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ABSTRACT Although the interaction of proton-conduct-
ing ionophores (protonophores) with photosynthetic electron
transport has been extensively studied during the past decade,
the mode of action of protonophores remained uncertain. For
a better understanding of the molecular mechanism of the
actÍon of protonophores, the introduction of chemically new
types of molecules will be required. In this work, we demon-
strate that acridones (9-azaanthracene-10-ones) completely
fulfill this requirement. At low concentrations of acridones, the
thermoluminescence bands at *20oC and *10oC were strongly
inhibited, while normal electron transport activity was retained.
This indicates that the concentrations of 52 and 53 states involved
in the generation of these bands are reduced. At higher concen-
trations, an increased activity of electron transport was ob-
served, which is attributed to the typical uncoupler effect of
protonophores. Indeed, acridones accelerate the decay of the
electrochromic absorbance change at 515 nm and also inhibit the
generation of the transmembrane proton gradient, measured as
an absorbance transient of neutral red. Variable fluorescence
induction was quenched even at low concentrations of acridones
but was restored by either a long-term illumination or high light
intensity. Acridones, similarly to other protonophores, promoted
the autooxidation of the high.potentia| form of cytochrome á559
and partially converted it to lower potential forms. These results
suggest that acridones, acting as typical protonophores, uncou-
ple electron transport, accelerate the deactivation of the Sz and
53 states on the donor side, and facilitate the oxidation of
cytochrome bssg on the acceptor side of photosystem II.

The photosynthetic apparatus converts light into chemical
energy by a series of reactions that gives rise to a coupled flow
of electrons and protons. resulting respectively in the accu-
mulation of reducing power (NADPH) and energy (ATP) (1).
ATP formation requires an electrochemical proton gradient
bui lt up across the photosynthetic membrane that is generated
by protons released from trvo soltrces: the photooxidation of
water and oxidation of plastoquinol (PQHz). PQHz can be
oxidized via either the cvtochrome b6/f complex (2) or the
oxidation-reduction of cvtochrome á559, which is part of a
cycl ic electron f low around photosystem II (PSII) (3). It was
previously demonstratecl that proton-conductive uncouplers
(protonophores) f-aci l i tate the oxidation of PQH: and the
autooxidation of cytochrome ássg (4, 5), but the action mech-
an ism of  th is  react ion remained unc lear .

The known protonophores: ANT-2p [2-(3-chloro-4-triflu-
oromethyl)anilino-3,5-dinitrothiophene]; CCCP [carbonylcya-
nide rr-chlorophenylhydrazonel; FCCP [carbonylcyanide p-
trifluoromethoxyphenylhvdrazone]; SF 6841 [2,6-di+-butyl-4-
(2 ' ,2 ' -d icyanov iny l )phenol l  are po lysubst i tuted phenol
derivatives and chemically very sirnilar. For a better understand-
ing of the molecular mechanism of action of protonophores, the
introduction of chemicallv new types of molecules is required.

The publrcation costs of this artrclc rvere dcfrayed in part by page charge
payment.  T lrrs artrc lc nru\t  thr ' re l t r te bc l te r  e l r r  nrarked "adverttsenrcnt" in
accordance with l t l  U.S ( '  ' \  i -  i  j  :o le ly to indrcate th is fact .
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In this study we present evidence that acridones (9-
azaanthÍacene-10-ones) (6) operate as typical protonophores,
accelerating the decay of the electrochromic absorbance tran-
sient and inhibiting the buildup of the transmembrane ApH. It
is also shown that these agents uncouple photophosphoryla-
tion and act as an ADRY reagent (accelerators of deactivation
reactions of the water-splitting enzyme, Y). .dcridones also
facilitate the oxidation of the high potential form of cyto-
chrome á559 and its conversion into intermediary. or low-
potential forms.

MATERIALS AND METHODS
Peas (Prsum sativurn cv. Rajnai torpe) were grown under
standard greenhouse conditions, and leaves were freshly har-
vested before each experiment. Intact chloroplasts were iso-
lated essentially as described by Thorne et al. (7), and the
chlorophyl l content of the samples was estimated as described
by Arnon (8).

The rate of photosynthetic oxygen evolution and uptake was
measured as described by Droppa et al. (9) by using a Clark-
type 02 electrode (Rank Brothers, Cambridge, U.K.). Differ-
ent parts of the electron transport chain were studied by the
addit ion of various electron donors and acceptors: 2 mM NaNr
and either 2 mM K.r[Fe(CN)r,]or 0.1 mM methyl viologen were
used to assay the whole electron-transport chain. Photosystem
I (PSI) or PSII electron transport was measured by using 0.25
mM p-benzoquinone or 2,5-dichloro-p-benzoquinone, 40 pM
dichlorophenolindophenol, and 2 mM ascorbate, depending
on which system was being studied. In specific instances, PSII
activity was also measured spectrophotometrically following
the photoreduction of dichlorophenolindophenol at 590 nm in
the presence and absence of 0.5 mM syrr-diphenylcarbazide.

Thermoluminescence was measured in the temperature
interval from -80 to +80'C with an apparatus similar to that
described by Vass et al. (10). Samples were illuminated with
white l ight of 10 W.m-2 for 2 min during continuous cool ing
from *20 to -80"C and then heated at a constant rate of
2D"C/min to measure glow curves. Chemicals were added
before the i l luminat ion s tar ted (11) .

Fluorescence induction was measured by using a chlorophyl l
f luorimeter (Biotcchnika RT. Szeged, Hungary). Samples
containing chloroplasts corresponding to l0 pg of chlorophyl l
per ml were excited with red l i-sht (660 * 10 nm) after 3 min
of dark adaptation.

Abbreviat ions: ADRY. accelerators of deact ivat ion react ions of the
water-spl i t t ing enzvme Y; ANT-2p, 2-(3-chloro-4-tr i f luoromethyl)-
ani l ino-3,5-din i t rothiophcne; CCCP. carbonylcyanide rn-chlorophe-
nvlhvdrazone; FCCP. carbonylcvanic le p-tr i f luoromethoxyphenylhy-
drazone; Fo, nonvariable fluorescence; F"or, variable fluorescence:
PQH:, p lastoquinol;  PSI and PSII,  photosystems I and II;  Qn and Qs,
the pr imary and secondary quinone acceptor of PSII;  SF 847,
2,6-di+-buty l-  4-(2 ' ,2 '  -  d icyanov iny l  )phenol  ;  Acr- 1 55, 4-bromo-1. 5.  7-
tr in i t roacr idone.
iPresent address: Department of Plant Physiology, University of
Horticulturc and Food Industry, P.O. Box 53, Budapest, Hungary,
t I -1502 .
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The amounts of the high- and low-potential forms of cyto-
chrome á559 wCrO determined spectrophotometrica|ly in a
Shimadzu UV-3000 spectrophotometer by following a proce-
dure described earlier (12).

Proton release inside the thylakoids was detected by col-
lecting the flash-induced absorbance changes of neutral red at
553 nm. The reaction medium contained 0.35 M sorbitol, 1 mM
Hepes (pH 7.4), and 20 mM neutral red. The chlorophyll
concentration of the sample was adjusted to 30 pM (13).

Flash-induced absorbance transients at 515 nm, due to elec-
trochromic absorbance shift, were recorded as described earlier
(1a). The frequency of the exciting flashes was 1 s-r. Generally,
30-50 kinetic traces were averaged in the multichannel signal
averager.

RESULTS AND DISCUSSION

Acridones were previously found to inhibit PSII electron
transport, but their effect on the whole electron transport
activity has not been investigated (15).

The effect of 4-bromo-2,5,7-trinitroacridone (Acr-155) on
the various parts of photosynthetic electron transport is shown
in Fig. 1. Both overall and PSl-specific electron-transport
activities were stimulated by increasing the acridone concen-

Ftc. 2. Influence of l ipophilic uncouplers (CCCP, FCCp) and
di ffe rent acridone de riva tes (Acr- 1-5 5 ; Acr- 1 63, 2,4,5,7 -tetr an i tro acri -
done: and Acr-1 64. 2-bromo-4,-5,7-trin itroacridone) on the Dhotosvn-
t l l c t t c c l u c t l ( ) n  l n n t \ t . , ' ' '  . ' t r \ ' t l v n r c ' u r r r  r c r l  l r o r r r  l l ' O  r o  X , [  t - - e 1 C N ) o ] .
I-:rpct t t t tcrt ta l  cont i r i ru i i \  \\  crc as tn It tg.  I  .
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tration up to 8 pM. Similar enhancement in psII erectron
transport was not observed. At acridone concentrations greater

lhan 8 pM, however, electron transport activity was sirongly
inhibited (15).

The above described increase of electron transport is char-
acteristic for various uncouplers (16). The effect of acridones
on the electron-transport activity was similar to that of the
lipophilic uncouplers CCCP and FCCP (16) (Fig. Z). In
accordance with this observation, we found that ácridones
abolished the proton gradient across the thylakoid membrane,
as indicated by the drastic decrease of the flash-induced

The inhibited electron-transport activíty' measured from
Hl9 to dichlorophenolindophenol, cannot be restored by
addition of diphenylcarbazide, which donates an electron to
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Frc. 3. Effect of Acr-i55 on the transmembrane proton gradient
.-(^pH) and electric fie|d (AtP) aS measured by flash.induceá absor-

bance changes of neutral red at 553 nm and carotenoid bandshift at 5 15
nm, respectively. The assay medium for apH measurements contained
0.35 M sorbi to l ,  1 mM Hepes (pH 7.4),20 pM neutra l  red, and
chloroplasts equivalent to the chlorophyll concentration of 30 pM. The
515-nm absorbance change was measured in the medium described in
Fig.  1.  The frequency of exc i tat ion was I s-r ,  and 30-50 k inet ic rraces
were averaged for each point.
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Time, s

Frc. 4. Quenching of the fluorescence induction by acridone-155
in the absence of electron accePtors. Samples containing chloroplasts
(equivalent to 10 pg chlorophyll-per ml) were illuminated with 660 {-

iO'n.n red light. Intensity of excitation was 50 microeinsteins
(pE).m-2.5- t; 1 E : I mol of photons. Other experimental conditions
were as in Fig. 1.
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the P680 reaction center chlorophyll (17). This result is in
accordance with the previous observation (18) that the un-
coupler, ANT-2p, inhibited the diphenylcarbazide-supported
dichlorophenolindophenol reaction, indicating interaction of
acridone with the reaction center.

It has been demonstrated (4) that protonophores quenched
the variable part of fluorescence (F'ar) induction. Fig. 4 shows
that in the absence of an electron acceptor, acridone is similar
to FCCP and SF 6847 in dramatically quenching the yield of
Fu",, signifying that accumulation of the primary quinone
acceptor of PSII, Qa, was abolished (4). Addition of 3-(3',4'-
dichlorophenyl)-1,1-dimethylurea (DCMU) to the acridone-
treated sample did not restore the F'"' (data not shown) as
observed with FCCP and SF 6847 (4). This result indicates that
acridones might oxidize not only PQHz but a|so QÁ aswell. Either
long-term illumination or high light intensity could partly restore
Fu", resembling the effect of FCCP (Fig. 5). These results are in
agreement with the fact that the inhibitory effect of protono-
phores is dependent on light intensity (4,L'l).The fact that at >10
pM acridone concentrations, neither high light intensities nor
long-term illumination could restore Fn", suggests that acridone
might block the QÁ formation itself.

Since FCCP, CCCP, and ANT-2p are widely used as proton-
conducting ionophores to uncouple electron transport from
ATP formation and are applied as ADRY reagents (19), we
tested whether acridones as well possessed such a behavior.
Thermoluminescence, which measures light emission originat-
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Fro. 7. Effect of Acr-155 on the chemically induced absorbance
difference of cytochrome ö-;.ss. o, contro| ch|oroptasts; o, chloroplasts
treated with 20 pM Acr-155; x, differences between o and O. Data
points were obtained from rransient absorbance after l0 ms of flash
excitation. chlorophvll concenrration of the samples was 30 pM. The
chemical treatmenrs wele_made by adding 0.4 mM K.r[Fe(CN)o], 1.5
mM hydroquinone, and 5 mM sodium ascorbare. other condii ions
weÍe as in Fig. l.

ing from recombination of positive and negative charges stored
on the donor and acceptor sides of PSII (20), was used. As
shown in Fig. 6, relat ively low concentrations of acridone
abolished both the B and Q bands of the glow curves, which
correspond to S:S'.Qg and S2(SI)QÁ recombination, respec-
t ively (20). This is in agreement with the earrier observation
that the powerful ADRY reagents ANT-2p or CCCp abol-
ished both the B and Q bands by accelerating the reduction of
oxidizing redox equivalents stored in 52 and s3 states within the

Acr- l55, pM

Ftc.  8.  The aurooxidat ion of thc hrsh-porcnr ia l  form (Hp) of
cytochrome b..sq and its conr'ersitrn ttl thc Ilrtcimcdiirru-pot"ntial rá,m
(lP) aftcr  treatment of the samples *,rrh Acr-155. Exper imental
concl i t ions were as in F is .  7.

Proc. Natl. Acad. Sci. LISA 93 (1996) 3g79

water-splitting enzyme (2r-23). In the concentration range
affecting the Q and B bands, acridone even enhanced the

cence induction and electron transport measurements, indi-
cate that acridones act specifically as proton-conductive iono-
phores.

about Tpvo of cytochrome bsss in the dark, and just a small
proportion of the oxidized cytochromc bsss could be reduced
by addition of hydroquinone. The extent of autooxidation of
cytochrome bsss in the dark induced by acridone was similar to
those observed with ANT-2p (IZ) or FCCp, CCCP, and SF
6847 (28). However, ascorbate completely reduced all oxidized
cytochroml- bsss (Fig. 8). This result indicates that acridone is
similar to other protonophores in also inducing a partial
conversion of the high-potential form to ascorbaté-red.ucible
intermediary- and low-potential forms (12, Zg).

The aim of these investigations was to test the effects of
acridones, the amino analogues of anthraquinone (15), on
photosynthetic electron and proton-transpoit activity in iso-
lated chloroplasts.

From our results, we have concluded that acridones act as
pro-tonophores by uncoupling electron and proton transport in
thylakoid membranes. Like other protonophores, acridones (i)
opcratc as ADRY rcagents, deactivating the higher s states of
the water-splitting enzyme, and (ii) ilso intéract with the
acceptor side of PSII and induce oxidation of peHz via the
oxidation of cytochrome lssq. It is likely that acridones with
structures chemically different from known protonophores
serve as tools to clarify the molecular mechanisms oi prot-
onophore action.
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Ce.ntral. European Urriversity Grant L15I/g3 ána tne Hungarian
Scientific Research Foundation for G.H. (OTKAggg) and M.D.
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