
Volume 224, number 2, 348-352 November 1987 

Demonstration of ApH- and A u-induced synthesis of 
inorganic pyrophosphate in chromatophores from 

Rhodospirillum rubrum 

A k e  Strid,  I n g a - M a j  K a r l s s o n  and  M a r g a r e t a  Bal t scheffsky  

Institutionen fSr Biokemi, Arrheniuslaboratoriet, Stockholms Universitet, S-106 91 Stockholm, Sweden 

Received 24 September 1987 

It is possible to obtain synthesis of PPi by artifical ion potentials in Rhodospirillum rubrum chromatophores. 
PPi can be formed by K +-diffusion gradients (A ~,), H + gradients (ApH) or a combination of both. In con- 
trast, ATP can only be synthesized by imposed A~u or d~,+dpH. For ATP formation there is also a thresh- 
old value of K + concentration below which synthesis of ATP is not possible. Such a threshold is not found 
for PP~ formation. Both PPi and ATP syntheses are abolished by addition of FCCP or nigericin and only 
marginally affected by electron transport inhibitors. The synthesis of PPi can be monitored for several minu- 
tes before it ceases, while ATP production stops within 30 s. As a result the maximal yield of PPi is 200 
nmol PPi//tmol BChl, while that of ATP is no more than 25 nmol ATP/Itmol BChl. The initial rates of syn- 
theses were 0.50/tmol PPd/lmol BChl per min and 2.0/tmol ATP/~tmol per min, respectively. These rates 

are approx. 50 and 20% of the respective photophosphorylation rates under saturating illumination. 

Acid-base jump; Bioluminescence; H +-ATPase; H +-Pyrophosphatase; K +-diffusion potential; (Rhodospirillum rubrum) 

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

pH jumps and K+-diffusion potentials have been 
used extensively as driving forces for ATP syn- 
thesis in order to confirm the validity of  the 
chemiosmotic theory (proposed by Mitchell [1]) in 
a variety of  organisms and organelles [2-7]. 

Leiser and Gromet-Elhanan [8] have reported 
that ATP  can be formed in Rhodospirillum 
rubrum chromatophores  under energization by an 
artificially imposed K+-diffusion potential alone 
or together with a ApH. A pH jump alone only 
gave rise to very little format ion of ATP.  

Membrane-bound pyrophosphatase activity in 
R. rubrum chromatophores  was first shown in 
1964 [9] and has since been found in a number  of  

organisms [10-14]. A method developed recently 
[15] for continuous monitoring of  inorganic 
pyrophosphate  (PPi) facilitates the very close study 
of  PPi synthesis. This novel technique, developed 
in our laboratory,  is based on the luciferin/ 
luciferase enzyme system and is very rapid in 
response to increases in PPi concentrations [15]. 
PPi at 0.1 nM can be assayed, which makes this 
procedure by far the most sensitive continuous 
method for PPi determination. 

Using this method, we demonstrate here for the 
first time the formation of PPi in R. rubrum 
chromatophores  as a result of  artificial ion gra- 
dients. 

A preliminary account of  this work has recently 
been presented as a short communicat ion [16]. 
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. MATERIALS AND M E T H O D S  

R. rubrum was grown anaerobically in light. The 
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cells were grown, harvested and chromatophores  
prepared as in [17], with the exception that 0.2 M 
glycylglycine-NaOH (pH 7.4) was used to wash 
twice and resuspend the chromatophores .  The 
bacteriochlorophyll  (BChl) concentration was 
determined by using an in vivo extinction coeffi- 
cient of  140 (mM-cm)  -1 at 880 nm [18]. 

The continuous monitoring of PPi was perform- 
ed by the new and sensitive method introduced by 
Nyr6n and Lundin [15]. The assays were carried 
out at 23°C and the emitted luminescence was 
monitored and recorded using an LKB-Wallac 
1250 luminometer.  Oligomycin was present to in- 
hibit any possible formation of  ATP.  The 
chemicals needed were f rom the same sources as 
described in [15]. Standard additions of  ATP  were 
used for calibration to correlate PPi formation 
with A T P  synthesis. 

A T P  synthesis was followed by using the com- 
mercial, luciferin/luciferase based, ATP-  
monitoring kit f rom LKB-Wallac (Turku, 
Finland). The assay was calibrated by means of  
standard additions of  ATP.  

To generate a pH gradient, chromatophores  
(10/A) were first equilibrated at pH 5.3 or 8.3 for 
2 min, except where stated otherwise, in 90/A 
medium containing 0.2 M glycylglycine. The pH 
was checked before and after each experiment. The 
lowest pH value used was 5.3, since the 
chromatophores  aggregated and precipitated at 
more  acidic pH values. After incubation, 
chromatophores ,  corresponding to 1-3/~M BChl 
were transferred to a more alkaline assay medium 
situated in a test tube in the luminometer.  The 
assay medium (0.5 ml) contained 0.2 M 
glycylglycine (pH 8.3), 1 0 m M  Na-Pi, 1/tM 
p1,ps_di(adenosine_ 5,)_pentaphosphate (an in- 
hibitor of  the competing adenylate kinase reac- 
tion). When ATP synthesis was monitored,  50/A 
ATP-moni tor ing  reagent and 50/~M ADP were in- 
cluded. I f  instead PPi formation was studied, the 
following reagents were present: 5/~g oligomycin, 
1 mM 1,4-dithioerythritol, 0.15 U ATP-  
sulphurylase (EC 2.7.7.4), 5/~M adenosine 
5-phosphosulphate,  10 mM Mg acetate, 
0 . 4 m g / m l  polyvinylpyrrolidone (Mr 360000), 
0.1 °70 BSA, 50/~g D-luciferin, 4/zg L-luciferin and 
purified luciferase (EC 1.13.12.7) (for the amount  
of  enzyme used, see [15]). The Pi used in PPi syn- 
thesis experiments was subjected to previous in- 

cubation with yeast PPase to eliminate PPi 
present. 

To obtain a K+-diffusion potential, 10/~M 
valinomycin and different concentrations of  KC1 
were added to the assay medium within the 
luminometer.  This concentration of  valinomycin 
gave the highest yield of  synthesized ATP.  

In the experiments where inhibitors were tested, 
these were included in the assay medium. Controls 
of  the assay system were performed upon addition 
of  incubation buffer and inhibitors (no significant 
effects). 

3. RESULTS AND DISCUSSION 

When chromatophores,  incubated at low pH,  
were transferred to the alkaline solution containing 
valinomycin and K +, synthesis of PPi or ATP  
commenced immediately. Fig.1 shows typical 
traces f rom these recordings. A clear difference in 
the respective time courses between ATP and PPi 
syntheses can be seen. Whereas the ATP synthesis 
ceased within 30 s of  incubation, PPi synthesis 
continued for several minutes. 

The yields of  A T P  and PPi in these experiments 
were dependent on the time of  incubation of  the 
chromatophores  in the acidic medium. 2 min in- 
cubation gave 10o70 lower yield than 5 min incuba- 
tion (not shown). Despite this fact a 2 min 
incubation period was chosen in the following ex- 
periments. 

In fig.2 the rate of  ATP  synthesis is shown. In 
one set of  experiments, only a K + gradient was 
used (zapH = 0), whereas in another set a pH gra- 
dient was superimposed (ApH = 3.0). Clearly, a 
pH gradient of  this size alone is insufficient to ac- 
complish phosphorylat ion of  ADP.  A concentra- 
tion of  4 mM K + in the assay medium failed to 
induce ATP synthesis. This has previously been 
found in chloroplasts [3,19-22] and photosyn- 
thetic bacteria [23-25]. The synthesis of  ATP  had 
to be monitored at high sensitivity, which gave 
noisy recordings and was the reason for the scatter- 
ing of  the points in fig.2. The time in which the 
A T P  synthesis was completed was fairly constant 
in all experiments whereas the rate and amount  of  
A T P  production were a function of  K + concen- 
tration. 

The corresponding experiments for PPi syn- 
thesis are shown in fig.3. No threshold was found 
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Fig. 1. Typical traces from monitoring of ATP and PPi 
synthesis. Chromatophores were incubated at pH 5.3 for 
2 rain. 2 #M BChl of equilibrated chromatophores was 
transferred to the assay medium (pH 8.3) containing 
valinomycin and K ÷. The medium is described in section 
2. Each experiment was calibrated with standard 

additions of ATP. 

for the formation of  PP~ by the H+-PPase, in ac- 
cordance with [26]. This may also be the reason for 
the higher yield of  PPi compared to ATP as the 
H+-PPase might utilize the A/~H ÷ to a greater ex- 
tent, especially at low levels of  the protonmotive 
force. It probably also reflects the lack of  a A¢- 
dependent activation step for this enzyme [26]. 
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Fig.2. Rate of ATP synthesis as a function of K ÷ 
concentration at two different ApH values. The pH in 
the assay medium was 8.3. 100% corresponds to 2 #mol 
ATP/#moi BChl per min. Experimental conditions were 

as described in section 2. 
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Fig.3. Rate of PPi synthesis as a function of K ÷ 
concentration at two different ApH values. The pH in 
the assay medium was 8.3. 100% corresponds to 
0.5 #mol PPi/#mol BChl per min. The procedure was as 
described above. Points are means of several 

measurements. 

The responses of  the ATP yield and the rate of  
PPi formation to additions of  various compounds, 
such as FCCP, nigericin and electron transport in- 
hibitors, are listed in tables 1 and 2, respectively. 
Additions of  FCCP and nigericin abolished syn- 
thesis. This is to be expected if phosphorylation is 
coupled to an ion gradient. The electron transport 
inhibitors did not affect the results to any con- 
siderable extent. These results support the idea that 
the formation of  both ATP and PPi is the result of  
imposed ion gradients implicating a mechanism of 
the chemiosmotic type. 

The samples seem to contain contaminating 
amounts of  Pi, since a slight extent of formation of  
ATP and PPi can be seen when no phosphate is 
added (see tables 1,2). 

The amounts of  PPi and ATP synthesized varied 
among different chromatophore preparations. 
Typical values were 25 nmol ATP/#mol  BChl and 
200 nmol PPi/#mol BChl. The difference in yields 
of  ATP and PPi is due to the fact that the 
phosphorylation yielding PP~ continued for a 
much longer period than that of ATP.  Notably, 
the actual rate of ATP synthesis was approx. 
5-fold greater than the rate of  formation of  PPi. 
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Table 1 

The effect of omission or addition of different 
compounds in the assay medium on the amount of ATP 

synthesized 

Addit ions/  A¢ ApH 3.0 + 
omissions (170 mM K +) A~ 

(%) (%) 

None 100 ~ 100 b 
- ADP 0 0 
- P i  8 18 
+ Oligomycin 

(10/zg/ml) 0 0 
+ Fluoride (10 mM) 102 119 
+ Antimycin A 

(4/zM) 97 76 
+ Myxothiazol (4/zM) 101 97 
+ FCCP (2/zM) 0 0 
+ Nigericin (4/zM) 0 0 

a 100% corresponds to 10 nmol ATP//zmol BChl 
b 100% corresponds to 25 nmol ATP//~mol BChl 

The amounts are given here instead of the initial 
velocities, since the latter showed larger variances 
(fig.2). Experimental conditions were as described in 
section 2. Values are corrected for the effects of 

inhibitors on the assay system 

Table 2 

Effect of addition or omission of different compounds 
in the PPi formation assays 

Addit ions/  ApH 3.0 A~ (170 mM ApH+Aff  
omissions (%) K ÷) (°70) (%) 

None 100 a 100 b 100 c 
- -  Pi 10 16 26 
- Oligomycin 113 101 95 
+ Fluoride 

(10 mM) 0 0 0 
+ Antimycin A 

(4/zM) 108 82 100 
+ Myxothiazol 

(4/zM) 108 100 94 
+ FCCP (2/zM) 0 0 0 
+ Nigericin 

(4/zM) n.d. 0 0 

a 100% corresponds to 0.13/zmol PPi//zmol BChl per 
min 

b 100% corresponds to 0.30/zmol PPi//zmol BChl per 
min 

c 100o7o corresponds to 0.45/zmol PPi//zmol BChl per 
min 

Assay conditions are described in section 2. Values are 
corrected for the effects of the different compounds on 

the assay system 

There  are  a n u m b e r  o f  poss ib le  in te rp re ta t ions  
for  the  d i f ference  be tween the two enzyme 
systems:  
(i) The  d i f ferences  in the  value  o f  A G  O' o f  the  
two  reac t ions ,  4.0 k c a l / m o l  for  f o r m a t i o n  o f  PPi  
at  1 m M  free Mg 2+ [27] and  7.3 k c a l / m o l  for  A T P  
f o r m a t i o n  [28]. 
(ii) Dif ferences  in the amoun t s  o f  the two en- 
zymes  present  in the  c h r o m a t o p h o r e  membranes .  
(iii) Cessa t ion  o f  A T P  synthesis  when Aft  d rops  
be low a cer ta in  th re sho ld  value.  This  idea  is sup- 
p o r t e d  by  the fact  tha t  a concen t r a t i on  o f  4 m M  
K ÷ in the  assay m e d i u m  was insuff ic ient  to ac- 
compl i sh  A T P  p roduc t i on .  Also ,  A p H  a lone  d id  
no t  give rise to  any  A T P  synthesis .  The  idea  tha t  
an  ac t iva t ion  step induced  by  a m e m b r a n e  po ten -  
t ia l  is necessary has been pu t  f o rwa rd  prev ious ly  
for  the  A T P a s e  in d i f fe ren t  systems [3 ,19-25] .  
(iv) Less s ignif icant  overal l  con t ro l  exer ted over  
the  H + - P P a s e  than  on  the H + - A T P a s e  by  A/~H +. 
One  poss ib i l i ty  is tha t  fewer p ro tons  are needed  for  
synthesis  o f  PPi  than  o f  A T P .  

A n y  one o f  these possibi l i t ies ,  or  a c o m b i n a t i o n ,  
might  expla in  our  results.  

This  pape r  has d e m o n s t r a t e d  for  the first  t ime 
PP i  synthesis  by ar t i f ic ia l  ion gradients .  W o r k  is in 
progress  to es tabl ish  fur ther  the  character is t ics  o f  
A T P  and  PPi  f o r m a t i o n  induced  by  such gra-  
dients .  

A C K N O W L E D G E M E N T S  

W e  would  like to t hank  Dr P~tl Nyr6n for  his in- 
terest  and  discussion and M r  Karl  Axel  Str id  for  
excel lent  help with the  English.  This work  was sup- 
p o r t e d  by a grant  to M.B.  f rom The Swedish 
N a t u r a l  Science Research  Counci l  (Sweden,  NFR) .  

R E F E R E N C E S  

[1] Mitchell, P. (1961) Nature 191, 144-148. 
[2] Hind, G. and Jagendorf, A.T. (1965) J. Biol. 

Chem. 240, 3195-3201. 
[3] Jagendorf, A.T. and Uribe, E. (1966) Proc. Natl. 

Acad. Sci. USA 55, 170-177. 

351 



Volume 224, number 2 FEBS LETTERS November 1987 

[4] Reid, R.A., Moyle, J. and Mitchell, P. (1966) 
Nature 212, 257-258. 

[5] Cockrell, R.S., Harris, E.J. and Pressman, B.C. 
(1967) Nature 215, 1487-1488. 

[6] Rossi, E. and Azzone, G.F. (1970) Eur. J. Bio- 
chem. 12, 319-327. 

[7] Thayer, W.S. and Hinkle, P.C. (1975) J. Biol. 
Chem. 250, 5330-5335. 

[8] Leiser, M. and Gromet-Elhanan, Z. (1974) FEBS 
Lett. 43, 267-270. 

[9] Baltscheffsky, M. (1964) Abstr. 1st FEBS Meet., 
London, p.67. 

[10] Gould, J.M. and Winget, G.D. (1973) Arch. Bio- 
chem. Biophys. 154, 606-613. 

[11] Yasnikov, A.A., Aliev, D.A., Muradov, A.Z., 
Volkova, N.V., Kanivets, N.P., Vasilenko, L.I., 
Mushetik, L.S., Borisevich, A.N. and Pelkis, P.S. 
(1982) Dokl. Akad. Nauk SSSR 264, 1508-1510. 

[12] Knobloch, K. (1975) Z. Naturforsch. 30C, 
771-776. 

[13] Rubtsov, P.M., Efremovich, N.V. and Kulaev, I.S. 
(1976) Dokl. Akad. Nauk SSSR 230, 1236-1237. 

[14] Baltscheffsky, M. (1968) in: Regulatory Functions 
of Biological Membranes (J~irnefelt, J. ed.) Bio- 
chim. Biophys. Acta Library 11,277-286. 

[15] Nyr6n, P. and Lundin, A. (1985) Anal. Biochem. 
151, 504-509. 

[16] Strid, /k., Karlsson, I.-M. and Baltscheffsky, M. 
(1987) Acta Chem. Scand. B41, 116-118. 

[17] Shakov, Y., Nyr6n, P. and Baltscheffsky, M. 
(1982) FEBS Lett. 146, 177-180. 

[18] Clayton, R.K. (1963)in: Bacterial Photosynthesis 
(Gest, H. et al. eds) p.495, Antioch Press, Yellow 
Springs, OH. 

[19] Schuldiner, S., Rottenberg, H. and Avron, M. 
(1972) FEBS Lett. 28, 173-176. 

[20] Pick, U., Rottenberg, H. and Avron, M. (1974) 
FEBS Lett. 48, 32-36. 

[21] Schuldiner, S., Rottenberg, H. and Avron, M. 
(1973) Eur. J. Biochem. 39, 455-462. 

[22] Admon, A. and Avron, M. (1984) EBEC Rep. 3A, 
289. 

[23] Edwards, P.A. and Jackson, J.B. (1976) Eur. J. 
Biochem. 73, 125-130. 

[24] Melandri, B.A., Baccarini-Melandri, A. and 
Fabbri, E. (1972) Biochim. Biophys. Acta 275, 
383-394. 

[25] Baccarini-Melandri, A., Fabbri, F., Firstater, E. 
and Melandri, B.A. (1975) Biochim. Biophys. Acta 
376, 72-81. 

[261 Strid, ,~., Nyr6n, P., Boork, J. and Baltscheffsky, 
M. (1986) FEBS Lett. 196, 337-340. 

[27] Flodgaard, H. and Fleron, P. (1974) J. Biol. Chem. 
249, 3465-3474. 

[28] Lehninger, A.L. (1982) in: Principles of 
Biochemistry, Worth, New York. 

352 


