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Summary

A new method to prereduce mediators catalyzing cyclic electron transfer in
washed, spinach thylakoid membranes was developed. Hydrophilic and lipo-
philic quinones were tested for their ability to catalyze phosphorylation in
both cyclic electron transfer and electron transfer in an artificial transmem-
brane redox reaction. Quinones varied widely in their ability to catalyze cyclic
photophosphorylation, but cyclic phosphorylation in all cases was inhibited
by the plastoquinone antagonist dibromothymoquinone. Many of the quinones
also catalyzed transmembrane electron transfer to ferricyanide trapped inter-
nally within the thylakoid vesicles. In this system, phosphorylation catalyzed
by hydrophilic quinones was inhibited by dibromothymoquinone, whereas
phosphorylation catalyzed by lipophilic quinones was dibromothymoquinone-
insensitive. This is taken as evidence that transmembrane electron transfer
catalyzed by hydrophilic quinones is mediated by the endogenous plasto-
quinone pool within the thylakoid membrane.

Introduction

Several segments of the native electron transfer chain in chloroplast thyla-
koid membranes have been localized and studied (for review, see Ref. [1]).
This has chiefly been accomplished by judiciously employing various electron
donors, acceptors and electron transfer inhibitors in such a way that only a
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selected portion of the electron transfer chain is operative. Several artificial
electron transfer mediators have been employed to catalyze cyclic electron
transfer and photophosphorylation [2—4]. Phenazine methosulfate, for
example, is one such compound that catalyzes cyclic phosphorylation, using
only a very short sequence of the chloroplast electron transfer chain containing
Photosystem I [5]. Ferredoxin, on the other hand, catalyses in vivo cyclic
electron transfer and phosphorylation using a larger segment of the electron
transfer chain, including dibromothymoquinone and Antimycin A sensitive
sites [6—8]. Both mediators, however, are presumed to function in ATP
synthesis by catalyzing the simultaneous transmembrane transport of both
electrons and protons [3]. This in turn produces a proton gradient, which is the
driving force of phosphorylation [9].

Several methods have been developed to separate ATP synthesis from elec-
tron transfer in thylakoids. This is necessary in order to study the mechanism
of ATP synthesis without the complicating effects of other thylakoid reactions.
The first such method to demonstrate ATP synthesis in the complete absence
of light was developed by Uribe and Jagendorf [10]. ‘Acid-base phosphoryla-
tion’ was instrumental in showing that a proton gradient is probably an inter-
mediate in energy transduction in thylakoids. Using an artificially induced
transmembrane electrical potential, Witt et al. [11] have been able to demon-
strate the net synthesis of ATP in the absence of an appreciable transmem-
brane pH gradient. This technique, however, does not produce significant
amounts of ATP synthesis.

Selman and Ort [12] recently developed a system that drives the synthesis
of ATP in thylakoid vesicles and functions without the input of light. It derives
its energy from an artificial transmembrane redox reaction. Chloroplasts are
first incubated in a ferricyanide containing buffer, which causes the oxidant
to be trapped internally. The chloroplast vesicles are then transferred to a
medium containing an excess of the membrane-impermeable reductant,
ascorbate [13]. When membrane-permeable mediators are included that in their
reduced form can transfer both electrons and protons, the subsequent reduc-
tion of entrapped ferricyanide is accompanied by the liberation of protons.
The proton gradient thus produced causes a short burst of ATP synthesis,
which ends when the oxidant is completely reduced [12].

We have attempted to develop transmembrane electron transfer reactions
which utilize the native electron transfer chain as a mediator, rather than the
artificial mediators previously employed. Such reactions would be very useful
in studying artificial liposomal systems into which chloroplast components
have been incorporated. In this paper, several low potential mediators are
tested for their ability to stimulate both phosphorylation in unilluminated
thylakoid vesicles containing entrapped ferricyanide and cyclic photophos-
phorylation. The involvement of plastoquinone in shuttling both reducing
equivalents and protons from hydrophilic external mediators to internally
trapped ferricyanide is demonstrated. This function is similar to the function
of plastoquinone in cyclic photophosphorylation.



214
Materials and Methods

Chloroplasts. Chloroplasts were isolated from spinach leaves and suspended
in 0.3 M sucrose, 20 mM Tricine-KOH (pH 8.0), 10 mM KCl, and 5 mM MgCl,
as previously described [14]. This preparation was used without further treat-
ment when assaying cyclic phosphorylation. Alternatively, ferricyanide was
entrapped within the thylakoids by resuspending chloroplast pellets (containing
approx. 5 mg chlorophyll) in 5 ml of 0.1 M sucrose, 90 mM potassium ferri-
cyanide, 10 mM potassium ferrocyanide, 10 mM Tricine-KOH (pH 8.0), 10 mM
KCl, 5 mM MgCl,, 2 mg/ml bovine serum albumin and 20 ym (DCMU). This
was followed by diluting the suspension into 100 ml of the same buffer
without added sucrose [11]. After 15 min incubation in the dark to allow the
ferricyanide to gradually permeate into the vesicles, the chloroplasts were
centrifuged at 4000 X g for 5 min and the pellet resuspended in a small volume
of the supernatant containing ferricyanide, thus preventing a ferricyanide diffu-
sion potential across the vesicle membrane. Chlorophyll concentration was
determined by the method of Arnon [15].

Cyclic phosphorylation. Reaction mixtures for cyclic phosphorylation con-
tained 20 mM Tricine-KOH (pH 8.0), 10 mM KCIl, 5 mM MgCl,, 2 mM ADP,
2 mM [**P]phosphate (containing approximately 1-107 cpm/ml), 10 mM
glucose, 10 M DCMU, 0.1 unit/ml hexokinase, 0.25 mg/ml bovine serum
albumin, and 150 M of the appropriate mediator. 1.5 ml of this solution was
added to a 9 ml serum vial, stoppered, and depleted of oxygen by swirling
during alternating cycles of gas evacuation followed by gassing with nitrogen.
Chloroplasts were depleted of oxygen separately. A small volume of a
dithionite solution was then added to provide the desired redox poise. Reaction
mixtures containing 10 pg of chlorophyll per 1.5 ml were placed in a 20°C
water bath and illuminated from 10 cm below by a 400 W high pressure sodium
vapor lamp (output =43 000 lumens). After 5.0 min illumination, reactions
were stopped by the addition of 0.2ml of 1M HClO,. [y-**P]ATP was
measured as previously described [16].

Redox-induced phosphorylation. Reaction mixtures for measuring the
phosphorylation arising from the reduction of internally entrapped ferricyanide
contained 60 mM Tricine-KOH (pH 8.2), 10 mM KCl, 5 mM MgCl,, 2 mM
ADP, 2 mM [?*?P]phosphate (containing 1-10’ cpm/ml), 10 mM glucose,
0.1 units/ml hexokinase, 10 mM sodium ascorbate (to reduce external ferri-
cyanide), and 150 uM of the appropriate mediator. 1.0 ml of this mixture was
depleted of oxygen as described above and approx. 75 ul of chloroplasts con-
taining 0.2 to 0.25 mg of chlorophyll were added in dim light and mixed well.
After 15, 20 ul (0.75 mM) of sodium dithionite were added and the mixture
was incubated for an additional 45 s. Reactions were stopped by the addition of
0.2ml of 1 M HClO,. ATP formation was measured as described above. All
conditions to stoppered vials were made with gas-tight syringes.

Mediators. Ferredoxin was prepared as described by Petering and Palmer
[17] as previously modified [18]. Sulfonated mediators were recrystallized
from diluted alcohol or water, and phenylene diamines were recrystallized from
concentrated HCI. 1,4- and 1,2-naphthoquinone were purified by sublimation,
and all other mediators were recrystallized from alcochol. The isomeric purity
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and concentration of 1,4- and 1,2-naphthoquinone and menadione were con-
fimed by taking their ultraviolet spectra in an Aminco DW-2 spectrophotom-
eter and comparing this data to published values [19,20].

Miscellaneous. Partition coefficients (P) for the dithionite-reduced mediators
were determined essentially as described by Hauska [21] and are expressed as
the ratio of the remaining absorbance at the ultraviolet absorption peak to the
lost absorbance after extraction with chloroform.

Results

Cyclic phosphorylation catalyzed by various mediators

For a redox mediator to catalyze cyclic phosphorylation efficiently, there
must be an optimal balance between the reduced and oxidized forms of the
mediator, i.e., the mediator must be redox poised [5]. In these experiments
with relatively low potential mediators (+100 to —400 mV), this poising was
provided by varying the concentration of added dithionite. Under anaerobic
conditions, which prevent oxidation of the mediators by oxygen, the redox
poise of the mediators can be adjusted to the optimal potential for the given
mediators.

Both Fig. 1 and Table I show that the optimum redox pose for cyclic phos-
phorylation varies with the mediator. Whereas the optimal rate for cyclic phos-
phorylation with anthraquinone-2-sulfonate is obtained when the mediator is
fully reduced, the optimal rates with menadione and 1,2-naphthoquinone are
obtained at 50% and 25% reduction, respectively. Most mediators become
more efficient in catalyzing phosphorylation as they become fully reduced;
however, after the titer of dithionite surpasses that of the mediator, the phos-
phorylation of ADP is strongly inhibited, probably due to the reduction of
the Photosystem I acceptor [22]. The small amount of bisulfite produced by
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Fig. 1. Redox poising of quinone-catalyzed cyclic photophosphorylation by dithionite. The quinone
mediators are present at a concentration of 200 uM. Anaerobic reaction mixtures were titrated with
dithionite and assayed for phosphorylation as described in Methods.
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TABLE 1

RATES OF CYCLIC PHOSPHORYLATION AND YIELDS OF REDOX-INDUCED PHOSPHORYLA-
TION CATALYZED BY VARIOUS MEDIATORS

Rates of cyclic phosphorylation were measured in each case under conditions of optimal redox poise. The
fractional reduction of the mediator required for optimal poise was estimated from the ratio of dithionite
to mediator for quinones, and two times this ratio for the monoequivalent ferredoxin. Conditions are as
described in Methods. P, partition coefficient as described in Methods; N.D., not determined; DBMIB,
dibromothymoquinone.

Mediator P Optimal Cyclic photo- Redox-induced
(150 uM) (H,0/ fractional phosphorylation phosphorylation
CHCl3) reduction (umol ATP/mg Chl/h) (nmol ATP/mg Chl)

control +6.7 uM control +18 uM
rate DBMIB yield DBMIB
rate yield
Phenanthrenequinone 0.029 1.0 250 29 85 62
Anthraquinone 2 0.028 0.25 85 1.8 27 27
Anthraquinone-2-sulfonate 10.7 1.0 280 19 78 22
Anthraquinone-1,8-disulfonate 16.4 1.0 44 1.2 64 17
Anthraquinone-1,5-disulfonate 1.8 1.0 13 1.1 16 14
Anthraquinone-2,6-disulfonate 7.3 1.0 30 1.2 83 16
Anthraquinone-2,7-disulfonate 5.0 1.0 64 1.1 93 7.0
1,4-Naphthoquinone 0.20 0.40 190 5.1 42 26
1,4-Naphthoquinone-2-sulfonate 3.4 N.D. 13 2.9 11 10
1,2-Naphthoquinone 0.18 0.25 42 5.1 52 54
1,2-Naphthoquinone-4-sulfonate 1.5 N.D. 16 3.2 14 16
Menadione 0.062 0.50 490 11 88 70
Menadione, bisulphite salt 3.1 0.20 81 4.1 45 15
Phenylene diamine N.D. N.D. 10 N.D. 90 86
Phenylene diamine-2-sulfonate N.D. N.D. 8 N.D. 12 10
N,N,N',N'-Tetramethyl- N.D. N.D. 4 N.D, 10 15
phenylene diamine
N-Methylphenazonium N.D, N.D. 610 565 42 44
methosulfate
Ferredoxin N.D. 1.0 295 5.4 8.8 7.6
Potassium ferricyanide N.D. N.D. 3.0 N.D. N.D. N.D.
No added mediator, no 16 + 7 N.D. 12+ 7 N.D.
dithionite
No added mediator, 150 uM 13+ 4 39%2 11+ 7 13+ 6
dithionite

28 Anthraquinone concentration was limited to 30 uM due to its low solubility in aqueous solutions.

the oxidation of dithionite had no discernable effect on the rate of phos-
phorylation (data not shown).

Table I compares the ability of various non-polar mediators, and their
polar sulfonated derivatives, to catalyze cyclic phosphorylation when the
system is optimally redox poised. It is apparent that both polar and nonpolar
mediators can catalyze cyclic phosphorylation, as previously noted [3],
although the highest rates are obtained with nonpolar mediators. The plasto-
quinone antagonist dibromothymoquinone [2,23,24] inhibits cyclic phos-
phorylation catalyzed by all of the mediators tested, with the exception of
phenazine methosulfate.

Of the nonpolar tricyclic mediators tested, phenanthrenequinone catalyzes
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the highest rate of phosphorylation. The rate of phosphorylation with anthra-
guinone is probably limited by its marginal solubility in aqueous solution.
Anthraquinone-2-sulfonate is as effective as phenanthrenequinone, but the
disulfonated anthraquinone derivatives are much less efficient.

The unsulfonated, lipophilic naphthoquinones vary widely in their ability to
catalyze cyclic phosphorylation, the highest rate being obtained with mena-
dione. Their sulfonated derivatives, on the other hand, are very poor catalysts
of cyclic phosphorylation. Experiments with sulfonated naphthoquinones
require caution. An increase in the phosphorylation rate catalyzed by these
compounds occurs when the reduced forms are allowed to preincubate in the
reaction mixtures for one hour. This is accompanied by a concurrent decrease
in the ultraviolet absorption peak of the sulfonate and probably indicates the
decomposition of the compounds.

All phenylene diamines tested do not catalyze cyclic phosphorylation,
regardless of whether they are reductively titrated with dithionite, or
oxidatively titrated with ferricyanide. (It should be noted that ferricyanide
stimulates negligible amounts of phosphorylation due to the presence of the
electron transfer inhibitor DCMU.)

Ferredoxin catalyzes cyclic phosphorylation at an appreciable rate. In addi-
tion to being sensitive to dibromothymoquinone, this phosphorylation is
inhibited by Antimycin A (Table II) as previously observed [2,7,8,25,26]. In
contrast, anthraquinone-2-sulfonate-catalyzed cyclic phosphorylation is
relatively insensitive to Antimycin A, but is inhibited by the uncoupler NH,Cl.
In addition, cyclic phosphorylation catalyzed by all of the other mediators is
insensitive to Antimycin A. The dinitrophenyl ether of iodonitrothymol
partially inhibits cyclic phosphorylation mediated by ferredoxin and anthra-
gquinone-2-sulfonate to 53% and 67%, respectively, of the uninhibited rates.

TABLE II

RATES OF CYCLIC PHOSPHORYLATION MEDIATED BY ANTHRAQUINONE-2-SULFONATE AND
FERREDOXIN

Mediators have been reduced to optimal levels, and are present at a concentration of 1560 yM. Other con-
ditions are as described in Methods. DBMIB, dibromothymoquinone; DNP-INT, dinitrophenyl ether of
iodonitrothymol.

Rate
(umol ATP/mg Chl/h)

Anthraquinone-2-sulfonate 294 + 3
+6.5 uM DBMIB 2,2+ 1
+5 mM NH4Cl 19 + 2
+1.9 uM Antimycin A 262 * 32
+3.9 uM DNP-INT 198 t10
—ADP 25+ 1

Ferredoxin 178 * 1
+6.5 uM DBMIB 7.5+ 1
+1.9 uM Antimycin A 58 + 0
+3.9 uM DNP-INT 94 * 7

1

—ADP 5.4
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Redox-induced phosphorylation

These same electron transfer mediators were tested for their ability to
stimulate the transfer of both electrons and protons across the unilluminated
thylakoid membrane to internally trapped ferricyanide [12]. Protons liberated
in this redox reaction drive the synthesis of ATP. All of the anthraquinones
tested stimulate redox phosphorylation in the dark, including three anthra-
quinone disulfonate derivatives which are poor catalysts for cyclic photophos-
phorylation (Table I). The lipophilic naphthoquinones and phenylene diamine
also stimulate appreciable amounts of phosphorylation, whereas their
sulfonated derivatives are ineffective. Phenazine methosulfate stimulates this
reaction, as would be expected from its ability to shuttle protons [21]. In
contrast, N,N,N',N'-tetramethyl-p-phenylenediamine, which is able to transport
electrons but not protons, yields no phosphorylation, as described [12]. Under
these conditions, ferredoxin is also ineffective in stimulating redox induced
phosphorylation. Dithionite by itself stimulates dark phosphorylation only
negligibly above background.

Table I shows the sensitivity of redox induced phosphorylation to inhibition
by dibromothymoquinone. The phosphorylation stimulated by all of the lipo-
philic, unsulfonated compounds is insensitive to dibromothymoquinone with
the exception of 1,4-naphthoquinone, which is partially inhibited. In contrast,
the phosphorylation catalyzed by all of the hydrophilic, sulfonated derivatives
which have appreciable yields of phosphorylation is inhibited to a large extent
by dibromothymoquinone. Fig.2 shows dibromothymoquinone titration
curves for four of the mediators. The two lipophilic mediators, menadione and
phenanthrene-quinone, are completely insensitive to dibromothymoquinone up
to a concentration of 40 uM. Phosphorylation mediated by anthraquinone-2,6-
disulfonate and anthraquinone-2,7-disulfonate is inhibited 50% at about 1 uM
dibromothymogquinone.
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Fig. 2. Dibromothymogquinone (DBMIB) titration curves for redox-induced phosphorylation catalyzed
by lipophilic or hydrophilic quinones. The quinone mediators were present at a concentration of 150 uM
and the dithionite concentration was 750 uM. Ferricyanide was entrapped within thylakoids and redox-
induced phosphorylation was assayed as described in Methods, AQ26DS, anthraquinone-2,6-disulfonate;
AQ27DS, anthraquinone-2,7-disulfonate.
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TABLE III

YIELDS OF PHOSPHORYLATION IN THYLAKOID VESICLES CONTAINING ENTRAPPED FERRI-
CYANIDE MEDIATED BY ANTHRAQUINONE-2,7-DISULFONATE (150 uM)

Other conditions as described in Methods. DBMIB, dibromothymoquinone; DNP-INT, dinitrophenyl
ether of iodonitrothymol.

Yield nmol (ATP/mg Chl)

Anthraquinone-2,7-disulfonate 92+ 2
+9.2 uM DBMIB 21*3
+2.8 uM Antimycin A 101+ 3
+5 mM NH4Cl 18*1
+4.6 uM DNP-INT 69+1
no added dithionite 18+ 1
no added ADP 14%1

Redox-induced phosphorylation stimulated by a representative hydrophilic
mediator, anthraquinone-2,7-disulfonate, was also tested for sensitivity to com-
pounds that inhibit electron transfer or phosphorylation. Table III shows that
this phosphorylation is uncoupled by NH,CI, insensitive to Antimycin A, and
slightly sensitive to the dinitrophenyl ether of iodonitrothymol.

Discussion

Cyclic phosphorylation in chloroplasts often requires an optimal balance
between the reduced and oxidized forms of the cyclic cofactor or mediator,
i.e., proper redox pose [5]. In order to obtain this balance, previous workers
have used a variety of methods to prereduce the mediators, including: (i)
preillumination of the mediators in the presence of chloroplasts before the
addition of DCMU and phosphorylation substrates [3], (ii) photoreduction
of the mediator before the addition of chloroplasts [4], and (iii) the presence
of a mild reductant, usually ascorbate, which can reduce the mediator without
overreducing the Photosystem I acceptor [27]. Crowther et al. [28] have
poised intact chloroplasts with 10 mM dithionite. Over-reduction of the system
is prevented presumably by the hindered diffusion of dithionite across the
chloroplast envelope. Cyclic phosphorylation mediated by anthraquinones and
naphthoquinones (E,, < 0 volts) requires redox poising with a reductant of
lower potential than ascorbate and whose concentration can be adjusted so that
an optimum oxidized/reduced ratio of the mediator can be achieved. There-
fore, a different method was chosen to prereduce the mediators, involving the
anaerobic titration of the mediators with dithionite. For most of the mediators,
including all of the anthraquinone sulfonates, this optimal level is the fully
reduced form, whereas the unsubstituted naphthoquinones, menadione and
anthraquinone have optimal rates with only 25—50% of the compound in the
reduced form. This partial reduction is difficult to achieve reproducibly with
the prereduction methods used previously, and probably explains the dis-
crepancy in the rates obtained by Hauska et al. [3] and those reported here.

When these low potential quinones are used as cofactors for cyclic phos-
phorylation, the rates of ATP synthesis vary widely. In general, however, the
lipophilic quinones are better cofactors for cyclic phosphorylation. This trend
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has also been observed by Hauska [21] for the phenazonium derivatives.

All cyclic phosphorylation mediated by these quinones or ferredoxin is
sensitive to inhibition by dibromothymoquinone [2,23,24]. This indicates that
either (i) the quinones are oxidized at the same dibromothymoquinone-
sensitive site that plastoquinone is oxidized at, or (ii) plastoquinone is directly
involved in the electron/proton transfer reactions. In the case of the hydro-
philic sulfonated anthraquinones, the latter explanation is certainly the more
tenable due to the difficulty these compounds would have entering or crossing
the thylakoid membrane. However, only in the case of ferredoxin catalyzed
cyclic phosphorylation, which is also inhibited by Antimycin A, can we con-
clusively invoke plastoquinone involvement, in that ferredoxin is too large and
polar to enter the membrane.

The dinitrophenyl ether of iodonitrothymol partially inhibits cyclic phos-
phorylation mediated by anthraguinone-2-sulfonate or ferredoxin (Table II).
Trebst et al. [29] suggest that this compound inhibits the transfer of electrons
from a bound plastoquinone (‘B’) to the plastoquinone pool. The concentra-
tions of the dinitrophenyl ether of iodonitrothymol used here are very high,
and lesser concentrations give little inhibition of cyclic phosphorylation. If
their interpretation of the inhibition site is correct, we can conclude that
anthraquinone-2-sulfonate or ferredoxin mediated cyclic phosphorylation does
not require the function of a bound plastoquinone.

Three of the anthraquinone disulfonates which catalyze low rates of cyclic
phosphorylation catalyze high yields of ATP synthesis in the unilluminated,
entrapped ferricyanide system. This might be explained by the nature of the
assays. Unlike the cyclic phosphorylation assay which measures a kinetic rate,
the entrapped ferricyanide system measures the total yield of ATP synthesized
in the reaction. For the lipophilic mediator, diaminodurene, the half-time for
complete reduction of entrapped ferricyanide is approx. 4 s [12]. In these
experiments, reaction mixtures were incubated for 45 seconds. This would
allow even Kkinetically slow compounds to complete the catalysis of ferri-
cyanide reduction. On the other hand, the rate of cyclic phosphorylation
would be limited by the rate of diffusion of the sulfonated mediators through
the thylakoid membrane.

The major point of interest here is that the phosphorylation stimulated by
the sulfonated mediators in the entrapped ferricyanide system is inhibited by
dibromothymoquinone (Fig. 2). This inhibition requires high concentrations of
dibromothymoquinone, which is probably due to the high chlorophyll concen-
trations (0.23 mg/ml) used [30]. That dibromothymoquinone itself is not
acting as a proton/electron mediator is shown in the no mediator control in
Fig. 2. However, it has also been suggested [23] that high concentrations of
dibromothymoquinone (>5 pM) might inhibit the reduction of the plasto-
quinone pool as well as its reoxidation. It is possible that this additional effect
on plastoquinone reduction is the important effect here. Regardless of the
precise location of the inhibition site, one would not expect the relatively
hydrophilic mediators to enter or cross the thylakoid membrane at an appreci-
able rate. It is therefore presumed that the electron/proton transport
stimulated by these compounds leading to ATP synthesis is also mediated by
the native electron/proton shuttle, plastoquinone.



221

It was hoped that the electron transferring protein ferredoxin, which is the
native indirect reductant of plastoquinone, would also stimulate ATP synthesis
in this artificial system. Its failure to stimulate phosphorylation under these
conditions might be explained by the fact that ferredoxin utilizes a slightly
different and more complex pathway of electron transfer. This pathway
includes an Antimycin A sensitive site, perhaps cytochrome b-563 [31], in
cyclic phosphorylation. The exposure to high ferricyanide concentrations used
in this assay might damage the components involved in electron transfer from
ferredoxin [32,33].

Antimycin A does not inhibit redox induced phosphorylation catalyzed by
quinones, as shown by data for anthraquinone-2,7-disulfonate in Table III.
Apparently, the quinones used in both redox-induced and cyclic phosphoryla-
tion can transfer electrons directly to plastoquinone, without utilizing the
Antimycin A sensitive site (Tables II and III). Because plastoquinone is acces-
sible to reduction by the hydrophilic quinones, this suggests that the plasto-
quinone pool extends close to the thylakoid membrane surface. The dinitro-
phenyl ether of iodonitrothymol inhibits redox induced phosphorylation 25%
when anthraquinone-2,7-disulfonate is the mediator (Table III), whereas the
inhibition is even less when menadione is the mediator (data not shown). This
indicates that a bound plastoquinone is probably not required for this reaction.

The quinones studied in these experiments can be useful in stimulating elec-
tron transferring functions in native or artificial membranes. One such lipo-
somal system has been developed by Hauska [34] in which both electrons and
protons are transported across lecithin vesicles by incorporated plastoquinone.
Other components of thylakoid membranes could conceivably be studied in a
similar manner, provided they can be incorporated into vesicles and then
involved in appropriate redox reactions.

Acknowledgements

This research was supported in part by grants from the College of Agri-
cultural and Life Sciences, University of Wisconsin, a Harry and Evelyn
Steenbock Career Advancement Award in Biochemistry, and Grant PCM
7911025 from the National Science Foundation.

We would like to thank W.H. Orme-Johnson for his modifications on the
ferredoxin purification, and A. Trebst for his generous gifts of dibromothymo-
quinone and the dinitrophenyl ether of iodonitrothymol.

References

Trebst, A. (1974) Ann, Rev, Plant Physiol. 25, 423458

Bdhme, H., Reimer, S. and Trebst, A. (1971) Z. Naturforsch. 26b, 341—352

Hauska, G., Reimer, S. and Trebst, A. (1974) Biochim, Biophys. Acta 357,1—13

Robinson, H.H. and Yocum, C.F. (1979) Photochem. Photobiol. 29, 135—140

Avron, M. (1973) Current Topics in Bioenergetics (Sanadi, E., ed.), pp. 1—22, Academic Press, New
York, NY

Tagawa, K. Tsujimoto, H.Y. and Arnon, D.I. (1963) Proc. Natl. Acad. Sci. U.S.A. 49, 567—571
Kaiser, W. and Urbach, W, (1976) Biochim. Biophys. Acta 423, 91—102

Huber, S.C. and Edwards, G.E. (1976) Biochim. Biophys. Acta 449, 420—433

Mitchell, P. (1966) Biol. Rev. 41, 445—502

Db W

L Xa;m



222

10
11
12
13
14
15
16
17
18
19

20

21
22
23
24
25
26
27
28
29
30
31
32
33
34

Jagendorf, A.T. and Uribe, E. (1966) Proc. Natl. Acad. Sci. U.S.A. 55, 170—177

witt, H.T., Schlodder, E, and Griber, P, (1976) FEBS Lett. 69, 272—276

Selman, B.R. and Ort, D.R. (1977) Biochim. Biophys. Acta 460, 101—112

Selman, B.R. and Psczolla, G. (1976) FEBS Lett. 61,135—139

Selman, B.R. and Bannister, T.T. (1971) Biochim. Biophys. Acta 253, 428—436

Arnon, D.I. (1949) Plant Physiol. 24, 1--15

Conover, T.E,, Prairie, R.L. and Racker, E. (1963) J. Biol. Chem. 238, 2831—2837
Petering, D.H. and Palmer, G. (1970) Arch. Biochem. Biophys. 141, 456—464

Binder, R.G. and Selman, B.R. (1978) Z. Naturforsch. 33c, 261—265

Photoelectric Spectroscopy Group, London (1966) U.V, Atlas of Organic Compounds, Buttersworths,
London

Dawson, R.M.C., Elliott, D.C., Elliott, W.H. and Jones, R.M., eds. (1978) Data for Biochemical
Research, Oxford University Press, Oxford

Hauska, G. (1972) FEBS Lett. 28, 217220

Ke, B. (1973) Biochim. Biophys. Acta 301, 122

Trebst, A. and Reimer, S. (1973) Z. Naturforsch, 28¢c, 710—716

Bdhme, H, and Cramer, W.A, (1971) FEBS Lett. 15, 349351

Slovacek, R.E,, Mills, J.D. and Hind, G. (1979) FEBS Lett. 87, 73—76

Aron, D.I. and Chain, R.K. (1975) Proc. Natl. Acad. Sci. U.S.A. 72, 4961—4965

Hauska, G., McCarty, R, and Racker, E. (1970) Biochim. Biophys. Acta 197, 206218
Crowther, D., Mills, J.D, and Hind, G. (1979) FEBS Lett. 98, 386—390

Trebst, A., Wietoska, H,, Draber, W. and Knops, H.J. (1978) Z. Naturforsch. 33c, 919927
DeKouchkovsy, Y. and DeKouchkovsky, F. (1974) Biochim. Biophys. Acta 368, 113—124
Slovacek, R.E. and Hind, G. (1977) Plant Physiol. 60, 538—542

B&hme, H. (1977) Eur. J. Biochem, 72, 283289

Bdéhme, H. and Cramer, W.A, (1973) Biochim, Biophys. Acta 325, 275—283

Hauska, G. (1977) FEBS Lett. 79, 345--347



