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Abstract Acidithiobacillus ferrooxidans is a chemo-

lithoautotrophic acidophilic bacterium that obtains its

energy from the oxidation of ferrous iron, elemental

sulfur, or reduced sulfur minerals. This capability

makes it of great industrial importance due to its

applications in biomining. During the industrial pro-

cesses, A. ferrooxidans survives to stressing circum-

stances in its environment, such as an extremely acidic

pH and high concentration of transition metals. In order

to gain insight into the organization of A. ferrooxidans

regulatory networks and to provide a framework for

further studies in bacterial growth under extreme

conditions, we applied a genome-wide annotation

procedure to identify 87 A. ferrooxidans transcription

factors. We classified them into 19 families that were

conserved among diverse prokaryotic phyla. Our

annotation procedure revealed that A. ferrooxidans

genome contains several members of the ArsR and

MerR families, which are involved in metal resistance

and detoxification. Analysis of their sequences

revealed known and potentially new mechanism to

coordinate gene-expression in response to metal

availability. A. ferrooxidans inhabit some of the most

metal-rich environments known, thus transcription

factors identified here seem to be good candidates for

functional studies in order to determine their physio-

logical roles and to place them into A. ferrooxidans

transcriptional regulatory networks.
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Introduction

Regulation of gene expression influences almost all

cellular processes in an organism, and sequence-

specific DNA-binding transcription factors (TFs) are

critical to this control. These TFs respond to changes

in cellular environment and activate complex circuits
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M. González � V. Cambiazo (&)
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of regulation between them and their target genes.

Therefore, the identification of the repertoire of TFs

in a genome sequence is an essential step to

understand the regulation of gene expression at a

global scale and to elucidate gene regulatory

networks.

Acidithiobacillus ferrooxidans (Pizarro et al. 1996)

is a Gram-negative acidophilic bacterium of the c-

Proteobacteria group that obtains its energy from

oxidation of ferrous ion, elemental sulfur or reduced

sulfur minerals (Okibe et al. 2003; Rawlings 2002;

Rohwerder et al. 2003). A. ferrooxidans is one of the

microorganisms involved in the bioleaching process,

and thus it survives in environmental conditions

characterized by an extremely acidic pH and a high

concentration of metals, such as copper and iron

(Hallberg and Johnson 2001; Pizarro et al. 1996;

Rawlings and Johnson 2007). This bacterium repre-

sents an attractive target to elucidate and compare the

repertoire of TFs because of its interesting physiology

and its importance in biomining processes. Further-

more, the availability of the A. ferrooxidans (ATCC

23270) genome sequence provides with an excellent

opportunity for the identification of the whole

repertoire of transcriptional regulators in this bacte-

rium (Quatrini et al. 2005, 2007; Soulere et al. 2008).

Some of these TFs might be involved in physiological

processes already described in A. ferrooxidans, such

as cell attachment, electron transport (Bouchal et al.

2006), quorum sensing (Soulere et al. 2008) and

phosphate starvation response (Vera et al. 2008). In

addition, several plasmids, transposons and insertion

sequences have been identified and studied in this

microorganism (Rawlings and Tietze 2001).

Here, using annotation and database tools devel-

oped in the author‘s laboratory followed by manual

curation we identified a set of 87 predicted TFs in A.

ferrooxidans and evaluated their conservation across

prokaryotic species. In addition, we further charac-

terize metalloregulatory proteins of the ArsR/SmtB

and MerR families of TFs, which are known regu-

lators of metal efflux and detoxification elements.

Our results provide a framework for further studies

on A. ferrooxidans transcriptional regulatory net-

works and contribute to extend the annotation of

A. ferrooxidans genome reinforcing its emerging role

as a model to investigate organism life in extreme

environments.

Materials and methods

Prediction of transcriptional regulators

The general strategy employed to detect and classify

transcriptional regulators of A. ferrooxidans was a

combination of several bioinformatics tools that

intended to reduce the number of undetected tran-

scriptional regulators. We designed a pipeline

(Online resource 1) using the GenDB API that

performs the following steps:

(1) Bacterial genome annotation: A local annota-

tion of the proteome was performed using a

locally installed version of GenDB (Meyer et al.

2003), which contains standard annotations

tools, such as BLAST, SignalP, TMHMM,

Helix-turn-Helix, RPSBLAST and databases

NR, SWISSPROT, OMNIOME, PDB, KEGG,-

COG and Interpro collection.

(2) Transcription factor features: Five features

were defined in order to identify putative

transcriptional regulators: (i) HTH domain,

given that most of the known prokaryotic TFs

contain the helix–turn–helix (HTH) DNA-bind-

ing motif we scanned A. ferrooxidans ATCC

23270 genome using the program HelixturnHe-

lix within the EMBOSS software suite (Dodd

and Egan 1990) and identified 114 proteins with

HTH motifs; (ii) Superfamily Domains, from

the Superfamily database we identified a set of

104 family entries associated with TFs, then we

scanned the A. ferrooxidans proteome using

Interpro tool and these family entries to identify

proteins that contained the domains of interest.

In addition, we scanned a total of 16 Interpro

domains associated with TFs that were not

included in the Superfamily subset defined

above; (iii) Families of TFs, based on the

Interpro description of each annotated protein,

they were classified as belonging to the TF

families Cro/CI, GntR, LacI, RpiR, AraC, TetR,

LysR, MerR, MarR, ArgR, DeoR, Fur, ArpU,

LuxR, PadR or ArsR; (iv) Match to a regular

expression, R1: ‘‘regulato’’ or ‘‘transcriptio’’

followed by any letters and then by the word

‘‘factor’’ (regular expression 1:/(regulato)|(tran-

scriptio).*(factor)/). We searched the regular
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expression R1 in the Interpro and BLAST

description of each A. ferrooxidans protein.

(3) Filtering of results: We classified as potential

TFs all those proteins that had at least two of the

features listed in (2). The remaining proteins

were saved for a manual curation step.

(4) Manual curation: First, we selected those

proteins that exhibited an HTH predicted

domain within their sequence. These proteins

were sub-divided in two groups: (i) TF candi-

dates exclusively assigned to class K and (ii)

TFs assigned to class K plus another class.

Proteins from group (i) with the term transcrip-

tional regulation in their annotation sentences

were selected and assigned to a family protein

based on Interpro or BLAST searches. Proteins

from group (ii) were filtered to discard those

annotated as having enzymatic activities; pro-

teins that passed this filter were classified into

families. TF candidates with HTH domains and

COG assignation different to K or *K* where

filtered to eliminate those with enzymatic func-

tions into their annotations. Finally, for candi-

dates with HTH and without COG assignation,

we discarded those that did not present regula-

tory domains as determined by Interpro or

BLAST analysis. In the case of proteins that

lacked HTH domain prediction, a similar pro-

cedure was applied. If they did not have a COG

assignment, then they were filtered based on any

regulatory domains identified in their sequence.

Candidates assigned to K class that were or not

annotated as involved in transcriptional regula-

tion where classified into families of TFs using

Interpro or BLAST information. Proteins that

were not assigned into any families where

selected for literature examination only if their

annotation sentences indicated that they

belonged to a TF protein. The group of proteins

assigned to *K* class was filtered to exclude

chromatin remodelling factors, enzymes or

structural components and Interpro information

was used to classify them into protein families.

Validation of TF prediction pipeline

The pipeline described above was employed to

predict transcriptional regulators from the complete

proteomes of Escherichia coli K-12 and Corynebac-

terium glutamicum ATCC 13032 and then, predicted

transcriptional regulators were compared with the

databases RegulonDB (Salgado et al. 2004) and

CoryneRegNet (Baumbach et al. 2006) that contain

172 and 159 transcriptional regulators of E. coli and

C. glutamicum, respectively.

Proteome comparisons

Predicted proteomes from 957 complete and public

genome sequences from microorganisms available at

NCBI database (December, 2010) were extracted

and used to create a proteome database for each

genome. A bidirectional best BLAST hits (BBHs)

strategy was implemented using PERL language to

determine ortholog pairs. An ortholog pair was

defined as bidirectional best BLAST hits between

the curated set of A. ferrooxidans TFs and the

predicted proteome of each genome. Each pair of

hits was required to have at least a 70% of coverage

and E-values below 10-5 to be considered an

ortholog protein. Data were stored in a matrix

having TFs as rows and prokaryote species as

columns. Microorganism classification was carried

out according to the information reported by each

Genome Project at NCBI. In order to evaluate the

efficiency of our procedure, we determined ortholog

proteins among the proteomes of four Corynebac-

terium species, C. glutamicum, C. diphtheria,

C. efficiens and C. jeikeium. These microorganisms

have been extensively studied and their transcrip-

tional regulatory repertoire is well documented

(Brune et al. 2005; Baumbach et al. 2009a, b). We

used our BBH procedure to identify ortholog pairs

between the curated set of 127 C. glutamicum

TFs (Brune et al. 2005) and the predicted proteomes

of C. diphtheria, C. efficiens and C. jeikeium.

We were able to identify 48 pairs of orthologs

between C. glutamicum and C. diphtheria, 73

between C. glutamicum and C. efficiens and

34 between C. glutamicum and C. jeikeium, which

represented 98, 95 and 91% of the ortholog pairs

reported in Brune et al. (2005). Moreover, our

procedure recovered 86% of the common repertoire

of transcriptional regulators present in the four

Corynebacterium genomes, as reported in Brune

et al. (2005).
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Analysis of TF binding sites

A cutoff of 500 bases upstream and downstream of

the coding region was used to define the non-coding

sequence associated with the orthologs of each

member of A. ferrooxidans ArsR and MerR families

of transcriptional regulators. Upstream and down-

stream non-coding sequences were obtained using

in-house developed scripts. Then, we used MEME

program for ab initio detection of potential binding

sites, with the following parameters (-nmotifs 100

-maxsize 100000 -p 16 -dna -pal -evt 1e-1 -mod

zoops). Predicted binding sites were required to

contain a palindromic sequence. Finally the pre-

dicted motifs were manually curated using literature

search.

Multiple sequence alignments, phylogenetic

reconstruction and protein analysis

For putative members of the ArsR and MerR families

of transcriptional regulators further sequence analysis

were performed in order to find conserved domains.

Briefly, using ortholog sequences identified by BBH

we performed a multiple alignment using ClustalW

(Thompson et al. 2002) and the MEGA suite (Tamura

et al. 2007). Phylogenetic relationships of AFE_2859

orthologs were inferred using Neighbor-Joining

method with 500 bootstrap iterations. Domain-based

analyses used SMART (http://smart.embl-heidelberg.

de) and Interpro (http://www.ebi.ac.uk/interpro). Sec-

ondary structure predictions were carried out using

Proteus (Montgomerie et al. 2006).

Results and discussion

Identification of A. ferrooxidans TFs

In order to detect genes encoding transcriptional

regulators, we screened the complete genome

sequence of A. ferrooxidans strain ATCC 23270

using an automatic annotation procedure followed by

manual curation as described in online resource 1. In

a first step, we applied the automatic annotation

procedure to E. coli K12 and C. glutamicum genomes

and we recovered 88% and 84% of the TFs previ-

ously annotated at RegulonDB and CoryneRegNet

databases. When we manually examined E. coli K12

and C. glutamicum proteins that we failed to predict

as TFs by our methods, we found that empirical

evidence supported their role as transcriptional reg-

ulators, although sequence features might have pre-

cluded their annotation as TFs. For instance, in the

case of E. coli GutM, a transcriptional activator that

regulates the expression of glucitol operon (Yamada

and Saier 1988), our automatic procedure failed to

identify any feature in its sequence that would allow

as to classify it as a TF. Similarly, using our pipeline

we did not recovered the LexA regulator, which is

part of the SOS response in both E. coli (Little et al.

1981) and C. glutamicum (Jochmann et al. 2009).

Thus, a manual curation step was thought to be

necessary in order to improve our TF annotation.

When we analyzed A. ferrooxidans genome, a total of

119 putative TFs (Online resource 2) were predicted

using our automatic annotation procedure. In the

process of refining the set of predicted A. ferrooxi-

dans TFs we excluded genes encoding putative

histone-like proteins and factors controlling tran-

scription termination such as Rho which have been

described as binding to RNA rather than DNA. Then,

we applied a set of rules (see ‘‘Materials and

methods’’ section and Online resource 1) to manu-

ally curate the list of automatically predicted TFs.

Finally, we selected a set of 87 TFs that included

putative and already characterized regulatory pro-

teins; they represent 3% of the predicted coding

sequences in the genome of A. ferrooxidans, which

is in agreement with previous estimates suggesting

that less than 10% of gene products are associated to

gene regulation in bacteria (Paulsen et al. 2003;

Moreno-Campuzano et al. 2006; Perez-Rueda and

Collado-Vides 2000; Charoensawan et al. 2010).

Despite of the fact that extremophile bacteria are

underrepresented in the databases of sequenced and

annotated genomes, the proportion of TFs found in

A. ferrooxidans appears to be similar to that

reported in others bacteria with a comparable

genome size (Brune et al. 2005). Several computa-

tional analyses of DNA-binding motifs in different

genomes indicate that as bacterial genome size

increases, the proportion of the genome devoted to

regulatory proteins increases as well (Gonzalez et al.

2005; Charoensawan et al. 2010). This tendency

appears to be more prominent in free-living bacteria

that can growth under variable environmental con-

ditions (Stover et al. 2000; Brune et al. 2005).
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TF families in A. ferrooxidans

The whole repertoire of A. ferrooxidans TFs was

grouped into 18 families of varying sizes (Fig. 1,

Online resource 3), a number slightly lower than

median values reported for bacteria (23 families/

species) (Charoensawan et al. 2010). Only six

families contained five or more members, they were

LysR (13 TFs), Enhancer-Binding Protein (EBP; 13

TFs), OmpR/PhoB (9 TFs), XRE (9 TFs), GTF (6

TFs) and MerR (5 TFs). OmpR and LysR families of

transcriptional regulators have been previously

described as two of the most abundant families in

the prokaryotic kingdom (Perez-Rueda et al. 2004),

whereas the number of member of the EBP family

seems to be highly variable between bacteria

genomes, ranging from one in C. trachomatis (Stud-

holme and Dixon 2003) to 52 in M. xanthus

(von Bodman et al. 2003). Eight of 13 putative

A. ferrooxidans EBPs possess CheY-like receiver

domains (REC domain), however only five of them

were found in cognate pairs with a sensor histidine

protein kinase for two-component signal transduc-

tion. A. ferrooxidans EBPs that lack the REC domain

have predicted GAF and/or PAS sensor domains

within their N-terminal regions as previously

described for other members of the EBP family

(Studholme and Dixon 2003). Regarding putative

OmpR/PhoB family of transcriptional regulators, we

detected that six of the members were linked to genes

encoding sensor histidine kinases, while three of

them seem to be orphan response regulators.

Two families of TFs contained two-members:

SpoVT/AbrB, a superfamily of TFs, which includes

transition-state regulators, putative regulators of cell

wall biosynthesis, regulators of phosphate uptake,

and a large number of proteins of unknown activity

(Coles et al. 2005; Dong et al. 2004; Hamon et al.

2004), and GntR a large transcriptional regulator

family with roles in general metabolism, members of

this family possess a conserved N-terminal DNA-

binding domain and heterogeneous C-terminal

domains that have been used to classify them into

sub-families (Rigali et al. 2002). Domain analysis of

A. ferrooxidans GntR revealed that it contains a

C-terminal UbiC transcription regulator-associated

(UTRA) domain, which responds to various ligands,

such as histidine, fatty acids, sugar and alkylphosph-

onate (Aravind and Anantharaman 2003). Due to this

protein structure prediction these TFs can be classi-

fied into the HutC/FarR subfamily of GntRs.

Three members of the Fur family of transcriptional

regulators, which control iron uptake and storage,

were identified in A. ferrooxidans genome. One of

them (AFE_0282 in Online resource 1), has been

previously characterized by Quatrini et al. (2005) and

several of its targets have been identified (Quatrini

et al. 2007). A. ferrooxidans genome encodes putative

members of the MerR (4 TFs) and the ArsR/SmtB (3

TFs) families. ArsR/SmtB and MerR families contain

metalloregulatory proteins that control genes whose

expression is linked to stress induced by the extra-

cellular increment of metal concentrations. The

structural features of these putative metalloregulatory

proteins will be discussed below.

Five families of TFs contained only one member

per group in the A. ferrooxidans genome, among

them: LuxR family has been involved in A. ferroox-

idans quorum sensing. In this microorganism, the

classical autoinducer-binding transcriptional regula-

tor LuxR (AFE_1997) and the autoinducer synthesis

protein LuxI (AFE_1999) have been functionally

characterized (von Bodman et al. 2003), AsnC/Lrp

family, represented by the gene AFE_1990, contains

global transcriptional regulators widely distributed in

both bacteria and archaea (Calvo and Matthews 1994)

and the AraC family, represented in A. ferrooxidans

by gene AFE_3137 gene, seems to group larger

numbers of transcriptional regulators in other species

of c-Proteobacteria (Perez-Rueda et al. 2004). We

also identified a gene encoding a protein that consists
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Fig. 1 Classification of A. ferrooxidans TFs into regulatory

families. The 18 regulatory families identified in A. ferroox-
idans are indicated along with the number of members

assigned by family
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of just an HTH_9 domain highly similar to the DNA-

binding domain of modE (AFE_0723), a regulator of

molybdenum metabolism (Grunden et al. 1996). In

summary, we found that A. ferrooxidans had a slightly

lower number of families than median values in

bacteria and exhibited differences in the number of

members per family in comparison to already well-

characterized B. subtilis and E. coli genomes (Moreno-

Campuzano et al. 2006; Perez-Rueda and Collado-

Vides 2000). For instance, in E. coli LysR is the largest

family with 45 TFs, while in A. ferrooxidans LysR is

also the largest family but with 13 members. In

addition, we detected low number of members belong-

ing to otherwise large families, such as, GntR (2 TFs),

LuxR (1 TFs). On the contrary, in A. ferrooxidans the

number of genes encoding EBP, OmpR and Fis

response regulators was comparable to that described

in B. subtilis genome (20 TFs) and E. faecalis (13 TFs).

This is interesting, since two-component systems are

the primary means by which free-living bacteria sense

their changing environments, and it has been suggested

that the relative increase in transcriptional regulators in

more complex bacteria is accompanied by an equal

relative increase in sensory systems (Whitworth and

Cock 2009).

Conservation of A. ferrooxidans TFs

in prokaryotes

In order to examine the conservation of A. ferroox-

idans TFs in prokaryotic genomes, we compared the

87 family-assigned TFs of A. ferrooxidans by align-

ing the sequence of each of them to predicted

proteomes from 957 prokaryotic genomes available

at NCBI (Online resource 4). In doing so, we applied

the best bidirectional BLAST hits (BBH) method,

which is a widely used and accepted procedure to

determine ortholog proteins among different proteo-

mes (Hulsen et al. 2006; Altenhoff and Dessimoz

2009; Zhang and Leong 2010) and is practical to

explore large amounts of sequence information in

comparative genomics studies (Zhang and Leong

2010; Blom et al. 2009; Muller et al. 2010). Here, we

operationally defined an ortholog protein based on

BBH (Price et al. 2007), using an E-value cut-off of

10-5 and a minimal required alignment coverage of

70%. As we show in Fig. 2a, the selected genomes

include diverse prokaryotic phyla with the highest

percentage of genomes belonging to the

Proteobacteria phylum (50%), followed by Firmi-

cutes (20%). In order to have a better overview of A.

ferrooxidans TF distribution in the prokaryotes, we

examined the proportion of members of each TF

family with orthologs in the 957 proteomes (Fig. 2b).

In general the repertoire of transcriptional regula-

tors of A. ferrooxidans was identified in different

lineage of prokaryotes, however, as expected, a large

proportion of A. ferrooxidans TFs had orthologs in all

Proteobacteria genomes analyzed (Fig. 2b). In par-

ticular, orthologs of the Fis and LuxR families were

almost exclusively identified in the phylum Proteo-

bacteria. Accordingly, members of the LuxR family,

along with LuxI-type protein (the AHL synthase),

which are the core of the acylated homoserine lactone

driven quorum sensing system (Miller and Bassler

2001) have been only found within Proteobacterial

genomes. Even though cases of horizontal gene

transfer have occurred, LuxR and LuxI seem to have

arisen early in the evolution of the Proteobacteria and
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Fig. 2 Distribution of orthologs of A. ferrooxidans TFs in 957

prokaryotic genomes. a Pie chart showing the percentage of

genomes from each phylum (and classes for Proteobacteria).

b Bars represent the cumulative percentage of orthologs of

members of A. ferrooxidans transcription factors in the 957

proteomes. The inset shows the colour assigned to phyla and

the number of genomes belonging to each of them
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subsequently diverged within each group of organ-

isms as a whole (Case et al. 2008; Gray and Garey

2001; Lerat and Moran 2004). Regarding the mem-

bers of the Fis family of transcriptional regulators,

they have been reported to be unique to bacteria

(Aravind et al. 2005; Minezaki et al. 2005) and they

seem to be specifically restricted to Proteobacteria

(Lozada-Chavez et al. 2006).

Acidithiobacillus ferrooxidans orthologs of TFs

belonging to the Omp/PhoB, ArsR, Crp/Fnr, TetR,

Fur and GntR families were evenly distributed among

the different bacteria phyla, although some of them

were also present in archaeal genomes (Fig. 2b). In

archaea, TFs appear to be more closely related to their

eukaryotic counterparts, even though some of them

have detectable orthologs in bacteria (Makarova et al.

1999; Minezaki et al. 2005; Perez-Rueda and Janga

2010). In agreement with previous studies, we found

that A. ferrooxidans orthologs of the AsnC/Lrp, IclR,

ArsR, MarR, LysR, TetR, Fur and ModE families

were represented in both bacteria and archaea phyla

(Fig. 2b). For some of these families (AsnC/Lrp,

ArsR, LysR, Fur) it has been proposed that they form

part of an ancestral core of transcriptional regulators

that have descended from the common ancestor of

bacteria and archaea (Brinkman et al. 2003; Peeters

and Charlier 2010; Perez-Rueda and Janga 2010). In

A. ferrooxidans, ModE was the only family of

transcriptional regulators that being highly repre-

sented among Proteobacteria also showed an impor-

tant proportion of orthologs in archaea (14%).

Therefore, the distribution of orthologs of A. ferroox-

idans ModE is consistent with previous studies

showing that members of ModE family were not

detected among Gram-positive bacteria (Studholme

and Pau 2003). This family of transcriptional regula-

tors have been found in several species of archaea and

also in Salmonella typhimurium and Agrobacterium

tumefaciens. Even though these proteins are not

functional for binding molybdate or other solutes, it

has been proposed that the HTH domain would be

capable of binding DNA and form multimeric protein

complexes (Studholme and Pau 2003).

A. ferrooxidans TFs involved in metal

homeostasis and metal resistance

The expression of genes implicated in metal homeo-

stasis and resistance is tightly controlled by specific

metal-responsive transcriptional regulators, fre-

quently called metalloregulators. Metalloregulator

proteins bind metal ions directly and repress, dere-

press or activate the transcription of genes encoding

proteins that function in metal detoxification, seques-

tration, efflux and uptake (Pennella and Giedroc

2005). Metalloregulatory proteins can be divided into

two major groups: those that regulate the expression

of genes encoding proteins involved in the uptake of

essential metals (Fur, DtxR/MntR, and NikR fami-

lies) and those that regulate the expression of

components of metal efflux and detoxification mech-

anisms (ArsR/SmtB and MerR families). Here we

describe the structural characteristics of known and

predicted members of ArsR/SmtB and MerR families

of transcriptional regulators identified in A. ferroox-

idans genome. They encompass seven transcriptional

regulators, some of them might be capable of

mediating metal resistance in A. ferrooxidans, some

of these putative regulators map adjacent to the genes

that they potentially regulate, while others appear to

be isolated in the chromosome.

MerR family of TFs in A. ferrooxidans

Metal resistance systems regulated by the members of

the MerR family include, resistance to zinc (ZntR)

and copper (CueR and HmrR) excess, as well as

detoxification of mercury (MerR), cadmium (CadR)

and other toxic metals (Brown et al. 2003). Exper-

imental data indicate that members of this family

generally have broad metal specificity, for example

CueR reacts with copper, silver and gold, whereas

ZntR is mainly regulated by zinc but also responds to

cadmium and lead (Brown et al. 2003). All known

members of the MerR family of transcriptional

regulators are distinguished by its secondary structure

folding: b1–a1–a2–b2–b3–a3–a4–a5–a6. They have

a conserved N-terminal DNA binding domains with

a-helix dimerization domains, followed by a long

coiled-coil region whereas the C-terminal regions are

highly diverse and contain the metal binding domains

(MBD) (Brown et al. 2003; Changela et al. 2003).

These transcriptional regulators bind to a region of

dyad symmetry that lies within an unusually long

spacer of 19 bp between the -10 and -35 motifs of

the structural gene promoter. Upon binding of the

metal, transcriptional activation involves distortion of

the DNA at the centre of the promoter to reduce the
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distance between the -35 and -10 sequences, which

increases the promoter binding strength (Permina

et al. 2006).

In our analysis, four transcriptional regulators

were identified as putative members of the MerR

family (Fig. 3a). The secondary structure prediction

for these proteins revealed a high similarity with the

folding pattern previously described for members of

this family (Pennella and Giedroc 2005 and Online

resource 5). In the putative A. ferrooxidans MerR

regulators, we detected the presence of tyrosines

within the predicted HTH motif at the N-terminal end

(black asterisks in Online resource 5, and sequences

alignment of Fig. 3a); tyrosine residues probably

participate in the direct interaction of these regulators

with the DNA (Brown et al. 2003). In particular,

AFE_2483 shares high levels ([70%) of sequence

identity with MerD proteins encoded in the well

characterized Tn501 and Tn21 mer operons (Online

resource 5) (Liebert et al. 1999). Expression of mer

operon is primarily regulated by the product of merR

gene and is inducible by mercury (Brown et al. 2003).

Fig. 3 Structural features of putative TFs of A. ferrooxidans
MerR family. a Alignment of putative members of

A. ferrooxidans MerR family showing secondary structure

prediction. Grey box represents the predicted HTH-DNA

binding domain of A. ferrooxidans proteins. Secondary

structure elements are represented above the sequences: a:

a-helices and b: b-strands. Cysteine residues potentially

involved in divalent metal coordination are indicated in boxes.

b Genetic map of A. ferrooxidans mer operon (AFE_2483–

AFE_2479) and locations of the other three putative MerR

transcriptional regulators: CueR-like (AFE_0373), CadR-like

(AFE_1431 and AFE_2421). AFE_0374 and AFE_0372 genes

encode unknown proteins. AFE_1430 and AFE_2420 genes

encode putative members of the CDF family
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However, it has been proposed that MerD acts as a

co-regulator to finely modulate the expression of mer

operon based on sequence similarities between the

N-terminal HTH region of MerD and MerR and the

capacity of MerD to bind the mer operator region,

albeit more weakly than MerR (Mukhopadhyay et al.

1991). Moreover, the expression in trans of merD

represses the induction of the mer operon (Nucifora

et al. 1989), suggesting that this protein might act as a

transcriptional repressor. In fact, studies of MerD

from Ralstonia metallidurans indicated that MerD

was able to displace Hg-bound MerR from the mer

operator allowing the synthesis of metal-free MerR in

order to shut down the induction of the mer genes

when the external mercury is exhausted (Champier

et al. 2004). Previous studies have determined the

composition of chromosomal mer operon of

A. ferrooxidans strain E-15 (Inoue et al. 1991; Inoue

et al. 1989; Rawlings and Kusano 1994), it consists of

a functional promoter region followed by merR (the

regulatory gene), merC (encoding a mercury trans-

port protein), and merA (encoding the enzyme

mercuric reductase) (Inoue et al. 1996; Kusano

et al. 1990; Inoue et al. 1991; Dietrich et al. 2008),

however no orthologs of merD were observed in the

mer operon of this strain. Similarly, no merD gene

was present in the putative mer operons of

A. ferrooxidans strain ATCC 53993 (NC_011206),

which contains orthologs of merR (Lferr_0159 and

Lferr_0164) and merC (Lferr_0160 and Lferr_0163)

genes. Variations of chromosomal mer operon struc-

ture have been also reported in A. ferroxidans strain

T3.2, including the presence of merR and the absence

of merC and merD genes (Velasco et al. 1999).

Therefore, the variability of composition and organi-

zation of chromosomal mer operon of E-15, ATCC

53993, T3.2 and ATCC 23270 strains represents an

important polymorphism among strains of A. ferro-

oxidans, as it has been described for other Gram-

negative species (Liebert et al. 2000). This variability

supports the hypothesis that MerD substituted the

regulatory role of MerR in the mer operon of

A. ferrooxidans ATCC 23270.

In a recent study, a high amino acidic sequence

identity was described between CueR of E. coli and

AFE_0373 of A. ferrooxidans ATCC 23270 (Navarro

et al. 2009). The structure analysis of AFE_0373,

revealed the presence of a typical DNA binding

domain at its N-terminal region, including a highly

conserved tyrosine residue within helix a2 (Online

resource 5). In addition, AFE_0373 contains two

cysteine residues (Cys116 and Cys125) that are in the

corresponding positions to the Cys112 and Cys120

residues of E. coli CueR (Fig. 3a). In E. coli, these

two residues are known to be important for metal

recognition, since mutation of Cys112 or Cys120

abolishes regulator response to copper, silver and

gold (Brown et al. 2003; Hobman et al. 2005).

Moreover, the Cys-Pro motif that is conserved at the

end of the metal-binding region in many of the

members of MerR family (Changela et al. 2003) was

also found in the putative CueR of A. ferrooxidans.

Mutation of the proline residue diminishes the

response to mercury of MerR, supporting a functional

role for the Cys-Pro motif (Hamon et al. 2004). As

indicated by Permina et al. (2006), the structure of the

copper resistance systems seems to be complex, thus

CueR might be part of an operon (E. coli) or a

divergon (S. typhi and S. typhimurium) or even lies

separately and has no candidate binding site (Vibrio

vulnificus). In the case of A. ferrooxidans, AFE_0373

does not seem to be part of an operon (Fig. 3b) and

we were not able to predict binding site sequences

within its upstream region, thus the structure of this

putative A. ferrooxidans copper resistance system

appears to be more similar to that described in Vibrio

vulnificus.

In addition, we predicted two putative members of

A. ferrooxidans CadR, AFE_1431 and AFE_2421.

CadR is a cadmium induced TF that is able to control

the expression of cadA and CDF genes (cadmium/

zinc transporters) (Permina et al. 2006). A sequence

comparison analysis revealed that AFE_1431

encodes a truncated protein of 75 amino acids, which

contains the N-terminal DNA binding domain but

lacks of the a-helix dimerization domain and the

metal-binding region (Fig. 3a). The second ORF,

AFE_2421, encodes a 174 amino acid protein, which

has[40% of sequence identity with P. putida and P.

aeruginosa CadR regulators and 29% of identity with

E. coli ZntR (Online resource 5). Differences

between ZntR and the CadR transcriptional regulators

seem to be restricted to their C-terminal regions

where CadR regulators contain a histidine-rich

domain (Brocklehurst et al. 2003). Even though, we

did not detect a histidine-rich C-terminal region in the

putative A. ferrooxidans CadR, the analysis of the

genome context of AFE_2421 gene provided further
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support to classify its product as a CadR regulator

(Fig. 3b). A comparative genomic analysis of heavy

metal resistance revealed that most cadmium-induced

regulators that are located on the chromosome form

divergons with cadA transporters that belong to the

P-type ATPase (P-ATPase) superfamily (Permina

et al. 2006), in the case of A. ferrooxidans AFE_2421

and AFE_1431 we found that these putative CadR

regulators were oriented divergently from a member

of cation diffusion facilitator family transporter

(CDF; AFE_2420 and AFE_1430). Interestingly, in

the same comparative work mentioned above (Per-

mina et al. 2006), the authors reported three cases of

plasmid CadR regulators that were divergently

arranged to a transporter belonging to the CDF

family, suggesting that the cadR-CDF systems of

A. ferrooxidans ATCC 23270 arose from vector

acquisition and subsequent insertion in the genome.

A palindromic motif that lies between AFE_2421

and the putative CDF AFE_2420 was identified as

conserved among ortholog operons; this DNA binding

motif maintains the same configuration described in

other cadR operons (9–3–9 palindrome) (Permina et al.

2006) (Fig. 4). In the case of AFE_1431, we could not

identified orthologos within the different bacteria

species analyzed, probably because it is a truncated

protein, however, a manual inspection of the region

between AFE_1431 and its corresponding CDF trans-

porter, allowed us to find a palindromic sequence that

shares a high level of identity ([40%) with both the

motif founded in AFE_2421 and the 9–3–9 dyad

reported in P. aeruginosa CadR (Brocklehurst et al.

2003). An alignment of the regulatory regions of

genes encoding A. ferrooxidans CDF members and

P. aeruginosa transporters regulated by CadR illus-

trates the similarity in the inverted repeat sequences

and the complete identity between these motifs

(Fig. 4). This observation strongly suggests that

AFE_2421 is an A. ferrooxidans CadR protein that

regulates the expression of the CDF proteins in

response to cadmium stimulus. Regarding AFE_

1431, the absence of the MBD in the predicted protein

suggests that AFE_1431 might be a divergent TF of

this family unable to respond to cadmium.

Besides the putative regulators discussed above, a

fifth ORF, AFE_2509, was initially identified as a

SoxR protein, a redox-sensing transcriptional activa-

tor that belongs to the MerR family (Brown et al.

2003). It is known that activation of SoxR requires

the presence of two Fe–S clusters, which are coor-

dinated by a cysteine-rich motif (Bradley et al. 1997).

The global alignment of AFE_2509 with the well-

characterized SoxR of E. coli (Brown et al. 2003)

revealed the presence of a five cysteine residues in

the C-terminal region of the protein, however they do

not conform the CI[G/Q]CGC[L/M][S/L]XXXC

SoxR-specific cysteine motif required for binding of

the 2Fe–2S cluster (Dietrich et al. 2008). Moreover,

through several searches of A. ferrooxidans ATCC

23270 genome we were not able to find homologous

of soxS, a second TF regulated by SoxR which in turn

control the expression of genes related with oxidative

stress (Bradley et al. 1997) (data not shown).

In summary, our bioinformatics analysis permitted

us to identify and classify different proteins of the

MerR family of transcriptional regulators. The high

identity with archetypal regulators described in other

species, genome organization and the presence of

conserved MBDs, indicated that genes AFE_2483,

AFE_0373 and AFE_2421 probably encode the

A. ferrooxidans ATCC 23270 transcriptional regula-

tors MerR, CueR and CadR, respectively. In partic-

ular, the conserved palindromic CadR binding motif

located upstream of a putative CDF (AFE_2420)

protein suggested that AFE_2421 and AFE_2420

conform a cadmium resistance system in this

A. ferrooxidans strain. Even though, cadmium toler-

ance has been reported in A. ferrooxidans strains

(Dopson et al. 2003) to our knowledge no cadmium

resistance systems have been characterized in this

bacterium, making the putative AfcadR-CDF described

here an interesting candidate for functional analyses.

ArsR/SmtB family of TFs in A. ferrooxidans

The members of the ArsR/SmtB family of transcrip-

tional regulators appear to act exclusively as tran-

scriptional repressors of metal-resistance proteins.

Fig. 4 Alignment of A. ferrooxidans and P. aeruginosa CadR

promoter regions. -35 and -10 motif sequences are under-
lined, 9 bp inverted repeats are shown in bold. Identical bases

are shown in the consensus sequence
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They are present in many bacteria and archaea, and

sense a variety of di- and multivalent metal ions.

Genes encoding ArsR/SmtB repressors have been

identified in chromosomal or episomal operons

containing genes that encode metal-specific efflux

pumps, membrane bound transporters, or intracellular

chelators, such as metallothioneins (Busenlehner

et al. 2003).

In A. ferrooxidans ATCC 23270 genome, one

already characterized (AFE_2859) and two putative

(AFE_2641 and AFE_2369) members of the ArsR/

SmtB family of transcription regulators were identi-

fied. A domain analysis of A. ferrooxidans ArsR

sequences confirmed the presence of ArsR-type

helix-turn-helix domain signature (HTH). All of the

putative A. ferrooxidans members of the ArsR/SmtB

family showed the common secondary structure that

characterizes this family: a1–a2–a3–a4–b1–b2–a5

(Busenlehner et al. 2003) and contained a DNA-

binding motif of the winged helix family (a3-turn-a4)

(Fig. 5a). However, they did not exhibit the con-

served metal sensor cysteine residues of ELCV(C/

G)D motif located at the start of the DNA binding

domain (also called a3N metal-binding site) of

plasmid R773 and E. coli chromosomal ArsR regu-

lators (Shi et al. 1994). In addition, they do not

possess a second C-terminal MBD identified at the a3

helix (a3 metal-binding site) of CadC, SmtB and

other members of the ArsR/SmtB family involved in

the regulation of metals such as zinc, cobalt and

nickel (Rensing 2005).

Among the ArsR regulators identified in the

A. ferrooxidans genome, we found the already

characterized AfArsR (AFE_2859), which has high

levels of sequence identity with unknown ArsR from

other species as described in Butcher and Rawlings

(2002). AfArsR was located within a previously

reported ars operon (Fig. 5b) (Butcher and Rawlings

2002; Butcher et al. 2000; Wu et al. 2010), compris-

ing genes arsB, arsC and arsH that encode an

arsenite permease, an arsenate reductase and a

flavoprotein, respectively. AfArsR possesses three

cysteine residues, Cys95, Cys96, and Cys102 that form

a 3S-coordinate As(III) binding domain within the

C-terminal a5-helix of each monomer (Fig. 5a) (Qin

et al. 2007). It has been proposed that members of the

Fig. 5 Structural features of putative TFs of A. ferrooxidans
ArsR family. a Alignment of putative members of A.
ferrooxidans ArsR/SmtB family showing secondary structure

prediction. Grey box represents the predicted HTH-DNA

binding domain of A. ferrooxidans proteins. Secondary

structure elements are represented above the sequences: a:

a-helices and b: b-strands. Cysteine residues are indicated in

boxes. b Genetic map of A. ferrooxidans arsCRBH operon

(AFE_2860–AFE_2857; Butcher et al. 2000) and locations of

two putative ArsR transcriptional regulators. Genes in cluster

AFE_2642-AFE_2640 encode putative proteins similar to

permease of the Major Facilitator Superfamily (AFE_2642),

ArsR-like transcriptional regulator (AFE_2641) and beta-

lactamase (AFE_2643). Genes from AFE_2369–AFE_2362

encode an ArsR-like (AFE_2369), an outer membrane protein

(AFE_2368), a membrane fusion protein (AFE_2367), a

cation/multidrug efflux pump (AFE_2366), two rhodanases

(AFE_2365 and AFE_2364), a glutaredoxin (AFE_2363) and a

thioredoxin (AFE_2362)
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ArsR/SmtB family contain a conserved DNA-binding

region or core domain and a large variety of MBDs,

which appear to have arisen by convergent evolution

at spatially distinct locations within the ArsR protein

(Ordonez et al. 2008; Qin et al. 2007). Thus, a

number of divergent binding sites have been func-

tional characterized in several members of the ArsR/

SmtB family (Ordonez et al. 2005, 2008; Qin et al.

2007; Wang et al. 2005).

An alignment of the primary sequence of orthologs

of AfArsR (AFE_2859) showed structural similarities

and conserved residues within the HTH domain.

Interestingly the Cys95, Cys96 and Cys102 residues

that form a 3-coordinate As(III) MBD are well

conserved among the orthologs with the exception of

a group of sequences that posses only one or two Cys

residues in the MBD (Online resource 6). In agree-

ment with the observations reported by Qin et al. (Qin

et al. 2007), we found that AfArsR (AFE_2859) of

A. ferrooxidans ATCC 23270 was more similar to

uncharacterized proteins discovered during sequenc-

ing projects of bacteria genomes (for example

A. ferrooxidans ATCC53993 and D. desulfuricans

ATCC 27774 in Online resource 7) and no good

matches were detected to ArsR transcriptional regu-

lators with known functions.

The secondary structure and domain analysis of

A. ferrooxidans AFE_2641 protein, indicated that the

As(III) binding site of AfArsR and the MDB

described in E. coli (Qin et al. 2007; Xu et al.

1996) were not conserved in this putative ArsR.

However, AFE_2641 possesses five cysteines which

might potentially coordinated metals (Fig. 5a). Three

of them are located in the predicted b1–b2 domain

and the others two in the a5 domain. Even though

known members of ArsR/SmtB family possess func-

tional metal-binding sites located at the ends of

a-helices (Ordonez et al. 2008; Qin et al. 2007;

Wang et al. 2005), we can not discard that cysteine

residues of AFE_2641 might be part of an uniden-

tified MBD. When we examine the genes immedi-

ately upstream and downstream A. ferrooxidans

AFE_2641 (Fig. 5b), we detected that they encode a

predicted member of the Major Facilitator Superfamily

(MFS; AFE_2640) and a hydrolase belonging to

the metallo-beta-lactamase superfamily (AFE_2642)

(Fig. 5b). Interestingly, this pattern of genomic

organization was also found in the genomes of

Leptospirillum ferrooxidans (Coram et al. 2005) and

Leptospirillum sp. (Lo et al. 2007). An alignment of

AFE_2640 and AFE_2642 with the corresponding

genes from L. ferrooxidans and Leptospirillum sp.

revealed high levels of sequence identity between the

proteins (data not shown). Even though the role of

AFE_2641 in metal resistance needs further investi-

gation, our analyses revealed conservation of the

operon gene structure in microorganism that share

similar environmental condition, suggesting that a

positive evolutionary selection might result in the

similar organization of this set of genes across these

phylogenetically distant genomes.

Analysis of predicted amino acid sequences of the

third putative A. ferrooxidans arsR gene (AFE_2369)

revealed the presence of cysteine residues in helices

a2 and a5 (Fig. 5a), which is a characteristic feature

of ArsR transcriptional regulators whose binding to

promoter regions is not regulated by metals. Known

TFs that possess cysteine residues in helices a2 and

a5 include HlyU from V. cholerae, which positively

regulates expression of hemolysin (HlyA) (Saha and

Chakrabarti 2006), SoxR from P. salicylatoxidans,

which negatively regulates expression of the sulphur

oxidation (sox operon) (Mandal et al. 2007) and EcaR

from E. carotovora (Campbell et al. 2007). Down-

stream of AFE_2369 gene (Fig. 5b), we found three

proteins: an outer membrane, a membrane fusion

protein and a cation efflux pump (AFE_2368–

AFE_2366). This structure resembles a multidrug

resistance efflux pump known as Mex-type, involved

in antibiotic resistance (Fig. 5b) (Nikaido 1996;

Poole 2001). Additional genes within this cluster

encode two rhodanases (AFE_2365, AFE_2364), a

glutaredoxin (AFE_2363) and a thioredoxin (AFE_

2362). Similar operon structure was found in Thio-

bacillus denitrificans genome that also shares the

highest level of sequence identity with the putative

ArsR regulator. The predicted functions of proteins

encoded by this gene cluster suggest that they may be

involved in the maintenance of redox balance (rho-

danases, glutaredoxins, and thioredoxins) and secre-

tion of siderophores (efflux pump). Thus, the product

of AFE_2369 gene seems to mediate the transcrip-

tional regulation of an operon that complements the

ability of A. ferrooxidans to growth in extreme

environments.

Analysis of eubacterial ArsR/SmtB regulated pro-

moters have revealed a conserved 12–2–12 palin-

drome, which is often near the transcriptional start
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site and acts as a regulatory DNA binding site

(Busenlehner et al. 2003). In Qin et al. (2007), the

authors reported that binding of recombinant AfArsR

(AFE_2859) protects the sequence ATCCACGAA

TATTTCTTGCAGTATTGAC in a DNAse I foot-

printing assay. This sequence is located in the middle

of the divergent ars operon, between -86 and -60

upstream of the arsenite permease ArsB. When we

attempted to identify this binding site in the upstream

and downstream regions of orthologs of AfArsR, we

recovered a putative motif (Fig. 6a) that contained a

conserved 10–2–10 inverted repeat. In the case of

AfArsR, this motif contained an imperfect inverted

repeat that overlapped with the sequence identified in

Qin et al. (2007). The same analysis was performed

with AFE_2369 and AFE_2641 ArsR/SmtB family

members. Within orthologs of AFE_2369, we found a

palindromic sequence not well conserved (Fig. 6b) in

which we could not recognize any known TF binding

site. For AFE_2641 we did not find a conserved motif

upstream or downstream to this TF or its orthologs.

Transcriptional regulation in response to As(III) is

directly related with the presence of cysteine residues

in the MBD and the ability of the TF to release the

promoter. In particular, for AfArsR (AFE_2859) it

was demonstrated that Cys95 and Cys96 could bind

As(III), but the formed thiolate was not required for

DNA binding. However, replacement of C65S, C96S

and C102S resulted in a protein that was able to bind

DNA but lost the As(III) regulation site, implying

that Cys102 fulfils the role of creating a stable S3

thiolate in a monomer unit, which is required to release

the protein-DNA binding (Qin et al. 2007). In

comparison with the MBD of AFE_2859, TFs encoded

by AFE_2369 and AFE_2641 posses at the a5 helix

domain only one and two cysteines, respectively,

suggesting that both TFs might employ different

mechanisms for sensing the metal and for DNA

binding. Thus, the evolution of MBD might have taken

place in parallel with the evolution of DNA binding site

of the members of ArsR/SmtB family that require

As(III) to regulate gene-expression.

In order to examine this hypothesis we evaluated

whether the orthologs of AfArsR (AFE_2859), have

differences in the HTH domain and in the MBD

located at the a5 helix. Analysis of cysteine residues

of the orthologs of AfArsR (Online resource 6) and a

phylogenetic reconstruction based on AfArsR primary

structure (Online resource 7), allowed us to classify

these putative member of ArsR family into four

categories: those containing the canonical domain

Cys–Cys–X4–6–Cys (including AFE_2859), those

having a Cys–Cys domain and two other groups that

possess one or none cysteine in their a5 helix. For

each protein in the first and second categories, we

searched the non-coding regions of their genes and

detected a consensus sequence containing a 10–2–10

palindrome in which the six nucleotides at the ends of

the palindrome were well conserved (Fig. 7a). More-

over, this consensus sequence was similar to the

already described DNA binding site motif of AfArsR

(Qin et al. 2007). Thus, this result suggests that a

Fig. 6 Putative DNA

binding sites of orthologs of

AFE_2859 and AFE_2369.

Sequence of motifs that

were identified by MEME

within the non-coding

sequences of orthologs of

A. ferrooxidans AFE_2859

(a) and AFE_2369

(b) orthologs were aligned

and represented using the

WebLogo tool (Crooks

et al. 2004). Arrows

indicate palindromic

sequence
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conserved regulatory motif control the expression of

this family of TFs (Fig. 7a). Since proteins in the

second category possess only two Cys residues in the

LBD, they might employ an alternatively molecular

mechanism to sense and coordinate As(III). Alterna-

tively, they might possess affinity for a different

metal, as it has been reported for CmtR, a member of

ArsR family in M. tuberculosis (Banci et al. 2007). In

this case, the 3S thiolate of CmtR dimer was formed

by two cysteine residues (57 and 61) from one

monomer plus the Cys102 from the other and the

release from DNA was triggered by cadmium (Banci

et al. 2007). Finally, within the non-coding regions of

genes encoding proteins with one or none Cys

residues in the a5 domain (Online resource 7) we

detected a second palindromic consensus sequence

(Fig. 7b) in which the six nucleotides at the ends of

the palindrome were also well conserved. When we

compared this consensus sequence with that

described above, we found that nucleotides 6, 17

and 18 were well conserved within the entire set of

non-coding regions; however the A/T base composi-

tion of the six nucleotides at the ends of the

palindrome differed between the two consensus

sequences. Interestingly, the phylogenetic reconstruc-

tion (Online resource 7) indicated that AFE_2641 and

AFE_2369 proteins were more closely related to

ArsR containing two or one Cys residue in their a5

helices.

Even though members of the ArsR and MerR

families of transcriptional regulators have been

previously described in other bacteria, our analysis

revealed some specific features of members of these

families in A. ferrooxidans ATCC 23270. Among

them, the variable composition and organization of

chromosomal mer operon of A. ferrooxidans, which

brought us to suggest that in A. ferrooxidans ATCC

23270 mer operon is primarily regulated by the

product of merD gene, whereas in most bacteria

including other strains of A. ferrooxidans this operon

is regulated by MerR. With regards to the members of

the A. ferrooxidans ArsR/SmtB family, they all share

an ArsR-type helix-turn-helix domain signature,

however comparison of AFE_2641 and AFE_2369

sequences with that of AFE_2859, the only function-

ally characterized A. ferrooxidans ArsR (Butcher and

Rawlings 2002), revealed differences in the number

and spacing of cysteine residues that might conform

the putative MBDs of AFE_2641 and AFE_2369.

The variable composition of MBDs among A. ferro-

oxidans ArsR suggests that a structural diversity of

ArsR regulators might be relevant to increase the

capacity of A. ferrooxidans ATCC 23270 for activat-

ing gene expression in response to different sets of

metals. It is expected that both specie-specific and

strain-specific TFs and their corresponding targets

have evolved to deal with the high metal concentra-

tion that characterizes A. ferrooxidans habitats. Even

though further studies will be necessary to identify

particular gene regulatory networks that control

A. ferrooxidans response to metal exposure, the

results reported here might be integrated with data

Fig. 7 Putative DNA

binding sites of orthologs of

AFE_2859. Sequence of

motifs that were identified

by MEME within the non-

coding sequences of

orthologs of A. ferrooxidans
AFE_2859 were classified

according to the numbers of

cysteine residues present in

their MDB. a Cys-Cys-X4-

6-Cys or Cys-Cys. b one

Cys or none Cys. Arrows
indicate palindromic

sequence
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from transcriptomics (Quatrini et al. 2006) and

proteomics (Ramirez et al. 2004; Valenzuela et al.

2006) studies in order to advance in the character-

ization of the transcriptional response of A. ferroox-

idans to high metal concentrations.

Conclusions

In summary, we examined the repertoire of TFs in the

sequenced genome of A. ferrooxidans ATCC 23270

by using a comparative genomics-based approach.

The automatic search was followed by manual

curation and an extensive literature revision focused

on the identification and characterization of genes

encoding TFs involved in metal homeostasis and

metal resistance. Our data provide valuable informa-

tion on general A. ferrooxidans biology and will

increase our understanding of how this microorgan-

ism survives under extreme environmental conditions

by modulating the expression of relevant genes.

Given that the majority of the genes encoding

A. ferrooxidans TFs have not been studied yet, our

data will assist the selection of putative regulators

that seems to be good candidates for functional

studies in order to determine their physiological roles

and to place them into A. ferrooxidans transcriptional

regulatory networks. Moreover, A. ferrooxidans

inhabit some of the most metal-rich environments

known, thus it is an excellent model system for study

of microbial metal resistance. Based on our in silico

studies is now possible to identify genes associated

with metal resistance and initiate the functional

characterization of A. ferrooxidans metalloregulators,

as well as, their regulated metal resistance genes. As an

example, we identified a putative cadmium resistance

system in A. ferrooxidans, which is composite by a

CadR transcriptional regulator of the Mer family and a

CDF protein forming a divergon unit that might be

transcribed from a conserved promoter region. We

expect that the AfcadR-CDF unit described here will

become an interesting candidate for functional analysis

of cadmium resistance.
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