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To fully explore the trends of atomic composition during the macroevolution from prokaryote to eukaryote, five
atoms (oxygen, sulfur, nitrogen, carbon, hydrogen) and related functional groups in prokaryotic and eukaryotic
proteins were surveyed and compared. Genome-wide analysis showed that eukaryotic proteins have more oxy-
gen, sulfur and nitrogen atoms than prokaryotes do. Clusters of Orthologous Groups (COG) analysis revealed that
oxygen, sulfur, carbon and hydrogen frequencies are higher in eukaryotic proteins than in their prokaryotic
orthologs. Furthermore, functional group analysis demonstrated that eukaryotic proteins tend to have higher
proportions of sulfhydryl, hydroxyl and acylamino, but lower of sulfide and carboxyl. Taken together, an apparent
trend of increase was observed for oxygen and sulfur atoms in the macroevolution; the variation of oxygen and
sulfur compositions and their related functional groups in macroevolution made eukaryotic proteins carry more
useful functional groups. These results will be helpful for better understanding the functional significances of
atomic composition evolution.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

It is believed that eukaryotic cells evolvedmuch later (only about 1–
1.5 billion years ago) than prokaryotic organisms did, which existed as
far back as 3.5–3.8 billion years ago (Schopf, 1978). During the evolu-
tion from prokaryotes to eukaryotes, mutations in DNA accumulated
and resulted in the gains of new characteristics of the proteins coded
by these DNA. A large number of studies have been carried out to inves-
tigate the difference between eukaryotic and prokaryotic proteins at
amino acid (AA) level, such as homolog duplications, domain gains
and losses (Tomasinsig and Zanetti, 2005; Zhang et al., 2009), variations
in sequence length (Brocchieri and Karlin, 2005), and the evolution of
higher structures (Thorne, 2000). In contrast, little attention has been
paid on the evolution of atomic composition (Acquisti et al., 2007;
Baudouin-Cornu et al., 2001).

All proteins are mainly composed of 20 kinds of AAs with different
side-chains carrying varying amounts of oxygen, sulfur, nitrogen,

carbon and hydrogen atoms. Previous studies showed that different
proteins have different atomic composition biases during evolution,
and the trend of atomic composition would be influenced by environ-
ment and nutrient availability (Acquisti et al., 2009; Baudouin-Cornu
et al., 2001). For instance, Chen and Zhang (2008) reported that oxygen-
ic photosynthetic proteins, such as the D1 peptide in photosynthetic re-
action center type II complexes, contain more oxygen atoms than
anoxygenic photosynthetic proteins. Similarly, sulfur-assimilatory pro-
teins possess low sulfur frequency compared with other proteins in
Escherichia coli and Saccharomyces cerevisiae. It was suggested that nat-
ural selection may have shaped the elemental composition of proteins
with specific metabolic functions to respond to nutrient limitation
(Baudouin-Cornu et al., 2001). Acquisti et al. (2009) studied the nitro-
gen frequency of the proteins involved in the anabolic and catabolic ap-
paratus in four multicellular eukaryotic model organisms (Arabidopsis
thaliana, Drosophila melanogaster, Homo sapiens and Mus musculus),
and concluded that resource availability constrained the atomic compo-
sition and the molecular architecture of the biotic processes that enable
cells to respond to the reduced nutrient availability.

The studies mentioned above mainly focused on a specific group of
functional proteins, whereas the studies of Acquisti et al. (2007) and
Sasidharan et al. (2008) focused on the oxygen composition of the
transmembrane proteins in 19 taxa, and showed that eukaryotic trans-
membrane proteins have higher oxygen frequency than prokaryotic
transmembrane proteins do, which might be correlated with atmo-
spheric oxygen concentration over macroevolutionary time scales. But
they did not distinguish homologous and non-homolog proteins in
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their analysis, which would make it complicated to find the trend of
atomic composition change over macroevolutionary time scales. More-
over, they did not distinguish proteins from extreme-living and
mesophilic organisms. Life style and growth temperatures may affect
the charged AA composition of organisms, and thus affect their atomic
compositions. That is, proteins in the same family but from extreme-
living andmesophilic organismsmayhave different atomic composition
bias, which should also be took into consideration in study.

The abovementioned studies of oxygen atom composition trig-
ger us to think whether other atomic compositions also changed
over the macroevolutionary process from prokaryotes to eukary-
otes. Tracing the trend of atoms in macroevolutionary time scales
is an interesting work, which can reflect environmental transition
and nutrient availability, and is also helpful in clarifying the differ-
entiation of function between prokaryotic and eukaryotic proteins.
On the side-chain of AAs, specific groups of atoms constitute
functional groups, which are responsible for the characteristic
of biochemical reactions. There are two sulfur functional groups
(sulfhydryl and sulfide) and three oxygen functional groups (hy-
droxyl, carboxyl and acylamino) on the side-chains of AAs. For
example, disulfide bonds usually form from the oxidation of sulfhy-
dryl (\SH) groups between cysteines (Trivedi et al., 2009), and hy-
droxyl (\OH\) can form hydrogen bonds in proteins (Mori et al.,
2010). Based on the trend of atomic composition, analyzing the
change pattern of the proportion of functional groups to their
corresponding atoms would reveal the change pattern of the func-
tional groups' proportion that leads to functional significance.
However, until now, no studies have been carried out to study the
evolutionary trends of the five kinds of atoms mentioned above
and their corresponding functional groups over the macroevolu-
tionary process.

The aim of this study is to analyze the variations of atomic com-
position and the related functional groups' proportion on side-
chains of prokaryotic and eukaryotic proteomes. The five kinds of
atomic compositions were investigated genome-widely. Atomic
compositions were also calculated for those proteins in the same
orthologous groups. The compositions of sulfur-containing
functional groups, sulfhydryl and sulfide (\H3C\S\H3C\), and
of oxygen-containing functional groups, hydroxyl, carboxyl
(\COOH\) and acylamino (\H2N\CO\), were also computed
and analyzed.

2. Materials and methods

2.1. Data retrieving and ortholog clustering

All available prokaryotic (1051) and eukaryotic (66) genome data
with annotated proteins were downloaded from GenBank (ftp://ftp.
ncbi.nih.gov/genomes), in Dec. 2010. Then, 156 prokaryotes of these or-
ganisms were classified as mesophilic organisms (living under temper-
atures between 50 °C and 15 °C) according to PGTdb description
(http://pgtdb.csie.ncu.edu.tw). The 156 mesophilic prokaryotes were
further classified into 9 main groups as follows: actinobacteria,
alphaproteobacteria, archaea, betaproteobacteria, CFB group bacteria,
delta/epsilon proteobacteria, firmicutes, gammaproteobacteria and spi-
rochetes. Each group contains at least 5 species (Tables 1–3 in Addition-
al File 1).

All the proteins of the 4879 Clusters of Orthologous Groups (COG)
(Tatusov et al., 1997) distributed in 66 species, were downloaded
from NCBI, which is the same as the latest data. 1) 604 COGs (desig-
nated as COG1) distributed in both prokaryotes and eukaryotes were
obtained (Table 4 in Additional File 1). 2) Sequences from hyperther-
mophilic, thermophilic and psychrophilic species were excluded
according to PGTdb description. Finally, 456 COGs from 44
mesophilic species (designated as COG2) were obtained (Table 5 in
Additional File 1).

2.2. Analysis of compositions of atoms and functional groups

Average frequency of the five kinds of atoms (carbon, hydrogen, ox-
ygen, nitrogen and sulfur) and five related functional groups (sulfhy-
dryl, sulfide, hydroxyl, carboxyl and acylamino) in a full protein
sequence were estimated as follows:

�frequency½ � ¼
X

wi� pi=L

wherewi is the number of * atom (or functional group) on the AA side-
chain (ranging from 0 to 10), pi is the frequency of the i-th AA, and L is
the sequence length. The frequency of an atom (or functional group) is
themean of all atoms (or functional group) in all sequences in one pro-
teome or one orthologous group. All data were calculated by using Perl
scripts.

2.3. Analysis of atom proportion of functional groups

2.3.1. Functional group proportion analysis

Ke ¼ Group frequency½ �e= Atom frequency½ �e;

Kp ¼ Group frequency½ �p= Atom frequency½ �p:

If ‘Group’ is sulfhydryl or sulfide, then ‘Atom’ is sulfur; if ‘Group’ is
hydroxyl, carboxyl or acylamino, then ‘Atom’ is oxygen. Ke represents
the proportion of Group to Atomon the side-chains of AAs in prokaryot-
ic proteins; Kp represents the proportion of Group to Atom on the side-
chains of AAs in eukaryotic proteins.

For example, if Group is sulfhydryl, Ke represents the proportion of
sulfhydryl frequency to sulfur frequency on the side-chains of AAs in eu-
karyotic proteins; accordingly Kp represents the proportion of sulfhy-
dryl frequency to sulfur frequency on the side-chains of AAs in
prokaryotic proteins. Ke and Kp values were also calculated by using
Perl scripts.

2.4. Statistical analysis

Mann–Whitney U test was performed using SPSS 13.0 statistics soft-
ware (SPSS Inc., Chicago, IL). Using R 2.15.2 (Team, 2012), two indepen-
dent sample t-test was performed for atomic compositions between 66
random samples from prokaryotic genomes (1051) and 66 eukaryotic
genomes. Random sampling was repeated 1000 times. To improve ro-
bustness and consistency, P b 0.001 was considered to be statistically
significant.

3. Results

3.1. Atomic composition at the whole genome level

To investigate whether the atom frequency varied over the macro-
evolutionary time scale, the five atom frequencies on the side-chains
of proteins of 1051 prokaryotic genomes and 66 eukaryotic genomes
were calculated and compared. The results showed that 1) eukaryotes
have a higher frequency of oxygen than prokaryotes (P b 1E − 14)—
the average oxygen frequency on side-chains is 0.451 per AA for pro-
karyotes, and 0.487 per AA for eukaryotes; 2) a significant difference
happened to sulfur frequency (P b 1E − 12)—0.037 per AA for prokary-
otes and 0.042 for eukaryotes; 3) nitrogen frequency also shows a sig-
nificant difference (P b 1E − 15) between prokaryotes (0.353 per AA)
and eukaryotes (0.374 per AA); 4) carbon frequency shows no differ-
ence (P N 0.001) between prokaryotes and eukaryotes; and 5) a signif-
icant difference (P b 0.001) happened to the hydrogen frequency
between prokaryotes (5.889 per AA) and eukaryotes (5.809 per AA)
(Fig. 1 and Additional File 2). Similar significant differences of atom
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