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The reactions of chloroplast thylakoid lamellae with the chemical probe p-(diazonium-) benzene-
sulfonic acid (DABS) in the light have been reinvestigated. In contrast to a previous report, elec-
tron transport from a photosystem I electron donor to methylviologen was found to be inhibited
by this treatment. During the incubation of chloroplasts with DABS in the light, the probe is altered
with high rates. Under aerobic conditions, a concomitant oxygen uptake is observed, which is
stoichiometric to the amount of DABS altered. Under anaerobic conditions, the binding of the
35S-labeled probe to the membranes in the light is stimulated 2—3 fold as compared to the binding
under aerobic conditions. The data are taken as evidence that the photoreduction of the probe
rather than a conformational change of the membrane may be at least partially responsible for the

increased reagent binding observed in the light.

Introduction

Several methods have been used for the study of
chloroplast membrane sidedness (for a recent review
see !). One of the methods applied in such studies is
the treatment of the membranes with chemical modi-
fiers. Dilley and co-workers have introduced the
water-soluble chemical probe p- (diazonium-)benzene-
sulfonic acid (DABS) into the study of the location
of chloroplast membrane constituents 2. This probe
has been shown for other biological membrane
systems to be non-penetrating®*. In subsequent
studies, Dilley and co-workers 6 found that when
chloroplast membranes were treated with DABS in
the light, the amount of modifier that could be bound
significantly increased (3 —4 fold). The increase in
the amount of label bound was interpreted by these
authors as indicating a membrane conformational
change that took place in the light exposing other-
wise buried groups to the diazonium reagent.

This conformational change was prevented by the
electron transport inhibitior DCMU and could not
be generated by known photosystemI cyclic reac-
tions » 6. Giaquinta et al.” have proposed that elec-
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tron flow from Q, the primary electron acceptor of
photosystem II, to plastoquinone is required to
generate this large membrane perturbation.

In this communication we report, however, that
the increased binding of the probe to the chloroplast
membrane is associated with the photoreduction of
the probe, prevented by DCMU. Evidence is present-
ed to show that the reduced intermediate has an
altered reactivity as compared to the parent com-
pound, which may significantly contribute to the
light-induced binding of the probe. It is also de-
monstrated that, under appropriate conditions, illu-
minated chloroplasts bind up to 10 fold more of the
probe than dark-treated chloroplasts. In contrast to
a previous report8, the increased binding of the
reagent can lead to a significant (70%) inhibition of
electron transport through PS 1.

Materials and Methods

Spinach chloroplasts  were isolated according to
the method of Nelson et al.?, washed two times with
0.05 M K;PO,, 0.1 M NaCl (pH 7.2), and resuspend-
ed in the same buffer at a concentration of 1 mg
chlorophyll/ml. Chlorophyll assays were according
to Arnon 1,

Preparation of [*S]DABS was carried out as
described by Hoyer and Trebold '!. [32S]DABS was
synthesized according to described procedures!? as
a solid crystalline compound. [3*S]sulfanilic acid
was purchased from Amersham Buchler. Coupling
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of DABS to the chloroplasts was carried out using
the conditions described by Dilley et al.? in 0.05M
K3PO,, 0.1m NaCl (pH 7.2). The temperature
during the incubation was 0 — 4 °C unless otherwise
stated. After the reaction of the chloroplasts with
DABS, the reaction mixture was diluted 15 — 20 fold
with 0.02M Tris-HCl (pH 8.0) containing 5 mMm
MgCl,, 10 mm KCl, 0.4 M sucrose and 2 mg/ml
bovine serum albumine. The chloroplast lamellae
were then centrifuged for 5 min at 10 000 rpm in a
Sorvall SS 34 rotor at 0 — 4 °C, washed three times
in the same buffer and finally resuspended in this
buffer at a concentration of about 0.5 mg Chl/ml.

Photochemical activities and radioactivity were
then determined.

For NADP*-reduction, the reaction mixture con-
tained in 1ml: 20 mm Tris-HCl (pH 8.0), 5mmMm
NH,CIL, 10 um DCMU, 5 mM Na-ascorbate, 0.1 mm
DAD-2 HCl, 1.5 mm NADP*, 5 um ferredoxin, ex-
cess ferredoxin-NADP*-reductase and chloroplasts
equivalent to 10 —20 ug Chl. The cuvettes were
illuminated in air at room temperature for 4 min
with heat-filtered white light of an intensity of about
1< 105 ergs cm™2sec™ ! at the position of the cuvette.
The reduction of NADP* was determined by measur-
ing the increase of absorbance at 365 nm. Spinach
ferredoxin and spinach ferredoxin-NADP*-reductase
were isolated by described procedures 13- 14,

MYV reduction was followed in a Clark-type oxy-
gen electrode similar to that described by Delieu
and Walker 1. The reaction mixture contained in
2ml: 30 mM Tris-HCI (pH 8.0), 5 mm NH,CI, 10 um
DCMU, 5mM Na-ascorbate, 0.1 mm DAD-2 HClI,
0.2mMm MV, 0.5 mm NaN; and chloroplasts equiva-
lent to 10 —20 ug Chl. The reaction vessel was
thermostated at 20 °C and illuminated with heat-
filtered white light of approximately 2 x 10°ergs
cm™2sec” ! at the position of the reaction vessel.

Light intensities were measured with an YSI
Kettering Model 65 Radiometer.

For the determination of radioactivity, the pro-
cedure of Giaquinta et al.” was used. Radioactivity
was counted by liquid scintillation using the Aquasol
Universal L.S.C. Cocktail (New England Nuclear)
in a Packard Tri-Carb liquid scintillation spectro-
meter Model 3385.

For the quantitative determination of DABS in
solution, a method similar to that for the determina-
tion of nitrite ' was used: An aliquot of the dia-
zonium salt solution was allowed to react with an
excess amount of a-naphthylamine (0.1M in 6M
acetic acid) and after 30 min the extinction of the
red coloured azo compound was measured at 530 nm.
The concentration of DABS was determined using a
calibration curve. When DABS was determined in a

chloroplast suspension, an aliquot of the suspension
prior to the addition of DABS was mixed with the
a-naphthylamine solution in the same way and used
as a blank.

Results

1. Light-dependent inhibition of PS I electron
transport

Selman et al.® have shown that illumination of
chloroplast lamellae during incubation with DABS
increases the inhibition of NADP*-reduction at the
expense of an artificial PST electron donor, reduced
DCIP, over the dark level. Similar results are shown
in Table I for the DAD-dependent NADP*-reduc-
tion. The rather high inhibition of NADP*-reduc-

tion seen for chloroplasts incubated with DABS in

Table I. Inhibitions of PS T partial reactions caused by in-
cubation of chloroplast lamellae with DABS in the dark and
in the light.

a. NADP* reduction at the expense of a PST electron do-
nor, DAD.

b. MV-catalyzed oxygen uptake with DAD or DCIP/ascorbate
as electron donors. The assay conditions were as described in
Materials and Methods. “Dark DABS” stands for incubation
of chloroplasts with DABS in the dark, “Light DABS” for
incubation in the light. Incubation conditions: Chloroplasts
at a concentration of 1mg Chl/ml were allowed to react
with 2 mM DABS for 1 min at 0—4 °C. The “Light DABS”
sample was preilluminated for 15 sec before the addition of
the reagent. Illumination was carried out with white light
of approximately 1 x 108 ergs cm—2 sec 1. The control chloro-
plasts were light-treated similarly without the addition of
DABS. Electron transport rates are given in uequivalents/
mg Chl/h.

a. DAD/ascorbate — NADP*

Treatment Addition Electron Inhibition
transport [%]
rate

Control - 133 —

+reductase 185 —

Dark DABS — 36 72

~+reductase 73 60

Light DABS - 3 98

~+reductase 5 97

b. DAD or DCIP/ascorbate — MV

Treatment Donor Electron Inhibition
transport [%]
rate

Control DAD 658 —

Dark DABS (100 rem) 600 9

Light DABS 187 71

Control DCIP 517 —

Dark DABS (50 ™) 517 0

Light DABS 262 49

Control DCIP 635 —

Light DABS (150 um) 337 47
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the dark (72% without and 60% with added ferre-
doxin-NADP"-reductase, respectively) is increased to
almost complete inhibition when incubation is car-
ried out in the light.

Table I also shows the results for MV-mediated
0, consumption using either DAD or reduced DCIP
as electron donors for PSI. Unlike NADP*-reduc-
tion, incubation of chloroplast lamellae with DABS
in the dark results in only a marginal inhibition of
electron transport in this PST partial reaction. In
contrast, MV reduction in chloroplast membranes
treated with DABS in the light is markedly inhibited
to about 30 — 50% of the control electron transport
rate. The level of inhibition apparently depends on
the electron donor used, the reaction with DAD
being more sensitive than the reaction with reduced

DCIP.

2. Reduction of DABS by illuminated chloroplasts

When a solution of DABS is illuminated in the
presence of chloroplasts, this solution rapidly loses

pmol DABS in solution——
o =] o o >
o B | -] [f=} o
s il T T T T
x

o
3]
T

00

1 1 1 1 1
0 10 20 30 40
lllumination time [sec] ———

Fig. 1. DABS destruction by illuminated chloroplasts mea-
sured as the loss in ability to couple to a-naphthylamine.
O—Q, under aerobic, X — X, under anaerobic conditions.
Reaction conditions: The reaction mixture contained in 2 ml:
0.05 M K;PO, (pH 7.2), 0.1 M NaCl, chloroplasts equivalent
to 0.26 mg Chl, and 1 umol DABS. 5 sec after the addition
of DABS to the stirred reaction mixture the samples were
illuminated for the indicated times. 1 min after the addition
of DABS, aliquots were withdrawn and mixed with the a-
naphthylamine solution. Anaerobic conditions were generated
by N, before the addition of the chloroplasts. After the ad-
dition of the chloroplasts, the air-water interface was flushed
with N, . Anaerobic conditions were checked with an oxygen
electrode. Illumination was with white light of approximate-
ly 2x10% ergs cm—2sec—1, T=20 °C.

its ability to couple to a-naphthylamine to give an
azo compound (Fig.1). The initial rate of alter-
ation of the diazonium salt during the first 10 sec of
illumination equals 240 gmol DABS altered/mg
Chl/h. The time courses for this light-dependent
alteration of DABS by chloroplasts are similar under
aerobic and anaerobic conditions (Fig. 1).
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Fig. 2. Changes in oxygen concentration in the reaction
mixture during the incubation of DABS with illuminated
chloroplasts. Traces from an oxygen electrode are shown.
The reaction mixture contained in 2 ml: 0.05 M KsPO, (pH
7.2), 0.1 m NaCl and chloroplasts equivalent to 0.4 mg Chl.
At the indicated times, the light was turned on (white
light with about 2 x 103 ergs cm—! sec—?! intensity) and then
0.5 umol DABS were added with a syringe. T=20 °C.
Trace a: without additions; trace b: plus 1 um DBMIB;
trace c: plus 10 um DCMU; trace d: without additions, but
in the dark. The initial rate in trace a after the addition of
DABS equals 110 #mol Oy/mg Chl/h.

Fig. 2 shows the change of oxygen concentration
during incubation of DABS with chloroplasts mea-
sured with an oxygen electrode. In the light and in
the absence of any added electron acceptor, oxygen
is very slowly taken up, the rate being about 5 gmol
0,/mg Chl/h (trace a). The addition of DABS to
the illuminated reaction mixture causes a rapid
oxygen consumption with an initial rate of about
110 umol O,/mg Chl/h (trace a), although the reac-
tion mixture contains only buffer, chloroplasts and
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DABS. The response time of the electrode used is
probably too slow to measure the fast transient rate
during the first 10 sec seen in Fig. 1.

That this oxygen consumption is not just a chloro-
phyll photosensitized reaction is shown by its sen-
sitivity to the electron transport inhibitors DBMIB
(trace b) and DCMU (trace c). DCMU (10 um)
almost completely prevents the DABS stimulation of
oxygen consumption (trace c¢, for comparison the
reaction in the dark is shown in trace d), while
DBMIB (1 zM) is less effective and only inhibits the
rate of oxygen consumption to apparently 70% of
the uninhibited rate (trace b).

Fig. 3 shows that the total amount of O, consum-
ed during the illumination of chloroplasts in the
presence of DABS is linearly correlated to the
amount of DABS added to the reaction mixture.
From this figure, a stoichiometry of about 0.8 O,
consumed per DABS added can be calculated.

It is possible to reduce DABS chemically with
K-ferrocyanide. This leads to an oxygen uptake
similar to that seen when the reduction is carried out
by illuminated chloroplasts. The stoichiometry of
this oxygen uptake is about 1 O, taken up per DABS
added (see Fig. 3).
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Fig. 3. Oxygen consumption upon reduction as a function
of the amount of DABS added. O — (), reduction by K-fer-
rocyanide. The reaction mixture contained in 2 ml: 0.05M
KsPO, (pH 7.2), 0.1 M NaCl, 2 umol K-ferrocyanide, and
the indicated amounts of DABS. X.— X, reduction by il-
luminated chloroplasts. The reaction mixture contained in
2 ml: 0.05M K;PO, (pH 7.2), 0.1 M NaCl, chloroplasts equi-
valent to 0.2 mg Chl, and DABS as indicated. Illumination
was with white light of an intensity of approximately 2 x 10®
ergs cm—2sec™!., The oxygen uptake was measured with an
oxygen electrode, T=20 °C.
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In Fig. 4 the quantitative correlation between the
amount of DABS altered by illuminated chloroplasts
(measured as the loss of DABS able to couple to
a-naphthylamine to give the corresponding azo com-
pound, see Materials and Methods and Fig. 1) and
the amount of oxygen taken up during the reaction
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Fig. 4. Correlation between DABS destruction and oxygen
uptake upon reduction with illuminated chloroplasts. The
reaction mixture contained in 2 ml: 0.05 M K3PO, (pH 7.2),
0.1 M NaCl, chloroplasts equivalent to 0.2mg Chl and
0.5 mM DABS. 10 sec after the addition of DABS to the stir-
red reaction mixture, the samples were illuminated for
various times. After a total incubation time of 2 min the
oxygen uptake was determined and aliquots mixed with the
a-naphthylamine solution. DABS destruction was measured
by its loss in ability to couple to a-naphthylamine as de-
scribed in Materials and Methods. Oxygen uptake was mea-
sured with an oxygen electrode, T=20 °C. The samples were
illuminated with white light of about 2 x 10°ergs cm—2
sec™ 1,

is shown. DABS was added to stirred chloroplast
suspensions in the oxygen electrode, and 10 sec there-
after the suspensions were illuminated for different
times. The total exposure time of the chloroplasts to
DABS was kept constant at 2 min. The amount of
0, consumed was recorded, samples were withdrawn
and mixed with the a-naphthylamine solution. The
results displayed in Fig. 4 clearly show that the
amount of oxygen taken up during the incubation of
chloroplasts with DABS in the light is proportional
to the amount of DABS altered during this proce-
dure. One can calculate from this figure a stoichio-
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metry of about 0.8 O, taken up per DABS altered,
confirming the results shown in Fig. 3.

These results indicate that the oxygen uptake is
associated with a chemical alteration of the dia-
zonium compound. Although the reaction products
have not been identified, we interpret these data as a
reduction of the diazonium compound by illuminated
chloroplasts (or by K-ferrocyanide) followed by a
stoichiometric oxygen uptake.

Assuming from the chemical reduction of DABS
that 1 O, is taken up per DABS reduced and, in
addition, that DABS reduction requires 1 electron
per molecule, an overall stoichiometry of 0.75 O,
taken up per DABS reduced would be predicted
when the reduction is carried out by illuminated
chloroplasts (because of the oxygen evolved in the
water splitting reaction). The measured overall
stoichiometry of 0.8 O, taken up per DABS reduced

is in close agreement to the calculated value.

3. Kinetics of DABS binding to chloroplast lamellar
systems and of inhibition of electron transport

through PS1

DABS binding to chloroplast membranes under
various conditions has been studied intensively by
Dilley and co-workers > 8. The purpose of the experi-
ments reported here is to determine whether there is
a correlation between the reduction of the diazonium
compound during the incubation with illuminated
chloroplasts to the binding of the compound to the
membrane.

It was shown in section 2 that aerobic reduction
of DABS is associated with a stoichiometric oxygen
consumption. DABS is reduced, however, with simi-
lar kinetics under both aerobic and anaerobic condi-
tions. Thus, oxygen uptake is probably due to the
reaction of the reduced DABS species with mole-
cular oxygen rather than a reduced oxygen species
reacting with DABS. If the increased DABS binding
to the thylakoid membranes in the light is at least
partially due to the presence of this reduced DABS
species, molecular oxygen and membranes should
compele for this species and, therefore, the binding
of the probe to the membranes in the light should be
increased under anaerobic conditions.

Fig. 5 shows the time course of the light-depen-
dent binding of the probe to chloroplast membranes
and of the inhibition of electron transport through
PST under aerobic and anaerobic conditions. In the
dark, the lamellar systems bind about the same
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Fig. 5. Time courses of light-dependent DABS binding and
PST inhibition under aerobic and anaerobic conditions.
Solid lines: probe binding to the membranes: X — X, bind-
ing under aerobic conditions; O — (), binding under anaero-
bic conditions. Dashed lines: inhibition of MV reduction
with the DAD/asc. donor couple: X---X, inhibition of chlo-
roplasts treated with DABS under aerobic conditions.
O ---0Q, inhibition of chloroplasts treated with DABS
under anaerobic conditions. Incubation conditions: The in-
cubation mixture contained in 3 ml: 0.05 m K;PO, (pH 7.2),
0.1 » NaCl, 2 mm DABS and chloroplasts equivalent to
0.8 mg Chl. Anaerobic conditions were generated and checked
as described in the legend to Fig.1l. The incubation mix-
tures were illuminated for the indicated times with white
light of approximately 2 x 10%ergscm—2sec—!, T=20 °C.
The total incubation time of chloroplasts with the probe was
2 min. The assay conditions for the MV-catalyzed O, uptake
are described in Materials and Methods.

amount of DABS. With illumination, there is signifi-
cantly (2—3 fold) more reagent binding under
anaerobic than under aerobic conditions. The amount
of probe bound after 40sec of illumination under
anaerobic conditions is about 0.7 bound/1 Chl. This
is a 10 fold increase in binding as compared to the
dark level.

Inhibition of MV reduction seems not to be affect-
ed by the difference in treatment, i. e. the extent of
inhibition is not correlated to the amount of probe
per chlorophyll which is bound to the membranes.

Discussion

1. The reduction of azo compounds by isolated
chloroplasts has been described previously !7. In this
paper we describe the photosynthetic reduction of
DABS, a diazonium salt. Upon reduction by either
illuminated chloroplasts or chemically by K-ferro-
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cyanide, the diazonium salt loses its ability to
couple to a-naphthylamine to give the corresponding
azo compound and takes up a stoichiometric amount
of oxygen. It is well known from organic chemistry
that diazonium salts may lose their diazonium
group upon reduction and hence the ability to carry
out azo coupling 8. The reduction of the diazonium
salt by illuminated chloroplasts is completely inhibit-
ed by DCMU and only partly by DBMIB indicating
that the diazonium salt is probably reduced by both
PST and PSII.

We determined a stoichiometry of 1 O, taken up
per DABS reduced using K-ferrocyanide as a re-
ductant and a stoichiometry of about 0.8 O, taken up
per DABS reduced for the reduction by illuminated
chloroplasts (see section 2). The determination of
the latter stoichiometry is somewhat complicated by
the fact that DABS is concurrently bound to the
chloroplast membranes. However, only up to 4% of
the total amount of DABS added to the incubation
mixture was found to be bound under aerobic con-
ditions and, thus, should not interfere severly with
the determination of the stoichiometry.

2. Giaquinta et al.” have proposed that electron
flow from Q to plastoquinone causes a membrane
conformational change which is indicated by extra
DABS binding to the chloroplast membrane. Our
observation is that under conditions where electron
transport through this region is possible, the chloro-
plasts are able to reduce the probe. Conditions which
prevent the light induced extra DABS binding (i. e.
in the presence of DCMU but not DBMIB) almost
completely inhibit the reduction of the probe
(Fig. 2).

Attempts to increase the binding of the reagent to
the membranes by chemically reducing DABS in the
presence of chloroplasts in the dark were unsuccess-
ful (data not shown). It seems possible to us that
DABS has to be reduced at or very close to the mem-
brane to allow the reduced intermediate to react
efficiently with the membrane because of side reac-
tions which may occur.

One of these side reactions is the oxidation of the
reduced intermediate by molecular oxygen. When
we exclude this reaction by anaerobic conditions,
the velocity of DABS (or “intermediate’”) binding
to the membranes increases 2—3 fold (Fig.5),
although the time course for the reduction by illu-
minated chloroplasts remains similar (Fig. 1). This
result suggests that oxygen and chloroplasts compete

for the reduced intermediate generated by chloro-
plasts in the light. The extra probe binding to the
membranes caused by chloroplast electron transport
in the light may be due, therefore, to an altered
reactivity of the reduced probe, i.e. an increased
unspecificity. the proposed reactions are summarized

in Table II.

Table I1. Altered reactivity of DABS after illumination with

chloroplasts.

Compound Reacts with Consequence
DABS chloroplast binding

membrane partial inhibition

of NADP* reduction

“Reduced inter- chloroplast increased binding
mediate” membrane complete inhibition
(generated of NADP"* reduction
from DABS inhibition of MV reduction
by chloro-
plasts in
the light)

molecular quench of the increase

oxygen of probe binding to the

chloroplast membrane

Our results do not, of course, exclude the possi-
bility of the concomitant occurence of a conforma-
tional change, as hypothesized by Giaquinta et al.”.
It seems unlikely, however, that an up to 10 fold
increase in probe binding can be explained by a con-
formational change alone.

3. Selman et al.® have investigated the effect of
chemical modification with DABS on electron trans-
port on the reducing side of PS I. This site of PST is
known to be localized on the outer surface of the
chloroplast thylakoid lamellae !. Inhibition of ferre-
doxin reduction by isolated chloroplasts is caused by
different treatments including antibodies 1% 29, lacto-
peroxidase-catalyzed iodination?!, and treatment
with diazonium salts (DABS 8 and diazonium-1,2,4-
triazole 2?), reagents which are supposed to be
unable to penetrate the thylakoid membrane (with
the exception of the triazole derivative). Some of
these treatments also inhibit the reduction of MV or
anthraquinone-sulfonic acid, e.g. antibodies 23725,
and to a small extent iodination 2!

An outstanding feature of DABS inhibition of
ferredoxin reduction is its potentiation by electron
transport during the incubation of the chloroplasts
with the reagent8. The authors interpreted the in-
crease in inhibition of ferredoxin reduction in terms
of an electron transport induced conformational
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change of the membrane which increases the inhibi-
tion of electron transport at the same site(s).

In contrast to these previously reported results 5,
we find an inhibition of electron transport from a
PST electron donor to MV when the incubation of
the chloroplasts with DABS is carried out in the
light. Our results, therefore, allow another interpre-
tation. The electron transport induced increase in the
inhibition of ferredoxin reduction by DABS may be
due to the inhibition at an additional site also
affecting electron transport to MV. This site can be
identical to the inhibition site of the antibodies 23725,

This qualitative difference of DABS inhibition
of electron transport through PST can be explained
by assuming a conformational change. Alternatively,
it is possible to attribute this effect to the altered
reactivity of the reduced form of the probe generated
by the chloroplasts in the light. The time courses of
the inhibition of MV reduction caused by the treat-
ment under aerobic and anaerobic conditions are
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4 D. L. Schneider, Y. Kagawa, and E. Racker, J.
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very similar although the time courses of the binding
of the probe to the membranes are different (Fig. 5).
This may be explained by the fact that maximal
inhibition of MV reduction requires only a limited
increase in binding of the probe in the light. There-
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