrete much more oxidized
GSSG than do wild type livers, which likely is critical for sustaining the reduced state of the
intracellular [GSH/GSSG] redox couple in the absence of GSSG-reductase activity [107]. To
our knowledge, this Met-driven pathway is the only constitutive NADPH-independent
disulfide reductase system that has been uncovered to date. It remains also the only
identified source of cytosolic disulfide reducing power in TrxR1/Gsr-null livers (Fig. 4A).

Collateral impacts of the mammalian NADPH-independent disulfide

reductase system

Met is an essential amino acid in metazoans, meaning they are auxotrophic for Met and must
acquire this amino acid nutritionally. In addition to using Met as a source of reducing power
to sustain redox homeostasis, TrxR1/Gsr-null livers require Met and Met-derived Cys for
protein translation and for synthesis of other S-containing metabolites [112], including &
adenosyl methionine (SAM; [118, 121]), CoA; [122], taurine [123], and H,S [124-128].
Moreover, transit of each reduced Sfrom Met to GSH is predicted to consume, in addition to
one molecule of Met, one molecule each of serine, glutamine, and glycine [107]. Thus,
TrxR1/Gsr-null livers likely consume substantially more of these four amino acids than do
normal livers. The surprising robustness of the TrxR1/Gsr-null livers suggests that the Met-
driven system has the potential to provide a substantial alternative source of disulfide

Free Radic Biol Med. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miller et al.

Page 12

reducing power when needed. Nonetheless, the impacts of the dramatically altered amino
acid utilization in these livers are unknown, and deserve further investigation. A better
understanding of the metabolic realignments that allow survival under exclusive NADPH-
independent cytosolic disulfide reduction conditions will likely provide important insights
into how cells combat oxidative stress and recover from oxidative damage.

Is the Met-driven cytosolic disulfide reductase system truly NADPH-

independent?

The universal role of NADPH as the primary electron donor for most biological reductions,
including for supporting disulfide reduction systems, made the uncovering of an apparently
NADPH-independent disulfide reduction system in mouse liver surprising. But is this system
truly “NADPH-independent”? The answer to this question must certainly be “n0”, as
NADPH serves as the major first electron acceptor for both chemolithotrophic and
photosynthetic reactions, and therefore as the predominant first electron donor for all
biological reductions (discussed above). Thus, at some point NADPH must have been
involved in generating the reduced Sin Met that fuels this system. Where did that occur? As
discussed above, utilization of Met as a source of disulfide reducing power in TrxR1/Gsr-
null hepatocytes does not consume cellular NADPH. However since the TrxR1 mutation is
liver-specific, the question arises: could other cells in these mice, cells that do have TrxR1,
supply reducing power to the TrxR1/Gsr-null livers? To date, the answer to this appears also
to be “n0”, but further investigation is needed. The experiments detailed above show that
Met is the only detected source of cytosolic disulfide reducing power in these livers.
Although the Met-cycle has the ability to produce Met from intracellular SAM, &
adenosyhomocysteine (SAH), or Hey (Fig. 5), none of these are typically available in the
diet or in extracellular fluids. As such, exogenous Met is the sole de facto source of
intracellular Met [112, 129]. Since Met is an essential amino acid, the exogenous Met must
come from either the diet or possibly from enteric biosynthesis by gut microbes. Possible
contributions of the gut microbiota remain largely unexplored to date, but merit
investigation.

Tracing the Met farther back to its origins one finds that the generation of its reduced Sis,
indeed, NADPH-dependent. Microbes and plants produce Met from Cys using homologues
of the same enzymes that mammals use to generate Cys from Met (Figs 4 & 5; [130] see
below). The Cys source in plants and microbes is typically not from disulfide reduction, but
rather is generated by de novo synthesis using sulfide. With the nominal exception of the use
of environmental sulfide for Cys biosynthesis by some chemolithotrophs (see above), this
sulfide, in turn, is generated by NADPH-dependent reduction of inorganic sulfate or sulfite
[131, 132]. Thus, the acquisition of disulfide reducing power in TrxR1/Gsr-null livers is
NADPH-independent within the hepatocytes, themselves, and cannot likely be supplied by
NADPH-dependent reductions within other cell types of these mice. Nonetheless, within the
organisms from which the Met was originally acquired, NADPH fuels the primary reduction
of inorganic Sto form sulfide and eventually Met.
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Evolution of the Met-dependent disulfide reductase system

To date, the Met-dependent disulfide reductase system has been studied only in mice, so its
evolutionary history can only be inferred. Interestingly, the enzymes involved in moving the
reduced Sfrom Met to GSH in mice are found across all phyla. The Met-cycle is ubiquitous
and can generate Hcy from Met, or vice versa, in all species. The GSH biosynthetic pathway
is also ubiquitous, and will assemble Cys into GSH across phyla [133]. However the two-
step transsulfuration pathway that links Hey to Cys, while also ubiquitous, changed
directions during evolution. Specifically, most metazoans use the transsulfuration pathway to
move the reduced Sfrom Hcy to Cys, thereby using the Met cycle to feed the production of
Cys and Cys-derived products, including GSH, taurine, and CoA. Most microbes, fungi, and
plants instead use this pathway to move the reduced Sfrom Cys onto Hcy, thereby feeding
the Met-cycle (Fig. 5; [134]). This apparent “flux-reversal” prevents the biosynthesis of Met
from Cys in metazoans, and thereby explains w/y Met is an essential amino acid.
Interestingly, metazoans as a group exhibit a Met auxotrophy [135], suggesting the ability to
generate Hcy from Cys was lost roughly coincident with the metazoan transition, when
single-celled aquatic heterotrophic protozoans gave rise to the first primitive multicellular
aquatic heterotrophic animals. However, some single celled organisms, like the brewer’s
yeast Saccharomyeces cerevisae, have been reported to transsulfurate in either direction,
converting Cys — Hcy or Hcy — Cys, as needed ([136]; see below). This suggests that
transsulfuration did not simply “reverse”, but rather, it first became bi-directional, and later
the ancestral Cys — Hcy direction was lost. Therefore, we predict that not only metazoans,
but perhaps any organism that can transsulfurate Hcy — Cys and can effectively excrete the
oxidized GSSG might, under appropriate conditions (e.g., adequate Met, Ser, Gly, and Glu
available; TrxR1 and Gsr compromised), be able to use the Met-dependent disulfide
reductase system.

Flux-direction in the transsulfuration pathway

Transsulfuration flux-direction is not determined simply by substrate concentrations. In
metazoans the catalytic direction is irreversible, thereby preventing the use of Cys for Met
production [129, 135]. In plants, the transsulfuration enzymes are called cystathionine (-
lyase (CBL) and cystathionine y-synthase (CGS), whereas in metazoans the enzymes are
called cystathionine p-synthase (CBS) and cystathionase (CSE, Cth), respectively, reflecting
the reversal (Figs 4 & 5; [136]). Interestingly, S. cerevisae, which can run transsulfuration in
either direction, has two sets of transsulfuration enzymes — one for the Hcy — Cys direction
and one for the Cys — Hcy direction — thereby further emphasizing the dedicated
directionality of the enzymes on the pathway [121, 136]. Also, the non-metazoan
Dictyostelium has a Met auxotrophy, suggesting that the Cys — Hcy pathway was lost from
a common metazoan ancestor and from select other single-celled organisms (Fig. 6, see
below).

Many non-metazoan species use NADPH to reduce sulfate into sulfide, which is used for de
novo biosynthesis of Cys. In these organisms, Cys is a “metabolic hub” that feeds protein
synthesis as well as the biosynthesis of all S-containing molecules, including Met, GSH,
CoA, SAM, Hcy, LA, and others [112]. Non-sulfate-reducing organisms require an
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alternative source of Cys. This is provided heterotropically by ingestion of organo-$
compounds, which were produced originally by the sulfate-reducing organisms. Metazoans
still use Cys as the metabolic hub for the production of all S<containing molecules, with the
notable exception of Met, which was blocked by reversal of the transsulfuration pathway,
and Met-cycle intermediates such as SAM and Hcy.

Acquisition of energetic nutrients by early free-living actively-feeding heterotrophs likely
provided a collateral abundance of ingested amino acids, including Met and cystine. Indeed,
most metazoans require a very similar set of essential amino acids in their diet [137]. This
might suggest that the early metazoan lifestyle made many of the costly steps in the
biosynthesis of certain amino acids, including sulfate reduction, superfluous. As a
consequence, the genes encoding these processes, having become largely unused, could have
been lost without substantial adverse consequences (“genetic atrophy™). In non-sulfate-
reducing organisms, potential advantages of being able to convert Met — — Cys include
the following:

. A more demanding role for Cys than Met. Non-metazoans require Met for
protein synthesis and synthesis of Met-cycle intermediates. The later are
continuously recycled, so loss of protein is the only loss of Met. By contrast Cys
is used for protein synthesis and is the precursor for all S-containing metabolites.
In sulfate-reducing organisms, Cys is the first organic product of Sassimilation
and is readily available as the precursor for GSH, CoA, and other S-metabolites.
Non-sulfate-reducing organisms, by contrast, obtain S from ingestion of
extracellular S-amino acids [129, 138]. Many cells excrete S-containing
metabolites, such as GSH (usually as a disulfide), taurine, and H,S, all of which
are derived from Cys. Hcy — Cys transsulfuration allows Met, not just cystine,
to contribute to secretion of S-metabolites.

. Met is a “reductase-efficient” source of Cys; cystine is a more “reductase-
demanding” source. In rodents and perhaps all metazoans, dietary Met is
available in vast excess over what is needed for incorporation into protein and to
support the Met-cycle [118]. Met enters cells ready for use in either protein-
synthesis or the Met-cycle. Transsulfuration also allows the thioether-associated
Sin Met to be transferred to Cys and Cys-based metabolites without disulfide
reduction or consumption of NADPH (discussed above). By contrast, cystine
requires NADPH-dependent disulfide reduction into Cys before it can be used
for protein synthesis or other metabolic pathways. Banerjee and colleagues [115,
116] showed that about half of the Sin mammalian cellular GSH pools is Met-
derived (discussed above). This supports the idea that the costs of utilizing Met
to make Cys must be similar to those of reducing disulfide substrates to make
Cys.

. Hcy — Cys transsulfuration allows Met to fuel an alternative NADPH-
independent disulfide reductase system. The hepatic Met-driven cytosolic
disulfide reductase system appears to be sufficiently robust to support liver
functions and long-term survival of mice with TrxR1/Gsr-null livers [107, 108].
Having an additional robust NADPH-independent back-up system for the two
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NADPH-dependent cytosolic disulfide reductase systems could provide survival
advantages in cases of severe oxidative or toxic stresses.

. Selenium metabolism. Selenoproteins including TrxRs, Gpxs, and others play
critical roles in metazoans (see above). Plants do not have selenoproteins, yet
they provide the major source of dietary Se for many metazoans in the form of
Se-Met and other Se-metabolites, which plants produce as sequestration products
[139]. In metazoans, Se-Met transits the Met-cycle and transsulfuration pathway,
yielding Sec or selenide for use in the synthesis of selenoproteins [140, 141]. The
metazoan transsulfuration direction thus supports selenoproteins.

. Signaling. CBS and CSE have not only been flux-reversed, but also partially
repurposed [24]. In mammals these two enzymes are the major sources of
intracellular H,S production (Figs 4 & 5) [126]. H»S is now recognized as an
important signaling molecule in animals, akin to NO and H,O5 [142-144]. It can
exert its effects through post- and pre-translational modifications of protein-Cys
residues, resulting in protein- or metabolite-S-persulfides (R-SSH; [127, 145,
146]). The potential advantages of advanced signaling by regulated production of
H,S, for example to coordinate cellular activities for multicellular life, might
have demanded both the reversal and repurposing of the transsulfuration
pathway.

Of the five explanations above for why the evolutionary transsulfuration pathway flux-
reversal is advantageous for heterotrophs, the last option, Signaling, is the easiest to
correlate to unique metazoan needs, and might be the most important attribute that offset
potentially detrimental consequences of being Met-auxotrophic. Signaling is important in all
cells and many single-celled organisms can communicate (e.g., quorum-sensing). However
beyond even the needs in sessile multicellular plants, multicellularity in animals is critically
dependent on advanced cell-cell communication, and likely required a quantum leap in
signaling. In metazoans, individual cells need to coordinate their differentiation and
developmental activities, metabolic activities, reproductive activities, and physical activities.
Rapid coordinated motions such as swimming and feeding in primitive metazoans, for
example, would require that cellular contractions are synchronized. A classical paradigm is
provided by the non-metazoan slime-mold, Dictyostelium, which is considered a single-
celled social amoeba”. Dictyostelium transits from a free-living single-cell amoeboid stage,
to a coordinated motile pseudo-multicellular slug stage, to a pseudo-multicellular anchored
stalk stage, in which individual cells differentiate into vegetative or sporulating cell types.
Even though this is a more rudimentary coordination of cells than might have been needed in
even the earliest metazoans, this life-cycle is dependent on a large number of advanced
signaling mechanisms. Indeed, Dictyostelium continues to be an important model for
studying signaling mechanisms [147]. In this context, it is intriguing that Dictyostelium is
one of the few Met-auxotrophic hon-metazoans (see above; Fig. 6). Thus, one might ask:
was the loss of Cys — Hcy transsulfuration not simply “genetic atrophy” of an unused
function, as suggested above, but rather a selected trait that enhanced signaling capacity and
thereby empowered the metazoan transition?
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Similar phylogenetic distributions of TrxR-“type” and transsulfuration-

“direction”

Intriguingly, metazoans acquired a novel TrxR enzyme via gene duplication and
specialization of Gsr [53, 54] apparently coincident with loss of their Cys — Hcy
transsulfuration capacity (Fig. 6). Other reviews have been published on the origins and
enzymatic differences between the two classes of TrxRs, and the reader is referred to these
for such details [48, 52, 54, 62]. Here we will consider why this transition might have
occurred.

As the hallmark roles for TrxR are to provide reducing power for RNR and antioxidant
enzymes, one might first ask whether the metazoan transition was associated with novel
replication- or antioxidant-demands, which might have been better served by the new TrxR.
However, there is no obvious reason to suggest that either replication or antioxidant
requirements should have shifted at the metazoan transition. As emphasized in the previous
section, perhaps the most critical improvement that would have been needed for the
transition from protozoan to metazoan was advanced cell-cell communication and signaling.

Roles of the metazoan TrxR1 system in signaling

It is possible that the metazoan TrxR arose specifically for regulation of signaling pathways
and not as an improved means of sustaining redox homeostasis. Investigations over the past
15 years have revealed the importance of the mammalian TrxR1 system in redox signaling.
Trx1 modulates the oxidation status of protein-Cys residues, and thereby influences the
properties or activities of those proteins or enzymes. Included in this, Trx1 plays regulatory
roles on many transcription factors, including P53, HIF1, NFxB, AP1, and others [148]. In
addition to reducing protein disulfides, however, Trx1 and some Trx-family members, in
particular the Trx-related protein of 14 kDa (TRP14), also participate in signaling by
regulating protein-S-nitrosylation in NO-signaling and protein-S-persulfidation in H,S-
signaling [114, 145, 149]. Trx1 and TRP14 have, in addition to their active site Cys residues,
regulatory Cys residues that are subject to posttranslational modification and can alter the
activity of the proteins [150-152]. This provides another level of regulation on how Trx1 or
TRP14 modulate signaling in cells.

Intracellular signal transduction from many membrane-associated receptors is redox-
regulated by mechanisms involving the TrxR1 system. Seminal studies by Finkel’s team and
by Rhee’s team showed that ligand binding by the PDGF receptor, EGF receptor, T cell
receptor, and other transmembrane receptors was associated with, in addition to auto-
phosphorylation of tyrosyl domains on the cytosolic portion of the receptor, activation of a
membrane-associated NADPH-oxidase (NOX) complex [153-160]. NOX activation leads to
extracellular HoO5 production, which enters the cell through aquaporins [161]. Inside the
cell, the H,05 inactivates ubiquitous protein phosphatases, thereby antagonizing
dephosphorylation of the PDGF receptor. Trx1-dependent Prxs counteract this by
eliminating the H,O». Trx1 also re-activates the protein phosphatases, after which the
receptor is dephosphorylated and signaling stops [162-166]. This is now considered a
general paradigm for signaling by many transmembrane receptors.
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More recently, the TrxR1 system has also become recognized as a critical component
regulating the catalytic oxidation of some regulatory Cys residues. Winterbourn and
colleagues demonstrated that most cellular thiols are poor substrates for oxidation by H,O,.
The reasons for this are, first, that the thiols are not reactive enough, so reaction rates with
H,0, are exceptionally slow (~1/mol/sec; [167]). Second, peroxiredoxins (Prx), are highly
abundant in the cytosol and have exceptionally nucleophilic active site Cys residues that
react with H,0, at rates ~10"-fold faster than most protein-Cys residues [168, 169].
Therefore, it would be nearly impossible for a molecule of H,0, to evade reacting with a
professional peroxidase long enough to oxidize another protein-Cys residue [170]. Dick and
colleagues have shown that, for redox regulation of STAT3 protein, Prx2 serves as a catalyst
for STAT3 Cys-oxidation. For this, Prx2 rapidly reacts with H,O, forming an active site
sulfenic acid. It then transfers this oxidation-state to regulatory Cys residues on STAT3
[171]. Importantly, the enzymatic activity of the Prxs is regulated by Trx1, and so the TrxR1
system plays a critical role in this regulatory system.

As another example, TrxR1 plays a role in regulating activity of the antioxidant and
cytoprotective system driven by nuclear factor erythroid-2-related-2 (Nrf2). Nrf2 provides a
robust response to oxidative stress and electrophilic toxins in cells [172]. Either genetic or
pharmacologic inhibition of TrxR1 activity induces Nrf2 without inducing oxidative stress,
indicating that a part of the stress-sensing regulatory mechanism of Nrf2 is controlled by
TrxR1 [49, 173-176]. Finally it should be noted that homozygous disruption of Trx1 or
TrxR1 in mouse zygotes results in severe defects in early embryonic patterning without
having any detectable impacts on either the level of cellular oxidative stress or cell
proliferation [49, 108, 177-181].

The findings above reveal that the mammalian TrxR1 system plays modulatory roles in
redox signaling for a diverse spectrum of pathways and responses. Thus, one might ask: was
acquisition of these signaling activities critically dependent on the evolution of a new TrxR
enzyme, and could #4/s advance in signaling have empowered the metazoan transition?

Closing perspectives: Balancing antioxidant activities and redox signaling

We now know that in hepatocytes and perhaps in many metazoan cell types, cytosolic
disulfide reducing power can come from NADPH v7a TrxR1, from NADPH via Gsr, or from
Met catabolism [107]. We also now know that the cytosolic disulfide reducing power
required for RNR activity and cell homeostasis can be delivered to its targets by either Trx1
in the absence of GSH or by GSH in the absence of Trx1 [108, 178]. By contrast, a similar
TrxR1- Gsr-system redundancy is not evident in signaling. Disruptions of the TrxR1 system,
although not substantially impacting either the cellular redox balance or GSH pools, disrupts
embryonic patterning, Nrf2 regulation, and other signaling-dependent processes [49]. By
contrast, adult animals including humans tolerate severe long-term whole-body
pharmacologic depletion of GSH using BSO without evident defects in signaling [182-184].
Perhaps the redox-signaling roles of the TrxR1 system are so crucial in metazoans that its
ancestral redox-homeostasis roles must be “excused”, when necessary, for the sake of
sustained effective signaling. Gsr, on the other hand, might be more committed to sustaining
cellular redox-homeostasis even in the absence of any contribution from TrxR1.
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Where would the NADPH-independent system fall in this hypothetical dichotomy? Met
delivers its reducing power to the homeostatic machinery via GSH, which argues that it
simply provides “back-up support” to the NADPH +Gsr-driven system. On the other hand,
for this reducing power to arrive at GSH, the reduced Sfrom Met must transit the metazoan
Hcy — Cys transsulfuration pathway, the enzymes, substrates, and products of which
supply H,S for signaling activities. Continued studies on the disulfide reductase systems and
in the rapidly advancing field of redox signaling will improve our understanding of both the
evolution and the physiological roles of each of these systems.

Lastly, these new insights on disulfide reductase systems should be considered in the context
of human health and physiology. If the TrxR1-, Gsr-, and Met-driven disulfide reductase
systems play distinct roles in signaling and redox homeostasis, then it might be possible to
target these pathways to selectively impact specific signaling activities versus homeostatic
activities. The implications of this on modulating pathologies including inflammatory
diseases, cancers, and neuropathologies could be immense. Almost certainly, there remain
other important pathways to be uncovered and there will always be new untested clinical
applications arising in the realm of Redox Biology.
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Abbreviations

Ahp alkyl hydroperoxide reductase
APS 5”-adenylylsulfate

BSO buthionine sulfoximine

CoA coenzyme A

Cys Cysteine

EGFR epidermal growth factor receptor
ER endoplasmic reticulum

FTR ferredoxin-thioredoxin reductase
Gpx glutathione peroxidase

Grx Glutaredoxin

GSH reduced glutathione

Gsr glutathione reductase

GSSG oxidized glutathione, glutathione-disulfide
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Hcy Homocysteine

LA lipoic Acid

Lpd lipoic acid dehydrogenase

Met Methionine

Msr methionine-sulfoxide reductase

NAD* nicotinamide adenine dinucleotide, oxidized
NADH nicotinamide adenine dinucleotide, reduced
NADP* nicotinamide adenine dinucleotide phosphate, oxidized
NADPH nicotinamide adenine dinucleotide phosphate, reduced
NOX NADPH-oxidase

Nrf2 nuclear factor erythroid-2-related-2

PAPS 3’-phosphoadenosine-5’-phosphosulfate
PDGFR platelet-derived growth factor receptor

PPG Propargylglycine

Prx Peroxiredoxin

RNR ribonucleotide reductase

ROS reactive oxygen species

S Sulfur

SAH S-adenosyl homocysteine

SAM S-adenosyl methionine

Se Selenium

Sec Selenocysteine

TCA tricarboxylic acid cycle

Tgr thioredoxin-glutathione reductase

TRP14 thioredoxin-related protein of 14 kDa

Trx Thioredoxin

TrxR thioredoxin reductase
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Highlights

. All species generate NADPH intracellularly, which fuels disulfide reductase
systems

. Mammals have an NADPH-independent disulfide reductase system fueled by
methionine

. Transsulfuation reversal allows Met-fueled reductase system yet makes Met
essential

. Transsulfuration reversal and a Se-dependent TrxR family co-evolved with
metazoans

. Metazoan selenoprotein TrxR1 and transsulfuration each support redox
signaling
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Fig. 1. Chemical structure and activity of the [NADPH;NADP™] redox couple
The redox-active electrons are denoted in red font by the symbol e™. The boxed inset shows

the structural difference between the NADP- and the NAD-family of nicotinamide cofactors.
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For simplicity, only species discussed in this review are included. Organic compounds are as
follows: a, thiols, such as found in reduced proteins, Cys, and GSH; b, thioether within Met;

¢, disulfide, such as found in oxidized protein-disulfides or GSSG; 4, sulfenic acid; ¢,

sulfoxide within oxidized Met; 7, sulfinic acid; g, sulfonic acid.
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Fig. 3. Alternative pathways of E. coli disulfide reduction
A, constitutive disulfide reduction by NADPH-dependent TrxR- or Gsr-driven systems. B, in

TrxR/Gsr-null £. coli, a suppressor mutation in the AhpC gene (AhpC¥*) results in the
enzyme being able to use reducing power from AhpF to reduce Grx1-SSG. AhpF can use
either NADPH or NADH as electron donors, so this provides a possible source of NADHP-
independent disulfide reducing power. C, left, normal TCA cycle drives reduction of LA-
disulfide cofactors to the dihydrolipoate state and LpdA uses this reducing power to drive
reduction of NAD* — NADH. The NADH is used for bioenergetics and does not contribute
to disulfide reduction. Right, in triple-null TrxR/Gsr/AhpC mutants, suppressor mutations
(LpdA*) compromise LpdA activity. Accumulated reducing power on the dihydrolipoate
cofactors is then transferred to oxidized Grx-disulfide, generating Grx-dithiol. This
regenerates the LA-disulfide, thereby restoring TCA cycle activity, and allows Grx to
provide reducing power to RNR. This system is fully NADPH-independent.
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Fig. 4. Met metabolism and transsulfuration pathway activities
A, acquisition of disulfide reducing power from extracellular Met. The redox-active S'is

designated in red font as S. In extracellular fluids, the reduced Sis protected from oxidation
as a thioether. The Met-cycle generates Hcy bearing this reduced S, and transsulfuration
moves this reduced S to Cys; no other portion of Met is transferred to the Cys. The Cys can
be used in de novo GSH biosynthesis, which puts the reduced Sinto a context that can be
used for disulfide reduction reactions. The points of pathway inhibition by PPG and BSO are
shown. Ancillary reactants and products are not shown. B, Roles of CBS and CSE in S-
amino acid homeostasis and in H,S signaling. Row 1 shows the classical transsulfuraion
reactions for shunting S from the Met-cycle into Cys. Row 2 shows the reactions that lead to
H>S production for signaling. For the CBS reaction, Cys replaces Ser, so the reaction is Hcy
+ Cys — cystathionine + H,S. For the Cse reaction, cystine replaces cystathionine, so the
reaction is cystine — thiocystine + pyruvate. In a subsequent step not shown, thiocystine
can be reduced by TRP14, Trx1, or Grx to generate HoS + Cys.
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Fig. 5. Cellular metabolism of sulfur
Inorganic S metabolism, de novo production of Cys using sulfide, and de novo synthesis of

Met from Cys are all restricted to plants and microbes. Metazoans have reversed the
transsulfuration pathway, and thereby use Met for de novo synthesis of Cys. Scheme shows
only routes and directions, not redox requirements at each step.
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Fig. 6. Phylogeny of TrxR and Gsr enzyme families, and of Met auxotrophy
A.t. — Arabidopsis thaliana, A.q. — Amphimedon queenslandica, C.e. — Caenorhabitls

elegans, C.i. — Ciona intestinalis, C.r. — Chlamydomonas reinhardtii, D.d. — Dictyostelium
discoideum, D.m. — Drosophila melanogaster, E.c. — Escherichia coli, H.s. — Homo sapiens,
M.m. — Mus musculus, S.c. — Saccharomyces cerevisiae. The asterisk denotes the single-
celled green alga, C. reinhardltii, as representing a sparse but diverse set of non-metazoans
that have the metazoan TrxR (blue line with “?”). Predominant others in this group are
protozoan intracellular parasites, which might have acquired the gene laterally from a
metazoan host. To our knowledge, no similar model yet explains the enigmatic presence of
this gene in an alga.
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