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Variation among species in proteomic sulphur
content is related to environmental conditions
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The elemental composition of proteins influences the quantities of different elements required by
organisms. Here, we considered variation in the sulphur content of whole proteomes among 19 Archaea,
122 Eubacteria and 10 eukaryotes whose genomes have been fully sequenced. We found that different
species vary greatly in the sulphur content of their proteins, and that average sulphur content of proteomes
and genome base composition are related. Forces contributing to variation in proteomic sulphur content
appear to operate quite uniformly across the proteins of different species. In particular, the sulphur content
of orthologous proteins was frequently correlated with mean proteomic sulphur contents. Among
prokaryotes, proteomic sulphur content tended to be greater in anaerobes, relative to non-anaerobes.
Thermophiles tended to have lower proteomic sulphur content than non-thermophiles, consistent with the
thermolability of cysteine and methionine residues. This work suggests that persistent environmental
growth conditions can influence the evolution of elemental composition of whole proteomes in a manner
that may have important implications for the amount of sulphur used by living organisms to build proteins.
It extends previous studies that demonstrated links between transient changes in environmental conditions
and the elemental composition of subsets of proteins expressed under these conditions.
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1. INTRODUCTION

The elemental composition of biopolymers influences
the quantities of different elements required for their
synthesis, and has an important role in determining
nutrient relations between organisms and their environ-
ment (Sterner & Elser 2002). Increasingly, there is
recognition that systematic biases in the elemental
composition of biopolymers can be related to environ-
mental and resource constraints. This was first demon-
strated by Mazel & Marliere (1989), who found that
sulphur-starved cyanobacteria express sulphur-depleted
versions of light-harvesting proteins, thus reducing the
quantity of sulphur required to build proteins. Later,
we demonstrated that in Escherichia coli and Sacchar-
omyces cerevisiae, proteins used for assimilating sulphur
and carbon are significantly depleted of sulphur and
carbon atoms, respectively. We proposed that these
specific impoverishments in elemental protein com-
ponents help maintain the integrity of metabolic
networks during transitory shortages of these nutrients
(Baudouin-Cornu et al. 2001). Similarly, yeast cells
exposed to cadmium were demonstrated to reduce their
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use of sulphur in proteins by up to 30% through a large
reprogramming of protein synthesis, thus releasing more
sulphur atoms for the synthesis of glutathione, a major
cadmium detoxifying agent (Fauchon er al. 2002).
These studies each reveal adaptive responses by
organisms to transient shortages in nutrients, through
the synthesis of a subset of proteins with biases in their
elemental composition. They demonstrate the import-
ance of protein elemental composition in influencing
the quantities of nutrients required by organisms for
protein synthesis.

Recently, full genome sequences have become available
for many different organisms, providing the opportunity to
study the elemental composition of biopolymers among
large numbers of organisms at the levels of whole genomes
and proteomes. Such studies have revealed striking
variation among species in the carbon content of whole
proteomes, and strong associations between the carbon
and nitrogen content of whole genomes and proteomes
(Baudouin-Cornu ez al. 2004; Bragg & Hyder 2004).
However, several key questions remain unanswered. For
example, we do not yet know whether organisms adapted
to specific environmental conditions have consistent
differences in the elemental composition of their biopoly-
mers, and hence in the quantities of different nutrients
they require for growth. Biases in amino acid frequencies
of proteomes have been observed for organisms living
under specific environmental conditions (e.g. high tem-
perature; see Hickey & Singer 2004), and potentially have
consequences for elemental composition. Recognition of

© 2006 The Royal Society


http://dx.doi.org/10.1098/rspb.2005.3441
http://dx.doi.org/10.1098/rspb.2005.3441
http://www.journals.royalsoc.ac.uk
http://www.journals.royalsoc.ac.uk

1294 ]. G. Bragg and others Proteomic sulphur content

systematic variation in whole proteome elemental com-
position in organisms adapted to specific environmental
conditions would represent a significant advance, com-
plementing previous studies that have focused on subsets
of proteins expressed during transient changes in environ-
mental conditions.

An analysis of proteomic sulphur composition among
organisms may be particularly interesting in this regard.
Sulphur is contained in only two coded amino acids,
cysteine and methionine, which share a number of unique
properties (e.g. high susceptibility to oxidation; Berlett &
Stadtman 1997). Many organisms obtain inorganic
sulphur in the form of sulphate, and consume NADPH
when performing assimilatory reduction of sulphate into
sulphide, which is the only one-sulphur form that can be
incorporated into a carbon chain for the synthesis of
sulphur-containing amino acids. Moreover, among pro-
karyotes, diverse sulphur metabolic pathways are
employed in the production of energy. For example,
dissimilatory sulphate-reducing species use sulphate as a
terminal respiratory electron acceptor (Barton & Tomei
1995). Full genome sequences are now available for three
dissimilatory sulphate-reducing species: the eubacteria
Desulfovibrio vulgaris and Desulfotalea psychrophila, and the
archaeon Archaeoglobus fulgidus (Klenk et al. 1997;
Heidelberg er al. 2004; Rabus ez al. 2004).

In this study, we examine variation in protein sulphur
content within and among 151 species. Our aims were to
(i) determine whether proteomic sulphur content varies
substantially among species; (ii) investigate patterns in
protein sulphur content within proteomes, by considering
cumulative frequency (quantile) distributions of proteo-
mic sulphur content and the sulphur content of ortho-
logous proteins; and (iii) investigate factors that may
influence proteomic sulphur content in different organ-
isms, including genomic base composition, and traits that
reflect adaptations to persistent environmental features,
anaerobiosis and growth temperature.

2. MATERIAL AND METHODS

(a) Proteome sequences and calculations of protein
sulphur content

Protein and nucleic acid sequence data for 151 species (10
eukaryotes, 19 Archaea and 122 Eubacteria) were collected
from the NCBI ftp site (ftp:/ftp.ncbi.nih.gov/genomes).
Where data were available for multiple strains of a single
species, strains were excluded at random, so that each species
is represented only once in analyses. Data were pooled for
multiple chromosomes of a species, and plasmids were
excluded. Non-standard amino acids and bases (e.g. ‘X’)
were ignored in our calculations. See the electronic
supplementary material for a list of the species and strains
that were used, and their accession numbers.

For each protein sequence of each species, we calculated
protein length, and the frequency of use of each amino acid.
We also counted the number of sulphur atoms per protein,
and sulphur content per amino acid of each protein. For these
analyses, starting methionine residues were excluded, since
they are frequently removed from mature proteins (e.g. see
Meinnel ez al. 1993). We then calculated the mean proteomic
sulphur content (per amino acid) for each species, as the
average value across all the proteins.
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For each species, GC content (the proportion of guanine
plus cytosine bases) and AG content (the proportion of
adenine plus guanine bases) were calculated for each coding
sequence, and averaged.

(b) Sulphur content of orthologous proteins

Sequences for proteins in two sets of clusters of orthologous
groups (hereafter COGs; Tatusov et al. 1997) were down-
loaded from the NCBI ftp site (ftp:/ftp.ncbi.nih.gov/pub/
COG/COG). The first set consists of 63 COGs, whose
proteins are represented in all species in the unicellular COGs
database (widely distributed COGs; see electronic sup-
plementary material for a list). A large proportion of these
COGs (52 out of 63) are involved in translation. The second
set of COGs contains proteins that were determined to be
abundant in S. cerevisiae (Ghaemmaghami er al. 2003) and
which we used to investigate the influence of expression on
carbon use in whole proteomes (high expression COGs;
Baudouin-Cornu ez al. 2004). This set contains 25 COGs. We
calculated the sulphur content and length of proteins in these
COGs as described above. However, we did not exclude
starting amino acids, as COGs do not always include a
starting methionine. When a species had more than one
protein in a COG, we calculated an average value of sulphur
content and length, and these averages were used in
subsequent analyses.

(c) Species trait information

Prokaryotic species were classified as being either obligately
anaerobic, or non-anaerobes, based on sources including The
Institute of Genomic Research website (http://www.tigr.org/
tigr-scripts/CMR2/genome_properties), and literature
sources (e.g. Holt 1984, 1986, 1989a,b and Dworkin 2004;
see electronic supplementary material for more information).
Non-anaerobic species include those considered obligately
aerobic, facultatively anaerobic or microaerophilic. Among
the 141 prokaryotes in our dataset, we identified 25 anaerobes
and 106 non-anaerobes. The other species
undetermined.

Prokaryotic species were classified as thermophiles or non-
thermophiles, mainly using Dworkin (2004). Among the 141
prokaryotes, we identified 21 thermophiles in our dataset,
and 119 non-thermophiles (including 118 mesophiles, and
D. psychrophila, which is usually considered a psychrophile).
We obtained optimal growth temperature data for 92 species
in our dataset, mainly from the German National Resource
Centre for Biological Material website (www.dsmz.de; see the
electronic supplementary material for other data sources).
Where a range of optimal temperatures was given, we
calculated an average.

were

(d) Analyses of protein sulphur content within
proteomes

For each species in our dataset, we calculated quantile
distributions of protein sulphur content within proteomes (as
in Baudouin-Cornu er al. 2004) following the method
suggested by Karlin & Brendel (1992) for representing the
amino acid composition of proteins.

To test whether variation among species in mean
proteomic sulphur content was reflected in the sulphur
content of orthologous proteins, we considered sulphur
content quantile distributions for different species based
only on the widely distributed COGs, and considered the
variation in protein sulphur content of orthologous proteins
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by drawing sulphur content quantile plots for each individual
COG. We tested whether mean protein sulphur content of
these COGs (n=63) was correlated with mean proteomic
sulphur content, among 29 species (3 eukaryotes, 13 Archaea
and 13 Eubacteria, see electronic supplementary material)
that were common to our whole proteome dataset and the
COGs database. Finally, we tested the correlation between
the sulphur content of each of these 63 COGs with mean
proteomic sulphur content, among the same species (see
electronic supplementary material).

Since the number of sulphur atoms immobilized in a
proteome is influenced not only by the sulphur content of
each protein, but also by the relative abundance of proteins,
we considered sulphur content in proteins that are likely to be
highly expressed (‘high expression COGs’, see §2b) and
tested whether the mean sulphur content in these COGs was
correlated with mean proteomic sulphur content. This
analysis was done for the same 29 species used in the analysis
of widely distributed COGs.

(e) Relationships between proteomic sulphur content
and other traits, among organisms

We tested the relationship among prokaryotes between the
average GC content of coding sequences (hereafter genomic
GC content) and proteomic sulphur content by fitting a
polynomial regression, and calculated residual deviations
from the resulting curve (SPSS v. 12.0). We performed
simulations of this relationship, based on the genetic code. We
generated three randomized proteomes corresponding to
each of 11 values of genomic GC content: 20.8%, 26.0%,
31.2%,36.2%, 41.2%,46.2%,51.2%, 56.1%, 60.9%, 65.8%
and 70.6%. Each of these 33 proteomes consists of 2000
proteins of length 280, with each codon chosen randomly
with a probability determined by the required GC content.
When stop codons were encountered in sequences they were
discarded, and final GC content was corrected to take into
account the 2000 STOP codons. We did not enforce the use
of starting methionines in these simulations, since we
excluded starting methionines from our proteomic sulphur
content calculations.

We compared proteomic sulphur content between anae-
robes and non-anaerobes, and between thermophiles and
non-thermophiles, using Mann—Whitney U-tests (hereafter,
Mann—Whitney U abbreviated by U) (SPSS v. 12.0). These
analyses were repeated using residuals from the relationship
between GC content and proteomic sulphur content, to
consider the influence of these traits on proteomic sulphur
content independently of GC content. Additionally, thermo-
philes tend to have short proteins (Tekaia er al. 2002) and
elevated transcript AG content (Schultes ez al. 1997; Lambros
et al. 2003) relative to mesophiles. To ensure that these
features of thermophiles did not influence our analyses, we
compared total mean protein sulphur content between
thermophiles and non-thermophiles, and tested whether
there was an association between proteomic sulphur content
and the mean AG content of coding sequences.

Individual species may not represent independent data
points if closely related species have similar trait values due
to shared ancestry (see Harvey & Pagel 1991). Statistical
methods have been developed to analyse relationships among
species while accounting for phylogeny (e.g. Felsenstein 1985;
Harvey & Pagel 1991). However, the application of these
methods to prokaryotes may be complicated by the difficulty of
resolving phylogenetic relationships among deeply diverging
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groups (e.g. see Creevey et al. 2004). Therefore, we have
addressed this issue by repeating our analyses of proteomic
sulphur content in relation to genomic base composition and
environmental factors among prokaryotic orders. We obtained
taxonomic information from the NCBI Taxonomy website
(see http://www.ncbi.nlm.nih.gov/Taxonomy/taxonomy-
home.html/index.cgi), and calculated average values (across
species) of genomic base composition and proteomic elemen-
tal composition for each order. To test the influence of
anaerobiosis and thermophily at the level of order, we classified
prokaryotic orders as anaerobic (n=16) or non-anaerobic
(n=33), and as thermophilic (z=14) or non-thermophilic
(n=36), based on the representatives of orders in our species-
level dataset. For each comparison, we excluded species that
could not be classified according to the corresponding
environmental factor (anaerobiosis or thermophily), as well
as orders that contained representatives of both groups.

3. RESULTS

(a) Protein sulphur content: proteome quantile
distributions and orthologous proteins

Among species, the quantile distributions of protein
sulphur content (Sas) exhibited stochastic ordering
(Karlin & Brendel 1992; Baudouin-Cornu ez al. 2004;
see figure la—). That is, the quantile curves of different
species intersect relatively infrequently, such that the ranks
of species were quite consistent at different quantile
values. To illustrate this further, the protein sulphur
content of all 141 prokaryote species were ranked at
quantile values of Qg(20), Os(50) and Qs(80). Most
species had a similar rank at Qg(20), Qs(50) and Qs(80),
such that ranks at these quantiles were strongly and
positively correlated among species (for each pair-wise
correlation rg>0.95, one-tailed p<0.001; figure 1d).
Further, median values of proteomic sulphur content
were correlated very strongly with mean values of
proteomic sulphur content (n=141, rs=0.992, one-tailed
$<0.001). These results suggest that differences among
species in mean proteomic sulphur content are typically
indicative of differences across the quantile distribution of
their protein sulphur content values.

Sulphur quantile distributions using only widely
distributed COGs had shapes broadly similar to those of
whole proteomes (figure 2a), and exhibit considerable
variation among species. Further, quantile distributions of
sulphur content of individual COGs showed considerable
variation (figure 2b), demonstrating that proteins thought
to perform the same function can vary substantially in
their sulphur content. Among species, the mean sulphur
content in the widely distributed COG proteins (7= 63 for
each species) was strongly and positively correlated with
the mean sulphur content of whole proteomes (n=29,
rs=0.876, one-tailed p<0.001; figure 2¢). Further, when
we considered the relationship between mean proteomic
sulphur content and the sulphur content of the proteins of
each of these 63 COGs individually, there was a positive
and significant correlation for 43 out of 63 COGs (68%
had n=29, rs>0.312, one-tailed p<0.05 (Zar 1999); see
electronic supplementary material for more details).

Similarly, mean values of sulphur content per amino
acid in high expression COGs were correlated positively
with mean proteomic sulphur content (=29, rs=0.774,
one-tailed p<0.001). Taken together, our analyses of
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Figure 1. Quantile (cumulative frequency) distributions of protein sulphur content (atoms per amino acid, excluding start
methionines; Saa) for (@) 19 Archaea, (b) 14 Eubacteria and (¢) 10 eukaryotes. See electronic supplementary material for larger
versions of these graphs, with legends. (d) Plot of species ranks for protein sulphur content at quantile value Qg(20), versus ranks
at quantile value Qs(80), for 141 prokaryotes. The squares are Eubacteria, circles are Archaea. The lineis 1 : 1.

sulphur content in orthologous proteins suggest that
differences in mean values of proteomic sulphur content
are indicative of real differences among species in the
quantities of sulphur contained in proteins.

(b) Variation among spectes in proteomic sulphur
content

Among species, the maximum and minimum values of
mean proteomic sulphur content varied by 99.5% relative
to the average value. Eukaryotes tended to have
higher mean proteomic sulphur content than prokaryotes
(U=181, p<0.001). This was likely attributable to
higher use of cysteine in eukaryotes (as observed by
Karlin & Brendel 1992; U=64, p<0.001), since eukar-
yotes did not use significantly more methionine than
prokaryotes (U=698, p=0.96). Among prokaryotes,
there was no significant difference between Eubacteria
and Archaea in proteomic sulphur content (U=1090,
p=0.68). Across prokaryotic species, maximum and
minimum species values of mean proteomic sulphur
content varied by 85.6% relative to the average value.

(¢) Genomic GC content and proteomic sulphur
content

The three codons for cysteine and methionine (UGU,
UGC, AUG) have a mean GC content of 0.44, suggesting
that sulphur content might be greatest at intermediate GC
content, and lower at high and low values of GC content.
Among both randomized proteomes and real proteomes,
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mean sulphur content was related to GC content in a
manner well approximated by a convex parabola (figure 3;
among random proteomes, 7=33, Spp=—0.215 GC%*+
0.184 GC+0.012, ¥*=0.99, F=2297.34, p<0.001;
among real species, n=141, Sya=—0.171 GC?*+
0.164 GC—0.005, r*=0.291, F=28.36, p<0.001;
among orders, n=53, Saa=—0.196 GC?+0.188
GC—0.011, *=0.278, F=9.61, p<0.001). That is,
mean proteomic sulphur content was highest at inter-
mediate values of GC content, and lower at high and low
GC content. Also, at a given GC content, real proteomes
tended to contain less sulphur than expected according to
the simulations, with the exception of the sulphate-
reducing bacterium D. vulgaris, whose proteomic sulphur
content was comparable to the simulated value, and which
had the greatest value of proteomic sulphur content
among prokaryotes (figure 3).

(d) Anaerobiosis

Obligately anaerobic prokaryotes had higher values of
mean proteomic sulphur content than non-anaerobes
based on raw values of proteomic sulphur content
(among species, U=803.5, p=0.002, figure 3; among
orders, U=150, p=0.015), and residuals from the
relationship between GC content and proteomic sulphur
content (among species, U=855, p=0.006; among
orders, U=149, p=0.014). Both methionine and cysteine
appeared to contribute to elevated proteomic sulphur
content in anaerobes. Methionine was used more
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Figure 2. COG sulphur content (S denotes sulphur atoms
per amino acid). (a) Quantile distributions for the protein
sulphur content of 63 COGs, plotted for 13 Archaea.
(6) Quantile distributions of sulphur content in 20 individual
COGs (randomly selected from the 63 widely distributed
COGs). See electronic supplementary material for larger
versions of these graphs, with legends. (¢) Plot of mean
sulphur content of the proteins of 63 COGs as a function of
mean proteomic sulphur content (including starting methio-
nines), among 29 species. The lineis 1 : 1.

frequently in anaerobes than non-anaerobes (among
species, U=954, p=0.030; among orders, U=146,
$p=0.012). Cysteine was used more frequently by
anaerobic species than non-anaerobic species (U=842,
»=0.005), and anaerobic orders had a marginally
significant tendency to use more cysteine than non-
anaerobic orders (U=183, p=0.084). We tested whether
other easily oxidized residues: tyrosine, phenylalanine,
tryptophan and histidine (Y+F+W+H, hereafter
FYWH; Berlett & Stadtman 1997; Naya et al. 2002)
were also used more frequently by anaerobic species than
non-anaerobes. We found no difference in the use of
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Figure 3. Mean proteomic sulphur content (atoms per amino
acid, excluding start methionines; Saa) as a function of mean
GC content for randomly generated genomes (small circles),
unicellular eukaryotes (filled triangles), multicellular eukar-
yotes (open triangles), anaerobic prokaryotes (filled dia-
monds), non-anaerobic prokaryotes (open diamonds) and
unclassified prokaryotes (diamonds with dot). Fitted lines
indicate relationships between GC content and mean
proteomic sulphur content for randomly generated genomes
(dashed) and real prokaryotes (unbroken) (statistics provided
in the text). Arrows indicate points corresponding to the
species Desulfovibrio wvulgaris (Dou), Mycobacterium avium
(Mav), Rickettsia conorii (Reo) and Vibrio vulnificus (Vou).

FYWH between anaerobes and non-anaerobes before
(among species, U=1316, p=0.958; among orders,
U=236, p=0.551) or after (among species, U=1048,
p»=0.105; among orders, U=207, p=0.224) accounting
for the influence of GC content on FYWH.

(e) Growth temperature and proteomic sulphur
content

The optimal growth temperatures of the species in our
dataset varied widely (from 7 to 103 °C, figure 4). There
was a marginally significant tendency for sulphur content
to be lower in thermophiles than non-thermophiles
(among species, U=953, p=0.084; among orders,
U=174, p=0.092). This was probably attributable to
use of cysteine being lower in thermophiles (among
species, U=870, p=0.027; among orders, U=160,
$»=0.047), as methionine was not significantly lower in
thermophiles (among species U=1155, p=0.581; among
orders, U=223, p=0.531). The tendency of thermophiles
to use less sulphur than non-thermophiles was stronger
when considered as residuals calculated from the relation-
ship between GC content and mean proteomic sulphur
content (among species, U=753, p=0.004; among
orders, U=126, p=0.006). Moreover, among thermo-
philes, there was a significant negative correlation between
proteomic sulphur content and optimal growth tempera-
ture among species (=21, rs=—0.536, two-tailed
p»=0.012), and a marginally significant negative corre-
lation among orders (n=14, rs= —0.494, p=0.073). This
appears to be primarily due to decreasing use of
methionine with increasing optimal growth temperature
(among species, n=21, rg= —0.481, two-tailed p=0.027;
among orders, n= 14, rg= —0.627, two-tailed p=0.016),
as cysteine use was not related significantly to optimal
growth temperature among thermophiles (among species,
n=21, rs=—0.126, two-tailed p=0.587; among orders,
n=14, rs=0.011, two-tailed p=0.970).
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Figure 4. Mean proteomic sulphur content (atoms per amino
acid, excluding start methionines; Sas) as a function of
optimal growth temperature, among 92 prokaryotes. Plot of
mean proteomic sulphur content (atoms per amino acid,
excluding start methionines) as a function of optimal growth
temperature. Circles are thermophiles (optimal growth
temperature greater than or equal to 47 °C), non-thermo-
philes are squares, filled symbols are anaerobes, open symbols
are non-anaerobes.

Two additional analyses suggested that previously
observed traits of thermophiles, elevated AG content
(Schultes er al. 1997; Lambros ez al. 2003) and reduced
protein length (Tekaia ez al. 2002) did not account for our
observations of reduced proteomic sulphur content in
thermophiles. First, when we calculated mean proteomic
sulphur content per protein (without dividing by length),
we still found that thermophiles had lower mean
proteomic sulphur content per protein than non-thermo-
philes (among species, U=720, p=0.002; among orders,
U=133, p=0.010). Second, there was no significant
relationship between proteomic AG content and proteo-
mic sulphur content (among species, n=141,
rs= —0.031, two-tailed p=0.714; among orders, n=53,
rs=—0.091, two-tailed p=0.518).

4. DISCUSSION

This study of proteomic sulphur content in 151 species
extends our independent previous studies on proteomic
nitrogen and carbon content (Baudouin-Cornu ez al.
2004; Bragg & Hyder 2004), and has yielded several
important findings.

First, variation among species in proteomic sulphur
content is reflected quite uniformly across frequency
distributions of proteins in proteomes, and in proteins
thought to perform common functions in different species,
similar to previous observations for proteomic carbon
content (Baudouin-Cornu ez al. 2004). In particular,
proteins that are orthologous in different organisms can
vary considerably in their sulphur content, and across
species, the sulphur content of these proteins tends often
to be correlated with mean proteomic sulphur content.
This is important in that it refutes the possibility that
variation among species in proteomic sulphur content is
due solely to the presence of unique proteins in different

Proc. R. Soc. B (2006)

species. It also suggests a way to estimate mean proteomic
sulphur content rapidly for different species, by sequen-
cing a modest number of orthologous proteins (see
electronic supplementary material for a list of COGs and
their correlations with mean proteomic sulphur content).
Taken together, these observations suggest that mean
values of proteomic sulphur content among species ought
to provide a good indication of the relative sulphur content
of proteins of different organisms. Our observation that
protein sulphur content in highly expressed COGs is
correlated with mean proteomic sulphur content among
species is particularly important in this regard, since these
proteins may have an inordinate influence on the total
sulphur content of proteins in organisms. Therefore these
observations lend considerable weight to our analyses of
mean proteomic sulphur content among prokaryotes.

Our observations that mean values of proteomic
sulphur content vary widely among species (among the
prokaryotes, the maximum and the minimum values vary
by 85.6% relative to the mean value) imply that different
species vary greatly in the quantities of sulphur required to
build their proteins. This suggests interesting possibilities,
such as testing whether prokaryotes with low proteomic
sulphur content are competitively or adaptively favoured
under conditions of sulphur scarcity. Variation among
species in proteomic carbon content (12.5%, for the same
141 prokaryotes; J. G. Bragg 2005, unpublished results)
and nitrogen content (8.8%, for the same 141 prokar-
yotes; J. G. Bragg 2005, unpublished results) is more
modest. However, an important feature of variation
among organisms in proteomic carbon and nitrogen
content is that these properties are related negatively to
one another, probably because they are both related
linearly to genomic GC content, but negatively in the case
of carbon and positively in the case of nitrogen
(Baudouin-Cornu ez al. 2004; Bragg & Hyder 2004).
This implies tradeoffs among organisms in the quantities
of carbon and nitrogen atoms that are used in proteins
(Bragg & Hyder 2004). Here we show that proteomic
sulphur content is also related to genomic GC content,
and may therefore be subject to similar tradeoffs. That is,
forces influencing the frequency of use of any one of these
three elements in proteomes might additionally influence
the frequency with which the other two are used.

Similar to relationships among GC content and
proteomic nitrogen and carbon content (Baudouin-Cornu
et al. 2004; Bragg & Hyder 2004), the relationship
between GC content and proteomic sulphur content
appears to be specified in the genetic code. This is
demonstrated by the observation that simulations based
on the genetic code suggest a convex dependence of
proteomic sulphur content on GC content, as we observed
across real organisms. However, the relationship between
proteomic sulphur content and GC content contrasts to
those of carbon and nitrogen in three important ways.
First, sulphur is not a component of DNA. Genomes
contain carbon and nitrogen atoms in quantities that vary
deterministically with GC content (McEwan ez al. 1998),
such that for both carbon and nitrogen, atomic counts are
positively correlated in whole genomes and proteomes
(Bragg & Hyder 2004). Such a relationship does not exist
for sulphur. Second, the dependence of proteomic sulphur
content on GC content among real organisms is convex,
rather than linear. That is, organisms with intermediate
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GC content tend to have the highest proteomic sulphur
content. This is exemplified by the observation that ibrio
vulnificus, which has a moderate GC content (47%), has a
proteomic sulphur content that is 15.3% greater than that
of low GC content (32%) species Rickettsia conorii, and
34.5% greater than that of high GC content (69%) species
Mycobacterium avium (figure 3). Similarly, the proteomic
carbon and nitrogen contents of these species reflect the
influence of GC content: R. conorii has greater proteomic
carbon than V. wulnificus, which in turn has greater
proteomic carbon than M. awvium, while for proteomic
nitrogen content, this order is reversed (data not shown).
Third, the influence of GC content on proteomic sulphur
content is relatively weak, particularly relative to carbon,
and the variation in proteomic sulphur content at a given
value of GC content is quite substantial. Here, we report a
correlation coefficient (+*) of 0.29 for the polynomial
relationship between GC content and proteomic sulphur
content, among species. Previously it was shown that GC
content is very strongly related to proteomic carbon use
(r2 =0.81, Baudouin-Cornu et al. 2004; rs=0.88, Bragg &
Hyder 2004), while the relationship between GC content
and proteomic nitrogen use is weaker (Baudouin-Cornu
et al. 2004; Bragg & Hyder 2004).

We also observed that all species, with the exception of
D. oulgaris, have proteomic sulphur values lower than
predicted on the basis of the simulations. Two other
species of dissimilatory sulphate reducers, D. psychrophila
and A. fulgidus, also have relatively high values of
proteomic sulphur, ranking fifth and thirtieth, respect-
ively, among 141 prokaryotes. Possibly this reflects the
cost of biosynthesis of cysteine and methionine, especially
given the energetic cost of assimilatory sulphate reduction
(Akashi & Gojobori 2002; Fauchon et al. 2002). That is,
these three dissimilatory sulphate-reducing species may
have relatively high values of proteomic sulphur content
because they produce reduced sulphur during their
respiration.

Our observation that anaerobic prokaryotes tend to
have higher proteomic sulphur content than non-anae-
robes is consistent with the tendency of anaerobes to have
elevated use of cysteine-containing motifs (Major er al.
2004). However, the sulphur in cysteine-containing motifs
cannot explain elevated sulphur content in anaerobes
entirely, since we find that anaerobes also have higher use
of methionine than non-anaerobes. It has been reported
previously that a group of six easily oxidized amino acids,
including cysteine and methionine, were used less
frequently by obligate anaerobic species than by anaerobes
(Naya er al. 2002). It was suggested that these residues are
disfavoured in aerobes due to greater exposure to reactive
oxygen species. Here we did not find a significant
tendency for the other four easily oxidized amino acids
(tyrosine, phenylalanine, tryptophan and histidine) to be
used with reduced frequencies in non-anaerobes. These
results could imply that something other than suscepti-
bility to oxidation accounts for reduced use of sulphur-
containing amino acids in non-anaerobes, or it
could reflect the greater susceptibility to oxidation of
cysteine and methionine (Berlett & Stadtman 1997).
Elucidating the biochemical basis for the higher use of
sulphur-containing amino acids in anaerobes may be a
profitable avenue for future investigation.
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We observe a strong tendency for reduced use of
sulphur-containing amino acids by prokaryotes adapted to
high growth temperatures. Both cysteine and methionine
contribute to this pattern, in slightly different ways.
Cysteine content was lower in proteomes of thermophiles
than non-thermophiles, consistent with previous obser-
vations (Tekaia er al. 2002; Singer & Hickey 2003; Beeby
et al. 2005). However, we also found that methionine
content decreases with optimal growth temperature
among thermophiles, and that this probably causes a
negative relationship between optimal growth temperature
and proteomic sulphur content among thermophiles.
Previously, both cysteine and methionine have been
classified as thermolabile residues, due to their tendency
to undergo deamidation at high temperatures (Russell
et al. 1997). This potentially accounts for their reduced
use in thermophiles.

This research contributes to an expanding literature
suggesting that the elemental composition of biopolymers
can exhibit considerable plasticity, and can be related to
environmental factors. Previously, links have been demon-
strated between transient changes in environmental
conditions and the elemental composition of proteins
that are expressed under these conditions (e.g. Mazel &
Marliere 1989; Baudouin-Cornu et al. 2001; Fauchon
et al. 2002). Here we extend this by demonstrating
associations between traits reflecting evolutionary adap-
tation to persistent environmental factors (thermophily
and anaerobiosis) and the elemental composition of
biopolymers at the level of whole proteomes.
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