J Mol Evol (2009) 68:248-255
DOI 10.1007/s00239-009-9199-4

Low Contents of Carbon and Nitrogen in Highly Abundant
Proteins: Evidence of Selection for the Economy of Atomic

Composition

Ning Li - Jie Lv - Deng-Ke Niu

Received: 29 July 2008/ Accepted: 12 January 2009/ Published online: 10 February 2009

© Springer Science+Business Media, LLC 2009

Abstract Proteins that assimilate particular elements
were found to avoid using amino acids containing the
element, which indicates that the metabolic constraints of
amino acids may influence the evolution of proteins. We
suspected that low contents of carbon, nitrogen, and sulfur
may also be selected for economy in highly abundant
proteins that consume large amounts of the resources of
cells. By analyzing recently available proteomic data in
Escherichia coli, Saccharomyces cerevisiae, and Schizo-
saccharomyces pombe, we found that at least the carbon
and nitrogen contents in amino acid side chains are nega-
tively correlated with protein abundance. An amino acid
with a high number of carbon atoms in its side chain
generally requires relatively more energy for its synthesis.
Thus, it may be selected against in highly abundant pro-
teins either because of economy in building blocks or
because of economy in energy. Previous studies showed
that highly abundant proteins preferentially use cheap (in
terms of energy) amino acids. We found that the carbon
content is still negatively correlated with protein abun-
dance after controlling for the energetic cost of the amino
acids. However, the negative correlation between protein
abundance and energetic cost disappeared after controlling
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for carbon content. Building blocks seem to be more
restricted than energy. It seems that the amino acid
sequences of highly abundant proteins have to compromise
between optimization for their biological functions and
reducing the consumption of limiting resources. By con-
trast, the amino acid sequences of weakly expressed
proteins are more likely to be optimized for their biological
functions.
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Introduction

It has long been recognized that proteins with a low sulfur
content are preferentially expressed in microorganisms
under conditions of sulfur starvation (Cuhel et al. 1981;
Mazel and Marliere 1989; Fauchon et al. 2002; Boer et al.
2003). In Escherichia coli, Saccharomyces cerevisiae, and
Salmonella typhimurium, enzymes responsible for the
assimilation of particular element (carbon, nitrogen, or
sulfur) are found to have a lower content of the element
they assimilate than the whole proteome (Pardee 1966;
Baudouin-Cornu et al. 2001).

Is selection for economy in atomic usage limited to
these specific groups of proteins? Baudouin-Cornu et al.
(2004) found that proteome-wide atomic compositions
vary considerably among species. Recently, we found an
association between the depth of isolation of Prochloro-
coccus strains and the atomic composition of their
proteomes, which further supports that the elemental
composition of proteomes is shaped by the availability of
resources in the environment (Lv et al. 2008). A highly
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abundant protein may have 10° to 10° copies per cell,
while a scarce protein has only 50 to 100 copies per cell
(Ghaemmaghami et al. 2003; Ishihama et al. 2008).
Consequently, a substitution that reduces one carbon atom
per protein (for example, from a leucine to valine) will
reduce the number of carbon atoms per cell by 10° to 10°
if it occurs in a highly abundant protein, but only by tens
of carbons if it occurs in a scarce protein. The selective
coefficient for the substitution in a highly abundant pro-
tein is thus expected to be >1000 times higher than that
in a scarce protein, provided that the biological function
of the protein is not affected. Thus, it could be conjec-
tured that highly abundant proteins are subject to
selection for economy because their expression consumes
a large amount of resources. By contrast, selection for
economy is expected to be very weak in scarce proteins.
A pattern thus predicted is that highly abundant proteins
have lower carbon, nitrogen, and sulfur contents in their
amino acid side chains than scarce proteins. Elser et al.
(2006) showed that the nitrogen content of plant proteins
is lower than that of animal proteins. More importantly,
they found that protein nitrogen usage is negatively cor-
related with mRNA abundance in plants, but not in
animals. Their results indicate a selective force imposed
by nitrogen limitation operative on plants, but not on
animals. In addition, some other studies mostly using
transcript abundance or codon bias as a measure of gene
expression show that highly expressed proteins and
weakly expressed proteins differ in their amino acid
usages (Lobry and Gautier 1994; Akashi and Gojobori
2002; Greenbaum et al. 2002; Akashi 2003).

However, mRNA concentrations and codon bias are not
direct measures of protein abundance (Nie et al. 2006).
Transcriptional responses may be not translated into
quantitatively identical changes at the protein level (Griffin
et al. 2002; Kolkman et al. 2006). In recent years, global
proteomic data sets have become available. Using three
recently published high-coverage data sets on protein
abundance (Brockmann et al. 2007; Schmidt et al. 2007,
Ishihama et al. 2008), we analyzed the relationships
between protein abundance and atomic (carbon, nitrogen,
and sulfur) contents in the side chains of amino acids and,
also, between protein abundance and amino acid usage.
Then we compared our results with previous studies (Lobry
and Gautier 1994; Akashi and Gojobori 2002; Greenbaum
et al. 2002; Akashi 2003; Elser et al. 2006).

As the carbon content of amino acids is highly corre-
lated with the amount of energy for their synthesis
(Spearman’s p > 0.7, p < 0.001; see Materials and Meth-
ods for data sources), selection on both the economy of
energy and the economy of atomic composition would
reduce the carbon content of highly abundant proteins.
Other studies have shown that selection to minimize the

energetic cost of amino acids plays a significant role in
shaping the composition of proteins (Craig and Weber
1998; Akashi and Gojobori 2002; Heizer et al. 2006; Swire
2007). Thus, we attempted to disentangle the effects of
selection on the economy of energy and the economy of
atomic composition by analyzing recently available pro-
teomic data.

Materials and Methods

Estimation of Atomic Contents in Amino Acid Side
Chains

The protein sequences of S. cerevisiae, Schizosaccharomyces
pombe, and E. coli k12 were downloaded from Saccharomy-
ces Genome Database (SGD; http://www.yeastgenome.org/)
(Hong et al. 2008), GeneDB (http://www.genedb.org/)
(Hertz-Fowler et al. 2004), and the Universal Protein
Resource (UniProt; http://beta.uniprot.org/) (The UniProt
Consortium 2008), respectively. These three organisms were
selected based on the availability of their corresponding pro-
tein abundance data. The carbon content of each protein (Cc),
specifically the number of carbon atoms per amino acid side
chain, was calculated as

Ce = (Zc,- x F,)/L

where C; is the number of carbon atoms in the amino acid
side group i, F; is the frequency of the ith amino acid, and L
is the total number of amino acids in the protein. Nitrogen
content (Cy) and sulfur content (Cg) were calculated sim-
ilarly, except that the initial residues (namely, methionine)
were removed from all of the protein sequences in the
calculation of sulfur content.

Estimation of the Energetic Cost of Amino Acids

The total energy required for the synthesis of each of the 20
amino acids was estimated in previous studies by consid-
ering the energy required to synthesize precursor molecules
and that required to convert the precursors into the amino
acids (Craig and Weber 1998; Akashi and Gojobori 2002;
Wagner 2005; Heizer et al. 2006). In this study, we used
the results of Wagner (2005), who calculated the energetic
costs of the amino acids of S. cerevisiae under respiratory
conditions, and those of Heizer et al. (2006), who calcu-
lated the energetic costs of the amino acids of E. coli. The
energetic costs of the amino acids of S. cerevisiae were
used in the calculation of the energetic costs of the amino
acids of S. pombe, because of the metabolic similarity
between these two species. The energetic cost of each
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protein (Cg), specifically the total energetic cost of the
building blocks, but not including that of translation or
transcription, was calculated as

Cp = (ZE X F,-)/L

where E; is the number of ATP molecules used in the
synthesis of the amino acid i, F; is the frequency of the ith
amino acid, and L is the total number of amino acids in the
protein.

For readers’ convenience, we list the atom number in
side chain and energy costs of each amino acid in Sup-
plementary Table S1.

Protein Abundance, Turnover Rate, Translation Rate,
and Functional Category

Global proteomic data sets, especially those on model
organisms, have increased in size in recent years. We chose
data sets with the consideration of their coverage and the
date of their release, with the assumption that most recent
data may be more accurate because of the advancement of
analyzing techniques. The abundance values of 1456 S.
pombe proteins and 1103 E. coli proteins were obtained
from the supplementary information file of Schmidt et al.
(2007) and Ishihama et al. (2008), respectively. The global
protein abundance of S. cerevisiae has been more exten-
sively studied. Brockmann et al. (2007) recently integrated
four published data sets of S. cerevisiae (Futcher et al.
1999; Gygi et al. 1999; Ghaemmaghami et al. 2003; Liu
et al. 2004) and released a larger data set, including the
concentrations of 4152 proteins under standard conditions.
They first normalized the data by nonlinear regression and
then took the median as the reference value for each pro-
tein. We regard their data set as the best proteomic data set
for S. cerevisiae under normal conditions.

Proteome-wide data on protein half-life in S. cerevisiae
were obtained from the supplementary information file of
Belle et al. (2006).

Protein translation rates were calculated by the follow-
ing equation, obtained from Beyer et al. (2004) and
Brockmann et al. (2007):

In2 x PA
R=—"1"-%
HL

where TR is the translation rate, PA is the protein abun-
dance, and HL is the protein half-life.

Protein functional categories were integrated from the
Gene Ontology (GO) (Ashburner et al. 2000) paths in SPI-
Der (Wu et al. 2006) and GO annotations of S. cerevisiae, S.
pombe, and E. coli. In each proteome, high-expression pro-
teins and low-expression proteins were defined as those
above the median value of protein abundance and those
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lower than the median value, respectively. Functional cate-
gories that have at least five high-expression proteins and
five low-expression proteins were retained. Totally, we
obtained 27, 13, and 4 functional categories in S. cerevisiae,
S. pombe, and E. coli, respectively.

Results and Discussion

Negative Correlation Between Protein Abundance and
Atomic Contents

As shown in Fig. 1, the carbon contents of all three pro-
teomes decreased significantly with an increase in protein
abundance. The relationships between protein abundance
and nitrogen and sulfur contents are much weaker, except
for the nitrogen content in S. cerevisiae. Nonparametric
correlation analysis revealed significant negative correla-
tions between protein abundance and the contents of all
three atoms in all three species analyzed (Table 1). Para-
metric correlation analysis gave similar results except that
the correlation between nitrogen content and protein
abundance is marginally significant in S. pombe and posi-
tive in E. coli (Supplementary Table S2). An interesting
observation is that some of the most highly abundant
proteins do not follow the global trend that nitrogen content
decreases with an increase in protein abundance (Fig. 1).
We then removed ribosomal proteins from the data sets and
obtained considerably higher correlations between nitrogen
content and protein abundance (Fig. 1, Table 1, and Sup-
plementary Table S2). By contrast, after removal of the
ribosomal proteins, there were no obvious changes in the
correlations between protein abundance and carbon con-
tent; the correlations between protein abundance and sulfur
content were still weak or even became nonsignificant
(Table 1 and Supplementary Table S2). Consistently, the
ribosomal proteins have significant higher contents of
nitrogen and lower contents of carbon and sulfur than other
proteins of each proteome (Supplementary Table S3).
Furthermore, we found that the most preferred amino acids
in ribosomal proteins (compared with other proteins in
each proteome) are two nitrogen-containing basic amino
acids: Arg and Lys. The frequencies of these two amino
acids in ribosomal proteins are >1.48 times more than
those in other proteins of each proteome (Supplementary
Table S4). We suppose that nitrogen-containing basic
amino acids are selected in ribosomal proteins because of
the requirement to neutralize the acidic rRNA or the pos-
sible function of ribosomes to reserve resources for starved
conditions (Kaplan and Apirion 1975; Kraft et al. 2008;
Nakatogawa and Ohsumi 2008).

The side chains of eight amino acids (Arg, Asp, Glu,
His, Lys, Trp, Cys, and Met) contain at least two of the
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Saccharomyces cerevisiae

Schizosaccharomyces pombe

Escherichia coli

1 2 3 4 5

Fig. 1 Relationships between protein abundance and atomic contents
per amino acid side chain. The X axis represents protein abundance.
Proteins were binned into five categories according to their
abundance, with abundance increasing from a value of 1 to a value

three elements analyzed above. An abundant protein with a
low content of arginine residues may be explained by
selection for economy of carbon and nitrogen usage. We
performed a partial correlation analysis after normalizing
the data by a log, transformation. As reported in Table 2,
carbon contents are consistently negatively correlated with
protein abundance after controlling for nitrogen and sulfur
contents. However, only after excluding ribosomal proteins
did the nitrogen content show consistently negative partial
correlations with protein abundance. The sulfur contents
are weakly correlated or uncorrelated with protein abun-
dance after controlling for the contents of carbon and
nitrogen in S. pombe and E. coli. Among the 20 common
amino acids, there are 12 amino acids that do not contain
nitrogen or sulfur in their side chains. Analyzing the rela-
tionship between protein abundance and the carbon
contents of these 12 amino acids is analogous to partial
correlation analysis controlling for nitrogen and sulfur
contents. We found that protein abundance is negatively
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of 5. The binning was just done for the figure, not for statistical
analysis. We performed correlation analysis for the significance of
global trends across all the data and the results are reported in Table 1
and Supplementary Table S2

correlated with carbon content when considering these 12
amino acids only (Table 1 and Supplementary Table S2).

The results on sulfur content were inconsistent among
species. We are inclined to think that selection for econ-
omy also minimizes the sulfur content of highly abundant
proteins for the following reasons: (1) the appearance of
sulfur-containing amino acids (Cys, and Met) is much
lower in proteins than that of nitrogen- and carbon-con-
taining amino acids, so the effect of random noise in sulfur
content is expected to be higher than that in nitrogen or
carbon content; (2) the sulfur content is negatively corre-
lated with protein abundance at a level similar to the
carbon and nitrogen contents in S. cerevisiae, the proteo-
mic data on which have a much higher coverage than that
on S. pombe and E. coli (Tables 1 and 2); and (3) low-
sulfur-containing proteins have been observed to be pref-
erentially expressed in microorganisms under conditions of
sulfur starvation (Cuhel et al. 1981; Mazel and Marliere
1989; Fauchon et al. 2002; Boer et al. 2003).
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Table 1 Spearman’s rank correlations between protein abundance and atomic contents per amino acid side chain

Saccharomyces cerevisiae

Schizosaccharomyces pombe

Escherichia coli

N p P N p 14 N p P
All proteomic data Carbon content 4183  —0.15 1076 1465 —0.15 107 1033 —0.16 107°
Nitrogen content 4183  —0.21 107° 1465 —0.09 4 x107* 1033 —0.08 0.02
Sulfur content ~ 4183  —0.16  107°® 1465 —0.08  0.001 1033 —0.11 4 x 107*
Excluding ribosomal proteins Carbon content ~ 4019  —0.15 1076 1342 —0.16 107° 980 —0.17 107°
Nitrogen content 4019  —027  107°® 1342 —0.19 107 980 —020 10°°
Sulfur content 4019  —0.12  107® 1342  —0.04 0.17 980 —0.05 0.12
Excluding amino acids that ~ Carbon content ~ 4183  —0.17  107° 1465 —0.18 107° 1033 —0.15 10°°

contain nitrogen or sulfur
in their side chains

Note: We performed Spearman’s rank analysis because the values of protein abundance are not normally distributed. The values of atomic
contents and the logarithm values of the protein abundance are almost normally distributed, so we also performed Pearson correlation analysis
and the results are reported in Supplementary Table S2

Table 2 Partial correlations between protein abundance and atomic contents per amino acid side chain

Saccharomyces Schizosaccharomyces E. coli
cerevisiae Pombe
All proteomic data Carbon content —0.11%* —0.13** —0.19%*
Nitrogen content —0.16%* —0.05%* 0.13*
Sulfur content —0.18%* —0.07* —0.13*
Excluding ribosomal Carbon content —0.10** —0.12%* —0.11%*
proteins Nitrogen content —0.22%x —0.16%* —0.14%*
Sulfur content —0.13%* NS —-0.07*

Note: The partial correlations between the content of one element and protein abundance were performed by controlling for the other two
elements, among carbon, nitrogen, and sulfur. The data were normalized by log;, transformation. The numbers of proteins analyzed are identical

to those in Table 1
* P <0.05

# P <1070

NS not significant

Furthermore, we examined the biases in amino acid
usages associated with protein abundance. Generally, the
frequencies of most amino acids in proteins are signifi-
cantly (positively or negatively) correlated with the protein
abundance, and this pattern is consistent across functional
categories (Table 3). However, in only a few amino acids
(e.g., Ala, Gly, Val, Ser, and Leu) were strong correlations
observed. These observations coincide with previous
studies (Akashi and Gojobori 2002; Akashi 2003). Con-
sistent with predictions based on the economy of atoms and
energy, Gly and Ala, with a low atom and energetic cost,
are overrepresented in high-expression proteins, and Leu,
His, and Trp, with a high atom and energetic cost, are
overrepresented in low-expression proteins (Table 3 and
Supplementary Table S1). However, there are also excep-
tions that cannot be ignored (Table 3 and Supplementary
Table S1). For example, Ser, which has a low atom and
energetic cost, are also overrepresented in low-expression
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proteins. The biased usages of some amino acids in high-
expression or low-expression proteins we observed are
generally consistent with previous studies that used tran-
script abundance or codon bias as a measure of gene
expression (Akashi and Gojobori 2002; Greenbaum et al.
2002; Akashi 2003). Together with other evidence, Akashi
(2003) proposed that the amino acid composition of pro-
teins may be optimized for the speed and accuracy of
translation. We suppose that the translational selection and
selection for economy may operate on the evolution of
amino acid composition in concurrence.

We have confirmed the observations of Elser (2006) in
unicellular organisms. At least in plants and unicellular
organisms, the amino acid sequences of highly abundant
proteins have to compromise between optimizing for their
biological function and reducing the consumption of lim-
iting resources. By contrast, the amino acid sequences of
scarce proteins are more likely to be optimized for their
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Table 3 Protein abundance and amino acid composition

Saccharomyces cerevisiae Schizosaccharomyces pombe E. coli

r OR r OR r OR
Ala 0.427%%% 1.27%%%* 0.32%%* 1.22%%%* 0.117%%* 1.04%*
Gly 0.3 1% 1.19%%%* 0.32%%* 1.17%%% 0.05%* 1.06%*
Val 0.3 %% 111 0.297%%%* 1.09%%* 0.23 %% 1.08%%*
Glu 0.07%#%% 1.08%#%* —0.02 1.02 0.11%%* 1.03
Lys 0.07#%** 1.01 0.11%* 1.07%* 0.47%%* 1.26%**
Asp 0.01 1.06%%* —0.05%* 1.04 —0.10%* 1.07%%*
Arg 0.005 0.95%*%* 0.04 0.96* 0.13%%* 0.91%*
Thr —0.03** 0.99 0.02 1.01 0.08%%* 1.02
Trp —0.05%* 0.89%%** —0.11%* 0.81%%* —0.29%** 0.73%%*
Pro —0.06%* 0.97%%* —0.06%* 1.03 —0.28*** 0.85%#*
Tyr —0.06%* 0.96%* —0.03 0.90%%* —0.14%* 1.01
Gln —0.07** 0.96%* —0.18*#* 0.88%%* —0.19%** 0.85%**
Ile —0.07#%** 0.97%* 0.01 0.98 0.01 1.13%%*
Phe —0.08*** 0.96%* —0.08** 0.88%#** —0.05 1.07%*
Met —0.09%** 0.98 0.02 1.04 0.03 1.05
Cys —0.10%** 0.92%%* —0.11%* 0.87%%* —0.15%** 0.86**
His —0.10%** 0.9 %% —0.11%* 0.85%%%* —0.08** 0.87%%*
Leu —0.14%** 0.96%*%* —0.16%** 0.947%%* —0.35%** 0.877#%*
Ser —0.28*** 0.877#%%* —0.30%%* 0.93 %% —0.14%* 0.93%*
Asn —0.30%** 0.87#%* —0.21%%* 0.91%* —0.01 1.03

Note: All 4183 proteins in S. cerevisiae, 1465 proteins in S.

pombe, and 1033 proteins in E. coli were analyzed. We show the Pearson’s
correlations (r) between protein abundance (log transformed) and amino acid usage, and Cochran-Mantel-Haenszel chi-squared test (OR) for
the biased usage of each amino acid in high-/low-expression proteins across functional categories. OR > 1 means that the amino acid is
overrepresented in high-expression proteins and OR < 1 means that the amino acid is overrepresented in low-expression proteins. * P < 0.1;

P < 0.05; #F% P <107

biological functions. While this paper is under revision
according to referees’ comments, a paper was published
online showing that single amino acid replacements that
increase material costs can be subject to natural selection
(Bragg and Wagner 2009).

Economy in Energy or Carbon?

Besides nutritional elements, energetic cost is another
source of metabolic constraints. A conceivable idea is that
highly expressed genes should avoid using expensive
amino acids because of the selective force to minimize the
energetic cost of gene expression. In several microorgan-
isms, including E. coli and S. cerevisiae, highly abundant
proteins were found to preferentially use cheap (in terms of
energy) amino acids (Craig and Weber 1998; Akashi and
Gojobori 2002; Heizer et al. 2006). Similarly, negative
correlations between protein abundance and energy cost
were observed by analyzing the currently available pro-
teomic data sets we collected (Supplementary Table S5 and
Fig. S1).

Most cellular energy is stored in carbon-containing
organic compounds. An amino acid with a high number of

carbon atoms in its side chain generally requires relatively
more energy for its synthesis (Craig and Weber 1998;
Akashi and Gojobori 2002; Wagner 2005; Heizer et al.
2006). The carbon content and mean energetic cost were
shown to be highly correlated among yeast (S. cerevisiae)
proteins (Bragg and Wagner 2007). The question can
therefore be asked: Is there selection for the economy of
carbon content, energetic cost, or both in highly abundant
proteins?

To answer this, we discarded the eight amino acids (Arg,
Asp, Glu, His, Lys, Trp, Cys, and Met) that contain
nitrogen or sulfur in their side chains from the proteomes to
exclude a potential influence of nitrogen and sulfur. Then
we analyzed the relationship between the energy cost and
the carbon content of the other 12 amino acids in proteo-
mes. The negative correlations between protein abundance
and energy cost were still significant (Supplementary Table
S5 and Fig. S1). The carbon contents were negatively
correlated with protein abundance after controlling for
energetic cost (Table 4). However, there appeared to be
significantly positive correlations between protein abun-
dance and energetic cost after controlling for carbon
content (Table 4). Partial correlation analysis including all
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Table 4 Partial correlations of protein abundance with energetic cost or carbon content per amino acid side chain®

N Energetic cost (controlling for carbon content) Carbon content (controlling for energetic cost)
r b4 R b4
Saccharomyces cerevisiae 4183  0.21 4 x 107% —0.26 5 x 1078
Schizosaccharomyces pombe 1465 0.27 6 x 107° —0.32 1073
E. coli 1033 0.19 6 x 1071 —0.25 3x 10716

Note: The energetic cost was calculated after excluding the eight amino acids that contain nitrogen or sulfur in their side chains: Arg, Asp, Glu,
His, Lys, Trp, Cys, and Met. The data on protein abundance were normalized by log; transformation

the 20 common amino acids showed similar trends but
much weaker correlations in S. cerevisiae and S. pombe
(Supplementary Table S6). In E. coli, both of the signifi-
cant partial correlations disappear when all the 20 common
amino acids are included in partial correlation analysis
(Supplementary Table S6). Considering the results overall,
we are inclined to suggest that the partial correlation
analysis including all 20 amino acids are not robust, per-
haps because of the low coverage of the proteomic data.
Although we do not know why highly abundant proteins
prefer expensive (in terms of energy) amino acids, at least,
the lower carbon content of highly abundant proteins
should not be attributed to potential selection to minimize
the energetic cost of gene expression. The observation that
highly abundant proteins preferentially use cheap (in terms
of energy) amino acids (Craig and Weber 1998; Akashi and
Gojobori 2002; Heizer et al. 2006) seems to be superficial.

Effects of Protein Turnover Rates and Translation Rates
on Atomic Composition

Besides abundance, protein turnover rate may also affect
the atomic composition of proteins. The cost of using
limiting elements in unstable proteins is expected to be
lower than that in highly stable proteins, because the lim-
iting atoms are recycled rapidly. However, in S. cerevisiae,
we found that protein half-lives are only weakly correlated
with nitrogen and sulfur contents, and not significantly
correlated with carbon content (Spearman’s rank correla-
tions: n = 3103; nitrogen content, p = — 0.07,
p =2 x 107% sulfur content, p = — 0.03, p = 0.05). As
proteins produced in large quantities are generally stable
(Belle et al. 2006), we performed partial correlation anal-
ysis after normalizing the data by a log;, transformation.
Neither carbon, nitrogen, nor sulfur content was signifi-
cantly correlated with protein half-lives (p > 0.05). The
half-lives of 95% of the proteins in S. cerevisiae fall
between 2 and 318 min (Belle et al. 2006). Compared with
the variation in protein abundance per cell (Ghaemmagh-
ami et al. 2003; Ishihama et al. 2008), the magnitude of
difference in half-lives between highly stable proteins and
less stable proteins is much smaller. We conjectured that
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the effects of protein turnover rate on the evolution of
atomic compositions are too weak to provide effective
selection pressure.

Bragg and Wagner (2007) recently found that yeast
proteins up-regulated under conditions of carbon starvation
do not have a lower carbon content than the rest of the
proteome. Similar to the effects of protein turnover rate, the
magnitude of up-regulation may not be large enough for
proteins with particular atomic compositions to be effec-
tively selected.

By integrating the data on protein abundance and protein
turnover rate, we estimated the protein translation rates of
S. cerevisiae and found that they are significantly corre-
lated with the atomic contents and the usage of most amino
acids (Supplementary Tables S7 and S8). Overall, protein
translation rate and protein abundance are similar in their
correlations with atomic composition and amino acid
composition. Further evidence is required to distinguish
between selection for economy in atoms and selection for
translation efficiency.
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