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Selenocysteine (Sec), the 21st amino acid, is incorporated into proteins through the recoding of a termination codon, an
inefficient translational process mediated by a complex molecular machinery. Sec is a rare amino acid in extant proteins,
chemically similar to cysteine (Cys), found in homologous position to Cys of nonselenoprotein families. Selenoproteins
account for the dependence of vertebrates on environmental selenium (Se) and have an important role in several Se-
deficiency diseases. Selenoproteins are poorly characterized enzymes and reports on the functional exchangeability of
Sec with Cys are limited and controversial. Whether the unique role of Sec in some selenoenzymes illustrates the broader
contribution of Se to protein function is unknown (Gromer S, Johansson L, Bauer H, Arscott LD, Rauch S, Ballou DP,
Williams CH Jr, Schirmer RH, Arnér ES. 2003. Active sites of thioredoxin reductases: why selenoproteins? Proc Natl
Acad Sci USA. 100:12618-12623). Here, we address this question from an evolutionary perspective by the simultaneous
identification of the patterns of divergence in almost half a billion years of vertebrate evolution and diversity within the
human lineage for the full complement of enzymatic Sec residues in these proteomes. We complete this analysis with
data for the homologous Cys residues in the same genomes. Our results indicate concerted purifying selection across Sec
and Cys sites in all selenoproteomes, consistent with a unique role of Sec in protein function, low exchangeability, and an
unknown degree of functional divergence with Cys homologs. The distinct biochemical properties of Sec, rather than the
geographical distribution of Se, global O, levels or Sec metabolic cost, appear to play a major role in driving adaptive
changes in vertebrate selenoproteomes. A better understanding of the selenoproteomes and neutral evolutionary patterns
in other taxa will be necessary to fully assess the generality of this conclusion.

4
2
H
-}
=
©
>
£5)
a
Z
<
D
Q0
o
—
>
/M
=
<
-
)
Q
&5
—
>

Introduction insertion (Driscoll and Copeland 2003). The Sec residue en-
coded by the recoded UGA is inserted into the growing pep-
tide, and translation of the protein continues until the proper
termination codon.

The majority of eukaryotic and prokaryotic selenopro-
teins have now been found in Cys form raising questions
about the functional exchangeability of Sec with Cys in pro-
tein function, a long-standing issue in Se biology (Johansson
etal. 2005). Among those clades with Se-dependent proteins,
the growing knowledge of the number, distribution, and
function of vertebrate selenoproteins and their Cys-contain-
teins.. Little is known about' the egcha.mgeability of seleno- glfstléﬁ;nnooloegts a(lG rzo(;gzr’ ?08!5'; 212?131’ ;flijugg ijesth:t %882:
cysteine (Sec), the 21st amino acid, in nature. Shchedrina et al. 2007), together with the evolutionary depth

Se.c 15 a cysteine (Cys) analogue with a selenium .(S.e)- and quality of vertebrate genomes, provides a first opportu-
containing selenol group in place of the sulfur-containing nity to gain insight into this question

thiol group in Cys (StaFlFman 1996). Sec and Cys residqe 5 0¢ The extent of exchangeability between Sec and Cys
cupy homologous positions, presumably serving an oxidore- residues reflects the contribution of Sec to protein function.

ductase role, in several proteins not fully functionally o . .
. . The long-term exchangeability between these amino acids,
characterized. Although the translation of Cys codons . .
. L . however, cannot be fully ascertained from functional stud-
(UGC/UGT) in these proteins is typical, a complex transla- . . . . .
ies on extant selenoproteins, as functional differences in

tional machinery is necessary to incorporate Sec into an in- d £ . 1
frame termination codon (UGA) in selenoproteins (Driscoll present-day sequences are not a Measure o tness In natura
P populations (Gould and Lewontin 1979; Eyre-Walker and

and Copeland 2003). In eukaryotes, the S.e N mse,n ton Keightley 2007; Nielsen et al. 2007). Therefore, the best
sequence (SECIS), an RNA stem-loop located in the 3’ un- 3 ..
approach to evaluate the functional exchangeability be-

translated region of selenoprotein genes, recruits several . . .
. N tween the two amino acids is to infer the strength and mode
transacting factors to recode UGA from termination to Sec . . .
of natural selection acting on the reciprocal exchange of res-
idues (Williamson et al. 2005), as amino acid exchangeabil-
ity is a measure of the neutrality of the substitution of two
residues by one another in a protein.
Neutral patterns of selenoproteome divergence and di-
versity would indicate no fitness advantage or disadvantage
of Sec over Cys (e.g., no distinct contribution of Sec to protein
Mol. Biol. Evol. 26(9):2031-2040. 2009 tivity). Under neutrality, the expected patterns of variation
doi: 10.1093/molbev/msp109 activity). ! Y, 1 p p ) ¢
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Patterns of amino acid changes in proteins are often
interpreted as a measure of the exchangeability between
amino acid pairs. Indeed, the propensity for evolutionary
change from one amino acid to another has been thoroughly
studied. For example, the AAindex database (Kawashima
et al. 2008) contains dozens of exchangeability measures
between amino acids, from purely physicochemical to
purely comparative. A functional interpretation of these
measures is common in evolutionary studies. This research,
however, applies only to the standard 20 amino acids in pro-
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theory or simulations of the evolutionary process (Castellano
2009). This constitutes the null (undisturbed by selective
forces) model of Sec usage in protein evolution. Departures
from neutrality are a signature of natural selection and, under
some simplifying assumptions, can be interpreted as 1)
selection against deleterious Sec/Cys mutations (purifying
selection), which is consistent with low Sec/Cys exchange-
ability and denotes functional differences between Sec and
Cys residues; purifying selection would result in a deficit
of variation within populations and differentiation among
populations, or 2) selection favoring advantageous Sec/Cys
mutations (positive selection), which can be interpreted as
evidence for adaptive evolution and, in the case of heteroge-
neous selective pressures unrelated to protein function, high
Sec/Cys functional exchangeability; positive selection in some
populations would result in an overall excess of variation.
Environmental, metabolic and biochemical selective
pressures have been suggested to shape Sec use in proteins.
Among those suggested are 1) the wide differences in di-
etary Se status among populations due to the worldwide
variability of Se content in soils and waters (Shamberger
1981; Levander 1987; Valentine 1997), which may lead to
disease due to excess or deficit of Se (Levander 1987); 2)
the different Sec sensitivities to oxidation among selenopro-
teins and selenoproteomes due to variable O, levels over geo-
logic time (Leinfelder et al. 1988; Jukes 1990; Berner 2006;
Berner et al. 2007); 3) the higher anabolic cost and lower
translational efficiency of Sec (Berry et al. 1992; Driscoll
and Copeland 2003; Mehta et al. 2004; Xu et al. 2007); and
4) the increased reactivity provided by Se (Berry et al.
1992; Rocher et al. 1992; Maiorino et al. 1995; Zhong and
Holmgren 2000), which results in a possibly advantageous
high catalytic activity in selenoenzymes (100- to 1000-fold
more active than their Cys counterparts). Such higher enzy-
matic efficiency of Sec over Cys has, however, recently been
challenged (Kanzok et al. 2001; Gromer et al. 2003; Kim and
Gladyshev 2005) and its interpretation in terms of functional
exchangeability over evolutionary time is problematic. The
importance of these selective factors in selenoprotein evolu-
tion is untested, despite their common explanatory role for
Sec/Cys replacements in the Se and selenoprotein literature.
Here, we study the exchangeability between Sec and
Cys enzymatic residues through the analysis of the patterns
of divergence among vertebrates and diversity within hu-
mans of all homologous Sec and Cys sites in these genomes.
We identify concerted purifying selection across these sites
in all selenoproteomes, consistent with aunique role of Sec in
protein activity. The low exchangeability observed between
Sec and Cys amino acids reveals a previously unappreciated
degree of functional divergence between Sec- and Cys-
containing enzymes where the distinct biochemical prop-
erties of Sec, and not environmental nor metabolic factors,
may drive adaptive changes in selenoproteomes. Our conclu-
sions represent a strong departure from the recent but prevail-
ing view favoring ecological explanations to Sec evolution.

Materials and Methods
The Human Selenoproteome

The human selenoproteome consists of 25 selenopro-
teins (Kryukov et al. 2003) and 6 paralogous genes with

Cys (supplementary table S1, Supplementary Material on-
line). In addition, four genes with Cys, orthologous to ver-
tebrate selenoproteins, exist (supplementary table S1,
Supplementary Material online). All 35 proteins were in-
cluded in the divergence and diversity analyses. However,
only the enzymatic Sec residue in the N-terminal domain of
SelP was analyzed. Human sequences were obtained from
SelenoDB (Castellano et al. 2008) at http://www.selenod-
b.org. This database provides the correct genomic structure
of all human selenoprotein genes, which is essential to our
genotyping efforts. Other more general databases only con-
tain the mRNA sequence (e.g., Genbank) or vertebrate se-
lenoprotein gene annotations of variable quality (e.g.,
Ensembl) and are not appropriate for this study.

Nonhuman Selenoproteomes

For completeness, we included these genes in our di-
vergence analysis (supplementary table S2 and supplemen-
tary fig. S1, Supplementary Material online).

Orthology Assignment

Following Nikolaev et al. (2007) phylogeny, one or
more representative from all major vertebrate taxa were
chosen 1) Supraprimates: Human, Chimpanzee, Macaque,
and Mouse; 2) Laurasiatheria: Dog and Hedgehog; 3)
Xenarthra: Armadillo; 4) Afrotheria: Elephant; 5) Marsu-
pialia: Opossum; 6) Prototheria (Monotremata): Platypus;
7) Archosauromorpha (crocodiles, dinosaurs, and birds):
Chicken: 8) Lepidosauromorpha (snakes and lizards):
Lizard; 9) Amphibia (salamanders and frogs): Frog; and
10) Teleostei: Puffer fish and Zebrafish. The phylogeny en-
compasses 450 = 36 My of vertebrate evolution (Hedges
2002; fig. 1). See supplementary table S3, Supplementary
Material online for species scientific names.

Nonhuman selenoproteins are routinely misanno-
tated in genomic projects as most gene annotation systems
consider Sec as a stop codon. The correct gene structures
and protein sequences for most selenoproteins in diverged
species are not easily available and their annotation will
involve extensive manual curation in the future. There-
fore, orthologous residues to 25 Sec and 10 homologous
Cys amino acids in human were identified as follows: 1)
The 35 human proteins, organized into 19 families (sup-
plementary table S1 in Supplementary Material online),
were blasted (Gish and States 1993) against the panel
of vertebrate genomes. WU Blast 2.0 parameters were
E = 0.001, W = 4, and filter = seg in combination of
the substitution matrices BLOSUMS0, 62 or 80; 2) all hits
were automatically filtered for alignments with symmetri-
cal conservation in regions flanking Sec—Sec or Cys—Sec
aligned pairs (at least 5 similar residues in both regions of
10 amino acids each); and 3) the target sequences in each
alignment were blasted back against the human families.
Orthology was assigned by best reciprocal hit. In each
step, alignments were manually inspected and extended
beyond the Sec codon if necessary. Thioredoxin-like pro-
teins were searched without the symmetrical conservation
filter due to the short sequence region beyond Sec. When
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Fic. 1.—Divergent evolution of vertebrate selenoproteomes illustrated with the inferred ancestral vertebrate selenoproteome, ancestral Cys
homologs, and Sec/Cys changes between orthologous genes along the phylogeny.

available, shark, lamprey, and sea urchin sequences were
used to polarize Sec/Cys states. Gene orthology and paral-
ogy were identified through gene and species tree recon-
ciliation (Zmasek and Eddy 2001). Orthology assignment
for nonhuman or nonmammalian selenoproteins was car-
ried out similarly.

Reconstruction of Ancestral Selenoproteomes

The program Mesquite v1.12 (http://mesquiteprojec-
t.org) was used to assign optimal character states (Sec/
Cys) to the proteins in the tree internal nodes using the
most-parsimonious reconstruction under the Fitch parsi-
mony criterion (Fitch 1971). The overall similarity of sele-
noproteomes observed among species and the small
number and phylogenetic distribution of identified Sec/
Cys changes makes the use of Maximum Parsimony a rea-
sonable choice.

Ancestral Selenoproteome Size and O, Levels

Twelve reconstructed ancestral selenoproteome sizes
throughout the vertebrate phylogeny (fig. 1) were correlated
with the estimated levels of atmospheric O, (Berner 2006;
Berner et al. 2007; supplementary table S4, Supplementary

Material online). To compute Spearmans’s rank correlation
(no normality in the data assumed) given ties between
ranks, we calculated Pearson’s rank correlation coefficient
with the cor.test function of the R statistics package v2.5.1.
We tested significance with a one-sided #-test using the
same program.

Divergence Analysis of Enzymatic Sec/Cys Sites

The neutrality test is based on a simple divergence sta-
tistic D for binary Sec/Cys data. Let Dge. —, 4o be the propor-
tion of ancestral Sec sites that have diverged at least once
from the ancestral Sec state in a phylogeny. Similarly, let
Dcys— aa be the proportion of ancestral Cys sites that have
diverged at least once from the ancestral Cys state in a phy-
logeny. Then, over n ancestral sites of the same class, D is
simply computed as:

1 n
¥
ni=
where d; = 0 if the ith site has not diverged in any species
from its ancestral state, and d; = 1 if the ith site has diverged

in one or more species from its ancestral state. This expres-
sion of divergence is highly conservative to deviations
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toward purifying selection because multiple changes in
a site (expected under neutrality) do not affect (counted
as one) the estimate of D.

The neutrality test is carried out comparing the empir-
ically observed Dqy,s with the distribution of D, which was
obtained through neutral simulations of the evolution of an-
cestral Sec or Cys codons along the phylogeny (Nikolaev
etal. 2007; fig. 1). We use a continuous time Markov Chain
model of sequence evolution and assume independence be-
tween sites, a reasonable assumption because there is only
one Sec or Cys codon per gene. We performed 10,000
Markov Chain Monte Carlo simulations with a modified
version of the program Seq-Gen v1.3.2 (Rambaut and
Grassly 1997), in which strongly deleterious mutations
(those resulting in TAA or TAG stop codons) are immedi-
ately eliminated from the population and do not contribute to
sequence divergence (source code and program available
from SC). We used the standard Hasegawa-Kishino-Yano
model of nucleotide evolution (Hasegawa et al. 1985) in
which the instantaneous rate of evolution is comprised of
a transition/transversion ratio (T'S/TV) set to 1.8 (Rosenberg
etal. 2003) and the equilibrium nucleotide frequencies set to
A =0.26,T=0.26,C =0.24, and G = 0.24, as estimated
from 4-fold degenerate sites in 10 vertebrate species ranging
from human to Takifugu (Margulies et al. 2005). Branch
lengths were set to a proxy of the mean number of neutral
mutations per site, the number of synonymous substitutions
per site, as estimated from 4-fold degenerate sites (Margulies
et al. 2005) for the set of species analyzed in this work
(Margulies EH, personal communication).

The exchangeability test is also based on the statistic
D. Let Dge. . cys be the proportion of ancestral Sec sites
that have diverged to Cys at least once from the ancestral
Sec state in a phylogeny. Similarly, let Dy gec be the
proportion of ancestral Cys sites that have diverged to
Sec at least once from the ancestral Cys state in a phylog-
eny. The exchangeability test is carried out comparing the
observed Dqy,s With the neutral distribution of D, which is
derived from 10,000 simulations where mutations other
than between Sec and Cys codons are effectively removed
from the population by strong purifying selection (see
above for mutational parameters). In this model, sequen-
ces evolve neutrally at a fraction of the mutation rate. Only
Sec/Cys neutral substitutions contribute to selenopro-
teomes divergence and, therefore, this test reflects the
overall proportion of deleterious Sec/Cys (probably func-
tion-altering) substitutions removed by the action of puri-
fying selection.

The distribution of mutation rate heterogeneity at the
megabase scale is difficult to estimate, as it depends on
chromosomal position, GC content, neighboring bases, ef-
ficiency of the repair system, and other factors (Ellegren
et al. 2003). We investigated the robustness of our tests
to nonuniform mutation rates in selenoprotein genes
through simulations of the neutral process with increasing
rate heterogeneity. We carried out simulations in which mu-
tation rates among genes obey a gamma distribution with
decreasing values of the shape (alpha) parameter so that ap-
proximately 10%, 15%, 20%, and 25% of the genes lie in
mutation cold spots (see Results and supplementary fig. S2,
Supplementary Material online).

Human Samples, Genotyping, and Sequencing

The Human Genome Diversity Panel-Centre d’Etude
du Polymorphisme Humain (HGDP-CEPH) Human Ge-
nome Diversity Cell Line panel contains 1,037 samples from
a wide range of world populations (Cann et al. 2002; sup-
plementary table S5, Supplementary Material online). In or-
der to assess variability at 25 Sec (TGA) and 10 Cys (TGT/
TGC) enzymatic codons in the panel, SNPlex genotyping
assays (Applied Biosystems, Foster City, CA) for all sites
and KASPar assays (Kbioscience, United Kingdom) for
14 codons (unresolved with the previous method) were de-
signed. For each codon, two possible changes were tested:
TGA to TGC/TGC, TGT to TGC/TGA, and TGC to TGT/
TGA. SNPIlex and KASPar genotyping assays were per-
formed according to manufacturer conditions and average
call rates of 98.34% and 98.4% were obtained, respectively
(supplementary table S6, Supplementary Material online).
Unclear genotypes (8 codons in a total of 11 individuals)
were confirmed through direct sequencing. Regions flanking
each codon were amplified in a 10-pl final volume contain-
ing PCRx Amplification Buffer (Invitrogen), 1.5 mM
MgSO,, 2x Enhancer Solution (PCRx Enhancer System,
Invitrogen), 0.5 uM of each primer (supplementary table
S7, Supplementary Material online), 200 uM deoxyribonu-
cleotide triphosphate, 0.5 U Taq DNA polymerase (Roche),
and 1 pl of 10-50 ng of DNA. Polymerase chain reaction
(PCR) cycling conditions were as follows: 95 °C for 5
min; 32 cycles of 95 °C for 30 s, 46.0 °C (GPx3), 48.0
°C (GPx8),48.0 °C (MsrA), 52.0 °C (SelH), 51.4 °C (SelM),
50.7 °C (SeIN), 48.0 °C (SelT), 48.7 °C (TR1) for 30 s, and
72 °C for 2 min; with a final elongation step at 72 °C for 7
min. Amplification products were purified with Exo-SAP
(GE Healthcare Europe GMBH). Sequencing reactions were
performed for each strand, using the corresponding forward
or reverse amplification primer with the ABI PRISM Big-
Dye Terminator v3.1 Cycle Sequencing kit (Applied Biosys-
tems) following the supplier’s instructions. Sequencing
products were subsequently purified using the Montage
SEQ96 clean up kit (Millipore) and analyzed on
a 3730XL DNA Analyzer (Applied Biosystems).

Diversity Analysis of Enzymatic Sec/Cys Sites

The survey of variability revealed no variation in Sec
and homologous Cys sites in humans. The probability of
finding, under neutrality, no variation in 35 sites and
2,074 chromosomes given the average level of diversity
in humans was assessed based on coalescent theory: first,
analytically (Hein et al. 2005), considering the average 0 of
the human genome (8.25 x 10_4) (Venter et al. 2001) and
second, through coalescent simulations. Neutral coalescent
simulations simulate the expected diversity of a locus under
neutrality given its mutation rate, sample size, and the de-
mographic history of the population. The evolution of the
35 sites was simulated with the program ms (Hudson 2002),
considering the above 6 in the human genome, under de-
mographic equilibrium and a range of demographic scenar-
ios compatible with the history of human populations
(Marth et al. 2004; Williamson et al. 2005). Though all de-
mographic models represent simplified versions of the
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Fic. 2.—Expected distributions under neutrality of the test statistic D. The observed D statistic in vertebrates, indicated as Dqy,s, has the same value
in the neutrality and exchangeability tests (no changes other than between Sec and Cys were found). The distributions used in each test are depicted
together in each panel. (A) Neutral distribution of the proportion of divergent Sec sites (Dsec—»aa), in blue, and neutral distribution of the proportion of
divergent Sec sites (Dsec - cys) in the Sec/Cys exchangeability test, in red; (B) Neutral distribution of the proportion of divergent Cys sites (Dcys—qa), in
blue, and neutral distribution of the proportion of divergent Cys sites (Dcys— sec) in the Sec/Cys exchangeability test, in green. Due to the small number
of simulated Cys sites (n = 10), the discrete D¢y se distribution does not contain values in all bins.

complex demographic history of human populations, fitting
demographic parameters in a model of the demographic his-
tory of 51 populations is not practical given the small sam-
ples in each. Ignoring the population structure present in the
data makes the test conservative, because population differ-
entiation increases variability and reduces our power to re-
ject neutrality. Ten thousand simulations were performed
for every model, and the probability of the data was as-
sessed by direct comparison of the number of observed
polymorphic sites with the simulated distribution. Analyt-
ical and simulation results agree, regardless of the demo-
graphic model considered.

Results
Reconstruction of Ancestral Selenoproteomes

Our reconstruction of the ancestral vertebrate seleno-
proteome resulted in 31 selenoproteins (DI1, DI2, DI3,
GPx1, GPx2, GPx3, GPx4, Sell5, SelH, Sell, SelJ, SelK,
SelM, SelN, SelL, SelO, SelPa, SelPb, SelR1, SelS, SelT,
SelUa, SelUb, SelUc, SelV, SelW1, SelW2a, SPS2, TR1,
TR2, and TR3) and 5 Cys homologs (GPx7, GPx8, MsrA,
SelR2, and SelR3). See figure 1 and supplementary tables S1
and S2, Supplementary Material online. In addition, six non-
ancestral selenoproteins (DI4, Fepl5, GPx6, SelT2, SelT3,
and SelR4) and one Cys homolog (GPx5) exist (supplemen-
tary fig. S1, Supplementary Material online). Three nonan-
cestral selenoprotein genes (SelT3, SelR4, and DI4) occur in
asingle species and provide no divergence information (sup-
plementary fig. S1, Supplementary Material online). There-
fore, the divergence of 35 Sec (Sell. has two Sec codons)
throughout the phylogeny is considered. Only six Sec/Cys
replacements were found in the whole vertebrate tree, all
leading to the loss of Sec (fig. 1). Four of these changes
to Cys occur deep within the vertebrate phylogeny, and their
subsequent divergence can be simulated in the correspond-
ing clades. Together with the 6 Cys sites at the root of the tree,
the divergence of a total of 10 Cys sites is, then, simulated.

Ancestral Selenoproteome Size and O, Levels

To test whether Sec has an increased sensitivity to rising
O, levels in vertebrate evolution (Berner 2006; Berner et al.
2007), we computed the correlation of the inferred ancestral

selenoproteome sizes along the internal nodes in the phylog-
eny with the estimated levels of atmospheric O, in the cor-
responding geological periods (see Materials and Methods).
The predicted negative correlation, at the 5% significance
level, between selenoproteome size and environmental O,
levels is not significant (r = —0.09516, P = 0.38430).

Divergence Analysis of Enzymatic Sec/Cys Sites

Our neutrality test on the pattern of divergence of all
enzymatic Sec (Dgec—aq = 0.171, P < 0.0001 and homol-
ogous Cys (Dcys—aa = 0, P < 0.0001) sites over half a bil-
lion years of vertebrate evolution is consistent with strong
purifying selection (fig. 2A, Dgec—aq in blue, and B,
Dcys—qa in blue). This experiment, though, informs us
of the extent of constraint acting on these sites, not of
the functional exchangeability between Sec and Cys resi-
dues. To test for this, we introduce an exchangeability test
(see Materials and Methods) that takes into account the
chemical analogy and evolutionary homology of Sec and
Cys residues in the context of pervasive purifying selection
for any other amino acid substitution (i.e., other than Sec/
Cys replacements). In practice, we derive a null model
through simulations of the evolutionary process where
strongly deleterious mutations (with strongly negative fit-
ness effects) are immediately eliminated from the popula-
tion and only Sec/Cys neutral substitutions contribute to
selenoproteomes divergence. This test shows a deficit of
divergence when compared with the neutral expectation,
which is consistent with strong purifying selection and in-
dicates very low exchangeability between Sec (Dgec — cys =
0.171, P < 0.0001) and Cys (D¢ys—sec = 0, P = 0.0008)
residues in vertebrate proteins (fig. 2A, Dge. . cys inred, and
B, Dcys— sec in green). Although Dgec —, 40 and Dgec — cys are
different evolutionary measures, they have the same value
in vertebrates because only changes between Sec and Cys
residues were found. Both tests are robust to mutation het-
erogeneity across a genome (see Discussion and supple-
mentary fig. S2, Supplementary Material online).

Diversity Analysis of Enzymatic Sec/Cys Sites

We further investigated the role of environmental Se in
driving Sec/Cys changes by examining the diversity of Sec/
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Cys use in humans. A few populations are known to cur-
rently inhabit regions of Se deficiency, whereas others are
in regions of borderline Se toxicity (Levander 1987), but
the question of whether Se geographical distribution has
historically shaped human diversity is better served by
an unbiased sample of human populations, which provide
a cross-section of Se nutritional histories in the world (sup-
plementary table S5, Supplementary Material online). All
Sec and homologous Cys sites in the human genome were
genotyped in the HGDP—CEPH panel (Cann et al. 2002)
and no variation was found. Neutrality cannot be rejected
as an explanation for the absence of variants (P = 0.83 by
analytical method, P>0.99 by coalescent simulations) due
to power limitations given the population sample size, the
small number of Sec and Cys sites, and the little average
diversity of the human genome. Nevertheless, the absence
of polymorphism observed suggests that natural variation in
these sites is rare, if at all present, in human populations.
This is consistent with a minor role for Se availability in
shaping Sec use in human proteins.

Discussion

A fundamental question in Se biology is the extent of
functional exchangeability between Sec and Cys amino
acids, a measure of the distinct contribution of Sec to pro-
tein function. Sec is a nonstandard amino acid, and previous
evolutionary studies on amino acid exchangeability have
not considered this rare residue. To gain insight into this
question, we have characterized the evolutionary forces
shaping the exchange of Sec/Cys residues in vertebrates,
a challenging inference given the small number of Sec sites
in vertebrate proteomes. We believe this approach to be su-
perior to physicochemical or experimental measures of ex-
changeability (Grantham 1974; Miyata et al. 1979;
Yampolsky and Stoltzfus 2005) for the question at hand,
as it discerns selection from mutational biases and it
accounts for different fitness effects due to the use of
a Se-dependent amino acid in proteins. The recent charac-
terization of vertebrate selenoproteomes is believed to be
quite complete (Kryukov et al. 2003; Castellano et al.
2004, 2005; Shchedrina et al. 2007), and the knowledge
of the vertebrate phylogeny and mutation rates enables
us, for the first time, to test current hypothesis on the role
of Se and Sec in protein activity.

Our results are consistent not only with strong purify-
ing selection acting on both Sec and Cys sites (as expected
from functional sites), but also with a low level of func-
tional exchangeability between the two residues over half
a billion years of vertebrate evolution. These results under-
score the unique role of Sec in protein activity. In interpret-
ing these findings, it is worth noting that, as any
evolutionary inference, they depend on the null model
adopted and the test statistic used. In our simulations of
the neutral divergence of vertebrate selenoproteomes, the
expected number of synonymous substitutions per synon-
ymous site is used as a proxy of the neutral mutation rate
(see Materials and Methods). Synonymous mutations in
mammals and other vertebrates with small population sizes
are commonly assumed to be neutral. Although many syn-

onymous mutations are no doubt free from selection, selec-
tive pressures related to translational efficiency, mRNA
stability, splicing control, and others suggest that weakly
purifying selection may act on an unknown fraction of syn-
onymous sites (Chamary et al. 2006). Weakly purifying se-
lection would make us underestimate mutation rates in
vertebrate genomes, but would not compromise the tests.
On the contrary, a slower neutral rate of evolution would
make our tests conservative in the inference of purifying
selection, a statistical property shared by our divergence
summary statistic (see Materials and Methods).

A more problematic bias would be the underestimation
of the extent of mutation rate heterogeneity in a genome,
which would result in an overestimation of sequence diver-
gence. Such biased neutral expectation could result in the
false inference of constraint. Several lines of evidence,
though, suggest that this is an unlikely explanation to
our results. First, synonymous sites in selenoproteins and
Cys-homolog genes between humans and chimpanzees
are not unusually constrained, suggesting that mutations ac-
cumulate at a typical rate in these genes (Castellano S, data
not shown). Second, selenoproteins and Cys-homolog
genes are located in different chromosomal regions within
and between species genomes. That the distribution of
a large fraction of these genes consistently overlaps regions
of low mutation in most species, as the pervasive purifying
selection inferred above would imply, is highly improbable.
Third, neutral simulations with increasing levels of muta-
tion rate heterogeneity suggest that our tests are, to a large
degree, robust to nonuniform mutation rates. Therefore, all
evidence supports that vertebrate selenoproteomes are se-
lectively constrained and that such evolutionary conserva-
tion can be of functional relevance.

Accordingly, we discuss previously proposed selec-
tive pressures on Sec usage in the context of the inferred
constraint:

1. Nutrition is a prominent selective force in humans and
other species (Haygood et al. 2007), and dietary
adaptations are likely to have arisen primarily due to
changes in nutrient availability. For example, iron
deficiency in populations of European descent may
have caused recent local positive selection on the HFE
gene (iron absorption regulation), where an enhancing
Cys to Tyr mutation has reached a relatively high
frequency in only ~60 generations (Bamshad and
Wooding 2003). Environmental changes and range
expansions in populations may also have resulted in
different nutritional pressures regarding Se dietary
intake, an unevenly distributed trace element worldwide
(Shamberger 1981; Levander 1987; Valentine 1997).
Indeed, selective claims regarding Se availability in
vertebrates and other eukaryotes have been recently
published (Lobanov et al. 2007, 2008a, 2008b). If so,
patterns of selenoproteome divergence and diversity
should bear the footprint of past and present Se
abundance or deficiency events. Despite the fact that
vertebrate species may have repeatedly encountered
extreme Se environments in the last half billion years,
our exchangeability test fails to support extensive
positive selection targeting Sec/Cys sites (fig. 2A). This
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result is consistent with low functional exchangeability
between Sec and Cys amino acids and a minor role for
environmental Se in driving the use of Sec in vertebrate
enzymes. Furthermore, despite a considerable range of
variation in dietary Se intake among human populations
(Levander 1987), we find no evidence of variation in
the use of Sec and Cys residues among populations
worldwide (see supplementary table S5, Supplementary
Material online), suggesting that Se availability has not
sized the human selenoproteome among regions
throughout the world.

. Atmospheric O, levels have played a key role in the
evolution of vertebrates (Canfield et al. 2007).
Leinfelder et al. (1988) have suggested that the highly
oxidizable Sec (Jacob et al. 2003) is counterselected
(substituted by Cys) in response to rising O, levels,
a hypothesis later embraced by Jukes (1990). Although
this adaptive factor was suggested to be important 2.4
billion years ago, examples of molecular adaptations to
variable O, concentrations have been described in
animals (Bargelloni et al. 1998). A great increase in O,
levels in late Proterozoic (~600 Ma) preceded the
appearance of the first animals, and wide variations in
atmospheric O, concentrations followed in the Phaner-
ozoic (~550 Ma to the present). Vertebrates have
evolved for half a billion years with a maximum O,
concentration around 300 Ma (~31% O,), a minimum
about 200 Ma (~13% O,), followed by a steady rise to
present times (21% O,) (Berner 2006; Berner et al.
2007). O, levels have been recently proposed to drive
nonneutral evolution of eukaryotic selenoproteomes
(Lobanov et al. 2007, 2008a, 2008b). The extensive
constraint identified in Sec and Cys residues during
vertebrate evolution (fig. 2A and B) is, however, in
agreement with a limited role of O, in shaping Sec
usage, as broad fluctuations in selection intensity would
have resulted in episodic positive selection, most likely
in different genes in different lineages, leading to higher
selenoproteome divergence. In agreement, no signifi-
cant negative correlation between O, levels and
selenoproteomes sizes during the phanerozoic was
found (Results and supplementary table S4, Supple-
mentary Material online). However, the uncertainty of
these estimates, particularly of divergence times
between lineages, and the small number of selenopro-
teomes tested, makes this lack of correlation, at most,
suggestive. Nevertheless, the observation that verte-
brate selenoproteomes have remained similar in size,
virtually unchanged in mammals, for hundreds of
millions of years despite levels of atmospheric O,
exhibiting the greatest variability of any geological
period, is a stronger evidence of a minor role of O,
concentrations in driving Sec use in vertebrates.

. Metabolic costs of amino acid biosynthesis and
incorporation into proteins are usually overlooked
selective pressures (Akashi and Gojobori 2002). Sec
is an expensive residue due to its complex biosynthetic
pathway (Xu et al. 2007) and its elaborate and
inefficient cotranslational insertion into proteins (Berry
et al. 1992; Driscoll and Copeland 2003; Mehta et al.
2004). However, the strong purifying selection in both
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Cys and, more importantly, Sec sites (fig. 2A and B)
suggests no major detrimental effect on fitness of Sec
larger metabolic cost. Other than Sec anabolic fitness
effects, the slightly higher number of Sec to Cys than
Cys to Sec changes can be attributed to the requirement
of a functional SECIS element in selenoproteins. This
result provides some support, at least in vertebrates, to
the pattern of Sec usage following Dollo’s Principle
(Farris 1977), in which the derived state (Sec) arose
only once and reversals to Cys have occurred multiple
times.

4. Functional constraints on particular amino acid sites,
although difficult to document, can explain in part
heterogeneity in protein rates of evolution. The extent
of constraint in Sec and Cys sites across vertebrate
selenoproteomes strongly suggests that some functional
characteristics account for the low exchangeability
between Sec and Cys residues (fig. 24 and B). The
fine molecular features behind the observed degree of
constraint in each selenoprotein or Cys homolog may
vary and are not fully clear, as the majority of these
enzymes remain poorly characterized. Nevertheless, it
is now apparent that the higher catalytic activity usually
attributed to Sec-containing enzymes (Berry et al. 1992;
Rocher et al. 1992; Maiorino et al. 1995; Zhong and
Holmgren 2000) can only justify a fraction of the
extensive conservation in Sec and Cys sites during
vertebrate evolution. Similar catalytic activity between
homologous Sec- and Cys-containing enzymes, most
likely due to additional compensatory substitutions in
the active site of Cys enzymes, has been recently
reported (Gromer et al. 2003; Kim and Gladyshev
2005; Shchedrina et al. 2007). A broader range of
substrates and pH in which selenoenzyme activity is
possible (Gromer et al. 2003) or different catalytic
mechanisms between Sec- and Cys enzymes (Kim and
Gladyshev 2005) may account for the constraint and the
deleterious effect of Sec/Cys replacements inferred
here. A more complex view of Sec in protein activity is
emerging, and other biochemical and functional differ-
ences with fitness consequences may apply to the
majority of uncharacterized selenoenzymes. Hence, to
the question posed by Johansson et al. (2005) of
whether every reaction catalyzed by Sec can be
supported by Cys, the evolutionary analysis of all Sec
and Cys residues in vertebrate proteomes provides
a negative answer. Overall, our results support and
extend to the protein, organismal, and population level
the characterized physicochemical differences between
Se and S (Stadtman 1996).

We have derived a global measure of functional ex-
changeability across vertebrate selenoproteins and seleno-
proteomes and provided the first evolutionary assessment of
several selective pressures proposed to drive Sec use in pro-
teins. The low exchangeability between Sec and Cys resi-
dues is better explained by strong natural selection due to
Sec/Cys functional differences and, at best, a moderate role
of environmental and metabolic forces, suggesting caution
in the interpretation of evolutionary trends in Sec usage as
ecological adaptations. Although our results only apply to
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the vertebrate clade, we feel that common claims of ecolog-
ical adaptations in the Se field may be premature. Despite the
difficulties and uncertainties associated with any molecular
inference of the past, different selective factors leave differ-
ent signatures of selection and these adaptive hypotheses can
be examined through established evolutionary principles.
Strong evidence for selection is most needed for genes of
plausible ecological importance, like selenoproteins, as ap-
parent selective factors may discourage considering alterna-
tives to environmental adaptations (Gould and Lewontin
1979; Mitchell-Olds et al. 2007). Furthermore, natural selec-
tion is just one of several evolutionary mechanisms respon-
sible for differences at the molecular level (Lynch 2007) and,
despite typical assumptions in Se biology regarding the role
of natural selection, no Sec to Cys or Cys to Sec substitution
has yet been shown to be adaptive. Whether nonneutral evo-
lutionary processes are responsible for some of these amino
acid replacements is unknown. Similarly, whether adaptation
to local Se levels or other selective factors have driven the
evolution of selenoprotein expression, Se intake, metabolism
or transport has not been addressed. These are open questions
in Se biology.

A better understanding of the selenoproteomes and
neutral evolutionary patterns in other taxa will be necessary
to fully assess the generality of our conclusions. For exam-
ple, the recent identification in the Drosophila clade of the
first animal without selenoproteins is remarkable (Drosoph-
ila 12 Genomes Consortium 2007). Although all known
Drosophila species have three selenoproteins, Drosophila
willistoni has none. Indeed, insects seem to have a higher
number of Sec/Cys exchanges in proteins than vertebrates
(Chapple and Guigé 2008; Lobanov et al. 2008a, 2008b).
The evolutionary forces and selective pressures, if any,
driving these replacements are still unclear. Beyond the
Sec residue, the evolutionary forces targeting selenoprotein
genes as a whole are also poorly known. A notable excep-
tion is the Glutathione peroxidase 1 gene, which may have
been under adaptive evolution in recent human history
(Foster et al. 2006). In any case, if the results obtained here
are representative of more divergent species, the certain
conclusion is the unique role of Sec in protein activity
and evolution. Overall, Sec and Cys residues may be less
functionally exchangeable than usually thought and, if
some instances of Sec/Cys substitutions have been adaptive
in vertebrates or other taxa, Sec distinct biochemical prop-
erties, and not Se geographical distribution, global O, levels
nor metabolic cost, may have played a major role in the
evolution of selenoproteomes.

Supplementary Material

Supplementary figures S1 and S2 and tables S1-S7 are
available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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