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Interferences expressed  by herbicides classified  as inhibitory uncouplers w ere m easured on the 
induction and m aintenance o f A pH  and AW . the chem ical and electrical com p on en ts, resp ective­
ly, o f  the proton m otive force (pm f) generated  by light-induced cyclic electron  transport in 
spinach thylakoids. M aintenance o f  the pm f is required for the synthesis o f A T P . The inhibitory  
uncouplers are known to inhibit ph otop h osph orylation , but the m echanism s in volved  rem ain to 
be identified . The d inoseb  types (d in itrophenols, b en zim id azo les, benzon itr iles. brom ophenoxim , 
p erflu idone, th iadiazoles) o f  inhibitory uncouplers, m ost o f  which contain d issociable protons, 
w ere found to discharge A pH  at low  concentrations and to collapse AW at high concentrations. 
C ollapse o f A pH  can be attributed to the protonophoric (proton  shuttling) action o f the herbici­
des. H ow ever, collapse o f  AW can be caused by a lterations induced to the integrity and loss o f  
sem iperm eability  o f  the thylakoid m em brane. A s a result the m em brane b ecom es perm eable to 
protons and other cations, and the electrical charges across the m em brane are neutralized. The 
non-ion ic dicrvl types o f  inhibitory uncouplers (acy lan ilid es, d in itroan ilines, d iphenylethers. bis- 
carbam ates) collapsed  AW at concentrations that w ere som ew hat low er than those required for 
the collapse o f A pH . T h ese herbicides appear on ly  to alter the integrity and perm eability  o f  the  
thylakoid  m em brane. Inhibition o f  photop h osph orylation  by the inhibitory uncouplers correlated  
with their ability to d issipate the pmf.

Introduction

H erbicides that interfere with the light-induced  
electron transport o f isolated thylakoids by interact­
ing with com ponents o f the 0 B-protein com plex have 
been divided into two major groups; i.e ., electron  
transport inhibitors and inhibitory uncouplers [1]. In 
this grouping, the D C M U  or diuron-type com pounds

Abbreviations: 1. H erbicides: brom ofenoxim , 3 ,5-d ibrom o-  
4-hydroxybenzaldehyde-2 ,4-d in itrophenyloxim e; chlor- 
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are classified as electron transport inhibitors and are 
considered  to bind to a 32-kD a protein [2]. Binding is 
com p etitive, can be saturated, and is reversible. The 
association has been designated as high-affinity 
(specific) binding [3], The D C M U -type inhibitors are 
postulated  to displace the plastoquinone prosthetic 
redox group o f the binding protein [4], Herbicides 
that are considered to act like D C M U  include the 
chlorinated phenylureas, pyridazinones, s-triazines, 
triazinones, uracils, and ureacarbam ates [1]. The 
above herbicides, by inhibiting electron transport, 
prevent the form ation o f a proton gradient, or pmf, 
across the thylakoid m em brane required for photo­
phosphorylation.

The inhibitory uncouplers (som etim es referred to 
as m ultifunctional inhibitors) inhibit electron trans­
port and also independently act as uncouplers of 
phosphorylation. E lectron transport inhibition re­
sults from binding o f som e o f the inhibitory un­
couplers to the 32-kD a protein , whereas others 
(phenolic types) bind to a 41-kD a protein [5], B ind­
ing o f the phenolics is non-com petitive, does not be­
com e saturated, and is irreversible. The association  
has been designated as m edium  or low-affinity (non­
specific) binding [6]. The inhibitory uncouplers have 
been divided into tw o groups: dinoseb (phenolic) 
types and dicryl (acylanilide) types [7, 8]. Classified  
as being d inoseb types are phenolics (benzonitriles
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and dinitrophenols), brom ofenoxim , and benzim id- 
azoles. The com pounds possess dissociable protons 
and are lipophilic w eak acids. Included as dicryl 
types are various non-ionic acylanilides (propanil, 
chlorpropham ) [1]. O ther com pounds that can be 
classified as inhibitory uncouplers, based on litera­
ture data, include arylam inotetrahydropyrim idines
[9], N -phenyldialkylethaneam ines [10], diphenyl- 
am ines [11], and thiadiazolylanilides [12]. The inhibi­
tory uncouplers in addition to interfering with e lec ­
tron transport also inhibit photophosphorylation by 
acting as uncouplers in increasing the perm eability o f  
the thylakoid m em brane to protons. E vidence has 
been provided that the dinoseb types o f herbicides 
increase proton perm eability in tw o ways [8]. A t low  
concentrations they function as protonophores and 
at higher concentrations, they alter the integrity of 
sem iperm eable m em branes so that they becom e per­
m eable to protons and other cations. The dicryl types 
only alter the integrity o f sem iperm eable m em branes.

Suggestions that the inhibitory uncouplers did 
m ore than interfere with electron transport by acting 
at the Q B-protein com plex are provided by a num ber  
o f observations including the follow ing: (a) inhibi­
tion o f phosphorylation at concentrations low er than 
for inhibition o f coupled electron transport [8—15]; 
(b) inhibition o f cyclic phosphorylation [8—10, 12, 
15 — 17]; (c) stim ulation o f the reduced D PIP —> 
M V  —» 0 2 reaction conducted under basal conditions 
[8, 18, 19]; (d) inhibition o f the uptake o f lipophilic  
fluorescent am ines [8, 14, 19, 20]; (e) inhibition of 
valinom ycin-induced sw elling o f thylakoids and in­
tact chloroplasts [8, 18, 19]; (f) induction o f sw elling  
o f thylakoids and intact chloroplasts in the absence  
o f an ionophore [8, 19]; (g) alteration to the perm e­
ability o f chloroplast m em branes to endogenous  
potassium  [19]; (h) alteration to the perm eability to 
protons o f artificial, purely lipoidal, liposom e m em ­
branes [18, 19]; (i) interaction with CFj o f  the A T P  
coupling factor com plex (nitrofen [21, 22], phenols
[6]). D C M U -type inhibitors only have lim ited or 
marginal effects on the reactions listed above. Som e  
o f the above reactions (b , c, and d) are associated  
with photosystem  I, and, hence, involve energization  
o f the m em brane. O ther reactions (e , f, g, h, and i) 
do not require light and energization o f the m em ­
brane is not involved.

The objectives o f the study reported herein were 
to exam ine the effects o f selected  herbicides that 
have been classified as inhibitory uncouplers on the

tw o com ponents that com prise the transm em brane 
potentia l, i.e ., A pH , the chem ical com ponent, and 
AW, the electrical com ponent. Effects im posed on  
the transm em brane potential cannot be m easured  
under noncyclic conditions because inhibitory uncou­
plers, with the exception o f perfluidone, prevent de­
velopm ent o f the pm f by inhibiting electron transport 
through photosystem  II by interacting with the Q B- 
protein com plex, i.e ., the com pounds inhibit w hole  
chain electron transport. H ow ever, effects on the 
pm f can be m easured under conditions that prom ote  
cyclic electron flow associated with photosystem  I. 
N o evidence has been provided for interference by 
inhibitory uncoupler herbicides with cyclic electron  
flow . C onsequently, effects on photophosphoryla­
tion can conceivably be studied w ithout the con ­
founding o f effects im posed by the com pounds on  
electron transport.

M aterials and M ethods

T hylakoids w ere isolated from freshly harvested  
grow th cham ber-grown spinach (Spinacia oleracea  
L .) by the m ethod o f A rm ond et al. [23]. Chlorophyll 
concentrations w ere estim ated by the m ethod o f Ar- 
non [24], Photochem ical reactions were conducted at 
25 °C with a photon fluence rate o f 750 nm ol/m 2-s 
(P A R ). C oupled noncyclic electron transport and 
photophosphorylation  with ferricyanide as the e lec ­
tron acceptor were m easured as described by M ore­
land and B oots [15]. Cyclic photophosphorylation  
was m easured by the procedure o f A rntzen et al. [25] 
with PM S as the electron m ediator. The esterifica- 
tion o f A D P  was m onitored with a pH electrode by 
the m ethod  o f Nishim ura et al. [26]. Proton transport 
was m onitored  with a pH electrode, as described by 
D illey  [27], in the presence o f 0.1 m M  D A D  instead  
o f pyocyanine. E ffects im posed on AW were m oni­
tored spectrophotom etrically  with the optical p oten ­
tial probe oxonol VI as absorbance at 603—590 nm  
with an A m inco  D W -2a dual w avelength spectro­
photom eter in a m edium  that consisted o f 50 m M  

tricine-N aO H  (pH  8 .0 ), 10 m M  N aC l, 5 m M  M gCl2, 
10 jj.M PM S, 2 JJ.M oxonol VI and 60 ng Chi in a 2-ml 
volum e. A bsorbance changes w ere converted to m V  
by calibration against K +-diffusion potentials in the 
presence o f valinom ycin, according to the N ernst 
equation , as described by Schuurmans et al. [28].

Stock solutions o f the desired concentrations of 
test chem icals w ere prepared in acetone except T PU
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which was dissolved in D M SO . The final concentra­
tion o f solvent was held constant at 1% (v/v) in all 
assays including the controls. D ata presented were 
averaged from determ ination made with a minimum  
o f three separate isolations and replications. Stand­
ard errors o f the / 50 values, where listed, varied from
1 to 20% .

Results

The herbicides included in the present study are 
listed in Table I together with data obtained for the 
uncoupler FCCP which was included as a reference 
standard. M ost o f the com pounds have been iden­
tified as being inhibitory uncouplers and subdivided  
into d inoseb or dicryl types previously [1, 8]. N itro­
fen and T P U  w ere added because o f identification as 
possible activity as energy transfer inhibitors [20, 21]. 
Phenm edipham  was included because o f results ob ­
tained with isolated m itochondria [29]. Som e o f the 
ho values show n for inhibition o f coupled noncyclic 
reduction and phosphorylation have been published  
previously and are referenced accordingly (Table I,

C olum ns 2 and 3). O ther values w ere determ ined as 
part o f the present study [29], For the most part, 
uncoupling activity is reflected in the low er / 50 values 
for phosphorylation relative to coupled electron  
transport. H ow ever, for T P U , dicryl. and phen­
m edipham  the tw o values w ere equal. N either FCCP  
nor perfluidone inhibited electron transport.

A ll o f the com pounds including FCCP, unlike 
D C M U -types o f inhibitors, also inhibited cyclic 
photophosphorylation  (Table I). For most com ­
pounds, the 5̂0 for inhibition o f cyclic phosphoryla­
tion was slightly higher, i.e ., within an order o f mag­
nitude, than that for inhibition o f noncyclic phos­
phorylation. H ow ever, there are exceptions. For 
ioxynil, dicryl, propanil, and phenm edipham , the 
difference is greater than an order o f magnitude.

Cyclic phosphorylation depends on the develop­
m ent o f a pm f across the thylakoid m em brane. C on­
sequently , com pounds that inhibit cyclic phosphory­
lation could prevent or interfere with the devel­
opm ent o f either A pH  or AW, or both.

E ffects induced by com pounds on the generation  
o f A pH , the chem ical com ponent o f the transm em ­

T able I. E ffects o f  herbicides on photophosphorylation  and com p onents o f  the proton m otive  
force o f  spinach thylakoids.

N oncyclic“ C yclicb P rotonc A b sorb ­
Inhibitor R ed u c­ P hosphor­ [R ef.] p hosphor­ transport ance

tion ylation ylation oxon o l V Id

5̂0 [f̂ M] / 50 [(xm]
D in oseb -typ e
B rom ofen oxim 4.5 2 [8] 6 7 27
D in oseb 7.5 4 [14] 29 3 138
Ioxynil 0.3 0 .2 [14] 86 27 82
P erflu idone N E e 60 [13] 33 3 112
T P U 2 2 [29] 2 1 6
TT FB 4.5 1.3 [8] 4 0.4 10

D icryl-type
Chlorpropham 150 140 [14] 120 176 172
D icryl 3 3 [29] 62 110 86
N itrofen 22 11 [30] 14 112 14
O ryzalin >  60 25 [17] 34 45 36
Phenm edipham 2 2 [29] 53 178 62
Propanil 0 .7 0 .6 [14] 108 210 195

R eferen ce standard
FCCP N E 0.35 [14] 1 0.07 1

a Ferricyanide was then electron  acceptor.
b PM S was the electron  m ediator. E sterification  o f  A D P  w as m onitored  with a pH  electrod e. 
c M onitored  with a pH  electrode with D A D  as the e lectron  m ediator. 
d C hanges in the absorbance o f oxon o l V I w ere m easured at 603 — 590 nm. 
e N E  — no effect.
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[Herbicide] iiM

Fig. 1. E ffects o f  d in oseb  and dicryl on the light-induced proton gradient form ation across spinach thylakoids, m ed iated  by 
0.1 mM D A D . (A ) R ep resen tative traces that show  the effects o f increasing concentrations o f  d inoseb  on proton transport.
(B ) D o se-resp on se  curves, p lo tted  sem i-logarithm ically , that show  inhibitory effects im posed  by d inoseb  (O -----------O ) and
dicryl ( □ -----------□ )  on proton  transport. D a ta  are presented  as m eans ±  SD  (show n as error bars) for three iso la tion s o f
thylakoids.

brane gradient can be m easured as proton transport 
with a pH electrode. Show n in Fig. 1 A  are represen­
tative traces that depict the alkalinization of the 
external m edium  caused by H~-transport into the 
loculus o f spinach thylakoids catalyzed by D A D -  
m ediated cyclic electron flow  (no-inhibitor control 
curve). In the dark, the pH  (7 .0) o f the medium is 
stable. Illum ination caused a rapid increase in the pH  
o f the m edium  that declined  slowly with time after
1 min. The slow  decline appeared to be an artifact 
caused by the shining o f light (or the generation of 
heat) on the pH  electrod e, i.e ., similar changes in pH  
occurred w hen thylakoids and D A D  w ere not pres­
ent in the reaction m ixture. W hen the light was 
turned off, the protons reequilibrated across the 
mem brane and the pH returned to essentially the 
initial value. T he addition o f inhibitory uncoupler 
herbicides such as dinoseb  caused the extent o f the 
pH change to decrease in a concentration-dependent 
m anner as show n in Fig. 1 A . The effects o f inhibitors 
w ere quantified by determ ination o f the extent of the 
pH difference betw een the point at which the actinic 
light was term inated and the dark level attained after
3 min. R esponses w ere calibrated by titration with 
an aliquot o f standardized N aO H . From the data

obtained, dose-response curves w ere developed  as 
shown in Fig. IB  for dinoseb and dicryl. The effects 
of the herbicides, expressed as / 50 concentrations, are 
sum m arized in Table I. Pure electron transport in­
hibitors, such as diuron and atrazine, had essentially  
no effect, at concentrations up to 1 m M ,  on proton  
uptake.

ho values for inhibition o f proton transport for 
FCCP and the dinoseb types are, except for brom o- 
fenoxim  and T P U , considerably low er than for inhi­
bition o f cyclic phosphorylation • ho values for inhibi­
tion o f proton transport w ere also lower than for 
inhibition o f noncyclic phosphorylation except for 
brom ofenoxim  and ioxynil. The relation betw een  ho 
values for inhibition o f proton transport and inhibi­
tion o f cyclic phosphorylation for dicryl types was 
reversed, i.e ., low er ho values w ere obtained for in­
hibition o f cyclic phosphorylation than for inhibition  
of proton transport. H ow ever, for m ost o f the com ­
pounds, the / 50 values differed only by a factor of  
two. Com pared to inhibition o f noncyclic phosphory­
lation, the I5o for inhibition o f proton transport ap­
proached or was greater than tw o orders o f m ag­
nitude for dicryl, propanil, and phenm edipham . For 
chlorpropham  and oryzalin, the com parative values
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differed by less than a factor o f tw o, w hereas for 
nitrofen, the difference was approxim ately an order 
o f m agnitude.

The initial increase in the pH of the m edium  corre­
sponded to an apparent uptake o f about 1 jimol 
H^/mg Chi by the thylakoids. B ecause the internal 
buffering capacity o f the thylakoids was not know n, 
A pH  could not be determ ined directly. H ow ever, 
m easurem ent o f the quenching o f atebrin fluores­
cence in parallel experim ents yielded a A pH  value 
o f 2 .9 , assum ing an internal volum e o f 10 ul/mg Chi
[31].

Inhibition o f light-induced proton transport also 
has been reported for the tertiarybutyl analog of 
dinoseb [6] and for analogs o f T P U  [20].

E ffects induced by com pounds on the generation  
o f AW, the electrical com ponent o f the pm f, can 
be m easured with appropriate anionic dyes such as 
oxonol VI [28]. T he transm em brane electrical p oten ­
tial com ponent (AW ) o f the pm f o f thylakoids results 
from the charge separation across the m em brane 
caused by the primary photochem ical acts associated  
with the reaction centers. The potential generated  
can be m onitored  by m easuring absorbance changes 
(A / 1 6o3 _59o) that are associated with the m ovem ent of 
oxonol VI (2 (i m )  across the m em brane. R epresenta­

tive traces o f the light-induced oxonol VI absorbance 
changes under conditions of cyclic electron flow  
(10 PM S) are presented in Fig. 2 A . A s show n in 
the no-inhibitor control curve, upon illum ination, 
there is a rapid inward m ovem ent o f oxonol VI anions 
as reflected in the initial increase in absorbance. Sub­
sequently, under steady state conditions, proton  
translocation is considered to cause cation efflux  
(K ", M g2+) and som e anion (C l- ) influx that results 
in the lowering o f AW to about 40 m V  in favor o f  
A pH  [28, 32]. C onsequently, som e o f the oxonol VI 
leaves the loculus and the absorbance decreases. 
W hen actinic illum ination was term inated, the ab­
sorbance decreased rapidly as the light-induced  
charge separation decayed, and AW dissipated. The 
level o f AW exhibited a transient drop below  the 
initial dark value because the subsequent reequili­
bration o f the counter ions across the m em brane was 
a slow er process than the decay o f the light-induced  
charge separation. C onsequently, a sm all potential 
of the opposite polarity d eveloped  that required  
about 20 sec to collapse. A ll of the inhibitory uncou­
plers decreased the m ovem ent o f oxonol V I into the 
loculus. This action is shown in the traces obtained  
with increasing concentrations o f d inoseb (Fig. 2 A ). 
The transient decrease in AW below  the initial level.

[HerbicideluM

Fig. 2. E ffects o f  d in oseb  and dicryl on the light-induced  m em brane potential (AW ) o f spinach thylakoids. (A )  R ep resen ­
tative traces that show  the e ffects o f  increasing concentrations o f d inoseb  on AW, m onitored  as absorbance shifts o f  oxon o l
VI at 60 3 —590 nm . (B ) D o se-re sp o n se  curves, p lo tted  sem i-logarithm ically , for effects im posed  by d in oseb  (O -----------O ) and
dicryl ( □ -----------□ )  on AW . D ata are presented  as m eans ±  SD  (show n as error bars) for three iso la tion s o f  thylakoids.
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when illum ination was term inated, did not occur at 
the higher inhibitor concentrations. This reflected a 
sm aller counter ion flux and/or an increased rate of 
reequilibration in the dark. The effects o f inhibitors 
on w ere quantified by determ ination o f the
extent o f the absorption d ifference betw een the point 
at which the actinic light was term inated and the dark 
level attained after 20 sec. D ose-response curves, 
such as those show n for d inoseb and dicryl in Fig. 
2 B , w ere d evelop ed  from the data obtained.

ho values for all o f the com pounds w ere obtained  
from dose-response curves such as shown in Fig. 2B  
for d inoseb  and dicryl, and are listed in the last col­
umn o f T able I. I50 values for FCCP and the dinoseb  
types w ere all higher than for inhibition o f proton  
transport, i.e ., the d inoseb-types have a stronger 
effect on A pH  than on A'P. The situation is reversed  
for the dicryl types w here the / 50 for inhibition of 
oxon ol partitioning was slightly low er than the / 50 for

inhibition o f proton transport. H ow ever, for som e 
com pounds (chlorpropham , oryzalin, propanil) the 
difference was not statistically significant. Pure e lec ­
tron transport inhibitors, such as diuron and atra­
zine, had essentially  no effect on the generation of 
A*P, at concentrations up to 1 m M .

The rate o f cyclic phosphorylation is know n to in­
crease with increasing light intensity, i.e ., the rate of 
proton transport increases with light intensity. This 
response is show n in the specific activity trace of 
Fig. 3 w here light intensities w ere increased above 
the photon fluence rate used in the previous assays. 
The / 50 values for inhibition o f cyclic phosphorylation  
by d inoseb , and related com pounds, increased with 
increasing light intensity, w hereas the I50 values for 
inhibition by dicryl types increased only slightly 
(Fig. 3). H erbicides such as d inoseb are considered  
to act as protonophores. Their ability to  collapse the 
pm f will be related to the rate at which a given con-
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centration o f the protonophore can m ove protons 
across the m em brane in response to the flux o f pro­
tons in the opposite  direction caused by the p h oto­
chem ical act, i.e ., an increase in the rate o f genera­
tion o f the pm f will require an increase in the con­
centration o f protonophore required to produce the 
same am ount o f collapse o f the m em brane pmf. A s 
shown in Fig. 3, the / 50 curve for dinoseb essentially  
parallels the specific activity curve, as postulated. By 
contrast, inhibition by dicryl, as reflected in the ho 
values, did not shift m arkedly with an increase in 
proton fluence rates (Fig. 3). The dicryl types of 
herbicides do not act as protonophores. The extent 
o f the inhibitory response appears to be independent 
o f the m agnitude o f the proton flux. If the dicryl-type 
com pounds collapse the pm f o f the m em brane by 
altering the perm eability o f the m em brane to  protons 
and other cations, as has been postu lated  [8], the 
alteration w ould depend  on the concentration o f the 
inhibitor associated with the m em brane and not by 
the m agnitude o f the proton flux.

Discussion

T he consequences o f electron transport (both non- 
cyclic and cyclic) is the developm ent o f a pm f, or Ap  
w hen expressed as m V , across the thylakoid m em ­
brane (inside positive). The pm f serves as the pri­
mary source o f energy for A T P  synthesis and other 
energy coupled reactions. A pH  is the d ifference in 
pH  betw een the outside and inside o f the thylakoid  
m em brane. AW is an electrical term that results from  
the separation o f charged ionic species across the 
thylakoid m em brane (inside negative). The major 
contributor to AW is considered to be the dielectric 
core o f the m em brane that is form ed by the fatty acid 
side-chains o f the polar lipids and the hydrophobic 
portions o f intrinsic m em brane proteins. The electri­
cal potential can arise from diffusion potentials 
caused by the unequal m obilities or perm eabilities of 
anions and cations across the m em brane, and by 
charge separation across the m em brane that results 
from the primary photochem ical events [32], The 
electrical and chem ical com ponents are interconvert­
ible, hence, Ap  tends to remain constant. The m ag­
nitude o f Ap ,  and not its individual com ponents, is 
im portant relative to its adequacy as a driving force 
for A T P  synthesis.

C onsiderable attention has been directed towards 
the quantification o f  Ap  [32, 33]. M ost o f the tech­
niques used to estim ate Ap  involve separate determ i­

nation o f AW and A pH . The m ost com m only used  
techniques are based either upon the steady-state  
distribution o f a perm eant ion , assum ing e lectro­
chem ical equilibrium , betw een the internal and 
external aqueous phases; altered spectral properties 
o f an optical probe; or involve the use o f ion-specific  
electrodes. AW and ApH are calculated from  their 
internal and external concentrations with derivations 
o f the N ernst (AW ) and H enderson-H asselbalch  
(A pH ) equations, respectively [33].

The quantitative reliabilities o f the m ethods used  
to m easure A pH  and AW are som ew hat arbitrary, 
are based on assum ptions that might not prevail, re­
quire estim ates o f the internal volum e o f thylakoids 
that are at best only approxim ations, have slow  re­
sponse tim es, and som e cannot be calibrated readily  
[32, 33]. Som e o f the probes also perturb the m em ­
branes and in doing so inhibit electron transport or 
uncouple phosphorylation. B ecause o f the above  
lim itations and considerations, there are rather large 
disagreem ents am ong results obtained by different 
investigators using different approaches. E stim ates 
o f the values for AW and A pH  are only approxim ate 
and should be considered in a relative rather than an 
absolute sense.

Literature estim ates for Ap ,  A pH , and AW of 
thylakoids range from 210 to 280, 180 to 240, and 
0 —100 m V , respectively [32]. H en ce , in thylakoids, 
Ap  is alm ost exclusively A pH  in the steady state. In 
the experim ents reported herein , A pH  was estim ated  
at 180 m V  and AW at 30 m V , w hich give a Ap  of 
210 m V . T hese values fall within the ranges reported  
by other investigators.

A ll o f the inhibitory uncouplers affected both A pH  
and AW. FCCP and the dinoseb types are considered  
to act as protonophores, and, h en ce, discharge ApH  
at low  concentrations [8]. A t higher concentrations, 
the com pounds affect the physical properties o f the 
m em brane by altering their integrity and sem iper­
m eability [8]. The alterations are reflected  in the co l­
lapse o f AW caused by the m ovem ent o f cations in a 
direction opposite to that o f protons, or o f anions in 
the sam e direction as the protons [32]. A n increase in 
the perm eability o f the m em brane results in an 
equalization o f electrical charges across the m em ­
brane, i.e ., AW collapses. The dicryl types had a 
slightly stronger effect on AW than on A pH . T hese  
com pounds are postulated to act primarily by alter­
ing the physical properties o f the m em brane [8]. 
Such action is reflected in the collapse o f both AW
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and A pH  w hich occurs at approxim ately the same 
concentration for m ost dicryl-type com pounds. C on­
sequently , the main action o f dicryl types involves 
the equalization o f  electrical charges across the 
thylakoid m em brane.

Suggestions that the inhibitory uncouplers alter 
the integrity o f the thylakoid m em brane also are pro­
vided by observations with assays that do not require 
light and in w hich electron  transport (m em brane 
energization) is not involved . Included are the per- 
turbational and perm eability  alterations identified  
and referenced in the Introduction. Loss o f m em ­
brane integrity also has been  postulated , to explain  
the uncoupling action o f arylam inotetrahydro- 
pyrim idines [9].

Inhibitory uncouplers interact with the energy  
transducing m itochondrial inner m em brane much 
like they interfere with the thylakoid m em brane. 
H ow ever, in m itochondria, AW com prises approxi­
m ately 80% o f the total pm f and A pH  the remaining  
20% . This is the reverse o f the situation in thy­
lakoids. In m itochondria , the d inoseb types affect 
AW at much low er concentrations than do the dicryl 
types [29]. C onceivab ly , the inhibitory uncouplers 
may perturb all cellular m em branes (plasm alem m a, 
tonoplast, nuclear, and endoplasm ic reticulum ) 
much like they do to thylakoid and m itochondrial
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