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In photosynthesis of chloroplasts and bacterial chromatophores an induced artificial electron
flow bypass may restore the inhibition of electron flow and of coupled ATP formation by two
possible mechanisms. An artificial transmembrane electron flow bypass will lead to artificial energy
conservation, when the redox reaction cycle of the added mediator across the membrane acts as
proton pump. In an artificial internal electron flow bypass an inhibited native energy conservation
may be reactivated; here an electron flow bypass induced by the mediator in the inside space
restores the native proton translocation. The inhibition and the restoration of electron flow by
antimycin, dibromothymoquinone and valinomycin is compared.

Introduction

Light driven electron transport in isolated thy-
lakoid preparations from chloroplasts and in chro-
matophores from photosynthetic bacteria is coupled
to ATP formation. The general properties of the
two systems show great similarities. The present
evidence supports for both systems the notion of
vectorial electron flow and of a proton motive force
generated in the light to form ATP, as reviewed
recently 174, The photosystems and electron car-
riers are asymmetrically oriented in the membrane.
In chloroplast thylakoids as well as isolated vesicu-
lar chromatophores the primary acceptor of the
photosystem is located towards the outside, the
electron donor (plastocyanin for photosystem I and
water for photosystem II in chloroplasts and cyto-
chrome c, for the photosystem in the bacterial
chromatophores) towards the inside. The two ATP
forming sites in chloroplasts are connected with
plastohydroquinone- and with water-oxidation on
the inside of the membrane (see 1). The coupling
site in cyclic photophosphorylation by chromato-
phores is the oxidation inside of cytochrome b and/
or ubihydroquinone by cytochrome c, *. According-
ly a crossover point has been localized between
cytochromes b and c, in chromatophores of Rhodo-
spirillum rubrum?®. Two coupling sites are pro-
posed for Rhodopseudomonas capsulata (see 4).
Bacterial photosynthetic electron flow is sensitive

Requests for reprints should be sent to Prof. Dr. A.
Trebst, Lehrstuhl fiir Biochemie der Pflanzen, Ruhr-Uni-
versitit Bochum, Postfach 2148, D-4630 Bochum-Queren-
burg.

to antimycin and HOQNO. In Rhodospirillum ru-
brum the inhibition is overcome by artificial co-
factors of cyclic photophosphorylation, like PMS ¢
(for review see 7, 8). The coupling site(s) respon-
sible for ATP formation in such artificial cyclic
systems are a matter of debate and need new as-
signment in view of the recent developments, as
discussed by Crofts et al.%. This review is to em-
phasize the analogy to photophosphorylation sys-
tems with artificial cofactors in chloroplasts and to
extend concepts in chloroplast photosynthesis to bac-
terial electron flow.

Artificial v8 Native Energy Conservation
in Chloroplast Electron Flow

Induced cyclic photophosphorylation, driven by
just photosystem I, has been observed also in
chloroplasts — it actually led to the discovery of
photophosphorylation. PMS, but also many other
compounds including ferredoxin, may catalyse
cyclic electron flow coupled to ATP formation (for
review see 1). The coupling site in such systems re-
mained unsettled, but it was assumed that also in
artificial cyclic electron flow a native coupling site
of the non-cyclic electron flow was included and
responsible for ATP formation. The coupling site
in non-cyclic electron flow connected with photo-
system I was early recognized between plasto-
quinone and cytochrome f 9711 The artificial cyclic
electron flow schemes either included this site or
proposed another coupling site. But all the various
schemes offered, remained rather unlikely and the

.90

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der

ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz verdffentlicht:
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 zukiinftiger wissenschaftlicher
Nutzungsformen zu erméglichen.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fiir 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.



A. Trebst - Energy Conservation in Bacterial Photosynthesis

specific coupling site of cyclic electron flow could
not be identified. Studies with the plastoquinone
antagonist dibromothymoquinone (DBMIB) finally
led to a resolution of the discrepancies. It became
apparent, that DBMIB blocks plastohydroquinone
oxidation and therefore very likely also blocks the
coupling site coupled to it. Still a number of cyclic
photophosphorylation systems are DBMIB insensi-
tive 1213, Therefore a concept of artificial versus
native energy conservation in chloroplast photophos-
phorylation was proposed 3715, In native energy
conservation, according to a chemiosmotic mecha-
nism, both electrogenic photosystems are connected
with a proton translocating step to constitute a
Mitchellian loop (Fig.1). In photosystem I phos-
phorylation the latter is the plastoquinone-plasto-
hydroquinone reaction, in photosystem II phospho-
rylation it is the water splitting reaction. The “site”
connected with plastoquinone is blocked by DBMIB.
In artificial energy conservation the cofactor in
cyclic electron flow itself carries protons across
the thylakoid membrane during an oxidation-reduc-
tion cycle, thus replacing the native proton trans-
location blocked by DBMIB. In induced cyclic elec-
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tron flow then, not only artificial electron flow but
also artificial energy conservation occurs 1313, Also
non-cyclic electron flow, insensitive to DBMIB or
DCMU in donor systems for photosystem I (like
DAD/ascorbate or DCPIP/ascorbate as donors for
NADP*-reduction) may be coupled to ATP forma-
tion via an artificial energy conservation!{. The
comparison of the chemistry of the donor of un-
coupled to coupled electron flow makes the point
clear, that artificial proton translocation by lipo-
philic quinoid hydrogen carriers provides energy
for ATP synthesis 1. N,N,N’,N’-tetramethyl-p-phe-
nylenediamine (TMPD) restores electron flow to
photosystem I, but not ATP formation, when elec-
tron flow from photosystem II is blocked by
DCMU, because TMPD is not a proton carrying
redox ompound, i. e. it is not able to sustain

artificial energy conservation, as against DAD,
which supports coupled electron flow and which
liberates protons and electrons upon oxidation 4.
The same situation is possible for photosystem II
donor systems. If in photosystem II phosphorylation
the water splitting reaction is blocked, artificial
energy conservation may be restored also by a pro-
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Fig. 1. Native and artificial energy conservation in photosynthetic electron transport across the thylakoid membrane of

chloroplasts. A transmembrane electron flow bypass leads to

artificial energy conservation in a. artificial cyclic e-flow sys-

tems (PMS, DAD), b. donor systems for photosystem I (DAD) and c. donor systems for photosystem Il (benzidine). An

internal electron flow bypass (TMPD) restores native energy conservation in the presence of electron flow inhibitors

(DBMIB, valinomycin). Abbreviations used are: PS II for photosystem II, PS I for photosystem I, Y for the water splitting

complex Q for the primary electron acceptor in photosystem II, PQ for plastoquinone, Cyt by for cytochrome byzy PCy for

plastocyanin, X for the primary reductant in photosystem I, Fd for ferredoxin, asc. for ascorbate, PMS for N-methyl-

phenazonium methosulfate, DAD for diaminodorene (2,3,5,6-tetramethyl-p-phenylenediamine), TMPD for N,N,N’,N’-tetrame-
thyl-p-phenylenediamine and DBMIB for dibromo-thymoquinone.
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ton carrying electron donor like benzidine 17. Tetra-
methylbenzidine, an electron donor for photo-
system II not carrying hydrogens, is unable to in-
duce artificial energy conservation!”. In all these
cases artificial donors or cyclic cofactors induce a
transmembrane electron flow bypass, connected (or
not) with an artificial proton pump across the mem-
brane.

In addition to artificial energy conservation con-
nected with artificial transmembrane electron flow
a restoration of an inhibited native energy conser-
vation is possible 1? (Fig. 1). This is the case, when
a TMPD oxidation-reduction cycle substitutes for
the DBMIB inhibited redox reaction and acts as an
electron flow short circuit on the inside of the mem-
brane restoring electron flow as well as ATP forma-
tion 8. This will be called an internal electron flow
bypass. In this restoration, the original native pro-
ton translocating reaction is again operative because
TMPD accepts electrons from plastohydroquinone
on the inside of the membrane before the DBMIB
block and donates the electron back to plastocyanin
also on the inside of the membrane (Fig.1). Such
internal electron flow bypass is possible in non-
cyclic as well as in cyclic electron flow 13: 18,

Artificial Energy Conservation in Bacterial
Electron Flow

The same concept can be applied to bacterial
photosynthesis when artificial electron carriers are
employed. The concept is able to rationalize results
which are in the literature already for some time,
but not yet satisfactorily explained. The role of

DBMIB — a plastoquinone antagonist — in chloro-
plast systems may be compared with the role of
antimycin — a cytochrome b inhibitor — and of
HOQNO in bacterial photosynthesis. In chromato-
phores of Rhodospirillum rubrum cyclic photo-
phosphorylation is inhibited by antimycin and
HOQNO 7 8; electron flow and ATP formation is
restored by the addition of compounds like PMS,
DAD or TMPD 678 19722 With these compounds
either an artificial energy conservation in a trans-
membrane electron flow bypass or an internal by-
pass of the inhibition site might be responsible for
restoration. It is proposed that in antimycin (or
HOQNO) resistant cyclic photophosphorylation
with PMS or DAD artificial energy conservation oc-
curs i.e. these two cofactors catalyse transmem-
brane proton translocation when protons are
liberated upon oxidation of the reduced cofactor by
cytochrome ¢, on the inside of the bacterial mem-
brane vesicles similar to the chloroplast system
(Fig. 2). This way the redox reaction cycle of the
cofactor shuttle completes a Mitchellian loop by re-
placing the inhibited native proton translocating
step at cytochrome b/ubiquinone by an artificial
proton translocation.

The restoration of cyclic phosphorylation in chro-
matophores of Rh. rubrum in the presence of anti-
mycin by TMPD 2° cannot be explained in the same
way, because TMPD, being oxidized to a cation-
radical, does not release protons upon oxidation
inside as discussed above. Therefore TMPD cannot
sustain artificial energy conservation neither in
chloroplasts nor in the bacterial chromatophores in
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the presence of DCMU or antimycin, respectively.
But as in the DBMIB-inhibited chloroplast system
TMPD might be able to bypass the antimycin in-
hibition site by inducing an electron flow short cir-
cuit on the inside of the membrane (Fig. 2). In this
internal electron flow bypass the native energy con-
serving site at cytochrome b/ubiquinone is restored,
the proton translocation site remains the same as
the one in the uninhibited system. It is possible,
that also PMS and DAD act via an internal bypass,
as perhaps implicit in schemes of Ramirez?? and
Prince 23. Possibly DBMIB experiments on non-
cyclic flow systems might help distinguish between
the possibilities. In chloroplasts there is an easy
distinction between the two possible bypasses be-
cause in the internal bypass non-cyclic flow from
water to photosystem I is restored, in the transmem-
brane bypass only electron flow from an artificial
donor.

In that context it is noteworthy that cyclic phos-
phorylation in chromatophores from Rhodopseudo-
monas capsulata or spheriodes is not restored by
artificial redox compounds after inhibition by anti-
mycin 2123, This might reflect less efficient reac-
tions of the compounds with ubiquinone or X for
reduction and cytochrome c, for oxidation and/or
less efficient proton translocation.

Valinomycin as Inhibitor of Electron Flow in
Bacterial Chromatophores and Chloroplasts

The generalisation of chloroplast and bacterial
photosynthesis equalises antimycin inhibition in
bacterial chromatophores with DBMIB inhibition in
chloroplasts. DBMIB is also an inhibitor of photo-
phosphorylation in Rhodospirillum chromatophores
with comparable properties as in chloroplasts, i.e.
inhibition at the cytochrome b/ubiquinone level 4.
Another inhibitor which inhibits both systems in the
same way is valinomycin. As reported by Keister 25
and Gromet-Elhanan 6 valinomycin, at high con-
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centrations, is an electron transport inhibitor in
Rhodospirillum rubrum. The inhibition is overcome
by PMS but also by TMPD, as already observed
earlier by Baltscheffsky 1°. At that time no explana-
tion of the valinomycin experiments could be of-
fered. Keister 2% also concluded already that valino-
mycin is an inhibitor of chloroplast electron flow
(rather than acting as uncoupler or energy transfer
inhibitor, as suggested before) and found that PMS
catalysed cyclic photophosphorylation is valino-
mycin insensitive. Our own recent results?’, re-
ported elsewhere, show that valinomycin inhibition
of chloroplast electron flow is comparable to
DBMIB inhibition because it does not inhibit photo-
system II phosphorylation and electron flow nor
certain photosystem I systems. Particularly sug-
gestive, TMPD can bypass the inhibition of non-
cyclic electron flow by valinomycin in chloroplasts 7
as it does the inhibition by DBMIB (Figs 1 and 2).

Conclusion

TMPD is able to overcome inhibition by anti-
mycin and valinomycin in bacterial photophospho-
rylation and inhibition by DBMIB and valinomycin
in chloroplast photophosphorylation by bypassing
the inhibition site on the inside of the membrane

and restoring native energy conservation. PMS and

DAD on the other hand restore ATP formation in
chloroplasts and possibly also in bacterial chromato-
phores by inducing artificial energy conservation.

The similarities of the inhibition of electron flow
by antimycin — a cytochrome b inhibitor — and
by DBMIB — a plastoquinone inhibitor — seems
very indicative 2%, It might be taken as suggestive
support, that, as recently proposed by Mitchell 25 29,
a cooperation of cytochrome b and a quinone is
essential in order to couple electron flow to energy
conservation.
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