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The effects of the algicide PH 40-62 on photosynthetic reactions in spinach chloroplasts were 

studied. The compound proved to be an uncoupler of photophosphorylation, whereas inhibition 
of photosynthetic electron transport occurred at higher concentrations. The site of this inhibition 
was before photosystem II. The uncoupling effect was partially reversible. In a series of related 
compounds the uncoupling activity appeared mainly dependent on the lipophilic properties of 
the compounds but electronic effects also played a distinct role. Comparing these uncoupling 
data with those of some known series of uncouplers it appeared that lipophilicity determines the 
uncoupling activity in an identical way and a regression equation was found describing the 
uncoupling activities of 60 compounds belonging to four chemically different groups of com­
pounds.

Introduction

Since the first paper by K rogm ann et al. [ 1 ] on the 
uncoupling of photophosphorylation by am m onium  
salts, the effects o f many am ines on ATP form ation  
in chloroplasts have been described [2, 3], The 
effects appeared to be pH -dependent and the un­
charged form was thought to be the active species 
[2, 3]. Ammonium chloride and m ethylam ine are 
rather weak uncouplers but the uncoupling activity 
increased considerably on lengthening of the alkyl 
chain [4], Some lipophilic chem icals carrying a 
dialkylaminoalkyl side chain such as chlorprom a- 
zine [5, 6 ], atebrin [6 , 7], chloroquine [8 ] and the 
series o f W right et al. [9] also proved effective 
uncouplers. A few m ore com plicated lipophilic  
nitrogenous bases such as octylguanidine [6 , 1 0 ] and 
arylam inotetrahydropyrim idines [ 1 1 ] proved to be 
inhibitory uncouplers.

In this paper we wish to report on the oncou- 
pling properties o f a series o f chem icals related  
to N ,N-diethyl-N '-(4-cyclohexylphenyl)-1,2-ethane- 
diamine (PH 40-62) which also showed algicidal 
activity against filam entous algae in field cond i­
tions [ 1 2 ].

Abbreviations: DAD, diaminodurene; DCMU, 3-(3,4-di- 
chlorophenyl)-l,l-dimethylurea; FeCy, ferricyanide; MV, 
methyiviologen; PD, p-phenylenediamine; PMS, phenazine 
methosulfate; TMPD, N,N,N',N'-tetramethyl-/?-phenylene- 
diamine.
* Reprint requests to: G. van den Berg.
0341-0382/84/0100-0107 $01.30/0

A com parison with other uncouplers was m ade.

/ r ^  / c 2h 5(L ) V n h - c h 0- c h 0- n  r ^ O /  2  2  N C 2 H 5

PH 40-62 (R = 4-cyclohexyl)

2. Methods

Chemicals

All inhibitors were synthesized in the Synthesis 
D epartm ent of the D uphar Crop Protection D iv i­
sion, by known methods.

Photosvnthetic measurements

The isolation o f spinach chloroplasts, the ir heat 
treatm ent or digestion by trypsin, and the incuba­
tion procedure for m easuring photosynthesis have 
been described recently [11]. Inhibitors were added 
to the incubation m edium  as m ethanolic solutions, 
the final methanol concentration being always 2 %.

Structure-activity relationships

The relationship between chem ical structure and 
biological activity was investigated using the 
Hansch approach [13]. At first, the hydrophobic and 
electronic param eters n and a were used. In order to 
com pare chemically different series it is necessary 
to use log P values (partition coefficient in an 
octanol/w ater system). Som etim es these values were

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



108 G. van den Berg and M. Brandse • Effects of Arylethanediamines on Photophosphorylation

listed in Tables o f Hansch and Leo [13] or given in 
the original literature. If not, log P values were 
calculated using fragment constants as described by 
Rekker [14].

3. Results and Discussion

Effects on electron transport and photophosphorylation

Figure 1 shows the effects o f different concentra­
tions o f PH 40-62 on photoreactions by chloroplasts. 
At rather low concentrations, 10 (im, the ATP fo rm a­
tion is already inhibited up to 50%, while no effects 
on the electron transport are observed. W hat 
happens at higher concentrations depends on the 
pH of the incubation m edium . At pH 7.5 a stim ula­
tion of phosphorylating and basal electron transport 
to 122 and 193% respectively at 0.3 m M  occurs. This 
is a typical picture of an uncoupler. By contrast, at 
pH 8.0 an inhibition o f the electron transport above
0.1 m M  is obvious, so that the stim ulation o f basal 
and phosphorylating electron transport is eliminated. 
The fact that uncouplers act as electron transport 
inhibitors at high pH values has already been 
known for a long tim e [2, 3] but in those cases the 
uncoupling was also pH -dependent, while un­
coupling by PH 40-62 is not. The p l 50 values 
(negative logarithm  of the concentration producing 
50% inhibition) can be determ ined from the dose / 
response curves. Table I shows these p l 50 values o f 
PH 40-62 for several electron transport pathways. 
The different types o f phosphorylation are inhibited  
for 50% at about 8 ^ m . The effects o f 0.5 m M  

PH 40-62 on different types o f photoreductions were

Table I. pl50 values of PH 40-62.

Electron transport pathway 
(ADPand P, present)

plso
Photophos­
phorylation

P̂ so
Electron
transport

H.O -+ FeCy 5.02 3.74
H ,0  -» MV 5.30 3.87
DAD/asc ^ M V (IO mmDCMU) 5.30 -

PMS (N->) 4.99 —

studied to establish the inhibition  site more 
precisely, see Table II. The inhibition  o f FeCy 
reduction cannot be reversed by PD and there is no 
effect on photosystem I alone (m easured as T M P D / 
asc —> MV). Besides norm al chloroplasts, trypsin- 
treated chloroplasts and heated chloroplasts lacking 
the water-splitting enzyme were used. In heat- 
treated chloroplasts the electron transport could be 
started by ascorbic acid. This electron transport was 
sensitive to DCM U but not to PH 40-62. The 
electron transport from T M PD /asc to MV and from 
asc to MV (heated chloroplasts) was not inhibited 
by PH 40-62 but showed stim ulation up to 190% 
indicating that uncoupling occurs under these 
conditions. The tim e course o f trypsin treatm ent 
and the dose/response curve with trypsin-treated 
chloroplasts are presented in F igure 2. W hereas the 
inhibition o f electron transport by D C M U  is 
reversed by trypsin treatm ent, the inhibition  by 
PH 40-62 is not. M oreover, 0.1 m M  o f PH 40-62 
inhibited the electron transport in trypsin-treated 
chloroplasts considerably, while the sam e concentra­
tion produced a small stim ulation o f electron 
transport in untreated chloroplasts. The stim ulation

-o
ITO
inx>

Fig. 1. Hill reaction and photo­
phosphorylation as a function of the 
concentration of PH 40-62: activities 
are measured in a HEPES buffer, 
pH 7.5 (A) or Tricine buffer, 
pH 8.0 (B). o basal electron trans­
port, •  phosphorylating electron 
transport, a  corresponding phos­
phorylation. □ uncoupled electron 
transport (2 m M  NH4C1) and ▲ cyclic 
phoshorylation (PMS under N :).



G. van den Berg and M. Brandse • Effects of Arylethanediamines on Photophosphorylation 109

Table II. Effects of PH 40-62 on different photoreductions in isolated spinach chloroplasts.

Pathway Basal electron transport, pH 8.0

Control rate 
[|im ol/m g/h]a

Activity in % of control

1 ( iM DCM U 0.5 m M  PH 40-62

Control chloroplasts
H.O FeCy 210 6 7
HtO —> FeCy (0.1 m M  PD) 363 0 5
H.O -> MV 59 0 30
TMPD/asc -» MV (10 ( iM DCMU) 180 - 190
Trypsin treated chloroplasts b
H20  -> FeCy 220 44 0

Heated chloroplasts
asc —► MV 60 0 157

a (imol FeCy reduced or nmol 0 2 consumed. 
b Pre-treated with trypsin for 2 min.

min. trypsin treatment CONCENTRATION (^j M)
Fig. 2. Effect of trypsin treatment on the inhibition of electron transport by PH 40-62. A. Time course experiment, 
O control, •  1 | iM DCMU, A 0.1 m M  PH 40-62. B. Dose/response curve, o  control chloroplasts, •  chloroplasts treated with 
trypsin for 2 min.

of the electron transport due to uncoupling by 
PH 40-62 has disappeared totally upon trypsin trea t­
ment (Figure 2 B). These experim ents indicate tha t 
PH 40-62 inhibits the electron transport before 
photosystem II near the w ater-splitting site, as has 
been described for other types o f am ine uncouplers 
[ 1 1 , 15] but uncouplers o f other types also inh ib it at 
the water-splitting site [16, 17],

Reversibility o f the inhibition
To investigate whether or not the effects o f 

PH 40-62 are reversible, chloroplasts were p re­

incubated in a buffer (50 m M  Tricine pH 8.0, 
1 m M  MgCl2) containing d ifferent am ounts o f this 
compound. After 10 m in incubation  in the dark  the 
inhibitor was rem oved by washing and centrifuga­
tion at 30 000 x g. Photosynthetic activities were 
m easured in the standard m edium . The results, 
shown in Table III, indicate irreversible inhibition  
o f the elecetron transport at 1 m M .  U ncoupling by 
PH 40-62 is partially reversible while effects of 
N H 4 C1 are fully reversible. The latter is in agree­
ment with other studies [2, 3]. Avron and Shavit 
studied the nature o f the effects by chlorprom azine
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Table III. Reversibility of the effects of PH 40-62.

Inhibitor Concentration
[mM]

FeCy reduction 
[nmol/mg/h]

ATP/2 e 
ratio

Control 286(210) 0.99 (0.82)
NH4C1 1 369 (233) 0.39 (0.79)

10 274 (258) 0.11 (0.87)
100 74 (256) 0.00 (0.65)

PH 40-62 0.01 226 (225) 0.45 (0.75)
0.1 215 (214) 0.00 (0.57)
1 20(15) 0.00 (0.29)

Activities after removal of the uncoupler by washing in 
brackets. Means of two experiments.

and atebrin [6 ], and also found partially  reversible 
uncoupling by these chemicals. O ther uncouplers 
such as m ethylam ine [2, 3] and carbonylcyanide 
phenylhydrazones [18] uncouple in a reversible way.

Structure-activitv relationships

In 1960 G ood showed that sim ple alkylam ines 
were uncouplers while m ore polar com pounds like
1,2-diaminoethane were not [2]. Later on, Crofts 
showed that the tetra-N -alkylated derivative did 
show uncoupling properties [19]. O ther chem icals 
having dialkylaminoalkyl side chains such as chlor- 
promazine. atebrin and PH 40-62 proved uncouplers 
as well [5-9]. In order to ascertain which portion  o f 
the molecule is essential to the uncoupling activity 
we studied the effects o f a series o f derivatives o f 
PH 40-62 in which the substituents in the phenyl 
ring are changed. Table IV shows the activities o f 
these chemicals on FeCy reduction and phos­
phorylation.

Only the most lipophilic com pounds including 
PH 40-62 inhibit FeCy reduction below 0.3 m M .  

The effects on cyclic and noncyclic phosphorylation  
are almost identical. The p l 50 values increase with 
increasing length of the alkyl chain indicating  the 
possible role of hydrophobic binding. The un­
coupling activities were analysed using m ultip le 
regression and a good correlation with n and a was 
found, whereas n showed a quadra tic  relationship. 
For the noncyclic and cyclic phosphorylation  
Eqs. (1) and (2) were found respectively.

p l50 =  3.825 +  0.592 n -  0.066 n2 +  0.353 er (1)

(7.190) ( -  3.163) (3.927)
„ = 1 9 .  ,-=  0.942, 5 =  0.145, F =  45.09

p l50 =  3.832 + 0.587 n -  0.070 n2 +  0.523 a (2)

(6.968) ( -  3.268) (5.687) 
„ = 1 9 ,  r=  0.936, 5 =  0.148, F =  40.21.

In the above presentation n is the num ber of com ­
pounds, r is the correlation coefficient, s is the stan ­
dard error o f the estim ate and F represents the 
overall statistical significance of the equation.

Lipophilicity appears to play a m ajor role and 
optim um  activity is reached when n is 4.5 and 4.2 
respectively, which corresponds to an octyl substi­
tuent. However, because com pounds having m ore 
lipophilic substituents are lacking in this series 
there is no proof of a real optim um . The a term s 
suggest that electron-withdrawing groups will 
increase the uncoupling activity. The quality  o f 
Eqs. (1) and (2) is quite good: the differences 
between the observed and the calculated values in 
Table IV are rather small, no m atter w hether the 
substituents are introduced into ortho, meta or para 
position.

Changes at the other end o f the molecule have 
only a slight effect on the uncoupling activity; see 
Table V. A sim ilar conclusion was drawn by W right 
et al. for their series of uncouplers [9], Only m ethyl 
substitution at the aniline nitrogen caused an 
increase in uncoupling activity (see com pound 2 2  in 
Table V).

Comparison between the PH 40-62 series 
and other series o f uncouplers

The chemically simplest uncouplers are «-alkyl­
amines and McCarty and Coleman found the ir 
activity to be linear correlated with log P [4], O ur 
QSAR analysis led to Eq. (3).

pi so =  2.288 +  0.472 log P (3)

(11.578)

,; =  8 , /•= 0.978, 5 =  0.139, F=  134.05 .

In studying alkylamines with longer alkyl chains, 
Trebst et al. found that optim um  uncoupling 
activity is reached with dodecylam ine. which has a 
log P value of about 5.1 [20].

We calculated the log P value of com pound 1, 
according to the m ethod of Rekker [14] and found a 
value of 2.31. A regression analysis using the 
uncoupling of cyclic phosphorylation and calculated 
log P values o f the com pounds listed in Tables IV
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Table IV. Effects of N.N-diethyl-N '-arylethanediamines on photophosphorylation and electron transport in spinach 
chloroplasts.

Nr. Structure pI50[M ‘]

/ P A  / C2H5
Electron Noncyclic Cyclic
transport phoshorylation phosphorylation

( (  ) V- NH- CH0~ CH~-  Nr ^ O /  2 2 , C 2H s obsvd. calcd.a obsvd. calcd.b

1 R = H < 3 .5 3.80 3.82 3.90 3.83
2 4-CH3 < 3.5 4.00 4.05 3.96 4.03
3 2-/-C3H7 < 3.5 4.40 4.53 4.48 4.50
4 4-«-C4H9 < 3.5 4.98 4.71 4.82 4.66
5 4-f-C4H9 < 3 .5 4.74 4.70 4.75 4.64
6 4-K-QH.3 4.09 4.98 4.97 5.02 4.90
7 (PH 40-62) 4-c-Q H ,, 3.74 5.02 4.88 4.99 4.80
8 4-a?-C8H )7 4.27 4.98 5.08 4.80 4.98
9 2,4-(CH3)2 < 3 .5 4.27 4.25 4.01 4.19

10 4-OCH3 < 3.5 3.72 3.78 3.71 3.74
11 3-CF3 < 3.5 4.34 4.57 4.57 4.64
12 4-C F3 < 3.5 4.45 4.61 4.63 4.70
13 2-C1 < 3.5 4.23 4.31 4.20 4.35
14 3-C1 < 3.5 4.31 4.36 4.29 4.42
15 4-C1 < 3.5 4.41 4.31 4.44 4.35
16 2,4-Cl-) <  3.5 4.80 4.72 4.86 4.79
17 3,4-Clj <  3.5 4.70 4.77 4.70 4.86
18 4 -N 0 2 < 3.5 4.14 3.95 4.31 4.09
19 4-S02CF3 < 3 .5 4.55 4.46 4.64 4.62

Calculated using Eq. (1). 
Calculated using Eq. (2).

Table V. Effects of some PH 40-62 analogs on photophosphorylation in spinach chloroplasts.

Nr. Structure
Cl\ ___  R

C l-<Q yN -(C H2)n-X

p l50 [M-

Noncyclic
phosphorylation

Cyclic
phosphorylation

17 R = H n = 2 X = N (C2H5)2 4.70 4.70
20 H 2 NH(?-C4H9) 4.75 4.69
21 H 3 N (C2H5)2 4.78 4.74
22 CH3 2 N (C2H5)2 4.87 4.94

23 \  / C2 H5 4.77 4.76

c,- < 2
) > - s - c h 2- c h 2- n

^ C2H5

and V yielded:

p l50 =  2.363 + 0.891 log P -  0.077 log P 2 (4)

(3.472) ( -  2.486)

„ =  23 , r  =  0.814 , 5 =  0.225, F =  21.12.

The quality o f this equation is much less than  that 
of Eq. (2) because the influence o f electronic effects 
is ignored. The optim um  log P value is 5.8. We 
applied the same procedure to the chem icals o f our

previous paper [11] and found the log P value of 
2-phenylam ino-l,4 ,5 ,6-tetrahydropyrim idine to be
1.0. For a series o f 12 derivatives Eq. (5) was found:

p l50= 2.183 +  1.259 log P — 0.135 log P2 (5)

(9.473) ( -  8.038) 

n = 12, /• =  0.965, 5  =  0.126, F =  66.54.

The optim um  log P value is 4.7. It is notew orthy 
that in the three series discussed so far the m axi­
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mum p I5o value for uncoupling is always abou t 5.0, 
while the optimum log P value is also about 5.0. The 
uncoupling data of the three series are plotted 
against log P in Fig. 3 and for the whole group o f 
uncouplers an equation of surprisingly good quality  
was obtained:

p l50 =  2.106 +  1.004 log P -  0.087 log P2 (6 ) 

(8.533) ( -  5.093)

„ =  4 3 , ,-= 0 .9 0 1 , 5  =  0 .332, F =  89.02.

This equation is illustrated in Fig. 3. The aliphatic  
amines (open circles) are less active than predicted . 
This discrepancy can be caused by differences in 
experimental procedures. A nother explanation  is 
that arom atic com pounds are m ore active un­
couplers than aliphatic com pounds having the sam e 
lipophilicity. because o f electronic effects. Because 
the chemical structures o f the com pounds m en­
tioned in Fig. 3 are rather different it is not possible 
to use a a param eter for these 43 com pounds in a 
simple way. We therefore decided to add a dum m y 
param eter which has the value o f one for aliphatic  
amines and is equal to zero for the arom atic  com ­
pounds. Now Eq. (7) was obtained.

p I 5o = 2.887 +  0.694 log P -  0.057 log P2 -  0.730 D 

(6.799) ( -  4.179) ( -  5.830)
(7)

,7 =  43 , /• =  0.947, 5 =  0.249, F =  119.63.

Two complicated am ines reported in the literature 
to be uncouplers viz. chlorprom azine [5, 6 ] and 
atebrin [6 . 7] can be added to the series w ithout

Log P

changing the correlation significantly (these com ­
pounds are indicated in Fig. 3 by asterisks).

The phenom ena discussed so far are apparently  
typical o f uncouplers o f the am ine type. In contrast, 
a second type of inhibitors o f ATP form ation has 
been described having an arom atic —N H -  group 
which has acidic rather than basic properties.

Examples are benzim idazoles [20. 21], th iadia- 
zolylanilides [22, 23], diphenylam ines [17, 24] and 
phenylhydrazones [6 ]. In these instances, the in tro ­
duction of a methyl group at the acidic - N H  — 
totally elim inated the encoupling activity [21, 23], 
whereas the nitrogen atoms of the basic uncouplers 
may be completely substituted (see for exam ple, 
com pound 22). M oreover, in the PH 40-62 series the 
most basic nitrogen atom  is not the anilide nitrogen 
but the diethylam inoethylene-group having a pK a 
of about 9.4 which is com parable to that o f N H 4 . 
The second type o f uncouplers mostly inhibit the 
electron transport in such a way that only the effects 
on cyclic phosphorylation can be m easured. In 
consequence, the question whether these com pounds 
are inhibitory uncouplers o f inhibitors of energy 
transduction is not well docum ented. Structure 
activity relationship studies with these com pounds 
showed electronic effects to be most im portant, 
since the uncoupling activity increases with the 
num ber of electronegative substituents [23, 24]. The 
most active com pounds in the series o f Schäfer et al. 
[23] and O ettm eier [24] have p l 50 values o f 7.30 and 
6.74 and corresponding log P values o f 3.0 and 3.7. 
Moreover, Renger described an an ilinothiophene 
having a p l50 o f even 7.7 and a calculated log P o f

Fig. 3. Relationship between uncoupling of 
cyclic photophosphorylation (pl50) and parti­
tion coefficient in octanol/water (log P). 
O aliphatic amines (from ref. 4). a  2-aryl- 
amino-1,4.5.6-tetrahydropyrimidines (from 
ref. 11). •  alkylated N-aryl-l,2-ethanedia- 
mines (from Tables IV and V), a. chlor­
promazine. b. atebrin.
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4.7 [16,25]. These com pounds are polysubstituted by 
halogen and nitro groups producing an electron- 
deficient - N H -  group and they do not fit easily 
into the picture of Fig. 3. On the contrary, for the 
series of thiadiazolylanilides [23] we found a cor­
relation with pK a:

p l50 =  9.785 -  0.599 pK a (8 )

( -  6.185)

« = 1 4 ,  r =  0.872, 5  =  0 .528, F  = 38.25.

and O ettm eier described a relation with o for 
diphenylam ines [24]. In another th iadiazolylanilide 
series a relation with log P was found [22], but this 
relation is not very reliable due to the small num ber 
of com pounds and a relationship between un­
coupling and electronic effects cannot be excluded. 
However, for the series o f benzim idazoles an 
excellent correlation with log P was found by 
Büchel et al. [21]. These log P values are however, 
not related to Hansch’s n values (/• =  0.43) and the 
uncoupling activity showed very poor correlation 
with 7T, a and pK a values.

It is surprising to note that 15 benzim idazoles 
from the paper by Büchel et al. [21] can be added to 
the 45 com pounds presented in Fig. 3 by using the 
experim entally determ ined log P values w ithout 
producing any substantial deterioration in the 
correlation:

p l50=  1.949 + 0.991 log P -  0.076 log P2 (9) 

(8.192) ( -  4.457)

„ =  60 , /•= 0.882, 5 =  0.373, F=  101.57.

This equation should be com pared directly with 
Eq. (6 ).

Only the unsubstituted 2 -C F 3-benzim idazole has 
been om itted because the difference between the 
determ ined and predicted p l 50 value was m ore 
than 1 .0 .

Summarizing, we can conclude that there are two 
types of uncouplers:
1 . the type of basic am ino derivatives for which 

lipophilicity is the most im portan t property and 
electronic effects play only a secondary but 
obvious role (see Eqs. (1) and (2)).

2. the com pounds having an - N H — group between 
two arom atic systems in which electronic effects 
are much more im portant than lipophilicity  and 
o f which the - N H — hydrogen must not be 
alkylated. These com pounds are generally lipo­
philic weak acids, which property  fits well into 
the chem iosm otic theory for uncoupling. In a few 
instances, however, a correlation with experi­
mentally determ ined log P was found although 
these log P values were not related to H ansch’s 
n constants.

The real uncoupling m echanism  of both types is not 
clear but it is probably m ore com plicated than that 
of simple com pounds such as m ethylam ine and 
am m onium  chloride.
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