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A monospecific antiserum to tobacco plastocyanin agglutinates stroma-free swellable chloroplasts
from wild type tobacco, (Nicotiana tabacum var. John William’s Broadleaf) from the tobacco
aurea mutant Su/su?, (Nicotiana tabacum var. Su/su®) from Antirrhinum majus and spinach (Spi-
nacia oleracea). In this condition the antiserum inhibits linear photosynthetic electron flow in
tobacco and spinach chloroplasts. This inhibition of electron transport as well as the agglutination
are not observed if the chloroplasts have been sonicated prior to antiserum addition. This is due to
the fact that plastocyanin is removed by ultrasonication. The antiserum stimulates a number of
photophosphorylation reactions in tobacco chloroplasts. This stimulation is always larger in the
aurea mutant chloroplasts and in chloroplasts from yellow leaf patches of a variegated tobacco
mutant (N. tabacum, var. NC95) than in the green type chloroplasts. The stimulation appears to
be a consequence of the inhibition of linear electron transport. The antiserum does not affect PMS-
mediated cyclic photophosphorylation in tobacco chloroplasts from the wild type whereas the reaction
appears stimulated in the tobacco mutant chloroplasts. However, menadione-mediated cyclic photo-
phosphorylation is inhibited upon addition of the antiserum. The same is true for noncyclic photo-
phosphorylation coupled to electron transport in the aerobic system diaminodurene/ascorbate —
methylviologen in the presence of N-tetraphenyl-p-phenylenediamine in spinach chloroplasts.

If the lamellar system of Antirrhinum and spinach has lost its swellability neither agglutination
nor inhibition of electron transport is observed. However, also in this state antibodies to plasto-
cyanin are specifically adsorbed onto the surface of the thylakoid membrane. This state which is
characterized by a morphologically well preserved lamellar system is realized in chloroplast prepa-
rations from Antirrhinum and spinach and is termed stroma-freed chloroplasts.

In both states of the molecular structure of the thylakoid membrane, plastocyanin is located in
the outer surface of the thylakoid. However, it cannot be excluded that functioning plastocyanin
is also located in the interior of the thylakoid membrane.

Katoh has discovered and characterized plasto-
cyanin® 2. It is a blue copper protein which oc-
curs in chloroplasts of higher plants® and al-
gae® 5. The protein has electron carrier prop-
erties and is readily released from the lamellar
system of chloroplasts by ultrasonication and de-
tergent treatment. These treatments cause inhibition
of light-dependent NADP*-reduction. In addition,
Katoh and San Pietro were able to demonstrate
stimulation of light-dependent NADP®-reduction
upon addition of plastocyanin in chloroplasts which
had been exposed to sonic treatment® and the
addition of plastocyanin also stimulated NADP*-
reduction in detergent treated chloroplasts 771%. Un-
certainty exists in the literature about the exact site
of action of plastocyanin in photosynthetic electron
transport. Especially, whether plastocyanin reduces
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or is reduced by cytochrome f or whether these two
components do act in parallel.

Hauska, McCarty, Berzborn und Racker !! have
reported on the effect of a monospecific antiserum
to plastocyanin on electron transport and photo-
phosphorylation. As the antiserum did not agglu-
tinate their chloroplast preparations they concluded
that plastocyanin in situ is not accessible to anti-
bodies. Moreover, the authors were able to make a
general distinction between plastocyanin in situ and
plastocyanin added to a chloroplast preparation.
The latter type of plastocyanin induced an artifical
electron flow through photosystem I which was not
coupled to photophosphorylation and which in turn
was sensitive to external antibodies. The authors
concluded from their studies that natural plasto-
cyanin in situ was functioning in noncyclic electron
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flow between the two photosystems as well as in
cyclic photophosphorylation.

As we had observed earlier that the effect of
specific antibodies depended on the state in which
the lamellar system was in, we wondered how anti-
bodies to plastocyanin would behave in this respect.
We therefore, investigated chloroplast preparations
which had been obtained by different preparation
procedures as well chloroplasts from various chloro-
phyll-deficient tobacco mutants 2.

Mainly two chloroplast isolation procedures were
used which yielded chloroplasts in two states dif-
fering with respect to their molecular structure of
the thylakoid membrane. The one type was pre-
pared according to Homann and Schmid 2. The pre-
paration is characterized by being composed ori-
ginally of stroma-containing chloroplasts which loose
the stroma during the assay. The resulting lamellar
system of this preparation is reversibly swellable
and exhibits high rates of any type of electron
transport and photophosphorylation reactions 2.
This chloroplast preparation is designated in the
following as stroma-free swellable chloroplasts. The
second type was prepared according to Kreutz and
Menke 3. These chloroplasts were already freed
from the stroma during the isolation procedure and
the resulting lamellar system has lost most of its
swellability. In the case of Antirrhinum majus the
lamellar system is morphologically very well pre-
served but photosynthetic electron transport and
rates of photophosphorylation reactions are low. As
already described, this type of chloroplasts is
designated in the following as stroma-freed chloro-
plasts.

Materials and Methods

Chloroplast preparations: Stroma-freed chloro-
plasts from the tobacco mutant Su/su® and the green
control Nic. tabacum var. John William’s Broadleaf
as well as from Antirrhinum majus strain 50 were
prepared according to Kreutz and Menke!®. A
second type of preparation was prepared according
to Homann and Schmid!? in a buffer containing
0.4 M sucrose, 0.05M tris, pH 7.8, 0.01 M NaCl,
0.02 M ascorbate, 0.2% serum albumin and 0.2%
pectinase (Serva, Heidelberg). The chloroplasts were
washed twice and suspended in the same buffer but
without ascorbate. As a difference to the stroma-
freed chloroplasts prepared according to Kreutz and
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Menke ' in which the stroma has been removed
from the chloroplast suspension, the latter type con-
tains originally stroma-containing chloroplasts. The
enveloping membrane usually pops during the as-
say. The result is a suspension of stroma-free
chloroplasts in the assay buffer containing released
stroma. Thus, these chloroplasts are in fact swellable
stroma-free chloroplasts. The variegated tobacco
mutant NC 95 has been described earlier 4. The
dominant aurea mutant Su/su® originated from a
seed population of the earlier described Su/su !5 16.
The mutant is a more pronounced type of regular
Su/su. Its properties will be described elsewhere.

Light reactions

a. NADP*-reduction was carried out as described
before 12 or with the more sensitive Ellmann proce-
dure'” where NADP*-reduction in the light is
coupled to the reduction of glutathion in the
presence of glutathion-reductase (both reagents were
purchased from Boehringer Mannheim, W. Ger-
many). The reduced glutathion was brought to reac-
tions with 5-5"-dithiobis- (-2-nitrobenzoic acid) and
the concentration of the yellow reaction product was
measured at 412nm in a digital Zeiss Spectral-
photometer type PM2D. The assay conditions were
exactly as described earlier!®. When using the
donor couple DPIP/ascorbate inhibition was
dependent on the concentration. For Figs 7—9 the
DPIP concentration was at 0.14 mM and ascorbate
at 3.3mMm. If methylviologen was used as the
terminal acceptor instead of NADP* concentrations
between 3 x107°M and 1.5x 107 %M were used.
In this case the reaction contained 3 umol NaCN/
3mli.e. 1073 M NaCN.

b. Photophosphorylation reactions: In order to
be sure of our observations we used three different
methods for the determination of ATP: Most fre-
quently the Avron procedure was used *°. For direct
comparison purpose the identical assay mixture as
described by Avron was used. In PMS-mediated
photophosphorylation the assay mixture contained
in 3ml, 44 umol tris pH 7.8; 60 umol NaCl;
12 umol MgCly; 30.5 umol ascorbate, 12 wmol
K,HPO, containing 2 uCi P3%; 12 umol ADP, 0.1
umol PMS and chloroplasts from green tobacco
equivalent to 30 — 40 ug of chlorophyll, from Su/su?
equivalent to 10 ug of chlorophyll and chloroplasts
from the yellow leaf patches of variegated NC 95
equivalent 50 ug of chlorophyll. All assays were
routinely carried out in the presence of 107°M
DCMU. Illumination was done for 4min in a
thermostated plexiglas container at 15°C with
200 000 Ix of white light with a Leitz Prado Univer-
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Fig. 1. Polyacrylamide gel electrophoresis of plastocyanin fractions obtained by separation on Sephadex G-75. Fraction 16
was used for injection. The two not numbered gels contained the starting material for the final step of purification.

Fig. 2a Fig. 2b

Fig. 2. Serological test for purity of the plastocyanin preparation from tobacco with different complex antisera. a. The
center well contained an impure preparation (composition shown in the first gel of Fig. 1) of plastocyanin in order to test
the capacity of the complex antisera used. (1) Complex antiserum which contains antibodies to plastocyanin; (2) Mono-
specific antiserum to tobacco reductase; (3) Antiserum to broken chloroplasts from spinach; (4) Antiserum to broken
chloroplasts from Antirrhinum; (5) Early antiserum to the lamellar system of Antirrhinum; (6) Late antiserum to the
lamellar system of Antirrhinum. b. The center well contained a pure plastocyanin fraction. (1) Complex antiserum
containing antibodies to plastocyanin; (2) Null serum to (1); (3) Monospecific antiserum to tobacco reductase; (4) Com-
plex antiserum to broken chloroplasts from spinach; (5) Complex antiserum to broken chloroplasts from Antirrhinum;
(6) Antiserum to the lamellar system of Antirrhinum.

Zeitschrift fiir Naturforschung 30 c, Seite 202 a.



Fig. 3. Test for purity of the plastocyanin preparation from

tobacco by means of immunoelectrophoresis. The well be-

tween (1) and (2) contained a complex antiserum con- a b

taining antibodies to plastocyanin; the well between (2)

and (3) contained an antiserum to broken chloroplasts from

Antirrhinum. Holes (1), (2) and (3) contained the pure Fig. 4. Sodium dodecylsulphate gel electrophoresis of the
plastocyanin preparation. pure plastocyanin preparation.

Fig. 6a Fig. 6 b

Fig. 6. Test for monospecificity of the antiserum to tobacco plastocyanin by means of immune electrophoresis. a. Well

between (1) and (2) contains ihe monospecific antiserum, holes (1) and (2) the pure antigen. b. The well between (1)

and (2) contains the monospecific antiserumn; the well between (2) and (3) contains a complex antiserum which amongst

others contains antibodies to plastocyanin. Holes (1), (2) and (3) contain a crude plastocyanin containing chloroplast
uXtract.

Zeitschrift {ir Naturforschung 30 ¢, Seite 202 b.
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sal projector. Phosphorylation in the system DPIP/
ascorbate— methylviologen or diaminobenzidine—
methylviologen was done in the same assay as above
without PMS but in the presence of 2.6 umol DPIP,
61 umol ascorbate, 3 umol NaCN and 0.1 umol
methylviologen. In the case of 3-3’-diamino-
benzidine (Schuchardt, Miinchen), 5 xmol/3 ml as-
say were used. Our assay in the system DAB —
methylviologen gave the same phosphorylation rates
as described by Goffer and Neumann 2, however,
our ATP/2e ratios were consistently lower. The
processing of the illuminated samples was done
exactly as described by Avron1%. The counting was
done in a Packard model 3375 Tricarb Liquid Scin-
tillation Spectrometer.

For comparison purpose also the test in which
photophosphorylation is followed by measuring the
inorganic phosphate content as described by Jagen-
dorff and Avron?2' was used. If all the necessary
controls were included in one test which are the
assays minus ADP plus PMS or mediator, the
reference minus ADP minus P; and the complete
assay minus mediator practically the same values as
with the 32P-method were obtained, even though,
the absolute 660 nm reading may be greatly dis-
placed by reducing agents such as ascorbate. Again,
an enhancement by the antiserum to plastocyanin
was demonstrated.

In the case of PMS-mediated cyclic photophos-
phorylation also the Boehringer/Mannheim “Test-
combination for the enzymic determination of blood
ATP” was used. The method gave principally the
same results as the Avron procedure!®. Cyanide
interfers with the assay, so that pseudocyclic photo-
phosphorylation could not be tested by this method.
Pigment analyses, light conditions are described
earlier 2. Protein determinations were carried out
according to the Lowry procedure?®. In one case
a protein determination of pure plastocyanin was
made by determination of the dry weight (Fig.5b).
In aliquots from the same preparation Lowry deter-
minations were made, thus calibrating the Lowry
determination against pure plastocyanin instead of
calibrating against the usual bovine serum albumin.

Copper determinations were carried out with so-
diumdithiocarbamate practically as reversal of the
determination method for dithiocarbamate residues
on tobacco, all as described earlier 2425, The ex-
tinction of the yellow, filtered toluene solution was
measured at 425 nm.

Electrophoresis: The polyacrylamide gel electro-
phoresis was carried out as described previously 18.
Sodium dodecylsulphate gel electrophoresis was run
as described and referred to in an earlier paper 6.
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Preparation of plastocyanin from green N. tabacum

var. John William’s Broadleaf

Chloroplasts from 9 kg of green N. tabacum var.
John William’s Broadleaf were processed as de-
scribed by Vambutas and Racker 2’ and Anderson
and McCarty ?8. At the point where the Anderson
and McCarty procedure finishes, our preparation
from tobacco was not pure as shown by polyacryl-
amide gel electrophoresis (Fig. 1 * the first 2 gels)
nor in the Ouchterlony immunodiffusion test with
complex antisera (Fig. 2 a). We, therefore, concen-
trated these fractions again on a DEAE-cellulose
column (DE 23 Whatman, @ 3cm, 5cm high).
The column was equilibrated as before with 0.03 M
phosphate buffer pH 7. Elution was obtained by
using 1 M phosphate pH 8.

The peak fractions containing a total of 30 mg
protein were dialysed for 5h against 0.03 M phos-
phate. Addition of a few drops of K;[Fe(CN)g]
solution developed the blue color. The solution was
then applied onto a Sephadex G-75-column (Q
2.6 cm, 70 cm high). The column was equilibrated
with 0.02 M tricine pH 8 and eluted with the same
buffer and 6 ml fractions were collected. The num-
bered fractions 10 — 19 in Fig. 1 * show the obtained
separation. The immunodiffusion test of fraction 16,
the fraction which was finally used for immuniza-
tion gave with a complex antiserum which con-
tained amongst others antibodies to plastocyanin
only one single band. No bands are seen with the
antisera to the lamellar system of Antirrhinum or
to broken chloroplasts from spinach?. The same
was valid for the immunoelectrophoresis (Fig. 3).
The fraction had an extinction ratio E 2% of 1.1 and
a molar extinction coefficient for the 597 nm peak
of 4.5-103/M/cm if a molecular weight of 9800 was
assumed. Extinction values were measured upon
preparation in the Zeiss digital spectrophotometer
PM2D.

Spectra were taken with a Cary Model 14R
Spectrophotometer. The protein had been treated in
the following way: For the visible region the sample
had been dialysed for 3 days against three changes
of 51 0.02 M tricine pH 8 containing 32 ug
K;[Fe(CN)g]/ml. The buffer of the last dialysis
was used as the reference. 5 ml of this solution were
dialysed for 3 days against running destilled water,
then lyophylized and the dry weight determined.
Another aliquot was used for a Lowry protein deter-
mination and all other protein determinations made
by the Lowry procedure 13, which then were referred
to this dry weight determination. For the near UV

* Figs 1 and 2 see Table on page 202 a.
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region the protein was dissolved in 0.02 M tricine
pH 8 with 0.02 M tricine for reference.

Immunization of rabbits with plastocyanin: 0.4
mg of plastocyanin dissolved in 1 ml 0.06 M Seren-
sen phosphate buffer pH 7.8 were emulgated with
1ml of Freund’s adjuvant (Complete, Difco Labo-
ratories, Detroit, USA) and injected subcutaneously
into the rabbit. After 4 weeks 0.4 mg plastocyanin
in 2 ml phosphate buffer were injected intravenous-
ly into the same rabbit followed by the same treat-
ment after 5 days. 10 days after the last injection
blood was withdrawn in intervalls of 7 days.

Three animals have been treated in the above
described way. Agglutination tests, antiglobulin
tests as well as antibody adsorption tests are de-
scribed earlier 30,

Results

Characterization of the injected plastocyanin and of
the antiserum to plastocyanin

Plastocyanin was prepared from chloroplasts of
normal green tobacco, according to a modified pro-
cedure of Anderson and McCarty, as described in
methods 28. The preparation was purified until one
single band was seen in the polyacrylamide gel
electrophoresis (Fig. 1). The same preparation
showed one single immunoprecipitation band when
tested in the Ouchterlony diffusion test (Fig.2b)
or in the immunoelectrophoresis against a complex
antiserum which contained antibodies to plasto-
cyanin (Fig. 3).

In the sodium dodecylsulphate polyacrylamide
gel electrophoresis also only one single band was
seen (Fig. 4 **). The apparent molecular weight of
this component was determined by comparison with
test proteins 26 and found to be 9800. If the pre-
paration was not incubated long enough with the
mercaptoethanol and sodium dodecylsulphate con-
taining phosphate buffer a second band was ob-
served. The apparent molecular weight of this larger
component was 19000 (Fig.4). Presumably, this
corresponds to the apparent molecular weight of the
protein in chloroplasts 2. The absorption spectrum
of the compound used for injection into the rabbit
is shown in Fig. 5. It exhibits all the characteristics
including those in the near UV described for spinach
plastocyanin by Katoh 2. The molar extinction coef-
ficient for the 597 nm band of our best preparation

** Figs 3, 4, and 6 see Table on page 202 b.
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Fig. 5. Spectrum of the pure plastocyanin preparation
a. UV-region; b. visible region.

with an assumed molecular weight of 9800 is cal-
culated to be 4.5/mM/cm and the extinction ratio

E33% of our preparation was 1.1. The high extinc-
tion coefficient value was obtained when the 597 nm
extinction was measured immediately after pre-
paration. The value deduced from the spectrum is
4/mM/cm which might be explained by the necessary
prolonged dialysis prior to the recording of the
spectrum. The extinction ratio E23% is in both
independent measurements the same. The copper
content as determined with sodium diethyldithio-
carbamate was 1g atom copper per 10500 g pro-
tein, corresponding to a copper content of the pro-
tein of 0.6 per cent. Consequently, also the tobacco
protein contains two copper atoms in the molecule,
that is one copper atom per polypeptide chain. This
preparation was injected into a rabbit and the with-
drawn antiserum showed one single immunoprecipi-
tation band with pure plastocyanin and significantly
with a crude plastocyanin preparation (Fig. 6).
From all purity tests we conclude that the used
antiserum is monospecific.
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Table I. Agglutination reactions of the antiserum to tobacco plastocyanin with chloroplasts from two types of N. tabacum
and with chloroplasts from Antirrhinum majus and spinach.

N. tabacum Antirrhinum Spinacia
Wild type Aurea mutant majus oleracea
Chloroplast type Su/su? Strain 50
Stroma-freed chloroplasts 13 agglutination agglutination specific specific
-+antiserum to plastocyanin adsorption adsorption
(no agglu- (no agglu-
tination) tination
Amount of stroma-freed chloroplasts 18 19 36 15
in mg dry weight by which 1 ml of antiserum
to plastocyanin appears exhausted
Stroma-free swellable chloroplasts 12
-+antiserum to plastocyanin agglutination agglutination agglutination agglutination
Amount of stroma-free swellable - 20 4 36  §

chloroplasts by which 1 ml of antiserum
appears exhausted

Chloroplasts were prepared according to references 12 and 13.

Serological reactions of the antiserum to plastocyanin
with different chloroplasts preparations

As can be seen from Table I various chloroplast
preparations differ with respect to their reaction
with the antiserum to plastocyanin. All preparations
specifically adsorb antibodies but antibodies are
adsorbed to different degrees. Moreover, the ad-
sorption leads to agglutination in some cases
whereas in others it does not. The fact that despite
the not observed agglutination binding of antibodies
had occured demonstrated by a positive
Coombs’ test3! and a positive “mixed antigen ag-
glutination” with plastocyanin according to Uhlen-
bruck 32. The specificity of the antibody binding is
seen by comparison with control serum. By ultra-
sonication 33 the agglutinability is abolished. Oec-
curence or nonoccurence of agglutination depends
as reported earlier on the state in which the thylakoid
membrane is in. This is caused by different pre-
paration procedures and depends as shown here also
on the species. For a quantitative evaluation of the
exhaustion tests it should be noted that in compari-
son to agglutination, theoretically twice the amount
of antibodies is to be bound for a specific adsorp-
tion, a condition which is apparently realized with
spinach chloroplasts (TableT). Therefore, in the
case of Antirrhinum swelling of the lamellar system
has led to a loss of plastocyanin even though the ex-
haustion values are the same. This loss does not
seem to occur with tobacco. As a difference to all
this an increase in accessible plastocyanin is ob-

was

served upon swelling in the aurea mutant. This has
possibly several reasons: During swelling amongst
other effects partition regions of the lamellar system
become accessible to antibodies to different extents.
On the other hand, due to the different preparation
procedures, stroma-free swellable chloroplasts1?
contain in the suspension amongst stroma proteins
also released plastocyanin whereas stroma-freed
chloroplasts got their stroma and the released
plastocyanin removed prior to the test. For these and
other reasons we do not wish to give a quantitative
interpretation at this point.

Finally, we should like to note that complex
antisera to the lamellar system and to broken
chloroplasts from either Antirrhinum and spinach
do not contain antibodies to plastocyanin (Fig.2b).

Effect of the antiserum to plastocyanin on photo-
synthetic electron transport and on photophosphory-
lation

Normal green tobacco chloroplasts prepared ac-
cording to Homann and Schmid !? are inhibited by
the antiserum with respect to the NADP*-Hill reac-
tion and their DPIP/ascorbate dependent NADP*-
reduction (Fig. 7). The maximal inhibition ob-
served was between 40 to 50 per cent. We note that
this chloroplast type is also directly agglutinated by
the antiserum (TableI). It appears that this in-
hibition is only observed if the lamellar system is
in a swollen condition. If methylamine is added to
the chloroplast suspension prior to antiserum in-
cubation neither agglutination nor inhibition of the
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Fig. 7. /A—/\, Inhibition of photosystem-I mediated photo-
reduction of NADP* with the electron donor couple DPIP/
ascorbate by the antiserum in tobacco chloroplasts from the
green wild type. Chloroplasts corresponding to 52.6 ug total
chlorophyll per assay were used. (O—(), Inhibition of the
NADP* Hill reaction with chloroplasts corresponding to
155 ug total chlorophyll per assay. (@), Inhibition of the
NADP* Hill reaction with chloroplasts corresponding to
45 pg total chlorophyll per assay. Note the large lag period.

NADP*-reduction occurs. According to the litera-
ture 3% addition of methylamine causes shrinkage of
the lamellar system. Hence, just as described
earlier 18 direct agglutination and the degree of in-
hibition of photosynthetic electron transport depends
on the condition or state in which the thylakoid
membrane is in. Chloroplasts from the tobacco
aurea mutant Su/su® contain a simplified lamellar
system with only small grana and extended inter-
grana regions (lamellar system similar to Fig. 1b
in ref. 35). The activity of their photosystem-I-
mediated methylviologen reduction is also impaired
by the antiserum (Fig.8). Comparison of the de-
gree of inhibition with the amount of chloroplasts
which is needed to exhaust 1 ml of antiserum, leads
to a possible conclusion that this mutant contains
tighter bound plastocyanin in comparison to the
wild type.

40

Per Cent Inhibition

0,2 0.4 0,6 08
Antiserum [ml]

Fig. 8. Inhibition of the methylviologen Mehler reaction in

the presence of DCMU with the DPIP/ascorbate donor

couple in chloroplasts from the tobacco aurea mutant Su/su®
corresponding to 10 ug total chlorophyll per assay.
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In spinach chloroplasts the photoreduction of
NADP* was also inhibited by the antiserum. The
same was true for the DPIP/ascorbate mediated
photoreduction of methylviologen (Fig.9a). As is
already the case for tobacco chloroplasts a lag
period is observed, that is, a certain amount of anti-
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Fig. 9. a. O—Q, Inhibition of the methylviologen Mehler
reaction in spinach chloroplasts with the DPIP/ascorbate
donor couple. The points are derived from 7 indepen-
dent curves normalized to the amount of chloroplasts cor-
responding to 7 ug total chlorophyll. All points are cor-
rected for the effect of the control serum. The points @ are
those not corrected for the effect of the control serum.
b. @ —@. Inhibition of the DPIP/ascorbate mediated
NADP* reduction by the antiserum with spinach chloroplasts
corresponding to 17.8 ug total chlorophyll. A—/\, Same
test with the same preparation 2 hours later. The control
rate was unchanged, 63 umol NADP* reduced- (mg chloro-
phyll) “1h—1,

serum must be added before the onset of inhibition
is observed. The resulting sigmoid shaped curves
hint at some co-operative effect. In spinach chloro-
plasts and less frequently with tobacco chloroplasts
yet uncontrollable conditions seem to exist in which
the antiserum gives no inhibition although the re-
ference rates of the photoreactions of the chloro-
plasts appear normal. In Fig. 9b a chloroplast pre-
paration from spinach is inhibited in the DPIP/
ascorbate mediated NADP* reduction in the
presence of antiserum by 60 per cent. Two hours
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later the same preparation is not inhibited anymore
even though the control rate had not changed at
all (Fig.9b). By this time the chloroplasts had
also lost their agglutinability.

Moreover, the antiserum to plastocyanin affects
several types of photophosphorylation reactions
in tobacco chloroplasts. The main observation is a
stimulation which on a per cent basis appears
highest in chloroplasts from yellow leaf patches of
the variegated tobacco mutant NC95. The mutant
contains as described earlier only single isolated
thylakoids (Fig. 1c in ref. 35) and exhibits only
photosystem-I reactions 2. Table II shows the ef-

Table II. Effect of the antiserum to plastocyanin on PMS-
mediated cyclic and on pseudocyclic photophosphorylation
in tobacco chloroplasts.

N. tabacum
Wild type Aurea mutant Variegated
Su/su® NC 95
Yellow leaf
Additions patches
[#mol ATP formed - (mg chlorophyll) —1-h—1]

PMS 1784 604 1075
PMS, 0.2 ml
antiserum 172 920 2010
PMS, 0.2 ml
null serum 178 708 1485
Methylviologen 21.5%5 152t 34 100
Methylviologen,
0.2 ml antiserum 69 356 630
Methylviologen,
0.2 ml null serum 49 149 215
Methylviologen,
10—3mM DCMU 0t+4.6 0 100

207

sonicated green tobacco chloroplasts and assayed
then for their phosphorylating activity in the system
H,0 — methylviologen and ascorbate — methyl-
viologen. The per cent stimulation by the antiserum
was indeed increased although it was also observed
that the reference rate decreases (Table III). Com-

Table III. Influence of ultrasonication on the stimulation
of pseudocyclic photophosphorylation in wild type tobacco
chloroplasts.
Ascorbate—Methyl- H,0—>Methyl-
viologen viologen
Additions no soni- 45 sec no soni- 45 sec
cation sonication cation sonication
[«mol ATP formed - (mg chlorophyll) =1-h—1]
Control 26.5 15 21.5 1.7
0.2 ml Antiserum
to plastocyanin  30.6 42.5 69 22
0.2 ml Null
serum 26 15 49 5

paring this data with the result in Fig. 7 the stimu-
lation might be considered a consequence of the in-
hibition of linear electron transport. In addition, we
observed that the DPIP/ascorbate mediated methyl-
viologen Mehler reaction in the presence of ADP,
P; and MgCl, was inhibited to a larger extent by the
antiserum than under non-phosphorylating condi-
tions (Table IV). This inhibition was completely
absent if the chloroplasts were ultrasonicated prior
to serum incubation (Table V).

Table IV. Effect of the antiserum to plastocyanin on oxygen
uptake in the DPIP/ascorbate-driven methylviologen Mehler
reaction in tobacco chloroplasts.

fect of the antiserum on PMS-mediated cyclic
photophosphorylation in three types of tobacco
chloroplasts. In the same table the photophosphory-
lation reaction in the presence of antiserum to
plastocyanin in the system H,O — methylviologen
is seen. Clearly, there is an enhancement of ATP
formation in the presence of antiserum. Noteworthy
is the fact that methylviologen mediated phosphory-
lation is DCMU-insensitive in chloroplasts from yel-
low leaf patches of the variegated tobacco mutant
NCO95. Obviously, in this case an endogenous donor
feeds in electrons behind the inhibition site of
DCMU. This is in agreement with what has been
said before, namely that this mutant has lost the
capacity for water splitting 2.

As plastocyanin is supposed to be located in the
interior of the thylakoid membrane!! we ultra-

.N. tabacum
Wild type Aurea

mutant
Additions Su/su?
[umol O, Uptake
- (mg chloro-
phyll) ~*-h—1]
— 616 1265
0.2 ml Antiserum to plastocyanin 704 1430
0.2 m] Null serum 752 1350
0.2 ml Antiserum to plastocyanin,
0.13 m CH3;NH, 1006 1620
ADP, Pj, Mg?*, 0.2 ml antiserum
to plastocyanin 649 1330
ADP, P;, Mg?*, 0.2 ml null serum 1035 1770
ADP, P;, Mg?*, 0.2 ml antiserum
to plastocyanin, 0.13 m CH;NH, 960 1620

The reaction was carried out in thermostated Warburg ves-
sels at 25°C, illuminated from below with 24000 ergs;
sec”lcecm™2 of red light 580 nm < 2 <700 nm at 25 °C.
The pH was 7.2.
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Table V. Effect of the antiserum to plastocyanin on oxygen

uptake in the DPIP/ascorbate-driven methylviologen Mehler

reaction in sonicated chloroplasts from the tobacco mutant
Su/su?.

N. tabacum
Aurea mutant
Su/su?

[umol O, Up-
take - (mg chloro-
phyll) ~*-h~1]

Additions

- 1235
0.2 ml Antiserum to plastocyanin 1220
0.2 ml Null serum 1255
0.2 ml Antiserum to plastocyanin,

0.13 m CH3NH, 1130
ADP, P;, Mg?*, 0.2 ml antiserum

to plastocyanin 1430
ADP, P;, Mg?*, 0.2 ml null serum 1255
ADP, P;j, Mg?*, 0.2 ml antiserum

to plastocyanin, 0.13 m CH;NH, 1185

Conditions as in Table IV. Chloroplasts have been sonicated
for 1 min prior to serum addition.

Disregarding the question whether photophospho-
rylation in the system DPIP/ascorbate — methyl-
viologen is of the pseudo-cyclic type or rather of
the cyclic type 3¢ we observed that under conditions
described in methods in the presence of DCMU the
phosphorylation reaction is also enhanced by the
antiserum (Table VI). The phosphorylation reaction
in the system diaminobenzidine — methylviologen
(in the presence of DCMU) is according to Goffer
and Neumann 20 of the noncyclic type and is also

enhanced (Table VI).
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This stimulation by the antiserum appears speci-
fic and is definitely existent because the stimulation
is observed not only with different ATP-measuring
assays (see methods) but also because conditions
can be chosen in which only in the presence of the
antiserum phosphorylation is observed (Table VI).
On the other hand the Avron-procedure of ATP-
measurement appears straight-forward and sensi-
tive, making an experimental error improbable. If
the stimulation effect was an artifact it must be
caused by a not understood interference of this
antiserum with the donor systems used. At this point
we should comment on the unspecific stimulation of
the control serum which is sometimes observed. The
stimulation is unspecific because the ATP/2e ratio

Table VII. Effect of the antiserum to plastocyanin on the

stoichiometry of ATP-formation to electron transport in the

system 3,3’-diaminobenzidine (DAB) — methylviologen in
normal green tobacco chloroplasts.

Electron
pH  trans- ATP ** ATP/2e

Additions port *

none (basal rate) 7.2 115 0 —
ADP, P;, Mg?* 72 205 100 0.49
ADP, P;, Mg?*
antiserum to plastocyanin 7.2 222 187 0.84
ADP, P;, Mg** %2 308 154 0.5

normal rabbit serum

* umol O, uptake* (mg chlorophyll) =1-h—1; ** umol ATP
formed + (mg chlorophyll) ~1-h—1,

Table VI. Effect of the antiserum to plastocyanin on photosystem-I-mediated photophosphorylation reactions in tobacco

chloroplasts.
N. tabacum
Wild type Aurea mutant Variegated NC 95
Su/su? (yellow leaf
Reactions patches)
[umol ATP formed - (mg chlorophyll) —*-h—1]
Diaminobenzidine (DAB) — methylviologen (MV) 1.3 9.4 0.5
DAB minus MV 0 0 0
DAB/MV + 0.2 ml antiserum, 2nd blood withdrawal 13.3 147 19
DAB/MV + 0.2 ml null serum 4.3 14.55 5.5
DAB/MV + 0.2 ml antiserum, 7th blood withdrawal 11.4 18.9 -
Dichlorophenol indophenol (DPIP) /ascorbate 0 33.6 68
— methylviologen (MV)
DPIP/ascorbate minus MV 0 19.0 49
DPIP/ascorbate/MV -+ 0.2 ml antiserum, 20.4 — -
2nd blood withdrawal
DPIP/ascorbate/MV + 0.2 ml null serum 7 103 47
DPIP/ascorbate/MV -+ 0.2 ml antiserum, 8.9 122 87
7th blood withdrawal
DPIP/ascorbate/MV + 0.2 ml antiserum from 21d animal — 85 —
DPIP/ascorbate/MV + 0.2 ml null serum — 68 -

Assay as in methods but under light limiting conditions.
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in the presence and absence of the control serum
remains the same whereas under the same condi-
tions the ATP/2e ratio is increased in the presence
of antiserum (Table VII), which means that the
electron transport rate and ATP formation are en-
hanced by the control serum. The control rates of
photophosphorylation of our tobacco chloroplasts
as shown in Table VII, compare to those reported
by Goffer and Neumann 2°, however, our ATP/2e-
ratios in the controls without and with control
serum were usually 0.5.

The control serum belonging to the antiserum to
plastocyanin affects the linear electron transport
reactions of chloroplasts in different ways depend-
ing on the amount of control serum present. Small
amounts of null serum stimulate electron transport
reactions whereas high amounts are inhibitory
(Fig. 10). This appears to be also a property of
purchased rabbit anti y-globulin.

900 r

600 f ° 2

300 r

P Moles O, Uptake
‘(mg Chlorophyll)‘1'h'1

0,1 0.2 03
Control Serum (ml]

Fig. 10. Effect of the rabbit control serum on the DPIP/
ascorbate mediated methylviologen Mehler reaction with
spinach chloroplasts.

Concerning the stimulation of photophosphoryla-
tion reactions by the antiserum we used for better
comparison with work of others in the following ex-
periments * spinach chloroplasts and mediators like
menadione or diaminodurene (DAD) under the con-
ditions described by Hauska, Reimer, and Trebst 37.
In Table VIII it is seen that menadione-mediated
cyclic photophosphorylation in which the electron
flow cycle is closed up with the donor site of photo-
system I with plastoquinone®’ is inhibited by 50
per cent. The poising of the system was done with
N-tetramethyl-p-phenylenediamine  (TMPD) /ascor-
bate as described by Hauska et al. 37. Consequently,
plastocyanin involved in this reaction is equally ac-
cessible to antibodies. Photophosphorylation which

* Experiments suggested by Prof. Trebst.

209

Table VIII. Effect of the antiserum to tobacco plastocyanin
on photophosphorylation reactions in spinach chloroplasts.

[umol ATP- Inhi-

(mg chloro-  bition
Additions phyll) *-h™'] [%]
Menadione, antiserum 12.2 54
to plastocyanin
Menadione, normal rabbit serum 26.7 -
DAD/methylviologen 234 —
DAD antiserum to plastocyanin 374 0
DAD normal rabbit serum 363 -
DAD/TMPD/methylviologen 283 —
DAD/TMPD antiserum to plastocyanin 310 13
DAD/TMPD normal rabbit serum 357 —

The values are averages of 5 individual determinations.
Light intensity 200 000 Ix white light. The assay for
menadione mediated photophosphorylation was illuminated
for 7min at 15 °C under anaerobic conditions. The system
was poised with TMPD as described 37. The chloroplasts
were preilluminated in buffer in the presence of menadione
and ascorbate prior to completion of the assay mixture.
Photophosphorylations with DAD, DAD/TMPD were run at
room temperature under aerobic conditions and illuminated
for 2 min. Methylviologen concentration 10—3 M, ascorbate
5mM, DAD 10—*M, DAD/TMPD 5-10—5 M each.

accompanies electron transport between DAD and
methylviologen was not effected at the high light
intensity used in the experiments of Table VIII. In
the presence of TMPD this photophosphorylation
reactions was inhibited by a low 13 per cent. But at
lower light intensities (26 000 Ix white light) ATP-
formation and electron transport in the system DAD/
TMPD — methylviologen were clearly inhibited by
the antiserum (Table IX). The inhibited electron
flow is coupled to photophosphorylation as evidenced
by the unchanged ATP/2e ratios. These ratios agree

Table IX. Effect of the antiserum to plastocyanin on the

stoichiometry of ATP-formation to electron transport in the

system diaminodurene/N-tetramethyl-p-phenylenediamine —
methylviologen in spinach chloroplasts.

Electron ATP ** ATP/2e
Additions trans-

port *
ADP, P;, Mg?* 554 148.5 0.27
ADP, P;, Mg*,
antiserum to plastocyanin 437 99.5 0.24
ADP, P;, Mg?,
normal rabbit serum 546 126.5 0.23

Light limiting conditions; 26 000 1x white light for 2 min,

assay at room temperature. * umol O, uptake- (mg chloro-

phyll) “1-h—1; ** ymol ATP formed- (mg chlorophyll) =1-

h—!. The reaction was run under aerobic conditions as de-

scribed by Hauska et al.®’. The assay contained: DAD

5x10—3M, TMPD 5 x10—5 M, methylviologen 10—% M, 5 mMm
ascorbate and 2 x 10—3 M DCMU.



210

well with those observed by Hauska et al.3?. Under
the same conditions photophosphorylation in the
system DAD — methylviologen is inhibited by only
10 per cent (experiments not shown).

The initial rates of linear electron transport in
the system DAD/TMPD — methylviologen (Table
X) are inhibited to nearly the same maximal extent
as are those in the linear electron transport reaction
in the system DPIP/ascorbate — methylviologen
shown in Fig. 9 a.

Table X. Effect of the antiserum to tobacco plastocyanin on

noncyclic electron transport between diaminodurene and

methylviologen in the presence of N-tetramethyl-p-phenylene-
diamine in spinach chloroplasts.

[xemol O, uptake

(mg chloro- Inhibition

Additions phyll) ~1-h—1] [%]
ADP, P;, Mg?* 1780 -
ADP, P;, Mg?*, 1310 30
antiserum to plastocyanin

ADP, P;, Mg?, 1880 -

normal rabbit serum

Illuminated at room temperature with 26 000 Ix white light
for 0.2 min. Conditions as in Table IX.

Discussion

From our experiments it appears that the lamellar
system of tobacco, Antirrhinum and spinach chloro-
plasts contains plastocyanin which is accessible to
antibodies. In one state of the molecular structure
of the lamellar system agglutination and inhibition
of linear photosynthetic electron flow is observed
upon addition of the antiserum to plastocyanin. In
another condition in which the lamellar system has
lost its swellability or when it is under the effect of
methylamine neither agglutination nor inhibition of
linear electron transport (TableIV) is observed.
Nevertheless, also in this state plastocyanin is ac-
cessible to antibodies as demonstrated by a positive
Coombs’ test. Our observation that plastocyanin is
located in the outer surface of the thylakoid mem-
brane is in agreement with observations by several
authors. Selman, Johnson, Dilley, and Voegeli ob-
serve that 3°S-labelled p-diazoniumbenzene sulfonic
acid reacts with amino acids of plastocyanin. Due
to the molecular size and the properties of this
reagent it is supposed to react only with compounds
of the thylakoid membrane, accessible from the out-
side %8. The same conclusion was reached by use of
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other chemical protein modifiers 3. Polysine inhi-
bits photosynthetic electron flow which is according
to the interpretation of Brand, San Pietro and
Mayne due to an inhibition of plastocyanin 39, Com-
pared to these reactants an antiserum has the ad-
vantage of specificity. Our results, however, do not
agree with those of Hauska et al. who concluded
from studies with an antiserum to plastocyanin that
plastocyanin should be located in an inaccessible
location inside the thylakoid membrane 1. The dif-
ferent findings of ours and those of Hauska et al.
might be due to the shape of the inhibition curve
seen in Figs 7—9. Most inhibition curves ob-
tained by antisera have hyperbolic shapes
whereas in the case of antibodies to plasto-
cyanin sigmoid shapes are observed. Hauska
et al. might not have used sufficient concen-
trations of antibodies to overcome the lag. In ad-
dition, we observed that the chloroplasts eventually
loose the ability to agglutination and inhibition of
electron transport by the antiserum (Fig.9b). It
should be emphasized again at this point that this
state is not necessarily characterized by a loss of the
plastocyanin since specific adsorption i. e. a positive
Coombs’ test is observed. Finally, there remains the
possibility that for unknown reasons the antibody
by Hauska et al. is directed towards different anti-
genic determinants of the plastocyanin molecule than
our antibody. In this case the positive observation
would be decisive.

In contrast to our earlier observation with fer-
redoxin-NADP* reductase, inhibition of electron
transport by antibodies to plastocyanin is only ob-
served in the swollen chloroplast condition. In this
condition partition regions are partially opened
up 8. From this we conclude that the plastocyanin
involved in linear electron transport might well be
located in the partition regions of the lamellar
system, but, nevertheless, on the outer surface of
the thylakoid membrane. The observed maximal in-
hibition of electron transport by 40 to 60 per cent
would mean that only 40 to 60 per cent of the
plastocyanin present participates in electron trans-
port or that 40 to 60 per cent of the total amount
of plastocyanin is accessible. Since not all partition
regions are opened up the first assumption is ab-
surd. The view of Hauska et al. that externally
added plastocyanin is readsorbed unspecifically
onto the thylakoid membrane would infer that our
plastocyanin has leaked out prior to its readsorp-
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tion. This view is difficult to dispute but would in
turn infer that a chloroplast condition without ag-
glutination by the antiserum would be rather diffi-
cult to obtain. We find agglutination (Tablel).
Hauska et al. do not 1.

We observed that antibodies to plastocyanin in-
hibit linear photosynthetic electron transport, but
we observed no effect of the antiserum on PMS-
mediated cyclic photophosphorylation in wild type
tobacco chloroplasts (Table II). The latter observa-
tion fits the view of Witt, Rumberg, and Junge °,
Trebst 4! and Hauska, Reimer, and Trebst 37 namely
that PMS-mediated photophosphorylation can pro-
ceed without plastocyanin, closing the electron flow
cycle directly with Py, . In the mutant chloroplasts
a slight stimulation of PMS-mediated photophos-
phorylation is observed (Table II). In contrast to
the PMS-mediated cyclic photophosphorylation we
observe an effect of our antiserum on various other
photophosphorylation reactions in undisrupted
chloroplasts, the general effect being a stimulation
which is especially high in the mutant chloroplasts
(Tables II, III, VI, and VII). This stimulation is a
consequence of the inhibition of linear electron
flow. In Table VII it is seen that the stoichiometry
of ATP-formation is changed mainly because there
is inhibition of electron flow. Consequently, when
linear electron flow is inhibited by antibodies to
plastocyanin certain photophosphorylation reactions
are accelerated, may be because a linear or basal
electron flow competes for a common intermediate
or acceptor (in the assay) with an electron flow
coupled to photophosphorylation 2. In fact, some of
these stimulated phosphorylation reactions might,
like the PMS-mediated type, be reactions in which
no plastocyanin is involved 3. In Table VI the stimu-
lation was observed in a system with high DPIP
concentrations ¢ and DAB at high concentrations
might also feed in the electrons behind the plasto-
cyanin site. Since ATP forming rates of these
systems are not high one could visualize the stimula-
tion as being caused by a competitive reaction men-
tioned above in which the functionability of plasto-
cyanin would exert a kind of regulatory influence on
these reactions. In contrast, in the case of Table II
where the stimulation is observed in the system
H,0 — methylviologen inhibition of accessible

* This has been suggested by Prof. Trebst in the course

of a discussion.
1 S. Katoh, Nature 186, 533 [1960].

plastocyanin might indeed result in a stimulation
effect on an electron transport between inaccessible
plastocyanin and methylviologen across the thyla-
koid membrane *. This would only be possible if
the accessible plastocyanin was merely involved in
linear electron transport or coupled to a lesser ex-
tent to photophosphorylation than the inaccessible
plastocyanin. Eventually, this would speak in favor
of two types of plastocyanin namely one type in an
accessible location on the outer surface of the
thylakoid membrane (in the partitions), the other
type in an inaccessible location inside the thylakoid
membrane 1!. We cannot exclude this possibility.
However, the amount of plastocyanin as determined
by the number of antibody molecules bound which
we find to be accessible in Antirrhinum chloroplasts
is one molecule per 500 chlorophyll molecules, in
spinach chloroplasts the amount is 1 molecule plasto-
cyanin per approximately 300 chlorophyll mole-
cules. (Radunz unpublished results.) According to
the literature this is the usual plastocyanin content.

Summarizing our results we favor the view that in
the lamellar system of chloroplasts from tobacco,
Antirrhinum, and spinach either all the plasto-
cyanin or an appreciable amount of it is located in
the outer surface of the thylakoid membrane, that is
in the grana and intergrana regions of the lamellar
system. This plastocyanin is involved in linear
photosynthetic electron transport and the accom-
panying photophosphorylation (Table VIII). The
sigmoid shape of the inhibition curves hints at a
co-operative effect. On the other hand, some of our
experiments, namely the stimulation of ATP-forma-
tion in the system H,0 — methylviologen (Tables
IT and IIT) can be interpreted that in addition part
of the plastocyanin might be located in the interior
of the thylakoid membrane.
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