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SUMMARY

In the presence of the plastoquinone antagonist dibromothymoquinone the photo-
reduction of ferricyanide by isolated chloroplast membranes 1s attributed to Photo-
system Il. The reaction 1s stimulated by the addition of phenylenediamine or C-sub-
stituted phenylenediamines (which may form a dumine on oxidation) but not of N-sub-
stituted phenylenediamines (which form a stable radical on oxidation). Phenylene-
diamines also restore NADP reduction (and O, evolution) in 2,5-dibromo-3-methyl-
6-1sopropyl-p-benzoquinone (DBMIB)-treated chloroplasts. In this bypassing of the
inhibition site, N-substituted phenylenediamines are very effective, whereas p-phe-
nylenediamime and C-substituted phenylenediamines are 1nefficient. Uncouplers
exhibit a surprising effect on these systems. Even under coupling conditions uncou-
plers inhibit electron flow to ferricyanide mediated by phenylenediamine in the pH
range 7 3-8.0, whereas the restoration of the NADP system 1s stimulated.

For the interpretation of the results the side of the membrane involved 1s
considered. It is proposed that in ferricyamde reduction by Photosystem II, a phe-
nylenedumine/diamime shuttle operates which moves reducing equivalents from the
inside to the outside across the membrane. This shuttle requires a pH gradient across
the membrane because of different optimal ratios of ditmine/diamine 1nside and out-
side This pH difference 1s abolished by the uncoupler, accounting for the observed
mhibition.

The restoration of electron flow from water to NADP in DBMIB-treated
chloroplasts is assumed to be a bypass of the inhibition site inside the membrane
via a phenylenediamine. Because the imine/amine ratio brought about by the pH
gradient is not favorable for the inside oxidation an uncoupler stimulates NADP
reduction even under coupling conditions,

Abbreviations DBMIB, 2,5-dibromo-3-methyl-6-1sopropyl-p-benzoquinone (dibromothy-
moquinone), DCIP, 2,6-dichlorophenolindophenol, MMPD, 2-methyl-5-methoxy-p-phenylenedia-
mine, TMPD, N,N,N’.N'-tetramethyl-p-phenylenediamine



PHOTOREDUCTIONS BY PHOTOSYSTEM 11 547

Also in photoreductions by Photosystem I, for example NADP reduction at
the expense of p-phenylenediamine/ascorbate, a shuttle of reducing equivalents
across the membrane occurs but this time from outside to inside.

INTRODUCTION

Dibromothymoquinone (DBMIB) is an antagonist of plastoquinone' ™ It
inhibits electron flow from Photosystem II to Photosystem 1 on the reducing side of
plastoquinone! ~¢. In the presence of DBMIB Hill reactions, i.e. O, evolution and
the reduction of an electron acceptor, are attributed to a photoreduction by Photo-
system 11237, Recently the properties of photoreductions by Photosystem II have
been investigated 1n more detail by ourselves’"'! and by Izawa and his colleagues® ' °.
It was concluded that photoreductions by Photosystem II include an energy conserv-
ing step with a Pfe, ratio up to 0.4. We pointed out in addition that the side of the
membrane 1nvolved in such photoreductions is of importance, ipophilic acceptors
being reduced inside, polar acceptors outside’ !, We proposed that 1n the sttmulation
of ferricyanide reduction by phenylenedramines, as observed first by Saha et a/ '°,
a phenylenediamine shuttle operates, which takes reducing equivalents from the n-
side to the outside!®. This paper describes the effect of uncouplers on these systems
which give further support for this view. The results indicate the importance of a
pH gradient in facilitating the shuttle of reducing equivalents across the membrane
in the reduction of ferricyanide by Photosystem 11, i e. in the presence of DBMIB.
Under these conditions and in a certain pH range uncouplers inhibit ferricyamde
photoreduction by inhibiting this shuttle

METHODS

Spinach chloroplasts have been prepared according to Nelson et a/ '? The
particles were washed once in 5 mM Tricine buffer, pH 8.5. Photosynthetic activity
was assayed with 0.2 mg chlorophyli at 15 °C under N, and illumination for 10 mmn
with 30 000 lux. The medium contained in gmoles 1n a volume of 3 ml- MgCl,, 10;
ADP, 10. inorganic [32P]phosphate, 10; and ferricyamde, 20 or NADP, 6 and fer-
redoxin, 0.01: respectively. At the different pH ranges 80 pmoles of the following
buffers were used HEPES-NaOH, pH 7.0-8.6; MES-NaOH, pH 5.5-6.5, citric
acid-NaOH, pH 4.0-5.5.

O, evolution was followed manometrically, NADPH was measured at 340 nm
{(and calculated from the difference in extinction before and after addition of PMS)
and ATP was measured by the mcorporation of *?P according to the modification
of Conover ef al.'3.

DBMIB has been kindly synthetised by Dr W. Draber, Bayer Forschungs-
zentrum, Wuppertal, according to ref. 1. The phenylenediamines, not commercially
available, were a gift of Bayer-Leverkusen and recrystallized from 6 M HCI, Grami-
cidin D was purchased from Serva, Heidelberg. 2-n-Undecylbenzimidazol was syn-
thetised according to ref. 14,
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RESULTS

The rate of ferricyanide reduction by Photosystem II (r.e. in the presence of
DBMIB) 1s low in mtact membrane systems of chloroplasts’ ~2. It 1s stimulated by
the addition of a benzoquinone’ or of a phenylenediamine'®'!. Saha er a/.'® have
first described p-phenylenediamine as a superior acceptor for Photosystem II As
reported recently phenylenediamine and C-substituted p-phenylenediamines are par-
ticularly active n stimulating the photoreduction of ferricyanide by Photosystem
Il in the presence of DBMIB, whereas N-substituted phenylenediamines are inac-
tive''. This is indicated again in the results of Table T.

TABLE 1

EFFECT OF GRAMICIDIN ON THE PHENYLENEDIAMINE-STIMULATED PHOTO-
REDUCTION OF FERRICYANIDE BY PHOTOSYSTEM 1l (¢ IN THE PRESENCE OF
10-¢* M DBMIB)

Conditions 1in the presence of ADP/P,.

ddditions pequir O, evolied 10 nun light
(10~ ) T - -

pH 6.0 PHS 0

nunus plus minus plus

gramicidin granucidin gramicidin gramicidin

(5 peglmly (5 p1g/ml)

None — 11 14 14
p-Phenylenediamine 16 44 61 24
2.6-Diaminotoluene 21 55 58 24
2.6-Diethyl-p-phenylenediamine 26 3.0 54 24
TMPD 14 26 14 14

17 35 15 15

N,N-Dimethyl-p-phenylenediamine

The stimulating effect of certain phenylenediamines on ferricyamde reduction
by Photosystem Il (i e in the presence of DBMIB) 1s dependent on the pH and,
depending on the pH range used, on the absence or presence of an uncoupler. The
effect of the uncoupler gramicidin on the system at pH 6.0 and pH 8.0 1s shown 1n
Table I At pH 6.0 gramicidin stimulates electron flow with all phenylenedia-
munes. At pH 8.0, however, N-substituted phenylenediamines are practically inactive,
whether gramicidin 1s added or not. More important the stimulating effect of p-
phenylenediamine and C-substituted phenylenediamines is inhibited by gramicidin.
It 1s important to note that the effect of gramicidin in Table 1 as well as in Fig. 1
1s observed in the presence of ADP/P,. Fig. | summarizes in more details the effect
of pH and gramicidin on this ferricyanide photoreduction by Photosystem II, com-
paring p-phenylenediamine and 2,6-diethyl-p-phenylenediamine. At a high pH range
gramicidin inhibits the rate of the reaction, while at a low pH range 1t 1s stimulating
with both phenylenediamines. The pH at which these two effects of gramicidin are
mutually cancelling depends, however, on the substitution of the phenylenediamine.
This point, which shall be called here crossover point, 1s at pH 7.3 in the case of p-
phenylenediamine and at pH 6.4 with diethyl-p-phenylenediamine. The pH of the
maximum rate 1n the absence of gramicidin above this crossover point (called here
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Fig 1 Influence of pH and gramwcidin (5 pg/ml) on a phenylenediamine (10~ + M)-stimulated

photoreduction of ferricyanide by Photosystem Il (i.e. in the presence of 10-° M DBMIB)

maximum rate of the shuttle of phenylenediamine across the membrane) 1s 8.0 and
7 6. respectively, while the maximum rate in the presence of gramicidin below this
point (i e. maximum rate of the electron transport chain) is 7.0 for p-phenylenedi-
amine, but 5.0 for 2,6-diethyl-p-phenylenediamine. In Table IT the values of these
three points are given for several substituted phenylenediamines calculated from
Fig. I or from corresponding curves for the other phenylenediamines. The general
bzhaviour 1s the same for all phenylenediamines listed but there 1s a shift towards
a lower pH range with increasing substitution with alkyl groups on the ring (and
the lower the pK as discussed later). From Table I 1t seems that the rate of ferricyanide
reduction in the presence of gramicidin at pH 8.0 1s the same independent of the
(C-substituted) phenylenediamine used. This indicates that the shuttle operating
maximally only 1n the absence of gramicidin i1s dependent on the structure of the
phenylenediamine. The N,N,N’,N'-tetramethyl-p-phenylenediamine (TMPD) sys-

TABLE II

DEPENDENCE ON pH OF THE EFFECT OF GRAMICIDIN (5 tg/ml) ON THE STIMU-
LATION BY PHENYLENEDIAMINES OF THE PHOTOREDUCTION OF FERRICYANIDE
BY PHOTOSYSTEM 1I (re. IN THE PRESENCE OF 10-® M DBMIB)

Additions pH
(10~* ML) - - .
Maxunum of Crossoter Maximum of
electron transport point p-phem lenedianmine
(presence of shuttle
uncoupler) (absence of uncoupler)
p-Phenylenediamine 70 73 80
2.4-Diaminotoluene 60 70 80
2,6-Diethyl-p-phenylenediamine 50 64 76

Diaminodurene - 50 62 76
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Fig. 2. Influence of the concentration of p-phenylenediamine on the photoreduction of ferricyanide
by Photosystem II (i.e. in the presence of 107 M DBMIB) 1n the absence or presence of 5 sig/ml
gramictdin.

tem which 1s practically inactive in stimulating ferricyanide photoreduction by Pho-
tosystem II at pH 8.0 is not effected by gramicidin at this pH. However, at low pH
also the TMPD system as well as the other phenylenediamines 15 stimulated by an
uncoupler (Table I).

The inhibition by gramicidin of the ferricyanide system stimulated by a C-
substituted phenylenediamine at pH 8.0 depends on the concentration of the phenyl-
enediamine. As Fig. 2 shows for p-phenylenediamine the stimulation of ferricyanide
photoreduction at pH 8 0 is already saturated at a concentration of about 10™* M
p-phenylenediamine. At this concentration gramicidin inhibits. The inhibition 1s
overcome by adding more p-phenylenediamine. The P/e, ratios are lowered at high
p-phenylenediamine concentrations.

Those phenylenediamines which are inactive in stimulating ferricyanide re-
duction by Photosystem 11 (i.e. in the presence of DBMIB) are active in restoring
NADP reduction and vice versa. p-Phenylenediamine which is very active in stimu-
lating the ferricyanide system rather weakly restores NADP reduction. On the other
hand TMPD s very active in restoring NADPH formation in the presence of DBMIB''.
This effect of different phenylenediamines on the bypassing of the mhibition site of
DBMIB and thus restoring NADPH photoreduction (and stoichiometric O, evolu-
tion'!) 1s summarized in Table III. Furthermore the effect of ADP/P, and gramicidin
15 indicated 1in Table III The stimulatory effect of ADP/P,, apparent in the two N-
substituted phenylenediamine systems with high electron flow rates is indicative of
the coupling of these systems to ATP formation. In the other systems no stimulation
can be expected, because it 1s quite obvious that the p-phenylenediamine bypass 1s
limiting As presented elsewhere!! the P/e, ratios in these restored NADPH systems
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TABLE 111

EFFECT OF GRAMICIDIN ON THE RESTORATION OF NADP REDUCTION BY PHE-
NYLENEDIAMINES IN DBMIB-TREATED CHLOROPLASTS (pH 8 0)

Additions to 107 M DBMIB jtmoles NADPH formed| 10 nmuin light

Absence of Presence of ADP/P,
ADPIP, - S = -
(no gramicidin) nunus plus
gramicidin gramicidin
(5 ng/ml)
Control without DBMIB 23 43 50
- — 02 02
TMPD 38 43 44
N, N-Dimethy!l-p-phenylenediamine 32 42 44
p-Phenylenediamine 09 i1 22
2.4-Diaminotoluene 10 1.1 17
MMPD 19 1.6 10
2,6-Diethyl-p-phenylenediamine 1.1 1.2 11
Diaminodurene 10 06 04

are about 1. For the purpose of this paper the ADP/P, column is only to illustrate that
the large gramicidin effects even in the presence of ADP/P, are not reflecting control
via the coupling system. Whereas there is no or little effect of gramicidin in the TMPD
system (which has already very high rates) the p-phenylenediamine and 2,4-diamino-
toluene systems are stimulated. The pH dependence of this gramicidin stimulation
in the p-phenylenediamine system is shown in Fig. 3. From this 1t is evident that
under the condition in which gramicidin inhibits the phenylenediamine stimulation
of ferricyanide photoreduction, 1t siimulates NADP reduction (compare Figs 1 and
3) As pointed out already'' the chemical constitution of a phenylenediamine re-
quired for stimulating NADP reduction is just the opposite of the one for ferricy-
anide reduction and vice versa. This becomes very clear again from the experiments

w
<.

D/——T—\ « graricn

prmoles NADPH / 10rain Lgnt
o

70 80 90
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Fig. 3 Influence of pH and gramicidin (5 jeg/ml) on the restoration of NADP reduction by 10-4 M
p-phenylenediamine (in the presence of 107 M DBMIB)
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TABLE 1V

EFFECT OF UNCOUPLERS ON THE RESTORATION OF NADPH FORMATION OR
STIMULATION OF FERRICYANIDE REDUCTION IN DBMIB-TREATED CHLORO-
PLASTS

Additions to 10~% M DBMIB fequir Oy evolved; 10 mun light

NADP system Ferricyanide
system

Control without DBMIB 45 46

— 01 14

10~* M p-phenylenediamine 12 56

10~* M p-phenylenediamine 4 gramicidin (5 jig/mi) 23 23

10+ M p-phenylenediamimne+2 10~% M undecylbenzimidazole 20 21

10~* M p-phenylenediamine- 2 1073 M NH,Cl 22 23

discussed in this paper. Substituted phenylenediamines with more than one alkyl
substituent (like MMPD, diethyl-p-phenylenediamine and diaminodurene) are shightly
mhibited by gramicidin 1n the restoration of NADP photoreduction (Table I11).

Other uncouplers show the same effect as gramicidin. Table 1V indicates that
the uncouplers NH,Cl and undecylbenzimidazol'* have the same influence as gra-
mucidin, s.e. they inhibit the stimulation by p-phenylenediamine of the photoreduc-
tion of ferricyanide and stimulate the restoration of NADPH formation (all in the
presence of DBMIB and of ADP and phosphate).

The interpretation of the results, as discussed later, 1s that in ferricyanide
reduction a phenylenediamine shuttle across the membrane occurs, which carries
electrons as well as hydrogens from the inside to the outside According to the
chemiosmotic hypothesis this will lower the coupled ATP formation and the P/e,
ratio as 15 actually observed in such photoreductions by Photosystem IT'!. We as-
sume that the same phenylenediamine shuttle operates and hydrogens are removed
from the nside also in the ferricyamde Hill reaction+ p-phenylenediamine 1n the
absence of DBMIB, i e. under the original conditions of Saha er a/'> As Saha et
al.'? found by adding p-phenylenediamine to a ferricyanide Hill reaction by broken
chloroplasts, the rate of electron flow 1s stimulated with a P/e, ratio of about 0 5.
This was explaned by Saha er al.'® as a photoreduction by Photosystem IT with the
participation of just one ATP forming site. We quite agree with them”'! that photo-
reductions by Photosystem Il are coupled to just one energy conserving step. But we
would like to point out that it 1s quite possible that plastoquinone and the energy con-
serving step coupled to it, still participate in the phenylenediamine reduction by
Photosystem II. But the p-phenylenediamine shuttle through the membrane will
transport some of the hydrogens back outside. It 1s this shuttle which lowers the
P/e, ratio In Fig. 4 the effect of p-phenylenediamine and gramicidin on a ferricyanide
Hill reaction is described in the absence of DBMIB (these are the conditions of Saha
et al '®) It 1s apparent that indeed p-phenylenediamine acts as a kind of uncoupler.
The rate of electron flow to ferricyanide 1s stimulated by either gramicidin or p-
phenylenediamine. By adding p-phenylenediamine to a ferricyanide reduction system
only the electron flow rate 1s increased but not the rate of ATP formation, r.e. the
sttimulated electron flow rate 1s not coupled. We would like to term this uncoupling
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Fig 4. Stumulation of ferricyanide photoreduction by gramicidin (5 ytg/ml) andjor 10~4 M p-phe-
nylenediamine (PD) (in the absence of DBMIB).

effect of p-phenylenediamine a stoichiometric uncoupling, because the uncoupling
effect of p-phenylenediamine is stoichiometric to the increased rate brought about
by p-phenylenediamine.

DISCUSSION
Rumberg's?3-2# as well as Avron’s group?*-2° have pointed out that the mter-
nal rather than the external pH controls the rate of electron transport in chloroplast
membranes The pH gradient generated in the light inside the membrane allows
maximum electron transport even when the outside pH is high. Uncouplers shift the
pH maximum of electron flow (in the medium) to lower pH values because now a
lower pH mside than outside 1s not mamtained Recently Bamberger er al.?” sug-
gested that the rate controlling site 1s embedded in the membrane and 1s a function
of both internal and external pH. Their result 1n the light of the results presented
here may be viewed rather as a manifestation of the optimal pH favoured inside
(for oxidation) and outside (for reduction) for the native shuttle of reducing equiva-
lents as well as hydrogens across the chloroplast membrane vza plastohydroquinone;
plastoquinone.

The results 1n this paper show how this optimal pH difference for electron
flow, governed by the native shuttle, 1s shifted when the optimal pH difference of
an artificial shuttle of reducing equivalents 1s superimposed in the presence of a plas-
toquinone antagonist. Such a shuttle in the opposite direction across the membrane
occurs when 1n photoreductions by Photosystem II (electron flow to Photosystem I
prevented by DBMIB} a phenylenediamine mediates an electron flow from plasto-
hydroquinone inside the membrane towards the terminal acceptor, the polar ferri-
cyanide, outside. In this shuttle the phenylenediimine 1s transported to the inside
and the phenylenediamine to the outside (see the scheme 1in Fig 35). The properties of
the reduced as well as the oxidized form, i e. hpophilicity, charge and difference 1n
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Fig 5. Scheme of photosynthetic electron transport in a zig-zag across the membrane The inhi-
bition site of DBMIB, a phenylenediamine shuttle across the membrane 1n/out 1in the photoreduction
of ferricyanide by Photosystem 1I, a phenylenediamine shuttle out/in for the photoreduction of
NADP by Photosystem I and a bypass of the inhibition site by TMPD inside the membrane 1s 1n-
dicated. No stoichiometry of protons released inside 1s given -, native electron flow 1n the absence
of DBMIB.

pK influence the activity of a phenylenediamine in this shuttle. N-Substituted
phenylenediamines are oxidized by ferricyanide outside to the polar radical, which
cannot penetrate the membrane against the positive membrane potential inside.
Therefore TMPD and N-dimethyl-p-phenylenediamine do not stimulate the photo-
reduction of ferricyanide by Photosystem II at pH 8.0. At pH 6 0 and in the presence
of gramicidin TMPD does stimulate, possibly because the membrane potential is
broken down. The imine form of p-phenylenediamine and C-substituted phenylene-
diamines have pK values around 3-42%. They are not protonated at high pH outside
and, therefore, are able to penetrate the membrane. The amine form with pK values
around 6%® are protonated inside. In this way they are even acting as internal
buffers?®. This will lead to a low concentration of the free base of the amine nside
but high outside of the membrane. Assuming that the free base s the species reacting
i oxidation and reduction reactions, the pH gradient built up by the energy con-
serving sites of the electron flow system wiil lead to a distribution of imine and amine
(as base) nside and outside which 1s favourable for the overall reaction with the
reduction of the imine inside and oxidation of the amine outside, i.e. & high ratio
reduced/oxidized outside and a high ratio oxidized/reduced (not protonated) inside
An uncoupler by breaking down the pH gradient inhibits this shuttle and this
favourable ratio inside and outside because of the equilibration and, therefore, 1n-
hibits the stimulation of ferricyanide reduction by a lipophilic phenylenediamine at
high outside pH. It should be kept in mind that this imhibition by an uncoupler at
high outside pH occurs 1n the presence of ADP/P, and, therefore, does not reflect an
influence of the uncoupler on the coupling system. Increasing the absolute concen-
tration of p-phenylenediamine in the system overcomes the inhibition of the uncou-
pler by increasing the concentration of free base inside. In a way p-phenylenediamine
at high concentration 1s to be considered an uncoupler. Also in the presence of
gramicidin in the high pH range no dependence on substitution (leave out the
N-substitution) 1s observed indicating that the shuttle 1s limiting the overall rate.
At lower pH outside, the inhibition by an uncoupler disappears and the usual
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stimulation of an electron transport chain by an uncoupler becomes apparent be-
cause now the coupling system limits electron flow.

Even at pH 5.0 and below high electron transport rates are observed. This
depends on the effectiveness of the phenylenediamine shuttle. Highly C-substituted
phenylenediamines, which will have higher lipophilicity and also lower pK values
(because of steric shielding of the amino group) are better electron acceptors for
Photosystem 11 at lower pH than the unsubstituted p-phenylenediamine. The points
chosen 1n Table 11 to illustrate this are, of course, of no significance as such because
at any pH the system is complex.

The stimulation by phenylenediamines of the bypassing of the DBMIB inhi-
bition site in the NADP system is visualized to occur nside. Both the reduction and
oxidation of the p-phenylenediamine used occurs inside and no shuttle across the
membrane is required. Arguments for this have also been discussed elsewhere'’
The inhibition of the shuttle by gramicidin as observed 1n the ferricyanide system
(Table I) has been attributed above to an increase in the amount and ratio of the
reduced (not protonated) to the oxidized form of the phenylenediamine reduced
inside (see above) This ratio is favourable for a reduction of the donor side of Pho-
tosystem I and, therefore, uncouplers stimulate the NADP system.

The shuttle of the phenylenediimine/phenylenediamine in the ferricyanide
system will also carry hydrogens across the membrane, because hydrogens are re-
quired for reduction of the diimine (not to be confused with the protonisation of the
amine). According to the chemiosmotic theory this will lower the amount of protons
avaitlable for the ATP-forming system and the P/e, ratio of the complete systems
The P/e, ratio of the photoreduction of ferricyanide by Photosystem 11, therefore,
does not necessarily indicate that only one energy conserving site 1s participating.
but rather that some of the hydrogens pumped inside across the membrane are trans-
ported back outside stoichiometrically to the electron flow. This we would like to
term stoichiometric uncoupling.

Stoichiometric uncoupling also occurs, when p-phenylenediamine is added to
a ferricyanide system in the absence of DBMIB, i e. the conditions of Saha et af 5
Therefore, the conclusion that only one energy conserving site 1s operating in photo-
reductions by Photosystem 11 1s correct only if the overall stoichiometry 1s considered.

To account for the couphing to ATP formation of photoreductions by Photo-
system Il with about half the stoichiometry (P/e, ratio)} of non-cyclic electron
flow” " '!, we would like to accept the scheme of Witt and his colleagues'® Accord-
ing to Junge and Witt and co-workers'®2%3° the water-splitting reaction occurs in-
side the membrane The protons released in the water-splitting reaction contribute
together with the protons pumped across the membrane in a plastoquinone shut-
tle3'+32 to the pH gradient, which in turn gives rise to ATP formation (with a P;e,
ratio of 1.33 1n non-cyclic electron flow on the assumption of 3 H*/ATP??). The
protons released in the water-splitting reaction inside are responsible for the energy
conserving site in photoreduction by Photosystem II (Fig 5).

Presumably in a phenylenediamine shuttle two protons per 2 ¢ are moved
back outside. This would then lead to an expected P/e, ratio of about 0.66 The ob-
served value in photoreduction by Photosystem 1I as reported 1s in the order of 0 3—-
0577 '! Because In the restoration of electron flow from water to NADP (bypass
of the DBMIB inhibition site) 17 TMPD mside (Fig. 5) no hydrogens are lost
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the P/e, ratto 1s again 111

In photoreductions by Photosystem I at the expense of an electron donor sys-
tem hike various phenylenediamines/ascorbate or DCIP/ascorbate a shuttle of reduc-
ing equivalents also occurs, but this time from the outside to the inside because the
polar ascorbate will not penetrate through the membrane?!, If a lipophilic, hydrogen
carrying phenylenediamine is used, the system i1s coupled to ATP formation!” 19,
This 1s again because the shuttle not only carries reducing equivalents inside but also
releases protons mside?!. The stimulation of the DCIP/system by NH,Cl which has
been observed!”~1%.22 byt not yet satisfactorily explained, is possibly due to a stim-
ulation of this shuttle.

POSTSCRIPT

When we were preparing the manuscript of this paper we received a commu-
nication from Dr Good’s laboratory describing similar experiments. We seem to
agree 1in some basic experimental data but arrive at different explanations.
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