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Adaptive antioxidant methionine accumulation
in respiratory chain complexes explains the use
of a deviant genetic code in mitochondria
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Humans and most other animals use 2 different genetic codes to
translate their hereditary information: the standard code for nuclear-
encoded proteins and a modern variant of this code in mitochondria.
Despite the pivotal role of the genetic code for cell biology, the
functional significance of the deviant mitochondrial code has re-
mained enigmatic since its first description in 1979. Here, we show
that profound and functionally beneficial alterations on the encoded
protein level were causative for the AUA codon reassignment from
isoleucine to methionine observed in most mitochondrial lineages.
We demonstrate that this codon reassignment leads to a massive
accumulation of the easily oxidized amino acid methionine in the
highly oxidative inner mitochondrial membrane. This apparently
paradoxical outcome can yet be smoothly settled if the antioxidant
surface chemistry of methionine is taken into account, and we present
direct experimental evidence that intramembrane accumulation of
methionine exhibits antioxidant and cytoprotective properties in
living cells. Our results unveil that methionine is an evolutionarily
selected antioxidant building block of respiratory chain complexes.
Collective protein alterations can thus constitute the selective advan-
tage behind codon reassignments, which authenticates the “ambig-
uous decoding” hypothesis of genetic code evolution. Oxidative
stress has shaped the mitochondrial genetic code.

evolution | methionine sulfoxide | nonstandard genetic code |
protein oxidation | oxidative stress

fter the first demonstration that the genetic code was not

universal (1), various hypotheses have been elaborated to
explain how the coordinate alteration of the major components
carrying the genetic code, i.e., tRNAs, aminoacyl-tRNA-
synthetases, and polypeptide chain release factors, might have been
accomplished during evolution (2, 3). Because it has been deemed
impossible that the collective alteration of all amino acid positions
in a given proteome, which are encoded by a certain codon, might
ever be of evolutionary benefit for an organism (4, 5), neutral
mechanisms of evolution have arisen rapidly, and they have largely
dominated the field except until recently (2-4, 6-9). Still, any
adaptive nature of the later changes in the genetic code has
continued to be doubted, because there was apparently little to be
gained from code alterations in modern organisms (9). The main
tenet and raison d’étre of all neutral mechanisms of codon reas-
signment is that collective amino acid alterations would ineluctably
be detrimental, why changes in the genetic code would not change
protein primary structure (4, 10, 11). This postulate can be achieved
by assuming a complex multistep process of codon reassignment
that involves alternating evolutionary pressures acting on the DNA
level to influence GC contents and thus codon usage (3). This
concept is known as the “codon capture” hypothesis. The codon
capture hypothesis has been cited as particularly expedient for the
explanation of the unusual encoding of methionine instead of
isoleucine by the codon AUA in different lineages of mitochondria
(2, 4, 12). The latter codon reassignment has occurred indepen-
dently at least 5 times during evolution, making it the most
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frequently evolved sense-to-sense genetic code reassignment
known (8, 9).

Methionine is a sulfur-containing proteinogenic amino acid that
is readily oxidized by reactive oxygen species (ROS) (13). The
primary products of methionine oxidation are R- and S-methionine
sulfoxide, which can be rereduced by 2 classes of stereospecific
methionine sulfoxide reductases (MSRs) (14, 15) at the low met-
abolic cost of 1 molecule of NADPH/H*. Both types of MSRs have
been shown to be vital for a variety of functions in bacteria, fungi
and animals (14-16). In particular, knockout mice for MSRA have
been shown to suffer from a decreased lifespan and several addi-
tional pathologies (16, 17). Moreover, mitochondrial dysfunction
and decreased cell viability have been observed in human lens cells
after MSR A silencing (18). Levine et al. (19) have proposed that the
collective functional property of methionine in proteins was com-
petitive antioxidant protection, i.e., the rapid scavenging of ambient
ROS before they may attack other oxidant-labile sites, e.g., cofac-
tors, within the carrier protein or closely adjacent macromolecular
structures. Such a strategy might be of particular advantage if the
methionine-protected structures were either more difficult or costly
to repair than oxidized methionine itself, or if unrepaired methi-
onine oxidation was less detrimental to the cell than the otherwise
occurring oxidation reactions. Considering the straightforwardness
of the MSR system (14, 17) and the observed tolerance of model
proteins to surface methionine oxidation (19), this may be viewed
to be a rather plausible assumption.

Nevertheless, the mere essentiality of the MSR system in various
biological settings does not prove that the biochemical value of
these enzymes extends beyond mere methionine maintenance. If,
however, methionine was of additional antioxidant value to the cell
in terms of the protection of adjacent and more critical biochemical
sites, the seemingly, but not in truth paradoxical, situation might be
encountered that this oxidant-labile amino acid was enriched in
cellular compartments characterized by high ROS load. In contrast,
if methionine was just an unusually oxidant-labile amino acid and
the MSR enzymes just designed for the either complete or partial
repair of inadvertently forming methionine sulfoxide, then methi-
onine would be expected to be either unaltered or even depleted in
cellular proteins subjected to high ROS fluxes.

Mitochondria are generally thought to constitute the major
source and target of ROS in most cell types (20-22). In particular,
the inner mitochondrial membrane displays a variety of peculiar
adaptations and responses to oxidative stress (22-24). Hence, we
have used a comparative genomics approach and analyzed an
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extensive set of mitochondrial and nuclear genomes for the encoded
methionine contents. Thereby, we have () investigated our hypoth-
esis that methionine usage in proteins exposed to particularly high
ROS fluxes may show characteristic idiosyncrasies and (ii) tested
the main tenet of the codon capture hypothesis, i.e., that encoded
protein structures must not be altered by the use of a nonstandard
genetic code. We have found that methionine is strikingly enriched
in many mitochondrially encoded proteomes, especially in animals
with high aerobic metabolic rate, and that the enrichment depended
almost exclusively on the use of a second codon (AUA) in these
mitochondria to encode the amino acid methionine.

Results and Discussion

We have determined methionine content in the mitochondrially
encoded respiratory chain proteins of 361 neutrally selected
animals and various other eukaryotes, and we have compared
the obtained methionine contents in mitochondria with baseline
methionine usage in nuclear-encoded proteomes of a variety of
genomically sequenced species. The results in Fig. 1 and sup-
porting information (SI) Table S1 demonstrate that methionine
use in nuclear-encoded proteins is very uniform in all eukaryotes
(animals: 2.32% = 0.14%; fungi: 2.15% = 0.07%; other eu-
karyotes: 2.06% * 0.32%, Arabidopsis thaliana: 2.45%). Mito-
chondrially encoded methionine contents in animals using the
standard coding for this amino acid, i.e., echinoderms, platyhel-
minthes, cnidarians, and sponges, were quite similar to these
values (overall average: 2.74% * 0.48%). Moreover, also fungi,
plants, and a collection of other eukaryotes all sharing the use
of a single codon (AUG) for mitochondrial methionine did not
differ from the rule that proteomic methionine usage generally
amounts to 2-3% (fungi: 2.53% = 0.64%; plants: 2,67% =+
0.63%; other eukaryotes: 2.42% = 0.46%). In contrast, animals
that also used a second codon for methionine in mitochondria
considerably accumulated this amino acid in the encoded respi-
ratory chain proteins (overall average: 6.17% = 1.33%), with
several insects reaching contents of 10% and more (Fig. 1A4).
Using 3 different approaches, the latter association was found to
be statistically significant: regarding animal species as indepen-
dent entities, the level of significance was P = 2.1x1074! (n =
361); regarding only phyla as independent entities, significance
was P = 5.7x107 (n = 10); phylogenetically independent
contrast analysis on clades sharing the same AUA codon assign-
ment returned a significance level of P = 0.003 (n = 5).

We have investigated the protein structural consequences of the
resulting methionine accumulation for 2 of the encoded respiratory
chain complexes, the core subunits of cytochrome ¢ oxidase (COX),
and cytochrome b, the central subunit of ubiquinone-cytochrome ¢
oxidoreductase (Fig. 2 and Table 1). A comparison of the modeled
structures of Florometra serratissima, an echinoderm using the
standard code (2.0% methionine), and Melipona bicolor, an insect
using the nonstandard code (11.2% methionine), indicates that
methionine accumulation in the insect is massive, particularly
pronounced in transmembrane domains, and primarily affects
protein surfaces. A quantification of these observations is given in
Table 1, for which the absolute surface exposure of all methionine
residues was analyzed. Respecting COX, the average M. bicolor
methionine is ~2.5-fold more surface-exposed than the average F.
serratissima methionine, which adds to the effect that the M. bicolor
enzyme contains ~3 times more methionine than its echinoderm
counterpart. Ultimately, methionine builds 10.8% of the insect
enzyme’s surface, as opposed to 1.7% in the echinoderm.

In summary, the recent evolutionary change of the genetic code
in different lineages of mitochondria has resulted in an extraordi-
nary increase in the use of methionine. Consequently, the codon
capture hypothesis is inappropriate to account for the basic out-
come of the AUA codon reassignment in mitochondria, namely
methionine accumulation in the encoded proteins. To investigate
whether this conclusion was also borne by the underlying coding
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Fig. 1. Mitochondrially encoded methionine contents in 361 animal species, 39
fungi, 34 unicellular eukaryotes, and 16 plants, compared with a reference
selection of nuclear-encoded, proteomic methionine contents. (A) Methionine
contents of mitochondrially encoded proteomes of 361 animal species (black
circles). P, primates; M, other mammals; B, birds; R, reptiles; A, amphibians; F, fish;
E, echinoderms; |, insects; C, crustaceans; Ar, arachnids; N, nematodes; P, platy-
helminthes; Mo, molluscs; An, annelids; Br, brachiopods; Cn, cnidarians; S,
sponges. Genomically encoded methionine contents of 10 reference species are
shown for comparison (red squares). Adjustment of these nuclear-encoded pro-
teomes to the higher transmembrane domain contents of the belonging mito-
chondrially encoded proteomes led to only marginally higher reference values
(green triangles). The 10 reference species were (from left to right): Homo
sapiens, Bos taurus, Mus musculus, Rattus norvegicus, Gallus gallus, Danio rerio,
Tetraodon nigroviridis, Anopheles gambiae, Drosophila melanogaster, Caeno-
rhabditis elegans. Clades, which use 2 codons (AUG and AUA) to encode mito-
chondrial methionine are marked by dotted frames. (B) Mitochondrially encoded
methionine contents in 39 fungi. Symbols and frames are used as in A. P, pezizo-
mycotina; S*, saccharomycotina, which decode AUA as methionine; S—, saccha-
romycotina, which decode AUA as isoleucine; Sc, schizosaccharomycetes; B, ba-
sidiomycota; C, chytridiomycota; Z, zygomycota; H, Hyaloraphidium curvatum.
The 7 reference species were: Ashbya gossypii, Candida glabrata, Saccharomyces
cerevisiae, Yarrowia lipolytica, Kluyveromyces lactis, Schizosaccharomyces
pombe, Cryptococcus neoformans. (C) Mitochondrially encoded methionine con-
tents in 34 unicellular eukaryotes. Symbols are used as in A. A, alveolata; M,
mycetozoa; R, rhodophyta; S, stramenopiles; al., other eukaryotes. The 3 refer-
ence species were: Paramecium tetraurelia, Plasmodium falciparum, Dictyosteli-
um discoideum. (D) Mitochondrially encoded methionine contents in 16 plants.
Symbols are used as in A. C, chlorophyta; S, streptophyta. The reference species
was Arabidopsis thaliana. All species names and calculated numeric values per-
taining to this figure are given in Table S1.

characteristics, we have performed codon usage analyses on a
variety of animals and fungi (Fig. 3). Although methionine was
clearly increased in AUA-reassigning species, isoleucine was only
mildly decreased due to an increased use of isoleucine codons
(AUU and AUC) and an increased overall usage of the AUX family
box. GC content was unrelated to the codon reassignment. Signif-
icantly, the AUA codon is not used less frequently in species that
have undergone the reassignment than in species that have not;
rather, animals make less use of the AUG codon if they can decode
methionine by AUA. These observations diametrically contradict
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Fig.2. Structural models of mitochondrially encoded respiratory chain proteins
from the feather star Florometra serratissima and the stingless bee Melipona
bicolor. (A) COX core, consisting of COX subunits |, II, and Ill. COX core is the
central part of respiratory chain complex IV. (B) Cytochrome b, the mitochondri-
ally encoded core peptide of ubiquinone-cytochrome c oxidoreductase (respira-
tory chain complex Ill). The top view representations (T) approximate the per-
spective from the mitochondrial intermembrane space. The side view
representations (S) show the identical structures as beheld from within the inner
mitochondrial membrane, placing the intermembrane space on top. Methionine
residues are shown in red. Bars indicate the approximate membrane boundaries.
A distinct accumulation of methionine can be discerned in the insect enzymes.
The displayed structures correspond to the following methionine contents: COX
core: 2.9% in F. serratissima, 7.8% in M. bicolor; cytochrome b: 1.1% in F.
serratissima, 9.5% in M. bicolor. Mitochondrially encoded NADH dehydrogenase
subunits of M. bicolor exhibited an even more pronounced methionine accumu-
lation, reaching approximately double the level (13.5%) of the displayed COX
core structure.

the postulates of the codon capture hypothesis (8), whereas they
lend support to the hypothesis of an adaptive nature of the AUA
codon reassignment.

Which other theory of genetic code evolution might have pre-
dicted the results observed? Only 1 of the alternative concepts
allows and explicitly considers protein alterations as evolutionary
driving force of codon reassignments, the “ambiguous decoding”
hypothesis (3, 5, 7, 10, 11). According to this model, simple
mutations in tRNAs or aminoacyl-tRNA-synthetases would more
or less gradually lead to the loading of a tRNA with a “new” amino
acid, resulting in the insertion of this new amino acid at a site in the
protein that would still be encoded by the “old” codon. Thus,
genomic factors such as GC pressure are irrelevant in this scenario,
whereas the whole reassignment process would be determined by
the outcome on the protein level. Specifically, the ambiguous
decoding hypothesis predicts that “immediately” after the codon
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Table 1. Surface exposure of methionine residues in respiratory
chain proteins

Average Total
Met Total Met protein Met
surface, surface, surface, surface
n(Met) A2 A2 A2 fraction, %
COX core
F. serratissima 26 7.75 202 12,138 1.7
M. bicolor 73 18.08" 1320 12,267 10.8
B. taurus 58 13.76% 758 11,391 7.0
Cytochrome b
F. serratissima 3 14.89 45 6,626 0.7
M. bicolor 33 27.73 915 6,116 15.0
B. taurus 15 20.92 314 6,172 5.1

Structural models of COX core and cytochrome b from F. serratissima, M.
bicolor, and B. taurus were analyzed for methionine content (column 1),
average solvent-accessible surface area per methionine residue (column 2),
total methionine-covered protein surface area (column 3), and total protein
surface area (column 4). Column 5 gives the percentage of the protein surface
that is made up by methionine. Symbols indicate significantly increased
surface exposure of the average methionine residue as compared with F.
serratissima: *P = 0.003; TP = 0.037. Statistical analysis of both proteins
combined yielded: M. bicolor vs. F. serratissima, P = 9X1075; B. taurus vs. F.
serratissima, P = 0.02.

reassignment, the same protein sites formerly occupied by the old
amino acid would now be occupied by the new amino acid. This
prediction seems to be surprisingly fulfilled by the AUA codon
reassignment, because the new methionines cluster on the protein
surfaces of the encoded membrane proteins (Table 1), a topological
position that would typically be expected to be rich in isoleucine
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Fig. 3. Animal and fungal codon usage in relation to the mitochondrial AUA
codon reassignment. (A) Methionine content (red circles), isoleucine content
(green triangles), codon usage (bars, from bottom to top: AUG, AUA, AUU, AUC),
and GC content (blue squares, Lower) in a representative selection of animals,
which decode AUA as methionine (the 10 reference species from Fig. 1 A, marked
by dotted frames), vs. 3 representatives from each phylum decoding AUA as
isoleucine. These representatives were selected based on the total number of
protein sequences known for each species. A™, animals, which decode AUA as
methionine; E, echinoderms; Pl, platyhelminthes; Cn, cnidarians; S, sponges. (B)
The same data as in A, pertaining to fungi. Four reference species from Fig. 1B (A.
gossypii, C. glabrata, S. cerevisiae, Y. lipolytica) plus Saccharomyces castellii, all
decoding AUA as methionine and marked by dotted frames, compared with 3
representatives from each fungal clade decoding AUA as isoleucine. The latter
representatives were selected on the same grounds asin A. S*, saccharomycotina,
which decode AUA as methionine; P, pezizomycotina; Sc, schizosaccharomycetes;
B, basidiomycota; C, chytridiomycota; Z, zygomycota.
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Table 2. Chemical structures and physicochemical properties of
isoleucine, methionine, and methionine sulfoxide

LogP 2.38 1.63 -0.50
p[D] 0.01 1.56 3.79
A[A?] 117.7 122.0 125.0
Ao [A2] 0.0 0.0 22.3

The following properties were calculated for the displayed amino acid side
chains depicted in bold: LogP, octanol-water partition coefficient; p, dipole
moment; A, Connolly molecular surface area; Ay, polar surface area. Transi-
tions from isoleucine to methionine are accompanied by a loss in sterical
demand in the B position, whereas the overall elongated and hydrophobic
character of the side chain is largely maintained.

(encoded by any codon), but not methionine. In animals, the old
AUG-encoded internal methionines would even be partially lost
(Fig. 3), whereas pressures from the fewer isoleucine-encoding
codons (2 instead of 3) would be counterbalanced by an increased
frequency of the remaining codons and the complete family box.

What might have been the selective advantage of the observed
accumulation of methionine in inner mitochondrial membrane
respiratory chain complexes? Two biochemically fundamental pre-
mises point toward a specific solution: first, methionine is a very
easily oxidized amino acid, and it may be the most readily oxidized
residue in certain biochemical settings (13). Despite efficient re-
duction enzymes, steady-state levels of methionine sulfoxide
amount to 5-10% of all protein methionine residues in the majority
of tissues (25). Second, the mitochondrial compartment, particu-
larly the inner mitochondrial membrane, is characterized by excep-
tionally oxidative conditions (20, 22). Thus, pronounced methio-
nine oxidation in mitochondria is inevitable, such that the observed
methionine accumulation would be clearly counterproductive for at
least 2 reasons if there were no compensatory beneficial mecha-
nisms of exceeding selective advantage: first, the inescapable struc-
tural alterations imposed by the mere exchange of amino acids (4,
5), even if those alterations may be uncommonly mild in the present
example (Table 2), and second, the need to permanently repair or
replace the newly introduced unstable methionine residues, which
are henceforth used instead of stable isoleucine residues.

The most parsimonious explanation for this conundrum would
postulate that the redox properties of methionine themselves
constituted the exceeding selective advantage, because most other
physicochemical properties of isoleucine and methionine are not
greatly dissimilar (Table 2). In fact, several biochemical studies have
described protein methionine as an intrinsic antioxidant shield of
proteins against the oxidative destruction of other, potentially more
critical biochemical sites within the same or in neighboring proteins
(15, 17, 19). Thus, targeted antioxidant activities of methionine
might provide a plausible origin of significant vantages of methio-
nine accumulation as effected by the AUA codon reassignment.
This concept is supported by the following observations: first, the
structural models of Fig. 2 evidence that methionine is selectively
enriched on the protein surface or the lipid bilayer interface. At
these sites, methionine residues are especially reactive (17, 19),
whereas their oxidation to sulfoxides does not entail major struc-
tural distortion of the carrier protein (19). Second, methionine can
be economically repaired by MSRs, which are known to be ex-
pressed in mitochondria and whose silencing has been shown to
compromise mitochondrial membrane potential in cultivated cells
(18). We have examined all genomically sequenced, methionine-
accumulating animals and fungi for sequences homologous to
Escherichia coli MSR-A and -B, and we have found corresponding
sequences in all cases (data not shown), indicating that this poten-
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tially mandatory condition for the extensive use of methionine as
antioxidant was fulfilled. In contrast, various unicellular organisms
reading AUA for isoleucine, particularly anaerobes, did not reveal
MSR-homologous sequences. It remains to be determined, though,
how far MSRs are capable of repairing intramembrane sulfoxides,
or whether those methionine residues are rather installed for
“single use.” Third, mitochondrial methionine in animals appar-
ently runs parallel to aerobic metabolic capacity. The anaerobic
platyhelminthes of Fig. 14 and slowly respiring sponges and echi-
noderms do not accumulate methionine and have refrained from
altering their genetic code, whereas insects, arachnids, and mam-
mals synthesize particularly methionine-rich respiratory chain com-
plexes (Fig. 1).

We sought to experimentally confirm our biochemical and
evolutionary reasoning. All proteins affected by the AUA codon
reassignment are integral membrane proteins, whose overall trans-
membrane domain content amounts to some exceptional 55%. In
addition, they seem to expose the majority of their newly gained
methionines to the lipid bilayer (Fig. 2; Table 1). Thus, we have
synthesized lipophilic methionine derivatives (Fig. 44) to mimic the
biochemical result of the evolutionary AUA codon reassignment
from isoleucine to methionine and have investigated these com-
pounds for their potential to decrease oxidative stress in intact
eukaryotic cells and isolated mitochondria. The results in Fig. 4
show that intramembrane methionine enrichment in fact sup-
presses the measurable flux of oxidants in respiring tumor cells (Fig.
4B). A similar result was found after the exogenous addition of the
physiological peroxide H,O,, which can emerge from numerous
metabolic processes and mediates signaling and toxic responses (26,
27). A comparable reduction of cellular ROS was not observed with
isoleucine enrichment of the cells (Fig. 4C). In addition, the
reduction of ROS by methionine derivatives depended on the
intramembrane localization of the applied thioether moiety (of
methionine), because more hydrophilic but cell-permeable com-
pounds, such as acetyl methionine methyl ester, were hardly effec-
tive (Fig. 4D).

The cell penetration and intramembrane accumulation of both
model compounds of Fig. 44 were verified by means of an
HPLC-based analytical protocol. The results in Fig. 4E indicate
that, under the authentic conditions of the antioxidative activity
assay in Fig. 4C, both compounds achieved approximately the same
cell penetration (NDo-Met-OMe: 44%; NDo-Ile-OMe: 40%). In
addition, both compounds elicited considerable accumulation in
membranes as expected: the membrane-to-cytosol distribution
factor was 13.4 for NDo-Met-OMe and 13.5 for NDo-Ile-OMe.
Tracking the organelle distribution of the applied compounds by
subcellular fractionation (Fig. 4F), it was found that both com-
pounds attained the highest concentrations in the mitochondrial
fraction (P2), followed by the nuclear fraction (P1). Hence, both
compounds reached their assumed site of action to a similar degree,
which rules out differential distribution as an explanation for their
disparate antioxidant activities.

In primary mesencephalic neurons, which were used for their
high sensitivity to oxidants of mitochondrial origin (28), intramem-
brane methionine enrichment resulted in increased survival under
the physiologically hyperoxic conditions of the incubator (20% O»)
(Fig. 4G). Moreover, treatment with 100 uM NDo-Met-OMe was
able to partially prevent cell death from enhanced mitochondrial
oxidant production (Fig. 4 H and I) as induced by the mitochondrial
toxin rotenone (29). Rotenone is a well-established inhibitor of
mitochondrial complex I that has been demonstrated to induce
mitochondrial oxidative stress in vitro, resulting in a syndrome
resembling Parkinsons’s disease in vivo (29).

Finally, we aspired to obtain a quantitative comparison between
the degree of methionine accumulation effected by the mitochon-
drial codon reassignment and the pharmacological application of
our model compounds. Rat liver mitochondria arguably constitute
the best-characterized mitochondrial species. Using literature val-
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Fig.4. Antioxidant and cytoprotective effects of intramembrane methionyl
accumulation. (A) Chemical structures of 2 model compounds used to mimic
the cellular effect of the AUA codon reassignment in mitochondria. The 2
structures are N-dodecanoyl methionine methyl ester (NDo-Met-OMe) and
N-dodecanoyl isoleucine methyl ester (NDo-lle-OMe). (B) Metabolic oxidant
flux in respiring SH-SY5Y neuroblastoma cells as measured by the temporal
increase in cellular DCF fluorescence. Treatments were vehicle (circles), 50 uM
NDo-lle-OMe (squares), and 50 uM NDo-Met-OMe (triangles). (C) Induced
oxidant flux in SH-SY5Y cells after addition of hydrogen peroxide (H,O>; 500
uM). Shown are normalized increases in cellular DCFA fluorescence 1 h after
application of the peroxide. Black bars represent NDo-Met-OMe, gray bars
represent NDo-lle-OMe. (D) Comparison of N-acylated methionine derivatives
as oxidant quenchers in SH-SY5Y cells. Experiments were done as in C; mea-
surements were done after 3 h of incubation with H,0;,. Ac is N-acetyl
methionine methyl ester, Do is N-dodecanoyl methionine methyl ester, Pa is
N-palmitoyl methionine. Each stack of bars represents concentrations of 0, 25,
50, 100 uM of the corresponding compound from left to right. (E) Cell
permeability and membrane accumulation of NDo-Met-OMe (black bars) and
NDo-lle-OMe (gray bars), analyzed by HPLC with fluorescence detection.
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ues on the frequency of each respiratory chain complex per
mitochondrion (30) and data from the National Center for Bio-
technology Information (NCBI) Genome Database, we were able
to calculate the approximate increase in protein methionine ef-
fected by the codon reassignment (Table S2). In rat liver mitochon-
dria, a “sudden loss” of the codon reassignment would decrease the
total protein-bound methionine concentration by ~8 mM. Simi-
larly, a difference of 11.5 mM methionine can be calculated for M.
bicolor vs. F. serratissima mitochondria, if similar respiratory chain
complex copy numbers as in rat liver mitochondria are assumed
(Table S2). In return, freshly prepared rat liver mitochondria were
significantly protected from iron/hydrogen peroxide toxicity by 100
uM NDo-Met-OMe (Fig. 47). Under the conditions of the exper-
iment, 42% of the applied substance entered the mitochondria
(data not shown). Using published values (30) for rat liver mito-
chondrial volume (2.7 10716 L) and protein content (1.1X10713 g),
these figures translate into a mitochondrial NDo-Met-OMe con-
centration of ~17 mM. Hence, the mitochondrial genetic code
reassignment and the pharmacological application of NDo-Met-
OMe appear to match on a topological, qualitative, and even
quantitative level. Thus, intramembrane methionine enrichment
seems to provide significant antioxidant protection to eukaryotic
cells, illustrating why mitochondrial inner membranes as prime
targets of ROS have been selected by evolution to acquire and
sustain unrivalled contents of methionine.

In summary, mitochondrially encoded proteomes of most ani-
mals contain conspicuously higher contents of the easily oxidized
amino acid methionine than nuclear-encoded proteomes. This
increase is due to the use of a second codon for methionine as part
of a nonstandard genetic code, which could be installed against
strong evolutionary pressures of conservation, because isoleucine
and methionine were of similar size and shape, minimizing protein
structural distortion that may have been caused by their exchange,
whereas methionine provided an immediate selective advantage as
antioxidant on the formerly isoleucine-occupied hydrophobic sur-
faces. Our results offer a specific and functional explanation for the
modern evolution of a nonstandard genetic code as a unique
adaptation of mitochondria to oxidative stress.

Materials and Methods

Data Sources and Calculations. Sequences for mitochondrial genome and pro-
teome analysis were obtained at the indicated time points from the NCBI genome
database (www.ncbi.nlm.nih.gov/genomes/static/euk_o.html). Nuclear-encoded
proteomes were from the European Bioinformatics Institute (EBI) Integr8 data-
base (www.ebi.ac.uk/integr8). Proteomicamino acid contents were quantified by

SH-SY5Y cells were treated with both compounds (100 M) as in C, after which
the different compartments were separated by centrifugation. (S) superna-
tant (incubation medium); M, membrane fraction; C, cytosolic fraction. Data
are presented as relative recovery of each applied compound. (F) Subcellular
distribution of NDo-Met-OMe (black bars) and NDo-lle-OMe (gray bars) in
SH-SY5Y cells. Organelle-enriched fractions were prepared after 1-h incuba-
tion (100 uM concentration) as in C. P1, nuclear fraction; P2, mitochondrial
fraction; P3, Golgi fraction; P4, endoplasmic reticulum fraction; S4, cytosolic
fraction. (G) Primary mesencephalic cell culture survival under hyperoxic
culture conditions (20% oxygen). Metabolic MTT reduction was measured in
mature cultures after a differential incubation with NDo-Met-OMe vs. NDo-
Ile-OMe for 3 d. (H) Micrographs of primary mesencephalic cells incubated
with rotenone (50 nM) and the indicated amino acid derivatives (100 uM) for
3d. (/) The same experiment as in H, quantified by microscopic evaluation of
neuronal survival. (J) Lipid peroxidation in rat liver mitochondria (1 mg/ml
protein), induced by 10-min incubation with 200 uM Fe2*/100 uM H,0,.
Mitochondria were preincubated with the compounds to be tested for 30 min.
TBARS formation was measured by fluorimetric assay. Black bars represent
NDo-Met-OMe, gray bars represent NDo-lle-OMe. Numericresults are given as
mean = standard deviation. Asterisks denote significantly decreased oxidant
flux (Cand D), significantly increased cellular survival (G and /), or significantly
decreased lipid peroxidation (J) as compared with the control (n = 3; P < 0.01
by ANOVA with Student-Newman-Keul's test).
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using customized Perl scripts. Protein transmembrane domains were identified
by means of a hidden Markov model algorithm (TMHMM) (31).

Inclusion Criteria for the Analyzed Species. All metazoan phyla with 3 or more fully
sequenced mitochondrial genomes were considered for analysis. Phyla with <50
sequenced representatives were analyzed in full (sponges, cnidarians, brachiopods,
and annelids were processed in April 2006; mollusks, platyhelminthes, nematodes,
and echinoderms were processed in November 2005). Phyla with >50 sequenced
mitochondrial genomes were partially considered: of the arthropods, all insects,
crustaceans, and arachnids were analyzed in November 2005; of the chordates, all
species listed in an arbitrarily chosen reference book (32) were sampled in August
2005. Pertaining to fungi, plants, and other eukaryotes, all totally sequenced mito-
chondria were analyzed in April 2006. All nuclear proteomes available from the EBI
Integr8 database were analyzed in November 2005.

Molecular Modeling. 3D models of respiratory chain proteins were generated by
alignment with the experimental crystal structures of corresponding bovine
sequences [COX: Protein Data Bank (PDB) 1v54; cytochrome b: PDB 1bgy], which
were obtained from the PDB (www.rcsb.org). Structural calculations were per-
formed on the Geno3D server of the Péle Bioinformatique Lyonnais (33) (http:/
geno3d-pbil.ibcp.fr). Surface exposure data were calculated on the WHAT IF
server (34) (http:/swift.cmbi.ru.nl/whatif).

Biochemical and Cell Culture Experiments. All experimental procedures were
conducted according to established protocols published elsewhere; customized
chemicals were synthesized as described (35) from commercially available acyl halides
(Sigma-Aldrich) and amino acid esters (Bachem) and were analyzed by TLC, mass
spectrometry, and "H-NMR. Clonal and primary cell culture were essentially done as
described (36, 37); rat primary mesencephalic cells were cultivated in neurobasal
medium (Invitrogen) supplemented with B27 without antioxidants. Primary cells
were used for experiments after 9 days of differentiation in vitro.

Cellular oxidative flux was quantified on stringently washed SH-SY5Y neuro-
blastoma cells in suspension (10° cells per ml) loaded with the redox-sensitive
fluorescent dye 2’,7'-dichlorofluorescin diacetate (DCFA) (38) (5 nM). Cell viability
analyses were either done by the metabolic 3-(4,5-dimethylthiazol-2-yl-)-2,5-
diphenyltetrazolium bromide (MTT) reduction method or by microscopic exam-
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ination for morphologically intact neurons and counting of the resulting cell
numbers (38).

Subcellular fractionation of neuroblastoma cells was done by stepwise differ-
ential centrifugation (39). Cell membranes were prepared by sonication of the
cells in authentic homogenization buffer (39), followed by ultracentrifugation at
90,000 X g for 40 min.

NDo-Met-OMe and NDo-lle-OMe were analyzed by means of a fluorescence
derivatization RP-HPLC routine. In brief, cellular fractions were supplemented
with 50 nmol of the internal standards (N-dodecanoyl valine ethyl ester, NDo-
Val-OEt, and heptadecanoic acid), after which they were extracted with chloro-
form-methanol as described (40). The resulting lipids were dried and hydrolyzed
in 0.5 M methanolic KOH (80 °C, 1 h). After acidification with HC, the hydrolysate
was extracted with hexane, dried, redissolved in acetonitrile, and derivatized
with the carboxylic acid-reactive fluorescent label 4-bromomethyl-7-methoxy-
coumarin as published (41). The obtained fluorescently labeled fatty acids and
dodecanoyl amino acids were quantified by reversed-phase HPLC at 325-nm
excitation/398-nm emission, using a 35-min acetonitrile-water gradient (60—
100% acetonitrile).

Rat liver mitochondria were prepared following standard protocols (30, 42).
Thiobarbituric acid reactive substances (TBARS) were measured after 10-min
induction of lipid peroxidation with 200 uM Fe2*/100 uM H,0, as free radical
initiation system (42).

Statistical Analyses. Experimentally generated data were tested for statistical
significance by 1-way ANOVA followed by Student-Newman-Keul’s multiple
comparisons test. Mitochondrially encoded methionine contents and surface
exposures were analyzed with the same algorithm. Evolutionary trees and phy-
logenetically independent contrasts were generated as described (24). The ob-
tained independent contrasts were evaluated by correlation analysis.
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