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SUMMARY 

I. Chlorotri-n-butyltin was found to be a specific inhibitor of photophos- 
phorylation in isolated chloroplasts. Only very small amounts were required for 
complete inhibition, and the reaction of the inhibitor with the chloroplasts appeared 
to be stoichiometric, requiring I mole of chlorotributyltin to 6o-12o moles chlorophyll. 

2, No direct effect of chlorotributyltin on electron transport could be observed, 
although it inhibited ferricyanide and NADP + reduction indirectly in coupled chloro- 
plasts. This inhibition could be completely reversed by  the addition of an uncoupler 
such as NH4C1. 

3- Photophosphorylation as well as the light-dependent "pH rise" were marked- 
ly stimulated by low concentrations of chlorotributyltin in chloroplasts which were 
deficient in coupling factor. It  was postulated that  the chlorotributyltin binds to the 
chloroplasts close to or at the site of binding of the coupling factor and thus prevents 
the loss by hydrolysis of a high-energy intermediate. 

INTRODUCTION 

The demonstration by LEE AND ERNSTER I that  oligomycin at low concentra- 
tions will stimulate oxidative phosphorylation in partially uncoupled mitochondrial 
fragments had led to a re-examination of the role of of coupling factors in stimulating 
the rate of ATP formation. It  was suggested that  the binding of oligomycin to the 
particles prevents the loss of a high-energy intermediate by hydrolysis, and that the 
binding of the coupling factor acts in a similar fashion. However, the presence of 
enzymatically active coupling factor was demonstrated to be obligatory for the 
oligomycin-stimulated phosphorylation 2. In addition, the stimulation of phosphoryla- 
tion in uncoupled beef heart mitochondrial particles by coupling factor from yeast 
mitochondria depended on the presence of residual amounts of beef heart coupling 
factor 3. 

Abbreviations : DCC, N,N'-dicyclohexyl carbodiimide; DCtP, 2,6-dichlorophenolindo- 
phenol. 

* Contribution from the Biochemistry Department,  School of Agriculture and  Life Sciences, 
and  School of Physical Sciences and Applied Mathematics. Paper No. 2429 of the Journal  Series 
of the  North  Carolina Sta te  University Agricultural Experiment  Station, Raleigh, N.C. 
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A coupling factor has been isolated from chloroplasts of spinach 4 and Euglena 
gracilis 5. McCARTY AND RACKER 6 have recently reported that N,N'-dicyclohexyl 
carbodiimide (DCC), while inhibiting photophosphorylation and electron transport 
in coupled chloroplasts, will stimulate phosphorylation in uncoupled chloroplasts in 
the presence of added coupling factor. The inhibition of electron transport by DCC 
could, however, be reversed only partially by ammonia and atebrin, thus making the 
determination of its site of action somewhat difficult, although it is probably very close 
to the site of uncoupling by  ammonia. McCARTY, GUILLORY AND RACKER 7 have also 
reported on another inhibitor of photophosphorylation, Dio- 9, which has been postu- 
lated to inhibit photophosphorylation at a terminal step. Its inhibition of electron 
transfer is maximal only in the presence of ADP and phosphate, and it also inhibits 
the ATPase activity of the isolated coupling factor. 

Recently, IZAWA, WINGET AND GOOD s have shown that  phlorizin will also serve 
as an inhibitor of photophosphorylation, requiring, however, very high concentrations 
( >  I .  I0 -3 M) for optimal effect. 

Oligomycin does not have any effect on photophosphorylation. We have conse- 
quently investigated other inhibitors which affect mitochondria in a way similar to 
oligomycin to see whether they will inhibit photophosphorylation. 

This report will describe the inhibition of photophosphorylation by chlorotri-n- 
butyltin, which has been reported to have an oligomycin-like effect on oxidative 
phosphorylation 9. I t  will be shown that  chlorotributyltin reacts stoichiometrically with 
the chloroplasts, inhibiting photophosphorylation, but having no direct effect what- 
soever on electron transport. Also, in contrast to the effect of oligomycin on corn shoot 
mitochondria 1°, ADP and phosphate are not required to obtain maximal indirect 
inhibition by chlorotributyltin of electron transport. Moreover, it will be shown that  
low concentrations of chlorotributyltin will greatly stimulate photophosphorylation 
in uncoupled Euglena, but only slightly in uncoupled spinach chloroplasts. 

MATERIALS AND METHODS 

Chloroplasts were prepared from Euglena gracilis as previously described n and 
from spinach by the method of JAGENDORF AND AVRON t2. The chloroplasts were un- 
coupled by  lysis in the presence of i .  lO -3 M EDTA as described by  AVRON 13. 

The reaction mixtures for assay of photophosphorylation are described in each 
table. The samples were illuminated for 2 min at 17 °, with 20000 lux of red light 
(61o-78o nm), and ATP formation measured with the aid of 32p1 by a modification of 
the method of LINDBERG AND ERNSTER 14. The reduction of NADP÷ and 2,6-dichloro- 
phenolindophenol (DCIP) was followed spectrophotometrically at 34 ° and 61o nm, 
respectively, and ferrocyanide formation by  o-phenanthroline as described by AVRON 
AND SHAVlT ~5. For assay of ATPase activity the samples were incubated for IO min 
at 36°. Chlorophyll was measured by the method of ARNON 16. Chlorotri-n-butyltin 
was purchased from the Aldrich Chemical Company, and stock solutions were made 
up in 50 % methanol. 

RESULTS 

Inhibition of photophosphorylation 
Chlorotributyltin inhibited both cyclic and non-cyclic phosphorylation at ex- 

t remely low concentrations (Tables I and II), Euglena chloroplasts being somewhat 
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m o r e  s e n s i t i v e  t h a n  sp inach  ch loroplas t s .  T h e  low c o n c e n t r a t i o n  r e q u i r e d  for  com-  

p le t e  i n h i b i t i o n  p r o m p t e d  us to  e x a m i n e  t h e  poss ib i l i t y  t h a t  t h e  r a t i o  of ch lo rop las t s  

to  c h l o r o t r i b u t y l t i n  d e t e r m i n e s  t h e  degree  of i nh ib i t i on .  W e  c o n s e q u e n t l y  v a r i e d  t h e  

ch lo rop l a s t  c o n c e n t r a t i o n s  in  t h e  r eac t i on  m i x t u r e  a n d  m e a s u r e d  t h e i r  i n h i b i t i o n  b y  
v a r y i n g  c o n c e n t r a t i o n s  of c h l o r o t r i b u t y l t i n .  I t  a p p e a r e d  t h a t ,  e spec ia l ly  for  E u g l e n a  

ch lo rop las t s ,  t h e  r a t i o  of c h l o r o p h y l l  to  c h l o r o t r i b u t y l t i n  was  t h e  m a j o r  d e t e r m i n a n t  

of  t h e  degree  of i n h i b i t i o n  r a t h e r  t h a n  t h e  c h l o r o t r i b u t y l t i n  c o n c e n t r a t i o n ,  w i t h  t h e  
i n h i b i t i o n  for  a g i v e n  c o n c e n t r a t i o n  of c h l o r o t r i b u t y l t i n  be ing  i n v e r s e l y  p r o p o r t i o n a l  

to  t he  a m o u n t  of ch lo rop las t s  in t h e  r e a c t i o n  m i x t u r e .  F o r  E u g l e n a ,  a b o u t  I m o l e  

c h l o r o t r i b u t y l t i n  to  120 moles  c h l o r o p h y l l  g a v e  c o m p l e t e  i nh ib i t i on ,  whi le  for  sp inach  

a b o u t  I to  60 was  r equ i r ed .  Th i s  i n d i c a t i o n  of t i g h t  b i n d i n g  b e t w e e n  c h l o r o t r i b u t y l t i n  

a n d  t h e  p h o s p h o r y l a t i o n  s i tes  was  c o r r o b o r a t e d  b y  p r e i n c u b a t i n g  ch lo rop las t s  in a 

TABLE I 

T H E  I N H I B I T I O N  B Y  C H L O R O T R I - n - B U T Y L T I N  O F  P H O T O P H O S P H O R Y L A T I O N  B Y  E U G L E N A  C H L O R O -  
P L A S T S  

The reaction mixture, in a final volume of 1.5 ml, contained: io /~moles Tris buffer, pH 7.8, 
35 /zmoles NaC1, i /*mole ADP, 4 #moles phosphate buffer containing 4ooooo counts/min 32Pt, 
15 /~moles glucose, 5 #moles MgC12, i #g (o.15 unit) crystalline hexokinase, o. 5 mg crystalline 
bovine serum albumin, 300/*moles mannitol, chloroplasts containing 20 /~g chlorophyll and co- 
factor as described in the table. 

Chlorotributyltin 
(M X -to 8) 

A TP formation (#moles/rag chlorophyll per h) 

.Pyocyanin DCIP Fe (CN) e 3- 
(0.05 I~mole) (o.15 #mole) (0.75 i~mole) 

o 36.9 9.9 16.1 
0.5 34.7 - -  - -  
i 3o.7 9.1 14.8 
2 22.8 8. 4 13. 5 
4 l°-9 5 .2 5.9 
8 2. 7 1.8 1.4 

TABLE II  

T H E  I N H I B I T I O N  B Y  C H L O R O T R I - n - B U T Y L T I N  O F  P H O T O P H O S P H O R Y L A T I O N  B Y  S P I N A C H  C H L O R O -  
P L A S T S  

Reaction mixture as in Table I. 

Chlorotributyltin A TP formation (#moles/rag chlorophyll per h) 
(M X zoS) 

Pyocyanin DCIP Fe(CN)e3- NADP+ 
(0.05 I~mole) (o.15 I~mole) (0.75 #*mole) (0. 5 12mole) 

o lOO8 167 131 1i 4 
°.5 954 - -  - -  - -  
I 892 162 125 I I I  
2 825 138 115 lO6 
4 672 - -  - -  - -  
5 - -  lO9 lO6 83 
8 506 - -  - -  __ 

IO - -  46 66 67 
12 283 __ __ __ 
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reaction mixture with chlorotributyltin, then separating them by centrifugation. The 
chloroplasts were then assayed for photophosphorylation with fresh reaction mixture, 
and to the supernatant fresh chloroplasts were added and assayed too. This experi- 
ment showed (Table III) that Euglena chloroplasts bound and removed most of the 
chlorotributyltin from the reaction mixture, while spinach chloroplasts removed 
about half. The binding of chlorotributyltin was unaffected by the presence of NH4C1 
or atebrin during the preincubation. 

T A B L E  I I I  

T H E  B I N D I N G  O F  C H L O R O T R I - n - B U T Y L T I N  TO C H L O R O P L A S T S  

Chloroplas ts  in a reac t ion  m i x t u r e  as descr ibed  in Tab le  I were t r ea ted  wi th  or w i t h o u t  8. IO -s  M 
ch lo ro t r ibu ty l t i n  for E u g l e n a  and  1.2. lO -7 M ch lo ro t r ibu ty l t i n  for sp inach ,  i ncuba t ed  in an  ice 
b a t h  in t he  da rk  for 15 rain  a n d  t h e n  s e p a r a t e d  by  cent r i fuga t ion .  The  ch lo rop las t s  were t a k e n  u p  
in fresh reac t ion  m i x t u r e  w i t h o u t  ch lo ro t r ibu ty l t in ,  a n d  fresh,  u n t r e a t e d  ch lo rop las t s  were added  
to the  s u p e r n a t a n t .  The  n u m b e r s  in pa ren theses  represen t  t he  pe rcen tage  of control .  

A T P  formed (#moles~rag chlorophyll per h) 

Euglena spinach 

Control  
S u p e r n a t a n t  + fresh ch loroplas t s  18.8 - -  
Chloroplas ts  + fresh m i x t u r e  12. 3 - -  

Ch lo ro t r ibu ty l t in - t r ea ted  
S u p e r n a t a n t  + fresh chloroplas ts  14.8 (79) 
Chloroplas ts  + fresh m i x t u r e  4 .6 (37) 

Control  + i .  io  - s  M NH4C1 
Chloroplas ts  + fresh m i x t u r e  12.o - -  

Ch lo ro t r ibu ty l t i n - t r ea t ed  + i -  io -a M NH4C1 
Chloroplas ts  + fresh m i x t u r e  4.9 (41) 

556 - -  
496 - -  

345 (62) 
323 (65) 

T A B L E  IV 

T H E  E F F E C T  OF CHLOROTRI-n-BUTYLTIN AND NHaC1 ON THE RATE OF FERRICYANIDE REDUCTION 
BY EUGLENA AND SPINACH CHLOROPLASTS 

Reac t ion  mix tu re ,  in a final v o l u m e  of 2 ml,  con ta ined :  4 ° #mo le s  Tris  buffer, p H  7.8, 18 # m o l e s  
NaC1, 3 #,moles MgCla, o.75 #*mole K3Fe(CN)s,  and  ch loroplas t s  con ta in ing  IO #*g chlorophyl l  for 
sp inach ,  20 #*g for Euglena .  

Ferricyanide reduction (#*moles/rag protein per rain) 

Reaction + 5 #*moles Pt  + 5 #*moles P,  and 
mixture + I tzmole A D P  

I. Eug lena  

Control  48.7 35.8 41.9 
+ 5" Io-4 M NH4C1 52.7 43.7 37.8 
+ 5" IO-V M ch lo ro t r ibu ty l t in  36.2 25.9 32.1 
+ NH4C1 and  ch lo ro t r ibu ty l t in  51.6 47-8 45.5 

II. Spinach  

Control  245 221 322 
+ I- io  -3 M NH4C1 281 3o2 265 
+ 5" lO-7 M ch lo ro t r ibu ty l t in  167 158 185 
+ NHaC1 and  ch lo ro t r ibu ty l t i n  288 379 323 
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Effect of chlorotributyltin on ferricyanide reduction 
The rates of ferricyanide reduction of chloroplasts which were uncoupled by the 

addition of NH4C1 or atebrin were not affected by chlorotributyltin even at concen- 
trations IOO × those required for inhibition of phosphorylation (5" IO-e M). The same 
held true for the reduction of DCIP and NADP+ (see also Table V). In coupled chloro- 
plasts, however, the rate of ferricyanide reduction was markedly inhibited by chloro- 
tributyltin, and this inhibition was completely reversible by NH4C1 (Table IV). The 
inhibition and its reversal were, however, independent of the presence of ADP and 
PI. The same effect could be shown on NADP + reduction in Euglena but  not in spinach 
chloroplasts (Table V). 

Enhancement of photophosphorylation in EDTA-uncoupled chloroplasts 
Chloroplasts from which the coupling factor was removed by lysis in dilute 

EDTA TM showed an enhancement of their residual rate of photophosphorylation by 

T A B L E  V 

THE E F F E C T  O F  CHLOROTRI-n-BUTYLTIN AND NH4C1 ON THE RATE OF NAD P+ REDUCTION BY 
EUGLENA AND SPINACH CHLOROPLASTS 

The reac t ion  mix tu re ,  in  a final vo lume  of 3 ml, con ta ined  : 6 / , m o l e s  Tris  buffer, p H  7.8, 35/*moles  
NaC1, 3o0 # m o l e s  mann i to l ,  0. 5 /zmole N A D P  +, 2 × s a t u r a t i o n  sp inach  ferredoxin,  and  chloro- 
plasts ,  con ta in ing  3 ° / z g  chlorophyl l .  

N A D P  + reduction (izmoles/mg 
chlorophyll per h) 

Euglena Spinach 

Control  7 .2 98.9 
+ 5" IO-~ M c h l o r o t r i b u t y l t i n  0.6 99.9 
+ I .  IO -a M NH4C1 7.o 96.6 
+ c h l o r o t r i b u t y l t r i n  + NH4C1 6.8 lO3.2 

T A B L E  VI  

E F F E C T  OF CHLOROTRI-n-BUTYLTIN ON PHOTOPHOSPHORYLATION BY UNCOUPLED CHLOROPLASTS 

Reac t ion  m i x t u r e  as in Table  I w i t h  p y o c y a n i n  as cofactor.  Chloroplas ts  were uncoup led  by  
suspend ing  t h e m  in lO -3 M EDTA.  In  E x p t .  I t h e y  were su spended  a t  a final concen t ra t ion  of 
4oo /zg  ch lo rophy l l  per  ml, a nd  in E x p t .  II,  a t  a final concen t r a t i on  of ioo  #g /ml .  They  were t h e n  
re i so la ted  b y  een t r i fuga t ion  for 20 min  a t  36ooo × g. 0.2 ml  of the  E D T A  superna taOt  of the  
E u g l e n a  was  used  as  the  source of coupl ing  factor  (CFE). 

Chloro- A T P  formation (lzmoles/mg chlorophyll per h) 
tributyltin 
(M × xo 8) Euglena Spinach 

Expt. I Expt. I I  

--CFE +CFE 

Expt. I Expt. I I  

o 7 .8 0.70 1.17 209 lO.2 
0.5 9.8 0.93 1.23 217 9.9 
i 16.6 1.17 1.69 236 9.1 
2 7.5 2.14 1.o6 197 9.7 
4 5. i i .98 i .o2 189 8. i 
8 1.9 0.97 0.84 121 5.1 

I2 - -  - -  - -  62 2. 7 
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low concentrations (I. lO -8 M) of chlorotributyltin, although higher concentrations 
(8. Io-8 M) were as inhibitory as they were to coupled chloroplasts (Table VI). The 
addition of coupling factor decreased the enhancement obtained by the addition of 
chlorotributyltin. 

Restoration of the light-induced "pH rise" in uncoupled chloroplasts 
Coupled chloroplasts showed no effect on their light-induced "pH rise" by the 

addition of chlorotributyltin, as is the case with other inhibitors of photophosphoryla- 
tion e, 17. In chloroplasts uncoupled by EDTA, however, the residual low "pH rise" 
was greatly stimulated by chlorotributyltin (Table VII), being restored to the value 
of the coupled chloroplasts. 

T A B L E  V I I  

EFFECT OF CHLOROTRI-n-BUTYLTIN ON THE LIGHT-INDUCED " p H  RISE" IN COUPLED AND UNCOUPLED 
CHLOROPLASTS 

I so la t ed  ch loroplas t s  were suspended  e i ther  in  o .oi  M NaC1 + 0.2 M m a n n i t o l  or in i -  lO -3 M 
E D T A  to a ch lo rop las t  concen t r a t ion  of 0.25 mg/ml ,  re i so la ted  by  cen t r i fuga t ion  and  resuspended  
in  the  N a C l - m a n n i t o l  med ium.  The  reac t ion  m i x t u r e  for the  a s say  con ta ined  3oo / ,mo les  mann i to l ,  
0.05 /zmole p y o c y a n i n  a nd  ch lorop las t s  con ta in ing  40o # g  ch lorophyl l  for Euglena ,  ioo  /~g for 
spinach,  in a final v o l u m e  of 1.5 ml. The reac t ion  was  run  a t  5 °, and  each va lue  represen ts  t h e  
m e a n  of dup l i ca t e  runs,  w i t h  3 l i g h t - d a r k  cycles for each. S t a r t i n g  p H  was  6.15. L i g h t  i n t e n s i t y  
was  80000 lux.  

"pH rise" (ApH) 

Euglena Spinach 

Coupled ch lorop las t s  +0 .044  + o . 1 7 6  
+ 5" lO-7 M c h l o r o t r i b u t y l t i n  +0 .039  +o .133  

Uncoup led  ch lorop las t s  +o .o18  +0 .036  
+ 5" lO-7 M c h l o r o t r i b u t y l t i n  +o .o41 +0 .088  

T A B L E  V I I I  

INHIBITION BY CHLOROTRI-n-BUTYLTIN OF THE Ca2+-DEPENDENT ATPASE ACITIVITY OF THE 
EUGLENA COUPLING FACTOR 

The coupling factor was isolated as described by us 5. The reaction mixture, in a final volume of 
3 ml, contained 15o/*moles Tris buffer, pH 8.o, 7.5/zmoles ATP, 15 #moles CaCI~ and enzyme as 
described in the table. 

Chlorotributyltin 
(M) 

A TP hydrolysis (itmoles/mg protein per rain) 

Chloroplast fragments Purified enzyme 
(approx. 300 #g protein) (4 lzg protein) 

Hone o.o37 9.36 
I .  lO -7 0.o38 - -  
5" lO-7 o.o33 8.82 
I-  IO -e o.o33 7.52 
2. IO -6 - -  4.56 
5" l ° - 6  ° ' ° 3 °  2'96 
I .  lO -5 o.o24 1.76 
2. IO -s  - -  0.88 
5" 1°-5 0'003 - -  
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Inhibition of the Ca*+-dependent A TPase activity of the coupling factor from Euglena 
chloroplasts 

The ATPase activity of the isolated coupling factor was inhibited by chloro- 
tributyltin,  although the concentration required was much higher than that  required 
to inhibit photophosphorylation (Table VIII). In spite of the high concentration of 
chlorotributyltin required, the inhibition could well be a specific reaction and not a 
non-specific interaction with protein, since the same concentration of chlorotributyltin 
was required to obtain complete inhibition in crude as compared to purified enzyme 
preparations. 

DISCUSSION 

The results presented show that  chlorotributyltin at low concentrations is a 
specific inhibitor of photophosphorylation. Comparing its effect to that  of other in- 
hibitors and uncouplers of photophosphorylation, chlorotributyltin lacks the direct 
effect on electron transport which DCC has even in the presence of NH4C1 (ref. 6), and, 
on the other hand, it does not require ADP and Pl for maximal inhibition of electron 
transport in coupled chloroplasts as do Dio-9 ~ and phlorizin s. It  can thus tentatively 
be concluded that  the site of binding of chlorotributyltin lies between that  of DCC 
and Dio-9. 

We have no explanation to date for the inhibition by chlorotributyltin of 
NADP+ reduction in Euglena chloroplasts which was not observed in spinach chloro- 
plasts. This inhibition, which is completely reversible by NH4C1, is particularly 
curious since we could show no stimulation whatsoever of NADP + reduction by the 
addition of ADP and phosphate. 

The "pH rise" is currently considered as a manifestation of a high-energy inter- 
mediate in ATP formation. Since chlorotributyltin reverses the loss of the light- 
induced pH rise in chloroplasts deficient in coupling factor, it probably prevents the 
hydrolysis of a non-phosphorylated high-energy intermediate (X ~ I) prior to the 
coupling factor. This can also be concluded from the enhancement of phosphorylation 
in uncoupled chloroplasts by low concentrations of chlorotributyltin. In fact, since 
the enhancement of phosphorylation by chlorotributyltin was decreased by added 
coupling factor, it is possible that  chlorotributyltin binds to the same site as the 
coupling factor. 

The inhibition of the Ca~+-dependent ATPase by higher concentrations of 
chlorotributyltin may  represent a second specific action of chlorotributyltin on the 
coupling factor, inhibiting the binding of inorganic phosphate to form the phos- 
phorylated intermediate (X ~ P). I t  could well be that  such a dual action by chloro- 
tr ibutylt in on chloroplasts is similar to the one recently suggested by HINKLE, 

PENEFSKY AND RACKER TM for the dual action of oligomycin on mitochondria, acting 
both on the non-phosphorylated, as well as the phosphorylated high-energy inter- 
mediate in ATP formation. 

The very small amount of chlorotributyltin required for complete inhibition of 
photophosphorylation puts an upper limit to the ratio of chlorophyll to ATP-forming 
site of about 60 for spinach and I2o for Euglena chloroplasts. This will hold true 
provided that  each molecule of chlorotributyltin inhibits only one site, and not a 
number of sites, as has recently been suggested for the uncoupling of oxidative 
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p h o s p h o r y l a t i o n  b y  c a r b o n y l c y a n i d e  p h e n y l h y d r a z o n e  d e r i v a t i v e s  1". I n  l i g h t  of t h e  

t i g h t  b i n d i n g  of c h l o r o t r i b u t y l t i n  b y  t h e  c h l o r o p l a s t s ,  s u c h  a m u l t i - s i t e  i n h i b i t i o n  

a p p e a r s  i m p r o b a b l e .  
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