
Inhibition of Oxygen Evolution by Cacalol and Its Derivatives
B. Lotina-Hennsena, J. L. Roque-Reséndiza, M. Jiménezb, and M. Aguilar0

a Departamento de Bioquimica, Facultad de Quimica, Universidad Nacional Autönoma de 
Mexico, Ciudad Universitaria, 04510 Mexico, D .F. 

b Instituto de Quimica, Universidad Nacional Autönoma de Mexico, Ciudad Universitaria, 
04510 Mexico, D .F.

c Departamento de Fisicoquimica, Facultad de Quimica, Universidad Nacional Autönoma de 
Mexico, Ciudad Universitaria, 04510 Mexico, D. F.

Z. Naturforsch. 46c, 777-780  (1991); received December 11, 1990/March 27, 1991
Inhibition o f  Oxygen Evolution, Cacalol and Its Derivatives, Hill Reaction

The inhibition o f  ATP synthesis, proton uptake and electron transport (basal, phosphory- 
lating and uncoupled) from water to methylviologen indicates that cacalol and its derivatives 
act as electron transport inhibitors. Since on one hand photosystem I is not affected and elec­
tron transport from DPC to QA is midly affected and on the other hand the electron transport 
from water to DCIP, and water to silicomolibdate are inhibited, we conclude that the site o f  
inhibition o f  cacalol is located at the oxygen evolution level. Cacalol derivatives inhibit elec­
tron flow between P680 to QA and probably also the QB site.

Introduction

Cacalol (9-hydroxy-3,4,5-trimethyl-5,6,7,8-te- 
trahydronaphtho (2,3-b) furan was isolated from 
the roots of Psacalium decompositum Gray (Syn. 
Odontorichum decompositum Gray Rydb); Cacalia 
decompositae (Gray), a shrub native of northern 
Mexico, is a furotetralin derivative, a sesquiter­
pene [1, 2]. Cacalol is a major component of the 
compounds quantified.

The structure of cacalol was proposed on the 
basis of chemical and spectroscopic evidences [1 , 
3 -5 ] and was confirmed by X-ray studies [6] and 
synthesis [7-9], It is known that cacalol forms an 
homodimer with UV light radiation [9], Cacalol is 
unstable and oxidized by oxygen and light. During 
its synthesis cacalol is chemically transformed into 
methyl cacalol, cacalol acetate or 2 -acethylcacalol 
acetate (Fig. 1).

The infusion made from the roots of C. decom­
positae Gray is used against rheumatism, colds, 
back pains, jaundice, colic in babies, diabetes, ma­
laria, fever, to treat snake bites and as a diuretic, 
tonic or antiseptic wash for wounds ([2 ], references 
herein). The effects of the infusion are probably a 
consequence of cacalol, one of the major compo­
nents found in it.

The biological role of cacalol in plants is not 
known, but it probably behaves as an allelochemic
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Fig. 1. Structures o f cacalol and its derivatives.

agent, interferring with the metabolism of other 
organisms. The biochemical basis of this action is 
not well known. Present results, which show that 
cacalol inhibits oxygen evolution, suggest a way in 
which they might act as allelochemic agents by in­
terferring with the growth of photosynthetic or­
ganisms.

Materials and Methods

Cacalol was obtained as reported [9] and dis­
solved in acetonitrile. Chloroplast thylakoids were 
isolated from market spinach leaves (Spinacea 
oleracea L.) as described earlier [10-12] and sus-
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pended, unless indicated, in 100 m M  sorbitol, 5 m M  

MgCl2, 40 m M  KCl and buffered with 30 m M  N a+- 
tricine at pH 7.6; 0.05 m M  methylviologen was 
added as electron acceptor for Hill reaction from 
water to methylviologen. KCN (1 m M )  was added 
to inhibit catalase activity. Chlorophyll [13], non- 
cyclic electron transport from water to methylviol-

(CACALOL ACETATE )ji M

fieqe' x h'1 x mg Chi'1

(CACALOL ACETATE )n M

ogen [10- 12], proton pump [10] and ATP synthes­
is [1 0 , 1 1 ] were determined as described in the liter­
ature. All reaction mixtures were illuminated with 
actinic light of a projector lamp (Gaf 2660) and 
were passed through a filter of 5 cm of a 1 % 
C uS0 4 solution [10-12]. Photosystem I and pho­
tosystem II [11, 12, 14], electron transport from 
water to silicomolibdate [15] and diphenylcarba- 
zide (DCP) to DCIP or DCIP/ferricyanide [16] 
were measured as reported.

Results and Discussion

Photosynthetic phosphorylation (from water to 
methylviologen) in spinach thylakoid was inhibit­
ed by cacalol acetate (Fig. 2 A), the I50 (concentra­
tion producing 50% inhibition) was about 16 |!M . 

The light-dependent proton uptake was less inhib­
ited (Fig. 2 A). The light-dependent synthesis of 
ATP by illuminated thylakoids may be inhibited in 
a number of ways: a) by blocking the electron 
transport, b) by uncoupling ATP synthesis from 
the electron transport, and c) by blocking the 
phosphorylation reaction itself. Reagents that 
block electron transport also inhibit ATP synthes­
is due to the fact that the generation of the trans­
membranes electrochemical gradient, the driving

Fig. 2. A) Photophosphorylation and proton uptake 
from water to methylviologen as a function o f  cacalol 
acetate concentrations. Proton uptake was measured at 
a pH rise between pH 8.0 and 8.1 as described by Dilley
[22] using a combination microelectrode connected to a 
Corning potentiometer with expanded scale. The pH 
changes were recorded (Gilson recorded). After the illu­
mination period, H*-produced were quantified by titra­
tion with a standard solution 0.01 n  HC1. Photophos­
phorylation was measured as in proton uptake condi­
tion, in the presence o f 1 mM ADP and 3 mM K +- 
phosphate. Each cuvete contained 20 jig chlorophyll per 
mL in 100 mM KC1, 5 mM MgCl2 and 1 mM Na-tricine 
pH 8, 0.05 mM methylviologen was added as electron ac­
ceptor; reaction time: one minute, aerobic conditions; 
saturating white light. B) Noncyclic electron transport 
from water to methylviologen (basal electron transport) 
as a function of cacalol acetate concentrations, was de­
termined with an oxygraph YSI Model 5300. Each cu­
vete contained 20 jig chlorophyll per mL in the reaction 
medium as in A), except that Na-tricine concentration 
was changed to 15 mM; reaction time 1 min. aerobic con­
ditions, saturating white light. Other conditions as de­
scribed at Materials and Methods. Phosphorylating elec­
tron transport was measured as basal electron transport 
and 1 mM ADP and 3 mM K2H P 0 4 were added. U ncou­
pled electron transport was measured as basal electron 
transport and 3 mM N H 4C1 was added.
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force for ATP synthesis, is dependent upon elec­
tron flow. Chemicals that increase the proton 
permeability of thylakoid membranes uncouple 
phosphorylation from electron flow. Uncoupling 
agents inhibit ATP synthesis by decreasing the 
proton gradient but allow electron transport to oc­
cur at high rates. In contrast, direct inhibitors of 
photophosphorylation block phosphorylation and 
the portion of electron transport that is a conse­
quence of proton efflux linked to phosphorylation 
[10]. The inhibition of photophosphorylation 
produced by cacalol acetate can be explained by its 
effect on either the electron transport or the energy 
transfer reactions.

In order to obtain further information we stud­
ied the effect of cacalol acetate on the photosyn­
thetic electron transport (basal, phosphorylating 
and uncoupled). Fig. 2B shows that basal, phos­
phorylating and uncoupled electron transports 
from water to methylviologen were inhibited by 
the addition of cacalol acetate at concentrations 
similar to those affecting ATP synthesis, and pro­
ton uptake (compare Fig. 2 A with 2B). These re­
sults show that cacalol acetate behaves as a typical

electron transport inhibitor, since it inhibited un­
coupled electron transport and photophosphory­
lation as well as the proton pump.

Table I and Table II show that cacalol, methyl 
cacalol and 2  acethyl cacalol acetate inhibited un­
coupled electron transport from water to methyl­
viologen, ATP synthesis and proton uptake in a 
very similar way to the way cacalol acetate does; 
therefore these compounds also act as electron 
transport inhibitors.

In order to localize the inhibition site of cacalol 
and its derivatives, photosystem I and II were 
measured in the presence of those chemicals. The 
activity of photosystem I was not affected by these 
compounds (data not shown). However, 60 | i m  ca­
calol completely inhibited electron transport from 
water to DCIP (Table I); methyl cacalol, cacalol 
acetate an 2 -acethyl cacalol acetate only inhibited 
arround 50% of the activity of photosystem II 
even at 100 |im of these compounds. Electron 
transport from water to silicomolibdate was inhib­
ited in the same extent by cacalol derivatives (Ta­
ble I). Once again cacalol was the only compound 
which inhibited completely this activity (Table I).

Table I. Uncoupled Hill reaction from water to methylviologen was measured as de­
scribed in Fig. 2  B. Uncoupled photosystem II from water to DCIP, reaction mixture as 
described in uncoupled Hill reaction, concentrations o f  DCIP 1 0 0  |im , DBM IB 1 (im , 
[Fe(CN)6]K3 2 0 0  m M , N H 4C1 3 m M . Control value for uncoupled photosystem II elec­
tron transport rate expressed in ^eqe x'ch-1 x mg Chi-1 was 1 2 0 0 . Uncoupled electron 
transport from water to silicomolibdate, reaction mixture as on photosystem II meas­
urement except that DCIP was changed with 1 0 0  (im silicomolibdate and 1 0 |iM  
DCM U. Control value for electron transport rate from H20  to SiM o expressed in 
|ie q e ~ h “' * mg Chi“1 was 1 4 0 . DCP to DCIP was measured spectrophotometrically as 
reported [4 ] in the resuspension medium, control value for electron transport rate from 
DCP to DCIP expressed in |ie q e ~ h _l x mg C h F 1 was 1 2 0 .

Compounds Addition H ,O M V
[%]

H.O DCIP  
[%]

H ,0  SiMo 
[%]

DPC DCIP 
[%]

Control none 0.0 0.0 0.0 0.0
Cacalol 10 44 50 N D 0.0

20 46 63 25 0.0
60 100 100 100 0.0

2-Acethyl 10 22 44 N D N D
cacalol 20 35 44 N D N D
acetate 100 77 44 50 65
Methyl 10 32 50 N D N D
cacalol 20 46 53 N D N D

100 81.5 53 38 68
Cacalol 10 22 75 N D N D
acetate 20 54 75 N D N D

100 100 75 25 15

N D +, not determined.
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Table II. ATP synthesis and proton uptake from water 
to methylviologen were measured as described in 
Fig. 2 A, control value for ATP synthesis was 
350 |amol x h”1 mg chi-1 and for proton uptake was 
14.4 (ieq x H + h“' x mg Chi-1.

Compounds Addition
[HM]

Inhibition 
ATP synthesis Proton uptake 
[%] [%]

Control none 0.0 0.0
Cacalol 10 40 32

20 40 50
60 31 50

2-Acethyl 10 45 42
cacalol 20 46 43
acetate 100 54 49
Methyl 10 17 12
cacalol 20 22.5 17

100 44 36
Cacalol 10 45 13
acetate 20 53 22

100 76 48

To determine the site of electron transport inhibi­
tion between water and QA of these chemicals, 
electron flows were measured from DPC to DCIP. 
The results show that this span of electron trans­
port was not affected by cacalol (Table I), these re­
sults indicate that cacalol inhibits electron trans­
port at the level of water splitting enzyme, however 
2 -acethyl cacalol acetate and methylcacalol inhibit
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