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1. Introduction 

The mitochondrial Pi carrier mediates the electro- 
neutral, reversible exchange of Pi for OH- across the 
inner mitochondrial membrane [ 1,2] . Thus Pi uptake 
into the mitochondrion occurs primarily in response 
to the pH gradient (alkaline inside) imposed across 
the mitochondrial membrane [3] ; this is effectively 
the proton symport of Mitchell [4]. 

In bacteria the mechanism of Pi uptake is less well 
understood. In Staphylococcus aureus and escherichia 
coli [4] and in Streptococcus faecalis [5] it has been 
proposed that Pi uptake occurs by an electroneutral 
exchange of Pi for OH- across the bacterial plasma 
membrane, but in none of the bacteria so far investigat- 
ed has Pi uptake in response to a pH gradient been de- 
monstrated. 

The plasma membrane of Paracoccus denitrificans, 
previously Micrococcus denitrificans [6] , is already 
known to possess many features of the mitochondrial 
inner membrane [7], and this prompted us to deter- 
mine whether P. denitrificans also possesses the same 
type of Pi carrier as the mitochondrion. 

In the present paper we show that Pi uptake into 
membrane vesicles prepared from the plasma mem- 
brane of P. denitrificans can be driven by a pH 
gradient (alkaline inside) applied across the vesicle 
membrane. We also show that the Pi carrier present 
in these vesicles (again like the mitochondrial Pi 
carrier) is reversible and sensitive to SH-group reagents. 

Abbreviations: FCCP, carbonylcyanide p-trifluoromethoxy- 

phenylhydrazone; Pi, orthophosphate; PMS, phenazine metho- 

sulphate. 
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Pi uptake into bacterial membrane vesicles has not 
previously been reported [8]. 

In a previous paper [9] we have demonstrated sul- 
phate uptake into membrane vesicles of P. denitrificans 
under essentially the same conditions as those employ- 
ed in the present paper to demonstrate Pi uptake. 

2. Materials and methods 

l? denitri’cans (Micrococcus denitrificans NCIB 
8944) was grown in liquid culture, inside out vesicles 
were prepared from cells grown with succinate and 
nitrate, and right-side out vesicles were prepared from 
cells grown with Hz and 02, all as described previously 
[9]. Evidence supporting the description of the ves- 
icles as inside out or right-side out is provided else- 
where [9]. Pi uptake was measured by the procedure 
described previously for sulphate uptake [9], except 
that 1 pmol [32P]Pi (0.25 pCi/pmol) was substituted 
for Na2 [“‘S] SO.+. Sulphate uptake was measured as 
described previously [9]. 

3. Results 

Right-side out vesicles accumulated Pi in the 
presence of either ascorbate and PMS (fig.1 A) or suc- 
cinate (fig.1 B) as respiratory substrates. Inside out 
membrane vesicles however did not accumulate Pi 
under these conditions (fig.1). The uptake of Pi into 
right-side out vesicles was dependent upon the 
presence of a respiratory substrate and was abolished 
by the inclusion in the reaction medium of the un- 
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Fig.1. Respiration-driven Pi uptake in membrane vesicles of 
P. denitrificuns. Pi uptake mto right-side out (0, l , o) and in- 
side out (A, v) vesicles was measured in a 2 ml incubation mix- 

ture which contained: 1 mnol [32P]Pi (0.25 &i/pmol), 0.2 

ml of the vesicle suspension (1.5 mp protein), 100 pmol Tris- 

Cl (pH 7.3) and either 20 mM sodium ascorbate plus 0.1 mM 

PMS (A), or 10 mM sodium succinate (B). FCCP (5 PM) was 

either omitted (o, ~1) included in the incubation mixture 

(o, v), or added at time 10 min (0). 

coupling agent FCCP (fig.1). When this uncoupler was 
added to right-side out vesicles which had already 
accumulated Pi there was a rapid efflux of the accu- 
mulated Pi (fig.1). 

In the absence of a respiratory substrate an addi- 
tion of 150 mM KC1 to a suspension of the membrane 
vesicles which contained nigericin resulted in a transi- 
ent uptake of Pi (figs. 2A,B). This transient uptake 
occurred to a similar extent when either right-side 
out (fig.2A) or inside out (fig.2B) vesicles were used. 
No uptake was observed when nigericin was omitted, 
or when nigericin was substituted by valinomycin 

(figs.2A,B). Addition of 150 mM NH.,Cl also resulted 
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Fig.2. Transient uptake of Pi into membrane vesicles of P. 
denitrificans driven by the addition of salts. Pi uptake into 

right-side out (A,C) and inside out (B,D) vesicles was meas- 
ured in a 2ml incubation mixture which contamcd: 1 firno 

[32P] Pi (0.25 &i/E.rmol), 0.2 ml of the vesicle suspension 

(1.5 mg protein) and 100 pmol Tris-Cl (pH 7.3). At time 0 

min tither 150 mM KC1 (A,B) or 150 mM NIl,Cl (C,D) were 

added. In A and B 1 pg nigericin was included in the incuba- 

tion mixture. Further additions and subtractions to the incu- 

bation mixture were made as follows: none (co), plus 5 phf 
FCCP (o), minus nigcricin (A), plus 1 ).I(:: valinomucin, minus 

nigericin (0) 

in a transient uptake of Pi and, again, this uptake 
occurred to a similar extent when either right-side out 
(fig.2C) or inside out (fig.2D) vesicles were used. 

Inclusion of the SH-group reagents N-ethylmaleim- 
ide and methylmercuric chloride prevented both the 
KCl- and NH4C1-induced Pi uptake into either right- 
side out or inside out vesicles. Addition of these in- 
hibitors to vesicles which had already taken up Pi in 

response to an addition of KC1 (in the presence of 
nigericin) decreased the rate at which Pi was sub- 
sequently lost from the vesicles (fig.3). This decrease 
was observed with both right-side out (fig.3A) and 
inside out (fig.3B) vesicles. 

Fig.4 shows that the substitution of cysteine for 
sulphate in the growth medium caused a total loss of 
the ability of the resulting vesicles to take up sulphate, 
but did not affect their ability to take up Pi. Cells 
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Fig.3. Effect of SH-group reagents on the efflux of Pi 

transiently accumulated by membrane vesicles of I? denitrifi- 
cans. Uptake of Pi into right-side out (A) and inside out (B) 

vesicles was driven by the addition of 150 mM KC1 in the 

presence of 1 fig nigericin as in figures 2A,B. FCCP (5 pm) 

was included in (=) or omitted from the incubation mixture 

as indicated. At time 2 min (indicated by arrow) further 

additions were made as follows: none (a), 10 mM N-ethyl- 

maleimide (b), and 10 mM methylmercuric chloride (c). 

grown on cysteine as the sole source of sulphur lack 
the sulphate carrier. The ability of vesicles prepared 
from cells grown on cysteine to take up Pi’but not 
sulphate shows clearly that Pi and sulphate have 
different carriers. 

Fig.4. Effect of sulphur source during growth of cells on P, and 

sulphate uptake into membrane vesicles ofP. denitrificans. Inside 

out vesicles were prepared from cells grown with succinate as 

substrate, nitrate as terminal electron acceptor, and either 
sulphate (A) or 2 mM cysteine (B) as the sulphur source. The 

transient uptake of Pi (o) or sulphate (a) was driven by an addi- 

tion of 150 mM-KC1 in the presence of 1 kg nigericin as in figure 

2B, in the presence (0, v) or absence (0, a) or 5 PM FCCP. 

4. Discussion 

It may be concluded from the present demonstra- 
tion of Pi uptake into membrane vesicles of P. denitri- 

ficans that Pi transport in this bacterium, unlike Pi 
transport in this bacterium, unlike Pi transport in 
E. coli [lo] , does not require a periplasmic binding 
protein, since the preparation of membrane vesicles 
always appears to result in the loss of such proteins 

PII. 
As suggested previously [9] the addition either of 

KC1 (in the presence of nigericin) or of NH4 Cl gener- 
ates a pH gradient (alkaline inside) across the vesicle 

membrane by removal of protons from the vesicle 
interior, either by electroneutral exchange for K’, or 
by combination with NH3 to give NH4+. This pH 
gradient drives Pi uptake as proposed by the chemios- 
motic theory [4]. The detailed application of this 
theory for the uptake of other substrates has been 
discussed by Harold [ 12,131 and Hamilton [ 141. The 
ability of SH-group reagents to trap the Pi already 
taken up by the vesicles indicates that uptake is mediat- 
ed by a carrier sensitive to SH-group reagents. The 
reversibility of this carrier is indicated principally by 
its ability to mediate Pi uptake either into right side 
out or into inside out vesicles. 

We therefore conclude that Pi uptake into vesicles 
of P. denitrificans does not require a periplasmic 
binding protein, is driven by a pH gradient, and invol- 
ves a carrier which is sensitive to SH-group reagents 
and which is reversible. In all these respects Pi 
transport in vesicles from P. denitrifkans resembles 
mitochondrial Pi transport. 

Acknowledgements 

One of us (JNB) is the holder of an 1851 Royal 
Exhibition Scholarship. The work was supported by a 
grant from the Science Research Council. 

References 

[II Chappell, J. B. and Haarhoff, K. N. (1967) in: Bioche- 

mistry of Mitochondria (Slater, E. C., Kaniuga, Z. and 

Wojtczak, K. L., eds) pp. 75-91, Academic Press, 

London and New York. 

217 



Volume 58, number 1 FEBS LETTERS October 1975 

[2] Lofrumento, N. E., Zanotti, F. and Papa, S. (1974) 

FEBS Lett. 48, 188-191. 

[ 31 Palmieri, F., Quagliariello, E. and Klingenberg, M. (1970) 

Europ. J. Biochem. 17, 230-238. 

[4] Mitchell, P. (1970) in: Organization and Control in 

Prokaryotic and Eukaryotic Cells (Charles, H. P. and 

Knight, B. C. J. G., eds.) pp. 121-166, Cambridge Uni- 

versity Press, Cambridge. 

[S] Harold, F. M. and Spitz, E. (1975) J. Bacterial. 122, 

266-277. 

[6] Davis, D. H., Doudoroff, M., Stanier, R. Y. and Mandel, 

M. (1969) Int. J. Syst. Bact. 19, 375-390. 

171 John, P. and Whatley, F. R. (1975) Nature 254, 495- 

498. 

[S] Kaback, H. R. (1974) Science 186,882-892. 

[9] Burnell, J. N., John, P. and Whatley, F. R. (1975) Bio- 

them. J., in press. 
[lo] Medveczky, N. and Rosenberg, H. (1970) Biochim. Bio- 

phys. Acta 211, 158-168. 

[ll] Berger, E. A. and Heppel, L. A. (1974) J. Biol. Chem. 
249,7747-7755. 

[12] Harold, F. M. (1972) Bact. Rev. 36, 172-230. 

[13] Harold, F. M. (1974) Annals N.Y. Acad. Sci. 227, 297- 

311. 

[ 141 Hamilton, W. A. (1975) Adv. Microbial. Physiol. 12, 

l-53 

218 


