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Abstract: Thiyl radicals are exceptionally interesting reactive sulfur species (RSS), but rather rarely
considered in a biological or medical context. We here review the reactivity of protein thiyl radicals
in aqueous and lipid phases and provide an overview of their most relevant reaction partners in
biological systems. We deduce that polyunsaturated fatty acids (PUFAs) are their preferred reaction
substrates in lipid phases, whereas protein side chains arguably prevail in aqueous phases. In both
cellular compartments, a single, dominating thiyl radical-specific antioxidant does not seem to exist.
This conclusion is rationalized by the high reaction rate constants of thiyl radicals with several
highly concentrated substrates in the cell, precluding effective interception by antioxidants, espe-
cially in lipid bilayers. The intractable reactivity of thiyl radicals may account for a series of long-
standing, but still startling biochemical observations surrounding the amino acid cysteine: (i) its
global underrepresentation on protein surfaces, (ii) its selective avoidance in aerobic lipid bilayers,
especially the inner mitochondrial membrane, (iii) the inverse correlation between cysteine usage
and longevity in animals, (iv) the mitochondrial synthesis and translational incorporation of cyste-
ine persulfide, and potentially (v) the ex post introduction of selenocysteine into the genetic code.

Keywords: aging; chain-transfer agent; cysteine persulfide; glutathione; lipid peroxidation;
longevity; peroxyl radical; selenocysteine

1. Introduction: Amino Acid Redox Activity

Redox reactivity has played a major role during the stepwise evolutionary fixation
of the 20 canonic, proteinogenic amino acids [1]. Quantum chemical analysis of the stand-
ard amino acids against the background of diverse alternative, abiotic amino acids has
indicated that the last six amino acids were in fact introduced into the genetic code be-
cause of their innovative redox properties [2,3]. This is in clear contrast to the first 14
amino acids, which were evidently selected for their protein structure-building properties
[1,3-8], comprising a set of compounds with carefully selected sizes, shapes, and hydro-
phobicities [9-11].

Redox reactivity is obviously a useful chemical property for metabolic and catalytic
purposes. Moreover, it is hard to refute that redox reactions were among life’s very earli-
est biochemical transformations [12-14]. Still, targeted enzymatic reactions in modern
cells are generally catalyzed by locally bound, redox-active cofactors [15,16]. These are
usually derived from nucleotides (e.g., NADH) and may have been taken over from an
earlier RNA world [17,18], or they reflect the primordial geochemistry of the site where
life may have originated (e.g., FeS clusters) [3,13]. Active-site redox catalysis by genet-
ically encoded amino acids does also exist, but it is less widespread and often depends on
the concomitant presence of the ancient nucleotide or metal cofactors [19,20]. Cysteine-
dependent oxidoreductases may be viewed as exceptions, but even here, one or two re-
dox-active residues in a specific site of the protein (the “catalytic center”) are sufficient for
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catalysis [21]. Hence, the question arises why genetic code alterations should have oc-
curred that resulted in a quantitative introduction of high numbers of redox-active com-
ponents (i.e., the new amino acids) into proteins far away from the catalytic centers.

The very likely answer to this conundrum is molecular oxygen [1-3]. The rise of this
molecule visibly triggered a whole plethora of compensatory responses to offend all types
of harmful oxidative side reactions within the catalytic centers and on protein surfaces.
The aim was to sustain the functionality of the inherited enzyme machinery, which had
initially been developed under anoxic conditions. Two prominent examples for the use-
fulness of protein redox activity even far away from catalytic centers are (i) the interfer-
ence with protein surface oxidation by reactive oxygen species (ROS), especially in mem-
brane proteins, and (ii) the prevention of catalytic center self-destruction by highly oxi-
dizing electron holes, as sketched in the following.

The late amino acid methionine, when surface-exposed, is involved in an antioxidant
catalytic cycle of oxidation (to methionine sulfoxide) and reduction (back to methionine)
[22,23]. For example, respiratory chain complexes in animals feature a massive enrichment
of methionine [24], which strongly correlates with aerobic metabolic rate [25]. This enrich-
ment is effectuated by alterations in the mitochondrial genetic code that have occurred
several times independently during the Cambrian radiation [26,27]. Notably, the latter has
widely been linked to rising biospheric oxygen levels [28,29]. Even without genetic code
alterations, methionine in animals tends to be accumulated in the vicinity of sites of high
ROS production, or in proximity to particularly susceptible targets, such as single-
stranded nucleic acids [25].

Tyrosine and tryptophan are also amply involved in protective oxidation-reduction
cycles such as that of methionine, but with two major differences: they are usually oxi-
dized by a single electron and without the addition of an oxygen atom. Moreover, their
reactions often occur in the interior of a protein. Perhaps the most striking example is the
transfer of single electrons (or electron holes in the opposite direction) along appropriately
positioned chains of tyrosine and tryptophan residues [30]. Long-range electron transfer
through such chains can be part of primary catalysis, but may also prevent the fatal auto-
oxidation of an enzyme in the case of substrate deficiency [30,31]. In addition, it may sup-
press ROS production as a side reaction [32], and it may repair cofactor oxidation by am-
bient oxygen [30,33]. Suitable chains have been identified in numerous classes of enzymes
[34], indicating that the oxidizing power of oxygen could not have been safely exploited
without genetically encoded tyrosine and tryptophan [32].

On the surfaces of membrane proteins, tyrosine and tryptophan are involved in a
protective cycle of oxidation by lipid peroxyl radicals, following reduction by intramem-
brane (tocopherol) or membrane surface (ascorbate) reductants [3,35,36]. In small, un-
folded peptides, both amino acids may exhibit similar activities in the aqueous space [37].
As with methionine, but somewhat less pronounced, a general accumulation of these res-
idues in ROS-susceptible sites has been noted [1,35,36].

The idea that the last amino acids” addition to the genetic code was triggered by bio-
spheric oxygenation [1-3] has recently found support by a series of unexpected findings:
first, the evolution of the oxygen-producing photosystem II in cyanobacteria had to be
significantly predated [38—41], virtually closing the temporal gap between both processes.
Second, antioxidant enzyme evolution in cyanobacteria (i.e., superoxide dismutases,
SODs) [42,43] as well as the evolution of oxygen-utilizing enzymes [38,43] have arguably
taken place much earlier than traditionally assumed. Thereby, genetic code finalization
and oxygen-dependent ROS production have come closely together on the evolutionary
time scale. These findings have been backed by revised geochemical oxygen records that
have made early biospheric oxygen production possible, if not likely [38,44-47]. In fact,
environmental peroxide (i.e., ROS) production may have even been effectuated by geo-
chemical processes [47,48]. After all, compelling modern precedents are known regarding
genetic code alterations aimed at introducing or increasing redox-active amino acids in
preexisting proteomes, namely methionine [3,24] and selenocysteine [49,50].
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A key criterion for the adaptive, potentially antioxidant introduction of the recent
amino acids methionine, tyrosine, and tryptophan has been their local accumulation at
critical sites of oxidative damage (as in mitochondria), or their global accumulation in aer-
obic versus anaerobic life forms [1,3,24,25,34,36,51]. What about cysteine in this respect?

2. Cysteine Redox Activity: Utterly Convenient, but with a Dark Side: Thiyl Radicals

The conventional view of cysteine, the arguably most redox-reactive amino acid
[52,53], would be that it has provided a plethora of useful, mostly redox-dependent prop-
erties after its surprisingly late introduction into the genetic code [3,54,55]. Prominent ex-
amples for such useful redox properties would be the establishment of disulfide bridges
[56], the anchorage of metal cofactors [3,57], or the formation of catalytic redox relay sys-
tems such as the thiol-dependent peroxidases [21,58]. Nevertheless, it has come with true
surprise that in essentially every biological system that has been investigated accordingly,
cysteine seems to be avoided when a heightened danger of oxidation exists. For instance,
cysteine is underrepresented in aerobic versus anaerobic bacteria [3,51,59,60], archaea
[3,59], and unicellular eukaryotes [3,59]. It is avoided in mitochondria [59], and within the
mitochondria, it is particularly avoided in the respiratory chain [61], but only in aerobic
species that permanently use their respiratory chain. Anaerobic—parasitic helminths do
not deplete cysteine in their respiratory chain, which they utilize only during their short
free-living stage [59,61]. Within the respiratory chain, highly expressed proteins avoid
cysteine more stringently than average proteins [61]. In aerobic animals, the degree of
cysteine avoidance is arguably the best available molecular predictor of longevity [59,62].
What to do with all this biological information in view of the numerous cysteine oxidative
modifications and reactive sulfur species [52,53,63] that might underlie it?

A few specific observations have given relevant hints at which cysteine reactivities
might be the drivers of evolutionary cysteine depletion. Frist, solitary surface cysteines
are generally avoided in all branches of life, which is not the case for paired cysteine resi-
dues [64]. Thus, cysteine has been classified as an either functional or detrimental, but
rarely neutral building block in proteins [64,65]. Second, evolutionary cysteine depletion
is most pronounced in transmembrane domains [3,61], whereas the pattern of cysteine
avoidance in aqueous proteins (i.e., on the surface) indicates that cysteine is not per se
disfavored in hydrophobic phases such as protein interiors [64]. Hence, the chemical in-
teraction of transmembrane cysteine residues with surrounding lipids emerges as a prime
suspect. Third, methionine’s redox chemistry clearly must not share the sought-after, ad-
verse redox property of cysteine because it is highly enriched under many conditions
where cysteine is depleted [24]. This effectively excludes the involvement of reactions
adding an oxygen atom to cysteine’s sulfur atom [62]. In summary, the conclusion was
reached [62] that the dark side of protein cysteine might be hidden in a single thiol redox
reaction that would be especially prominent in hydrophobic phases (thus not involving
highly polar intermediates), that would not be alike to any known reaction of methionine,
and that would arguably not add oxygen in order to be reversible without enzymatic ca-
talysis. Thus, the reversible formation of thiyl radicals was postulated to chiefly account
for the evolutionary patterns of cysteine depletion [62].

Thiyl radicals have been demonstrated to elicit a wide spectrum of potentially ad-
verse biochemical reactivities, ranging from the induction of lipid peroxidation [66] and
fatty acid cis-/trans-isomerization [67] to L-/D-amino acid isomerization [68] and peroxi-
dative protein backbone cleavage [69]. Very recent work indicates that beyond these reac-
tivities, intramembrane thiyl radicals also act as catalytic accelerators of already initiated,
ongoing lipid peroxidation chain reactions in vivo [70,71]. According to this mechanism,
thiyl radicals in living systems would act as chain-transfer agents, which is the very same
function for which they have been employed in technical chemistry for more than 80 years
[72,73]. In the following, we summarize the essential biochemistry of thiyl radicals in more
detail, to probe whether their unique reactivity might indeed be dangerous enough to
enforce evolutionary cysteine depletion.
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3. Thiyl Radicals: Formation and Reactivity

The reactivity of thiyl radicals has foremost been studied using in vitro systems ame-
nable to pulse radiolysis experiments [66—68,74-76]. More direct and specific measure-
ment of transiently formed thiyl radicals in intact biological systems has remained an in-
tricate challenge [77]. Still, a widely accepted signature chemistry has been elaborated,
which is the formation of (mono)unsaturated trans-fatty acids from native cis-fatty acids
[67,78-81].

The inevitable formation of thiyl radicals in vivo can be rationalized in terms of the
very rapid reaction of certain trigger radicals with thiol groups, for example in the reac-
tions initiated by HO* (k=6.8 x 10° M's1[76]) and H* (k=1.7 x 10° M's1 [76]). Also rather
fast are the corresponding reactions of alkoxyl radicals (for MesCO*: k = 6.6 x 107 M-1s!
[82]) and carbon-centered radicals (for Me2C*H: k = 6.7 x 106 M's7! [82]). Peroxyl radicals,
however, react relatively slowly with alkyl thiols (for R2CHOO": k = 4.2 x 10° M's [82]).
Still, during lipid peroxidation, the attack of an intramembrane peroxyl radical ROO* on
a thiol RSH is at least one order of magnitude faster than the canonic reaction, which
would be the attack of the peroxyl radical ROO* on a native bisallylic position of a poly-
unsaturated lipid L’ (Figure 1) [70]. The latter reaction is rate-limiting for the propagation
step of lipid peroxidation, and it may even be rate-limiting for biological lipid peroxida-
tion as a whole under certain conditions [70,83]. The transiently formed thiyl radicals RS*
then attack polyunsaturated lipids L” very efficiently. Hence, thiol groups in molecular
contact with polyunsaturated lipids, specifically intramembrane thiols groups of mem-
brane proteins, may possess the detrimental capacity to accelerate lipid peroxidation by
acting as chain-transfer catalysts. Chain-transfer catalysis shunts the rate-limiting step of
an ongoing lipid peroxidation chain reaction (Figure 1) [70-73].

k, =60 M1s? k,=10° M-1s
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ky= 1.3 x 106 M-1s™!
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Figure 1. Rate constants k of lipid peroxidation with and without chain-transfer catalysis by thiyl
radicals. During the lipid peroxidation chain reaction (boxed), lipid peroxyl radicals LOO® induce
the continuing formation of other lipid peroxyl radicals L’OO* via slow radicalization of native li-
pids L’ (k1), followed by fast addition of ambient oxygen (ks). The slow radicalization process ki can
be detoured by chain-transfer catalysis, which involves two steps: moderately fast radicalization of
thiol groups towards thiyl radicals RS* (k2), followed by rapid thiyl radical attack on native lipids
L’ (ks). Since k2 is substantially higher than ki, the overall chain reaction is accelerated by approxi-
mately the ratio of kz/ki1. Some alternative reactions of thiyl radicals with proteins, monounsaturated
fatty acids (MUFAs), and ubiquinone (Q) are indicated (ks-k7). All of these are slower than the prop-
agation of the radical towards native lipids L’. The provided rate constants represent: ki, reaction of
peroxyl radicals with linoleic acid [83]; ke, reaction of peroxyl radicals with cysteine in nonpolar
solution [82]; ks, reaction of cysteine radicals in nonpolar solution with linoleic acid [66]; ks, reaction
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of lipid radicals with oxygen [83]; ks, reaction of cysteamine radicals with serine (the fastest-reacting
amino acid in proteins) [75]; ke, reaction of mercaptoethanol radicals with methyl oleate [79]; k7,
reaction of cysteine radicals with ubiquinol-0 [84]. Modified from [70].

In recent experimental tests of this hypothesis, living cells and Caenorhabditis elegans
nematodes were administered with lipophilic thiol compounds to mimic the effects of in-
tramembrane protein thiol groups. In fact, a so far novel type of prooxidative biochemistry
was observed [70,71], which was characterized by accelerated lipid peroxidation at un-
changed rates of initiation, extensive damage to membrane proteins, loss of PUFAs, trans-
fatty acid formation and a reduction of organismal lifespan [70]. Tumor cells, which are
widely assumed to have higher initiation rates than most other cells [85,86], were partic-
ularly susceptible to the cytotoxic effects of lipophilic thiols [71].

Rate constants alone can be misleading in the discussion of molecular fates, especially
when reaction partners with large concentration differences are involved. To better ap-
proximate the reactivity of a once formed thiyl radical in biological systems, we have also
assessed the molar concentrations of potential reactants. Via kinetic rate laws, these con-
centrations can provide estimates of the true reaction rates v to be expected in vivo [70].
For the present discussion, we have recapitulated and expanded the published calcula-
tions [70], which now encompass two well-established biochemical model systems: rat
liver mitochondria, and generalized rat liver tissue. Rat liver mitochondria were analyzed
separately for the inner membrane compartment and the total aqueous compartment; rat
liver tissue was surveyed separately for the total membrane compartment and the total
aqueous compartment (Figure 2, Table 1). For several compounds, plausible approxima-
tions had to be adopted, which are justified in the legend of Table 1.

v;=45s1x[LOO¢] L,. v, =8%x10°s71 x[L's] - v, =46 571 X [LOOs] L,. v, =24 %x10°s7t x [L's] -
o a
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g g
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v,=1405"1 % [LOO*] RSe > v,=590571 X [LOO*] RSe >
A A
Proteine Proteine
Vs=1.3 X 10* 571 X [RSe] Vs=1.8 X 10% s X [RSe]
RS-MUFAe RS-MUFAe
Ve =1.8X10%s7! x [RSe] Vg =2.8 X10%s7! X [RSe]
Qe TOCe
v,=33 51 x[RSe] V,=9.4571 X [RSe]
(a) (b)

Figure 2. Reaction rates v of lipid peroxidation estimated for two cellular compartments with and
without involvement of thiyl radicals. Relative rates v were determined with the second-order rate
law v =k x [S1] x [S2], where k is the reaction rate constant (taken from Figure 1), [S1] the concentra-
tion of the native substrate, and [S:] the concentration of the attacking radical. Specific values for
[S1] were adopted from the literature as detailed in Table 1, with (a) reflecting the concentrations in
the inner mitochondrial membrane of rat liver hepatocytes, and (b) representing generalized rat
liver membranes. Specific values for [S2] are unknown and may be rather variable, depending on
the physiological state of the cell. Still, within each panel, velocities involving the same radical can
be directly compared, i.e., vi with v2 and vs with vs-vz. Abbreviations are used as in Figure 1; TOC
is a-tocopherol. (a), modified and expanded from [70].
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Table 1. Rate constants and relative reaction rates of thiyl radicals RS* with cellular substrates in

different compartments.

Rate Constant k

Concentration ¢!

Reaction Rate vrel

(= v/[RS°])
Mitochondria,
Aqueous Compartment
Ascorbate 6 x 108 M1s71 [75] 5.6 x 10+ M [87] 34x105s1
Glutathione 2 1 x 108 M-s71 [75] 3.9x103M [87] 3.9x10°s™
Methionine 8 x 103 M-1s71 [75] 9 x102 M [70] 7.2 x102s1
Phenylalanine 1.2 x 10* M's71 [75] 1.3 x 101 M [70] 1.6 x 103571
Serine 1.4 x10° M's71 [75] 2.5x101 M [70] 3.5x104s™
Threonine 4.6 x 10* M-1s1 [75] 1.9 x 10 M [70] 8.7 x 103 s
Oxygen 2.2 x10° M-1s1 [88] 2 x 106 M [89] 4.4 x103s™
Mitochondria,
Inner Membrane
MUFA 3 1.6 x 10° M5! [79] 1.1 x 10" M [90] 1.8 x 1041
PUFA 34 1.3 x 106 M5! [66] 7.5 %101 M [90] 9.8 x105s™
Ubiquinol 5 2.5 x 103 M-1s! [84] 1.3 x102M [91] 3.3 x10's™
a-Tocopherol ¢ 6.2 x 10* M-1s1 [84] 6.4 x10-°5M [92] 4.0 x 100 s
Methionine 8 x 103 M-1s71 [75] 7.9 x 102 M [70] 6.3 x 102 s
Phenylalanine 1.2 x 10* M1s71 [75] 1.2 x 101 M [70] 1.4 x103s1
Serine 1.4 x 10° M1s! [75] 9.6 x 102 M [70] 1.3 x104s!
Threonine 4.6 x 10* M1s1 [75] 1.0 x 101 M [70] 4.6 x103s!
Oxygen 2.2 x10° M1s71 [88] 8 x10°M [89] 1.8 x10¢s?
Liver tissue,
Aqueous Compartment
Ascorbate 6 x 108 M-1s1 [75] 1.3 x 10 M [87] 7.8 x10°s7!
Glutathione 2 1 x 108 M-s71 [75] 7.2 x 10 M [93] 7.2 x10°s1
Quercetin 78 4.0 x 103 M-1s1 [84] <1.0 x 10¢ M [94] <1.0x103 s
Methionine 8 x 103 M-1s1 [75] 3.9 x102M [70] 3.1x102s™
Phenylalanine 1.2 x 10* M1s! [75] 6.2 x 102 M [70] 74 x102s1
Serine 1.4 x 10° M1s! [75] 1.5 %10t M [70] 2.1 x104s™
Threonine 4.6 x 10* M1s1 [75] 9.8 x102M [70] 45x103s1!
Oxygen 2.2 x10° M-1s1 [88] 6 x 106 M [89] 1.3 x104s?
Liver tissue,
Membrane Compartment
MUFA 39 1.6 x 10° M's71 [79] 1.8 x 10" M [90] 2.8 x104s™
PUFA 349 1.3 x 106 M5! [66] 7.7 x 101 M [90] 1.0 x 10651
Ubiquinol > 2.5 x 103 M1s1 [84] <1.2 x 103 M [95] <3.0 x 10051
a-Tocopherol ¢ 6.2 x 104 M1s71 [84] 1.5 x10* M [92] 9.4 x100s1
Lycopene 78 1.6 x 10° M-1s1 [74] <6.2 x 10+ M [96] <99 x105st
Methionine 8 x 103 M1s1 [75] 6.3 x102M [70] 5.0x102s1
Phenylalanine 1.2 x10* M-1s1 [75] 1.7 x 101 M [70] 2.0x10% s
Serine 1.4 x 10° M5! [75] 1.3 x 10 M [70] 1.8 x 104 s
Threonine 4.6 x 10* M-1s1 [75] 1.1 x 10 M [70] 5.1x103s™
Oxygen 2.2 x10°M1s1 [88] 2.4 x105M[89] 53 x10%s!

! Concentrations refer to total rat liver or rat liver mitochondria, if not otherwise specified. The fol-
lowing reference numbers were utilized for all calculations, which were performed as described
[70]: hepatocyte volume: 4.9 x 10715 m? [97]; hepatocyte total membrane area: 1.1 x 107 m? [97];
hepatocyte mitochondrion volume: 2.7 x 107 m? [98]; hepatocyte mitochondrion inner membrane
area: 6.5 x 1012 m? [98]. Hepatocytes were assumed to contain 23.7% mitochondria by volume [97].
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The inner mitochondrial membrane was approximated to contain 60% lipid by area (and to repre-
sent 8.7% of the total mitochondrial volume [70]), all other membranes would contain 80% lipid by
area (and would represent 7.8% of the total hepatocyte volume [97]), the remainder being protein
[98]. The hydrophobic core thickness of lipid bilayers was adopted to be 3.6 x 10 m for all mem-
brane types [99]. 2 The rate constant of glutathione was calculated as weighted mean of the rate
constants of protonated glutathione (6 x 107 M-'s™! [75]) and deprotonated glutathione (5 x 108 M-s™!
[75]) assuming a mitochondrial pH = 8 and a glutathione pKs = 9 [100] as described before [70].
3 Relative fatty acid compositions [90] were transformed into compartment-specific molar concen-
trations as detailed before [70]. * The term “PUFA concentration” here corresponds to the total con-
centration of reactive bisallylic positions as justified elsewhere [70]. > The rate constant of ubiquinol
was approximated by the calculated rate constant of 2,3-dimethoxy-5-methyl-1,4-benzenediol
(“ubiquinol-0”) in nonpolar solvents [84]. The concentration of ubiquinol in the inner mitochondrial
membrane was calculated from the ratio ubiquinol:complex III = 100:3 [91], followed by transfor-
mation as described [70]. Extra-mitochondrial hepatic membrane ubiquinol was estimated from the
published [95] ubiquinone:phospholipid molar ratio of different hepatic subfractions (upper limit:
1:500). ¢ a-Tocopherol has the highest rate constant of the four tocopherols (a, 8, v, 0) [84] and is the
most highly concentrated tocopherol in humans [101]; it may thus reflect the total reactivity of to-
copherols is most mammalian settings. Tocopherol contents in subcellular tissue fractions [92] were
transformed into compartment-specific molar concentrations as described [70], adopting a rat liver
density of 1.05 g/mL. 7 An upper limit for the membrane lycopene concentration was estimated from
the gross concentration of lycopene in total rat liver (50 nmol/g) after high-dose oral supplementa-
tion (5 g/kg for 8 weeks), which was more than 10,000-fold higher than without supplementation
[96]. An even distribution of lycopene in the lipid bilayer compartment of all hepatic cells was as-
sumed, despite the fact that most lycopene will be accumulating in stellate cells [102]. Hence, the
given value is certainly a substantial overestimation and thus a rather theoretical upper limit for the
maximum total effect of all carotenoids combined. Mitochondria actively degrade lycopene and
other carotenoids in the inner membrane to lower their apparent toxicity in this compartment [103].
Hence, carotenoids may be essentially absent in the inner mitochondrial membrane [104], preclud-
ing their separate analysis. ® The concentration of quercetin (including metabolites) was approxi-
mated by the human plasma level reached after oral supplementation (a 200 g onion meal) [94].
Mitochondrial or hepatic concentrations appear to be unknown. As quercetin is both rather rapidly
reacting [84] and rather highly concentrated in plasma after consumption of a typical flavonoid-rich
meal [105], it may well represent the overall thiyl radical scavenging activity of nutritional phenols
in toto. ® Extra-mitochondrial hepatic membrane fatty acid composition was modeled by a 1:1 mix
of the smooth and rough endoplasmic reticulum fatty acid compositions taken from [90]. These
membranes provide more than 90% of the non-mitochondrial membrane area in hepatocytes [97].

When comparing the predictions about lipid peroxidation made from plain rate con-
stants k (Figure 1) with approximated reaction rates v (Figure 2), the initial preponderance
of the thiyl radical shunt (by a factor of ~20) becomes smaller, because intramembrane
thiol concentrations are generally lower than the concentrations of polyunsaturated lipids
[70]. Nevertheless, an advantage remains for the thiyl radical-catalyzed reaction sequence
in both membranes, namely in the inner mitochondrial membrane, and in pooled non-
mitochondrial liver membranes (by a factor of ~2 and ~10, respectively). Still, ambiguity
comes from the unknown degree of surface exposure of intramembrane cysteine residues
(estimated to be ~20% [70]), which was not considered here. Similarly disregarded were
all other factors that might impair the kinetic activities of the compounds under consider-
ation, such as protein binding. Finally, thiol group covalent modifications such as sulfura-
tion [106] could be relevant and prevent thiyl radical formation and thus chain-transfer
catalysis [107], but had to be neglected here nevertheless.

Regarding alternative reaction pathways of intramembrane thiyl radicals, the consid-
eration of reactant concentrations (Figure 2) did not substantially alter the conclusions
from plain rate constants (Figure 1). Protein side chains as well as MUFAs react less effi-
ciently with thiyl radicals than bisallylic positions of polyunsaturated lipids (by a factor
of 10-50). Concerning the reaction with protein side chains, however, substantial uncer-
tainty comes from the fact that protein surface thiyl radicals would be ideally located to
react with neighboring amino acid side chains [75,88]. This effect could increase the rela-
tive importance of the protein damage pathway versus the lipid peroxidation pathway.



Antioxidants 2022, 11, 885

8 of 15

Comparable trade-off effects between lipid and membrane protein damage have been
noted before [36]. The experimental observation that chain-transfer catalysis by lipophilic
thiols evokes membrane protein damage [70] cannot be readily assigned to a specific
mechanism because lipid peroxidation in itself also generates protein-damaging species,
such as reactive aldehydes [83].

4. Strategies of Anti-Thiyl Radical Defense: Scavenging

Inspecting the chemical options of intramembrane thiyl radicals more comprehen-
sively (Table 1), it becomes evident that the attack on polyunsaturated lipids and thus the
catalysis of lipid peroxidation is the fastest reaction to occur, with a relative reaction rate
of ~10°s71. This high velocity is the result of a high rate constant (1.3 x 106 M's™1) combined
with a very high substrate concentration (750 mM in the inner mitochondrial membrane),
which none of the other investigated competitors can outcompete. The four (relatively
reactive [75]) amino acids evaluated here exhibited lower relative reaction rates and con-
centrations irrespectively of the membrane type studied. Oxygen, in turn, reacts very
quickly, but is only present at low micromolar concentrations.

Notably, the major phenolic antioxidants in both investigated membrane compart-
ments, ubiquinone (Q) and a-tocopherol (TOC), also cannot play a role as scavengers of
thiyl radicals (Table 1). Both Q and TOC are insufficiently reactive [76,78,84], and TOC is
also too diluted under physiological conditions to interfere with the attack of thiyl radicals
on PUFAs, a reaction that ends up to be at least 10*-fold faster. Still, as both compounds
exhibit rate constants in the range of 106 M's™! [84] for their reaction with peroxyl radicals,
which is their evolutionarily selected function [2,108,109], they are arguably involved in
the restriction of thiyl radical formation in the first place.

The irrelevance of phenolic antioxidants as thiyl radical scavengers appears to be a
general phenomenon that also applies to aqueous polyphenols such as flavonoids. Chem-
ical calculations have shown that flavonoids rarely exhibit corresponding rate constants
higher than 10* M's [84,110]. Together with the limited concentrations that are attainable
by flavonoids in vivo (e.g., peak concentrations of less than 1 uM quercetin were observed
even after supplementation [94]), extremely low reaction rates result (Table 1). Experi-
mental studies in biomimetic micelle models and in solution have confirmed that even the
best peroxyl radical-scavenging phenols such as TOC are indeed poor antioxidants for
thiyl radicals [76,78,111].

In contrast to the largely unreactive phenolic antioxidants, isoprenoid polyenes such
as carotene and lycopene are known to exhibit very high rate constants (~10° M-'s™) re-
garding their reaction with thiyl radicals [74]. Still, even under conditions of excessive
supplementation (yielding 10*-fold higher concentrations than without supplementation)
[96] and when examining the very tissue in which dietary lycopene accumulates (the liver)
[102], the calculated relative reaction rate just leveled out with the relative reaction rate of
lipid peroxidation (Table 1). Hence, serious doubts remain as to whether isoprenoid pol-
yenes act as thiyl radical scavengers under real-world conditions.

To close the thiyl radical scavenger discussion more positively, the situation is clearly
less bleak in the aqueous space. Embodied by ascorbate and glutathione, there are two
widely distributed, millimolar concentrated low-molecular weight antioxidants that fea-
ture high rate constants (>108 M-1s), resulting in reasonably high relative reaction rates
(Table 1). In fact, both predicted rates closely resemble each other in the two modeled
systems, and they are at least somewhat higher than the calculated reaction rates with
proteinogenic amino acids. It arguably depends on the precise circumstances which of the
two antioxidants performs more efficiently as a thiyl radical scavenger [100].

In summary, we propose that thiyl radical-specific antioxidants cannot exist in highly
unsaturated lipid bilayers for simple kinetic reasons, and there is arguably only incom-
plete suppression of thiyl radical activity by ascorbate and glutathione in aqueous sys-
tems. In consequence, the suspicion arises that this kinetic impossibility has led to the
widely observed phenomenon of protein thiol avoidance, especially in membranes. In this
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context, protein thiol avoidance encompasses more than just plain cysteine avoidance, as
it may also come as cysteine modification (by sulfuration and other types of chemical deri-
vatization), cysteine replacement (by selenocysteine), or cysteine reactivity diversion (to-
wards glutathione, which exhibits similar reactivity, but less detrimental consequences of
oxidation). These potential manifestations of protein thiol avoidance are briefly explored
in the following.

5. Strategies of Anti-Thiyl Radical Defense: Cysteine Avoidance and More

Thiol-modifying persulfides are formed in ample amounts in mitochondria by cyste-
inyl-tRNA synthetase (CARS2) [112,113]. Persulfides can be readily transformed into
perthiyl radicals (RSS*), which are yet much more stable than thiyl radicals and very likely
unable to sustain chain-transfer catalysis [107,113]. Moreover, cysteine persulfide has been
shown to be translationally incorporated into newly synthesized proteins [112,114]. Could
these observations be interpreted as to represent a specific type of mitochondrial cysteine
avoidance?

The mitochondrially encoded proteome of long-lived animals is exceptionally de-
pleted of cysteine, with 22 remaining residues in 3786 amino acids (~0.58%) in humans,
where approximately 100 residues would have been expected from nuclear coding pat-
terns (~2.65%) [59]. Only four of these cysteine residues are conserved in animals, of which
three are already known to have an essential function [59,115], whereas all other amino
acids count between 18 and 127 conserved positions (mean: 47). In other words, there ap-
pears to be extreme pressure to avoid cysteine residues in the mitochondrially encoded
proteome of aerobic, long-lived animals [59,61]. Thus, the selective synthesis of most cel-
lular cysteine persulfide by mitochondrial cysteinyl-tRNA synthetase [112,114] may plau-
sibly constitute an effort to cotranslationally insert benign cysteine persulfide instead of
malign cysteine into the inner mitochondrial membrane. Notably, cells with inhibited mi-
tochondrial cysteine persulfide production demonstrated significant defects in mitochon-
drial structure and respiratory chain function [112-114]. Admittedly, other interpretations
may also account for the latter observations [114].

Nevertheless, substantial support for the thiol avoidance hypothesis comes from the
consideration of the longevity effects of mitochondrial cysteine depletion: C. elegans
treated with hydrogen sulfide (H2S) donors that increase persulfide formation [106,116]
have been shown to exhibit an antioxidant longevity phenotype [117,118]. Conversely,
micromolar concentrations of lipophilic thiols in the food of C. elegans have been found to
entail a prooxidative, severely life-shortening effect [70]. After all, the specific acceleration
of radical propagation (rather than radical initiation or termination) by thiyl radicals may
explain why conventional attempts of life extension with antioxidants have failed consist-
ently: they have only targeted radical initiation or termination, which are arguably not
rate-limiting for aging [119,120].

Selenocysteine is a non-canonic proteinogenic amino acid that is incorporated into a
small number of selenoproteins in specific, functionally relevant sites by alternative inter-
pretation of certain UGA codons during translation [49]. In most cases, only a single sele-
nocysteine residue is encountered, which is located in the catalytic center of an enzyme
with oxidoreductase activity [49]. The use of selenocysteine instead of cysteine in the af-
fected enzymes has not yet found an entirely convincing explanation, as the initially sus-
pected and occasionally demonstrated catalytic advantage of selenocysteine is not univer-
sal [121,122]. For instance, it does not apply to thioredoxin reductase [121], the single se-
lenoenzyme for which C. elegans maintains a complete selenocysteine insertion machinery
[123]. An intriguing alternative hypothesis has argued that the deployment of catalytic
selenocysteine might primarily serve the function to avoid circumstantial thiyl radical for-
mation on the otherwise inevitable catalytic cysteine [122,124]. Thereby, the rapid self-
destruction of the enzyme would be prevented [124,125], which is an argument that sur-
prisingly resembles the self-protection of high-potential metalloenzymes by chains of ty-
rosine and tryptophan [34].
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Glutathione is an ancient and widely distributed thiol compound [126] that shares
with ascorbate, a compound biosynthetically restricted to photosynthetic organisms [127],
a high reactivity towards thiyl radicals [75,100] (Table 1). The first intermediate in the re-
action of glutathione with thiyl radicals is a relatively stable disulfide radical that may
follow different downstream pathways, some of which involve the production of other
toxic radicals such as superoxide [100]. Hence, ascorbate may often be more expedient in
the safe disposal of thiyl radicals than glutathione [100]. Nevertheless, as a highly concen-
trated, low-molecular weight thiol in the aqueous space [87,93], glutathione may still be
critically involved in the prevention and overall reduction of thiyl radical-mediated dam-
age even when transiently transformed into a thiyl radical itself. First, in reacting with
radicals formed in the aqueous space, glutathione may preclude their diffusion into the
membrane compartment, where thiyl radical formation would be much more detrimental
as detailed before. Second, considering just the aqueous space, the formation of a gluta-
thione thiyl radical may be clearly preferred over the formation of a protein thiyl radical,
because the maximum adverse outcome, i.e., the complete functional loss of the molecule,
is much smaller in the case of glutathione: the tripeptide glutathione can be replaced at a
substantially lower biosynthetic cost than an average 500-amino acid protein. Moreover,
proteins may gain toxic functions such as hydrophobic aggregation properties during
thiyl radical-mediated oxidation, which is arguably not the case with glutathione. Thus,
the oxidation of glutathione instead of protein cysteine certainly represents a favorable
outcome when a cell is confronted with thiyl radical-inducing oxidants.

Glutathione may have actually been shaped by evolution for the detoxification of
thiyl radicals [3]. Intramolecular thiyl radical transfer enabled by the unusual y-carboxyl
linkage provides a tentative explanation [128,129] as to why the tripeptide YE-C-G is the
major soluble thiol in most forms of life [126], instead of cysteine or another simple thiol.
A specific role of glutathione in protein thiyl radical scavenging is furthermore suggested
by the observation that prokaryotic clades possessing glutathione biosynthetic capacity
generally do not exhibit lower proteomic cysteine contents under aerobic (versus anaero-
bic) conditions, which is in contrast to bacteria lacking glutathione [3].

6. Conclusions

The study of molecular evolution has provided ample evidence that surface-exposed,
solitary thiol groups in proteins are highly problematic, epitomized by the universal
avoidance of cysteine in aerobic membrane proteins. Closer inspection indicates that in
many, and perhaps most cases, detrimental thiyl radical formation may underlie the
avoidance of cysteine. The use of selenocysteine in critical sites, the replacement of cyste-
ine by cysteine persulfide, and the maintenance of high and competing levels of less dan-
gerous non-protein thiols such as aqueous glutathione may all be interpreted as to prevent
protein thiyl radical formation. The adverse effects of intramembrane thiol groups on lon-
gevity in animals suggest that thiyl radicals are the prime radical species to accelerate
organismal aging. For a complete overview of the multifaceted chemistry of thiyl radicals,
the reader is referred to an authoritative review article [130].
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