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1. S U M M A R Y  

Ni z+, Fe 2. and Cu 2+ were attractants and 
aspartate was an apparent repellent for Lep- 
tospirillum ferrooxidans, a behaviour opposite to 
that for Escherichia coli. Membranes from L. 
ferrooxidans contained proteins with a molecular 
mass in the range of 80 kDa which were meth- 
ylated in vitro. Methylation was stimulated in the 
presence of a membrane-free extract from E. 
coli, showing the response pattern expected for 

.,+ 
L. ferrooxidans, increased methylation by NI- , 
and demethylation by aspartate. This suggests the 
existence of sensory transducers having a com- 
mon methylation domain with the E. coli 
methyl-accepting chemotaxis proteins. Total 
chromosomal DNA digests from L. ferrooxidans, 
Thiobacillus ferrooxidans and T. thiooxidans hy- 
bridized with probes containing different do- 
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mains of the tar gene from E. coli, implying the 
presence of tar type genes in the acidophilic 
bacteria studied. 

2. I N T R O D U C T I O N  

Motile bacteria are attracted by certain chemi- 
cals and repelled by others by means of a 
chemosensory system which regulates motility by 
controlling the direction of flagellar rotation [1- 
3]. Signals for a number of attractants and repel- 
lents are processed by structurally related sets of 
transmembrane proteins, known as transducers 
or methyl-accepting chemotaxis proteins (MCPs). 
These proteins receive the information from the 
environment and transduce that information im~ 
signals that converge on the flagellar motors [3,4]. 
For example, in Escherichia coli the Tar receptor 
is increasingly methylated in the presence of as- 
partate as attractant and is demethylated by Ni 2÷ 
and Co 2÷ as repellents [3]. 

Most of the industrially important microorgan- 
isms that participate in the bioleaching of miner- 
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als, such as the chemolithotrophic acidophilic 
Thiobacillus ferrooxidans, Leptospirillum ferrooxi- 
dans and T. thiooxidans are motile by means of a 
single polar flagellum [5-8]. Therefore, they are 
expected to be chemotactic. The knowledge of 
this response is important in understanding the 
way these microorganisms sense and adapt to 
their environment. We have previously shown 
that L. ferrooxidans and T. ferrooxidans appar- 
ently possess sensory transducers for chemotaxis, 
since they responded chemotactically to Fe 2 + and 
showed methylated proteins [9]. 

Although MCPs have been described for sev- 
eral heterotrophic microorganisms [10-16], the 
different proteins differ in their molecular masses. 
Despite this, there seems to have been a consid- 
erable conservation of the methylated regions 
among MCPs [11,15,17]. In the present report, we 
extend our previous results to confirm the pres- 
ence of 80-kDa MCP-iike proteins and DNA 
regions similar to the E. coli tar gene in 
chemolithotrophic acidophiles. 

3. MATERIALS AND METHODS 

3.1. Microorganisms and culture conditions 

The chemolithotrophic bacteria used in this 
study were T. ferrooxidans ATCC 19859, L. fer- 
rooxidans strains Z2 and T. thiooxidans ATCC 
8085, all kindly supplied by Dr. A. Harrison. They 
were grown in Fe2+-containing or sulfur-contain- 
ing (T. thiooxidans) media as described before 
[9,18-20]. E. coli HB233 was kindly supplied by 
Dr. P. Engstr/Sm and Dr. M. Nowlin and were 
grown as described before [1]. 

3.2. Chemotaxis capillary assay 
The chemotaxis capillary assay [1] was used as 

before by employing radioactively labelled L. fer- 
rooxidans obtained by growing the cells in the 
presence of Na~4CO3 [9]. 

3,3. Preparation of  cell-free extracts, crude mem- 
brane and high-speed supernatant fractions 

The preparation of cell-free extracts after cen- 
trifugation at 7000 × g was done as before [2,9]. 

Membranes obtained by disruption in the French 
cell at 12000 psi and the resulting soluble high- 
speed supernatant (100000xg for 2-3 h) frac- 
tions from E. coli and L. ferrooxidans were es- 
sentially prepared as described by Foster et al. 
[211. 

3.4. In vitro methylation of  proteins 
A total of about 200 p.g of proteins (cell-free 

extract, membranes, high-speed supernatant, or a 
reconstituted homologous or heterologous mix- 
ture of the last two) and S-adenosyi [methyl- 
3H]methionine (0.31 nmol, 80 Ci/mmol) were 
mixed, together with the various presumptive at- 
tractants or repellents (in a final volume of 40/.LI 
of 50 mM Tris. HCI, pH 7.0, 0.1 mM EDTA), 
and incubated at 3°C for 20-60 rain. The samples 
were then subjected to SDS-PAGE and fluoro- 
graphy [18,20]. 

3.5. DNA preparation, DNA probes and Southern 
blots 

Chromosomal DNA from E. coli, T. ferrooxi- 
dans, T. thiooxidans and L. ferrooxidans was pre- 
pared according to the method of Marmur [22]. 
The plasmid pAK101 containing the E. coli 
chemotactic genes cheA (half of it), cheW, tar 
and a small segment of tap [23,24] was a kind gift 
of Dr. M. Simon. It was purified by CsCi buoyant 
density centrifugation [25]. 

We have chosen as a probe a 719-bp fragment 
located between nucleotides 763 and 1482 of the 
tar gene sequence [23,26]. This fragment corre- 
sponds to the most highly conserved cytoplasmic 
domain of the different chemotactic receptors 
from E. coli and other microorganisms [26]. It 
was amplified and labelled with digoxigenin by 
the polymerase chain reaction [27]. For this, we 
chemically synthesized the oligonucleotides 5'- 
TCACATATGCAACGCTCTTT-3 '  and 5'- 
GGCAGCTGATFCCTGCACCA-3' correspond- 
ing to nucleotides 763 to 782 and 1463 to 1482, 
respectively, from the tar gene sequence [23,26]. 
We also used as a probe a 782-bp fragment 
located between nucleotides - 2 0  and 762 of the 
tar gene, containing the periplasmic domain and 
the transmembrane region of the receptor. In this 
case, the oligonuclotides were 5'-TGTI"ITCAG- 
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GAAGTGCCTI'-Y and 5'-AACGCTCTGCGC- 
CAGGT-3', corresponding to nucleotides - 20 to 
1 and 745 to 762 of the tar gene sequence [23,26]. 
In both cases the pAKI01 plasmid was used as a 
template. 

The DNA hybrids were detected by the non- 
radioactive enzyme-linked immunoassay proce- 
dure according to the manufacturer's instructions 
(Boehringer Mannheim). Southern blots [25] were 
carried out using Hybond-N blotting membranes 
from Amersham according to the manufacturer's 
recommendations. Hybridization was at 68°C. 

4. RESULTS AND DISCUSSION 

4.1. Metal ions are attractants for chemolithotrophs 
By using the modified capillary assay [9], we 

found that not only Fe 2+ but also Ni 2+ and to 
some extent Cu 2+ acted as attractants for L. 
ferrooxidans (Fig. 1). On the other hand, aspar- 
tate appeared to be a repellent, since the number 
of cells entering the capillary was even lower than 
the control. This behaviour was expected, since 
Fe 2+ is oxidized by L. ferrooxidans to obtain 
energy and many organic compounds have been 
reported as inhibitory for these kind of bacteria 
[28]. Although Ni 2+ is not oxidizable by L. fer- 
rooxidans, it is not surprising that it behaved as 
an attractant, since non-metabolizable com- 
pounds have also been described as attractants in 
heterotrophie bacteria [29]. 

4.2. in citro methylation of membrane proteins in 
response to chemotactic effectors 

To study the proteins which are methylated in 
response to the effectors described above, we 
employed an in vitro methylation assay, since it is 
difficult to methyl-label in vivo the L. ferrooxi- 
dans proteins in the presence of [I-methyl- 
3H]methionine and chloramphenicol. Figure 2 
shows the in vitro methylation of a protein with a 
molecular mass in the region of 80 kDa in cell-free 
extracts from L. ferrooxidans. The maximal stim- 
ulation of the methylation of the 80-kDa protein 
was obtained at a final concentration of 50 mM 
Ni 2÷. This protein may be similar to the methyl- 
atable transducers that have been described for 
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Fig. I. Response of L. ferrooxidans cells to different  chemo- 
tactic effectors. The  number  of  radioactively labelled L. fer- 
rooxidans cells enter ing the capillaries were  measured  at the 
indicated concentrat ions of  Fe 2 ÷ (o ) ;  Ni2 + ( • ); Cu ~ + ( ,x ) 

and a spana t e  (e). 

other microorganisms. Although the molecular 
mass of the methylated L. ferrooxidans protein is 
higher than the approximate 60 kDa for the E. 
coil receptors, membrane chemotactic proteins 
with sizes in the range of 30-80 kDa have been 
detected in different eubacteria [12,13,16,30]. In 
the archaebacterium Halobacterium halobium, 
MCP-like proteins with a molecular mass be- 
tween 90 and 135 have recently been de~ribed 
[10]. Since several regions of some of these pro- 
teins showed homology between them [23,26], it 
was interesting to check the effect of a cell-free 
extract from E. coil on the in vitro methylation of 
L. ferrooxidans membranes. Figure 3 shows that 
E. coil methylating enzymes stimulate protein 
methylation in L. ferrooxidans membranes (corn- 
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Fig. 2, E[fect c~.~i 2. on the in vitro me~hylation of proteins 
f~'om L. ferr,Joxi~l~n.~. Membrane-containing cell.free extracts 
~nlm L. ferrooxidans were inct~batcd in the presence of 
| ~FI]AdoMeI and without (A) or with Ni 2+ 5 mN (B), 10 mM 
(C), 50 mM (D), 100 mN (E) and 3(~0 mM (F) for 30 min at 
37vC. The labelled components were analyzed by 10% SDS- 

PAGE and a~toradiography. 

pa re  l anes  b a n d  d). In . add i t ion ,  L. ferrooxidans 
m e m b r a n e s  r e s p o n d e d  in t he  p r e s e n c e  o f  E. coli 
e n z y m e s  as expec ted  for the  c h e m o l i t h o t r o p h i c  
mic roo rgan i sm,  i.e., s t imu la t ing  me thy la t ion  in the  
p r e s e n c e  o f  Ni 2+ ( abou t  100% s t imula t ion) .  A 
s imi lar  resul t  was  ob t a ined  w h e n  Fe  2+ was  u s e d  
in s t ead  o f  Ni 2+ (no t  shown) .  O n  t he  o t h e r  hand ,  
in the  p r e s e n c e  o f  a spa r t a t e  a n d  scr ine ,  t h e r e  was  
an  80'% ~nd 50% inhibi t ion  o f  t he  me thy la t ion  o f  
t h e  80 -kDa  prote in ,  respectively.  T h e s e  c h a n g e s  
in the  levels o f  me thy la t ion  o f  the  L. ferrooxidans 
80-kDa  m e m b r a n e  p ro t e in  a re  in a g r e e m e n t  wi th  
the  c h e m o t a c t i c  behav iou r  o f  t he  cells in t he  
capi l lary assay  (Fig. 1). In  o t h e r  words ,  t he  L. 
ferrooxidans pu ta t ive  c h e m o t a c t i c  r ecep to r  would  
inc rease  its me thy la t ion  in the  prese t tce  o f  a t t rac-  
t an t s  such  as Ni 2+ a n d  wou ld  be  d c m e t h y l a t e d  in 
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~F~ 3 Stimufa~ior~ of me~hylation of L. ferrooxidans membrane proteins by E. cob enzymes. A. 130 /zg of E. ¢oli isolated 
membranes and 7J~/.tg of high~peed ~,t~pcrnatant of the same bacteria (a), 130/.tg of L. ferrooxidans isolated membranes in the 
presence of 70 p.g of proteins from h~.~h.~p~ed supernatant from L. ferrooxidans (b). membranes alone (e) or in the presence of 70 
/.tg o f  E. coil high-speed supernatant and no additions (d) or with 10 mN Ni 2+ (e), 10 mM aspartate (f) or 10 mM serine (8) were 
all incubated in the presence of [:~HlAdoMet and were processed as in Fig. 2. B. The ~elative levels of methylation of the 80-kDa 

bands seen in A were determined by densitometry. 
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the presence of repellents such as aspartate. A 
result in agreement with the findings for E. coli, 
except that the attractants and repellents studied 
have opposite responses in both kinds of microor- 
ganisms. 

4.3. Homology between the DNA from chemo- 
lithotrophic bacteria and the E. coli DNA coding 
for the Tar receptor 

Our results support the notion that the MCPs 
have conserved methylated regions in a wide 
range of eubacteria [11,23]. This is not surprising 
since a chemotaxis-related mcthyltransferase en- 
zyme from B. subtilis can recognize and methyl- 
ate E. coli chemotactic membrane transducers 
[ll]. To confirm this idea at the level of the 
genetic material, we employed as probes a DNA 
fragment containing the periplasmic domain and 
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the membrane spanning region of the E. coli Tar 
protein (from the N-terminal end to amino acid 
254) and a DNA segment including the methyl- 
ated region and the most highly conserved region 
of the cytoplasmic domain of the Tar receptor 
(from amino acid 255 to 537). When the total 
genomic DNAs from L. ferrooxidans, T. ferrooxi- 
dans and T. thiooxidans were digested with re- 
striction enzymes and the fragments separated 
and subjected to Southern blot analysis, we found 
the results shown in Fig. 4. Several restriction 
fragments hybridizing to the 782-bp fragment 
(periplasmic domain-containing) were evident in 
all the microorganisms tested. Also, we found a 
positive hybridization reaction with the 719-bp 
fragment codifying for the cytoplasmic and 
methylation region of the E. coli Tar receptor. 
When other restriction enzymes were used, simi- 
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Fig. 4. Analysis of chromosomal DNA from 15. ferrooxidans, T. fernwxidans and T. rhiooxidans with probes coding for different 

domains of the E. co/i Tar protein. Chromosomal DNA from E. cofi (a, e), L. ferrmxidms (b, 0, or T. thiwxidans (d, ht was 
completely digested with the restriction enzyme Hind111 and the DNA from i’Y fcmmxidms k, g) was digested with EcoRI. 

Fragmented DNA was ressolved by agarose gel electrophoresis and transferred to nylon membranes. Hybridization of the 
transferred DNA to the probe containing the periplasmic region (A) or the probe containing the cytoplasmic domain of the E. coli 

Tar receptor (B) was accomplished. Numbers in kilobases refer to lambda DNA markers obtained after digestion with Acal. 
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lar resu l t s  with  d i f fe rent  f r a g m e n t s  were  ob t a ined  
(not  shown).  

T h e s e  resu l t s  indicate  an  homology  b e t w e e n  
the  d o m a i n s  o f  the  E. coli tar gene ,  inc lud ing  the  
one  which  con ta ins  the  methy l  g roups ,  and  the  
D N A  f rom the  ch emo l i t ho t roph i c  ac idophi les  
s tudied .  It will be  o f  g rea t  in te res t  to u n d e r s t a n d ,  
at t he  level o f  the  receptors ,  in which  way an  
ef fec tor  such  as  Ni 2+ ac ts  as  an  a t t r ac t an t  for  a 
c h e m o l i t h o t r o p h i c  m ic ro o rgan i sm  and  as  a repel-  
lent  for  h e t e r o t r o p h s  such  as E. coli. To  ap-  

p roach  this ,  we are  cu r ren t ly  trying to isolate the  
tar-like gene  f rom L. ferrooxidans to d e t e r m i n e  
its s t ruc tu re  in detai l .  
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