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A set of proteins that changed their levels of synthesis during growth of Acidithiobacillus ferrooxidans ATCC
19859 on metal sulfides, thiosulfate, elemental sulfur, and ferrous iron was characterized by using two-
dimensional polyacrylamide gel electrophoresis. N-terminal amino acid sequencing and mass spectrometry
analysis of these proteins allowed their identification and the localization of the corresponding genes in the
available genomic sequence of A. ferrooxidans ATCC 23270. The genomic context around several of these genes
suggests their involvement in the energetic metabolism of A. ferrooxidans. Two groups of proteins could be
distinguished. The first consisted of proteins highly upregulated by growth on sulfur compounds (and down-
regulated by growth on ferrous iron): a 44-kDa outer membrane protein, an exported 21-kDa putative
thiosulfate sulfur transferase protein, a 33-kDa putative thiosulfate/sulfate binding protein, a 45-kDa putative
capsule polysaccharide export protein, and a putative 16-kDa protein of unknown function. The second group
of proteins comprised those downregulated by growth on sulfur (and upregulated by growth on ferrous iron):
rusticyanin, a cytochrome cs,, a putative phosphate binding protein (PstS), the small and large subunits of
ribulose biphosphate carboxylase, and a 30-kDa putative CbbQ protein, among others. The results suggest in
general a separation of the iron and sulfur utilization pathways. Rusticyanin, in addition to being highly
expressed on ferrous iron, was also newly synthesized, as determined by metabolic labeling, although at lower
levels, during growth on sulfur compounds and iron-free metal sulfides. During growth on metal sulfides
containing iron, such as pyrite and chalcopyrite, both proteins upregulated on ferrous iron and those upregu-
lated on sulfur compounds were synthesized, indicating that the two energy-generating pathways are induced

simultaneously depending on the kind and concentration of oxidizable substrates available.

Acidithiobacillus ferrooxidans (formerly Thiobacillus ferrooxi-
dans) is a chemolithoautotrophic bacterium that obtains its
energy from the oxidation of ferrous iron, elemental sulfur, or
partially oxidized sulfur compounds (6, 16, 26, 30, 41). The
ability of this and other microorganisms present in its habitat
to solubilize metal sulfides is successfully applied in biomining
operations (30, 41).

The reactions involved in ferrous iron oxidation have been
studied in detail (5, 8, 21, 26, 30, 41). Nevertheless, the electron
pathway from ferrous iron to oxygen has not been entirely
established (44). The terminal electron acceptor is assumed to
be a cytochrome oxidase anchored to the cytoplasmic mem-
brane. The transfer of electrons would occur through several
periplasmic carriers, including at least the blue copper protein
rusticyanin and cytochrome css,. Recently, a high-molecular-
weight c-type cytochrome, Cyc2, has been suggested to be the
prime candidate for the initial electron acceptor in the respi-
ratory pathway between ferrous iron and oxygen. This pathway
would be Cyc2—rusticyanin—Cycl(c552)—cytochrome aa,
oxidase (44).

The aerobic oxidation of elemental sulfur by A. ferrooxidans
and other microorganisms is carried out by a sulfur dioxygen-
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ase (31, 36-38). Thiosulfate has been postulated as a key com-
pound in the oxidation of the sulfur moiety of pyrite (34). All
reactions comprising this oxidation have been shown to occur
chemically (32, 33). However, sulfur compound-oxidizing en-
zymes such as the tetrathionate hydrolase of A. ferrooxidans, A.
thiooxidans, or Acidiphilium acidiphilum may also be involved
in the process (9, 11, 12, 22, 39). In addition, enzymes for
thiosulfate or sulfite oxidation of A. ferrooxidans or A. thiooxi-
dans may successfully compete with the chemical reactions
with iron(III) ions as an oxidizing agent (34). A rhodanese
activity has been described previously for A. ferrooxidans (40).
This enzyme is a thiosulfate sulfur transferase (TST) which
breaks the S-S bond present in thiosulfate, generating sulfur
and sulfite. Other enzymes may also participate in the thiosul-
fate mechanism, such as the thiosulfate-oxidizing enzyme of A4.
ferrooxidans (36). Ramirez et al. have recently described an
exported TST-like protein in A. ferrooxidans that is highly ex-
pressed when the bacterium is grown on pyrite and sulfur, but
not on ferrous iron (29), and which is possibly involved in
sulfur metabolism.

To further study some of the components involved in the
oxidation of sulfur and metal sulfides, we analyzed by expres-
sion proteomics a subset of proteins synthesized by the bacte-
rium when grown on Fe(Il) ions, S°, thiosulfate, pyrite, chal-
copyrite, or iron-free metal sulfides. Our results indicate that
synthesis of several proteins related to sulfur metabolism, in-
cluding oxidation and acquisition, was induced (or dere-
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pressed) when the microorganisms grew on reduced inorganic
sulfur forms. By growth of the microorganism on ferrous iron,
most of these proteins were downregulated, while proteins of
the ferrous iron oxidation pathway were greatly induced, sup-
porting the existence of separate regulation for the iron and
sulfur oxidation pathways which depends on the substrate be-
ing oxidized.

MATERIALS AND METHODS

Bacterial strains and growth conditions. A. ferrooxidans strain ATCC 19859
was grown in ferrous iron-containing modified 9K medium as described previ-
ously (14, 29). Growth on elemental sulfur was carried out by using sulfur prills
(3). Pyrite (40% [wt/wt] Fe, found to pass a 75-pm-mesh sieve) and a chalcopy-
rite concentrate were kindly given to us by Paul Norris (University of War-
wick, Coventry, United Kingdom). ZnS and CuS were purchased from Al-
drich and contained 28 and 125 ppm of trace iron, respectively. Growth of
cells in these substrates was carried out in modified 9K medium (pH 2.5) in
which ferrous iron was replaced with 1% (wt/vol) of the corresponding metal
sulfide. Growth of A. ferrooxidans in thiosulfate was carried out in DSMZ
medium 71 containing 20 mM thiosulfate and the following components
(in grams per liter): KH,PO,, 3.0; MgSO, - 7H,0, 0.5; (NH,),SO,, 3.0;
CaCl, - 2H,0, 0.25. The pH was kept at about 4.6 by addition of 1 M NaOH.
For radioactive labeling of total-cell proteins, washed cells (10'°) were re-
suspended in 10 ml of the corresponding medium, 0.1 mCi (specific activity,
1,087 Ci/mmol) of [**S]methionine was added, and cells were incubated with
or without additions (where indicated) under the same growth conditions for
30 to 40 h.

2-D NEPHGE, SDS-PAGE, and autoradiography. Total-cell proteins were
separated by two-dimensional nonequilibrium pH polyacrylamide gel electro-
phoresis (2-D NEPHGE) (28), performed as described previously for A. ferrooxi-
dans (29), by using ampholytes (pH 3 to 10) from Bio-Rad. Cell samples (4 mg
[wet weight] of unlabeled cells, or 500,000 cpm contained in cells labeled by
growth on [*S]methionine) or cell-free fractions to be analyzed were resus-
pended in 80 pl of sonication buffer (10 mM Tris-HCI [pH 7.4], 5 mM MgCl,,
and 50 pg of pancreatic RNase per ml), sonicated, and treated with DNase (final
concentration, 50 pg per ml). The mixture was then lyophilized and dissolved in
lysis buffer as described previously (29). Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (25) gels consisted of 12.5% polyacrylamide or
5-t0-20% polyacrylamide gradients. Protein arrays were visualized by staining
with Coomasie blue or by autoradiography as described previously (29). Proteins
containing heme groups were stained by their peroxidase activity in the presence
of H,0, with 3,3',5',5'-tetramethyl benzidine as the electron donor. By this
method, the proteins with noncovalently bound heme groups are much less
intensely stained in the presence of B-mercaptoethanol (10). Since this thiol is
present under our conditions for 2-D PAGE, we are most likely detecting only
the covalently bound heme groups. The relative levels of synthesis of radioactive
proteins were determined from the autoradiograms by using the Scion Image
analysis program (www.scioncorp.com).

Microsequencing and MS analysis of proteins extracted from 2-D gels. Pro-
teins of interest were recovered from Coomassie blue-stained and heat-dried 2-D
gels by excising the protein spots. After rehydration and concentration of the
spots by SDS-PAGE, the proteins were electroblotted onto a polyvinylidene
difluoride membrane (27) and were subjected to microsequencing by the Labo-
ratoire de Microséquencgage des Protéines of the Institut Pasteur, Paris, France.
Alternatively, silver-stained proteins were isolated from 2-D gels, and in-gel
trypsin digestion and protein extraction were performed. The peptide solutions were
analyzed by electron spray tandem ionization-mass spectrometry (ESI-MS-MS). The
results obtained were analyzed with MASCOT software (http://www.matrixscience
.com/index.html) by using the MS/MS Ion search. The entire MS analysis was
performed at the Cambridge Center for Proteomics, University of Cambridge, Cam-
bridge, United Kingdom.

Western immunoblotting. The proteins synthesized by A. ferrooxidans grown
on different oxidizable substrates were separated by SDS-PAGE and electro-
transferred to a polyvinylidene difluoride membrane as described previously
(14). For the antigen-antibody reaction, membranes containing the transferred
proteins were treated with an antiserum against rusticyanin as the primary
antibody (dilution, 1:5,000) and monoclonal anti-mouse antibodies conjugated
with peroxidase (Amersham) as the secondary antibodies (dilution, 1:2,500). A
colorimetric method was used to develop Western blots as recommended by
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Promega. The relative intensities of the Rus protein bands in Western blots were
determined by using a scanner and the Scion Image analysis program.

Preparation of cell-free fractions from A. ferrooxidans. A. ferrooxidans was
separated into outer membrane, soluble, and inner membrane fractions as pre-
viously described (14). The soluble fraction was the supernatant obtained after
the first centrifugation at 100,000 X g for 2 h to pellet the total membrane
fraction. The inner membrane fraction was the last supernatant obtained after
treatment of the total membrane fraction in the presence of 2% sodium lauryl-
sarcosinate to separate the final outer membrane preparation.

Oligonucleotides. The following synthetic oligonucleotides were used: for re-
verse transcription (RT) experiments, 5'-CCTGCGGGTTGTCATACT-3'; for
PCRs, a (5'-CGTCTGGTTGGATAGCTG-3'), b (5'-GTCGTCGGCGGAGGC
CACCGA-3'), ¢ (5'-CATCGCTCAAAGGCAAAG-3'), d (5'-ATGGCAACGA
CCATGTCA-3"), e (5'-CAACGTCCCGATCCCCGCGAA-3'), and f (5'-GTA
AAACGCTGCAAGTCG-3').

RT-PCR. A. ferrooxidans ATCC 23270 total RNA was prepared from a sulfur-
grown culture by a modified hot phenol method as described previously (15).
After the phenol extraction, the fraction containing RNA was extracted twice
with chloroform. The RNA was precipitated overnight with ethanol at —20°C,
washed with 70% ethanol, and resuspended in 60 ul of nuclease-free water. Four
micrograms of total RNA was treated with 30 U of RNase-free DNase I (Pro-
mega) and 5 mM MgCl, in a final volume of 10 pl for 1 h at 37°C. Finally, the
DNase I was inactivated by incubating at 65°C for 10 min.

RT-PCR was carried out with 2 wg of DNase I-treated total RNA of A4.
ferrooxidans. The RNA was denatured in the presence of 400 ng of the RT primer
at 70°C for 5 min and then cooled on ice. The RT reaction was carried out at
42°C for 1 h in a final volume of 25 pl according to the manufacturer’s instruc-
tions (Promega). After the RT reaction, the enzyme was inactivated by heating
at 65°C for 10 min. PCR was performed using 3 ul of the RT reaction product
in a final volume of 50 pl containing 7ag DNA polymerase reaction buffer
(Promega), 2.5 mM MgCl,, 100 pM each deoxynucleoside triphosphate, 5%
(volvol) dimethyl sulfoxide, 250 ng of each primer, and 1 U of Tag DNA
polymerase (Promega). For the PCR, the following program was used: an initial
denaturing step at 95°C for 3 min; 40 cycles of 30 s at 95°C, 30 s at 50°C, and 45 s
at 72°C; and a final extension step at 72°C for 3 min.

For each RT-PCR experiment, a control RT reaction without reverse tran-
scriptase was carried out to check for the absence of genomic DNA contamina-
tions in the RNA preparations used. RT-PCR products were checked by elec-
trophoresis in a 1% agarose gel in 0.5X TAE buffer.

Sequence analysis. Identity and similarity searching in databases was done by
using the BlastP program (1) of the National Center for Biotechnology Infor-
mation (http://www.ncbi.nlm.nih.gov). We used the available A. ferrooxidans
ATCC 23270 genomic sequence, which is finished but not yet annotated (http:
/lwww.tigr.org). Molecular masses and isoelectric points of open reading frame
(ORF) products were obtained by using the ProtParam tool (http:/www
.expasy.ch/cgi-bin/protparam). The possible presence of transmembrane do-
mains in the ORFs analyzed was predicted by TMpred (http://www.ch.embnet
.org/software/TMPRED_form.html.

RESULTS AND DISCUSSION

Patterns of global protein synthesis of A. ferrooxidans grown
with different oxidizable substrates. To characterize some of
the proteins differentially synthesized by A. ferrooxidans when
grown on elemental sulfur or ferrous iron, we used 2-D
NEPHGE analysis of the total-cell proteins labeled with ra-
dioactive methionine followed by autoradiography. The gen-
eral pattern of protein synthesis for ferrous iron-grown A.
ferrooxidans showed several differences from that observed for
the sulfur-grown bacterium (Fig. 1). The differences involved
both upregulation and downregulation of the synthesis of nu-
merous polypeptides. We decided to study in detail the group
of proteins indicated in the gels of Fig. 1, since all these
polypeptides were well stained by Coomassie blue or silver and
therefore could be subjected to an efficient N-terminal se-
quencing or MS analysis. Some of the less abundant proteins
(such as spots 6 and 3) were concentrated after isolation of
their spots from several equivalent 2-D gels. Other proteins
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FIG. 1. 2-D protein arrays of A. ferrooxidans grown on ferrous iron or elemental sulfur. Total proteins from cells grown in the presence of
[**S]methionine and ferrous iron (A) or elemental sulfur (B) were separated by 2-D NEPHGE with a pH gradient between 3.0 (right side of the
gel) and 10.0 (left side of the gel). Spots were detected by autoradiography. Numbered spots are those characterized in this study. As internal
controls for proteins that do not greatly change their levels of synthesis during growth under these conditions, we used GroEL (g), DnaK (d,) and

Omp40 proteins previously identified in our laboratory (14, 42). Positions

were not isolated directly from the 2-D gels of total-cell pro-
teins for N-terminal sequencing but from subproteomes con-
sisting of outer membrane or soluble fractions from the cells
analyzed (see below).

Amino acid sequences of proteins and their identification by
use of databases. The chosen proteins, which in general were
upregulated or downregulated more than twofold, were iso-
lated from 2-D gels and subjected to microsequencing or MS
analysis. Using these sequences, we performed the correspond-
ing tBlastN analysis and identified those proteins described in
Table 1. All these sequences were also present in the genome
sequence of A. ferrooxidans strain ATCC 23270.

Proteins upregulated by growth on sulfur (and downregu-
lated by growth on ferrous iron). Protein spot 7 was highly
upregulated by growth on sulfur (more than sevenfold).
Searches in sequence databases showed that its N-terminal
amino acid sequence was 40% identical to that of a conserved
putative protein of unknown function present in the genome of
Aquifex aeolicus (accession no. NP_213005). By comparison of
the amino acid sequence of protein spot 7 against the genome
of A. ferrooxidans, we found a gene for a putative basic protein
which contained the original N-terminal sequence after a pu-
tative signal peptide. The possibly exported protein of 16 kDa
contains about 10% methionine residues (including its signal
peptide).

Spot 2 in Fig. 1 was upregulated almost twofold by growth on
sulfur. Its N-terminal amino acid sequence showed extended
similarity to that of a sulfate/thiosulfate binding protein (SBP).
By searching for its amino acid sequence in the A. ferrooxidans
genome, we found a gene coding for a deduced SBP also
containing a predicted signal peptide. The N terminus of the

of molecular mass standards (in kilodaltons) are given on the left.

theoretically processed protein was identical to the sequence of
spot 2. This putative SBP corresponds to SBP1, one of the two
putative SBPs deduced to be present in the genomic context of
the exported rhodanese-like protein P21 (29). The sulfate
binding proteins are induced in heterotrophic bacteria when
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FIG. 2. Analysis of cotranscription of the st and sbpl genes of A.
ferrooxidans by RT-PCR. (A) Schematic map of the genetic context
around the st and sbpl genes of A. ferrooxidans ATCC 23270. Arrows
indicate locations of primers used for the RT reaction and for PCR (a
through f). The genes present in the region analyzed were p/4.3 and tst,
encoding TST-like proteins; fox!, encoding a terminal oxidase subunit;
sbpl, encoding an SBP; hyp, encoding a hypothetical protein; and cdt,
encoding a C,-dicarboxylate transporter. (B) Agarose gel electro-
phoresis of RT-PCR products obtained for the #st, toxl, and sbpl
intergenic regions. The primers used in each reaction are indicated (a
through f). The RT reaction was carried out on 2 ng of total RNA
obtained from sulfur-grown cells of 4. ferrooxidans. RT reactions with
(+ lanes) and without (— lanes) the Moloney murine leukemia virus
reverse transcriptase enzyme were carried out in order to exclude
amplification due to genomic DNA contamination. Sizes of DNA
markers are shown on the left. Expected sizes (in base pairs) for the
corresponding RT-PCR products are given below the gel.
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sulfate is limiting (less than 500 uM) (20). A. ferrooxidans

Figure 1 and Table 1 show that as described previously (29),
spot 6, a putative TST, was greatly induced (much more than
fivefold) when the cells grew on sulfur (Fig. 1B) and was

Spot 9 (Fig. 1 and Table 1) was highly induced in sulfur-
grown cells. This protein showed homology to WebC, a bacte-
rial capsule polysaccharide export protein. A. ferrooxidans is
known to adhere to solid mineral surfaces such as the elemen-

FIG. 3. Characterization of some proteins from total cells or dif-
ferent fractions from A. ferrooxidans. Omp44 was identified in outer

usually encounters high sulfate anion concentrations in its en-
substance (13). Therefore, it will be of great interest to further

(Fig. 1A; Table 1). By performing RT-PCR experiments with
the appropriate primers, we found that the genes coding for
SBP1, Tox1, and TST may form part of a polycistronic cluster
with three other putative genes having the same orientation

entirely absent when A. ferrooxidans was grown on ferrous iron

vironment compared to heterotrophic bacteria, and therefore
(Fig. 2).

it is difficult to assess the effect of sulfate concentration
changes on the expression of SBPs. Nevertheless, if the syn-
thesis of an SBP is repressed by higher sulfate concentrations,
its synthesis would be expected to increase both on sulfur and
centrations of these cultures are much lower than those in
ferrous iron-grown cells (see Fig. 1 and 3 below).

tal sulfur used here by forming an extracellular polysaccharide
grown on ferrous iron (C) or sulfur (D). Cytochrome cs5, was identi-
fied in total-cell proteins from cells grown on ferrous iron (E) or sulfur
(F). Sulfate binding protein (spot 2) and PstS (spot 1) were identified
in total proteins from cells grown on ferrous iron (G) or thiosulfate
(H). All proteins were separated by 2-D NEPHGE, and spots were

stained with Coomassie blue (A, B, C, D, G, and H) or with heme-

sulfur (B). P30 was identified in soluble fractions obtained from cells
staining reagent (E and F).

on thiosulfate, as we have found, since the total sulfate con-
membrane-enriched fractions from cells grown on ferrous iron (A) or
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FIG. 4. Effect of ferrous iron concentration on the synthesis of some proteins in A. ferrooxidans grown on elemental sulfur. Cells were grown
on elemental sulfur medium, to which the indicated ferrous iron concentrations and [**S]methionine were added. After 30 h of incubation under

these conditions, total-cell proteins were separated by 2-D PAGE (left) and

subjected to autoradiography, and the intensities of the indicated spots

were determined by using an image analysis program (graph on the right). The positions of the indicated spots were identified previously by their
coordinates in the 2-D gels and by N-terminal amino acid sequence analysis of the isolated spots.

study the possible role of this protein in the generation of these
polymers.

Figure 3A and B show that Omp44 was dramatically upregu-
lated by growth on sulfur (see Table 1). This outer membrane
protein is present in much smaller amounts than Omp40,
which is the major outer membrane protein in A. ferrooxidans
(14). The sequence and putative structure of Omp44 differ
from those of the 42-kDa outer membrane protein previously
described by Buonfiglio et al. (7), which is also induced by
growth of A. ferrooxidans on sulfur. Comparison with databases
shows the similarity of Omp44 to a family of proteins which
includes FadL, a protein involved in the translocation of long-
chain fatty acids across the outer membrane (4). The relation-
ship of Omp44 to sulfur metabolism is not clear at present.
Growth of A. ferrooxidans on elemental sulfur requires attach-
ment of the cells to the solid substrate, and this interaction
could induce the changes we observed and those reported by
Buonfiglio et al. (7) in the outer membrane proteins of this
microorganism.

Proteins downregulated by growth on sulfur (and upregu-
lated by growth on ferrous iron). Table 1 shows that protein
spot 13, which was identified as the small subunit of ribulose
bisphosphate carboxylase (RuBisCo), was downregulated on
sulfur compared with its levels of synthesis on ferrous iron. The

same happened in the case of the large subunit of RuBisCo
identified under this growth condition (P51 [Table 1]). A. fer-
rooxidans possesses two forms of RuBisCo with their corre-
sponding sets of genes (24). These are ¢bbLS1 and cbbLS2.
The RuBisCo subunits that we identified belong to chbLS]1.

Table 1 and Fig. 3C and D show that protein P30 was also
greatly downregulated in sulfur. P30 presented amino acid
squence similarity to the related proteins CbbQ, NirQ, and
NorQ (17). In A. ferrooxidans a ¢bbQ gene has been initially
described upstream of a ¢cbbO gene and downstream of the
second set of RuBisCo genes, cbbLS2 (19). Both the chbQ and
¢bbO genes are involved in maintaining the conformational
states and activity of RuBisCo (18). Our DNA sequencing of
the genomic context of the p30 gene in A. ferrooxidans ATCC
19859 and the equivalent context in the genome of A. ferrooxi-
dans ATCC 23270 showed the following gene order: chbbR-
cbbL1-cbbS1(spot 13)-the carboxysome genes (csoS2, csoS3,
orfA, orfB, csoSIC, csoSI1A, csoSI1B)-orfl-orf2-orf3-orf4-p30-
¢bbO. Therefore, P30 most likely corresponds to a second
CbbQ protein, since its contiguous cbbO-like gene is cotrans-
cribed with p30, as we determined by RT-PCR experiments
(data not shown).

Autotrophy in A. ferrooxidans is driven by the Calvin cycle.
The expression of Calvin cycle enzymes varies considerably in
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different chemoautotrophic microorganisms depending on the
substrate being oxidized (35). Expression of the Calvin cycle
genes is regulated by the transcriptional activator CbbR [acti-
vated by the binding of NAD(P)H] and by a possible repressor
protein that may respond to the intracellular concentration of
an intermediary metabolite such as phosphoenolpyruvate in
the general model for the regulation of expression of the Cal-
vin cycle proposed by Shively et al. (35). CbbR has been iden-
tified and shown to control the expression of cbb genes in A.
ferrooxidans (23).

Figure 1 and Table 1 show that protein spots 4 and 5 were
downregulated only 1.6- to 2-fold in cells grown on sulfur.
Protein spot 4 showed similarity to thioredoxin peroxidase, and
protein spot 5 showed similarity to superoxide dismutase. This
suggests a possibly higher-stress condition when A. ferrooxidans
is grown on iron. Protein spot 1 in Fig. 1 was found to be the
putative phosphate-binding protein that is induced in A. fer-
rooxidans by the lack of phosphate and that is apparently part
of a Pho regulon in this microorganism (43). PstS levels de-
creased more than twofold by growth on sulfur or thiosulfate
(Fig. 3G and H), suggesting a possible limitation of phosphate
during growth in ferrous iron medium.

Protein spots 10 and 11 were downregulated by growth on
sulfur (Fig. 1; Table 1). These two proteins corresponded,
respectively, to a putative protein from A. ferrooxidans and to
a conserved hypothetical protein from A. aeolicus, both of
unknown function. Spot 12 was dramatically downregulated by
growth of A. ferrooxidans on sulfur. This protein was homolo-
gous to a bacterial nucleoid DNA binding protein. The possi-
ble role of a protein of this kind in A. ferrooxidans is actually
unknown.

Protein spot 3 was highly downregulated by growth of cells
on sulfur (Fig. 1). The staining of this protein with 3,3',5',5'-
tetramethyl benzidine (Fig. 3E and F) suggested the presence
of heme groups and a possible cytochrome. The protein was
identified as cytochrome css, by its N-terminal sequence, as
seen in Table 1.

Spot 8 in Fig. 1 was identified as rusticyanin (Rus), a protein
known to be induced mainly by growth of A. ferrooxidans on
ferrous iron (8, 21, 45). We found that Rus was downregulated
dramatically (more than fivefold) by growth on sulfur com-
pared to its levels in ferrous iron-grown cells. Nevertheless, the
protein was still synthesized de novo in sulfur-grown cells (see
below).

Effects of ferrous iron on the expression of sulfur-upregu-
lated proteins. When small, increasing ferrous iron concentra-
tions were added to A. ferrooxidans grown on elemental sulfur,
the synthesis of proteins such as spots 6 (TST), 2 (SBP), and 7
was downregulated by the presence of iron in the growth me-
dium. Synthesis of TST was strongly inhibited by increasing
ferrous iron concentrations, while the synthesis of SBP and
spot 7 showed small reductions (Fig. 4). This suggests a pos-
sible functional role for TST, SBP, and spot 7 in sulfur metab-
olism, and the negative regulation of the expression of these
proteins by the ferrous ion concentration present in the growth
medium.

On the other hand, we observed a marked concomitant
increase in the synthesis of both rusticyanin and cytochrome
Css, in sulfur-grown cells when the concentration of ferrous
iron in the medium was increased, indicating a coordinated
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FIG. 5. Western blot analysis of rusticyanin in A. ferrooxidans
grown under different conditions. (A) Equivalent amounts of total-cell
proteins from A. ferrooxidans grown on ferrous iron (lane a), elemental
sulfur (lane b), copper sulfide (lane c), zinc sulfide (lane d), or pyrite
(lane e) were used for immunodetection with anti-Rus antibodies.
(B) Quantification of the bands shown in panel A by using the Scion
Image processing program. Values shown are relative to those ob-
tained for ferrous iron-grown cells.

regulation at the protein synthesis level. Cytochrome cs5, is
known to participate in ferrous iron oxidation (2). The genes
coding for rusticyanin, Cycl (¢552) Cyc2 together with ORFI,
coxB, coxA, coxC, and coxD, form an operon; they are all
transcribed in A. ferrooxidans cells grown on ferrous iron as
well as in those grown on sulfur, suggesting that the proteins
encoded by this operon play a role in both growing conditions
(2).

Synthesis of rusticyanin in A. ferrooxidans grown on different
metal sulfides. To determine whether Rus synthesis was re-
stricted only to growth on ferrous iron and elemental sulfur, we
determined the levels of the protein in cells grown on different
metal sulfides. Total-cell proteins were separated by SDS-
PAGE followed by Western blotting with an antiserum against
Rus, as shown in Fig. 5. Clearly, there was a great increase in
Rus levels in cells grown on ferrous iron or pyrite (Fig. 5A,
lanes a and e). Rus was also present in cells grown on elemen-
tal sulfur, copper sulfide, or zinc sulfide (Fig. 5A, lanes b, ¢, and
d, respectively), where no ferrous iron was present, in agree-
ment with our results obtained with elemental sulfur by using
radioactively labeled cells (Fig. 1).

The iron- and sulfur-oxidizing activities of biomining micro-
organisms such as A. ferrooxidans are important for the bio-
leaching of ores containing copper, such as chalcopyrite. There
is no evidence in the literature as to which bacterial proteins
might be involved during the attack of these minerals. To find
out if some of the proteins upregulated in sulfur and those
upregulated in iron are synthesized during growth on minerals,
we grew the bacteria on pyrite or chalcopyrite and determined
the levels of synthesis of the TST, Rus, and spot 7 proteins, as
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FIG. 6. Synthesis of rusticyanin, putative protein 7, and TST during
growth of A. ferrooxidans on pyrite or chalcopyrite. Cells were grown
on pyrite (A) or chalcopyrite (B), total-cell proteins were separated by
2-D PAGE, and the proteins were stained with Coomassie blue. Only
the section of the gel containing the proteins analyzed is shown. Arrow
indicates the spot corresponding to pancreatic RNase, used to treat the
samples for 2-D PAGE.

shown in Fig. 6. All these proteins were synthesized when A.
ferrooxidans was grown on pyrite or chalcopyrite. The presence
of TST during growth on pyrite or chalcopyrite and the lack of
it during growth on ferrous iron could be explained by assum-
ing that ferrous iron is the agent inhibiting the expression of
TST. During pyrite or chalcopyrite attack, only ferric iron
would be produced, suggesting that this ion is inactive in the
repression of TST synthesis. The results in Fig. 6 indicate that
when both types of electron donors (the sulfide moiety and
ferrous iron) are present simultaneously, both sulfur-upregu-
lated and ferrous iron-upregulated genes are expressed, their
expression being dependent on the relative concentration of
each oxidizable component, as we have found out. Although it
has recently been proposed that the oxidation of reduced in-
organic sulfur compounds by nonacidophilic bacteria may use
a common mechanism involving the sox gene cluster (12), no
genes related to this cluster were evident when we searched for
them in the available A. ferrooxidans genomic sequence.

In conclusion, the partial proteomic analysis presented in
this work constitutes a first insight into the global understand-
ing of the physiology of A. ferrooxidans and the adaptive re-
sponses that it uses to attack mineral ores. The lack of a
reproducible genetic system in which to perform functional
genomics in A. ferrooxidans does not allow us yet to assign
definitive roles to the proteins described here in the energetic
metabolism of this microorganism. Nevertheless, once the A.
ferrooxidans strain 23270 genomic sequence is annotated and
made available to the scientific community, extended pro-
teomic and transcriptional analysis will greatly improve under-
standing of the energetic metabolism of this biomining bacte-
rium.
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