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Abstract: Reverse-transcription qualitative PCR (RT-qPCR) was used to analyze the changes in transcription levels of the sulfur 
metabolism-related periplasmic protein genes of Acidithiobacillus ferrooxidans ATCC 23270 grown on sulfur or ferrous. Seven 
periplasmic proteins with apparently higher abundance grown on elemental sulfur than on ferrous sulfate were identified by 
matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS). Expression analysis of the 
corresponding genes by RT-qPCR shows that the constitutive expression of all those genes are more up-regulated grown on sulfur 
than those grown on ferrous (>10 folder). Study on the corresponding genes of the identified periplasmic proteins by RT-qPCR 
confirmed the results of two-dimensioned gel electrophoresis, indicating they may be related with sulfur metabolism in A. 
ferrooxidans. 
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1 Introduction 
 

Elemental sulfur was produced during the 
dissolution of metal sulfides, which may be accumulated 
and form a sulfur layer onto the surface of minerals, 
leading to modification of the electrochemical properties 
of minerals surface and inhibition of the bioleaching 
process[1−2]. Actually, the elemental sulfur in 
bioleaching is basically chemical inert and it can be 
exclusively eliminated by sulfur-oxidizing bacteria[3−4]. 

The oxidation of elemental sulfur by 
Acidithiobacillus ferrooxidans (A. ferrooxidans for short) 
is a complex process which involves the attachment of 
cells to sulfur particles, the transport through the outer 
membrane and the oxidation. Most of the relevant 
reactions for sulfur oxidation take place at periplasmic 
space[5−6]. A thiosulfate sulfur-transferase (TST) of 21 
kDa of A. ferrooxidans grown on elemental sulfur was 
found located in the periplasmic space and it broke the  
S—S bond present in thiosulfate, generating sulfur and 
sulfite[7]. Several other periplasmic proteins of A. 

ferrooxidans such as sulfur dioxygenase, sulfite oxidase 
and tetrathionate hydrolase were predicted to be involved 
in the oxidation of sulfur[8]. A total of 131 proteins in 
the periplasm of the microorganism grown on thiosulfate 
were identified by using high resolution linear ion 
trap-Fourier transform mass spectrometry (LTQ-FT/ 
MS)[9]. However, the mechanism of biological sulfur 
activation and oxidation in A. ferrooxidans is still unclear 
because of the lack of related researches all over the 
world. 

In our previous study, the proteins present in the 
periplasmic fraction of A. ferrooxidans cultured on two 
different energy substrates, ferrous sulfate and elemental 
sulfur by two-dimensional gel electrophoresis were 
analyzed and characterized. To confirm the results of 
2-DE and further study the genes that may be involved in 
sulfur oxidation, the expression of genes encoding 
periplasmic proteins with higher expression grown on 
sulfur were analysed by RT-qPCR. The results indicate 
that the expression of several genes encoding periplasmic 
proteins related to sulfur metabolism is induced when the 
microorganisms grow on element sulfur.  
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2 Experimental 

 
2.1 Bacterial strain and growth condition 

A. ferrooxidans ATCC 23270 was cultured in 9 K 
basal media supplemented with 5.0 g/L of elemental 
sulfur powder and 44.5 g/L of ferrous sulfate, 
respectively. The initial pH value of these media was 
adjusted to 2.0 with 1 mol/L H2SO4. The culture of A. 
ferrooxidans was grown in 500 mL flasks containing 300 
mL medium and incubated at 30 °C with a drum pump to 
provide oxygen (10 L/min). 

 
2.2 Preparation of periplasmic space proteins 

A. ferrooxidans cells were resuspended in a solution 
(8 mL) containing 20% (w/v) sucrose, 33 mmol/L 
Tris-HCl (pH=8.0) and 0.5 mmol/L Na2EDTA. After 
shaking the incubation for 15 min, the shrunk cells were 
harvested by centrifugation at 8 000 r/min for 15 min. 
The supernatant was removed and the cell resuspended 
in 8 mL MiliQ water (4 °C). After shaking the incubation 
for another 10 min, the cell suspension was centrifuged 
at 10 000 r/min for 15 min, and then the periplasmic 
proteins were recovered in the supernatant. 
 
2.3 Two-dimensional gel electrophoresis  

Periplasmic proteins were separated by two- 
dimensional polyacrylamide gel electrophoresis (2-DE) 
performed with the IPGphor system and Ettan DALT II 
system (GE). After electrophoresis, proteins were 
visualized by Coomassie Brilliant Blue G-250 staining. 
Two-dimensional gels were scanned using a Uniscan 
scanner. The number of protein spots expressed on 2-DE 
was analysed by Imagemaster software version 7.2. 
 
2.4 Microsequencing and MS analysis of proteins 

extracted from 2-D gels 
Protein spots were excised and transferred into 1.5 

mL microcentrifuge tubes and subjected to in-gel 
digestion. A total extract was concentrated in a vacuum 
centrifuge to 20 μL for further analysis. Peptide mass 
fingerprinting (PMF) were obtained by using an Autoflex 

MALDI-TOF/TOF mass spectrometer with delayed 
extraction and reflection[10−11]. 

 
2.5 RT-qPCR 

A. ferrooxidans ATCC 23270 total cellular RNA 
was isolated using the TRIzol reagent (Invitrogen) 
according to the manufacturer’s protocol. RNA extracts 
were purified with an RNeasy mini kit (QIAGEN) 
according to the instructions, and the oncolumn DNase 
digestion was performed with RNase-free DNase 
(QIAGEN) to remove genomic DNA. Total cellular 
RNA was quantified at OD260 and OD280 with a 
NanoDrop ND-1000 spectrophotometer (NanoDrop 
Technologies). The purified RNA from each sample 
served as templates to generate cDNA. 

RT-qPCR was performed with RNA extracts from 
samples grown on sulfur and ferrous. Total RNA ( l µg ) 
was used to prepare cDNA by reverse transcription. They 
were 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 µL according to the manufacturer’s 
instructions (Qiagen). After the RT reaction, the enzyme 
was inactivated by heating at 65 °C for 10 min, and a 10 
µL of the RT reaction was used for RT-qPCR. 

The identified protein genes were detected by 
RT-qPCR. The primers used for RT-qPCR are described 
in Table 1. The RT-qPCR procedure was carried out 
according to Ref.[12]. The expression ratio was recorded 
as the fold difference in quantity of RT-qPCR product 
from samples grown at the treatment versus control 
concentration. Relative abundance of each gene versus a 
constitutively expressed gene (16S rDNA) was 
determined. The results were expressed as means ± 
standard errors of three independent experiments. 

 
2.6 Sequence analysis 

The functional categories for the different identified 
proteins were obtained from the genomic sequence    
of A. ferrooxidans (www.tigr.org). The presence      
of export signals for each protein found in the 
periplasmic fraction was predicted by using SignalP 

 
Table 1 Primers used for RT-qPCR 

Sequence 
Locus 

Forward primer (5´−3´) Reverse primer (5´−3´) 
Size of 

amplicon/bp 
Anneal 

temperature/°C 

AFE_2438 ACGGCTTCTTTCCTGAGTC TCCGCCAGCATCCAA 104 58 
AFE_2062 GGACTCCCATTTCACCC CGCACGATGCCTTCA 183 58 
AFE_2383 ATTGAAGTCCTCCAAACCG ACCGCGAATGCCGTAC 175 60 
AFE_2366 GGGGCACTGGACAAGG GCAAACGCATCACATCG 79 60 
AFE_0079 TATTGCCGCCTTCCG TTCTTCCTGATACTGCTGGTT 112 57 
AFE_1936 GCGAGTCGCAATGTCCG GCACCCTCACGCATCAGC 115 58 
AFE_3050 ACGGCTGGTGCCTCTAT ATCCGCCCTTGTCCC 153 61 

16S AGAACCTTACCTGGGCTTGA GCTCGTTGCGGGACTTA 135 60  
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(www.cbs.dtu.dk/services/signalP), TatP (www.cbs.dtu.dk/ 
services/TatP-1.0), SecretomeP (www.cbs.dtu.dk/services/ 
SecretomeP) and LipoP (www.cbs.dtu.dk/services/ 
LipoP). 
 
3 Results and discussion 
 
3.1 Identification and predication of periplasmic 

proteins spots 
As shown in Fig.1, there are some protein spots 

with relatively high abundance in the cells grown on 
sulfur as energy substrate but not on the ferrous sulfate 
as energy substrate. Seven protein spots with relatively 
high abundance on sulfur substrate are excised in gel. 
Identification and predication of these seven periplasmic 
proteins are made by MALDI-TOF/TOF MS followed by 
database searches against SwissProt and AFE-3217 
based on the peptide mass fingerprints, and the results 
are shown in Table 2. 
 
3.2 RNA isolation and expression studies by 

RT-qPCR 
The quality of total cellular RNA: the ratios of  

OD260/OD280 quantified with a NanoDrop ND-1000 
spectrophotometer (NanoDrop Technologies) was about 
1.95−2.05. The integrality of total cellular RNA was 
checked by 1.5% agarose gel electrophoresis and 
ethidium bromide staining, as shown in Fig.2, which 
indicated that the purity and integrality of total cellular 
RNA was enough for this study. 

To validate the results of 2-DE, RT-qPCR was used 
to analyze the changes in the transcription levels of the 
identified periplasmic protein genes of A. ferrooxidans 
ATCC 23270 grown on sulfur and ferrous. The results 
are given in Table 3. The mRNA expression of all the 
identified genes from the cells grown on sulfur was 
significantly higher than that from those grown on 
ferrous (>10 folder). One of the putative detoxification 
genes, AFE_3058 (encoding thio-specific antioxidant), 

 

 
Fig.1 Periplasmic proteins from cells grown on sulfur (a) or on 
ferrous iron (b) separated by 2-D PAGE  
 
was induced at the highest level, arrived 347-fold of 
those grown on ferrous, while the gene encoding 
AFE_2438 (cation ABC transporter) was induced at the 
lowest level, it still expressed 15.4-fold higher, when 
grown on sulfur. 

In the current study, the identified periplasmic 
proteins were further grouped into different categories 
according to their potential biological functions in the 
cell, as shown in Table 2. 

 
Table 2 Identification and predication of periplasmic proteins spots of A. ferrooxidans grown on sulfur energy substrate by 
MALDI-TOF/TOF MS followed by database searches against SwissProt and AFE-3217 based on peptide mass fingerprint 

Locus Protein name TIGR annotation role category Theoretical Mr(kDa)/pI Export  
signal 

AFE_2438 
Cation ABC transporter, 

periplasmic cation-binding 
protein, putative 

Transport and binding proteins: 
Cations and iron carrying compounds 31719.4/8.51 lipo 

AFE_2062 Antioxidant, AhpC-Tsa 
family Cellular processes: Detoxification 22363.3/ 5.69 − 

AFE_2383 Thioredoxin (trx) Energy metabolism: Electron transport 11957.2/ 4.59 − 

AFE_3050 [Ni/Fe] hydrogenase, small 
subunit Energy metabolism: Electron transport 38711.1/ 6.75 tat 

AFE_2366 FeS cluster assembly 
scaffold protein IscU 

Biosynthesis of cofactors, prosthetic 
groups, and carriers: Other 15077.5/5.33 sec 

AFE_1936 Hypothetical protein Not categorized 14475.3/ 9.8 sec 
AFE_0079 Hypothetical protein Not categorized 16366.4/ 5.93 non-class 
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Table 3 Selected Acidithiobacillus ferrooxidans ATCC 23270 genes up-regulated grown on sulfur 

Locus Function Induction ratio (sulfur/ferrous sulfate) ± SD

AFE_2438 Cation ABC transporter, periplasmic cation-binding protein, putative 15.4 ± 0.24 

AFE_2062 Antioxidant, AhpC-Tsa family 347 ± 1.67 

AFE_1936 Hypothetical protein 134 ± 2.21 

AFE_2383 Thioredoxin (trx) 171 ± 1.37 

AFE_3050 [Ni/Fe] hydrogenase, small subunit 45.6 ± 1.38 

AFE_2366 FeS cluster assembly scaffold protein IscU 13.6 ± 0.275 

AFE_0079 Hypothetical protein 94.1± 1.732 

 

 
Fig.2 Electrophoresis of total RNA 
 

A number of transport and binding genes appear to 
play roles in sulfur metabolism of A. ferrooxidans. In the 
present study, the expression level of transport and 
binding protein encoding gene AFE_2438 (cation ABC 
transporter) was up-regulated when grown on sulfur 
(15.4 fold), which was in accordance with the 2-DE. 
AFE_2438 is a putative periplasmic cation binding 
protein of the TroA family. Downstream of the genetic 
context of AFE_2438, there are genes coding for proteins 
with similarities to the high affinity of zinc ABC-type 
transporter: the ATP-binding protein (AFE_2437) and a 
duplicated permease (AFE_2436 and AFE_2435) that 
could form part of one transcriptional unit. 

As an important model organism for bioleaching 
and bioremediation studies which could oxidize sulfur 
and ferrous, the oxidation process which takes place at 
the periplasm space is readily impacted by energy 
substrate. Thus, it is not surprising that a number of 
cellular processes and energy metabolism genes show 
substrates dependent expression in our study. All 
identified genes assigned to these two functional 
categories exhibit significantly up-regulated expression 
when grown on sulfur. Genes encoding putative 
antioxidant (AFE_2062), thioredoxin (AFE_2383) and 
[Ni/Fe] hydrogenase (AFE_3050) play a 45.6-347 fold 
range grown on sulfur than grown on ferrous. AFE_2062 
was a putative antioxidant belonging to AhpC-TSA 
( thiol specific antioxidant ) family which is functionally 
predicted to take part in the detoxification of cells, such 

as protection of cellular components against oxidative 
damage from a system capable of generating reactive 
sulfur species[13], while AFE_2383 was found to be a 
thioredoxins (trx) homologue which acted as 
antioxidants by facilitating the reduction of other 
proteins by cysteine thiol-disulfide exchange[14]. On the 
other hand, AFE_3050 appeared to be a bifunctional 
enzyme endowed with both proton- and sulfur-reducing 
activities[15]. The up-regulated genes encoding cellular 
processes and energy metabolism proteins grown on 
sulfur suggested that these genes were related with sulfur 
metabolism in this acidophile. 

Iron-sulfur clusters are one of the most ancient and 
ubiquitous redox centers in almost all living 
organisms[16−17]. Biochemical studies indicated that 
iron-sulfur cluster assembly scaffold protein (IscU) is 
essential for the general biogenesis of iron-sulfur 
proteins in bacteria[18]. In the study, AFE_3058 (IscU) 
was detected high expression when grown on sulfur by 
2-DE, which may be related to a large number of 
synthesis of iron-sulfur proteins. In addition, the 
expression of this differentially expressed gene was 
confirmed by RT-qPCR, suggesting that the transcription 
of IscU (AFE_3058) was increased approximately 
13.6-fold grown on sulfur compared to those grown on 
ferrous. 

Two differentially expressed unclassified functional 
genes in A. ferrooxidans are detected. Although the 
functions of these genes are not clearly determined, it is 
assumed that they may play potential roles in sulfur 
metabolism in A. ferrooxidans. In further study, RNA 
interference (RNAi) or some other techniques shall be 
used to verify the functions of the differentially 
expressed genes. 
 
4 Conclusions 
 

1) The proteins present in the periplasmic fraction 
of A. ferrooxidans cultured on two different energy 
substrates, ferrous sulfate and elemental sulfur were 
separated by two-dimensional gel electrophoresis. A total 
of seven periplasmic proteins with apparent higher 
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abundance grown on element sulfur than on ferrous 
sulfate were identified by MALDI-TOF-MS. 

2) The corresponding genes of the identified 
periplasmic proteins were further researched by 
RT-qPCR. All these genes were more significantly 
up-regulated grown on sulfur than those grown on 
ferrous (>10 folder). 

3) The researches of the corresponding genes of the 
identified periplasmic proteins by RT-qPCR confirm the 
results of 2-DE, indicating they may be related with 
sulfur metabolism in A. ferrooxidans. The functions of 
the differentially expressed genes need to be further 
researched. 
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