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ABSTRACT

P'hotoreduction of NADP from water in agranal chloroplasts
isolated from the leaf bundle sheath cells of Zea mays (var.
DS 606A) or Sorghum bicolor (var. Texas 610) was dependent
upon addition of plastocyanin as well as ferredoxin. Activity
was further increased by the addition of ferredoxin NADP-
reductase. Saturation for plastocyanin was reached at about 6
micromolar. In contrast, grana-containing chloroplasts isolated
from leaf mesophyll cells of these plants or from pea (Pisum
sativuin L.) leaves did not require either plastocyanin or ferre-
doxin NADP-reductase for NADP photoreduction from water,
although with some preparations plastocyanin stimulated the
activity.

Photosystem I activity, which was low in washed preparations
of bundle sheath chloroplasts, was also stimulated by plasto-
eyanin. The effect of plastocyanin on photosystem I activity in
the grana-containing chloroplasts was similar to that on NADP
photoreduction from water.

In the presence of plastocyanin, the rates of NADP photore-
duction from water were about the same in the agranal and
granal chloroplasts, but photosystem I activity was consider-
ably higher in bundle sheath chloroplasts. In these chloroplasts
photosvstem II appeared to limit the rate of NADP photore-
duction.

The results indicated that the agranal bundle sheath chloro-
plasts reduced plastocyanin via photosystem II and oxidized
it via photosystem I. Both types of maize chloroplast photo-
reduced oxidized plastocyanin, but in the presence of methyl
viologen, reduced plastocyanin was photo-oxidized only by the
bundle sheath chloroplasts.

The agranal chloroplasts found in the bundle sheath cells
of certain plants, including maize and Sorghum, when iso-
lated from the cells do not have the capacity to photoreduce
NADP (1, 4, 5, 25). In contrast the isolated grana-contain-
ing chloroplasts of the mesophyll cells of the same plants
carry out a normal photoreduction of NADP. This difference
between the two chloroplast types has been attributed to a
deficiency of photosystem 11 (25) or to a deficiency of a com-

1 Visiting scientist from Institute of Genetics, Copenhagen Uni-
versity, 0ster Farimagsgade 2A, DK 1353, Denmark.

ponent between photosystem II and photosystem I (5) in
the isolated bundle sheath chloroplasts.

In an accompanying paper (6), evidence is presented for
electron flow between photosystem II and cytochrome f,
which is localized in photosystem I (8), in chloroplasts of the
intact bundle sheath cell of maize. It has been reported that
in another C4 plant, Digitaria sanguinalis (L) Scop., the iso-
lated bundle sheath cells will photosynthetically fix CO2 in
the presence of ribulose-1,5-diP, or ribulose 5-P (9). These
observations have led us to suggest (5) that isolated bundle
sheath chloroplasts may lack one or more soluble components
which are necessary to complete the electron transfer chain
between photosystem II and the reduction of NADP via
photosystem I.

In this paper we show that maize bundle sheath chloro-
plasts will photoreduce NADP from water when supplemented
with the copper-containing electron transfer protein plasto-
cyanin, ferredoxin, and ferredoxin NADP-reductase.
A preliminary account of some of the results in this paper

has been published (20).

MATERIALS AND METHODS

The growth of maize plants (Zea mays var. DS 606A) in a
greenhouse, the isolation of mesophyll chloroplasts and bun-
dle sheath chloroplast fragments, and the assay of chlorophyll
and photochemical activities were as previously described
(1), except that the volume of assay mixtures was 0.75 ml.
Sorghum bicolor var. Texas 610 was treated similarly. The
ratio of chlorophyll a to chlorophyll b in isolated bundle
sheath chloroplasts was about 6.0. Chloroplasts were isolated
from the leaves of Pisum sativum L. by following the pro-
cedure used for maize mesophyll chloroplasts.

Plastocyanin was isolated from leaves of silver beet (Beta
vulgaris) following the procedure of Katoh et al. (15). The
concentration of plastocyanin was determined assuming 2 g
atoms of Cu per mole of protein and an extinction coefficient
of 4.9 X 106 cm' per g atom Cu (15). Ferredoxin NADP-
reductase was purified from extracts of spinach (Spinacia
oleracea) leaves and ferredoxin from Anacystis nidulans. The
photo-oxidation or photoreduction of plastocyanin by isolated
chloroplasts was recorded using an Aminco-Chance dual
wavelength spectrophotometer (American Instrument Co.). In
all experiments the light incident on the chloroplast suspen-
sions was provided by a tungsten lamp filtered through a
Coming 2-60 red cutoff filter and two Coming 1-69 heat fil-
ters. The light intensity was 12.2 X 10' ergs cm-2 sec', and
the temperature was 23 C.
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FIG. 1. The effect of plastocyanin on photosynt]
of maize bundle sheath chloroplasts. Photosystems ]
was measured as NADP photoreduction from water
I activity was measured as NADP photoreduction in t
DCMU, DCIP, and ascorbate. Except for the use of
assays were made as described previously (1). :
cyanin; ---- -: plus reduced plastocyanin (6.4 ALM); a
of 2.5 ,uM DCMU.
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FIG. 2. The effect of plastocyanin concentration on photo-
synthetic activities in maize bundle sheath chloroplasts. Assays were
as given in legend to Figure 1.

RESULTS

NADP Photoreduction by Agranal Chloroplasts. As de-
scribed previously (4), washed agranal chloroplast fragments
isolated by the method of Woo et al. (25) from the bundle
sheath cells of maize leaves do not photoreduce NADP from
water, and the photoreduction of NADP in the presence of
ascorbate, DCIP,' and DCMU is low compared with isolated
maize mesophyll chloroplasts (4). The addition of a crude
centrifuged extract of maize leaves or an extract which had
been concentrated by precipitation of protein with ammonium
sulfate and then dialyzed gave only slight or insignificant in-
creases in activity. However, the addition of plastocyanin to
illuminated suspensions of bundle sheath chloroplast frag-
ments resulted in photoreduction of NADP from water. The
addition of ferredoxin was essential for activity under all con-
ditions with both mesophyll and bundle sheath chloroplasts.

2 Abbreviation: DCIP: 2, 6-dichlorophenolindophenol.

Figure 1 shows the rates of NADP photoreduction with
bundle sheath chloroplasts in the presence and absence of
plastocyanin. It was difficult to detect a rate of NADP pho-
toreduction from water (photosystems I + II) in the absence
of the plastocyanin. Reduction of NADP in the presence of
plastocyanin was light dependent and was inhibited by DCMU,

1.5 showing that photosystem II is involved in the reduction.
The addition of ascorbate and DCIP to the DCMU-inhibited
chloroplasts produced a small but measurable photoreduction

1-0 of NADP (photosystem I), but the activity was greatly stim-
ulated by addition of plastocyanin.

0.5 Figure 2 shows NADP photoreduction at various con-
centrations of plastocyanin. Photoreduction of NADP from
water was saturated at a plastocyanin concentration of about

mj--------- 6 tuM, and photosystem I activity was saturated at a slightly
1-0 higher concentration.

The effect of oxidized and reduced plastocyanin on NADP
hetic activities photoreduction from water is shown in Figure 3. Photoreduc-
I + II activity tion of NADP began immediately in the presence of reduced
r. Photosystem plastocyanin. When oxidized plastocyanin was added, there
he presence of was a lag of about 15 sec before photoreduction of NADP
f plastocyanin, commenced, and a steady rate of reduction was reached after
minus plasto- about 0.5 min.
rrow: addition NADP Photoreduction by Granal Chloroplasts. Figure 4

compares the activities of maize mesophyll and pea chloro-
10 plasts for photoreduction of NADP in the presence and ab-

sence of plastocyanin. The rate of NADP photoreduction by
maize mesophyll chloroplasts was increased by plastocyanin,

8 >. but the effect was variable, and with pea chloroplasts the in-
crease in activity on the addition of plastocyanin was small.
In the presence of plastocyanin the activities of maize bundle

6 X sheath chloroplasts, maize mesophyll chloroplasts, and pea
E chloroplasts were similar. Plastocyanin also increased photo-
0E system I activity in maize mesophyll chloroplasts and increased

slightly the activity in pea chloroplasts. Photosystem I activity
cn of maize bundle sheath chloroplasts was two to three times0

2-o higher than that of maize mesophyll or pea chloroplasts.
Table I shows that the requirement of added plastocyanin

for NADP photoreduction by bundle sheath chloroplasts is
5 not a peculiarity of maize. The two types of chloroplast iso-

lated from Sorghum leaves exhibited the same differences.
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FIG. 3. NADP photoreduction from water by maize bundle
sheath chloroplasts in the presence of plastocyanin. Assays were as
given in Figure 1. *- *: reduced plastocyanin present (3.2 juM);
A* A: oxidized plastocyanin present (3.2 uM).
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Photoreduction and Photo-oxidation of Plastocyanin by
Maize Chloroplasts. Figure 5 shows that when a mixture of
70% oxidized plastocyanin and maize bundle sheath chloro-
plasts is illuminated, the plastocyanin is reduced. Reduction is
completely inhibited by 2.5 luM DCMU. The addition of an

acceptor for photosystem I, such as methyl viologen, to the
illuminated reaction mixture resulted in photo-oxidation of
the plastocyanin. This reaction proceeded until the plastocya-
nin was approximately 50% oxidized. Elimination of the com-

pleting photoreduction by addition of DCMU resulted in fur-
ther photo-oxidation until the plastocyanin was about 70%
oxidized. In the absence of methyl viologen a slower photo-
oxidation of the reduced plastocyanin ensued if DCMU was

added to the illuminated reaction mixture. Photo-oxidation of
reduced plastocyanin also occurred in the presence of fer-
redoxin and NADP (20), but the rate was lower than with
methyl viologen.

Figure 6 shows an experiment with maize mesophyll chloro-
plasts similar to that described in Figure 5. Plastocyanin was

again reduced upon illumination, but the addition of methyl
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FIG. 5. Photoreduction and oxidation of plastocyanin by maize
bundle sheath chloroplasts. The plastocyanin changes were recorded
with measuring wavelength at 590 nm and reference wavelength at

570 nm. All changes shown are with illuminated samples. The re-

action mixture contained plastocyanin (70% oxidized), 4 uM;

sorbitol, 300 mM; potassium phosphate, pH 7.4, 10 mM; MgCl2, 1

mM; and chloroplasts (4.6 ,ug chlorophyll/ml). Arrow: addition of
methyl viologen (MeV) to give 1 mM; dashed lines: DCMU (2.5
Mm) was present.
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FIG. 4. The effect of plastocyanin on photosynthetic activities in
maize mesophyll and pea chloroplasts. Assays were as given in
legend to Figure 1.

Table I. Photoreduction ofNADP in Bundle Sheath and Mesophyll
Chloroplasts from Sorghum

Photoreduction
Chloroplasts Plastocyanin1 of NADP PIPhotosystem

from Water2 I Activity3

Amoles NADPH/min-mg
chl orophyll

Bundle sheath _ 0 0
+ 0.89 1.31

Mesophyll - 0.42 0.34
+ 1.03 0.55

1 Where indicated, reduced plastocyanin (6.4 AM) was present.
2 Reaction mixture contained sorbitol, 300 mM; phosphate buf-

fer, pH 7.4, 10 mM; MgCl2, 1 mM; NADP, 0.67 mM; ferredoxin, 3.3
,AM; and chloroplasts, equal to 4.6 Mg chlorophyll per ml.

3 Reaction mixture contained the same mixture as above2 with
the addition of DCMU, 1.25 M; DCIP, 67 M; and sodium ascor-

bate, 2.5 mM.
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FIG. 6. Photoreduction of plastocyanin by maize mesophyll
chloroplasts. Conditions were as described in Figure 5.

viologen or DCMU plus methyl viologen (or DCMU alone)
failed to promote photo-oxidation of plastocyanin.
The Effect of Ferredoxin NADP-Reductase on NADP

Photoreduction by Bundle Sheath Chloroplasts. The rates of

NADP reduction by bundle sheath chloroplasts could be fur-

ther stimulated by the addition of partially purified ferredoxin

reductase. Under such conditions, rates of NADP photoreduc-
tion from water greater than 1.0 Mumole/min mg chlorophyll
could be consistently obtained. The requirement of bundle

sheath chloroplasts for plastocyanin was reduced but not elim-

inated by isolating the chloroplasts by a modified procedure
(J. M. Anderson and N. K. Boardman, private communica-
tion), in which mercaptoethanol was replaced by 10 mM di-

thiothreitol and the leaves were prechilled before cutting.
Maximal activity was still dependent, however, on the addi-

tion of ferredoxin reductase. Photosystem I activity of bundle
sheath chloroplasts isolated by this procedure was about 6
Mmoles NADP reduced/minmmg chlorophyll in the presence
of plastocyanin and saturating amounts of ferredoxin reduc-
tase. In contrast, mesophyll chloroplasts prepared by the modi-
fied procedure showed photosystem I rates of 1.0 to 1.5 Mumoles
NADP reduced/min-mg chlorophyll, and the activity was not
stimulated by plastocyanin. Ferredoxin NADP-reductase did
not stimulate the activity of mesophyll chloroplasts prepared
by either procedure.

Photosystem 1+11 MAIZE Photosystem I
mesophyll

DCMU

PlEA

DCMUt

/-:X
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DISCUSSION

The role of plastocyanin in photosynthetic electron transfer
is generally accepted as that of an electron carrier situated be-
tween photosystems II and I (8). Plastocyanin can be removed
from granal chloroplasts by sonication or treatment with de-
tergents. Treatment of spinach chloroplasts with digitonin (3,
10, 16, 21, 24) or Triton X-100 (12, 23) resulted in the pro-
duction of particles with photosystem I activity that was greatly
stimulated by plastocyanin. Extraction of chloroplasts with
heptane resulted in particles with similar properties (10). Soni-
cated chloroplasts showed apparent complete (3, 22) or partial
loss (10, 13, 18) of photosystem II activity and loss of photo-
system I activity which could be restored by the addition of
plastocyanin.

In sonicated chloroplasts which still retained some photo-
system II activity, NADP photoreduction from water could
be demonstrated after the addition of plastocyanin (10, 13,
18). Plastocyanin also restored this activity in chloroplasts
from mutants of Chlamydomonas reinhardi which lack nor-

mal plastocyanin (11). Arnon et al. (2) have obtained a parti-
cle by treatment of spinach chloroplasts with detergents and
by sonication that shows a plastocyanin requirement for photo-
reduction of NADP from water. The particle lacks functional
cytochrome f and P00, although measurements of photosystem
I in the presence of plastocyanin were not reported.
The requirement for plastocyanin and other soluble pro-

tein components in NADP photoreduction by agranal bundle
sheath chloroplast preparations is most likely a reflection of
both the chloroplast ultrastructure and the method of chloro-
plast isolation. Euglena gracilis chloroplasts, which also lack
discrete grana and instead contain sheets of two or three ap-

pressed lamellae, show little activity for NADP photoreduc-
tion after isolation, either from water or DCIP-ascorbate.
These activities can be restored by the addition of the soluble
c-type cytochrome (cytochrome5,) from chloroplasts of E.
gracilis (14) or of plastocyanin. Similar results have been ob-
tained with chloroplasts isolated from Porphyridium cruentum

(unpublished experiments). These chloroplasts contain no ap-

pressed lamellae. Presumably in all of these cases there would
be no requirement for the addition of soluble proteins for
NADP photoreduction if the chloroplasts were isolated in a

completely intact state. In our experiments the bundle sheath
chloroplasts were prepared according to the method of Woo
et al. (25) and then well washed before resuspension for use

in experiments. These preparations showed little activity for
NADP photoreduction and a low activity for photosystem I.
Slight modifications to the isolation procedure, including re-

placing mercaptoethanol by dithiothreitol (see "Results") re-

sulted in preparations showing a reduced requirement for
plastocyanin. In contrast, the same preparation after 20 sec of
sonication showed an absolute requirement for plastocyanin
(unpublished experiments). Thus agranal chloroplasts when
damaged appear to lose soluble components more easily than
granal chloroplasts, and the relative amounts of different com-

ponents lost vary with such factors as the method used for
isolating the chloroplasts, the composition of the isolation me-

dium, and the time lapsed since the chloroplasts were released
from the cells. Preparations which show little activity for
NADP photoreduction and appear not to be linked between

photosystem II and photosystem I may, in fact, be partially
linked if they develop during isolation a requirement for fer-

redoxin NADP-reductase as well as for plastocyanin. This
would explain the ferredoxin-dependent photoreduction of

cytochrome c shown by bundle sheath chloroplasts from Sor-

ghum even though the same preparations reduced NADP from

water at very low rates (4). The photoreduction of cytochrome

c by maize bundle sheath chloroplasts which show a reduced
requirement for plastocyanin in NADP reduction is also stim-
ulated by ferredoxin.
The nature of the requirement by bundle sheath chloro-

plasts for ferredoxin NADP-reductase is still not fully under-
stood, since the bundle sheath chloroplast preparations show
almost as much activity, measured as NADPH-diaphorase, as
do the mesophyll chloroplasts (1). The possibility of a require-
ment for other, as yet unknown, components present as con-
taminants in the protein preparations has not been entirely
eliminated. Traces of NADPH-diaphorase activity were usu-
ally detectable in preparations of plastocyanin. The ferredoxin
NADP-reductase was estimated to be 50% pure on the basis
of the flavin-to-protein ratio, but contained no detectable plas-
tocyanin. The highly purified ferredoxin from A. nidulans con-
tained neither plastocyanin nor NADPH-diaphorase activity.
The ratio of photosystem I activity to NADP photoreduc-

tion from water in the presence of plastocyanin is higher in
bundle sheath chloroplasts than in mesophyll chloroplasts
(data from Figs. 1 and 4), which could indicate a relative en-
richment of photosystem I activity in bundle sheath chloro-
plasts as opposed to mesophyll chloroplasts. Such a conclu-
sion is supported by the fact that maize and other plants
containing the C4 pathway of photosynthesis contain a higher
P,OO-to-total chlorophyll ratio and a higher chlorophyll a: b
ratio, than plants containing the C3 pathway (7). In addition.
the proportion of fluorescence emitted by photosystem I rela-
tive to photosystem II in bundle sheath chloroplasts of Sor-
ghum is greater than that of mesophyll chloroplasts (25).

In the isolated bundle sheath chloroplasts, plastocyanin ap-
pears to function as a link between the two photosystems as
shown by its reduction by photosystem II (DCMU sensitive)
and oxidation by photosystem I (DCMU insensitive). Meso-
phyll chloroplasts did not photo-oxidize plastocyanin (Fig. 6).
However, this activity can be demonstrated in detergent-treated
granal chloroplasts (17, 19). Although it cannot be concluded
from our results that plastocyanin acts the same way in vivo
in bundle sheath chloroplasts as in vitro, the results clearly
show that isolated bundle sheath chloroplasts from maize and
Sorghum possess the potential for electron flow between the
two systems. Previous studies of the photoreduction and oxida-
tion of cytochrome f in intact bundle sheath cells suggested
that electron flow between the two photosystems does in fact
occur in vivo (6). We would suggest that the agranal chloro-
plpsts of these cells can generate NADPH upon illumination
for lse in photosynthe-is and that under suitable conditions it
will be poc-ible to isolqte granal bundle sheath chloroplasts
fully linked for electron flow.

.4cksou'cdqmests-We wvish to thank Jann Conroy and Ann Bartsch for excel-
lent technical assistance.

LITERATURE CITED

1. ANDERSEN, K. S., J. 'M. BAIN-, D. G. BISHOP, AND R. M. SaMILL.IE. 1972.
Photosystem II activity in agranal bundle sheath chloroplasts from Zea
mays. Plant Physiol. 49: 461-466.

2. ARN-ON, D. I., R. K. CHAIN, B. D. MCSWAI-N, H. Y. TSUJIVIOTO, AND D. B.
KNAFF. 1970. Evidence from chloroplast fragments for three photosyn-
thetic light reactions. Proc. Nat. Acad. Sci. 17. S. A. 67: 1404-1409.

3. ARN.--o-, D. I. H. Y. TScJTNIOTO, B. D. M\CSWN AIN, AND R. K. CHAIN. 1968.
Separation of two photochemical systems of photosynthesis by fractionation
of chloroplasts. In: K. Shihata, A. Takamiya, A. T. Jagendorf, and R. C.
Fuller, eds., Comparative Biochemistry and Biophysics of Photosynthesis.
U-niversity of Tokyo Press, Tokyo. pp. 113-132.

4. BISHOP, D. G., K. S. AN-DERSEN, AN-D R. AM.SILLIE. 1971. Incomplete mem-

brane-bound photosynthetic electron transfer pathway in agranal chloro-
plasts. Biochem. Biophys. Res. Commun. 42: 74-81.

5. BISHOP, D. G.. K. S. ANDERSEN, AND R. MN. SMITLLIE. 1971. Lamellar structllre
and composition in relation to photochemical activity. In: MT. D. Hatch, C.

SMILLIE ET AL.474

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/49/4/471/6094336 by guest on 16 August 2022



AGRANAL CHLOROPLAST NADP PHOTOREDUCTION

B. Osmond, and R. 0. Slatyer, eds., Photosynthesis and Photorespiration.
John Wiley Interscience, New York. pp. 372-381.

A. BiSHOP, D. G., K. S. ANDERSEN, AND R. M. SMILLIE. 1972. Photoreduction and
oxidation of cytochrome f in bundle sheath cells of maize. Plant Physiol.
49: 467-471.

7. BLACK, C. C. AND B. C. MAYNE. 1970. P7os activity and chlorophyll content
of plants with different photosynthetic carbon dioxide fixation cycles.
Plant Physiol. 45: 738-741.

8. BOARDMAN, N. K. 1968. The photochemical systems of photosynthesis. Advan.
Enzymol. 30: 1-79.

9. EDWARDS, G. E., S. S. LEE, T. 'M. CHEN, AND C. C. BLACK. 1970. Carboxyla-
tion reactions and photosynthesis of carbon compounds in isolated mesophyll
and bundle-sheath cells of Digitaria sanguinalis (L.) Scop. Biochem.
Biophys. Res. Commun. 39: 389-395.

10. ELSTNER, E., E. PISTORIIS, P. B6GER, AND A. TREBST. 1968. Zur Rolle von
Plastocyanin und Cytochrome f in photosynthetischen Electronentransport.
Planta 79: 146-161.

11. GORMAN, D. S. AND R. P. LEVINE. 1966. Photosynthetic electron transport
chain of Chlamydomonas rcinihar i. V-I. Electron transport in mutant
strains lacking either cytochrome 553 or plastocyanin. Plant Physiol. 41:
1648-1656.

12. HIND, G. 1968. The site of action of plastocyanin in chloroplasts treated
with detergent. Biochim. Biophys. Acta 153: 235-240.

13. KATOH, S. AND A. SAN PIETRO. 1966. Activities of chloroplast fragments. I.
Hill reaction and ascorbate-indophenol photoreduction. J. Biol. Chem.
241: 3575-3581.

14. KATOH, S. AND A. SAN PIETRO. 1967. The role of c-type cytochrome in the
Hill reaction with Euglena chloroplasts. Arch. Biochem. Biophys. 118:
488-496.

15. KATO, S., I. SHIRATORI, AND A. TAKAMIYA. 1962. Purification and some
properties of spinach plastocyanin. J. Biochem. (Tokyo) 51: 32-40.

16. KATOH, S. AND A. TAKAMIYA. 1963. Photochemical reactions of plastocyanin

475

in chloroplasts. In: B. Kok and A. T. Jagendorf, eds., Photosynthetic
Mechanisms of Green Plants. National Academy of Sciences-National Re-
search Council, Washington. pp. 262-272.

17. KATOH, S. AND A. TAKA1IIYA. 1963. Light-induced reduction and oxidation of
plastocyanin by chloroplast preparations. Plant Cell Physiol. 4: 335-347.

18. KATOH, S. AND A. TAKAMIYA. 1965. Restoration of NADP photoreducing
activity of sonicated chloroplasts by plastocyanin. Bioclim. Biophys. Acta
99: 156-160.

19. KE;K, B., H. J. RURAINSKI, AND E. A. HARMON. 1964. Photooxidation of cyto-
ch:-ome c, f, and plastocyanin by detergent treatecl chloroplasts. Plant
Physiol. 39: 513-520.

20. SMILLIE, R. M., K. S. ANDERSEN, AND D. G. BISHOP. 1971. Plastocyanin-
dependent photoreduction of NADP by agranal chloroplasts from maize.
FEBS (Fed. Eur. Biochem. Soc.) Lett. 13: 318-320.

21. TREBST, A. AND E. ELSTN-ER. 1967. Plastocyanin as cofactor of photosynthetic
NADP+ reduction in digitonin-treated chloroplasts. Iii: T. W. Goodwin. ed.,
Biochemistry of Chloroplasts, Vol. 2. Academic Press, -New York. pp. 531-
536.

22. TSuJIMOTO, H. Y., B. D. MCSWAsN, R. K. CHAIN. AN-D D. I. ARNON. 1969.
Ferricyanide and ferredoxin-NADP+ as alternate electron acceptors in a
single photochemical reaction by chloroplasts. In: H. Metzner, ed., Progress
in Photosynthesis Research, Vol. 3. Tubingen. pp. 1241-1261.

23. VERNON, L. P., E. R. SHAW, AND B. KE. 1966. Photochemically active particle
derived from chloroplasts by the action of the detergent Triton X-100. J.
Biol. Chem. 241: 4101-4109.

24. WESSELS, J. S. C. 1966. Isolation of a chloroplast fragment fraction with
NADP-photoreducing activity dependent on plastocyanin and independent
of cytochrome f. Biochim. Biophys. Acta 126: 581-583.

25. Woo, K. C., J. M. ANDERSON, N. K. BOARDMAN, W. J. S. DOWNTONT, C. B.
OSMOND, AND S. W. THORNE. 1970. Deficient photosystem II in agranal
bundle sheath chloroplasts of C4 plants. Proc. Nat. Acad. Sci. U. S. A. 67:
18-25.

Plant Physiol. Vol. 49, 1972

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/49/4/471/6094336 by guest on 16 August 2022


