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ABSTRACT Under aerobic conditions that are likely to
prevail in chloroplasts in vivo, the optimal concentration of
ferredoxin for cyclic photophosphorylation was found to be
equal to that required for NADP reduction and about one-
tenth of that needed for cyclic photophosphorylation under
anaerobic conditions. In the presence of ferredoxin and
NADP, cyclic photophosphorylation operated concurrently
with noncyclic photophosphorylation, producing an ATP:
NADPH ratio of about 1.5. The effective operation of ferre-
doxin-catalyzed cyclic photophosphorylation by itself re-
quired a curtailment of the electron flow from water which
was accomplished experimentally by the use of either an in-
hibitor or far-red monochromatic light. An unexpected dis-
covery was that the operation of cyclic photophosphorylation
by itself was also regulated by a back reaction of NADPH
and ferredoxin with two components of chloroplast mem-
branes, component C550 and cytochrome b559. The signifi-
cance of these findings to photosynthesis in vivo is discussed.

Solar energy is first converted into biologically useful chemi-
cal energy by photosynthetic phosphorylation (photophos-
phorylation), the process by which the photosynthetic appa-
ratus transforms the electromagnetic energy of sunlight into
phosphate bond energy of ATP, the universal energy carrier
of living cells. The energy of the photochemically generated
ATP and reducing power is conserved through the biosyn-
thesis of organic compounds from CO2. When these are later
degraded by fermentation and respiration, reducing power
and ATP are regenerated to drive the multitude of ender-
gonic reactions and activities of living cells.

Chloroplasts, the photosynthetic organelles of green
plants, have two types of photophosphorylation, cyclic and
noncyclic, names devised to denote the coupling of ATP for-
mation to a light-induced electron flow that is either of a
closed (cyclic) type that yields only ATP or of a unidirec-
tional (noncyclic) type that yields not only ATP but also
NADPH as reducing power (1). Ferredoxin plays a key role
in both. In cyclic photophosphorylation ferredoxin is the en-
dogenous catalyst (2, 3) and in noncyclic photophosphoryla-
tion ferredoxin is the electron acceptor (4) that in turn re-
duces NADP by an enzymatic reaction that is independent
of light (5).

In this paper we report the concurrent operation of ferre-
doxin-dependent cyclic and noncyclic photophosphorylation
under conditions that are likely to exist in chloroplasts in
vivo. These experiments led to the discovery that noncyclic
electron flow provides a regulatory mechanism that permits
cyclic photophosphorylation to operate either concurrently
with the noncyclic type (and thereby to increase the ratio of
ATP to NADPH as needed for photosynthetic CO2 assimila-
tion) or to operate by itself and produce only ATP for those
endergonic reactions that do not require photochemically
generated reducing power.

METHODS
Chloroplasts. Whole chloroplasts were isolated from spin-

ach leaves (var. Resistoflay) essentially as described by Kal-
berer et al. (6) except that the preparative solution con-
tained 0.4 M sucrose, 0.02 M N-tris(hydroxymethyl)methyl-
glycine (Tricine)-KOH buffer (pH 8.0), and 0.01 M NaCl.
The chloroplasts were osmotically disrupted and washed by
resuspension in about 40 ml of a hypotonic solution made up
of 0.01 M NaCl in 0.02 M Tricine-KOH buffer (pH 8.0),
centrifuged, and then the "broken" chloroplasts were resus-
pended in the same hypotonic solution.

Illumination. Incident monochromatic illumination was
provided by a 250 W tungsten-halogen lamp (General Elec-
tric type EHN) and appropriate interference filters (Baird-
Atomic Co.).

Analytical Procedures. The ATP formed was measured
by the method of Hagihara and Lardy (7). C-550 (8) was es-
.timated at -1890 from absorbance changes at 546 nm in
light minus dark difference spectra obtained with an Amin-
co model DW-2 spectrophotometer equipped with a low-
temperature attachment and operated in the split-beam
mode; chlorophyll, NADPH, and ferricyanide were deter-
mined as described earlier (9).

Antimycin A was purchased from the Sigma Chemical
Co.; dibromothymoquinone was a gift of Prof. A. Trebst.
Anaerobic Versus Aerobic Conditions. Unless otherwise

indicated, the capped cuvettes filled with reaction mixture
had little or no free gas phase. Aerobic conditions mean here
that the reaction mixture was equilibrated with air and con-
tained about 0.25 tmol of dissolved oxygen per ml. Anaero-
bic conditions were provided by equilibrating the reaction
mixture with pure nitrogen gas to displace the dissolved air
with dissolved nitrogen.

RESULTS AND DISCUSSION

Rates of Ferredoxin-dependent Electron Transport and
Phosphorylation. Since this study was concerned with cyclic
and nohcyclic photophosphorylation as they might operate
in vivo, it was useful to establish that the chloroplast prepa-
rations used had high rates of photochemical activity. Most
of the expefiments were performed under conditions not
suitable for calculating activity rates (light below saturation
and high concentrations of chlorophyll). Separate determi-
nations made in saturating white light and with low chloro-
phyll concentrations (75 ,Ag/ml) on a representative chloro-
plast preparation gave rates (in umol/mg of chlorophyll per
hr) of 235 for NADP+ reduction by water and corre-
spondingly high rates of ATP formation. These rates are
compatible with high rates of photosynthesis in vivo (cf. 10).

Cyclic Photophosphorylation under Aerobic Condi-
tions. Cyclic photophosphorylation in vivo (11) takes place
in the chloroplast lamellar system which liberates oxygen

Abbreviations: Tricine, N-tris(hydroxymethyl)methylglycine;
DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea.
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FIG. 1. Effect of ferredoxin on cyclic photophosphorylation
under aerobic and anaerobic conditions. The reaction mixture
which filled the capped glass cuvettes (optical path, 2 mm) includ-
ed (per 1 ml) broken chloroplasts containing 332 ,ug of chlorophyll
and the following (,umol): Tricine buffer (pH 8.2), 100; MgCl2, 5.0;
ADP, 5.0; K2H32PO4, 5.0; and spinach ferredoxin as indicated. The
715-nm illumination (for 40 min) had an intensity of 2 X 104 ergs

(= 2 mJ)/cm2 per sec. Incident light intensity was measured by a

Yellow Springs Instrument Co. model 65 radiometer or by a

quartz-window Eppley surface-type linear thermopile, both of
which were calibrated against a National Bureau of Standards ra-

diation standard.

and is in contact with the stroma fluid that contains the solu-
ble enzymes for CO2 assimilation (12). It seems reasonable to
conclude therefore that cyclic photophosphorylation nor-

mally occurs in an environment containing dissolved oxy-

gen. Experimentally, however, cyclic photophosphorylation
by chloroplasts has usually been studied under anaerobic
conditions, for reasons that are partly historical and partly of
current validity.

Soon after photophosphorylation was discovered (13), co-

factors like menadione were found that could support it at
good rates and for extended periods of time under anaerobic
conditions (14-16). This ATP formation in the absence of
oxygen played an important part in overcoming the early
resistance (see ref. 17) to the concept that light-induced ATP
synthesis by chloroplasts was totally independent of oxida-
tive phosphorylation by mitochondria (18). Although this
matter is no longer in dispute, anaerobic conditions have
continued to be widely used in studies of cyclic photophos-
phorylation in chloroplasts.
A more recent reason came from the finding that ferre-

doxin, the low-potential (19) iron-sulfur protein native to
chloroplasts, is the endogenous cofactor for cyclic photo-
phosphorylation (2, 3). Reduced ferredoxin can be reoxi-
dized by oxygen (19, 4) and may thus catalyze a pseudocy-
clic photophosphorylation which, like the true cyclic type,
yields only ATP but in reality is a variant of noncyclic pho-
tophosphorylation that depends on continuous production
and consumption of oxygen (20, 10).

Putting historical and experimental reasons aside, the
compelling consideration remains that, in vivo, cyclic photo-
phosphorylation in chloroplasts most likely proceeds in the
presence of oxygen. Indeed, early evidence indicated that
ferredoxin was a more effective catalyst of cyclic photophos-
phorylation in air than under anaerobic conditions (21, 22).
We undertook, therefore, to characterize more fully cyclic
photophosphorylation under aerobic conditions.

Fig. 1 shows that ferredoxin was a far more effective cata-
lyst of cyclic photophosphorylation when the reaction mix-
ture contained dissolved air rather than dissolved N2. The
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FIG. 2. Comparison of noncyclic electron transport (left) with
ferredoxin-catalyzed cyclic photophosphorylation (right). Experi-
mental conditions as in legend to Fig. 1 except that 0.01 gmol of
ferredoxin was used throughout and, where indicated, 2 umol of
NADP+ and 0.0012 Atmol of DCMU were added. The chloroplast
fragments and DCMU were preincubated together for 2 min in the
dark. Incident light intensity for each wavelength was 2 X 104 ergs/
cm2 per sec. The photoreduction of NADP was measured at 340
nm in a Beckman-Gilford spectrophotometer (23).

optimum ferredoxin concentration in air was about 10lM,
about an order of magnitude less than used earlier under
argon (10) and about the same as that needed to catalyze
noncyclic photophosphorylation. Much higher concentra-
tions were less effective, probably because they facilitated a

reoxidation of reduced ferredoxin by oxygen rather than by
the cyclic electron transport chain of chloroplasts. Similar
results were obtained in parallel experiments with green
monochromatic illumination (554 nm). Here again, low con-

centrations of ferredoxin were found to catalyze cyclic pho-
tophosphorylation more effectively under aerobic than
under anaerobic conditions but-and this was crucial-only
when the light-induced electron flow from water was se-

verely inhibited by 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU).

In sum, ferredoxin-catalyzed cyclic photophosphorylation
functioned best when light-induced electron flow from
water (and hence noncyclic photophosphorylation and its
pseudocyclic variant) was materially restricted either by the
use of 715-nm illumination (22) or by combining 554-nm il-
lumination with the addition of DCMU (Fig. 2). The extent
to which these conditions restricted electron flow from
water is reflected in the inhibition of the photoreduction of
NADP+ by water (Fig. 2).

Another observation was that under the aerobic conditions
of these experiments a light-induced electron flow from
water, though severely restricted, could not be dispensed
with entirely. When the "trickle" electron flow from water
was totally suppressed, as by adding DCMU to chloroplasts
illuminated with 715-nm light, cyclic photophosphorylation
stopped (Fig. 2). This observation is contrary to the general-
ly held view that DCMU does not inhibit cyclic photophos-
phorylation (24) but is in agreement with the findings of
Kaiser and Urbach (25) that in far-red light endogenous cy-
clic photophosphorylation in isolated chloroplasts was inhib-
ited by low concentrations of DCMU.

In the presence of oxygen, the trickle of electrons from
water appeared to maintain the proper oxidation-reduction
balance or "poising" that is required for cyclic photophos-
phorylation. The need for poising of ferredoxin-catalyzed
cyclic photophosphorylation in chloroplasts had already be-
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Fl(u. 3. Comparison of ferredoxin with other cofactors of cyclic
photophosphorylation. Experimental conditions as in legend to
Fig. 1 except that ferredoxin (Fd), phenazine methosulfate (PMS),
and menadione (K3) were added as indicated. The incident light
intensities for both wavelengths were adjusted to give equal ab-
sorbed illumination of 3 X 103 ergs/cm2 per sec.

come apparent in earlier experiments under conditions dif-
ferent from those used here (21, 26). The general impor-
tance of poising for cyclic photophosphorylation in both
chloroplasts and bacterial chromatophores has been stressed
by Avron and Neumann (24).
Comparison of Ferredoxin with Other Catalysts of Cy-

clic Photophosphorylation. It was previously reported (3)
that under anaerobic conditions and in limiting light ferre-
doxin was a more effective catalyst of cyclic photophosphor-
ylation than either menadione or the widely used phenazine
methosulfate (27). A new comparison of these three cata-
lysts, at equal concentrations (10 uM) and in limiting light,
x, as now made under aerobic conditions. As shown in Fig. 3,
with either 715- or 554-nm illumination (in the presence of
DCMU) ferredoxin was a decisively more effective catalyst
of cyclic photophosphorylation than either menadione or

phenazine methosulfate. The quantum efficiency of this and
other ferredoxin-catalyzed photophosphorylations will be re-

ported in another paper.
Effect of Dibromothymoquinone. Trebst et al. (28) have

introduced a new inhibitor, dibromothymoquinone, which
acts as an antagonist of the plastoquinone component of
chloroplast membranes and inhibits chloroplast reactions in
which plastoquinone is involved. Hauska et al. (29) recently
found that ferredoxin-catalyzed cyclic photophosphoryla-
tion (under argon) was inhibited by dibromothymoquinone
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FIG. 4. Effect of dibromothymoquinone on ferredoxin-cata-
lyzed cyclic photophosphorylation. Experimental conditions as in
Fig. 1 except that 0.01 gmol of ferredoxin was used throughout and
the quinone and DCMU were added as indicated. Chloroplast frag-
ments were preincubated with dibromothymoquinone as described
for DCMU in Fig. 2. Illumination was as in Fig. 2.

and concluded that ferredoxin is the probable cofactor of cy-
clic photophosphorylation in vivo in which plastoquinone is
the native energy-conserving site. We set out to determine,
therefore, the effect of dibromothymoquinone on ferre-
doxin-catalyzed cyclic photophosphorylation under aerobic
conditions. Under these, dibromothymoquinone also strong-
ly inhibited ferredoxin-catalyzed cyclic photophosphoryla-
tion under either 715- or 554-nm illumination (with DCMU
present) (Fig. 4)-evidence that here too plastoquinone was
essential.

Concurrent Cyclic and Noncyclic Photophosphoryia-
tion. In the experiments discussed so far, the poising of cy-
clic photophosphorylation under aerobic conditions was
maintained by decreasing the electron flow from water by
means foreign to photosynthesis in nature: far-red mono-
chromatic illumination or shorter wavelength illumination
combined with an addition of DCMU. Seeking a physiologi-
cal regulation mechanism, we formulated a hypothesis that
poising of cyclic photophosphorylation in vivo is accom-
plished by its concurrent operation with noncyclic photo-
phosphorylation. During CO2 assimilation, the electrons
from water would be used (via ferredoxin and NADP+) for
the reduction of phosphoglycerate. Thus, an overreduction
of the chloroplast milieu would be avoided and cyclic photo-
phosphorylation could operate concurrently with the noncy-
clic type. Moreover, cyclic and noncyclic photophosphoryla-
tion operating concurrently would yield more than one ATP
molecule for each pair of electrons transferred from water to
NADP+, i.e., the ATP/e2 ratio would be greater than one.
Such a result would help to resolve a current controversy
over the stoichiometry of noncyclic photophosphorylation
and the role of cyclic photophosphorylation in CO2 assimila-
tion. The basis of the controversy is as follows.
When noncyclic photophosphorylation was discovered, a

P/e2 ratio (or, with reference to the oxygen produced, a P/O
ratio) equal to one was obtained with either NADP or its
nonphysiological substitute, ferricyanide, as the terminal
electron acceptor (30). A P/e2 ratio equal to one for noncy-
clic photophosphorylation was confirmed by a later study in
this laboratory (9) and by many other investigators (31-34)
but higher P/e2 (or P/O) ratios were also reported (35, 36)
and led, on the basis of certain assumptions, to proposals that
noncyclic photophosphorylation produces 2 ATPs per pair of
electrons transferred (35-40). Only a negligible amount of
the ATP was thought to come from a possibly concurrent cy-
clic or pseudocyclic photophosphorylation (37, 39).
The P/e2 ratio of noncyclic photophosphorylation is of

considerable importance for the assessment of the role of cy-
clic photophosphorylation in photosynthetic CO2 assimila-
tion, which requires 3 molecules of ATP and 2 molecules of
NADPH for each molecule of C02 (41). A P/e2 ratio of non-
cyclic photophosphorylation greater than one could account
for all the ATP needs of CO2 assimilation. Conversely, with
a P/e2 ratio of one, a contribution of ATP from cyclic photo-
phosphorylation would be required for CO2 assimilation, as
some results do indeed indicate (42).
We undertook, therefore, to reinvestigate P/e2 ratios of

noncyclic photophosphorylation on the premise that under
our present experimental conditions the ratios might depend
on a concurrent operation of cyclic photophosphorylation.
As shown in Fig. 5, with ferricyanide as the terminal elec-
tron acceptor (and in the absence of ferredoxin), the P/e2
ratio was again found to be one; but with the physiological
acceptor NADP+ (and ferredoxin present) the P/e2 ratio was
about 1.5. Next, we used antimycin A, an inhibitor of ferre-
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FIG. 5. Stoichiometry of noncyclic photophosphorylation with
NADP+ or ferricyanide as the terminal electron acceptor. The re-
action mixture contained (per 1 ml) broken chloroplasts (332 ,gg of
chlorophyll) and the following (jtmol): Tricine-KOH buffer (pH
8.2), 200; MgCl2, 5.0; ADP, 7.5; K2H32PO4, 7.5; and K3(FeCN)6,
5.0, or NADP+, 2.5, plus ferredoxin, 0.01. The 554-nm light gave
an incident intensity of 8 X 103 ergs/cm2 per sec. Cuvettes were
full but open to air.

doxin-catalyzed cyclic photophosphorylation (2, 10, 43, 44)
to test whether the excess ATP was of cyclic origin. Fig. 6
shows that this proved to be the case. Antimycin A, within a
concentration range that did not inhibit noncyclic photo-
phosphorylation, inhibited the extra ATP formed by cyclic
photophosphorylation, thereby restoring to noncyclic photo-
phosphorylation its P/e2 ratio of one.
We conclude, therefore, that, in the presence of NADP+,

noncyclic photophosphorylation poises the chloroplast sys-
tem to permit the concurrent operation of ferredoxin-cata-
lyzed cyclic photophosphorylation. The same concentration
of ferredoxin serves both types of photophosphorylation.
The concurrent operation of cyclic and noncyclic photo-
phosphorylation would prevail during CO2 assimilation and
provide the needed extra ATP (P/e2 > 1).
The rates of concurrent noncyclic and cyclic photophos-

phorylation fluctuated during the year and gave variable
P/e2 ratios with different chloroplast preparations. Despite
this variability, the capacity of chloroplasts to carry on con-
currently ferredoxin-catalyzed cyclic and noncyclic photo-
phosphorylation was never in question.

Allen (45) has recently proposed that the extra ATP need-
ed for CO2 assimilation comes from ferredoxin-catalyzed

4.5 9.0 13.5 18.0 22.5 aM
Antiimycin A

FIG. 6. Effect of antimycin A on concurrent cyclic and noncy-
clic photophosphorylation. The reaction mixtures were as in Fig. 1
except that 0.01 ;imol of ferredoxin and 2.5 ,umol of NADP+ were

used throughout. The chloroplasts and the antimycin A were incu-
bated together as described for DCMU in Fig. 2. Reaction time was
15 min. Other conditions were as in Fig. 5.
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FIG. 7. Effect of NADPH on ferredoxin-catalyzed cyclic pho-
tophosphorylation. Reaction mixture was as in the NADP+ treat-
ment in Fig. 5 except that NADP+ was omitted and NADPH was
added as indicated. The 554-nm illumination was as in Fig. 2. The
reaction was carried out in cuvettes filled with reaction mixture
and sealed with serum caps. Reaction time, 30 min.

pseudocyclic photophosphorylation. We consider this an un-
likely possibility. Much higher concentrations of ferredoxin
are required for pseudocyclic photophosphorylation (10, 45)
than for cyclic photophosphorylation under aerobic condi-
tions.

Regulation of Cyclic Photophosphorylation. The ATP
photochemically generated by cyclic photophosphorylation
may be used not only for CO2 assimilation but also for other
ATP-requiring cellular activities (11). One example of such
"nonphotosynthetic" use of ATP derived from cyclic photo-
phosphorylation is amino acid incorporation by isolated
chloroplasts (46).

As pointed out earlier (30), cyclic photophosphorylation
may continue to produce ATP even when CO2 assimilation

530 540 550 560
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570

FIG. 8. Effect of preincubation with and without NADPH on

subsequent photoreduction of C-550 and photooxidation of cyto-
chrome b559 at low temperature. The reaction mixture contained
(per 1 ml) chloroplasts (0.25 mg of chlorophyll) and the following
(,gmol): Tricine-KOH buffer (pH 8.2), 100; MgCl2, 5.0; ferredoxin,
0.01; and, where indicated, NADPH, 2.5. After the reaction was in-
cubated for 17 min in the dark, glycerol was added (50% final con-

centration); the mixture was frozen, and was then illuminated at
-189°. Each point on the graph was obtained after correction for
the base-line changes. The cuvette (2 mm light path) was illumi-
nated by a 150 W Sylvania FCS projection lamp whose light was

filtered through Corning 2-58 and 1-69 filters.
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is curtailed or stopped altogether because of the well-known
midday closure of stomata in leaves (47, 48). A curtailment
of CO2 assimilation would result in an accumulation of
NADPH; hence the possibility arose that NADPH might
have an effect on the operation of cyclic photophosphoryla-
tion.

Fig. 7 shows that under aerobic conditions the addition of
NADPH greatly stimulated ferredoxin-catalyzed cyclic pho-
tophosphorylation (sensitive to antimycin A) in 554-nm
light. Unexpectedly, no DCMU was required for poising
(compare Fig. 2). It appeared that NADPH, like DCMU, di-
minished the electron flow from water (Photosystem II ac-
tivity). Such a novel role of NADPH was tested further by
measuring its effect on the photoreduction of C-550 (8), a
primary indicator of Photosystem II activity (49). Fig. 8
(upper curve) shows that preincubation of chloroplasts with
NADPH (in the presence of ferredoxin) in the dark dimin-
ished the subsequent photoreduction of C-550 (and photoox-
idation of cytochrome bsw9). NADPH without ferredoxin
was ineffective.

It appears, therefore, that when CO2 assimilation is cur-
tailed and NADPH accumulates, the back reaction of
NADPH and ferredoxin with C-550 and possibly cyto-
chrome bssg provides a regulatory mechanism which by di-
minishing the activity of Photosystem II maintains proper
poising for the operation of cyclic photophosphorylation as a
source of ATP for diverse cellular needs.

We thank Dr. Tetsuo Hiyama for assistance in the C-550 mea-
surements and Dr. Berah D. McSwain for his help with light-inten-
sity measurements. This investigation was aided by National
Science Foundation Grant BMS71-01204.
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