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Donation of Electrons to Plastoquinone by NAD(P)H Dehydrogenase and
by Ferredoxin-Quinone Reductase in Spinach Chloroplasts
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The reduction of plastoquinone by NADPH was de-
tected as an increase in the dark level of Chi fluorescence in
osmotically ruptured chloroplasts of spinach. This activity
was observed only when the chloroplasts were ruptured in
a medium containing a high concentration of MgCl2. The
activity was suppressed by inhibitors of the respiratory
NADH dehydrogenase (NDH) complex in mitochondria,
capsaicin and amobarbital, suggesting that the activity was
mediated by chloroplastic NDH complex. Antimycin A,
an inhibitor of ferredoxin-quinone reductase (FQR), and
the protonophore nigericin also inhibited the increase in
Chi fluorescence by NADPH. By contrast, JV-ethylmaleimide
(NEM), an inhibitor of ferredoxin-NADP+ reductase
(FNR), did not suppress the fluorescence increase, showing
that FNR is not involved in this reaction. When the osmoti-
cally ruptured chloroplasts were washed by centrifugation,
a further addition of ferredoxin as well as NADPH was re-
quired for an increase in fluorescence. This ferredoxin-de-
pendent activity also was suppressed by antimycin A, but
only partly inhibited by capsaicin or amobarbital, sug-
gesting that this is mediated mainly by FQR. These findings
suggest that the NADPH-binding subunit of NDH com-
plex is easily dissociated from the thylakoid membranes
during the process of the washing the thylakoids by centrif-
ugation.
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genes which encode homologues of subunits of mitochon-
drial NADH dehydrogenase complex (NDH) have been
demonstrated (Ohyama et al. 1986, Shinozaki et al. 1986,
Nixon et al. 1989, Berger et al. 1993), and it has been
suggested that chloroplasts contain complex I with the
putative activity of NAD(P)H-plastoquinone oxidore-
ductase (Ohyama et al. 1988, Marder and Barber 1989,
Kubicki et al. 1996). However, this activity has not
been demonstrated in chloroplasts. In cyanobacteria, an
NADPH-specific NDH complex in the thylakoid mem-
branes donates electrons to the plastoquinone pool; thus, it
mediates not only the respiratory electron flow but also the
cyclic electron flow around PSI (Mi et al. 1992a, b, 1994,
1995). The addition of NADPH to the thylakoid mem-
branes of Synechocystis PCC 6803 induced the reduction
of plastoquinone as judged by an increase in Chi fluores-
cence. Since no similar increase in Chi fluorescence by
NADPH was found in NDH complex-defective mutants
(Ogawa 1991a, b), the reduction of plastoquinone was at-
tributed to the NDH complex (Mi et al. 1995). Based upon
the close evolutionary and genetic relationships of cyano-
bacteria and chloroplasts, a similar function of NDH com-
plex in chloroplasts may be assumed. However, no study
has indicated the participation of NDH complex in the re-
duction of plastoquinone in chloroplasts. Instead, Mills et
al. (1979) reported a different type of NADPH-dependent
plastoquinone reducing activity in spinach chloroplasts
which required ferredoxin. This activity was inhibited by
the antibody against ferredoxin-NADP+ reductase (FNR)
and by N-ethylmaleimide (NEM), showing the involvement
of FNR in this reaction. A ferredoxin-quinone reductase
(FQR), a putative mediator between ferredoxin and plasto-
quinone in the ferredoxin-dependent cyclic electron trans-
port around PSI, which is sensitive to antimycin A (Moss
and Bendall 1984, Bendall and Manasse 1995), was also sug-
gested to be involved in the final step of the plastoquinone
reduction. Thus the following electron transport pathway
was assumed:

NADPH -> FNR -* ferredoxin - • FQR ->• plastoquinone.

Although the molecular identity of FQR has long
remained unclear, Miyake et al. (1995) recently demon-
strated the participation of a low redox potential (menadiol-
reducible) Cyt biS9 in the antimycin-A sensitive cyclic elec-
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tron transport in the mesophyll thylakoids of maize.
In this report, we show an NADPH-plastoquinone re-

ductase activity determined by an increase in the Chi fluo-
rescence level in the dark by the addition of NADPH to
osmotically ruptured chloroplasts of spinach which is not
dependent on FNR and thus differs from that reported by
Mills et al. (1979). This activity was observed only when the
chloroplasts were ruptured in the medium containing a
high concentration of MgCl2. Since inhibitors of the NDH
complex in mitochondria suppressed the increase in fluores-
cence, this activity is attributable to the NDH complex.
The activity was lost when the thylakoids were washed by
centrifugation. However, when ferredoxin was added in
the presence of NADPH, a reduction of plastoquinone was
observed which was attributable to a series of electron
transfers through FNR and FQR. The washing process
might dissociate the NADPH-binding subunit of NDH.
The presence of high concentrations of MgCl2 during the
washing did not retain the NADPH-dependent activity, sug-
gesting that not only high Mg but also an unknown factor
is required for retention of the NDH activity. Possibly be-
cause of this labile nature, chloroplastic NDH activity has
not been demonstrated so far.

Materials and Methods

Spinach leaves were obtained from local markets. Intact chlo-
roplasts were prepared from mature leaves with Percoll gradient
centrifugation (Asada et al. 1990). The intact chloroplasts were
osmotically ruptured in either a high or low Mg medium. The low
Mg medium contained 2 mM MgCl2, 1 mM MnCl2, 2 mM EDTA,
30 mM KC1, 0.25 mM KH2PO4 and 50 mM HEPES (pH 7.6). The
high Mg medium contained 30 mM instead of 2 mM MgCl2. The
suspensions of ruptured chloroplasts were diluted with the same
medium to 10 fig Chi ml"1 and immediately used for measure-
ments of Chi fluorescence with a PAM Chi fluorometer (Walz,
Effeltrich, Germany). Details for the fluorometer setup were de-
scribed previously (Schreiber et al. 1995). Ferredoxin from spin-
ach was purchased from Sigma.

Results

Plastoquinone reduction in the osmotically ruptured
chloroplasts—Intact chloroplasts from spinach were rup-
tured in the sorbitol free medium containing 30 mM MgCl2

and immediately used for measurements of Chi fluores-
cence. Addition of NADPH induced an increase in the fluo-
rescence level, indicating the reduction of the plasto-
quinone pool in the dark (Fig. 1). The gradual decline of
the fluorescence after the increase might be due to activity
of PSI excited by a weak measuring light or a putative ter-
minal oxidase in the thylakoids, as shown later. Subse-
quent addition of ferredoxin also induced a small increase
in Chi fluorescence, but no increase was observed without
the prior addition of NADPH. Addition of NADH did not
induce increases in the fluorescence, showing that the

plastoquinone-reducing enzyme has a much higher affinity
to NADPH than to NADH. Antimycin A, an inhibitor of
FQR, suppressed the fluorescence increase by NADPH.
Amobarbital (amytal) and capsaicin, inhibitors of the mito-
chondrial NDH complex (Yagi 1990, Singer and Ramsay
1992, Mi et al. 1995), also suppressed the fluorescence in-
crease by NADPH. Interestingly, these inhibitors did not
inhibit the fluorescence increase induced by ferredoxin.
The protonophore nigericin also suppressed the increase in
fluorescence by NADPH, which is in agreement with the
results by Mano et al. (1995), who showed that the protono-
phore inhibits electron donation to plastoquinone from
photoreduced stromal components in intact chloroplasts of
spinach. In the presence of some of inhibitors shown
above, addition of NADPH slightly decreased the level of
Chi fluorescence for some unknown reason. This decrease
in the fluorescence level by NADPH was most evidenct in
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Fig. 1 Increases in fluorescence by NAD(P)H (0.25 mM) and
ferredoxin (5 pM) under the weak measuring light. Osmotically
ruptured chloroplasts in high Mg medium (10//g Chi ml"1) were
incubated for 2 min with inhibitors prior to the fluorescence meas-
urements. Fo indicates the level of Chi fluorescence induced by the
measuring light. Fm is the yield of the maximum fluorescence in-
duced by a saturating pulse (SP, 1 s, 3,000 ftE m~2s" ') .
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1274 Plastoquinone reduction by NADPH in chloroplasts

the presence of 1 mM amobarbital. In the presence of other
inhibitors (antimycin A, capsaicin and nigericin), the reduc-
tion of fluorescence by NADPH was not as evident as in
the presence of amobarbital, suggeting imperfect inhibition
of the NADPH-dependent quinone reduction by these in-
hibitors. Higher concentrations of capsaicin and nigericin
did not lead to further inhibition of the NADPH-depend-
ent quinone reduction (data not shown). However, higher
concentrations of antimycin A caused further inhibition
(see Fig. 6).

Effects of N-ethylmaleimide—If a sufficient amount of
ferredoxin was bound to the thylakoid membranes in the
ruptured chloroplasts, the electron transfer from NADPH
to plastoquinone sequentially catalyzed by FNR and FQR
was possible without the addition of exogenous ferredoxin.
To test whether FNR is involved in the observed reduction
of plastoquinone by NADPH in the osmotically ruptured
chloroplasts, effects of the FNR inhibitor NEM were exam-
ined (Fig. 2). To avoid oxidation of plastoquinone by PSI
excited with a weak measuring light and by a putative ter-
minal oxidase, 2,5-dibromo-3-methyl-6-isopropyl-p-benzo-
quinone (DBMIB), an inhibitor of cytochrome b/f com-
plex at the quinol oxidation site, was added prior to the
measurement. This addition of DBMIB suppressed the
gradual declines of fluorescence after the rapid increase by
NADPH. The addition of NEM did not suppress the in-
crease of fluorescence by NADPH, but rather slightly stim-
ulated the fluorescence increase and inhibited an increase

O

NADPH Control

NEM
(5mM)

Fig. 2 Effects of N-ethylmaleimide (NEM) on the fluorescence
increase by NADPH and ferredoxin in the osmotically ruptured
chloroplasts. The procedure for the measurements was the same
as Fig. 1 except that DBMIB (5 ftM) was added to the reaction mix-
ture in advance. Length of the thick upward arrow represents Fo
intensity of Chi fluorescence.

of fluorescence after the addition of ferredoxin. Thus,
FNR does not participate in the quinone reduction by
NADPH. The linear electron flow from H2O to NADP+ in
the presence of added ferredoxin was reported to be in-
hibited by 5 mM NEM, showing that FNR is inhibited at
this concentration (Mills et al. 1979). Another specific inhib-
itor of FNR, heparin (Hosier and Yocum 1985) at the con-
centration of 40 nM, showed effects identical to -those of
NEM (data not shown).

Effects of washing—The NADPH-dependent activity
of quinone reduction was found only when the intact chlo-
roplasts were ruptured in the medium which contained a
high concentration of MgCl2 (Fig. 3), suggesting that a fac-
tor involved in this reaction is easily dissociated from
the thylakoid membranes in a low Mg medium. When
the osmotically ruptured chloroplasts were washed by cen-
trifugation, the NADPH-dependent reduction of plasto-
quinone decreased. Adding ferredoxin in the presence of
NADPH induced a significant increase in Chi fluorescence.
The presence of high concentrations of MgCl2 throughout
the rupturing and washing processes did not prevent the
loss of NADPH-dependent activity (Fig. 3C), suggesting
that not only high concentrations of MgCl2 but also an un-
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Fig. 3 Effects of the washing and MgCl2 concentration on the flu-
orescence increase by NADPH and ferredoxin. (A), Intact chloro-
plasts were osmotically ruptured in the sorbitol-free medium con-
taining 30 mM MgCl2 and immediately assayed as in Fig. 1. (B),
Intact chloroplasts were ruptured in the sorbitol-free medium con-
taining 2 mM MgCl2 and immediately assayed. (C), The chloro-
plasts ruptured in the sorbitol-free medium containing 30 mM
MgCl2 was centrifuged (5,000 x g, 5 min) and resuspended in the
medium containing 0.3 M sorbitol and 30 mM MgCl2 (1 mg Chi
ml"'). The suspension was kept on ice for 1 h, and then diluted
with the sorbitol-free medium with 30 mM MgCl2 (final cone. 10
fig Chi ml"1) for fluorescence measurement. (D), The chloroplasts
ruptured in the sorbitol free medium containing 2 mM MgCl2

were treated as in (C). Length of the thick upward arrow repre-
sents Fo intensity of Chi fluorescence.
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known factor which is easily lost during washing are re-
quired for retention of the NADPH-dependent activity.
The ferredoxin-requiring activity, which significantly in-
creased after the washing, was independent of MgCl2 con-
centration during the rupturing process (Fig. 3C, D). How-
ever this activity was found when the washed thylakoids
were suspended in high MgCl2 medium but not in low
MgCl2 medium (see Fig. 5).

Plastoquinone reduction in the washed thylakoids—
Effects of various inhibitors on the ferredoxin-dependent
activity in thylakoids which had been ruptured in low Mg
medium and washed in high Mg medium are shown in
Fig. 4. Antimycin A is the most potent inhibitor of this
activity. Amobarbital and capsaicin, which suppressed
NADPH-dependent activity, partly suppressed the ferre-
doxin-requiring activity; the rates of the increase in Chi flu-
orescence in the presence of 1 mM amobarbital and 5 juM
capsaicin were 63% and 57% of the control, respectively.
Higher concentrations of the NDH inhibitors did not fur-
ther suppress the fluorescence increase. A remaining minor
activity in the presence of 2 fiM antimycin A was not sup-
pressed by the addition of either amobarbital or capsaicin.
Unlike the NADPH-dependent activity, nigericin did
not suppress the ferredoxin-requiring activity (data not
shown). Compared with NADPH, NADH induced a much
smaller increase in fluorescence (data not shown).

Dependence on MgCl2—Effects of concentrations of
MgCl2 on the NADPH-dependent activity (in ruptured
chloroplasts) and on the ferredoxin-requiring activity
(in washed thylakoids) were examined (Fig. 5). The ferre-
doxin-requiring activity (by FNR and FQR) was saturated
at about 15 mM MgCl2, while the NADPH-dependent activ-
ity (by NDH) was saturated about 30-50 mM. These results
suggest different molecular bases for the requirement for
MgCl2 in these two activities.

Antimycin A inhibition curves—Effects of concentra-
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Fig. 4 Effects of inhibitors on the fluorescence increase by ferre-
doxin (5 vM) in the presence of NADPH (0.25 mM) in the washed
thylakoids. Washing procedure was the same as in Fig. 3(D). The
inhibitors were added to the suspension 2 min before fluorescence
measurements. Length of the thick upward arrow represents Fo in-
tensity of Chi fluorescence.
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Fig. 5 Concentration effects of MgCl2. Chloroplasts were rup-
tured in medium with different concentrations of MgCl2, and the
rate of increase in Chi fluorescence upon the addition of NADPH
(0.25 mM) was measured (closed circles), or chloroplasts were rup-
tured in low Mg medium, washed by centrifugation, and resus-
pended in medium with a different concentration of MgCl2. Then,
the rate of increase in Chi fluorescence upon addition of NADPH
(0.25 mM) in the presence of ferredoxin (5 pM) was measured
(open circles). Values are expressed relative to those in 50 mM
MgCl2.

tions of antimycin Aon the NADPH-dependent activity (in
ruptured chloroplasts) and on the ferredoxin-requiring ac-
tivity (in washed thylakoids) were examined (Fig. 6). Both
activities were inhibited similarly, with a half inhibition
concentration of about 0.1 ^M antimycin A. However, in
the 1-2/YM range, a minor difference between the sen-
sitivities of these two activities was found. The ferce-
doxin-requiring increase in fluorescence in the ruptured
choroplasts shown in Fig. 1 was not clearly inhibited by
antimycin A, suggesting that the ferredoxin-requiring activ-
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Fig. 6 Inhibition curves due to antimycin A. The ruptured chlo-
roplasts (closed circles) and washed thylakoids (open circles) were
prepared as in Fig. 5 using the high Mg (30 mM) midium, and the
activities were measured as in Fig. 5 in the presence of varying con-
centrations of antimycin A. Values are expressed relative to those
in the absence of antimycin A.
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1276 Plastoquinone reduction by NADPH in chloroplasts

ity found in ruptured chloroplasts and that in washed thyla-
koids were due to different oxidoreductases.

In general, the extent of the increase in Chi fluores-
cence induced by NADPH changed with the rate of the in-
crease in fluorescence in the experiments shown in Fig. 5
and 6.

Discussion

Responses to various types of inhibitors indicate that
the NADPH-dependent activity of reducing plastoquinone
and the ferredoxin-requiring activity could be attributed to
different enzyme systems. We propose that the ferredoxin-
requiring activity is attributed to FNR + FQR (pathway (ii)
in Fig. 7) and identical to the fluorescence-increasing activ-
ity reported by Mills et al. (1979), because the activity was
(1) suppressed by antimycin A, (2) requiring high MgCl2

and (3) insensitive to uncoupling by the protonophore. The
NADPH-dependent activity is supposed to be mediated by
the NDH complex, because the activity was inhibited by
specific inhibitors of mitochondrial NDH, amobarbital and
capsaicin, but not by the inhibitors of FNR.

Inhibition by antimycin A of the NDH-mediated re-
duction of plastoquinone by NADPH is indicative of se-
quential electron transport from NDH to antimycin A-sen-
sitive FQR (pathway (i) in Fig. 7). It may also be explained
by the presence of an antimycin A binding site in NDH
complex (pathway (iii) in Fig. 7). Since the sensitivities to
antimycin A in NDH complex and FNR+FQR were not
clearly different (Fig. 7), it is difficult to determine which is
the case. However, data supporting pathway (iii) have been
obtained in a preliminary study (Endo et al. in preparation)
with thylakoids from a mutant tobacco defective in its chlo-
roplastic NDH complex (Shikanai et al. in preparation).
That is, two ferredoxin-plastoquinone reducing activities
have been shown in thylakoid preparations from wild-type
tobacco, both of which were inhibited by antimycin A with
different sensitivities. One of them was attributable to the
NDH complex and the other to FQR; only one of them
(FQR-dependent one) was found in the NDH-defective mu-
tant. Thus, the NDH complex in tobacco chloroplast has

NADPH

Antimycin A
i
i

Plastoquinone

Antimycin A

Fig. 7 Pathways of plastoquinone reduction by NADPH in thy-
lakoid membranes of spinach. Fd, ferredoxin. Pathway (ii) is the
previously proposed pathway by Mills et al. (1979).

the activity of ferredoxin-plastoquinone reductase and has
an antimycin A binding site, supporting the pathway (iii).
This thylakoid preparation of tobacco might correspond to
the washed thylakids of spinach shown in this report, in
which the NDH complex lost activity of the NADPH oxida-
tion.

The chloroplastic NDH complex in spinach showed a
much higher affinity to NADPH than to NADH, which is
consistent with the characteristics found in the cyanobacte-
rial NDH complex (Mi et al. 1995). It should be noted that,
in both cases, the NDH complex is associated with photo-
synthetic electron transport. This suggests the possibility
that the NDH complex is involved in NADPH-mediated
cyclic electron transport around PSI in spinach chloro-
plasts, as demonstrated in cyanobacteria (Mi et al. 1992a,
b, 1994, 1995).

The spinach NDH complex shown here seems to be
able to accept electrons from reduced ferredoxin, because
the ferredoxin-requiring activity was partly suppressed by
amobarbital and capsaicin (Fig. 4). Although the antimycin
A-sensitive cyclic electron transport has been considered to
be mediated by FQR (Moss and Bendall 1984), the present
results show that both FQR and NDH activities are includ-
ed in so called antimycin A-sensitive cyclic flow. Since the
thylakoidal NDH complex of Synechocystis PCC 6803 was
insensitive to antimycin A (Mi et al. 1995), the thylakoidal
NDH complex in higher plants and that in cyanobacteria
appear to differ in terms of response to the inhibitor.

Recently, Guedeney et al. (1996) demonstrated the
association of FNR with subunits of the chloroplastic
NDH complex using immunoblot analysis and proposed
that FNR functions as the NADPH-binding component of
the NDH complex. However, the insensitivity of the in-
crease in Chi fluorescence by NADPH to NEM and heparin
(Fig. 2) indicates that the chloroplastic NDH complex itself
includes the NADPH-binding component and that FNR is
not required for the reduction of the plastoquinone by
NADPH.

The activity of NADPH-dependent reduction of
plastoquinone found here was lost during the washing pro-
cess, indicating release of a putative NAD(P)H binding sub-
units or inactivation during the washing of the thylakoids.
The requirement of a high concentrations MgCl2 for the
NADPH-dependent increase in fluorescence supports dis-
sociation of NADPH binding subunit rather than inacti-
vation, because Mg2"1" can bind peripheral (stromal) pro-
teins to the membranes (Suss et al. 1993, Ogawa et al.
1997). Dissociation of intact NDH complex from the mem-
branes is inconceivable because the reported NDH com-
plexes are membrane spanning and require solubilization
by detergents for their dissociation.

The ferredoxin-requiring activity was not evident
in the freshly ruptured chloroplasts, indicating that the
(FNR + FQR) reaction was suppressed by an unknown
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mechanism. This might be in part due to the competition of
NDH and FNR for NADPH, because inhibitors of NDH
stimulated ferredoxin-requiring activity in the ruptured
chloroplasts (Fig. 1). However, this stimulation was rather
minor when compared with the ferredoxin-requiring activ-
ity after the wash. One possible explanation is that the
dissociation of NADPH-binding subunits of NDH com-
plex may facilitate the access of NADPH to FNR.

This work was supported in part by a Grant-in-Aid for Scien-
tific Research on Priority Area (No. 04273101) from the Ministry
of Education, Science, Sports and Culture of Japan, and by a
grant from the Human Frontier Science Program.

References

Asada, K., Neubauer, C , Heber, U. and Schreiber, U. (1990) Methyl
viologen-dependent cyclic electron transport in spinach chloroplasts in
the absence of oxygen. Plant Cell Physiol. 31: 557-564.

Bendall, D.S. and Manasse, R.S. (1995) Cyclic phosphorylation and elec-
tron transport. Biochim. Biophys. Acta 1229: 23-38.

Berger, S., Ellersiek, U., Westhoff, O. and Steinmuller, K. (1993) Studies
on the expression of NDH-H, a subunit of the NAD(P)H-plastoq-
uinone-oxidoreductase of higher-plant chloroplasts. Planta 190: 25-31.

Guedeney, G., Corneille, S., Cuine and Peltier, G. (1996) Evidence for an
association of ndh B, ndh J gene products and ferredoxin-NADP-reduc-
tase as components of a chloroplastic NAD(P)H dehydrogenase com-
plex. FEBS Lett. 378: 277-280.

Hosier, J.P. and Yocum, C.F. (1985) Heparin inhibition of ferredoxin-
NADP reductase in chloroplast thylakoid membranes. Arch. Biochem.
Biophys. 236: 473-^78.

Kubicki, A., Funk, E., Westhoff, P. and Steinmuller, K. (1996) Differ-
ential expression of plastome-encoded ndh genes in mesophyll and bun-
dle-sheath chloroplasts of the C< plant Sorghum bicolor indicates that
the complex I-homologous NAD(P)H-plastoquinone oxidoreductase is
involved in cyclic electron transport. Planta 199: 276-281.

Mano, J., Miyake, C , Schreiber, U. and Asada, K. (1995) Photoactivation
of the electron flow from NADPH to plastoquinone in spinach chloro-
plasts. Plant Cell Physiol. 36: 1589-1598.

Marder, J.B. and Barber, J. (1989) The molecular anatomy and function
of the thylakoid proteins. Plant Cell. Environ. 12: 595-614.

Mi, H., Endo, T , Ogawa, T. and Asada, K. (1995) Thylakoid membrane-
bound pyridine nucleotide dehydrogenase complex mediates cyclic elec-
tron transport in the cyanobacterium Synechocystis PCC 6803. Plant
Cell Physiol. 36: 661-668.

Mi, H., Endo, T., Schreiber, U. and Asada, K. (1992a) Donation of elec-
trons to the intersystem chain in the cyanobacterium Synechococcus sp.
PCC 7002 as determined by the reduction of P700+. Plant Cell Physiol.
33: 1099-1105.

Mi, H., Endo, T., Schreiber, U., Ogawa, T. and Asada, K. (1992b) Elec-
tron donation from cyclic and respiratory flows to the photosynthetic in-
tersystem chain is mediated by pyridine nucleotide dehydrogenase in the
cyanobacterium Synechocystis PCC 6803. Plant Cell Physiol. 33: 1233-

1237.
Mi, H., Endo, T., Schreiber, U., Ogawa, T. and Asada, K. (1994)

NAD(P)H-dehydrogenase-dependent cyclic electron flow around photo-
system I in the cyanobacterium Synechocystis PCC 6803: a study of
dark-starved cells and spheroplasts. Plant Cell Physiol. 35: 163-173.

Mills, J.D., Crowther, D., Slovacek, R.E., Hind, G. and McCarry, R.
(1979) Electron transport pathways in spinach chloroplasts. Reduction
of the primary acceptor of photosystem II by reduced nicotinamide dinu-
cleotide phosphate in the dark. Biochim. Biophys. Acta 547: 127-137.

Miyake, C , Schreiber, U. and Asada, K. (1995) Ferredoxin-dependent and
antimycin A-sensitive reduction of cytochrome b-559 by far-red light in
maize thylakoids; participation of a menadiol-reducible cytochrome b-
559 in cyclic electron flow. Plant Cell Physiol. 36: 743-748.

Moss, D.A. and Bendall, D.S. (1984) Cyclic electron transport in chloro-
plasts. The Q-cycle and the site of antimycin. Biochim Biophys. Acta
767: 389-395.

Nixon, P.J., GounariS, K., Coomber, S.A., Hunter, C.N., Dyer, T.A. and
Barber, J. (1989)psbG is not a photosystem two gene but may be an ndh
gene. / . Biol. Chem. 264: 14129-14135.

Ogawa, K., Endo, T., Kanematsu, S., Tanaka, R., Ishiguro, S., Okada,
K., lazt, D. and Asada, K. (1997) Tobacco chloroplastic CuZn-superox-
ide dismutase cannot function without its localization at the site of super-
oxide generation (PSI). Plant Cell Physiol. 38: S35.

Ogawa, T. (1991a) A gene homologous to the subunit-2 gene of NADH de-
hydrogenase is essential to inorganic carbon transport of Synechocystis
PCC6803. Proc. Natl. Acad. Sci. USA 88: 4275-4279.

Ogawa, T. (1991b) Cloning and inactivation of a gene essential to inorgan-
ic carbon transport of Synechocystis PCC6803. Plant Physiol. 96: 280-
284.

Ohyama, K., Fukuzawa, H., Kohchi, T., Shirai, H., Sano, T., Sano, S.,
Umesono, K., Shiki, Y., Takeuchi, M., Chang, Z., Aota, S., Inokuchi,
H. and Ozeki, H. (1986) Chloroplast gene organization deduced from
complete sequence of liverwort Marchantia polymorpha chloroplast
DNA. Nature 322: 572-574.

Ohyama, K., Kohchi, T., Sano. T. and Yamada, Y. (1988) Newly iden-
tified groups of genes in chloroplasts. Trends Biochem. Sci: 13: 19-22.

Schreiber, U., Endo, T., Mi, H. and Asada, K. (1995) Quenching analysis
of chlorophyll fluorescence by the saturation pulse method: particular
aspects relating to the study of eukaryotic algae and cyanobacteria.
Plant Cell Physiol. 36: 873-882.

Shinozaki, K., Ohme, M., Tanaka, M., Wakasugi, T., Hayashida, N.,
Matsubayashi, T., Zaita, N., Chunwongse, J., Obotaka, J., Yamaguchi-
Shinozaki, K., Ohto, C , Torazawa, K., Meng, B.Y., Sugita, M., Deno,
H., Kamogashira, T., Yamada, K., Kusuda, J., Takaiwa, F., Kato, A.,
Tohdoh, N., Shimada, H. and Sugiura, M. (1986) The complete nucleo-
tide sequence of the tobacco chloroplast genome: its gene organization
and expression. EMBO J. 5: 2043-2049.

Singer, T.P. and Ramsay, R.P. (1992) NADH-ubiquinone oxidoreductase.
In Molecular Mechanisms in Bioenergetics. Edited by Ernster, L. pp.
145-162. Elsevier, New York.

Suss, K.-H., Arkona. C , Mantenffel, R. and Adler, K. (1993) Calvin cycle
multienzyme complex are bound to chloroplast thylakoid membranes of
higher plants in situ. Proc. Natl. Acad. Sci. USA 90: 5514-5518.

Yagi, T. (1990) Inhibition by capsaicin of NADH-quinone oxidoreductase
is correlated with the presence of energy-coupling site 1 in various organ-
isms. Arch. Biochem. Biophys. 280: 305-311.

(Received June 16, 1997; Accepted September 12, 1997)

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/38/11/1272/1895041 by guest on 20 August 2022


