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Abstract

About 2 billion years ago, the atmosphere of the Earth experienced a great change due to

the buildup of dioxygen produced by photosynthetic organisms. This transition caused a

reduction of iron bioavailability and at the same time exposed living organisms to the threat

of oxidative stress. Iron-sulfur (Fe-S) clusters require iron ions for their biosynthesis and are

labile if exposed to reactive oxygen species. To assess how the above transition influenced

the usage of Fe-S clusters by organisms, we compared the distribution of the Fe-S proteins

encoded by the genomes of more than 400 prokaryotic organisms as a function of their

dioxygen requirements. Aerobic organisms use less Fe-S proteins than the majority of

anaerobic organisms with a similar genome size. Furthermore, aerobes have evolved spe-

cific Fe-S proteins that bind the less iron-demanding and more chemically stable Fe2S2 clus-

ters while reducing the number of Fe4S4-binding proteins in their genomes. However, there

is a shared core of Fe-S protein families composed mainly by Fe4S4-binding proteins. Mem-

bers of these families are present also in humans. The distribution of human Fe-S proteins

within cell compartments shows that mitochondrial proteins are inherited from prokaryotic

proteins of aerobes, whereas nuclear and cytoplasmic Fe-S proteins are inherited from

anaerobic organisms.

Introduction

During the first billion years of life on the Earth, the environment was anaerobic. Iron and sul-

fur were abundant, and they were used for the formation of iron-sulfur (Fe-S) clusters as cofac-

tors of proteins. Fe-S clusters contain two or more iron ions bridged by sulfide ions. Each iron

ion is tetracoordinated, with its coordination sphere typically completed by the sulfur or nitro-

gen atoms of cysteine and histidine side chains, respectively [1–3]. Often, the metal site of

rubredoxin, which contains a single iron ion coordinated by four cysteines, is regarded as the

simplest unit of Fe-S clusters. Fe-S clusters are among the most versatile inorganic cofactors

[4]. They are involved in a plethora of functional processes, including aerobic as well as anaer-

obic respiration, regulation of gene expression, amino acid and nucleotide metabolism, DNA

PLOS ONE | DOI:10.1371/journal.pone.0171279 January 30, 2017 1 / 15

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Andreini C, Rosato A, Banci L (2017) The

Relationship between Environmental Dioxygen and

Iron-Sulfur Proteins Explored at the Genome Level.

PLoS ONE 12(1): e0171279. doi:10.1371/journal.

pone.0171279

Editor: Fanis Missirlis, CINVESTAV-IPN, MEXICO

Received: November 17, 2016

Accepted: January 18, 2017

Published: January 30, 2017

Copyright: © 2017 Andreini et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: This work was supported by the

European Commission (http://ec.europa.eu/index_

en.htm) Grant n. 284209 to LB. The funder had no

role in study design, data collection and analysis,

decision to publish, or preparation of the

manuscript.

Competing Interests: The authors have declared

that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0171279&domain=pdf&date_stamp=2017-01-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0171279&domain=pdf&date_stamp=2017-01-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0171279&domain=pdf&date_stamp=2017-01-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0171279&domain=pdf&date_stamp=2017-01-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0171279&domain=pdf&date_stamp=2017-01-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0171279&domain=pdf&date_stamp=2017-01-30
http://creativecommons.org/licenses/by/4.0/
http://ec.europa.eu/index_en.htm
http://ec.europa.eu/index_en.htm


modification and repair and tRNA modification. Metalloproteins containing Fe-S clusters (Fe-

S proteins) can be identified in organisms from all kingdoms of life [1,4,5]. In Fe-S proteins,

the formation of the clusters is often spontaneous in vitro, when the apo-protein is exposed to

inorganic iron and sulfur sources [6], but requires dedicated biogenesis pathways in vivo [7–

10]. The presence of Fe-S cluster is a major determinant of correct protein folding [11].

The oxygenation of the Earth’s atmosphere by photosynthetic organisms created multiple

challenges to Fe-S proteins. By oxidizing environmental iron to the iron(III) state, which rap-

idly precipitates as ferric hydroxide or forms insoluble complexes with anions, dioxygen

reduced the bioavailability of this essential metal drastically. Thus as dioxygen accumulated in

the atmosphere, iron became a limiting nutrient in many aerobic habitats. Furthermore, reac-

tive oxygen species (ROS) are able to convert exposed Fe-S clusters to unstable inorganic spe-

cies that quickly decompose [12,13]. Indeed, the integrity of Fe4S4 clusters in proteins such as

aconitase and succinate dehydrogenase is frequently used to evaluate oxidative stress [14].

Consequently, aerobic organisms had to tackle the above challenges throughout their evolu-

tion. This entailed the development of specialized systems for iron uptake (in order to com-

pensate the low bioavailability of the metal) [15,16] and Fe-S biogenesis [17], and of suitable

scavenging and defense systems against ROS [18–20].

In this work, we compared the usage of Fe-S proteins in prokaryotic organisms with differ-

ent life styles, and in particular with different dioxygen requirements. To this aim, we exploited

the extensive amount of information made available by genome sequencing projects to predict

the occurrence of Fe-S proteins in more than 400 organisms, based on protocols that we previ-

ously developed for the bioinformatics investigation of metalloproteins across the kingdoms of

life [5,21]. As a result, we obtained a global view of the distribution of Fe-S proteins highlight-

ing the specialization that occurred in different groups of prokaryotes as a function of their

relationship with environmental dioxygen levels.

Results

Anaerobes have a higher content and a higher variety of iron sulfur

proteins than aerobes

We analyzed the iron-sulfur genome of 434 prokaryotes (18 obligate aerobes, 29 obligate

anaerobes, 214 aerobes, 130 aerotolerant anaerobes and 43 facultative anaerobes, S1 Table).

The number of Fe-S proteins encoded by the genome of an organism depends on its

genome size and its dioxygen requirements (Fig 1A). Such number increases proportionally to

the genome size, but the fraction of Fe-S proteins is lower for the genomes of aerobic than

anaerobic bacteria. In particular, obligate aerobes and aerobes (grouped together and named

aerobes, hereafter) have a percentage of Fe-S proteins per genome below 3%. On the other

hand, obligate anaerobes and the majority of aerotolerant anaerobes have more than 3% of Fe-

S proteins in their genomes (S2 Table). For the subsequent analyses we grouped the organisms

with more than 3% of Fe-S proteins and dubbed them high-content (HC) organisms. On aver-

age, aerobes and HC anaerobes have a fraction of Fe-S proteins in their genome of 1.8% ±
0.6% and 4.7% ± 1.0%, respectively (Table 1, last two lines). The genomes of only 28% of all

aerotolerant anaerobes encode less than 3% of Fe-S proteins (low-content–LC—anaerobes,

hereafter).

To analyze Fe-S families (i.e. families of homologous Fe-S proteins), we assigned each Fe-S

protein to a precompiled COG (Cluster of Orthologous Groups) by exploiting the COG data-

base [22]. Obligate aerobes and aerobes share the same set of families (S1A Fig); the same

holds for HC anaerobes (S1B Fig). This observation supports our choice of considering aer-

obes and HC anaerobes as two independent groups.

Dioxygen Requirements and Fe-S Proteins
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Fig 1. Dependence of the number of Fe-S proteins and Fe-S families on the genome size of the organisms. A) Number of putative Fe-S proteins

as a function of the genome size in aerotolerant anaerobes (orange crosses), obligate anaerobes (red squares), aerobes (light blue triangles) and obligate

aerobes (royal blue circles). The black line represent the threshold (3% of the genome content) used to separate LC aerotolerant anaerobes from HC

aerotolerant anaerobes. B) Average number of distinct Fe-S families as a function of the genome size in HC aerotolerant anaerobes (orange crosses),

obligate anaerobes (red squares), aerobes (light blue triangles) and obligate aerobes (royal blue circles).

doi:10.1371/journal.pone.0171279.g001
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For essentially all genome sizes, the number of distinct Fe-S families in HC anaerobes is

higher than in aerobes. This difference increases with increasing genome size. Indeed, organ-

isms having about 2,250 genes in their genome contain on average 44 ± 12 or 71 ± 10 Fe-S fam-

ilies depending on whether they are aerobic or not, yielding a difference of about 27 families

(Fig 1B). For genomes of about 5,250 genes the difference increases to about 55 families.

For aerobic organisms, the number of distinct Fe-S families levels off at about 65 families

for genomes with at least 4,000 genes (Fig 1B). Thus, the higher number of Fe-S proteins in the

aerobes with larger genomes is not due to a higher number of different Fe-S families, but to a

higher number of co-orthologous proteins (i.e., paralogs that were duplicated after speciation).

Such proteins belong to the same Fe-S family and have a different specialization (e.g. enzymes

performing the same catalysis but on different substrates) [23].

HC anaerobes and aerobes share a common core of Fe-S families,

which mostly bind Fe4S4 clusters

Aerobes and HC anaerobes encode, respectively, 62 and 105 frequently occurring Fe-S fami-

lies, i.e. families that are present in at least 30% of the organisms (S3 Table). 51 families are

common to both groups of organisms (Fig 2A). This shared core accounts for 57% ± 9% of the

Fe-S genomes in HC anaerobes and for 71% ± 8% of the Fe-S genomes in aerobes (Fig 3A).

The most common functional process associated with the Fe-S families in the shared core is

energy production and conversion (16 families, Fig 2F). Proteins in these families are involved

in processes that use the same enzymatic components in both aerobes and HC anaerobes (e.g.

subunits of the NADH:ubiquinone oxidoreductase), or are related enzymes that have been

recruited in different but functionally similar roles. For example, fumarate reductase and suc-

cinate dehydrogenase (COG0479, S3 Table) are enzymes involved in anaerobic and aerobic

respiration, respectively, catalyzing the same reaction but in opposite directions. Amino acid
metabolism is the second most common process in the shared core (8 families), followed by

nucleotide and coenzyme metabolism and Fe-S biogenesis, each associated with 6 families (Fig

2F). All these families have similar roles in aerobes and anaerobes. On average, the Fe-S fami-

lies of the shared core contain more proteins in HC anaerobes than in aerobes (S2 Fig). More

than half of the families that are larger in HC anaerobes are involved in energy production and
conversion (8 out of 15).

The majority of the Fe-S families included in the shared core bind a Fe4S4-type cluster

(65%, Fig 2C). An additional 15% bind more than one type of cluster, but at least one of these

is of the Fe4S4 type. Therefore, the fraction of common families that bind at least one Fe4S4

cluster is 80%.

Table 1. Average percentage of Fe-S proteins encoded in the genome of each group of organisms, divided per dioxygen requirement. Columns

3–5 report the total number of organisms and the number of eubacterial and archaeal organisms of each type analyzed.

Dioxygen requirement Average % of Fe-S proteins # organisms # eubacteria # archaea

Obligate aerobes 1.7 ± 0.5 18 17 1

Aerobes 1.8 ± 0.7 214 196 18

Facultative anaerobes 2.3 ± 0.6 43 43 0

Aerotolerant anaerobes 4.0 ± 1.4 130 102 28

LC aerotolerant anaerobes 2.2 ± 0.4 36 34 2

HC aerotolerant anaerobes 4.6 ± 1.0 94 68 26

Obligate anaerobes 4.8 ± 1.0 29 17 12

All aerobic organisms 1.8 ± 0.6 232 213 19

All HC anaerobic organisms 4.7 ± 1.0 123 85 38

doi:10.1371/journal.pone.0171279.t001
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HC anaerobes are enriched in Fe4S4-binding proteins whereas aerobes

are enriched in Fe2S2-binding proteins

HC anaerobes have 54 specific Fe-S families (i.e., Fe-S families encoded in at least 30% of the

HC anaerobes and found in less than 30% of aerobes) whereas only 11 Fe-S families are spe-

cific to aerobes (Fig 2A, S3 Table). Specific Fe-S families account for 36% ± 9% of the Fe-S

genomes in HC anaerobes and for 15% ± 7% of the Fe-S genomes in aerobes (Fig 3A).

Energy production and conversion is the functional process that is most often associated

with both the Fe-S families specific to HC anaerobes and those specific to aerobes. However,

the number of families involved in this process is very different in the two cases, being 23 for

HC anaerobes (and thus higher than the corresponding number of families in the shared core,

i.e. 16) and only 3 for aerobes (Fig 2E–2G). Amino acid metabolism is the only other process

associated with both aerobe-specific and HC anaerobe-specific Fe-S families. Instead, Fe-S bio-
genesis and DNA maintenance are associated only with aerobe-specific families, whereas ribo-
some/tRNA modification, coenzyme metabolism and nucleotide metabolism are associated only

with HC anaerobe-specific families (Fig 2E and 2G).

Seven of the 11 Fe-S families specific to aerobes bind only Fe2S2 clusters (64%, Fig 2B),

whereas none of those specific to HC anaerobes binds only this type of Fe-S cluster (Fig 2D).

On the other hand, 42 of the 54 Fe-S families specific to HC anaerobes bind only Fe4S4 clusters,

whereas 6 have a simple FeCys4 site. Because of this differential enrichment in Fe-S families

Fig 2. Frequently occurring (i.e. present in at least 30% organisms) families of Fe-S proteins in

aerobes and HC anaerobes. (A): Venn diagram showing the distribution of the 116 frequently occurring Fe-S

families within aerobes and HC anaerobes. (B), (C), and (D): Pie charts showing the types of Fe-S cluster

(blue: Fe2S2; orange: Fe4S4; green: Fe3S4; yellow: two or more of Fe2S2-Fe4S4-Fe3S4; red: FeCys4; grey:

unknown type) associated with families conserved in aerobes (B), in anaerobes (D), and in both (C). (E), (F),

and (G): histograms showing the number of families associated with specific functional processes in aerobes

(E), in anaerobes (G), and in both (F). More than one functional process may be associated with a family.

Unknown functional processes are excluded from the count.

doi:10.1371/journal.pone.0171279.g002
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Fig 3. The occurrence of (A) and the Fe-S cluster type (B) in the Fe-S families of humans, aerobes and

HC anaerobes. In panel A, human Fe-S families that did not map to any prokaryotic family of Fig 2 are

classified as “Human”. Panel B displays the average fraction of proteins binding at least one cluster of the

Fe2S2 or of the Fe4S4 type.

doi:10.1371/journal.pone.0171279.g003
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binding different types of clusters, the Fe-S genomes of HC anaerobes have an 8:1 ratio

between Fe4S4 and Fe2S2 clusters, whereas this ratio for aerobes is only slightly above 2:1 (Fig

3B).

The occurrence of Fe-S families specific to aerobes as well as to HC anaerobes raises the

question as to whether Fe-S proteins found in only one of the two groups have homologs in

the other group that, however, do not bind Fe-S clusters. For 37 of the 54 HC anaerobe-specific

Fe-S families, homologs are present in only a negligible fraction of aerobes (S3 Fig). In the

remaining Fe-S families, homologs are present in aerobes but they do not bind Fe-S clusters

because they do not harbor the Fe-S-binding domain. Tryptophanyl-tRNA synthetase (i.e.

COG0180) is the only case where the Fe-S-binding domain is still present in aerobes but it

lacks the amino acidic pattern to bind the Fe-S cluster [24]. Similarly, the large majority of the

11 aerobic-specific Fe-S families do not have homologs in HC anaerobic organisms (S4 Fig).

Facultative anaerobes are aerobic organisms with an additional set of

anaerobe-specific energy-related Fe-S families whereas LC anaerobes

harbor a simplified set of the Fe-S portfolio of HC anaerobes

Fe-S proteins represent 2.3% ± 0.6% of the genomes of facultative anaerobes (S1 Table). These

organisms contain 47 out of the 51 (92%) Fe-S families constituting the shared core and 10 out

of the 11 (91%) Fe-S families specific to aerobes (Fig 4A). In addition, facultative anaerobes

contain 16 out of the 54 Fe-S families (30%) specific to HC anaerobes, and 13 specific Fe-S

families. We can thus generally describe facultative anaerobes as having the same frequently

occurring Fe-S families as aerobic organisms, plus an additional set of 29 families. More than

half of this additional set (i.e. 18, 62%) is involved in energy production and conversion.

The same kind of analysis showed that LC aerotolerant anaerobes have a portfolio of 75 fre-

quently occurring Fe-S families (Fig 4B) comprising most of the shared core (47 out of 51,

92%) and only a minority of Fe-S families from the aerobe- (1 out of 11, 9%) and HC anaer-

obe-specific (24 out of 54, 44%) groups. In addition, we detected 3 Fe-S families specific to LC

anaerobes. Thus, LC anaerobes harbor a simplified version of the Fe-S portfolio of HC anaer-

obes, dominated by the Fe-S families of the shared core.

Human cytosolic and nuclear Fe-S proteins have been inherited from

anaerobes whereas mitochondrial proteins come from aerobes

The 70 known human genes encoding Fe-S proteins [25] are associated with 47 Fe-S families

(S4 Table). Eighteen of these families (38%) are part of the shared core, 8 (17%) of the families

specific to HC anaerobes, 6 (13%) of the families specific to aerobes, and 15 (32%) are rarely or

never detected in prokaryotic organisms and thus can be regarded as specific to eukaryotes or

to human (Fig 3A). Overall, human Fe-S proteins have a higher preference for Fe2S2 clusters

than the average prokaryote (Fig 3B). In humans, Fe2S2 clusters are present in 39% of all Fe-S

proteins. Instead, Fe2S2 clusters are the cofactors of 10% ± 5% Fe-S proteins from HC anaer-

obes and of 27% ± 9% Fe-S proteins from aerobes.

In the large majority of cases, human Fe-S families related to the shared core and to aerobe-

specific families have mitochondrial localization for at least one co-ortholog. Instead, human

Fe-S families related to HC anaerobe-specific families have nuclear and/or cytosolic localiza-

tion, with only one exception. As described in the previous sections, the latter families have a

strong preference for Fe4S4 clusters, whereas aerobe-specific families prefer Fe2S2 clusters (Fig

2). We previously showed that mitochondrial localization is nearly two-times more likely for a

Fe2S2-binding than a Fe4S4-binding human Fe-S protein [25]. Instead, nuclear localization is

significantly more likely for Fe4S4-binding proteins. Therefore, the homology relationships of

Dioxygen Requirements and Fe-S Proteins
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human Fe-S proteins to their prokaryotic counterparts highlighted here provide a rationale for

the observed distribution of Fe-S cluster types in the human cell.

At the functional level, mitochondrial Fe-S proteins that belong to the families present in

prokaryotes are predominantly involved in energy production and conversion or in Fe-S biogen-
esis. On the other hand, the most common process for the families inherited from HC anaer-

obes is ribosome/tRNA modification. All the cellular compartments contain further Fe-S

proteins that are specific to eukaryotes, involved in various functional processes [26].

The chloroplast of Arabidopsis thaliana contains only one Fe-S protein

inherited from anaerobes

We analyzed also the portfolio of Fe-S proteins in the chloroplast of Arabidopsis thaliana

(Table 2). Among its 45 proteins there is a very similar occurrence of Fe2S2 and Fe4S4 clusters

(41.7% versus 45.8%). This ratio (1:1.1) is much closer to that observed in the human

Fig 4. Distribution of the frequently occurring Fe-S families of aerobes and HC anaerobes within

facultative anaerobes (A) and LC aerotolerant anaerobes (B). The black part of the column indicates the

occurrence of the families of the three groups defined in Fig 2 within facultative anaerobes (A) and LC

aerotolerant anaerobes (B). The grey part of the column indicates the absent families. The last columns

correspond to Fe-S families unique to facultative anaerobes (A) and LC aerotolerant anaerobes (B), i.e. not

mapping to any family in the Venn diagram of Fig 2.

doi:10.1371/journal.pone.0171279.g004
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mitochondrion (1:0.86) [25] than to the ratio in the human cytosol (1:1.8). It is also very dis-

tant from the ratios observed in prokaryotes (Fig 3B).

In terms of their distribution with respect to the different groups of Fe-S protein families

identified in Fig 2, the most striking observation is that the chloroplast is essentially devoid of

anaerobic-specific proteins (1 protein only, corresponding to 2.2% of its entire content of Fe-S

proteins). Nearly half of the proteins in the chloroplast belong to the shared core, whereas

another 28.9% is from aerobic-specific families (Table 2). 20% of the Fe-S proteins in the chlo-

roplast of A. thaliana do not have prokaryotic homologs. The near absence of Fe-S protein

from families specific to HC anaerobes is a feature common to both the chloroplast and the

mitochondrion.

Discussion

The number of Fe-S proteins in the genome of prokaryotic organisms increases with increas-

ing genome size, following an essentially linear relationship. The slope of this relationship

depends strongly on the dioxygen requirement of the organisms under consideration. A 3%

fraction of Fe-S proteins in the genome effectively discriminates the analyzed organisms into

two major groups: all obligate anaerobes and the majority of aerotolerant anaerobes on one

side (HC anaerobes) and all other organisms on the other side. The latter group includes all

aerobes, facultative anaerobes and a minority of aerotolerant anaerobes that have a low content

of Fe-S proteins.

We have identified a shared core of families of Fe-S proteins that occur frequently in all pro-

karyotes. Depending on their dioxygen requirement, the different sub-groups of organisms

have additional specific Fe-S families, in a number that ranges from 11 for aerobes to 54 for

HC anaerobes. Altogether, the families of the shared core and the families specific to the differ-

ent groups represent 86–93% of the Fe-S genome of any prokaryote. Thus, only a relatively

small minority of Fe-S proteins have a scattered occurrence among organisms with the same

dioxygen requirements. This could be the result of the adaption to a particular environmental

niche of each organism.

Aerobic organisms have a smaller fraction of Fe-S proteins in their genome than most of

anaerobes. This is due to the decrease of the number of Fe-S families in aerobes as well as to

the larger number of the co-orthologs in the families of the shared core in anaerobes than aer-

obes. The different size of the Fe-S portfolio in the various types of organisms does not affect

all functional processes equally. For example, all organisms have a similar number of Fe-S pro-

teins involved in coenzyme metabolism, which are part of the shared core. Instead, there is a

significant difference for the Fe-S families involved in energy-related processes, in which the

majority of the Fe-S proteins are involved. On average, HC anaerobes have more than twice

Table 2. The Fe-S proteins of the chloroplast of Arabidopsis thaliana.

Cluster type Number of proteins Percentage over total

Fe2S2 20 41.7

Fe4S4 22 45.8

Other 6 12.5

Type of protein family Number of proteins Percentage over total

Shared core 22 48.9

Aerobic-specific 13 28.9

Anaerobic-specific 1 2.2

A. thaliana-specific 9 20.0

doi:10.1371/journal.pone.0171279.t002
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Fe-S proteins involved in these processes than aerobes. Interestingly, the families involved in

energy production and conversion in HC anaerobes comprise more specific Fe-S families than

families of the shared core.

The diversification of Fe-S families involved in energy-related processes in HC anaerobes

can be partly the result of different branching of the respiratory chains to adapt to the chemical

properties of the final electron acceptor(s) of each anaerobic chain. On the contrary, all the

respiratory processes of aerobes end up with dioxygen, thus reducing the need for multiple

specialized branches. In line with this, facultative anaerobes, i.e. aerobic organisms that can

survive in anaerobic environments, can be classified as aerobic organisms additionally

endowed with Fe-S families common to anaerobes or with their own specific families. The

majority of these additional families are involved in energy-related processes.

Aerobes also have their specific Fe-S families, involved in various functional processes (Fig

2). An intriguing feature of these families is that in the majority of cases they bind Fe2S2 clus-

ters, which are instead a small fraction in the shared core families as well as in the Fe-S families

specific to other types of organisms. Thus, in aerobes there is a sizeable reduction in Fe4S4-

binding proteins and a partial enrichment in Fe2S2-binding proteins. This could be due to the

lower bioavailability of iron for aerobic organisms. Furthermore, aerobes have to deal with

reactive oxygen species (ROS), produced as byproducts of normal metabolism, such as super-

oxide. Superoxide is more damaging to Fe4S4 than Fe2S2 clusters. Indeed, it promotes the

release of ferrous ions from Fe4S4 cofactors endorsing the activation of related regulatory

mechanisms [27–29]. As an evolutionary response, it is thus plausible that aerobic organisms

have favored the use of Fe2S2 with respect to that of Fe4S4. Note that ROS production is associ-

ated with aerobic respiration, being linked to dioxygen reduction, thus justifying the preferen-

tial use of Fe2S2 clusters by mitochondrial Fe-S proteins [30].

By analyzing human Fe-S proteins in the light of the present approach, it appears that Fe-S

families in mitochondria and chloroplasts are directly related to prokaryotic proteins of the

shared core and of aerobic families, whereas nuclear and cytoplasmic Fe-S proteins are related

to anaerobic families. These observations are consistent with the mitochondrial endosymbiont

being an aerobic alpha-proteobacterium [31] as well as with the cyanobacterial origin of chlo-

roplasts [32]. Furthermore, there has been evolution of new proteins (predominantly binding

Fe2S2 clusters) that are present in all organelles at similar extent. The present findings are in

general agreement with the model for the origin of eukaryotic cells where the endosymbiosis

event giving rise to mitochondria occurred after development of some intracellular structures,

such as the early nucleus [33][34]. Indeed, we identified homologs of archaeal anaerobic Fe-S

proteins both in the cytoplasm and in the nucleus, but only one with mitochondrial localiza-

tion. It is likely that the mitochondrial endosymbiont brought the ISC machinery to the

eukaryotes [35–37]. The ISC machinery matures nearly all human Fe-S proteins of the shared

core as well as of families specific to aerobes. The CIA machinery, which is considered a

eukaryotic-specific innovation [38,39], performs the maturation of the Fe-S proteins inherited

from anaerobes.

The overall evolutionary landscape of Fe-S families here presented is consistent with an

ancient core of mainly Fe4S4-binding proteins, which has been trimmed down because of the

transition from a reducing to an oxidizing atmosphere. At the same time, the diversification

within the families of the shared core proteins has been modest for organisms exposed to

dioxygen. Also some aerotolerant anaerobes experienced a shrinkage of their Fe-S portfolio

with respect to the ancient core, as evidenced by their lower number of Fe-S proteins with

respect to obligate anaerobes. The occurrence in the shared core of one or more Fe-S families

for a given functional process likely depends on how early each family appeared in the course

of evolution and on the sensitivity of its Fe-S clusters to dioxygen. The latter aspect should be

Dioxygen Requirements and Fe-S Proteins

PLOS ONE | DOI:10.1371/journal.pone.0171279 January 30, 2017 10 / 15



largely affected by serendipity for the most ancient families that developed in the primordial

reducing atmosphere where the chemical threat of dioxygen was absent. This makes it difficult

to hypothesize a rationale for the distribution of the various functional process of Fig 2, based

only on the data currently available.

In general, it appears that evolution selected a differently sized portfolio of Fe-S-dependent

functions in aerobes and anaerobes by recruiting entirely different protein families. When new

Fe-S families evolved within aerobes, they favored the use of the more stable, less iron demand-

ing, Fe2S2 cluster. Less commonly, evolution converted a family of Fe-S proteins into Fe-S-

independent proteins, e.g. by removing the protein domain responsible for the binding of the

inorganic cofactor.

Materials and Methods

Using the approach described in [21] as implemented in the RDGB program [40], we pre-

dicted the iron-sulfur proteins encoded by the genomes of 434 prokaryotes (59 Archaea, 375

Bacteria, see Table 1) selected to be representative of the various branches of the tree of life (S1

Table). Our search started from 102 Pfam profiles: 80 with an associated Fe-S-binding 3D

structure and 22 simply annotated as Fe-S-binding domains. The 3D structure of a metallopro-

tein can be used to define both the type of Fe-S cluster bound by the domain and the pattern of

amino acids that are involved in the interaction of the protein with the metal cofactor. Such a

pattern, which is called the metal binding pattern (MBP) [41], is a regular expression defining

the identity and spacing of the metal-binding residues, for example, CX(4)CX(20)H, where X

is any amino acid. For the profiles with an associated 3D structure, the MBP can be used as a

filter to remove false positives [21] and the corresponding Fe-S cluster type is assigned as the

potential cofactor. We matched the profiles mentioned above to 1131 3D structures of iron–

sulfur proteins available from the Protein Data Bank, corresponding to 293 distinct MBPs.

We classified all organisms in five types based on their dioxygen requirement, i.e. obligate

aerobes, aerobes, facultative anaerobes, aerotolerant anaerobes and obligate anaerobes. Infor-

mation on the dioxygen requirement of the various organisms analyzed was retrieved from the

Genomes OnLine Database [42]. We divided aerotolerant anaerobes into two subgroups

depending on whether the fraction of Fe-S proteins in their genome was lower than 3% (low

content, LC) or not (high content, HC).

We mapped each predicted Fe-S protein to the COG database [22] in order to assign it to a

protein family (Fe-S family). Each COG was then assigned to one or more of the 17 functional

processes used to classify the COG dataset [22]. Fe-S families encoded in at least 30% of the

organisms of each type were dubbed “frequently occurring” and constituted the focus of most

of our analyses. We manually checked the annotation of the functional processes of all fre-

quently occurring Fe-S families.

We put all human Fe-S proteins that we addressed in a previous work [25] in relationship

to the COGs identified as described in previous paragraph. In particular, we mapped each

human Fe-S protein to aerobes or HC anaerobes based on the fraction of organisms containing

at least one homolog to that protein.

Supporting Information

S1 Fig. (A) Percentage of aerobic organisms that encode a given Fe-S family (y axis) as a func-

tion of the percentage of obligate aerobic organisms that encode the same family (x axis). (B)

Percentage of aerotolerant HC organisms that encode a given Fe-S family (y axis) as a function

of the percentage of obligate anaerobic organisms that encode the same family (x axis).

(TIF)
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S2 Fig. Average number of co-orthologs found in Fe-S families of the shared core. Blue col-

umns are for aerobes; red columns are for and anaerobes.

(TIF)

S3 Fig. Occurrence in aerobes of the Fe-S families specific to HC anaerobes. For each Fe-S

family specific of HC anaerobes (i.e. conserved in at least 30% the HC anaerobes and in less

than 30% aerobes) the graph shows the percentage of aerobic organisms which (i) do not have

a corresponding family member (grey); (ii) have members without a Fe-S-binding domain

(green); (iii) have members with a Fe-S-binding domain but without the Fe-S-binding site

(blue) and (iv) have members with both the Fe-S-binding domain and the Fe-S-binding site,

and thus binds Fe-S (yellow). The corresponding percentage of HC anaerobes which contain

Fe-S binding families are also indicated (black crosses).

(TIF)

S4 Fig. Occurrence in HC anaerobes of the Fe-S families specific to aerobes. For each Fe-S

family specific of aerobes (i.e. conserved in at least 30% aerobes and in less than 30% HC

anaerobes) is reported the percentage of HC anaerobic organisms which (i) do not have a cor-

responding family member (grey); (ii) have members without a Fe-S-binding domain (green);

(iii) have members with a Fe-S-binding domain but without the Fe-S-binding site (blue) and

(iv) have members with both the Fe-S-binding domain and the Fe-S-binding site, and thus

binds Fe-S (yellow). The corresponding percentage of aerobes which contain Fe-S binding

families are also indicated (black crosses).

(TIF)

S1 Table. Fe-S proteins predicted in obligate aerobes, aerobes, facultative anaerobes, aero-

tolerant anaerobes and obligate anaerobes.

(XLSX)

S2 Table. Number of Fe-S proteins and Fe-S families per each organism analyzed (obligate

aerobes, aerobes, facultative anaerobes, aerotolerant anaerobes and obligate anaerobes are

grouped in separate tabs).

(XLSX)

S3 Table. Families (COGs) that correspond to the predicted Fe-S proteins and analysis of

the frequently occurring Fe-S families in HC anaerobes and aerobes.

(XLSX)

S4 Table. Families (COGs) that correspond to the 70 predicted Fe-S proteins in humans

and their mapping to families of aerobic and HC anaerobic organisms.

(XLSX)

Acknowledgments

This work was supported by the European Commission via the BIOMEDBRIDGES (Building

data bridges between biological and medical infrastructures in Europe n. 284209) project.

Author Contributions

Conceptualization: CA AR LB.

Data curation: CA.

Formal analysis: CA AR LB.

Dioxygen Requirements and Fe-S Proteins

PLOS ONE | DOI:10.1371/journal.pone.0171279 January 30, 2017 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171279.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171279.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171279.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171279.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171279.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171279.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171279.s008


Funding acquisition: LB.

Investigation: CA AR.

Methodology: CA AR LB.

Project administration: LB.

Resources: AR LB.

Software: CA.

Supervision: LB.

Validation: CA AR.

Visualization: CA AR LB.

Writing – original draft: CA AR LB.

Writing – review & editing: CA AR LB.

References
1. Beinert H, Holm RH, Munck E (1997) Iron-sulfur clusters: nature’s modular, multipurpose structures.

Science 277: 653–659. PMID: 9235882

2. Capozzi F, Ciurli S, Luchinat C (1998) Coordination sphere versus protein environment as determinants

of electronic and functional properties of iron-sulfur proteins. Struct Bonding 90: 127–160.

3. Meyer J (2008) Iron-sulfur protein folds, iron-sulfur chemistry, and evolution. J Biol Inorg Chem 13:

157–170. doi: 10.1007/s00775-007-0318-7 PMID: 17992543

4. Beinert H (2000) Iron-sulfur proteins: ancient structures, still full of surprises. J Biol Inorg Chem 5: 2–

15. PMID: 10766431

5. Andreini C, Banci L, Bertini I, Elmi S, Rosato A (2007) Non-heme iron through the three domains of life.

Proteins: Struct, Funct, Bioinf 67: 317–324.

6. Qi W, Cowan JA (2011) Structural, Mechanistic and Coordination Chemistry of Relevance to the Bio-

synthesis of Iron-Sulfur and Related Iron Cofactors. Coord Chem Rev 255: 688–699. doi: 10.1016/j.

ccr.2010.10.016 PMID: 21499539

7. Lill R, Srinivasan V, Muhlenhoff U (2014) The role of mitochondria in cytosolic-nuclear iron-sulfur protein

biogenesis and in cellular iron regulation. Curr Opin Microbiol 22: 111–119. doi: 10.1016/j.mib.2014.09.

015 PMID: 25460804

8. Netz DJ, Mascarenhas J, Stehling O, Pierik AJ, Lill R (2014) Maturation of cytosolic and nuclear iron-

sulfur proteins. Trends Cell Biol 24: 303–312. doi: 10.1016/j.tcb.2013.11.005 PMID: 24314740

9. Roche B, Aussel L, Ezraty B, Mandin P, Py B, Barras F (2013) Iron/sulfur proteins biogenesis in pro-

karyotes: formation, regulation and diversity. Biochim Biophys Acta 1827: 455–469. doi: 10.1016/j.

bbabio.2012.12.010 PMID: 23298813

10. Outten FW (2015) Recent advances in the Suf Fe-S cluster biogenesis pathway: Beyond the Proteo-

bacteria. Biochim Biophys Acta 1853: 1464–1469. doi: 10.1016/j.bbamcr.2014.11.001 PMID:

25447545

11. Bentrop D, Bertini I, Iacoviello R, Luchinat C, Niikura Y, Piccioli M, Presenti C, Rosato A (1999) Struc-

tural and dynamical properties of a partially unfolded Fe4S4 protein: the role of the cofactor in protein

folding. Biochemistry 38: 4669–4680. doi: 10.1021/bi982647q PMID: 10200154

12. Bruska MK, Stiebritz MT, Reiher M (2015) Binding of Reactive Oxygen Species at Fe-S Cubane Clus-

ters. Chemistry 21: 19081–19089. doi: 10.1002/chem.201503008 PMID: 26585994

13. Touati D (2000) Iron and oxidative stress in bacteria. Arch Biochem Biophys 373: 1–6. doi: 10.1006/

abbi.1999.1518 PMID: 10620317

14. Tong WH, Rouault TA (2007) Metabolic regulation of citrate and iron by aconitases: role of iron-sulfur

cluster biogenesis. Biometals 20: 549–564. doi: 10.1007/s10534-006-9047-6 PMID: 17205209

15. Braun V, Hantke K (2011) Recent insights into iron import by bacteria. Curr Opin Chem Biol 15: 328–

334. doi: 10.1016/j.cbpa.2011.01.005 PMID: 21277822

Dioxygen Requirements and Fe-S Proteins

PLOS ONE | DOI:10.1371/journal.pone.0171279 January 30, 2017 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/9235882
http://dx.doi.org/10.1007/s00775-007-0318-7
http://www.ncbi.nlm.nih.gov/pubmed/17992543
http://www.ncbi.nlm.nih.gov/pubmed/10766431
http://dx.doi.org/10.1016/j.ccr.2010.10.016
http://dx.doi.org/10.1016/j.ccr.2010.10.016
http://www.ncbi.nlm.nih.gov/pubmed/21499539
http://dx.doi.org/10.1016/j.mib.2014.09.015
http://dx.doi.org/10.1016/j.mib.2014.09.015
http://www.ncbi.nlm.nih.gov/pubmed/25460804
http://dx.doi.org/10.1016/j.tcb.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/24314740
http://dx.doi.org/10.1016/j.bbabio.2012.12.010
http://dx.doi.org/10.1016/j.bbabio.2012.12.010
http://www.ncbi.nlm.nih.gov/pubmed/23298813
http://dx.doi.org/10.1016/j.bbamcr.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25447545
http://dx.doi.org/10.1021/bi982647q
http://www.ncbi.nlm.nih.gov/pubmed/10200154
http://dx.doi.org/10.1002/chem.201503008
http://www.ncbi.nlm.nih.gov/pubmed/26585994
http://dx.doi.org/10.1006/abbi.1999.1518
http://dx.doi.org/10.1006/abbi.1999.1518
http://www.ncbi.nlm.nih.gov/pubmed/10620317
http://dx.doi.org/10.1007/s10534-006-9047-6
http://www.ncbi.nlm.nih.gov/pubmed/17205209
http://dx.doi.org/10.1016/j.cbpa.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21277822


16. Krewulak KD, Vogel HJ (2008) Structural biology of bacterial iron uptake. Biochim Biophys Acta 1778:

1781–1804. doi: 10.1016/j.bbamem.2007.07.026 PMID: 17916327

17. Boyd ES, Thomas KM, Dai Y, Boyd JM, Outten FW (2014) Interplay between oxygen and Fe-S cluster

biogenesis: insights from the Suf pathway. Biochemistry 53: 5834–5847. doi: 10.1021/bi500488r

PMID: 25153801

18. Davies KJ (2000) Oxidative stress, antioxidant defenses, and damage removal, repair, and replacement

systems. IUBMB Life 50: 279–289. doi: 10.1080/713803728 PMID: 11327322

19. Imlay JA (2013) The molecular mechanisms and physiological consequences of oxidative stress: lessons

from a model bacterium. Nat Rev Microbiol 11: 443–454. doi: 10.1038/nrmicro3032 PMID: 23712352

20. Crack JC, Green J, Thomson AJ, Le Brun NE (2014) Iron-sulfur clusters as biological sensors: the

chemistry of reactions with molecular oxygen and nitric oxide. Acc Chem Res 47: 3196–3205. doi: 10.

1021/ar5002507 PMID: 25262769

21. Andreini C, Bertini I, Rosato A (2009) Metalloproteomes: a bioinformatic approach. Acc Chem Res 42:

1471–1479. doi: 10.1021/ar900015x PMID: 19697929

22. Tatusov RL, Galperin MY, Natale DA, Koonin EV (2000) The COG database: a tool for genome-scale

analysis of protein functions and evolution. Nucleic Acids Res 28: 33–36. PMID: 10592175

23. Treangen TJ, Rocha EP (2011) Horizontal transfer, not duplication, drives the expansion of protein fam-

ilies in prokaryotes. PLoS Genet 7: e1001284. doi: 10.1371/journal.pgen.1001284 PMID: 21298028

24. Han GW, Yang XL, McMullan D, Chong YE, Krishna SS, Rife CL, et al. (2010) Structure of a tryptopha-

nyl-tRNA synthetase containing an iron-sulfur cluster. Acta Crystallogr Sect F Struct Biol Cryst Commun

66: 1326–1334. doi: 10.1107/S1744309110037619 PMID: 20944229

25. Andreini C, Banci L, Rosato A (2016) Exploiting bacterial operons to illuminate human iron-sulfur pro-

teins. J Proteome Res 15: 1308–1322. doi: 10.1021/acs.jproteome.6b00045 PMID: 26889782

26. Rouault TA (2015) Mammalian iron-sulphur proteins: novel insights into biogenesis and function. Nat

Rev Mol Cell Biol 16: 45–55. doi: 10.1038/nrm3909 PMID: 25425402

27. Flint DH, Tuminello JF, Emptage MH (1993) The inactivation of Fe-S cluster containing hydro-lyases by

superoxide. J Biol Chem 268: 22369–22376. PMID: 8226748

28. Pryor WA (1986) Oxy-radicals and related species: their formation, lifetimes, and reactions. Annu Rev

Physiol 48: 657–667. doi: 10.1146/annurev.ph.48.030186.003301 PMID: 3010829

29. Li Y, Huang TT, Carlson EJ, Melov S, Ursell PC, Olson JL, et al. (1995) Dilated cardiomyopathy and

neonatal lethality in mutant mice lacking manganese superoxide dismutase. Nat Genet 11: 376–381.

doi: 10.1038/ng1295-376 PMID: 7493016

30. Gray MW (2012) Mitochondrial evolution. Cold Spring Harb Perspect Biol 4: a011403. doi: 10.1101/

cshperspect.a011403 PMID: 22952398

31. Gray MW, Burger G, Lang BF (1999) Mitochondrial evolution. Science 283: 1476–1481. PMID:

10066161

32. Gould SB, Waller RF, McFadden GI (2008) Plastid evolution. Annu Rev Plant Biol 59: 491–517. doi:

10.1146/annurev.arplant.59.032607.092915 PMID: 18315522

33. Embley TM, Martin W (2006) Eukaryotic evolution, changes and challenges. Nature 440: 623–630. doi:

10.1038/nature04546 PMID: 16572163

34. Ku C, Nelson-Sathi S, Roettger M, Sousa FL, Lockhart PJ, Bryant D, et al. (2015) Endosymbiotic origin

and differential loss of eukaryotic genes. Nature 524: 427–432. doi: 10.1038/nature14963 PMID:

26287458

35. Koumandou VL, Wickstead B, Ginger ML, van der Giezen M, Dacks JB, Field MC (2013) Molecular

paleontology and complexity in the last eukaryotic common ancestor. Crit Rev Biochem Mol Biol 48:

373–396. doi: 10.3109/10409238.2013.821444 PMID: 23895660

36. Lill R, Dutkiewicz R, Freibert SA, Heidenreich T, Mascarenhas J, Netz DJ, et al. (2015) The role of mito-

chondria and the CIA machinery in the maturation of cytosolic and nuclear iron-sulfur proteins. Eur J

Cell Biol 94: 280–291. doi: 10.1016/j.ejcb.2015.05.002 PMID: 26099175

37. Roche B, Agrebi R, Huguenot A, Ollagnier de CS, Barras F, Py B (2015) Turning Escherichia coli into a

Frataxin-Dependent Organism. PLoS Genet 11: e1005134. doi: 10.1371/journal.pgen.1005134 PMID:

25996492

38. Stehling O, Vashisht AA, Mascarenhas J, Jonsson ZO, Sharma T, Netz DJ, et al. (2012) MMS19

assembles iron-sulfur proteins required for DNA metabolism and genomic integrity. Science 337: 195–

199. doi: 10.1126/science.1219723 PMID: 22678362

39. Paul VD, Muhlenhoff U, Stumpfig M, Seebacher J, Kugler KG, Renicke C, et al. (2015) The deca-GX3

proteins Yae1-Lto1 function as adaptors recruiting the ABC protein Rli1 for iron-sulfur cluster insertion.

Elife 4: e08231. doi: 10.7554/eLife.08231 PMID: 26182403

Dioxygen Requirements and Fe-S Proteins

PLOS ONE | DOI:10.1371/journal.pone.0171279 January 30, 2017 14 / 15

http://dx.doi.org/10.1016/j.bbamem.2007.07.026
http://www.ncbi.nlm.nih.gov/pubmed/17916327
http://dx.doi.org/10.1021/bi500488r
http://www.ncbi.nlm.nih.gov/pubmed/25153801
http://dx.doi.org/10.1080/713803728
http://www.ncbi.nlm.nih.gov/pubmed/11327322
http://dx.doi.org/10.1038/nrmicro3032
http://www.ncbi.nlm.nih.gov/pubmed/23712352
http://dx.doi.org/10.1021/ar5002507
http://dx.doi.org/10.1021/ar5002507
http://www.ncbi.nlm.nih.gov/pubmed/25262769
http://dx.doi.org/10.1021/ar900015x
http://www.ncbi.nlm.nih.gov/pubmed/19697929
http://www.ncbi.nlm.nih.gov/pubmed/10592175
http://dx.doi.org/10.1371/journal.pgen.1001284
http://www.ncbi.nlm.nih.gov/pubmed/21298028
http://dx.doi.org/10.1107/S1744309110037619
http://www.ncbi.nlm.nih.gov/pubmed/20944229
http://dx.doi.org/10.1021/acs.jproteome.6b00045
http://www.ncbi.nlm.nih.gov/pubmed/26889782
http://dx.doi.org/10.1038/nrm3909
http://www.ncbi.nlm.nih.gov/pubmed/25425402
http://www.ncbi.nlm.nih.gov/pubmed/8226748
http://dx.doi.org/10.1146/annurev.ph.48.030186.003301
http://www.ncbi.nlm.nih.gov/pubmed/3010829
http://dx.doi.org/10.1038/ng1295-376
http://www.ncbi.nlm.nih.gov/pubmed/7493016
http://dx.doi.org/10.1101/cshperspect.a011403
http://dx.doi.org/10.1101/cshperspect.a011403
http://www.ncbi.nlm.nih.gov/pubmed/22952398
http://www.ncbi.nlm.nih.gov/pubmed/10066161
http://dx.doi.org/10.1146/annurev.arplant.59.032607.092915
http://www.ncbi.nlm.nih.gov/pubmed/18315522
http://dx.doi.org/10.1038/nature04546
http://www.ncbi.nlm.nih.gov/pubmed/16572163
http://dx.doi.org/10.1038/nature14963
http://www.ncbi.nlm.nih.gov/pubmed/26287458
http://dx.doi.org/10.3109/10409238.2013.821444
http://www.ncbi.nlm.nih.gov/pubmed/23895660
http://dx.doi.org/10.1016/j.ejcb.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/26099175
http://dx.doi.org/10.1371/journal.pgen.1005134
http://www.ncbi.nlm.nih.gov/pubmed/25996492
http://dx.doi.org/10.1126/science.1219723
http://www.ncbi.nlm.nih.gov/pubmed/22678362
http://dx.doi.org/10.7554/eLife.08231
http://www.ncbi.nlm.nih.gov/pubmed/26182403


40. Andreini C, Bertini I, Cavallaro G, Decaria L, Rosato A (2011) A simple protocol for the comparative

analysis of the structure and occurence of biochemical pathways across superkingdoms. J Chem Inf

Model 51: 730–738. doi: 10.1021/ci100392q PMID: 21388232

41. Andreini C, Bertini I, Rosato A (2004) A hint to search for metalloproteins in gene banks. Bioinformatics

20: 1373–1380. doi: 10.1093/bioinformatics/bth095 PMID: 14962940

42. Reddy TB, Thomas AD, Stamatis D, Bertsch J, Isbandi M, Jansson J, et al. (2015) The Genomes

OnLine Database (GOLD) v.5: a metadata management system based on a four level (meta)genome

project classification. Nucleic Acids Res 43: D1099–D1106. doi: 10.1093/nar/gku950 PMID: 25348402

Dioxygen Requirements and Fe-S Proteins

PLOS ONE | DOI:10.1371/journal.pone.0171279 January 30, 2017 15 / 15

http://dx.doi.org/10.1021/ci100392q
http://www.ncbi.nlm.nih.gov/pubmed/21388232
http://dx.doi.org/10.1093/bioinformatics/bth095
http://www.ncbi.nlm.nih.gov/pubmed/14962940
http://dx.doi.org/10.1093/nar/gku950
http://www.ncbi.nlm.nih.gov/pubmed/25348402

