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The action of the 4-hydroxycounlarins dicumarol and warfilrin, anlagtmisl~ of pl'obable vitamin K type conlponenls of the plasma 
menlbralle eleclron-lransporl system, on plasma mumbraflc rcdox ;iclivily of iniacl maize root:, was compared. Both cff¢ctors 
inl|ibilcd electron Iransfer Io exlracellular hexacyanofcrralc Ill. While the effect of the strongly lipophilic dicumarol tm the 
electron-transport system was irreversible by rinsing, the inhibition caused by the hydrophilic warfilrin could be reverted 
conlplelely by exchange of the incubation medium. We lake these results as possible evidence I'or the integration of dicumarol 
into file plasma membrane. The aclion of Wal'fal'ill may Jle confined to enzymic sites freely accessible from the aqueous 
apophlsmic soluliol). 

Plant plasma membranes (PM) contain an oxido- 
reductasc activity able to transfer electrons to extracei- 
lular applied electron accepters. There arc still major 
uncertainties about the physiological role of this system 
[1,2]. Involvement in growth regulation (elongation 
growth [3], cell division [4]), apoplastic radical produc- 
tion [5] and membrane energization [6] has been pro- 
posed. 

After addition of hexacyanofcrrate II! (HCF !!!) as 
an electron accepter to the incubation medium of plant 
tissue, reduction to HCF ll, concomitant with mem- 
brane depolarization and extracellular acidification, has 
been found. The; mechanism of acidification is still a 
matter of controversy [1]. Reduction and depolariza- 
tion have been explained by a trans-PM electron trans- 
fer [7-i0]. Cytoplasmic oxygen [8], semidehydroascor- 
bate i l l]  and nitrate [12,13] are the main candidates 
for the electron accepter under natural conditions. 

According to Refs. 14 and 15, dicumarol, a vitamin 
K antagonist, inhibits the electron flow of the PM 
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redox-system in vivo. The highly hydrophobic molecule 
was supposed to enter the iipophilic part of the mem- 
brane where it interacts with the electron-transport 
chain, blocking the electron transfer to HCF I!!. 

To elucidate this proposed mode of dicumarol ac- 
tion on electron flow we compared its effect with that 
of warfilrin, a hydrophilic vitamin K antagonist. Be- 
cause of its hydrophilicity warfarin should not be able 
to integrate into the iipophilic part of the membrane. 

Dicumarol and warfarin (sodium salt) were obtained 
from Sigma (Deisenhofen, Germany). All other chemi- 
cals were purchased from Merck (Darmstadt, Ger- 
many). Dicumarol was added to experimental solutions 
dissolved in DMSO, wariarin and HCF !!I were dis- 
solved in buffer (see below). 

Seedlings of Zea mays L. cv. Sil Anjou 18 
(Saatenunion, Hannover, Germany) were grown as de- 
scribed elsewhere [10]. 18 2-day-old seedlings were 
transferred into plastic vessels containing 15 mi incuba- 
tion medium (3 mM KCI, 0.5 mM CaC! 2, 0.125 mM 
MgSO 4, 50 mM Hopes, adjusted to pH 7.0 with HCI 
and KOH in distilled water). The medium used within 
the pH-oxidostat (see below) was prepared without 
Hepes. 

Redox activity was determined in a pH-oxidostat as 
described in Ref. 16 and also using the method de- 
scribed in Ref. 14. An pH-oxidostat holds pH and HCF 
Ill concentration constant by titration, while the rates 
of net proton extrusion and HCF Ill reduction are 
recorded by a computer. For the latter setup the 
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medium was renewed after a preincubation of 12 h. 
Measurement of redox activity started 1 h after ex- 
change of the medium. 

In order to investigate the persistance of the in- 
hibitory effects caused by warfarin or dicumarol, roots 
and vessels were rinsed with incubation medium (10- 
fold volume of the vessel). This rinsing procedure took 
about 60 s, another 15 s were needed for addition of 
HCF Ill containing medium and stabilizing the spec- 
trophotometric readirtg. Therefore, a gap of 75 s in 
monitoring PM redox activity exists. After this proce- 
dure, we were not able to detect any warfarin in the 
incubation medium measured as absorbance at 310 nm. 

Both dicumarol and warfarin inhibited PM redox 
activity. Maximum inhibition of PM redox activity with 
dicumarol was reached at 50 to 100 g M. For dicumarol, 
such an observation has already been reported [14,15], 
so we did not investigate the effect of various dicumarol 
concentrations in detail, but confined the experiments 
to the concentrations shown in Fig. l. After washing 
the roots dicumarol induced inhibition was persistent 
(see Fig. 3, left). DMSO, used to dissolve dicumarol 
prior to addition to ~he incubation medium, did not 
alter PM redox activity in the concentration range 
used. Net proton secretion measured in a pH-oxidostat 
in the presence of HCF Ill was completely inhibited by 
50 pM dicumarol (data not shown), inhibition of pro- 
ton secretion could not be reverted by exchange of the 
incubation medium. 

As did dicumarol, warfarin inhibited PM redox ac- 
tivity immediately. The effect was concentration de- 
pendent. Maximum inhibition was reached at 200 p.M 
(Fig. 2). The effect was completely reversible by wash. 
ing with incubation medium (Fig. 3, right). Net proton 
secretion measured in the pH-oxidostat in the presence 
of HCF !il was completely inhibited by warfarin above 
100 I~M, but could be reverted by exchange of the 
incubation medium (data not shown). 

Neither with warfarin nor with dicumarol in all 
concentrations used we were able to totally inhibit PM 
redox activity. The inhibition caused by dicumarol and 
warfarin took effect immediately after addition, as can 
be seen in the experiments in the spectrophotometer, 
With the pH-oxidostat, which has an instrumental time 
resolution of about 5 rain, we found the inhibition of 
PM redox activity to be constant for at least 3 h at a 
given concentration of inhibitor. After removal of war- 
farin, the PM redox activity recovered to the original 
rate, An attempt to remove dicumarol from a supposed 
binding site by consecutive rinsing with incubation 
medium, incubat ion medium with 500 p M warfarin 
and again with incubation medium was without suc- 
cess. The inhibition of PM redox activity caused by 
dicumarol was not changed by this procedure (data not 
shown). 

A major difference between warfarin and dicumarol 
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Fig. I. C'oncentration-depcndcnce of the inhibition of the PM redox 
activity hy dicumarol in Zea mays L, cv, Sil Anjou 18 roots. Because 
of its poor solubility in aqueous sohltions, we did not investigate tile 
effect of dicumarol in concentrations alcove I()0 ttM. Each bar 
represents the mean of at least fimr experimenls, The experimental 
procedure employed has been described by Diiring etal.  [14]. Abso. 

lute redox activity of the control is 0.546 nmol/(s x BFW). 

with respect to our experiments consists in their solu- 
bility in water (or in organic solvents, respectively). 
Sincc it is not known if warfarin is able to migrate to 
the site of action of dicumarol, which is supposed to be 
in lipophilic membrane regions [14,15], it is possible 
that different parts of the electron-transport chain are 
affected by these vitamin K antagonists. 
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Fig. 2. Concentration-dependence of the inhibition of lhe PM redox 
activity by warfarin. Each bar represents the mean of at least four 
experiments. The e:~perimental conditions are described in the leg- 

end to Fig. I. 
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Fig. 3. Alter rinsing with incubation medium the inlfibition of the 
redox activity of maize roots caused by warfarin (200 #M) dissap- 
peared (right part of the figure), while the effect of dicumarol (100 

~M) wits persistent (left part). 

Warfarin and dicumarol may act on the same site 
within the electron transport chain. Figs. 1 and 2 show 
that about twice the concentration of warfarin is needed 
to achieve the same relative inhibition as with 
dicumarol. One possible explanation would be that this 
is due to the low lipophilicity of warfarin compared to 
dicumarol, therefore, a higher concentration is needed 
to give the same concentration of inhibitor at the site 
of action, which in this case would be lipophilic. An- 
other explanation of this observation would be the 
different affinity of warfarin and dicumarol to a com- 
ponent of the electron-transport chain. 

it was not able to substitute dicumarol at a hypo- 
thetical binding site with warfarin by rinsing. If 
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dicumarol and warfarin act on the same site in the 
electron-transport chain, the affinity of dicumarol to 
this site, therefore, has to be much higher than the 
affinity of warfarin. 

Both, the inhibition of PM redox activity by 

dicumarol and by warfarin, may eithei be explained by 

a HCF Ill reduction-site which binds these vitamin K 3 
inhibitors, dicumarol with high affinity and warfarin 
with comparatively low affinity. Different sites of ac- 
tion of both inhibitors can also be taken into account. 
Dicumarol, as well as warfarin, may act on some part 
of the electron transporting system energetically up- 
stream from the HCF Ill reduction site, blocking elec- 
tron flow within the transport chain. 

There may be different modes of action fox" both, 
dicumarol and warfarin: (1) An effect of warfarin on 
cytoplasmic processes fueling the PM redox system 
with NAD(P)H [17] would explain the effects of war- 
farin, but not of dicumarol, as disctisscd elsewhere [15]. 
(2) The existence of a warfarin-, but not dicumarol- 
metabolizing activity, such as 7-hydroxylases [18,19], 
may also be an explanation of the reversibility of the 
warfarin action. However, to our knowledge, there 
have not been any publications reporting 7-hydroxylase 
activities in plants. 

The complete inhibition of proton extrusion, but not 
of HCF !|!  reduction indicates that the effects of both 
inhibitors are not restricted to the electron-transport 
system. The net PM proton pumping activity is also 
affected by an unknown mode of action. The inhibitors 
may act on the H +-ATPase itself, via its ATP supply or 
via a change of membrane properties. 
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Fig. 4. Inhibition of HCF II! reduction rate calculated from typical experiments. The dotted trace represents the inhibition caused by 200 #M 
warfarin (added at arrow A) and the recovery of HCF ill  reduction after rinsing (arrow B). The dashed line demonstrates the inhibition caused 

by 100 ~,M dicumarol. Dicumarol was added at arrow A, rinsing took place at arrow B. For details of the experimental procedure, see text, 
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There is evidence for the presence of quinones, such 
as K-type vitamins in the plasma membrane of plants 
(see Ref. 20 and B6ttger, M., unpublished data). A 
quinone as component of the PM electron-transport 
chain, accepting electrons from an unknown hypotheti- 
cal donor within the chain and transferring them to yet 
another acceptor (the energetically following link in 
the electron-transport chain) would compete with 
quinones (naphthoquinones) which have been inte- 
grated into the transport chain. While quinones, such 
as K-type vitamins are able to accept one electron 
together with a proton to form a semiquinone radical 
and a second electron and proton to form the quinol, 
dicumarol and warfarin may be structurally similar to a 
natural component of the chain, but are unable to 
accept electrons and protons and, therefore, would 
inhibit electron and proton flow. The interference of 
both warfarin and dicumarol with PM redox activity 
may, in this sense, be taken as evidence for the involve- 
ment of quinolic compounds in PM electron-transport. 
if this evidence is confirmed by further investigations, 
then a direct involvement of PM redox activity in 
H+-transport must be taken into account, since 
quinones always binds (release) protons with reduction 
(oxidation). 

We thank F. Hilgendorf and H. Liithen for stimulat- 
ing discussions. Supported by Deutsche Forschungsge. 
sellschaft (Bo 537/7-4).  
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