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SUMMARY

This report presents an investigation of photcphosphorylation in plant-chloroplast
preparations under aerobic and anaerobic conditions. The quantum requirement of
photophosphorylation at low (rate-limiting) intensities of red light was employed as
the assay system. Several catalysts of photophosphorylation, S-naphthoquinone-
sulfonic acid, menadione, and phenazine methosulfate showed equal activity under
aerobic conditions. The quantum requirement under anaerobic conditions (argon
atmosphere) increased (decreased quantum efficiency) with all three catalysts.

Anaerobically, photophosphorylation was inhibited by o0.01 N HCN, regardless
of catalyst employed. This inhibition was reversed by aerobic conditions. With
0.01 N HCN, O, uptake and H,0, production accompanied photophosphorylation
under aerobic conditions. With B-naphthoquinone-sulfonic acid or menadione as
catalyst the ratio of peroxide production to O, consumption approached the value 2
as did the ratio of ATP production to O, consumption.

The comrpounds o-phenanthroline and p-chlorophenyldimethyl urea inhibit
photophosphorylation under both aerobic and anaerobic conditions. The inhibition
of photophosphorylation is found to be related to the inhibition of Hill-reaction
activity brought about by these compounds.

Evidence leading to concepts of both cyclic and noncyclic photophosphorylation
is discussed. The conclusion is 1eached that only noncyclic photophosphorylation has
been demonstrated in plant-chloroplast preparations.

INTRODUCTION

The light-induced syuthesis of ATP catalysed by plant-chloroplast preparations was
demonstrated first by ARNON! and called photosymthetic phosphorylation. Subsequent
work from his laboratory®— led i the conclusic~ that isolated chloroplasts from
spinach catalysed two types of photosynthetic phospho: * *ation. The type considered to
be the most important biologicaily was designated as “‘cyclic” photophosphorylation®.
Abbreviations: K, menadioue; ANQSA, p-mphthoqumom-sulfomc acid: PMS,
nethoulhteorh’—mthy!phmmwmncthoum U, p-chlorophenyidimeth; 1 ures.

* Cyclic photopbosphorylation was observed by l-‘mm’“‘hbccmul
before it was considered by Annox with respect to plant chioroplaste
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The mechanism assigned to cyclic photophosphorvlation requires that all effective
light encrgy absorbed by plant chioroplasts be emploved in the synthesis of ATP.
The stoichiometry assigned by Axxox to cyclic photephosphorvlation is represen-
te¢ by Eqn. 1.

ADP = P -5, \vp m

The type of lesser biologicai importance was designated as “noncyclic” photophos-
phorylation. The mechanism assigned to noncyclic photophosphorviation requires
that the effective light energy absorbed by the chloroplasts be preportioned between
the synthesis of ATP and Hill-reaction activity. The stoichiometrv proposed by
ARNON to describe noncyclic photophosphorylation is shown in Eqn. z with forri-
cyanide (represented as Fe(11I)) employed as the Hill oxidant.

4Fe(Ill) + 2H,0 + 2ADP + 2P 220 | \Ee([i) 4 4H- + O, + 2ATP (2}

Results from numerous laboratories notably those ©f JAGENDORF'-1, VENNFs-
LANDY¥-1 WEssELsS!® 8, and HILLY also demonstrated photophosphoryviation with
isolated plant chloroplasts either with or without accompanyving O, production under
both aerobic and anaerobic conditions. Thus, ArNOX's two hvpotheses of cvclic and
noncyclic photophosphorylation were accepted as the cocit interpretaiion of the
results obtained under anaerobic and aerobic conditions.

A report of experiments from WARBURG's laboratory®® questioned the concept
of cyclic photophosphorylation as the correct interpretation of photophosphorylation
obtained under anaerobic or aerobic conditions without an observed production of O,.
WARBURG, employing quinones and naphthoquinones as catalysts for photophos-
phorylation, concluded from his experiments that photophosphorviation with isolated
chioroplast is always coupled to Hili-reaction activity and proceeds with the ::oichio-
metry shown by ARNON for noncyclic photophosphorvlation. WARBURG claimed that
experiments which could be interpreted as demonstradng cvclic photophosphory-
lation were, in reality, brought about by a masking of noncyclic photophosphorylation
by a reoxidation of the added catalvst which is reduced in the light. The overall
stoichiometry for cyclic photophosphorylation according to WARBURG is given in
Eqns. 3 through 5.

2 quinone + 2H,0 + :ADP + 2P M, hvdroquinone -+ O, + 2ATP (3
2 hydroquinone + Q4 ——— 2 quinone + 2H,0 (4}
Balance: ADP + P ——— ATP (5!

The experiments with added catalytic quantities of Ky or FMN offered by ArNox
as evidence for the existence of a cvrlic photophasphorviation in plant<hloroplast
preparations also were interpreted by WARBURG to be a cvcii light reduction (with
ocomoomitaat ATP synthesis and O, production) and dark reoxidation of the added
caialyst according to the stoichiometry of Eqns. 3 through 5. VENNESLAXD and
co-workers® have suggested that their resuits are a confirmation of WARBURG's
interpretation that K, and FMN catalyse a noncyclic photopiwospharylation. Her
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experiments demonstrate that catalyiic amounts of K; and FMN added to plant-
chioroplast Treparations undergo a cvcle of photoreduction and O,-dependent re-
oxidation which is consisteni wiin ine overall stoichicmetry suggested by WARBURG.
However, in contradiction to WARBURG's generalization, VEXNESLAND suggests that
a true cvclic photophosphorylation can be demonstrated in plant-chloroplast prepa-
rations with either PMS or pyocyanine as catalysts. ARNGN™ in support of his concept
of cyclic photophosphorylation with plant-chloroplast preparaticns cites evidence
obtained with the use of the inhibitors CMU, and o-phenanthroline, whici. purportedly
show (hat K, and FMN can act as catalysts for a true cyclic photophosphorylation
as well as catalysts for the noncyclic type as suggested by WARBURG and VENNESLAND.
An experiment from JAGENDORF's laboratory claiming to demonstrate a differential
effect of chioride ion< on cyclic and noncyclic photophosphorylation with K, and
FMN as catalysts is cited by ArRNON as additional support for the existence of cyclic
photophosphorylation.

Because of the importance that has been attached to the concept of cyclic photo-
phosphorylation in the development of the current understanding of the mechanism
of photosynthesis, it becomes all the more important to either substantiate or reject
this hypothesis. Basically, the evidence obtained with plant chloroplast preparations
which is interpreted as demcustrating cyclic photophosphorylation rests on, (1) a
reported differential in%ibition of Hill-reaction activity and photophosphorylation
when the inhibitors C./U and o-pheranthroline are emnloyed, and (2} the catalytic
activity under anaerobic and aerobic conditious of PMS which is not known to
function as a Hill reagent.

A general osservation concerning most 5: the critical experiments is that with
few exceptions little or no attentiva has been paid to the quality of the actinic light
employed or the proper control of light intensities. Most of the critical experiments
which purportediy den..zstrate cvclic photophosphorylatior: in plant chloroplasts
have been pcrinrmed with white ligh. < f high intensities which reporiedly saturate
the particular chicroplast system undes investigation. Consequently, most attempts
to correlate data frois differen* exzar'ments obtained with inhibitors do not lead
to a quantitative cstimation of ti. phenomenon under consideration.

The experiments repcricl Sclow were undertaken to examine the relationship
between the rati cf photophosnhorylation and the rate of the Hill reaction with
relatively monochromatic light i~ z - intensity range where the rates of reaction are
proportional to light intensity. The question which was asked first related to the
significance of results which show compounds such as PMS to be more effective
catalysts of photophosphorylation than other compounds known to be oxidants for
the i rec~tion. The second question related to the effect of inhibitors such as
o-phenanthi~kne and CMU on photophosphorylation catalysed by Hill reagents when
low intensities of the actinic light were employed.

The results obtained support the ¢nclusion that PMS is not a more effective
catalyst of photophosphorylation than othe. ~atalysts which are known Hill reagents
when the actinic light limits the rate of reactin. Also, the results support the con-
clusion that photophosphorylation with plant-chloroplast preparations is the direct
resuit of Hill-reaction activity under both aerobic and anaerobic conditions and that
PMS acts as a Hill reagent in a manner similar to other quinvnes. The resnits of
experiments with o-phenanthroline and CMU are in agreement with these conciusions.
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PHOTOPHOSPHORYLATION IN SPINACH CHLORCOPLASTS 245

MATERIALS AND METHODS

The chloroplasts and chloroplast fragments used in these experiments were prepared
from youag leaves of spinach America and New Zealand spinach ~hich were grown
in the greenhouse attached to our laboratory.

Spmach leaves were chilled on crushed ice, then acveined and homogemzed in
their own weight of cold 0.13 M KCl for 40 sec. The su:pension was {11 .
through four thicknesses of cheese cloth. The suspension thu: obtained was centrifuged
at 1200 X g for 10 min. The supernatant was decanted and, when desired, was
centrifuged at 22000 x g for 25 min. The sediment from the original centrifugation
(1200 X g} was resuspended in a small volume of 0.13 M KCi and either washed one
time or used directly. This chloroplast fraction is designated in this report as chioro-
plasts (o/1.2). Microscopic examination reveals that this fraction contains whole
chloroplasts and chloroplast fragments. The sediment from the second centrifugation
{22000 X g) is also resuspended in a small volume of 0.13 M KCI. This fraction 1<
designated chloroplasts (1.zjz2j. Microscopic examination reveals small chlc.~plast
fragments and grana. All operations concerned with the preparation of the chloroplast
fractions were carried out at a temperature of 0°~4°.

The concentration of chlorophyll was calculated in accordance with Beer’s law-

tog. 11
B d

where Ccn) = total chlorophyll concentration (mgjcm?), d = 1.0 cm, and B, =
9.3 cm3/mg (determined by WARBURG for chlorophyli (g + b) at wavelength 546 my).
The method erployed for isolating the red light, wavelength 600-670 my, and the
methods employed for the measurement of light intensities were essentially those
which have been developed by WARBURG3L. In th: -+ experiments, two 750-W pro-
jection lamps (Sylvania DDB-750 T 12 P) served as the light sources for the two
beains of red light. The red band (6c¢-6;0 mp) was isolated with the aid of inter-
ference filters which were blocked agzinst transmission of radiation between 670 mp
and 1200 mpu. The light intensities of the two parallel beams could be varied with
neutral filters. Equal intensities of the two parallel light beams were produced with
the appropriate lenses, fiiters, and diaphragms in much the same way as has already
been described®.

The light intensities of the two beams were equated with the aid of a bolometer
(surface area 10 cm?). The bolometer was custom-made by H. Roéhrig, Berlin-
Schoneberg. The method used for the calibration of the bolometer against a lamp
from the Bureau of Standards of the United States has already been described=. .
In some experiments the pheophytin actinometer was employed for the measurement
of the quantum intensity®.

All manometric measurements were made with special Warburg vessels and
manometers which have been described by Warsurc®:. The Warburg bath was a
rectangular mode! with its original bath replaced by a stainiess-steel bath containing
a large thermopane window mounted on one side. The two parallel actinic lights used
in these experiments entered the bath through the thermopane window and were
reflected onto the bottom of the Warburg vessel by a mirror mounted at 2 45° angle
to the incident light beam. Most manometric experiments were performed with

Com =
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chloroplast preparations with total chlorophyll contents of 0.5 mg chicrophyl per
3.0 mi. This concentration of chlorophyll was found sufficient for the totai absorption
of the actinic light. Consequently, the light intensities measured with the actinometer
or the bolometer were emploved in the caiculations of the energetic efficiency of
photophosphorylation. The method that has been employed in these experiments to
report the energetic efficiensy of photophosphorylation (®arp) has been to use the
reciprocal .ate {1/%,rr} which represents the quantum requirement of photo-
phosphorvl. tion, where

pmoles ATP syntaesized 1t umoles quanta absorbed

and =
pmoles quanta absorbed n Dutp pmoles ATP synthesized

QATP =

The unit ¢f light intensity (J) employed in these experiments is the zEinstein/min,
where
J = uEinsteinsjmin = pgmoles quanta/min

The synthesis of ATP from ADP and P was determined either by the method
of FISKE AND SuBBAROW2* or by a modification of a titrimetric assay of hexokinase
aciivity®. When the latter method was used an aliquot of the perchloric acid extract
of the chloroplast suspension is readjusied (o pH 7.5 and excess glucose and hexo-
kinase added. The decrease in pH due to the reaction,

ATP + giucose — glucose phosphate + ADP + H+

is titrated with 0.1 N NaOH with a syringe micrometer which delivers z-10—4 ml
per division. With this method it was found that the formation of 1 pumole ATP could
be determined easily since this quan:ity causes the formation of 1 umole of glucose
phosphate and its equivalent in hydrogen ions whose neutralization measured
50 divisions on the syringe micromoter.

The determination of H,0, production was performed manometrically with the
addition of catalase o- with the addition of KMnO, in 0.2 N H,S50,.

RESULTS
Quinone catalysis

Table 1 represents data from an experiment in which ANQSA was employed as
a catalyst for photophnspnorylation. The experiment was designed to measure the
relative energetic efficiency of photophosphorylation under aerobic and anaerobic
conditions in red light. According to ARNON® the anaerobic conditions which are
necessary for obtaining cyclic photophosphorylation with a quinone-catalysed system
should show a lower quantum requirement for ATP synthesis (greater energetic
efficien; thar is to be expected under aerobic conditions. However, the results
presented in T -ble I show the opposite effect (compare Vessels 1 and 3).

Under anaerobic conditiuns, a concentration of 0.01 N HCN is found to inhibit
completely the quinone-catalysed photoplicsphorylation whereas photophospho-
rylation is not affected under aerobic conditions ‘-ompare Vessels 2 and 4). WARBURG™S
suggests that the inhibition of the quinone-catalysed photophosphorylation by
cyanide under anaerobic conditions is the result of the cyanide inhibition of an enzyme
aecessary for the reoxudation of the catalytic quantity of quinone reduced by light
actviity. He proposes that under anaerobic conditions, the catalytic quantity of
quinone reduced by Hill-reaction activity is ordinarily reoxidized by the small

Biwchim. Bisphys. Acta. 66 (1963) 292-307
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quantity of O, produced concurrently with the quinone reduction; this rcoxidation
peing catalysed by this cyanide-sensitive phenol oxidase which is active in the absence
of cyaride even at such low O, tensicns. The observation® that greater concentraticns
of quinones are required for maximum rates of photophosphorylation under anaerobic
conditions can therefere be explained as simply an O,-concentration effect on this
phenol oxidas~, :

TABLE 1
CATALYTIC ACTION F SNQSA ON PHOTOPHOSPHORYLATION WITH SPINACH CHLORCPLASTS

The reaction mixture contained in a final volume of 3.0 ml, chloroplasts (0/1.2) containing 0.0 g

chlorophyll, and {in umoles): Tris~HCI (pH 8.0), 60; MgCl,, 15; ADP. 20; potassium phosphate,

12; KCl, 50; FNQS A, 0.6; and where indicated, KCXN, 30. All reactants were adjusted to pH 8.0

before addition. The KCN and JNQSA were added from the side arms of manometer vessels

after gas and temperature =quilibration. Temperature, 15°; red light, wavelength 600-670 mpu:
J = 12 ymoles quanta/min: reaction time wa: 20 min,

Vessel

T
Catalyst BNQSA - - -
Inbibitor - +HCN — +HCX
Atmosphere Argon - Air -
0O, (umoles) — - - —4.G
H,0, (rtmoles) —_ — - 5.t
ATP {umoles) 4+ 3.1 — +8.1 +7.5
+H,0,/ -0, — — — 1.86
+H,0,/+ATP — — — 1.21
1/Parp 77 — 30 3z

Under aerobic conditions, the concomitant O, uptake (Vessel 4) and H,G, pro-
duction in 0.01 N HCN was observed by WARBURG under somewhat different con-
ditions of light quality and intensitv. The explanation that he proposes requires that
the ratio of peroxide production to O, consumption equal the value 2. The reaction
sequence suggested by him is shown below (Q represents a quinone such as FNQSA,
and QH, represents its reduced form).

Aerobic photophosphorylation in 0.0t N HCN:

2Q 4+ 2H,O 4+ 2ADP < 2P PEL L OH, — 0, - 2ATP ®
2QH, + 20, —— 20 ~ 2H,0, (7)
Balance: M0 4 Oy + 2ADP = 2P € Gl 0, + 2ATP (i

This reaction sequence acccunts for the experimental values obtained under aerobic
conditions and for the ratio of peroxide production to O, consumption and 1he ratio
of peroxide production to ATP production when 0.01 N HCNX is present in the reaction
mixture. In the absence of cvanide and still urder aerobic conditions any peroxide
formed by the autoxidation of the reduced quinone is decomposed by the catalase
of the chloroplasts to H,0 and O,. Since O, production balances O, consumption

Piockim. Brophys Aca, 66 {1903} 292-y07
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in the absence of cvanide, the light-induced synthesis of ATP is the only event that
is experimentally observed. This sequence of reactions was also suggested by WARBURG
and is shown below.

Aerobic photophosphorylation:

20 + 2H,0 + 2ADP 4 2P 5, 2QH, + O, + 2ATP (9

2QH, + 20, 2Q + 2H,0, (10)

2H,0, 222 | 11,0 + O, (11)

Balance: ADP + P et L ATP (12)

It is to be noted that it was photophosphorylation under similar conditions that
ARNOX observed®® when he developed the theory of cyclic photophosphorylation.
K, catalysis
Since K, is the quinone employed most often by ArNON, the activity of K, and
NQSA were compared as catalysts of photophosphorylation. The results presented
in Table II show that the quantum requirement of photophosphorylation (1/®@arp) is
constant under aerobic conditions which suggests that the catalytic action of K; and
BNOQSA are similar. Since SNQSA is more easily handled in experiments, it was em-
ploved more frequently than K,. The results tabulated in Table II again show the
iight efficiency of photophosphorylation to be greater under aerobic conditions than
anaerobic conditions. The inhibition caused by HCN under anaerobic conditions is
observed in both the K; and SNQSA-catalysed systems. The peroxide production
and O, consumption as well as the ATP synthesis are observed aerobically in cvanide
as is predicted by WARBURG's theory of quinone catalysis of photophospherylation.

TABLE 1I
CATALYTIC ACTION OF SNQSA AND K, ON PHOTOPHOSPHORYLATION WITH SPINACH CHLORCPLASTS

The reaction mixture coutained in a final volume of 3.0 ml, chloroplasts (0/1.2) containing 0.5 mg

chlorophyll, and {in uymoles): Tris—HCI (pH 8.0), 60; MgCl,, 15; ADP, 20; potassium phosphate,

10: KCl, 50; and where inc icated, KCN, 30; K,, 0.3; and SNQSA, 0.3. All reactants were adjusted

to pH 8.0 before addition. The catalysts and inhibitor were added from the side arms of manometer

vessels after gas and temperature equilibration. Temperature, 15°; red light, wavelength
600 670 my; J = 8.9 umoles quanta/min; reaction time is 20 min.

Vessel

1 2 3 ‘ s 6 7 4
Catalyst v, - -> - BNQSA - - -
Inhibitor - +HCN - +HCN - +HCN - +HCN
Atmosphere Argon - Air - Argon - Air -
O. (pmolcs) - — — —3.4 — —_ —_ —3.4
H,;0, (gmoles) - - - +3.8 - - - +6.2
ATP (umoles) -+2.4 — +6.1 +5.2 +2.7 -— +7.4 +6.5
+H,0,4/ -0, - - - 1.87 - - — 1.82
HOyJATP - - - 112 - - - 0.0%
1/@axr 74 - 29 34 66 - 24 27
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PMS catalysss

JAGENDORF and co-workers” employed PMS as a catalyst for photophuspho-
rylation with chloroplast preparations. Their results and thosc from other labora-
tories®: ¥ are interprcted as indicating that PMS catalyses on!yv cvelic photophospho-
rylation under aerobic and anaerobic conditions. Since the usual catalysts of photo-
phosphorylation such as the naphthoquinones and ferricyanide are well-known Hi!l
reagents, the experiments with PMS, which is not recognized as 2 Hill reagent, raise
the question as to whether this compound does catalyse a photophosphorylation in
chloroplasts by a mechanism different from the one offered in explanation of quinone
catalysis. Firet, at saturating light intensities catalytic amounts of PMS are reported
as supporting greater rates of photophosphorylation than catalytic amounts of the
usual yuinones such as K;. Second, at saturating light intensities the inhibition of
the PMS-catalysed photophosphorylation by o-phenanthroline or CMU has been
reported to be negligible at concentrations which block the K and FMN-catalysed
photophosphorylation under aerobic conditions®.

Experiments were initiated in this laboratory to assay the PMS-catalysed photo-
phosphorylation with iow intensities of actinic light in order to compare these resuits
with those obtained with the usual quinone-cataiysed photophosphorylation.

The results of these experiments reported in Tabie III present a comparison of the
rates of PMS-catalysed photophosphorylation and SNQSA-catalysed photophospho-
rylation under aerobic and anaernbic conditicns. It is secn that at low light intensities
no significant difference in rates is observed with PMS catalysis when compared to
BNQSA catalysis. The photochemical efficiency of the synthesis of ATP is independent
oi the catalyst employed under aerobic conditions. However, under anaerobic con-
ditions (Argon atmosphere) the photochemical efficiency of photophosphorylation is
greater with PMS than with K, or BNQSA as catalyst. Nevertheless, the efficiency
of PMS-catalysed photophosphorylation under anaerobic conditions is appreciably
less than that observed with PMS, K, or SNQSA under aerobic conditions. A further

TABLE HI
CATALYTIC ACTION OF PMS AND SNQSA ON PHOTOPHOSPHORYLATION

The reaction mixture contained in a final volume of 3.0 ml, chloroplasts (0/1.2) containing 0.7 mg

chlorophyll, and {in ymoles): Tris- HCl (pH 8.0), 60; MgCl,, 15; ADP, 20: potassium phosphate,

15, KCl, 50, and where indicated, PMS, 0.3; and gNQSA, 0.3. All reactants were adjusted to

pH 8.0 before addition. The PMS and fNQSA 1 ere added from side arms of manometer vessels

after gas and temperature equilibration. Temperature, 15°; red light, wavelength 600-670 my;
Reaction time was 20 min.

Vessel

1 2 3 ] 5 6
Catalyst PMS - — -  ANQSA -
Atmosphere Argon - Mir - - -
J {gmoles guanta/mun)} 7. 14.2 7. 14.2 L 14.2
Oy {(umoles) — — — —0.3 — —
ATP {amoles) +24 +63 <+47 +92 +~349 93
10, v 59 45 30 31 29 3
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observation to be made from the data in Tables I, II and III, is that the photo-
chemical efficiency of ATP synthesis under anaerobic conditions improves with in-
creasing light intensity whereas no change in efficiency is observed under aerobic
conditions within the same range of light intensities. It ~hould also be said that within
the range of light intensities emplyyed no observations were made in which the
photochemical efficiency of ATP synthesis under anaercbic conditions was as great
as under aerobic conditions.

The effect of 0.o1 N HCN on PMS-catalysed photophosphorylation as shown in
Table IV appears to be similar to the effect of HCN on the quinone-catalysed photo-
phosphorylation. Under anaerobic conditions (Argon atmosphere) the PMS-catalysed
photophosphorylation is completely inhibited by HCN, whereas under aerobic con-
ditions the inhibition by HCN is practically absent. As was the observation with
quinone-catalysed photophosphorylation, O, consumption and H,0, accumulation
oceur under aerobic conditions with the PMS-catalysed photophosphorylation in
0.01 N HCN. However, in our experiments a consistant value of the ratio of peroxide
production to O, consumption was not obtained with PMS as catalyst. In other
respects, the catalytic action of PMS was observed to be similar to the catalytic action
of the quinones K, and SNQSA. For example, the photochemical efficiency of ATP
synthesis {(Table IV) is a constant value under aerobic conditions with either PMS or
BNOQSA as catalyst. These experiments carried out with low light intensities indicate
that the inhibition by HCN of the PMS-catalyzed photophosphorylation does not
differ significantly from the effect of HCN on the quinone-catalysed photophospho-
rylation under similar experimental conditions (Tables I and II).

TABLE IV

EFFECT OF HCN oON PMS-CATALYSED PHOTOPHOSPHORYLATION

The reaction mixture contained in a final volume of 3.0 ml, chloroplasts (of1.2) containing 0.5 mg
<hleraphyll, and (in gmoles): Tris- HCl (pH 8.0), 60; MgCl,, 15; ADP, 20; potassium phosphate
10; KCl, 50; and where indicated, KCN, 30; PMS, o0.4; and NQSA, c.14. All reactants were
adjusted to pH 8.0 before addition. Tiie catalysts and inhibitor were added from the side arms
of manometer vessels after gas and temperature equilibration. Temperature, 15°; red light,
waveiength 600676 ing; J = 9.1 gymoies quanta/min. Reaction time was 20 min.

Vessel
1 2 ~_3— 4 k] 6
Catalyst PMS - - - BANQSA -
Inhibitor - +HCN -— +HCN — -
Atmosphere Argon - Air - Argon Air
AT jpevies 304 - +6.9 +6.4 + 26 +7.3
1iParr 54 - 20 2% ~o 25

The inkibitors, o-phenanthroline and CMU

ARNON®® has also reported that the inhibitors o-phenanthroline and CMU can
be used to distinguish between a cyclic (anaerobic) and a noncyclic (aerobic) photo-
phosphorylation when K, is employed as a catalyst. His results show that at high
light intensities the concentration of o-phenanthroline or CMU which markedly inhibit
the K,-catalyzed aerobic photophosphorylation does not inhibit the K,-catalyzed

Biccham. Brophys. Acta, 66 (1963) 292-307
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anacrobic photophesphorylation. He concludes from these experiments that these
inhibitors show different effects ox1 the aerobic and anaerobic systems because thev
are acting on different pathways, one oi which is cyclic {anaerobic) and the other
noncyclic (aernbic).

The experiments shown in Tables V and VI do not support the conclusions reached
by ARNON. When low intensities of actinic light are employed, the inhibition by
3°107* M o-phenanthroline with either PMS or SIN{SA as catalyst does not show
a difference between the aerobic and anaerobic phosphorylating syvstems that can
be interpreted in terms of a cyclic and noncyclic mechanism. ¥nder aerobic conditions
the inhibition by o-phenanthroline is the same in either the PMS or NQSA system.
The data shown in Table V present results which show that at low light intensities
the o-phenanthroline inhibition is greater under anaerobic conditions than under
aerobic conditions.

TABLE V
INHIBITION OF PHOTOPHOSPHORYLATION BY O-THENANTHROLINE

The reaction mixture contained in a final volume of 3.0 ml, chloroplasts (0/1.2) containing 0.5 mg
chlorophyll, and (in umoles): Tris— HC1 (pH 8.0}, 60; MgCl,, 15; ADP, 20; potassium phosphate,
12; KCl, 50; and where indicated, s-phcaanthroline, 0.09; PMS, o.4 and gNQSA, o.4. Al reactanis
were adjusted to pH 8.0 before addition. The catalysts and inhibitor were added from the side
arms of manometer vessels after gas and temperature equilibration. Temperature, 15°; red light,
wavelength 600670 my; J = 14.1 gmoles quanta/min. Reaction time was 20 min.

Vessei
I 2 3 4 s 6

Catalyst PMS - - -  BNQSA -~
Addition of

o-phenanthroline 4 — + — + —
Atmosphere Argon - Air - — -
ATP (pemoles) +1.1 +58 423 497 +2.4 +09.2
1/@Pate 256 49 122 29 1y 31.0

TABLE VI
INHIBITION OF THE HILL REACTION AND PHOTOPHOSPHORYLATION BY 0-PHENANTHROLINE

[he reaction mixture contained in a final volume of 3.0 ml, chloroplasts {0/1.2) containing 0.5 mg
chlorophyll, and (in gmoles): Tris- HCI {pH 8.0), 60, MgCl,, 15: ADP, 20: potassium phosphate,
10; KCl, 50; and where indicated, KCN, 30; o-phenanthroline, 0.09, and gNQSA, eithero.5 or 10.0.
All reactants were adjusted to pH 8.0 before addition. The inhibitors and NQSA were added from
side arms of the manometer vessels after gas and temperature equilibration. Temperature, 15 ;
red light, wa.cicagth 6no—6H70 me - f = 9 2 ymoles quanta/min. Reaction time was 15 min.

Vessel
1 . 3 ¢

ANQSA (umaoles) e 10 0.3 0.5
HCN - -+ - -
o-Phenanthroline — -+ — -
Atmosphere Argon - Air -
O, {umoles) + 541 +0.67 —1.92 —0.51
ATP (pmoles) - - + 4.3 +08

Brockim. Brophvi Acta, 66 (1963) 292-307



302 M. SCHWARTZ

Experiments were ais» designed to find cut if the inhibition of photophospho-
rviation by o-phenanthroline could be attributed to its effect on the Hill reaction.
When a comparison was made between Hill-reaction activity and aerobic photo-
phosphorvlation in 3-10-° M o-phenanthroline, the results as -2own in Table VI indi-
cate that the inhibition of photophosphorylation is caused by the inhibition of Hill-
reaction activity by o-phenanthroline since the concentration effect of o-phenanthro-
iine on photophosphorylation parallels the etfect cf o-phenanthroline on Hill-reaction
activity. It should be mentioned with respect to Table VI that when substrate amounts
of BNQSA (10-20 pmoles) are used as an oxidant in the direct me:zsurement of Hiii-
reaction activity, no appreciable photophosphorylation can be Jdetected. Further
investigations have pointed to the fact that both p-benzoquinone and SNQSA inhibit
photophosphorylation at concentrations above 0.002 M.

The compound CMU also has been reported to inhibit Hill-reaction activity at
concentrations which show littie or no effect on photophosphorvylation under anaerobic
conditions. Investigations in this laboratory have confirmed the finding that CMU
is a potent inhibitor of Hili-reaction activity cven under light-limiting experimental
conditions. A concentration of approx. 1-10~¢M is sufficient to inhibit more than
50 % of Hill-reaction activity. However when, CMU was added to the chloroplast
photophosphorylation system within this concentration range, no differential effect
was observed between the aerobic and anaerobic systems regardiess of the catalyst
employed. The results shown in Table VII illustrate as with o-phenanthroline that
CMU inhibition of photophosphorylation does not differentiaie between the aerobic
and anaerobic system when low light intensities are employed.

TABLE VI
INHIBITION OF PHOTOPHOSPHORYLATION BY CMU

The reaction mixture contained in a final volume of 3.0 ml, chloroplasts (0/1.2) containing 0.6 mg
chlorophyll, and (in umoles): Tris— HCI (pH 8.0), 60; MgCl,, 15; ADP, 20; potassium phosphate,
10; KCl, 50; and where indicated, CMU, 0.003; PMS, 0.4; and SNQSA, o.4. All reactants were
adjusted to pH 8.0 before addition. The inhibitor and catalysts were added from side arms of
the manometer vessels after gas and temperature equilibration. Temperature, 15°; red light,
wavel.ngth 600-670 myu; J = 13.7 umoles quanta/min. Reaction time was 20 min.

Vessel

z 2 3 4 L 6
Catalyst PMS - - - PNQSA -
Inhibitor MU MU - CMU -
Atmosphere Argon - Air - - -
ATP (umoles) +2.2 +5.2 +3.7 + 8.1 + 4.1 +8.5
1Pary 125 53 74 34 67 32
DISCU<TON

What emerg.s from an analysis of the experiments reported above is an explanation
of the mechanism of photophosphorylation uniquely in terms of a Hill reaction as-
sociated phosphorylation which was designated by Axxox as noacyclic photophos-
phorylation. No evidence was obtained in this study that would indicate that cyclic
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photophosphorylation couid e vbserved with spinach-chloroplast preparations.
Because of the importance that ARNON has attached to the concept of cyclic photo-
phosphorylation as the unifying aspect of both plant and bacterial photosviithesis,
it becomes all the more important to analyze the evidence for and against the concept
of cyclic photophosphorylation in plant chloroplasts. A analysis of this problem will
be made in terms of attempting to answer the three questions which folicv

(1)- What experiments can be cited which have not bee1 explained in terms o1
both noncyclic and cyclic photophosphorylation.

{2). To what extent are the alternate explanations of photophosphorylation
attributable to different interpretations of the same experimental obscrvations.

(3)- To what extent is the demonstration of cyclic photophosphorylation in plant-
chloroplast preparations based on results which are not generally accepted.

With respect to the first guestion, one may cite tic effect of HCN on photo-
phosphorylation which is shown in this 1eport. The results of these experiments as
well as those of WARBURG™ demonstrate that 0.o1 N HCN inhibits photophospho-
rylation under anaerobic conditions bu not under aerobic conditions. This result is
explained by WARBURG's hypothesis which places the site of the cyanide inhibition
on a cyanide-sensitive enzyme system necessary for the reoxidation under essentially
anacrobic conditions of the catalyst reduced by Hill-reacticn activity (Eqns. 3-5).
No explanation of the cyanide inhibition of photophosphoryiation under anaerobic
conditions and its reversal by O, (aerobic conditions) has been offered in terms of
a cyclic mechanism of photophosphorylation. However, it is not clear to this investi-
gator that cyanide inhibition of photophosphorylation under anaerobic conditions
and its reversal by aerobic conditicns are generally accepted observations. In
Table XII of a paper by ARNOX®, a cyanide concentration of 2-10-3 M KCN (pH 8.3)
is reported to inhibit the K,-catalysed anaerobic photophosphorylation by 21 %,

With respect to the second question concerning alternate interpretations of
identical experimental results, consider ARNON’s interpretation of the experimental
observation that in the presence of an ethanol-catalase trap, aerobic photophospho-
rylation with plant chloroplasts is accompanied by C, uptake and H,QC, production®.
ARNON explains this observation by introducing a concept which he terms “pseudo-
cyclic photophosphorylation”.

This concept explains the O, consumption and peroxide production in terms of
a photoreduction of O,. This type of mechanism was first offered by MEHLERY.®
to explain a similar observation. It requires that G, act as a terminal electron acceptor
in place of other Hill reagents when only a catalytic amount of FMN or a quinonc
is added to chloroplast preparations. The mechanism for such a reaction was postu-
lated by MEHLER as follows:

(HOH %', \H + (OH
4OH ——-— 2H, 0 4+ U,
4H + 204 v ~—» 2H O,

cataiase

2H, 0, + 2ethanol - —-+ 2 acetaldehyde + 2H,0

Balence: 0, + zethancl —1 . ; acetaldebyde + 2H,O
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It is to be noted that both MEBLER and ArxON recognized that substantially increased
rates of O, consumption and peroxide (acetaldehyde) production were obtained by
the addition of catalytic amounts of a quinone.

Experiments from other iaboratories®® and nur resuits with respect to photo-
induced O, consumption and peroxide production in chivroplast preparations do not
support MEHLER's interpretation that molecular O, can act as a substitute Hill
reagent. The explanation offered by both HiLL and WARBURG explains the obser-
vation in terms of a photoreduction of a Hill reagent and its reoxidation by molecular
0, (Eqns. 6-8). It is significant that both FMN and K, are considered by ARNON
to be catalysts of “pseudocyclic photophosphorylation” whereas TPN and ferri-
cyanide are not found to have catalytic activity. The reoxidation by molecular O,
of the reduced forms of FMN and K, lead to the formation of H,0, whereas the
reoxidation of the reduced form of TPN or ferricyanide is not catalyzed by molecular
0, to any considerable extent.

The evidence is more directly interpreted in terms of known chemical reactions
by assuming that O, does not act as a substitute electron acceptor for Hill reagents
but does indeed reoxidize Hill reagents such as the quinones (reduced by light action)
and form H,0, However, ARNON’s interpretation of these experiments in terms of
“pseudocyclic photophosphorylation” requires that the consumption of O, be ex-
plained by a mechanism which involves the photoreduction of O,. To the extent that
his generalization concerning the concept of cyclic photophosphorylation requires an
explanation of these experiments in terms of the photoreduction of O, which has
not been satisfactorily demonstrated, his concept of cyclic photophosphorylation
would appear to be weakened.

With respect to the third question which refers to contradictory results being
reported from various laboratories when supposedly investigating the same experi-
mental system, it would seem that such discrepancies would be the easiest to resolve.
However, the experimental designs which often depend upon the equipment availabie
at the time when a particular experiment is undertaken are found to differ markedly
from laboratory to laboratory. Consequently, the apparent contradictions have to
be evaluated not only in terms of a correct and an incorrect result, but also the
possibility must be considered that both results may be significant since the experi-
mental systems are sufficiently different. For example, the measurement of aerobic
noncyclic photophosphorylation with ferricyanide as the oxidant is often followed
by measuring the reduction of ferricyanide spectrophotometrically in place of
measuring the concomitant O, production with a manometer or polarograph. In our
laboratorv. it has been found that at least at low light intensities the rate of ferri-
cyanide .aduction and O, production by whole chloroplast suspensions do not agree
when the buffer for the reaction mixture is 0.05 M Tris—HCI (pH 8.0).

Another example of contradiciory results is seen in experiments in which
o-phenanthroline is employed as an ini.’hitor in studies of photophosphorylation in
chloroplasts. The results reported in this .aper do not show o-phenanthroline to
differentially inhibit aerobic photophosphorylation as apposed to anaerobic photo-
phosphorylation as reported by ARNON®.®. From Tables V and VI of this repost,
the conclusion is drawn that at low light intensitics no differential inhibition of
aerobic and anaerobic photophosphorylation by o-phenanthroline is demonstrable.
An analysis of the published data presented by Amnox to support the claim that
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o-phenanthroline does inhibit noncyclic (aerobic) photophosphorviation more strongly
than cyclic (anaerobic) photophosphorylation raises questions as to whether such an
effect is observed in the experiments presented by Arxox. For example, combining
the results from his Tables IX and XI, ARNON™.® reports 4- 16-% M o-phenanthroline
inhibits Kj-catalyzed cyclic (anaerobic) photaphosphorviation by 45°;, whereas
7-10~* M o-phenanthroline inhibits K,-catalyzed pbotophnspho"\ lacon « L, 5
Tabulating these results, one obtains the following:

Conen, of L
o-phenanthroiine P:‘: mb‘zbllml {ﬂf’, Reference

oxr0mv (M)

3 27 Table X3¢
Anaerobic 1 45 Table IX*
E 2- Table X1V
Aerobic 3 Oy Table X3¢
The variability shown in these results is sufficient to make one question the important

conclusion that is drawn by ARNON, namelv, that o-phenanthroline inhibits noncyclic
(aerobic) photophosphorylation to such an extent that this inhibition is clearly
distinguished from that shown in the y¢lic (anaerobic) system.

ARNON® also reports that CMU inhibits noncyclic (aerobic) photophosphorylation
at low light intensities. In Table II of his report, the inhibition of photophospho-
rylation effected by 2-10-* M CMU is shown. Whereas the Ky-—catalysed system is
inhibited 61 % by 2-10*M CM:U under acrobic conditions, the anaerobic sysiem
shows only 49 inhibition in the same concentration of CMU. The PMS-catalysed
system shows 4 % inhibition aerobically and 11 9; inhibition anaerobically in 2-10-* M
CMU. Accordmg to Table III of the same report, at high light intensities the K,-
catalysed system shows 45 % inhibition anaerobicaiiy and 81 ¥ i..hibition aerobically
in 2:-707* M CMU. The PMS system shows no inhibition anaerobicallv cr aerobically
under similar conditions. ARNON concludes from this data the CMU inhibits the
Kj-catalysed “‘pseudocyclic” (aerobic) photophosphorylation but does not inhibit
cyclic (anaerobic) photophosphorylation. He also concludes that the PMS-catalysed
photophosphorylation is insensitive to CMU under both acrobic and anaerobic con-
ditions because he considers that PMS is a catalyst for cyclic photophosphorylation
only. The experiment presented in Table VI of this report do not show such differential
effects on photophosphorylation under aerobic and anaerobic conditions. Since
ARXON’s results were also obtained with low intensities ot actinic light, it would
appear that there is a clear experimental discrepancy which shoald be resolved because
of the importance of these results to ARNON's argument for the existence of both
a noncyclic and cyclic photophosphorylation. The results reported in this report do
not support the evperimental claim for o-phenanthroline or CMU inhibition, or for
the PMS-catalysed photophosphorvlation which is supposedly insensitive to these
inhibitors.

Several general observations concerning the metbodology employed in studying
photophosphorylation are perhaps in order. The use of Tris- HCl buffer in chloroplast
systems shows some peculiar effects. For example, in our hands, a concentration of
o.05 M Tris— HCi, adjusted to pH 8.0, invariably suppresses O, evolution in Hill-
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reaction studies under both aerobic and anaerobic conditions. Consequently, the
results reported by ARNON® in Fig. 6 are surprising to us since the pH —activity curve
for O, production from the Hill reaction was obtained in 0.067 M Tris—-HCL. What
is also surprising is that the resuits shown for Hill-reaction activity as measured by
O, production with ferricyanide as the oxidant shows a maximum between pH 7.8
and pH 8.0. Our experience with this system invariably shows that Hill-reaction
activity decreases above pH 7.4 when O, production is assayed under either high
or low light intensities. That is, our experiments show that the rate of the Hill reaction
at pH 8.0 is approx. 40 % of the rate of the Hill reaction of the same preparation
when assayed at pH 7.0 with ferricyanide as oxidant. Consequently, no such pt-
activity curve as the one shown in Fig. 6 of ARNOXN's report® was obtained in our
experiments. Moreover, no effect on Hill-reaction activity was demoustrable when,
in addition to phosphate, the entire phosphorylating system was added to the chloro-
plast preparations when limiting intensities of actinic light were employed and when
0, production was the assay system.

One further comment concerning the experiments reported in this paper is in
order. That is, although the quantum requirement of photophosphorylation was
measured rovtinely and employed as the assay system, no particular importance is
attached by us to the absolute magnitude of the numbers obtained under the various
experimental conditions. It was noted by us that the minimum quantum requirement
(1/Pare) or maximum efliciency (@Parp) was independent of the catalyst employed.
That is, PMS, BNQSA, and K, yielded approximately the same results under aerobic
conditions. In all cases, it is observed that the greatest efficiency {minimum quantum
requirement) is obtained under conditions which do not support ArRNON’s cyclic
photophosphorylation. If ARNON’s concept of cyclic photophosphorylation exists,
then one would expect a greater efficiency of photophosphorylation to be observed
under anaerobic conditions where accordingly one would be dealing with cyclic photo-
phosphorylation in which all effective light energy is employed for the synthesis of
ATP. However, the contrary result is observed in these experiments.
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