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1. Introduction

It is well known that isolated chloroplasts containing
grana can carry out the photoreduction of NADP
coupled to the evolution of oxygen. In contrast, it has
been recently shown that higher plant chloroplasts
containing either no grana or a few small grana (‘agranal’
chloroplasts), such as those found in the bundle-sheath
cells of leaves of certain C4 plants including maize,
sugar cane and Sorghum, have a different photosyn-
thetic electron transfer pathway. Isolated ‘agranal’
chloroplasts are unable to photoreduce NADP [1-3]
even though photosystems 1 and II are active {2, 3] as

the two photosystems do not appear to be linked by a

membrane-bound electron transfer pathway. Evidence
that photosystems I and II are in fact linked in the
intact bundle-sheath cells [3] has led us to postulate
the existence of a soluble linking protein(s) which is
lost during isolation of the chloroplasts.

In this paper we show that the copper-protein,

in tinne Tinlki tain t armit
plastecyaﬂlu, IUNRCUOoHs a8 a 1king prowein 1o permit

photoreduction of NADP by ‘agranal’ chioroplasts
isolated from bundle-sheath cells of maize. The rates
of NADP photoreduction obtained in this reconsti-
tuted system are comparable with those obtained from
grana-containing mesophyll chloroplasts.

2. Materials and methods
Chloroplasts from mesophyll cells (grana chioro-
plasts) and bundle-sheath cells (‘agranal’ chloroplasts)

were prepared according to the procedure of Woo et
al. [1] from 15-day-old greenhouse-grown maize
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(Zea mays var. DS 606A). The chloroplast prepara-
tions were washed once before use. Photochemical
activities were assayed as described [2, 3] . Plasto-
cyanin was purified from leaves of Swiss Chard
(Beta vuigaris) {4] .

3. Results

3.1. NADP photoreduction by ‘agranal’ chloroplasts
in the presence of plastocyanin
Granal chloroplasts isolated from the mesophyli
cells of maize photoreduced NADP from water at
rates of 0.5 to 2.0 umoles NADPH /min/me chloro-

rates of 0.5 to 2.0 umoles NADPH/min/mg chloro-
phyll. In contrast, ‘agranal’ chloroplasts isolated from
the bundle-sheath cells showed little or no activity for
photoreduction of NADP. Upon the addition of
plastocyanin photoreduction of NADP occurred. In
the experiment shown in fig. 1, a rate of 0.79 umole
NADPH/min/mg chlorophyll was obtained and rates of

un to 1 § hava haan ahtainad in athar svnarimentg
ul) LWl ,2 11d vy ULl vulaliivig il vuivi \/Ayblllll\tlll.o,

The reduction was abolished by 343 4-dichlorophen-
y1)-1,1-dimethylurea (DCMU) showing that the reac-
tion was dependent upon photosystem Il activity.
Maximum activity was obtained at a plastocyanin
concentration of 6 to 10 uM (fig. 2). The ‘agranal’
chloroplast preparations also contain photosystem 1

activity which ig ereatly stimulated bv the addition of
aCiivily wiici 1s gréatly siimuiaied oy 1ae acdiiion ol

plastocyanin (fig. 1). Maximum activity was obtained
at a plastocyanin concentration of around 10 uM.

3.2. Photoreduction and photooxidation of plasto-
cyanin by ‘agranal’ chioroplasts
Evidence that plastocyanin is reduced by photo-

system I and oxidized hv nhnfncvcfpm Iic shown in
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Fig. 1. Effect of 6.2 uM plastocyanin (PC) on photoreduction
of NADP by ‘agranal’ chloroplasts. NADP photoreduction was
followed using an Aminco Chance Dual Wavelength Spectro-
photometer fitted with a cross-illumination attachment. The
reaction mixture (0.75 ml) contained chloroplasts (3.5 ug
chlorophyll), sorbitol 300 mM, phosphate buffer pH 7.4 10
mM, MgCl, 1 mM, NADP 0.67 mM, and ferredoxin (from
Anacystis nidulans) 3.3 uM. (A) DCMU 2.5 uM was added;
(B) ascorbate 2.5 mM and 2,6-dichlorophenol-indophenol
(DCIP) 67 uM was added. The assay temperature was 25°.
Actinic light was provided by a tungsten light filtered with a
Corning 2-60 red filter and two 1-69 infra-red filters; energy
incident on sample was 6 X 104 ergs cm™2sec™) . The rates
shown on the graphs are in umoles NADP reduced/min/mg

of chlorophyll.
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Fig. 2. Rate of photoreduction of NADP as a function of
plastocyanin concentration. The reaction mixture is given in
fig. 1. (DCMU, ascorbate and DCIP omitted.)
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Fig. 3. Photoreduction and photooxidation of plastocyanin
by ‘agranal’ chloroplasts. The absorbancy changes were fol-
lowed using an Aminco Chance Dual Wavelength Spectro-
photometer with the measuring wavelength set at 597 nm and
the reference wavelength at 570 nm. Actinic light was as
described in fig. 1. The reaction mixture is given in fig. 1 and
reduced or oxidized plastocyanin, 3.1 uM, was included as
indicated. DCMU was added to a final concentration of 2.5
uM.

fig. 3. lllumination of a reaction mixture containing
oxidized plastocyanin resulted in reduction of the
plastocyanin. DCMU inhibited this reduction. If
DCMU was added after reduction had been allowed

to proceed for some minutes, photooxidation of
plastocyanin occurred. Ilumination in the presence of
reduced plastocyanin resulted in a slight oxidation of
plastocyanin only, but if DCMU was added a steady
rate of oxidation took place.

In the experiment shown in fig. 1, reduced plasto-
cyanin was added. With oxidized plastocyanin there
was a lag of several minutes before maximal rates of
NADP photoreduction were reached.

4. Discussion

Hitherto only one photosynthetic electron trans-
fer pathway associated with oxygen evolution has
been recognized as occurring in the chloroplasts of
higher plants, namely a membrane-bound pathway
containing two distinct light reactions leading to a
reduction of ferredoxin. Ferredoxin in turn reduces
NADP via the enzyme ferredoxin NADP reductase.
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We here report the existence of another type or
variant of the photosynthetic electron transport
pathway. This second pathway predominates in
chloroplasts which lack extensive grana development.
‘Agranal’ chloroplasts isolated from maize or Sorghum
are unable to photoreduce NADP at appreciable rates
[1, 2], although it is possible to demonstrate the
presence of both photosystem II and photosystem I
[2, 3]. Part of the membrane-bound electron transfer
pathway between the two photosystems appears to
be missing and it is perhaps significant that these
chloroplasts lack cytochrome 5-559 and fluorescence
bands associated with photosystem 1I [1]. When the
‘agranal’ chloroplasts are supplemented with the
soluble chloroplast protein plastocyanin, NADP is
photoreduced at rates comparable to those found with
granal chloroplasts.

Various chloroplast preparations showing a require-
ment for plastocyanin have been reported in the
literature. Particles prepared by treating chloroplasts
with high concentrations of detergents which destroy
photosystem II activity often require added plasto-
cyanin for photosystem I activity [5,6]. Arnon et al.
[7] have recently used detergents to extract from
spinach chloroplasts a particle which shows plasto-
cyanin-dependent photoreduction of NADP from
water. The particle appears to be devoid of photosystem
I activity although the effect of plastocyanin on
photosystem I activity was not reported. It is
emphasized that our preparative methods are based
on procedures which are commonly used for isolating
chloroplasts and chloroplast fragments and that no
harsh mechanical or chemical treatments have been
employed.

Our data could also be interpreted in terms of the
scheme for photosynthetic electron transfer recently
promulgated by Arnon et al. [7, 8] . Photoreduction
of NADP in ‘agranal’ chloroplasts, a reaction requiring
plastocyanin would then not involve photosystem I,
but would consist of two photosystems (photosystem
[1a and IIb) which show light requirements characteris-
tic of photosystem I1. Some modification of the
scheme for photosystem II would be required as
cytochrome b-559 is absent. Photosystem I would be
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a separate photosystem whose main function presum-
ably is the generation of ATP by ferredoxin-mediated
cyclic photophosphorylation. However, we prefer the
explanation that plastocyanin links photosystem II
with photosystem I since (a) plastocyanin is reduced
by a DCMU-sensitive photoreaction and oxidized by
a DCMU-insensitive photoreaction (fig. 2) and (b)
NADP reduction from DCIP and ascorbate (photo-
system I) also shows a requirement for plastocyanin
(fig. 1). It would seem reasonable to suppose that
plastocyanin is acting at the same site in both this
latter reaction and the photoreduction of NADP from
water. The fact that maximum activity is obtained in
both reactions at a similar concentration of plasto-
cyanin is consistent with this theory.
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