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Abstract 

The levels of phosphorylation of the chaperones DnaK and GroEL and other proteins varied when cells of Thiobacillus 

ferrooxiduns were subjected to phosphate starvation. The phosphorylated amino acid of GroEL was found to be threonine. 
Our results show that not only heat shock, but also a nutrient starvation stress leads to phosphorylation of chaperones and, in 
addition, support the possible role of phosphorylation of these proteins in the sensing and regulation of stress responses in 

bacteria. 
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1. Introduction 

Thiobacillus ferrooxidans is a chemolithotrophic 
microorganism capable of using ferrous ions and 
reduced sulfur compounds as energy sources [ 11. 
This microorganism has an important role in the 
bioleaching of minerals [1,2]. During this process, 
the bacteria are normally subjected to several stress- 
ing conditions, such as temperature changes, lack of 
nutrients or pH changes, which may affect the effi- 
ciency of the bacterial action. We have been study- 
ing the sensory and adaptive responses of these 
microorganisms to phosphate starvation [3,4], heat 
shock [5] and pH changes [61. 

When bacteria such as Escherichia coli are ex- 

posed to heat shock and several other stressful condi- 
tions, they respond by inducing the synthesis of 
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several proteins known as stress proteins, some of 
which are molecular chaperones. These include the 
molecular chaperones DnaK and GroEL ([7] and 
references therein). These two proteins protect the 
cell against stressing injuries because they prevent 
the aggregation of the damaged proteins and mediate 
their refolding to the native state. Members of the 
chaperone families are also expressed in normally 
growing cells, facilitating the transport of proteins 
across cell membranes, cotranslational protein fold- 
ing, proper protein assembly and other normal func- 
tions of cells [7]. The regulation of the bacterial 
chaperones is mainly based on their transcriptional 
induction by stressful conditions. In addition, E. coli 

DnaK possesses an autophosphorylating activity [8], 
and it has been recently described that the chaper- 
ones DnaK and GroEL are also regulated by phos- 
phorylation [9,10]. This modification markedly im- 
proves the capacity of DnaK to function as a molecu- 
lar chaperone, enhancing its binding to unfolded 
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proteins. The phosphorylated GroEL also changes its 
properties, becoming more active in promoting the 

refolding of damaged proteins, being capable of 

working in a GroES-independent manner [lo, 111. 
Phosphorylation of both GroEL and DnaK could be 

a critical adaptation which confers resistance to heat 

shock [ 111. 
We have previously studied the heat shock re- 

sponse and identified and characterized DnaK and 

GroEL in T. ,ferrooxiduns [12]. Here, we demon- 

strated that when T. ferrooxidans is grown in ferrous 
iron medium under normal conditions, both GroEL 
and DnaK are phosphorylated in vivo. When the 
bacterium is subjected to lack of phosphate or a shift 
in oxidizable substrate, not only the two chaperones, 

but several other proteins are also modified in their 

degree of phosphorylation. 

2. Materials and methods 

2.1. Bacterial strain and growth conditions 

The chemolithoautotrophic microorganism em- 
ployed in this study was T. ,ferrooxiduns strain R2 

[6]. It was grown at 30°C and at pH 2.5 in a modified 
ferrous ion-containing medium that contained 0.04 g 

K?HPO?, 33.3 g FeSO,. 7H20, 0.4 g MgSO,. 
7H20 and 0.1 g (NH,),SO, per liter and no trace 

metals [6]. Growth under phosphate-starvation condi- 
tions was in the same medium, except that the 

phosphate salt was omitted. To have phosphate- 
starvation effects, a second transfer to the medium 

without phosphate was necessary [4]. Growth in 
sulfur as energy source was in the same medium at 
pH 2.5 but replacing the ferrous ion by sulfur prills. 

2.2. Labeling of T. ferrooxidans proteins in Limo 

For the radioactive labeling of bacterial cells with 
Hj3’P04, 4 x 10” cells were suspended in 0.5 ml 
of the medium described above, but with the amount 
of phosphate reduced to l/100 in the unstarved 
control or with no phosphate in the phosphate-starved 
cells. Reducing the phosphate in the control cells 
avoided the dilution of the radioactive label. Under 
these conditions, we obtained the same growth and 
2-D PAGE protein pattern as that observed with the 

normal medium. Cells grown in ferrous iron or sulfur 
under normal conditions were incubated with 400 

PCi of H, “PO, for 15 h. Cells starved for phos- 
phate were incubated with 100 &i of H 3 32 PO, for 

15 h. The total radioactivity incorporated into pro- 

teins was determined by scintillation counting of the 
corresponding aliquots. 

2.3. 2-D PAGE unalysis 

Total cell proteins were separated by two-dimen- 
sional polyacrylamide gel electrophoresis with 
nonequilibrium pH gradient (NEPHGE) as described 

previously [6], employing ampholites (pH 3- 10) from 

Bio-Rad Laboratories. The cell samples (3.5 mg wet 
weight of unlabelled cells, or 200000 cpm contained 

in cells labeled by growth in H, “PO,) were resus- 

pended in 100 ~1 of sonication buffer (10 mM 
Tris-HCI pH 7.4, 5 mM MgCl? and 50 pg of 

pancreatic RNAase per ml), sonicated and treated 
with DNAase (50 pg per ml, final concentration). 

The mixture was then lyophilized and dissolved in 
lysis buffer as described previously [6]. Molecular 

mass standards for the second dimension were from 
Bio-Rad laboratories. The relative intensity of the 
autoradiographic spots from phosphorylated proteins 

separated by 2-D NEPHGE were determined by 
using a Hewlett-Packard Scan Jet Plus device and 

the GelPerfect image analysis program (kindly pro- 

vided by S. Bozzo, Universidad de Chile). 

2.4. Analysis of phosphoamino acids 

To determine the nature of phosphoamino acids. 
radioactively phosphorylated GroEL was recovered 

from Coomassie brilliant blue-stained NEPHGE gels 
by excising the protein spot (five spots from the 
corresponding gels). The gel pieces were concen- 
trated by placing them in a gel slot of a new SDS-slab 

gel [12]. After the electrophoretic run, the protein 
was electroblotted onto polyvinylidene difluoride 
(PVDF) membranes and subjected to hydrolysis in 
the presence of 6 M HCl at 110°C for 1.5 h. Hydro- 
lyzed amino acids were separated by thin layer chro- 

matography, employing the buffer 5:3 isobutyric 
acid:OS M ammonium hydroxide [13], and using as 
standards phosphotyrosine, phosphothreonine and 
phosphoserine (Sigma Chemical Co.). 
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3. Results and discussion 

3.1. Pattern of protein phosphorylation in T. ferroox- 
idans grown in ferrous iron as oxidizable substrate 

Total proteins of Thiobacillus ferrooxidans grown 
with ferrous ion as energy source were separated by 
2-D NEPHGE [6], stained with Coomassie brilliant 
blue, and used as a reference to locate the coordi- 
nates of the phosphoproteins studied (Fig. 1). Fig. 2 
shows the in vivo phosphorylation pattern of T. 
ferrooxidans subjected to different conditions. Sev- 
eral phosphorylated proteins with varying degrees of 
phosphorylation could be detected. Most of the phos- 
phoproteins were located in the pH 5-7 range of the 
gel, as observed for the phosphoproteins detected in 
E. coli [14]. The majority of the phosphoproteins of 
T. ferrooxidans corresponded to stained spots in the 
2-D gel of Fig. 1 (see for example spots g, d, 20, 21, 
x and y). Other polypeptides could be detected only 
by their radioactivity (for example, spots a, b, m, 1, 
n), suggesting that they are poorly stained with 
Coomassie brilliant blue or that they are normally 
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Fig. 1. Two-dimensional separation of proteins from T. ferrooxi- 
dam. Total proteins from T. ferrooxiduns grown in ferrous iron 

were separated by 2-D NEPHGE and were stained with Coomassie 

brilliant blue. Protein spots enclosed by circles correspond to the 

proteins phosphorylated under different conditions seen in Fig. 2. 

The numbering was done arbitrarily. Top letters designations from 

a to e indicate zones of decreasing pH: a, 10-9; b, 9-7; c, 7-5.8; 

d, 5.8-4.8; e, 4.8-3.0. Numbers to the left of the gels indicate the 

molecular mass markers in kDa. 

I a I b I c I d tel 

Fig. 2. Global pattern of phosphorylation of total proteins from T. 

ferrooxiduns grown under different conditions. i? ferrooxidans 
was grown in the presence of H,” PO, and in ferrous iron (A, B) 

under normal conditions (A), without phosphate (B) or in the 

presence of phosphate but with sulfur as oxidizable substrate (Cl. 

The proteins were separated by 2-D NEPHGE and stained with 

Coomassie brilliant blue followed by autoradiography. Protein 

spots were named as in Fig. 1. Numbers to the left of the gels 

indicate the molecular weight markers in kDa. 

present in much lower concentrations in the bacterial 
cell. 

When E. coli is grown in different carbon sources, 
similar phosphorylation patterns are obtained [ 141. 
When T. ferrooxidans was grown in ferrous iron 
(Fig. 2A), 13 p 1 o ypeptides were phosphorylated to 
different extents. The 2-D coordinates of proteins d 
(DnaK) and g (GroEL) from T. ferrooxidans were 
identified previously by Western-blotting and N- 
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terminal end sequencing [ 121 (see Fig. 1). Therefore. 

they could be easily located by autoradiography of 
the separated phosphoproteins. Fig. 2A reveals that 

these two chaperones are phosphorylated in vivo 

under normal growing conditions. Consequently, an 

in vivo basal level of phosphorylation would be 
necessary for the proper actions of these chaperones 
in T. ferrooxidans. It has been previously demon- 
strated in E. coli that under stressing conditions such 

as heat shock, a fraction of DnaK and GroEL under- 
goes reversible phosphorylation, which alters their 
interaction with target proteins [8,10,1 I]. Moreover, 

only the phosphorylated form of DnaK could bind 
unfolded peptides [l 11. These results suggested that 

under non-stress conditions a fraction of DnaK and 

GroEL should be phosphorylated. Our results are in 
agreement with these findings. 

It has been shown in E. coli that DnaK is phos- 
phorylated normally at serine, whereas it is modified 

essentially at threonine after M I3 phage infection of 
the cells [15]. The amino acid phosphorylated in E. 

coli GroEL is unknown. To determine the modified 
amino acid in GroEL from T. ferrooxiduns, after 

growing the cells in ferrous iron-containing medium 
and in the presence of H 3 32 PO,, the proteins were 
separated by 2-D NEPHGE and the GroEL spots 

were isolated and subjected to phosphoamino acid 

analysis after hydrolysis of the polypeptide. We found 
that the amino acid modified by phosphorylation in 

GroEL was threonine (results not shown). 

3.2. Phosphate starvation changes the pattern of 

phosphoproteins in T. ,ferrooxidans 

The phosphate ion is an essential nutrient for all 
living organisms. Therefore, the lack of this com- 
pound is a stressing condition for microorganisms, 
inducing the stress response. When T. ferrooxiduns 

was subjected to lack of phosphate, several proteins 

increased their phosphorylation levels, noticeably 
spots a, b, e, i, y, x. 12, 20 and 21, and also DnaK 
and GroEL (Fig. 2B). One of the most evident 
changes was the great increase in the phosphoryla- 
tion level of DnaK (compare Fig. 2A with 2B). Not 
all the observed variations in phosphorylation can be 
attributed to a change in the phosphorylation process 
per se, but could instead be the consequence of 
larger numbers of phosphorylated molecules synthe- 

sized. In T. ferrooxidans. we detected previously 

several changes in the levels of proteins synthesized 

after phosphate starvation [3]. Of the phosphorylated 
proteins seen in Fig. 2B, and which are stainable by 

Coomassie brilliant blue (Fig. I>, spots i. x. 20. 21 
and possibly a, b and y showed an increased synthe- 
sis after phosphate starvation. Under the same condi- 

tions, spots e, d (DnaK) and g (GroEL) did not 
greatly change and spot 12 showed decreased syn- 
thesis. The changes in phosphorylation of DnaK and 

GroEL under our conditions therefore appear to be 

changes in the phosphorylation per se. A similar 
finding has been observed for the phosphorylation of 

DnaK from E. coli, whose phosphorylation strongly 
increased under phage Ml3 infection, while its rate 

of synthesis was not significantly changed [ 151. On 

the other hand, in E. coli, Matin observed the induc- 

tion of GroEL synthesis upon 30 min of phosphate 
starvation whereas DnaK synthesis was not induced 

under this condition [ 161. 

3.3. Protein phosphotylation in T. ferrooxiduns 

grown in su!fur as oxidizable substrate 

When the bacteria were grown in the presence of 
elemental sulfur as oxidizable substrate (Fig. 2C). 

essentially the same pattern of phosphoproteins was 

observed as in the control cells (Fig. 2A), except that 

the phosphorylation levels of protein spots b, d, f. 
12. 20, 21, x and y increased. The increase in 
phosphorylation of DnaK when the cells were grown 

in sulfur indicated that a possible stressing condition 
was generated during the experiment. During sulfur 
oxidation, the initial pH of the medium decreases 

(from 2.5 to 1.5) due to the generation of additional 
sulfuric acid. Therefore, the lower pH generated in 
the sulfur-containing medium could have stressed the 
cells, increasing the phosphorylation level of DnaK. 
This would be in agreement with our previous find- 
ing that an external pH shift from 3.5 to 1.5 induced 
in T. ,ferrooxidans the synthesis of several heat- 
shock-like proteins [6]. When we analyzed the pro- 
teins synthesized by T. ferrooxidans grown on fer- 
rous iron or elemental sulfur as energy sources, we 
found that phosphorylated spots 14 and x showed 
reduced synthesis in sulfur-grown cells compared 
with ferrous iron-grown cells, and DnaK (spot d) 
synthesis increased two-fold (unpublished results). 
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Table I 
Changes in the phosphorylation of proteins from T. ferrooxiduns 
grown under different conditions 

spot Molecular Phosphorylation levels relative to 

mass control 

&Da) -Pi Sulfur grown 

a 16 ++++ nc 

b 65 ++++ ++++ 

d 68 ++++ +++ 

; 

57 ++ ++ 

60 ++++ ++++ 

g 62 ++ nc 

i 52 ++ nc 

j 40 + + 

k 38 

I 33 I’-; (‘-1 
m 30 

n 23 ;“-I ;“I 

x 52 ++++ ++++ 

Y 38 ++++ ++++ 

7 61 ++++ nc 

10 55 nc nc 

12 43 +++ ++++ 

14 36 nc nc 

20 28 ++++ +++ 

21 27 ++++ +++ 

The changes in intensity of the phosphoprotein spots relative to 

the control cells are indicated as a very intense increase 

( + + + + ), intense increase (+ + +), moderate increase (+ + 1, 

low increase ( + 1, decrease f - 1 or without important change (nc). 

These variations were estimated from the autoradiograms shown 

in Fig. 2. The approximate molecular masses were determined 

measuring the relative migration distances in the second dimen- 

sion of the gel in Fig. 1. Control cells were grown in ferrous iron 

medium. 

The phosphorylation of DnaK showed an estimated 

increase of four-fold under the same condition, sug- 
gesting accordingly that this modification is a phos- 
phorylation per se. Whether these phosphorylations 

are associated with proteins involved in the specific 
oxidation of sulfur in T. ferrooxidans is not known 
at present. 

A summary of the changes in the principal phos- 
phoproteins analyzed in T. ferrooxidans is shown in 
Table 1. It is clear that the changes in intensity of the 

phosphorylated spot of DnaK were much greater 
than those seen for GroEL under the conditions 
studied. The variations in phosphorylation of DnaK 
under phosphate starvation and elemental sulfur as 
energy source are changes per se in the phosphoryla- 

tion of this protein. The findings of McCarty and 

Walker [9,17] and those of Sherman and Goldberg 
[l 11 demonstrated an important aspect of the heat 
shock response. That is, in addition to the changes in 

gene transcription at high temperature, there is also a 
posttranslational mechanism of regulation of this re- 

sponse, based upon reversible phosphorylation [ 111. 

Different stress responses may be regulated in di- 
verse ways, one of them involving induction of the 
expression of stress proteins, which is a high 

energy-requiring event. Under a stress such as phos- 
phate starvation, an alternative or additional regula- 

tion could be posttranslational modification of a 

fraction of the stress proteins or a combination of 
both events. The physiological relevance of such a 
posttranslational mechanism could be related to the 

saving of energy by stressed cells depleted of energy 

sources, since such a regulatory mechanism would 
be energetically less expensive for the cell. 

Our results support the idea that the phosphoryla- 
tion of the chaperones DnaK and GroEL could be 
part of a general response to stress conditions, and 

not only for the heat shock response, since when T. 

ferrooxidans was exposed to a non-heat-shock stress, 
such as phosphate starvation, DnaK and GroEL 

showed increased phosphorylation levels. The in- 

crease of the phosphorylation per se of DnaK under 
different stressful conditions suggests that this chap- 

erone could directly sense not only the temperature 

[17], but also several stressing environments, being a 
‘stress sensor’. 

Acknowledgements 

Supported by grants from FONDECYT 

194/0379, Fondecyt 2950019, UNIDO 91/049 and 

SAREC. We thank Marta Gatica for her kind advice 
with the determination of phosphorylated amino acids 
and Catherine Connelly for her assistance with the 

language. 

References 

[l] Lundgren, D.G. and Silver, M. (1980) Ore leaching by 

bacteria. Annu. Rev. Microbial. 34, 263-283. 

[2] Tuovinen, 0. (1990) Biological fundamentals of mineral 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article-abstract/138/2-3/129/540029 by guest on 28 N
ovem

ber 2019



134 

[31 

141 

[51 

[d 

[71 

181 

191 

M. Seqer et cd. / FEMS Microhiolog~ Lettrrs 13X (19961 3241-134 

leaching processes. In: Microbial Mineral Recovery (Ehrlich 

H.L. and Brierley CL.. Eds.), pp. 55-77. McGraw-Hill 

Book Co., New York. 

Seeger, M. and Jerez, C.A. (1992) Phosphate limitation 

affects global gene expression in Thiohacillus jkrrooxidans. 

Geomicrobiol. J. 10. 227-237. 

Seeger, M. and Jerez, C.A. (I 993). Response of l”hiohacillus 

ferrooxiduns to phosphate limitation. FEMS Microbial. Rev. 

1 I. 37-42. 

Jerez, CA. (1988) The heat shock response in meso and 

thermophilic chemolithotrophic bacteria. FEMS Microbial. 

Lett. 56, 289-294. 

Amaro, A.M., Chamorro, D.. Seeger, M., Arredondo, R.. 

Peirano, 1. and Jerer. C.A. (1991) Effect of external pH 

perturbations on in vivo protein synthesis by the acidophilic 

bacteria Thiobacillus ,ferroo.ridans. J. Bacterial. 173, 910- 

915. 

Hartl, F.U., Hlodan. R. and Langer. T. (1994) Molecular 

chaperones in protein folding: the art of avoiding sticky 

situations. Trends Biochem. Sci. 19. 20-25. 

Zylicz, M., LeBowitz, J.H., McMacken, R. and Georgopou- 

10s. C. (1983) The DnaK protein of Eschrrichia co/i poa- 

sesses an ATPase and autophosphorylating activity and is 

essential in an in vitro DNA replication system. Proc. Natl. 

Acad. Sci. USA 80, 6431-6435. 

McCarty, J.S. and Walker, G.C. (1994) DnaK mutants defec- 

tive in ATPase activity are defective in negative regulation of 

the heat shock response: expression of mutant DnaK proteins 

results in filamentation. I. Bacterial. 176, 764-780. 

Sherman, M.Y. and Goldberg, A.L. (1992) Heat shock in 

Escherichio coli alters the protein-binding properties of the 

chaperonin groEL by inducing its phosphorylation. Nature 

357, 167-169. 

Sherman. M.Y. and Goldberg. A.L. (1993) Heat shock of 

fkherich coli increases binding of dnaK (the hsp70 ho- 

molog) to polypeptides by promoting its phosphorylation. 

Proc. Natl. Acad. Sci. USA 90, 8648-8652. 

Varela. P. and Jerez, C.A. (1992) Identification and charac- 

terization of GroEL and DnaK homologues in Thiohacillus 

ftrrooriduns. FEMS Microbial. Lett. 98, l49- 154. 

Cooper, J.A.. Sefton B.M. and Hunter, T. (1983) Detection 

and quantification of phosphotyrosine in proteins. Methods 

Enzymol. 99. 387-402. 

CoLzone. A.J. (1988) Protein phosphorylation in prokaryotes. 

Annu. Rev. Microbial. 42, 97-125. 

Rieul, C.. Cortay, J.C.. Bleicher, F. and Cozzone. A.J. ( 1987) 

Effect of bacteriophage M I3 infection on phosphorylation of 

dnaK protein and other Eschrrichiu co/i proteins. Eur. J. 

Biochem. 168, 62 l-627. 

Matin. A. (1991) The molecular basis of carbon-starvation- 

induced general resistence in Escherichiu coli. Mol. Micro- 

biol. 5. 3-10. 

McCarty, J.S. and Walker, G.C. (1991) DnaK as a ther- 

mometer: threonine- 199 is site of autophosphorylation and is 

critical for ATPase activity. Proc. Natl. Acad. Sci. USA 88. 

95 13-95 17. 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article-abstract/138/2-3/129/540029 by guest on 28 N
ovem

ber 2019


