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Inhibition and uncoupling of photophosphorylation 

Inhibitors of photophosphorylation 1 in chloroplasts which inhibit both electron 
transport  and simultaneous phosphorylation have been described, as well as un- 
couplers ~ of photophosphorylation. 

Among the inhibitors, some phenylureas act at concentrations of lO .7 M by 
inhibiting steps in the photolytic cleavage of water which lead to the evolution of 
oxygen. Other substances having marked structural differences such as triazinesS, 4, 
substituted uracils 5, chloroacylanilines s, etc., are inhibitors of the HILL reaction.They 
affect the same overall process and, having certain structural features in common, 
they may  act in a similar way. The most active inhibitors of the HILL reaction have 
a free imino hydrogen atom which is considered to be involved in binding at the 
active sites of the chloroplasts through hydrogen bonds4, ~. The phenylamide inhibitors 
possess, in addition to this structural feature, a carbonyl oxygen atom and an un- 
saturated ring. Nevertheless, certain inhibitors such as 2,6-bis(ethylamine)-4-chloro- 
triazine contain no free imino groups and others form hydrogen bonds to only a 
limited extent, even though they substantially inhibit photosynthesis. Other proper- 
ties, such as electronic and steric factors and partitioning characteristics, must be of 
primary importance for blocking the receptor site. 

Ammonium ions at concentrations of IO-S-IO -4 M and monofunctional amines 
were until recently s the only known uncouplers 2 of photophosphorylation, but several 
compounds, viz., atebrin, chlorpromazine, gramicidin S, octylguanidine, carbonyl- 
cyanide p-trifluoromethoxyphenylhydrazone and thiophosphate, have since been 
found to act as uncouplers. 

This paper describes the influence of chemical structure on the inhibiting and 
uncoupling properties of members of the series of substituted phenylureas (I), N,N-  
dimethyl-N'-phenylsulphamides (II) and phenyl-N,N-dimethylcarbamates (III), 
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in which the "hydrogen-bonding" groups differ greatly. 
The influence of chloro-substitution in the 3 series of compounds on the inhi- 

bition of the HILL reaction has already been studied 9. A few representatives of each 
series have been chosen in order to test their influence on the reduction of pyridine 
nucleotides and on photophosphorylation. Results are given in Table I. 

Incorporation of s~p has been followed without any further t reatment  of the 
supernatant fluid. ATP, ADP and Pi are well enough separated by paper chromatog- 
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T A B L E  I 

H I L L  R E A C T I O N ,  P Y R I D I N E  N U C L E O T I D E  R E D U C T I O N  A N D  P H O T O P H O S P H O R Y L A T I O N  F O R  V A R I O U S  

S U B S T I T U T E D  P H E N Y L U R E A S ,  C A R B A M A T E S ,  S U L P H A M I D E S  A N D  P H E N O L S  

Expe r in l en t s  were carr ied out  under  N 2 in 15-nll conical  f lasks shaken  in an i l lun l ina ted  b a t h  
cooled at  15 °. I l l um ina t i on  by photoflood lamps  was approx.  4ooo I t -candles  of whi te  l ight.  
Oxygen  release, N A D P H  format ion  and phosphory la t ion  were measured  concurren t ly .  All vessels 
conta ined,  in #moles :  MgCI2, 5; ADP, lO; N A D P  + (pH 8), 4; K2Ha2P()4, to  (lO 4 counts / ln in) ;  
d ia lyzed  NADP+- reduc ta se  1°, o.6 nil; ch loroplas t  p repa ra t ion  u con ta in ing  o . 8 -  i mg ch lorophyl l ;  
ace tone  or io  3 M compound  solution, o.2 nil;  Tris (pH 8), 8o pmoles.  Tota l  vol., 3 ml. I l l umina t i on  
t ime,  8 nlin. The absorbance  a t  34 ° nLu of samples  cent r i fuged a t  o '~ and  18 ooo x g was measured.  
ATP was de te rn l ined  in the  reac t ion  m i x t u r e  af ter  add ing  o. 3 ml  of 2o%  t r ich loroace t ic  acid 
and cent r i fuging  in the  cold. The s u p e r n a t a n t  was evapora t ed  to dryness  under  vacuun l  for 
15 min ;  the  residue was t a k e n  in o. 5 ml of wa te r  and  o .oI -ml  a l iquots  were ch roma t og raphed  
on W h a t n l a n  No. i pape r  using a m ix tu r e  of io  vol. of acet ic  a c i d - ~  M NH4OH o. i  M E i ) T A  
(51:5o:  1.5) and  8 vol. of i sopropyl  alcohol. ATP is well s epa ra t ed  from phospha te ;  the  d i s t r ibu t ion  
of r a d i o a c t i v i t y  on the paper  was measured  wi th  an Atomic  a u t o m a t i c  scanner.  Each  resu l t  is 
the  average  of a t  leas t  3 i nd iv idua l  de te rmina t ions .  

Chloro-substilution 
in the phenyl ri~zg 

Per cent of control 

0,, NA  D P H  A T P  
evolution formation 

2,3 (I) 15.8 29-7 o 

3,5 (I) 13.6 29.0 o 

4 ( l l )  82.0 94.6 27 

2,3 (II1) 88.7 97.8 o 

3,5 ( I I I )  58.5 73.6 o 

2,6 ( I l l )  89.o 89.3 16 

2,3-dichlorophenol  78 . 2 95.2 o 

3,5-dichlorophenol  23.8 52.4 o 

2,6-dichlorophenol  ioo.o ioo.o 74 
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Fig. I. I nh ib i t i on  of ATP fo rmat ion  in the  presence of c h l o r o p h e n y l - N , N - d i m e t h y l c a r b a m a t e s .  

Fig. 2. Inh ib i t i on  of ATP format ion  in the presence of different  chlorophenols .  
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raphy for registering the radioactivity in an automatic recorder. In Figs. I and 2 
examples are given of the method used for estimating the radioactive ATP. 

As can be seen in Table I, 2,3- and 3,5-dichlorophenylureas (I) are true inhibitors 
and the structural change, 

- N - C -  - o - c -  

I lL  ~ ql 
H O O 

makes carbamates (III) exhibit a weak inhibitory effect on electron transport and 
a chloro-substitution-dependent effect on phosphorylation. The 2,3-dichlorophenyl- 
carbamate (III) is a strong uncoupler but the chloro-substitution in both ortho 
positions decreases the effect on phosphorylation. From the foregoing it is clear that  
the lack of N - H . . .  O bonding leads to a considerably lower inhibitory effect on electron 
transport  and that  hydrogen bonding is not primarily responsible for the inhibition 
of phosphorylation. This last effect could be due to a steric factor rather than to 
hydrogen bonding. This is, moreover, in agreement with the behaviour of chloro- 
phenols. Although the hydrogen bonds increase with increasing polarity of the A - H  
bond in A - H . . .  B (the mean energy of the hydrogen bonds O - H . . .  0 and N - H . . .  0 
are, respectively, 6 and 2.3 kcal/mole), the electronegativity of A can be increased 
by orbital hybridization and the hydrogen-bonding capacity of ureas (I) can be 
greater than that  of phenols. The influence of chloro-substitution in the chlorophenols 
is similar to that  in the carbamates; 2,3-dichlorophenol exhibits a strong uncoupling 
activity in contrast to the decreased effect on phosphorylation due to the substitution 
in both ortho positions. 

3,5-Dichloro-substitution maintains a high inhibitory activity on phosphory- 
lation for both phenols and carbamates, but in general there is a greater tendency 
for the derivatives to act as inhibitors because of an increase in the electron transport  
inhibition. A free ortho position seems to be necessary for a high inhibition of photo- 
phosphorylation and m-chloro-substitution leads to increased hydrogen bonding which 
is more evident in phenols than in carbamates. 

Of all the chlorosulphamides (II) previously assayed 9, the 4-chloro derivative 
is the one which exhibits only a slight inhibitory effect on the HILL reaction. I ts  
effect on electron transport  is to be correlated with the difference between C = O  and 
S =  0 and their respective influences on N - H  bonding. 

Iustitute of Chemistry, A. ALCAIDE 
Madrid (Spain) A.M. MUNICIO 

1 A. T. JAGENDORF, Survey of Biological Progress, Vol. 4, A c a d e m i c  Press ,  N e w  Y o r k ,  1962. 
2 D. W.  KROGMANN, A. T. JAGENDORF AND M. AVRON, Plant Physiol., 34 (1959) z7z- 
3 N. E.  GOOD, Plant Physiol., 36 (1961) 788. 
4 D. E.  MORELAND AND K. L. HILL, Weeds, Io  (1962) 229. 
5 J. L. HILTON, T. J.  MONACO, D. g .  MORELAND AND W. A. GENTNER, Weeds, 12 (1964) 129. 
6 D. E.  MORELAND AND I~. L. HILL, Weeds, I I  (1963) 55, 284. 
7 ~'(. E.  GOOD, Biochim. Biophys. Acta, 4 ° (196o) 502. 
8 ~'-~. AVRON AND •. SHAVIT, Biochim. Biophys. Aeta, lO9 (1965) 317 . 
9 A. ALCAIDE, Doctoral Thesis, U n i v e r s i t y  of M a d r i d ,  1966. 

10 i .  SAN PIETRO AND H. M. LANG, J. Biol. Chem., 231 (1958) 211. 
1I %I. lB. ALLEN, F. R.  WHATLEY AND D. 1. ARNON, Bioehim. Biophys. Acta, 27 (1958) 16. 

Received September i2th, 1966 

Biochim. Biophys. M cta, 131 (1967) 195-197 


