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Subcellular stoichiogenomics reveal cell
evolution and electrostatic interaction
mechanisms in cytoskeleton
Yu-Juan Zhang1,2† , Chengxu Zhu1†, Yiran Ding1, Zheng-Wen Yan1, Gong-Hua Li2, Yang Lan1, Jian-Fan Wen2*

and Bin Chen1*

Abstract

Background: Eukaryotic cells contain a huge variety of internally specialized subcellular compartments.
Stoichiogenomics aims to reveal patterns of elements usage in biological macromolecules. However, the
stoichiogenomic characteristics and how they adapt to various subcellular microenvironments are still
unknown.

Results: Here we first updated the definition of stoichiogenomics. Then we applied it to subcellular research, and
detected distinctive nitrogen content of nuclear and hydrogen, sulfur content of extracellular proteomes. Specially,
we found that acidic amino acids (AAs) content of cytoskeletal proteins is the highest. The increased charged AAs are
mainly caused by the eukaryotic originated cytoskeletal proteins. Functional subdivision of the cytoskeleton showed
that activation, binding/association, and complexes are the three largest functional categories. Electrostatic interaction
analysis showed an increased electrostatic interaction between both primary sequences and PPI interfaces of 3D
structures, in the cytoskeleton.

Conclusions: This study creates a blueprint of subcellular stoichiogenomic characteristics, and explains that charged
AAs of the cytoskeleton increased greatly in evolution, which offer material basis for the eukaryotic cytoskeletal
proteins to act in two ways of electrostatic interactions, and further perform their activation, binding/association and
complex formation.
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Background
One of the major transitions in cell evolution is the ap-
pearance of cell compartmentalization, which makes a
distinction between prokaryotes and eukaryotes [1]. Pro-
karyotic cells have no subcellular compartments, while
eukaryotic cells contain a huge variety of internally spe-
cialized subcellular compartments like the nucleus,
mitochondria, and chloroplast, commonly surrounded
by double-layered membranes, and endoplasmic

reticulum, Golgi, lysosome, and peroxisome, surrounded
by single-layered membranes. Each subcellular location
has its own function, structure and physio-chemical en-
vironment [2, 3]. As organisms compete for living space,
proteins also function in different physio-chemical envi-
ronments and evolve to adapt to the environments in
which they work [4], which in turn influences their pri-
mary and higher structures, because homologs, or pro-
teins with high similarity in structure/function, live in
the same place [2]. Attempts have been made to reveal
the characteristics of proteins in different subcellular lo-
cations. It was indicated that extracellular proteins
evolved faster than intracellular proteins [5], and that
relocated proteins functionally adapted to their new sub-
cellular environments and developed new functional
roles after gene duplication [3].
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The cytoskeleton is an open system in the cells. Unlike
membranes-surrounded compartments, it is distributed
extensively throughout the cells to support the cellular
shape, movement, intracellular transportation, polarity
and division [6]. To achieve these functions, the cyto-
skeleton integrates a wide variety of proteins, which
often form dynamic and adaptive structures, such as mi-
crofilaments, intermediate filaments and microtubules
[6]. Therefore, the interactions among proteins are most
important for the cytoskeleton’s function. Advances in
cellular biology and biochemistry have revealed that the
net charge plays important roles in the treadmilling
phenomenon, which unchanged the net length of the
treadmilling filaments (actin filaments or microtubules)
by keeping the speed of growth at the (+) end equal to
the rate of shrinkage at the (−) end [7, 8]. However,
whether the charge affects other cytoskeletal proteins or
affects them in a different way remains unknown. In
addition, changes in the cytoskeleton are key diagnostic
indicators in the pathology of some diseases, including
cancers [9]. Therefore, understanding the basic charge
characteristics of the cytoskeleton can contribute to un-
derstanding, diagnosis, and therapy for various diseases.
Stoichiogenomics is a new field, which aims to reveal

patterns of the differential usage of key elements [e.g. oxy-
gen (O)] in proteins and nucleic acids [10, 11]. With the
advances in the next-generation sequencing (NGS) and
assembly algorithms, more and more genomic, metage-
nomic and metatranscriptomic data is now available. Stoi-
chiogenomics provides a new way to interpret those omics
data [12, 13]. Stoichiogenomics is composed of “Stoichio”
and “genomics”. In chemistry, stoichiometry is the calcula-
tion of relative quantities of reactants and products in
chemical reactions [14]. So in a broad sense, the definition
of stoichiogenomics should be to examine quantities and
measurable chemical properties of material composition
in omics [11]. These materials include elements, mono-
mers, and functional groups of monomers, and even
chemical properties that could be measured in nucleo-
tides, proteins and metabolites. Charged amino acid resi-
dues are significant contributors to the free energy of
binding for protein-protein interactions by creating salt
bridges and salt bridge networks, and introducing specifi-
city in binding [15]. Because of their roles in protein func-
tions and structures, charged AAs apparently can be
important targets for selective forces in protein evolution
[16]. Our laboratory has accumulated relevant research in
stoichiogenomics, studying macroevolutionary trends of
five elements (oxygen, sulfur, nitrogen, carbon, and hydro-
gen) and their related functional groups [17]. However,
what are the characteristics of elements and charged AA
compositions of proteins in different subcellular locations?
Whether subcellular environments drive protein evolution
with respect to stoichiogenomics is still unknown. The

aim of this study is to examine different patterns of stoi-
chiogenomic characteristics of various subcellular pro-
teomes, especially the cytoskeleton, and interpret the
functional mechanisms of how charged AAs play roles in
the cytoskeleton based on stoichiogenomics.
As the first stoichiogenomics study of subcellular pro-

teomes, this provides an overview of stoichiogenomic
characteristics. Among all investigated subcellular pro-
teomes, the cytoskeleton’s acidic AA and the nuclear
proteome’s nitrogen contents were the highest, and the
extracellular proteome’s hydrogen content was the low-
est. Also, the extracellular sulfur content was very high.
In evolutionary analysis, we found that eukaryotic pro-
teins have more basic AAs than prokaryotes. The cyto-
skeleton’s basic AA and means acidic AA contents were
higher than their prokaryotic analogs. Most cytoskeletal
protein families’ charged AA contents were higher than
the mean content of eukaryotic proteins, and some were
even two times higher than the average level (e.g. the
acidic AA content of Troponins (TnC), Tropomyosins
(TPM), Inter IV and Stathmin (Lamin). Functional sub-
division results suggested that the cytoskeleton is closely
associated with binding, dissociation and building com-
plexes. More electrostatic interactions were detected in
both primary sequences and 3D structures, which re-
vealed an integrated functional interpretation of charge
in cytoskeleton. This work provides a comprehensive
study of stoichiogenomic characteristics of subcellular
proteomes, especially charge characteristics, evolutionary
law, and functional interpretation of the cytoskeleton.
Stoichiogenomics not only provides a way to interpret
big data [7, 8], but also provides a better understanding
of microenvironment-driven protein evolution, and is
relevant for understanding the molecular mechanisms of
macromolecular machines. Results obtained here could
also be useful for basic cell biology and functional inter-
pretation of the cytoskeleton and contributing to the
pathology of cytoskeleton-related disease. Furthermore,
this study lays a foundation for applying stoichioge-
nomics to research of metagenomics and unresolved
evolutionary and species classification problems.

Results
Stoichiogenomic characteristics of subcellular proteomes
By filtering sequences retrieved from Swiss-Prot, we ob-
tained single and dual location proteins from 9 subcellular
locations (Fig. 1a) and 12 organisms (Additional file 1:
Table S1 and S2). Then, we studied 7 kinds of stoichioge-
nomic characteristics, including five kinds of elements
(oxygen, sulfur, nitrogen, carbon, hydrogen) and charged
(acidic and basic) AA compositions, of various subcellular
proteomes. The mean level of each subcellular pro-
teome’s element and charged AA composition were
shown (Fig. 1b).
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A circle plot was used to show the overall distribution of
subcellular proteome-wide stoichiogenomic characteristics
(Fig. 1c). After comparison between groups for each stoi-
chiogenomic characteristics (Additional file 1: Figure S2–8),
we detected 3 significant differences (p < 0.01). Among all
the subcellular proteomes investigated, the nucleus pro-
teome’s nitrogen content was the highest (Fig. 1c, 2A and
Additional file 1: Figure S5). The extracellular proteome’s
hydrogen content was the lowest, also its sulfur compos-
ition was relatively high (Figs. 1c, 2b and Additional file 1:
Figure S3, S6).
In addition, high correlations between oxygen and

acidic AA contents, and between nitrogen and basic
AA contents were detected (Fig. 1d and Additional

file 1: Figure S9). These stoichiogenomic characteris-
tics were also calculated for the dual location pro-
teins. Pearson correlation analysis of stoichiogenomic
characteristics obtained from single and dual loca-
tion proteins showed a relatively high correlation
value (around 0.6), however that of sulfur is very
low (Fig. 1d).
Furthermore, we compared the charged AA con-

tents of the single location proteins with different lo-
cations in each species. The results showed that 1)
for acidic AA, the mean content of cytoskeletal pro-
teins is higher than that of the other subcellular pro-
teomes in most species, except in S. pombe and C.
elegans (Fig. 2c and Additional file 1: Figure S7). 2)

Fig. 1 Stoichiogenomic characteristics of subcellular proteomes. a The subcellular locations analyzed in this study. For more detail, see Supplementary
information, Additional file 1: Tables S1-S2. b Histogram showing the mean contents of oxygen, sulfur, nitrogen, carbon, hydrogen, acidic AA and basic AA,
calculated from single location proteins. c Circle plot showing the distribution of 7 kinds of stoichiogenomic characteristics (as same as the (b) of each
studied protein from 9 subcellular proteomes and 12 species, calculated from single location proteins. d Pairwise correlation analysis of stoichiogenomic
characteristics between single and dual location proteins
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For basic AA, the mean content of the nuclear prote-
ome is higher than most other subcellular proteomes,
except in A. thaliana. In addition, cytoskeletal pro-
teins have a relatively higher basic AA content (Fig.
2d and Additional file 1: Figure S8). 3) The magni-
tude of the difference for subcellular proteomes is
different in different species. In well-studied model
species, such as Saccharomyces cerevisiae, S. pombe,
A. thaliana, D. melanogaster, M. musculus and H.
sapiens, the contents change little. In the other spe-
cies, the contents vary greatly among different sub-
cellular locations. 4) Furthermore, we analyzed the
acidic and basic AA contents of the dual location
proteins to test whether dual subcellular locating
characteristic blurs the results we obtained above.
The results obtained from dual location proteins

(Additional file 1: Figure S10) are almost identical
to those of the single location proteins.

Evolutionary law of the charged AA contents between the
proteins of eukaryotic cells and prokaryotic cells
To trace the changes of charged AA content in the
macroevolution of prokaryotes to eukaryotes, we
analyzed and compared them in 1051 prokaryotic
genomes and 66 eukaryotic genomes (see detail in
[17]). For acidic AA content, no significant differ-
ence was found between prokaryotes and eukaryotes
genomes (P = 0.951) - the average acidic AA is
0.116 per AA for prokaryotes, and 0.115 per AA for
eukaryotes; For basic AA, eukaryotes have a higher
content than prokaryotes (P < 1E-3) - the average
basic AA is 0.134 per AA for prokaryotes, and

Fig. 2 Charged AA, nitrogen and hydrogen characteristics of subcellular proteomes. a Boxplot showing the nitrogen contents of various subcellular
proteomes calculated from single location proteins. [N]: nitrogen contents. b Boxplot showing the hydrogen contents of various subcellular proteomes
calculated from single location proteins. [H]: hydrogen contents. c The distribution of average acidic AA content of different subcellular proteomes in
different species, calculated from single location proteins. d The distribution of average basic AA content of different subcellular proteomes in different
species, calculated from single location proteins
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0.143 per AA for eukaryotes (Fig. 3a and Additional file 1:
Table S5).

Evolutionary law of the charged AA contents between
human subcellular proteomes and their prokaryotic
analogs
In order to observe how various subcellular proteomes’
charged AA contents differ in the evolutionary process
from prokaryotes to eukaryotes, we compared the
charged AA contents between various human subcellular
proteomes and their prokaryotic analogs. Because the
human proteome is richest of subcellular annotations,
and many cytoskeletal proteins were only identified in
human until now. Ten human subcellular proteomes
and their prokaryotic analogs were constructed between
human and 158 mesophilic prokaryotes proteomes
(Additional file 1: Table S4).
The charged AA contents of proteins were calculated

and compared. For acidic AA, we observed that human
transmembrane proteome’s acidic AA is higher than that in
prokaryotes, and the mean content of human cytoskeleton
and golgi proteomes were higher than their prokaryotic an-
alogs (Fig. 3b and Additional file 1: Table S7). For basic AA,
we observed that the average contents of almost all human
subcellular proteomes were higher than their prokaryotic
analogs (Fig. 3c and Additional file 1: Table S8).

Charge characteristic of different cytoskeletal protein
families
In order to determine the charged AA contents of differ-
ent cytoskeletal protein families, we retrieved cytoskel-
etal protein families from KEGG Orthology System
(KO), which grouped different protein families based on
homology. The cytoskeleton is made up of three kinds
of protein filaments: actin filaments, intermediate fila-
ments (IF) and microtubules, along with many other
binding proteins. Charged AA contents of these families
were then calculated and compared (Fig. 4a and Add-
itional file 1: Tables S9). The results showed that 1) most
of these families’ acidic AA and basic AA contents were
higher (show in pink) than the average level of the over-
all eukaryotic proteins, and some were almost twice as
high as the average level (e.g. the acidic AA contents of
Troponins (TnC), Tropomyosins (TPM), Inter IV and
Stathmin (Lamin); 2) Compared with basic content,
acidic AA contents were much higher (more pink) than
the average. Only Profilin and Wiskott’ acidic contents

Fig. 3 The charged amino acid contents of proteins in eukaryotic cells
and prokaryotic cells. a The charged amino acid contents of predicted
proteins from 66 eukaryotic and 1051 prokaryotic genomes. b The
acidic AA contents of eukaryotic subcellular proteomes and their
prokaryotic analogs’. c The basic AA contents of eukaryotic subcellular
proteomes and their prokaryotic analogs’
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were slightly lower (light green); 3) For basic AA con-
tent, some cytoskeletal protein was slightly lower than
average, including: A) the actin protein group, capping
proteins, Formins, Profilin, Tropomodulin, Wiskott, actins
and MreB; B) the intermediate filament protein group,
only inter I and II; C) and the microtubule protein
group, microtubulin, and four prokaryotic proteins:
ftsZ, ParA, ParB, and MinD. 4)Almost all

intermediate filaments (IF) group proteins have rela-
tively higher charged AA contents than the average
level of the overall eukaryotic proteins.
Interestingly, there is no significant difference in

charged AA contents between MreB (prokaryotic
actin) and actin proteins. And for ftsZ (prokaryotic
microtubulin), which is nearly the same as that of micro-
tubules (Fig. 4a and Additional file 1: Table S9).

Fig. 4 Charge characteristic and functional subdivision of the cytoskeletal protein families. a The charged amino acid contents of Actins,
tubulins and intermediate filaments. To transform charged AA contents for each cytoskeletal protein, which were divided by the
eukaryotes average acid (0.114955653) or basic AA (0.142665842) content. Effectively, this transformed the data and showed the difference
between these proteins and eukaryotic proteins as a whole. Pink color (value > 1) shows the content higher than the mean content of
the eukaryotes, blue color (value < 1) shows the content lower than the mean content of the eukaryotes. b Functional classification for
all cytoskeletal proteins, by analysis their relationship with their associated upstream and downstream proteins. c Functional classification
for Lamin, InterIV, TnC and TPM
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Functional subdivision of cytoskeletal proteins
In order to understand the functions of cytoskeletal pro-
teins, we dissected their functions in the KEGG pathway
[18]. We artificially analyzed 379 types of the relation-
ships between each cytoskeletal protein and its upstream
or downstream proteins one by one carefully (Additional
file 1: Table S10). The results showed that the four lar-
gest categories were activation (28.9%); binding/associ-
ation (21.1%); complex (19.3%); and indirect effect
(10.9%), followed by other PPI types (7.9% inhibition,
6.3% phosphorylation, 3.7% dissociation, 1.9% dephos-
phorylation, and 0.3% state change) (Fig. 4b). An over-
view of each cytoskeleton’s functional relationships to its
upstream and downstream was presented (Additional
file 1: Table S10). InterV (Lamin), InterIV, Troponins
(TnC) and TPM (Tropomyosins) were found as the top
4 highest acidic AA content proteins (Fig. 4b and Add-
itional file 1: Table S9). Compared to Lamin and InterIV,
TnC and TPM have been studied more because more
PPI types were recorded (Additional file 1: Table S10).
For them, we noticed that the two largest categories re-
corded were also precisely binding and (forming) com-
plex (Fig. 4c).

Electrostatic interactions of the cytoskeletal proteins
From the above analyses, we noticed that cytoskeletal
proteins acidic AA content is the highest among all the
investigated subcellular proteomes. In evolution, the
average charged AA contents of human cytoskeletal pro-
teins were higher than their prokaryotic analogs. Most
of the cytoskeletal protein families possess higher
charged AA contents than those of the average
eukaryotic cell. Furthermore, the functions of cytoskel-
etal proteins were closely associated with binding, dis-
sociation and building complexes. Here, we further
explored the detailed functional mechanisms of the
charged AAs, how they help cytoskeleton binding, dis-
sociation and building complex.

Electrostatic interaction at the primary structure level
First, we hypothesized that proteins in the cytoskeleton
system interact with the other proteins by electrostatic
interaction between net positive and negative charges of
two protein sequences. To test this hypothesis, we calcu-
lated the theoretical PI (isoelectric point) between two
proteins in each PPI (protein-protein interaction), then
compared the two proteins PI distributions of human
cytoskeleton PPI pairs (251) and all human PPI pairs evi-
denced in vivo (Fig. 5 and Additional file 1: Table S11).
For the two proteins in each protein-protein interaction
pair, there are two theoretical PI values. The lower PI
value is shown in red and the higher one in green. For
the cytoskeleton PPI pairs, it is interesting to note that
two kinds of values showed a bimodal distribution, and

there is an obvious segmentation near PI 7.0 (Fig. 5a).
For the other human PPI pairs, the distribution of the
two kinds PI overlapped a lot, and no obvious segmenta-
tion could be found near PI 7.0 (Fig. 5b). Next, to make
a comparison of the PI difference distribution of cyto-
skeleton versus non-cytoskeleton PPI pairs, we use
(PImax-PImin) to evaluate PI difference in one PPI pair.
Results showed that PI difference was significantly larger
in cytoskeleton PPI pairs than that in non-cytoskeleton
PPI pairs (P value <3E-5) (Additional file 1: Table S12).
Furthermore, we showed the PI difference distribution

between non-interacting cytoskeletal protein pairs (random
sampling two proteins from non-interacting cytoskeletal

a

b

c

Fig. 5 PIs (isoelectric points) distributions of protein-protein interaction
(PPI) pairs. For each two interacting proteins’ PI value in a PPI pair,
the lower PI value is showed in red and higher value in green. a PIs
distributions of cytoskeleton PPI pairs. b PIs distributions of in vivo
evidenced human PPI pairs. c PIs distributions of the PI difference
distribution of non-interacting cytoskeletal protein pairs
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proteins) (Fig. 5c). The lower PI value is shown in red and
the higher one in green. For non-interacting cytoskeletal
protein pairs, it is interesting to note that two kinds of
values showed a multimodal distribution, not bimodal dis-
tribution. Two obvious peaks around 6.5 and 8 (Fig. 5c)
suggested that many non-interacting cytoskeletal proteins
are neutral. Another three peaks were around 4.5, 5.3, and
9.7, which is coincide with the results that the charged AA
of cytoskeleton proteins were most abundant than the
other subcellular located proteomes (Fig. 2c, d), and many
cytoskeleton proteins’ charged amino acid content were
much higher than average level (Fig. 4). Significant differ-
ence of PI difference (PImax-PImin) between cytoskeleton
PPI and non-interacting cytoskeletal protein pairs was not
supported by both of the tests (P>0.05 in Mann-Whitney
Test, P = 0.004 in Kolmogorov-Smirnov test.) (Additional
file 1: Table S12). In addition, since Mann-Whitney test is
more robust [19], we choose to believe the result supported
by Mann-Whitney Test when there is a discrepancy. Be-
cause the discrimination of interacting cytoskeletal proteins
and non-interacting proteins were based on experimental
data available now. This result indicated that more un-
known interactions would be identified in future for those
non-interacting cytoskeletal proteins.

Electrostatic interaction at the 3D structure level
We then hypothesized that proteins in the cytoskeleton
system might also interact with the other proteins
through electrostatic interaction on protein-protein
interaction interfaces. To test this hypothesis, we calcu-
lated the charged AA of interfaces among protein 3D
structures. Cytoskeletal proteins with 3D structures in
PDB were retrieved, and charged AA contents of PPI in-
terfaces in the 3D structures were then calculated and
compared with that of random non-cytoskeleton
protein-protein interaction interfaces. Our results
showed that a significantly higher content of Glu (E) in
the cytoskeleton PPI interfaces (Table 1). To demon-
strate that higher content of Glu (E) in the cytoskeleton
PPI interfaces is not just due to the generally higher level

of charged amino acid in cytoskeletal proteins, we fur-
ther compared charged AA contents of non-PPI parts
and PPI of cytoskeleton complex sequences. The results
showed that the average Glu content of PPI interfaces of
cytoskeleton were higher than that of the non-PPI inter-
faces of cytoskeleton proteins (Additional file 1: Table
S13).

Discussion
Studies of stoichiogenomics have primarily focused on the
elements usage in proteins and nucleic acids [10, 20]. Like
element, monomers and functional groups of monomers
are also material composition of proteins or nucleic acids.
Here we updated the definition of stoichiogenomics,
which aims to research patterns of elements, functional
groups, monomers and measurable chemical properties of
proteins, nucleic acids in genomics. Then we applied stoi-
chiogenomics to subcellular research to examine differen-
tial patterns of elements and charged AA compositions of
diverse subcellular proteomes.
The extracellular proteins are commonly synthesized in

cytoplasm, modified in the endoplasmic reticulum and
Golgi, and secreted by a cell [21–23]. Compared to other
subcellular proteomes investigated, we found the hydro-
gen content of the extracellular proteome is the lowest,
and that its sulfur content is high. High sulfur content is
due to the abundant disulfide bridges in the extracellular
proteins [24]. However, we could not explain the lowest
hydrogen content of the extracellular proteins in this art-
icle. In addition, in correlation analysis of results obtained
from single and dual location proteins, the low correlation
of sulfur contents should be caused by the extracellular
proteins, which are synthesized in cytoplasm and modified
in the endoplasmic reticulum and Golgi. Therefore, in the
location annotation, the extracellular proteins were dupli-
cated in many subcellular locations. The extracellular pro-
teins’ own high sulfur content might bias the sulfur results
obtained from dual location proteins.
In our study, we found that the nuclear proteins have

the highest basic AA contents among all the investigated

Table 1 The charged amino acid (AA) content of cytoskeleton PPIs and random PPIs from PDB database

AA Type Mean
content of
Cytoskeleton PPI

Mean
content of
Random PPI

P value

Mann-Whitney
Test, I-tailed

Kolmogorov-Smirnov
Test, l-tailed

Acidic AA 0.169 0.141 0.118839 0.138833

Glu 0.115 0.078 0.043527 0.004701

Asp 0.054 0.063 0.257816 0.482385

Basic AA 0.188 0.171 0.280319 0.457611

Lys 0.080 0.062 0.088308 0.199456

Arg 0.086 0.078 0.383006 0.175169

His 0.021 0.031 0.192222 0.485181
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subcellular proteomes. The highest basic AA contents of
the nuclear proteins might help their binding with nega-
tively charged DNA existing in the nucleus. For example,
the nucleus has an abundance of histones, which are
highly alkaline proteins [22, 23]. In addition, we found
that the high nitrogen content of the nuclear proteomes
is highly correlated with their high basic AA content,
since nitrogen only appears in amide and basic AAs.
The cytoskeleton has the highest acidic AA content

among all the investigated subcellular proteomes. For
basic AA content, the cytoskeleton proteome is the sec-
ond highest. Results obtained from single and dual loca-
tion proteins are consistent. These suggest that acidic
AA content could be used as a good predictor for cyto-
skeletal proteins, and basic AA content for the nucleus.
The charged AA contents of other subcellular locations
are diverse and often intersected. In addition, results ob-
tained from model organisms are more regular than
non-model organisms. This bias might be caused by un-
even data distribution, because subcellular location an-
notation is very rare in non-model organisms. A
universal trend could be obtained when more subcellular
annotation data are available.
Comparing to prokaryotic proteins, eukaryotic pro-

teins basic AA content is significantly increased. It
means for the entire, eukaryotic proteins are tending to
be more basic than acidic. For the cytoskeleton, we
found the average contents of both acidic and basic AA
content of human cytoskeletal proteins were higher than
their prokaryotic analogs. Under the background of in-
creased basic characteristic of entire eukaryotic proteins,
more acidic AA in cytoskeletal proteins made them
more distinguished in eukaryotic cell.
Most of the cytoskeletal protein families possess

higher acidic and basic AA contents than that of
eukaryotic average level. Especially for the acidic con-
tents of Troponins, Tropomyosins, Inter IV and Stath-
min, which were two times higher than the average
level. These results could be useful for diagnosis and
therapy for various cytoskeleton related diseases. In
addition, we observed that the average contents of
charged AA of cytoskeleton were higher than their pro-
karyotic analogs in evolutionary law analysis. Here, sub-
division of protein families suggested that the increase is
mainly due to the newly originated cytoskeletal protein
in eukaryotes, including IF protein [21, 24], Troponins
[23], Tropomyosins [22] and Stathmin [21], whose acidic
AA contents were much higher. However, the charged
AA content of prokaryotic originated protein, like actin
and microtubulin, were almost as same as their
ancients’.
Functionally subdivision results suggested that cytoskel-

etal proteins were closely associated with activation, bind-
ing, dissociation and building complex categories.

Activation is a much bigger concept, including phosphor-
ylation, acetylation, methylation, ubiquitination, electro-
static interactions on active surface and so on [25]. As the
major functional category of the cytoskeleton, the binding,
dissociation and building complex functions are compara-
tively more specific concepts, and compatible with cyto-
skeleton’s structure and location characteristic. Because
cytoskeleton need continuous binding, dissociation, and
building complex to supports cell and provides shape, en-
ables it to move, and serves purposes in intracellular
transport, polarity and cellular division [26, 27]. This hy-
pothesis is evidenced in TnC and TPM, whose functions
were focused on binding and building complex. Less data
of Lamin and InterIV means they are still poor studied.
We predict that more binding and building complex rela-
tionships would be identified between them and their up-
streams and downstreams in future.
Theoretical PI distribution of cytoskeletal protein pairs

showed an obvious match of negative and positive
charge between two interacting primary sequences. Elec-
trostatic interaction analysis in protein 3D structures
showed that the cytoskeleton complexes use more Glu
(E) among PPI interfaces than that of the other com-
plexes. It is known that the amino acid composition of
PPI interfaces are frequently hydrophobic and electro-
static complementary [28], but no amino acid usage bias
exists in different PPI interfaces according to previous
research [29]. However, in this study we found more Glu
(E) in PPI interfaces of cytoskeleton complexes than
those of other random selected complexes. It further en-
hanced the effect of electrostatic forces in cytoskeletal
protein. A combined mechanism of increased electro-
static interaction between both primary sequences and
PPI interfaces showed an efficient and flexible use of
charged AA in cytoskeletal proteins.
The cytoskeleton is an open bones system, not like

other organelles that are relatively closed and sur-
rounded by two membranes (nucleus, mitochondria, and
chloroplast) or one membrane (endoplasmic reticulum,
Golgi). Proteins in organelles surrounded by membranes
have natural physical barriers, while cytoskeletal proteins
have no physical barriers in cell. They are widely distrib-
uted in the cell to keep the stability of the cell physiolo-
gically and structurally [6]. At first, as cytoskeleton
performs multiple functions and widely distributed, it in-
teracts with various molecules within a cell’s cytoplasm.
Rich acidic AA benefits these interactions definitely. Sec-
ondly, since eukaryotic proteins are tend to be more
basic, acidic AA is necessary for the individual cytoskel-
etal protein molecules to carry the same electric charge
and help prevent self-aggregation [30, 31]; Thirdly, it is
necessary for the individual cytoskeletal protein mole-
cules keeping net charge and helping specifically recog-
nition [32] among cytoskeletal proteins. Previous
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biochemistry research has shown that microfilament and
microtubule moves in a treadmilling model [8, 33]. By
stoichiogenomic analysis, our study revealed charged
characteristics and its evolutionary law of the cytoskel-
eton, and provided functional interpretation of how
charged AAs played role in whole cytoskeleton system at
both sequences and structures levels.

Conclusions
In this study, we renewed the definition of stoichioge-
nomics to research different patterns of elements, func-
tional groups, monomer, and measurable chemical
properties of proteins, nucleic acids. Then we applied it
to examine differential patterns of element and charged
AA compositions of proteins in different subcellular lo-
cations. This is the first time that systematic insights
have been gained into stoichiogenomic characteristics of
subcellular proteome and evolutionary law, electrostatic
interaction of how charged AA played role in whole
cytoskeleton system at both primary and higher struc-
tures levels. These studies provide a subcellular stoichio-
genomics blueprint and functional interpretation of the
binding/association and complexing of the cytoskeleton.
It helps us to better understand protein’s evolutionary
adaptation to various subcellular conditions in terms of
element and charged AA compositions, and functional
interpretation of macromolecular machinery. The results
obtained here could be used for subcellular locations
prediction, protein function prediction, and contributed
to basic cell biology of the cytoskeleton. Understanding
the basic cell biology of the cytoskeleton would further
contributed to the investigation, diagnosis, and therapy
for various cytoskeleton related disease. In addition, this
study lays a foundation for applying stoichiogenomics
research in more species and fields, such as the stoichio-
genomic characteristics of cancer microenvironment and
further used in cancer prediction, and some unresolved
evolutionary and species classification problems [10, 11].

Methods
Retrieve sequence and sort them into different
subcellular locations
The general approach for sorting protein sequences accord-
ing to their subcellular location annotations were as follow-
ings (Additional file 1: Figure S1) [1]: all available eukaryotic
proteins (400,854) were downloaded from Swiss-prot (Uni-
Prot Release 14.4) [34] [2]. Only eukaryotic proteins with
subcellular locations evidenced by experiments (46,231) were
chosen for further analyses [3]. Identifying single location
and dual location proteins: sequences with only one subcel-
lular location annotation were regarded as single subcellular
located proteins (Additional file 1: Table S1); Sequences with
more than one subcellular location annotation were regarded
as dual subcellular located proteins (Additional file 1: Table

S2). Considering the repeat named of cytoskeletal proteins,
“cytoskeleton, nucleus” and “cytoskeleton, cytoplasm” in an-
notation were recorded as “cytoskeleton” in both cases [4].
Protein sequences were then sorted according to their spe-
cies resources (Additional file 1: Table S3), including: Saccha-
romyces cerevisiae (Baker’s yeast), Schizosaccharomyces
pombe (Fission yeast), Arabidopsis thaliana, Bos taurus (Bo-
vine), Gallus gallus (Chicken), Caenorhabditis elegans (Ele-
gans), Drosophila melanogaster (Fly), Xenopus tropicalis
(Frog), Sus scrofa (Pig), Rattus norvegicus (Rat), Mus muscu-
lus (Mouse), and Homo sapiens (Human), to ensure that the
amount of sequences in each species were larger than 300
[5]. Protein sequences in each species were then sorted into
different subcellular location categories. According to
Swiss-prot annotation, there are 17 kinds of subcellular loca-
tion categories. To ensure that the final data size of different
location categories in each species is at least 1 (sequence),
the following location categories were finally kept: cytoplasm,
cytoskeleton, endoplasmic reticulum, extracellular, golgi,
membrane, mitochondria, nucleus, and transmembrane.

Construct homolog protein sets between human and
prokaryotic genomes
We retrieved 158 mesophilic prokaryotic genomes from
GenBank (ftp://ftp.ncbi.nih.gov/genomes) (Additional
file 1: Table S4). Mesophiles are organisms with growth
temperature among 15 °C–50 °C according to PGTdb
[35]. Since previous studies have showed that charged
AA and oxygen contents have a close correlation with
thermophilic prokaryotes [17, 36]. Hyperthermophiles,
thermophiles and psychrophiles were not included to
eliminate biases.
In order to more accurately identify prokaryotic ances-

tor sequences of proteins in different subcellular location
categories, Bi-directional BLAST were conducted be-
tween human proteins with different categories and 158
mesophilic prokaryotic genomes by the method we used
before [37]. Bi-directional best hit has been widely used
to identify the orthologous genes between different ge-
nomes [38].
At first, human proteins were used as queries to com-

pare with each prokaryotic translated genome by
BLASTP (E-value < = 1e-5), and sequences producing
significant alignments were calculated and kept for fur-
ther analysis. Secondly, we performed a reciprocal search
with BLASTP (E-value < = 1e-5) using each prokaryotic
translated genomes as the queries, respectively. Pairs of
sequences that were each other’s best hit were identified
in both directions and regarded as putative 1:1 ortholog
genes between human and prokaryotic genomes.

Classify cytoskeletal proteins into different families
Orthology (KO) System in the Kyoto Encyclopedia of
Genes and Genomes (KEGG) [18] were used to retrieve

Zhang et al. BMC Genomics  (2018) 19:469 Page 10 of 12

ftp://ftp.ncbi.nih.gov/genomes


different cytoskeletal proteins families (Additional file 1:
Tables S9).

Retrieve protein-protein interaction (PPI) pairs
Human protein interaction data (38, 788 pairs) were re-
trieved from HPRD (Human Protein Reference Database,
release 9) [39]. Among them, 18, 584 PPI pairs were evi-
denced in vivo.

Retrieve protein-protein interaction (PPI) segments from
3D structure
Since subcellular location information in PDB (The Pro-
tein Data Bank) [40] is not enough, we used cytoskeleton
system proteins evidenced by experiments (in
Swiss-prot) as queries to search sequences in PDB by
Blastp with stringent cutoff (E-value < = 1e-10). The hit
sequences were considered as cytoskeletal proteins (or
complexes) in PDB.
The protein-protein interaction interfaces in 3D struc-

ture were first retrieved from PDBsum [41]. These inter-
faces contain both hydrogen bonds residues and the
non-hydrogen bonds residues. Then, these interfaces
were divided into cytoskeleton protein-protein inter-
action interfaces and non-cytoskeleton PPI interfaces. At
last, 132 cytoskeleton protein-protein interaction inter-
faces from 37 cytoskeleton complexes were used to com-
pare with non-cytoskeleton PPI interfaces selected from
2000 random complexes.

Calculation of element content
Average content of the five kinds of elements (carbon,
hydrogen, oxygen, nitrogen and sulfur) in a full protein
sequence was estimated as follows: [∗content] = ∑wi ×
pi/L. The wi is the number of * element (or functional
group) on the AA side chain (ranging from 0 to 10), pi
is the content of the i-th AA, and L is the sequence
length. The content of an element is the mean of all ele-
ments in all sequences in one proteome or one ortholo-
gous group. All data were calculated by using published
method [7, 17].

Amino acid content and PI calculation
Average contents of charged AAs in a full protein se-
quence were estimated as follows:

One sequence’s [acidic AA content] = [sum of acidic AA]/L.
One sequence’s [basic AA content] = [sum of basic AA]/L.

Where acidic AA includes: Aspartic acid (Asp, D),
Glutamic acid (Glu, E); basic AA includes: lysine (Lys,
K), arginine (Arg, R) and histidine (His, H); L is the se-
quence length. The content of acidic (or basic) AA is the
mean of the acidic (or basic) AA in all sequences, for

each subcellular location in each species. All data were
calculated by using published method [17, 36].
For PI (isoelectric point) calculation, we used PI com-

puting tool on the expasy (http://web.expasy.org/compu-
te_pi/). To evaluate PI difference in one PPI pair, we use
PImax-PImin. PImax means the larger PI value of two
proteins in one PPI pair. PImin means the smaller PI
value of two proteins in one PPI pair.

Statistical tests and visualizations
Comparisons of two independent samples were conducted
by Mann-Whitney and Kolmogorov-Smirnov tests in
SPSS 19.0 statistics software (SPSS Inc., Chicago, IL). Mul-
tiple analyses were conducted by Turkey’s multiple com-
parisons in R statistical environment (v3.3.1) [42]. For
robustness and consistency, we only considered in this
work significant differences at the probability level of p <
0.05 by two statistically methods. The visualizations were
prepared by using basic drawing functions, ggplot2 (2.2.1)
[43], circlize (0.4.3), lattice (0.20–35), latticeExtra (0.6–28)
in R statistical environment (v3.3.1) [42].

Additional file

Additional file 1: Tables S1 to S9, S11 to S13 and Figures S1 to S10.
Table S10: The protein-protein interaction (PPI) types between each
cytoskeleton protein and its associated upstream and downstream
proteins in KEGG pathway. (ZIP 2429 kb)

Abbreviations
AA: Amino acid; PI: Isoelectric point; PPIs: Protein-protein interactions

Acknowledgements
We thank Drs Margo MacDonald and Wei Liu in University of Pennsylvania
for careful reading and editing of our manuscript.

Fundings
This work was supported by the following, The National Natural Science
Foundation of China (31,672,363, 31,572,256, 31, 372, and 265), Par-Eu
Scholars Program (20136666), Coordinated Research Project of the Inter-
national Atomic Energy Agency (18268), National Key Program of Science,
Technology Foundation Work of China (2015FY210300) and the Science and
Technology Research Project of Chongqing Municipal Education Commission
(KJ1600304). The funding bodies had no role in the design of the study and
collection, analysis and interpretation of data and in writing the manuscript.

Availability of data and materials
All available eukaryotic proteins (400,854) were downloaded from Swiss-prot
(UniProt Release 14.4, http://www.uniprot.org/) [34]. We retrieved 158 mesophi-
lic prokaryotic genomes from GenBank (ftp://ftp.ncbi.nih.gov/genomes). The
protein-protein interaction interfaces in 3D structure were first retrieved from
PDBsum [41] (http://www.rcsb.org). Human protein interaction data (38,788
pairs) were retrieved from HPRD [39] (Human Protein Reference Database, re-
lease 9, http://www.hprd.org/). Public access to the databases is open.

Authors’ contributions
YJZ conceived the study, performed the data analyses, and wrote the
manuscript; CZ, YD, ZWY, GHL, and YL performed experiments and analyzed;
JFW and BC initiated the study and design the analyses. All authors have
read and approved the manuscript, and ensure that this is the case.

Ethics approval and consent to participate
Not applicable.

Zhang et al. BMC Genomics  (2018) 19:469 Page 11 of 12

http://web.expasy.org/compute_pi/
http://web.expasy.org/compute_pi/
https://doi.org/10.1186/s12864-018-4845-0
http://www.uniprot.org/
ftp://ftp.ncbi.nih.gov/genomes
http://www.rcsb.org
http://www.hprd.org


Consent for publication
All the authors have reviewed the final version of the manuscript and
approved it for publication.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 26 February 2018 Accepted: 31 May 2018

References
1. Campbell NA, Reece JB, Urry LA, Cain ML, Wasserman SA, Minorsky

PV, Jackson RB. Biology. 8th ed. San Francisco: Pearson Education;
2008. p. 666–97.

2. Nair R, Rost B. Sequence conserved for subcellular localization. Protein Sci.
2002;11(12):2836–47.

3. Marques AC, Vinckenbosch N, Brawand D, Kaessmann H. Functional
diversification of duplicate genes through subcellular adaptation of
encoded proteins. Genome Biol. 2008;9(3):R54.

4. Byun-McKay SA, Geeta R. Protein subcellular relocalization: a new
perspective on the origin of novel genes. Trends Ecol Evol. 2007;
22(7):338–44.

5. Julenius K, Pedersen AG. Protein evolution is faster outside the cell. Mol Biol
Evol. 2006;23(11):2039–48.

6. Fletcher DA, Mullins RD. Cell mechanics and the cytoskeleton. Nature. 2010;
463(7280):485–92.

7. Acquisti C, Kleffe J, Collins S. Oxygen content of transmembrane proteins
over macroevolutionary time scales. Nature. 2007;445(7123):47–52.

8. Kang M, Wang J, Huang H. Nitrogen limitation as a driver of genome size
evolution in a group of karst plants. Sci Rep. 2015;5:11636.

9. Hurtley SM. Cell biology of the cytoskeleton. Science. 1998;279(5350):459.
10. Elser JJ, Acquisti C, Kumar S. Stoichiogenomics: the evolutionary ecology of

macromolecular elemental composition. Trends Ecol Evol. 2011;26(1):38–44.
11. Lan Y, Hu JT, Zhang YJ. Research progress of stoichiogenomics. Yi Chuan.

2017;39(2):89–97.
12. Seward EA, Kelly S. Dietary nitrogen alters codon bias and genome

composition in parasitic microorganisms. Genome Biol. 2016;17(1):226.
13. Francois CM, Duret L, Simon L, Mermillod-Blondin F, Malard F, Konecny-

Dupre L, Planel R, Penel S, Douady CJ, Lefebure T. No evidence that
nitrogen limitation influences the elemental composition of isopod
transcriptomes and proteomes. Mol Biol Evol. 2016;33(10):2605–20.

14. Zilkenat S, Grin I, Wagner S. Stoichiometry determination of macromolecular
membrane protein complexes. Biol Chem. 2017;398(2):155–64.

15. White AD, Keefe AJ, Ella-Menye JR, Nowinski AK, Shao Q, Pfaendtner J, Jiang
S. Free energy of solvated salt bridges: a simulation and experimental study.
J Phys Chem B. 2013;117(24):7254–9.

16. Leunissen JA, van den Hooven HW, de Jong WW. Extreme differences in
charge changes during protein evolution. J Mol Evol. 1990;31(1):33–9.

17. Zhang YJ, Yang CL, Hao YJ, Li Y, Chen B, Wen JF. Macroevolutionary trends
of atomic composition and related functional group proportion in
eukaryotic and prokaryotic proteins. Gene. 2014;534(2):163–8.

18. Kanehisa M, Goto S, Kawashima S, Okuno Y, Hattori M. The KEGG resource
for deciphering the genome. Nucleic Acids Res. 2004;32(Database issue):
D277–80.

19. Motulsky HJ. Statistics Guide. San Diego, CA: GraphPad Software;
2007. p. 123.

20. V RM, Cremen MC, Jackson CJ, Larkum AA, Verbruggen H. Evolutionary
dynamics of chloroplast genomes in low light: a case study of the
endolithic green alga Ostreobium quekettii. Genome Biol Evol. 2016;8(9):
2939–51.

21. Jiang X, Gu X, Liu Y, Ding F, Huan Y, Ren L, Wang Y. Molecular cloning and
expression analysis of evolutionarily conserved stathmin from Gekko
japonicus spinal cord. Indian J Biochem Biophys. 2009;46(4):289–93.

22. Gunning PW, Ghoshdastider U, Whitaker S, Popp D, Robinson RC. The
evolution of compositionally and functionally distinct actin filaments. J Cell
Sci. 2015;128(11):2009–19.

23. Wu QL, Jha PK, Raychowdhury MK, Du Y, Leavis PC, Sarkar S. Isolation and
characterization of human fast skeletal beta troponin T cDNA: comparative
sequence analysis of isoforms and insight into the evolution of members of
a multigene family. DNA Cell Biol. 1994;13(3):217–33.

24. Hering L, Bouameur JE, Reichelt J, Magin TM, Mayer G. Novel origin of
Lamin-derived cytoplasmic intermediate filaments in tardigrades. Elife. 2016;
5:e11117.

25. Baud V, Collares D. Post-translational modifications of RelB NF-kappaB
subunit and associated functions. Cells. 2016;5(2):22.

26. Xue B, Leyrat C, Grimes JM, Robinson RC. Structural basis of thymosin-
beta4/profilin exchange leading to actin filament polymerization. Proc Natl
Acad Sci U S A. 2014;111(43):E4596–605.

27. Kast DJ, Dominguez R. The cytoskeleton-autophagy connection. Curr Biol.
2017;27(8):R318–26.

28. Moreira IS, Fernandes PA, Ramos MJ. Hot spots–a review of the protein-protein
interface determinant amino-acid residues. Proteins. 2007;68(4):803–12.

29. Chakrabarti P, Janin J. Dissecting protein-protein recognition sites. Proteins.
2002;47(3):334–43.

30. Hansted JG, Wejse PL, Bertelsen H, Otzen DE. Effect of protein-surfactant
interactions on aggregation of beta-lactoglobulin. Biochim Biophys Acta.
2011;1814(5):713–23.

31. Kyne C, Jordon K, Filoti DI, Laue TM, Crowley PB. Protein charge
determination and implications for interactions in cell extracts. Protein Sci.
2016;26(2):258–67.

32. Haso F, Li D, Garai S, Pigga JM, Liu T. Self-recognition between two almost
identical macroions during their assembly: the effects of pH and
temperature. Chemistry. 2015;21(38):13234–9.

33. Mccaffrey K, Braakman I. Protein quality control at the endoplasmic
reticulum. Essays Biochem. 2016;60(2):227.

34. Boeckmann B, Bairoch A, Apweiler R, Blatter MC, Estreicher A, Gasteiger E,
Martin MJ, Michoud K, O'Donovan C, Phan I, Pilbout S, Schneider M. The
SWISS-PROT protein knowledgebase and its supplement TrEMBL in 2003.
Nucleic Acids Res. 2003;31(1):365–70.

35. Huang SL, Wu LC, Liang HK, Pan KT, Horng JT, Ko MT. PGTdb: a
database providing growth temperatures of prokaryotes. Bioinformatics.
2004;20(2):276–8.

36. Zhang YJ, Li JJ, Hao YJ, Chen B. Charged amino acid frequencies of proteins
over macroevolutionary time scale. Engineering. 2013;5:4.

37. Chen B, Zhang YJ, He Z, Li W, Si F, Tang Y, He Q, Qiao L, Yan Z, Fu W, Che
Y. De novo transcriptome sequencing and sequence analysis of the malaria
vector Anopheles sinensis (Diptera: Culicidae). Parasit Vectors. 2014;7:314.

38. Altenhoff AM, Schneider A, Gonnet GH, Dessimoz C. OMA 2011: orthology
inference among 1000 complete genomes. Nucleic Acids Res. 2011;
39(Database):D289–94.

39. Keshava Prasad TS, Goel R, Kandasamy K, Keerthikumar S, Kumar S,
Mathivanan S, Telikicherla D, Raju R, Shafreen B, Venugopal A, Balakrishnan
L, Marimuthu A, Banerjee S, Somanathan DS, Sebastian A, Rani S, Ray S,
Harrys Kishore CJ, Kanth S, Ahmed M, Kashyap MK, Mohmood R,
Ramachandra YL, Krishna V, Rahiman BA, Mohan S, Ranganathan P,
Ramabadran S, Chaerkady R, Pandey A. Human protein reference database–
2009 update. Nucleic Acids Res. 2009;37(Database issue):D767–72.

40. Rose PW, Prlic A, Altunkaya A, Bi C, Bradley AR, Christie CH, Costanzo LD,
Duarte JM, Dutta S, Feng Z, Green RK, Goodsell DS, Hudson B, Kalro T, Lowe
R, Peisach E, Randle C, Rose AS, Shao C, Tao YP, Valasatava Y, Voigt M,
Westbrook JD, Woo J, Yang H, Young JY, Zardecki C, Berman HM, Burley SK.
The RCSB protein data bank: integrative view of protein, gene and 3D
structural information. Nucleic Acids Res. 2017;45(D1):D271–81.

41. Laskowski RA. PDBsum: summaries and analyses of PDB structures. Nucleic
Acids Res. 2001;29(1):221–2.

42. Team, R. C., R. A language and environment for statistical computing.
Vienna, Austria. URL http://www.R-project.org/: R Foundation for Statistical
Computing; 2016.

43. Shih YL, Rothfield L. The bacterial cytoskeleton. Microbiol Mol Biol Rev. 2006;
70(3):729–54.

Zhang et al. BMC Genomics  (2018) 19:469 Page 12 of 12

http://www.r-project.org/

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Stoichiogenomic characteristics of subcellular proteomes
	Evolutionary law of the charged AA contents between the proteins of eukaryotic cells and prokaryotic cells
	Evolutionary law of the charged AA contents between human subcellular proteomes and their prokaryotic analogs
	Charge characteristic of different cytoskeletal protein families
	Functional subdivision of cytoskeletal proteins
	Electrostatic interactions of the cytoskeletal proteins
	Electrostatic interaction at the primary structure level
	Electrostatic interaction at the 3D structure level

	Discussion
	Conclusions
	Methods
	Retrieve sequence and sort them into different subcellular locations
	Construct homolog protein sets between human and prokaryotic genomes
	Classify cytoskeletal proteins into different families
	Retrieve protein-protein interaction (PPI) pairs
	Retrieve protein-protein interaction (PPI) segments from 3D structure
	Calculation of element content
	Amino acid content and PI calculation
	Statistical tests and visualizations

	Additional file
	Abbreviations
	Acknowledgements
	Fundings
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

