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SUMMARY 

This report presents an investigation of photGphospho~'lation 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, g-naphthoquinono-. 
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 o.oi N HCN, regardless 
of catalyst employed. This inhibition was reversed by aerobic conditions. With 
o.oi N HCN, Oz uptake and HtO t production accompanied photoohosphorylation 
under aerobic conditions. With ~naphthoquinone~sulfonic acid or menadione as 
catalyst the ratio of peroxide production to O t consumption approached the value 2 
as did the ratio of ATP production to O z consumption. 

The cowpounds 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 d iscu .~ .  T!a~ ,_'-aclusion is reached that only noncyclic photophosphor3,1ation has 
been demonstrated in #ant-chloroplast preparations. 

INTRODUCTION 

i~e li~t-induced s)~Rhe~is of ATP catal~ed by plant-chlol~oplast preparatiom was 
demonstrated first by AR~o~ ~ and called photosy,lthetic phosphorylat;on. Subsequent 
work from his labor~._t~ -6 !~.~ -~o the conc!us~', that isolated chloroplasts from 
spinach catab~'d two t _vpes ot !~otosynthetic phosp~ ;  "ation. The type considered to 
be the most importam biokckalb- was desigmted as"cyctic" p h o t ~ t i o . ' .  

or N - m e t h ~  m e t h o . ~ ;  CMU. p ~ m ~ m ~ l i m e t b y i  
• Cyclic ~ wa.  o b K ~ e d  by F m j u . . u . u  is  h ~ t m ~  

betm,~ it mB co~m~lm'ed ~ Amto,~ ruth n~pect to p~m c ~  
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The mechanism assigned to ~'clic photophospho~'lation requires that  all etiective 
light energy absorbed by plant chloroplasts be employed in the ~vnthesi, of ATP. 
The stoiehiometry assigned b 7 .~.~:go.~" to cyclic phot~phosphorylation i~ represen- 
ted by  Eqn. I. 

ADP z- p __~t_. ATP (I) 

The type of lesser bioio~cai importance was designated as "noncyc!ic" pi,otopht~- 
phorylation. The mechanism assigned to noncyclic photophosphorylation requires 
that  the effective light energy absorbed by the chloroplasts be proportioned between 
the synthesis of ATP and Hill-reaction activity. The stoichiometrv proposed by 
ARI~ON to describe noncyclic photophosphoryiation is shown in Eqn. 2 with fcrri 
cyanide (represented as Fe(III))  employed as the Hill oxidant. 

4Fe(IlI) + 2HtO + 2ADP+ 2P Ught .4Fe(Ii ~ + 4H - + 02 + 2ATP !2) 

Results from numerous laboratories notably t h o ~  of JA6EYDORF ~-n. VENNFS- 
LAND Iz-14, WESSELS 15,1s, and HILL 17 also demonstrated photophosphorylation with 
isolated plant chloroplasts either with or w'ithout accompanying O 2 production under 
both aerobic and anaerobic conditions. Thus, Aa.~oy's two hTcpotheses of cyclic and 
noncyclic photophosphorylation were accepted as the o.,,.~xt i:.~ie~etaiiun of the 
results obtained under anaerobic and aerobic conditions. 

A report of experiments from WARBURG'S laboratory m questioned the concept 
of cyclic photophosphorylation as the correct interpretation of photophospho~-lation 
obtained under anaerobic or aerobic conditions without an observed production of O v 
WARBURG, employing quinones and naphthoquinones as catalysts for photophos- 
phorylation, concluded from his experiments that  photophosphora'lotion with isolated 
chloroplast L~ always coupled to Hili-reaction activity and proceeds with the., :oichi~- 
metry  shown by  AR,~o,~ for noncyclic photophosphorylation. WARBURG c!aimed that  
experiments which could be interpreted as demonstrating cyclic photophosohorv- 
lation were, in reality,, brought about by a masking of noncvclic photophosphorylation 
by  a reoxidation of the added catalyst which is reduced in the light. The overall 
stoichiometry for cyclic photoph~phorylat ion according to WARBURG is given in 
Eqns. 3 through 5. 

2 quinone -v -HzO ~- :ADI' + 2P ~h~ ~ 2 hvdroquinone ~- O.. -*- 2ATP (3~ 

2 hydroquinonc + O t . 2 qumone ~ ,HtO (4~ 

Ba/as~: ADP + P ~ ATP (5~ 

The ~ n t s  with added catalytic quantities of Ks or FMN offered by ARyoy 
as evidence for the exL,~ten~_, of a cyclic photophosph.r~,lation in plant<hloroplast 
prtqimrations aim were interpreted by WAImt:R6 to be a e.,~iK ligh*~ reduction (with 
¢matownitaut ATP ~-nthesis and O t production) and dark reoxidatmn of the added 
t~tLal~-t acxxtt~ng to the stoiehkanet~- of Eqns. 3 through 5. V[SXESLa~D and 
c o - ~  -'t ha te  mtggtsted that  their remflts are a conltrmation of WAist ' i ra 's  
L-.t~q~.tatiem that  K ,  and FMN catalyse a mmcyclie" p h o t o l ~ ~ l a t m n .  Her 
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experiments demonstrate that catalytic amounts of K s and FMN added to plant- 
:hloropl~** .--reparations undergo a cycle of photoreduction and O#-dependent re- 
oxidation which is consistent_ with i he overall stomhiemetr/suggested by WAIIBURG. 
However, in contradiction to WaRBURG'S generalization, VENNESLAND SUggests that  
a true cyclic photophosphorylation can be demonstrated in plant-chloroplast prepa- 
rations with either PMS or pVocyanirte as catalysts. Am~o,~ w in support of his concept 
of cyclic photophosphorylation with plant-chloroplast preparaticns cites evidence 
obtained with the use of the inhibitors CMU, and 0-phenanthroline, whicL p:trportedly 
show that K,  and FMN can act as catal~sts for a true cyclic photophosphorylation 
as well as catalysts for the noncyclic type as suggested by W^RBURG and VEN~CESLAI~D. 
An experiment from JAGENDORF'S laboratory claiming to demonstrate a differential 
effect of chloride ion~ on cyclic and noncyclic photophosphory!ation with K# and 
FMN as catalysts is cited by AR.~o.~ as additional support for the existence of cyclic 
phot ophosphorylation. 

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 photosynth~is, it becomes all the more important to either substantiate or reject 
this hypothesis. Basical!lly, the evidence obtained with plant chloroplast preparations 
which is interpreted as demomtrating cyclic photophosphorylation rests on, (x) a 
reported differential inhibition of Hill-reaction activity and photophosphorylation 
when the mhibitors C~U and o-phenanthroline are o_mployed, and (2) the catalytic 
activity under anaerobic and aerobic conditio~Ls of PMS which is not known to 
function as a Hill reagent. 

A general ooservation concerning n~s t  ~: the critical experiments is that with 
few exceptions little or no attention has been paid to the quality of the actinic light 
employed or the proper control of light intensities. Most of the critical experin~nts 
which purportaliy den,_:~-ate cvchc photophosphorylati~ in plant chloroplasts 
have been p~rf.~xmO_ with wldte ligh, t.f high intensities which reportedly saturate 
the pa--tic.lar chk,;eplast system ~mde~ investigation. Consequently, mint  attempts 
to correlate data from difltre~ • exT.¢a~ments =-b',~ined with inhibitors do not lead 
to a quantitative ~tim~tion of ~ .  phenomenon under consideration. 

The experiments repc,~c2 ~clow were undertaken to examine the relationship 
between the ta t ,  cf phompho~phorylation and the rate of the Hill reaction with 
relatively monochromatic light ;a ~._- intensity range where the rates of reaction are 
p r ~ n a l  to light int_,msity. The question which was asked first related to the 
significance of results which show corr=poands such as PMS to be more effective 
catalysts of photophosphorylation than other compounds known to be oxidants for 
the H;q r ~ t i o n .  The second question related to the effect of inhibitors such as 
o-phenantba .~-tAne mid CMU on photophmphotylation catal~_~=d by Hill reag~ts  when 
low intensities of the actinic light were employed. 

The results obtained supp(~ the c,,ndusmn that PMS is not a mete ~ 
c a t a ~  of ~ than othe~ ~ t a b ~  which are k n o ~  Hin ~ 
when the actin~ li~t limits tl~ rate of rea~_..~._ AI~, the remlts suppmt the eoo- 
du~i~ that ~ with #~t~i~n~t ~ i~ the direct 
refit o~ Bill-ttactim activit~ ueder both aetel~ and anaetebic ~ aml that 
Im..$ ads as a Hill ~ in a maaa~ similar to other quiatm~ "l'he malts ~ 
e~etiomts ~zith ~-phmmhm~ and Cl~tJ ate in ~ with there ~ 

mudm.  J~NO.s. Ack. ~ t~ ~m-3o7 
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MATERIALS AND METHODS 

The chloroplasts and chloroplast fragments used m these experiments were prepared 
flora youag leaves of spinach A ~ / ¢ ~  and New Zealaz~d spinach ~hich were go ,an  
in the g e ~ h o u s e  attached to our laboratory. 

Spinach leaves were chilled on crushed ice, then o~veined and homogenized in 
their own weight of cold o.x3M KCI for 40 sec. The su.,pepsion was tl .n i -  
through four thicknesses of cheese cloth. The suspension thu:  obtained was centrifilgc,i 
a t  x ~ o  x g for xo rain. The supernatant was decanted and, when desired, was 
centrifuged at 22ooo x g for 25 rain. The .~liment from the original centrifugation 
(I'~OO × g) was resuspended in a small volume f~f o i 3  M KCI and either washed one 
time or used directly. This chloroplast fraction is designated in this report as chloro- 
plasts (o/x.2). Microscopic examination reveals that this fraction contains whole 
chloroplasts and chloroplast fragments. The sediment from the second cet~trifagation 
(2~ooo × g) is also resnspended in a small volume of o.~3 M KCI. This fraction ,~, 
designated chloroplasts (z.~/zz). Microscopic examination reveals small c,hl~.~?lazt 
~ragments and grana. All operations concerned with the preparation of the chloroplast 
/xactions were carried out at a temperature of o :-4°- 

The concentration of chlorophyll was calculated in accordance ~ith Beer's law" 

log. ls l l  

where C c m -  total chlorophyll concentration (mg/cma), d = I.o cm, and fl~4, : 
9-3 crnSjmg (determined by V¢~URG for chlorophyll (a + b) at wavelength 546 m~). 
The method erv~ ployed for isolating the red light, wavelength 600-67o m.~t. and the 
methods employed for the measurement of light intensities were essentially those 
which have been developed by WARBURG -'1. In th';':, experiments, two 75o-W pro- 
jection lamps (Sylvania DDB-75o T 12 P) served as the ligi,: sources for the t,~'o 
beams of red light. The red band (6,:e-6;o rn~) was isolated with the aid of inter- 
ference filters which were blocked against transmission of ~adiation between 67o m~ 
and I2OO m~. 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, filters, and diaphragms in much the same way as has already 
been described". 

The light intensities of the two beams were equated with the a'd of a bolometer 
(surface area xo cmS). The bolometer was custom-made by H. R6hrig, Berlin- 
SchOneberg. ]'he method used for the calibration of the bolometer against a lamp 
from the Bureau of Standards of the United States has already been described ~'.ss. 
In some experiments the pheophytin actinometer was employed for the measurement 
o |  the quantum intensity m. 

All mmmmetric ~ t s  were m ~  with special Wasburg vessels and 
manmnO.ess which .have been descn'bed by W~.~ua¢ ~. The Warbm'g bath was a 

model with its m'i~md bath r ~  by a s t ~ L ~ s - s t e e l  bath c o u ~  
• ~ ~ window m o u t e d  on one side. The two parallel Actinic lights used 
in these exper im~ts  entered the bath through the ~ window and were 
ream:t~l oato  the bot tom ol the W ~  vessel by  a m/trot mounted at a 45° algd e 
to the ~ light ~ Most m•n,omeU'k ~, ,ea,ee~ were pedonned with 
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chloroplast preparations with total chlorophyll contents of 0.5 mg chloropbyh per 
3.o ml. This concentration of chlorophyll was found sufficient for the total absorption 
of the actinic l~ht.  Con,~z'quently, the light intensities measured with the actinometer 
or the bolometer were employed in the calculations of the energetic et~ciency of 
photophosphor3"lation, The method that has been employed in these experiments to  
report the enemetic efficiency of photophosphorylation (Oxrr) has been to use the 
reciprocal .ame (x/*bArr.) which represents the quantum requirement of photo- 
phosphoryL,tion, where 

~bAT~ = pmoles  A T P  syn thes ized  and  t i~moles q u a n t a  absorbed  
pmo l e s  qua~.ta absorbed  ~bx-~ = / ,moles  A T P  syn thes i zed  

The unit of light intensity (J) employed in these experiments is tke ~Einstein/min, 
where 

] = ~uEinsteins/min = ~mol e s  q u a n t a / r a i n  

The s}mthesis of ATP from ADP and P was determined either by the method 
of FISKE A~D SUBBAROW ~ or by a modification of a titrimetric assay of hexokinase 
activity ~. When the latter method was used an aliquot of the perchloric acid extract 
of the chloroplast suspension is readjusted to pH 7.5 and excess glucose and hexo- 
kinase added. The decrease in pH due to the reaction, 

A T P  + glucose - -~ glucose p h o s p h a t e  4- A D P  + H + 

is titrated with o.I N NaOH with a syringe micrometer which delivers 2-1o -4 ml 
per division. With this method it was found that the formation of I /anole  ATP could 
be determined easily since this quantity causes the formation of x ~nole  of glucose 
phosphate and its equivalent in hydrogen ions whose neutralization measured 
50 divisions on the syringe mi~om~.'er. 

The determination of HtO t production was performed manometrically with the 
addition of catalase o= with the addition of KMnO4 in o.5 N HtSO v 

RESULTS 

Quinone catalysis 
Table i represents data from an experiment in which ~NQSA was employed as 

a catalyst for photoph,~pnorylation. The experiment was designed to measure the 
relative energetic efficiency of photophosphorylation under aerobic and anaerobic 
conditions in red light. According to ARNO• m the anaerobic conditions which are 
necessary for obt~i.ning cyclic photophosphorylation with a qainone-catalysed system 
should show a lower quantum requirement for ATP synthesis (greater energetic 
ef~c~e~'3"~ t,~z,: k, to be expected under aerobic conditions. However, the results 
presented in 2 :hie I show the opposite effect (compare Vessels I and 3)- 

Under anaerobic condibons, a concentration of o.oz N HCN is found to  inhibit 
completely the ~ photol~ti~a whereas pbotopl~ 
ryiation is not affected under aerobic conditiou~ ~ompare Vessels 2 and 4). W ~ "  
samests that the inhibition of the quiaouecatal-~ p h o t ~  by 
cyanide u d e r  anaerobic o~nditiom is the result of the  cyanide iala3~/tiou oi  an eaaym¢ 
~ ~ the reox~tatiou oi the ~ qmatay ot ~ n o u e  r e d ~  by USht 
actviity. He ~ that under anaerobic ¢matitiom, the catalytic q u a t i t y  at 
qu/noae r e ~ a ~  by mWreaed~ m/vity is on~namy r e o x ~  by the mare 
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q u a n t i t y  of O z produced concurrent ly  with the quinone reduction;  thi~ rcaxidation 
being cataiysed by  this  cyanide-sensit ive phenol oxidase which is active in the absence 
cf  cyavide even at such low O t tensions..The o b ~ r v a t i o n  m that  greater concentrat ions 
of quinones  are requirczl for m a x i m u m  rates of photophosphorylation under anaerobit  
condi t ions  can therefore he explained as simply an O f  concentrat ion effect on thi~ 
phenol oxida "~. 

TABLE 1 

CATALYTIC ACTION :F flNQSA oN PHOYOPHOSPHORYLATION WITH SPINACH CHLOROPLASTS 

The reaction mixture contained in a final volume of 3.o ml, chloroplasts !o/t. 2) containing u.b mg 
chlorophyll, and {in/,moles) : Tris-HCi (pH 8.o), 6o; MgClt, I5; AD i'. -o; potassium phosphate, 
t2; KCI, 5o;/~NQS k, o.6: and where indicated, KCN, 3o. All reactants were adjusted to pit 8.0 
before addition. The KCN ~.nd ~NQSA were added from the side arms of =anometer vessels 
after gas and temperature ~quilibration. Tem.~orature, i5~; :ed light, wavelength 6oo~,7o m/t: 

f = Ie tlmoles quanta!rain: reaction time wa.~: 2o rain. 

V e s u t  

• -" ~ 4 

Catalyst /~NQSA ~ ~ -* 

Inhibitor -- +HCN -- -~HCN 

Atmosphere Argon -* Xir -~ 

O, (/~ m o l e s )  . . . . . .  4 .e, 

HtO t (ltmoles) . . . . .  + :,. : 

ATP (pmoles) + 3 . t  - -  + 8 . 1  +7-.5 

+ H t O t / - - O ~  - -  - -  - -  t . 8 0  

+ HtOt/+ATP -- -- -- 1.2 '~ 

I ]~ATP 77 -- 3o 32 

Under  aerobic conditions, the concomitant  0 2 uptake (Ves~l 4) and H,O t pro- 
duct ion  in o.oi N HCN was observed by WARBURG 15 under ~ m e w h a t  different con- 
di t ions  of light qual i ty  and  intensi ty.  The explanat ion that  he proposes requires tha t  
the  rat io of peroxide production to O t consumption equal the value z. The reaction 
~equence suggested by  him is ~ho~"l below (Q represents a quinone such a~/~N QSA. 
and  QH t reprc~ents its reduced form). 

Aerobic pbotophosphorylat ion in o.oi N HCN : 

zQ + 21t¢) -, :-XDI' -- 21' l l _ ~ , ~ t  : Q H ~  ~ ( ) ,  - -  2ATI" ( ,  

2QH t + 20 t .. ,- 2Q -,- zHtO t (7) 

Balance: 2H,~ + Ot . :ADI' ~- zl' -hgt!t * 21{~() t -~ 2.S, TP (~ 

This  reaction ~ l u e n c e  accounts for the experimental  values obtained under  aerobic 
condit ions and  for the ratio of peroxide production to O t consumption and ti-e ratio 
of peroxide production to ATP production when o.ot N HCN is present in the reaction 
mixture.  In  the absence of cyanide and  still m,der aerobic condit ions zany peroxide 
framed by  the au toxida tkm of the reduced quitwme is decomposed by  the catalase 
of the  chloroplasts to HtO and  O,. Since O t production balances O,  consumption 



2t~; M. ~¢.C HWARTZ 

in the absence of cyanide, the light-induced s3mthesis of ATP is the only event that  
"s experimentally observed. This sequence of reactions was also suggested by WARBURG 
and is shown belov ¢. 

Aerobic photophosphorylatio~ : 

2Q + 2HtO z- 2ADP + 2P ~x-~ - + 2 Q H t  + O =  + 2ATP (9) 

2QH t + 20  m --, 2Q + 2HtO s (IO)  

2 H t O  t ram.~._.~ 21.iio + Oi  (I 1) 

Balance: ADP + P --13tht--~ ATP (12) 

It is to be noted that it was photophosphorylation under similar conditions that  
ARXOX observed a,t° when he developed the theory of cyclic photophosphorylation. 

l f  ~ catalysis 

Since K s is the quinone employed moot often by ARNOX, the activity of K s and 
fin QSA were compared as catalysts -~f photophoophorylation. The results presented 
in Table II show that the quantum requirement of photophoophorylation (x/OArr) is 
constant under aerobic conditions which suggests that the catalytic action of K:  and 
aNQSA are similar. Since/i~NQSA is more easily handled in experiments, it was em- 
ployed more frequently than K s. The results tabulated in Table II again show the 
light efficiency of photophoophorylation to be greater under aerobic conditions than 
anaerobic conditions. The inhibition caused by HCN under anaerobic conditions is 
observed in both the K s and flNQSA-catalysed systems. The peroxide production 
and 0 2 consumption as well as the ATP synthesis are observed aerobically in cyanide 
as is predicted by WJmBURG'S theory ot quinone catalysis ot photophosphorylation. 

TABLE l I  

CATALYTIC ACTION OF j~NQSA AND K s ON PHOTOPHOSPHORYLATION WITH SPINACH CHLOitC+~LbS~ 

The reaction mixture  coutamed in a final volume of 3.o ml, chloroplasts (o/] .2) containing 0. 5 m g  
chlorophyll, and +in pmoles) : T r i s -H C l  (pH 8.o), 6o; MgCIt, 15; ADP, 2o; p o t a ~ u m  phosphate ,  
:o: KCi, 5o; and where imica ted ,  KCN, 3o; Ks, o.3; and j~NQSA, 0.3. All re~tctants were l d ju l t e d  
to pH 8.0 before addition. The catalysts  and inhibitor  were added f rom the side a r m s  of m e t e r  
ves.~els after gas and tempera ture  equilibration. Temperature ,  15°; red light, wavelength 

6oo ~7 o m/~ ; J = 8.9/ tmoles  quanta / ra in ;  reaction t ime is zo rain. 

• • 3 • 5 6 7 8 

Catalyst ~:2 ~ ~ -+ ~NQSA -+ -+ -+ 

Inhibitor + H C N  -- + HCN --  + H C N  --  + H C N  

Atmosphere Argon - .  Air -~ Argon -* Air -~ 

O t ( /~moles)  . . . .  3- l . . . .  3 -4  

H , O ,  0 ~ m o i ~ )  - -  - -  - -  + 5 . S  - -  - -  - -  + 6 . 2  

A' l~  01thOle) + a .  4 -- +6 .1  + 5 . a  + z . 7  --  + 7 . 4  +6-:5 

+ H I O I ]  - " O f  - -  - -  - -  1 . 8 7  - -  - -  - -  l . k  

H s O t / A I P  - -  - -  - -  t .  t z . . . .  0 . 0 5  

t t O A t t P  7 4  - -  ~ 3 4  6 6  - -  1.4 z 7  

~ ' ~ .  ~ .  Aau. ~ ('~,3) .,~e~-.,w7 
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PMS catalysis 
JAGt=NDORF and co-workers' employed PMS as a catal~.'st for ph0tophospho- 

rylation with chloroplast preparations. Their results and tho:~ from other labora- 
torm#, r~ are interprcted as indicating that PMS catalyses on!y cyclic photophospho- 
ryiation under aerobic and anaerobic conditions. Since the usual catalysts of photo- 
phosphory~tion such as the naphthoquinones and ferricyanide are weB-known Hit) 
reagents, the experiments with PMS, which is not recognized as a Hill reagent, raise 
the question as to  whether tlus compound does catalyse a photophosphorylation in 
chloroplasts by  a mechanism different from the one offered in e.xplanation of quinone 
catalysis. Fh'st, at saturating light intensities -atalytic amounts of PMS are repotXed 
as supporting greater rates of photophosphorylation than catalytic amounts of the 
usual qumones such as K a. 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 3 and FMN-catalysed 
photophosphorylation under aerobic conditions re. 

Experiments were initiated in this laboratory to a~say the PMS-catalysed photo- 
phosphorylation with low intensities ot actinic Light in o~ der to compare these results 
with those obtained with the usual quinone-catai3 ~ d  photophospho~,ation. 

The results of these experiments reported in Tabie I I I  present a comparison of the 
rates of PMS-catalysed photophosphorylation and j~qQSA-catal3~ed photophospho- 
rylation under aerobic and anacr-bic conditions. It is secn that at low light intensities 
no significant difference in rates is observed with PMS catalysis when compared to 
/I"NQSA catalysis. The photochemical efficiency of the s,mthesis of ATP is independent 
of the catalyst employed under aerobic conditions. However. under anaerobic con- 
ditions (Argon atmosphere) the photochemical efficiency of photophosphory!ation is 
greater with PMS than with K a or J/NQSA as catalyst. Nevertheless, the ef~ciency 
of PMS-catalysed photophosphorylation under anaerobic conditions is appreciably 
less than that  observed with PMS, K a, or ~NQSA under aerobic conditions. A further 

T A B L E  l l I  

CATALYTIC ACTION OF PMS AND ~ N Q S A  o.'¢ PHOTOPHOSPHORYLATION 

The  react ion m i x t u r e  con ta ined  in a final volurae of 3.0 ml .  chloroplas ts  (o/ i .  2) con ta in ing  o. 7 m g  
chlorophyl l ,  and  (in pmoles)  : T r i s - H C !  (pH 8.OL 6o: MgClt.  t 5; ADP,  20: po tasa ium phospha te ,  
15. KCi. 5o,  and  where  indicated,  PMS. o.3;  and  JSNQSA, o 3 ,  All r eac t an t s  were ad jus t ed  to 
p H  8.0  before addi t ion .  T he  PMS a n d  ~ N Q S A  x e r e  added  from side a r m s  of m a n o m e t e r  vessels  
a f t e r  gas  and  t e m p e r a t u r e  equi l ibrat ion.  Tempera tu re .  iS*: red light, wave leng th  6oo-07o  nap: 

React ion  t ime  was  2o rain. 

• # 3 4 3 6 

Catalyst PMS -* -~ -~ gNQSA -* 
Atmosphere Argon 4 / ir -~ ~ -~ 
J ~ m o l e s  q u a n t a / r a m )  7 ~  t 4 =  7 .~  t 4 . z  7~t 1 4 2  

O, 0 w m o k ' s )  - -  - - - - o 3  - - -  

AmP ( . m o t e s )  ~- z 4  "~'~' 3 ~ 4,7 "~9 2 -'- ¢ 9 ~ 9 - 3  

t N~A~rt, t,O 4 ~  3 ° 31 ) 9  3~ 
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observation to be made from the data in Tables I, II and IlI ,  is that the photo- 
chemical efficiency of ATP s3mthesis under anaerobic conditions improves with in- 
creasing light intensity whereas no change in efficiency is observed under aerobic 
conditions vdthin the same range of ':-'-" , , s , ,  intensities. It  -:hould also be said that ~athm 
the range of light intensities employed no observations were made in which the 
photochemical efficiency of ATP s3mthesis under anaerobic conditions was as great 
as under aerobic conditions. 

The effect of o.ox N HHCN on PMS-catalysed photc~hosphoD,lation as shown in 
Table IV appears to be similar to the effect of HEN on the quinone-catalysed photo- 
phosphorylation. Under anaerobic conditions (Argon atmosphere) the PMS-cataly~-~d 
photophospho~'lation is completely inhibited by  I-ICN, whereas under aerobic con- 
ditions the inhibition by I-ICN is practically absent. As was the observation with 
quinone-catalysed photophosphorylation, O I consumption and HtO s accumulation 
~ccur under aerobic conditions with the PMS-catalysed photophosphorylation in 
o.oI N HCN. However, in our experiments a consistant value of the ratio of peroxide 
production to O z 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 a and flNQSA. For example, the photochemical efficiency of ATP 
:;Dathesis (Table IV) is a constant value under aerobic conditions with either PMS or 
flNQSA as catalyst. These expel-hnents 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 I-ICN on the quinone-catalysed photophospho- 
rylation under similar experimental conditions (Tables I and II). 

T A B L E  IV  

EFFECT OF H C N  OS P.~ |S-CATALYSED PHOTOPHOSPHORYLATION 

The  r e a c t i o n  m i x t u r e  c o n t a ~ e d  in  a f ina l  v o l u m e  of 3 .o  ml ,  c h l o r o p l a s t s  ( o / L z )  c o n t a i n i n g  o. 5 m g  
• =hk;r.=,phyll, a n d  ( i n /~mo le s )  : T r i s - H C l  (pH  8.o), 6o ;  MgCI s, 15; A D P ,  2o ;  p o t a s s i u m  p h o s p h a t e  
lo ;  KCI, 5o;  a n d  w h e r e  i n d i c a t e d ,  KCN,  ~;o; PMS,  o .4 ;  a n d  ~ Q S A ,  ~-4- Al l  r e a c t a n t s  w e r e  
a d j u s t e d  to  p H  8.0 be fo re  a d d i t i o n .  Tiae c a t a l y s t s  a n d  i n h i b i t o r  w e r e  a d d e d  f r o m  t h e  s i d e  a r m s  
of m a n o m e t e r  vesse l s  a f t e r  g a s  a n d  t e m p e r a t u r e  e q u i l i b r a t i o n .  T e m p e r a t u r e ,  I5~;  r ed  l i g h t ,  

w a v e l e n g t h  6 o o - 6 7 o  iT, p ,  f = 9- i  ~ m o i e s  q u a n t a / r a i n .  R e a c t i o n  t i m e  w a s  2o ra in .  

Ve~.el 

t ." 3 # ,5 6 

C a t a l y s t  PMS -~ --~ -* f l ' qQSA -*- 

I n h i b i t o r  - -  + H C N  - -  ~ H C N  - -  - -  

A t m o s p h e r e  Argon  - ,  A i r  -~ A r g o n  A i r  

ATI" ~t ~ ..... -c, -3-4 - ~ - b 9  + b .  4 -~ : 6 "~ 7 3 

I/~,~TP 54 J" 2 a- 70 z5 

The iskibi~s, o-plm~atkroline a,td C MU 

Aa.so.~ mJs has also reported that the inhibitors o-phenanthroline and CMU can 
be used to distinguish between a cyclic (anaerobic) and a n o n cy d k  (aerobic) l/tmto- 
phosphorylation when K ,  is employed a~ a catalyst. His results show that  at high 
light intensities the concentration of e-phenanthroline or CMU which nutrkedb, iahibit 
the K,-cata!yzed aerobic p h o t ~ - I a t i o n  does not iahibit the K,-catalDmd 
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a n a e r o b i c  p h o t o p h ~ p h ~ . ~ y l a t i a n .  H e  c o n c l u d e s  f r o m  t h e s e  e x p e r i m e n t s  t h a t  t h e s e  

i n h i b i t o r s  s h o w  d i f f e r e n t  e f fec ts  o n  t h e  a e r o b i c  a n d  a n a e r o b i c  s y s t e m s  b e c a u s e  t h e y  

a.,~ a c t i n g  o n  d i f f e r e n t  p a t h w a y ~ ,  o n e  o i  w h i c h  is cycl ic  ( anae rob i c )  a n d  t h e  o t h e r  

n o n c y c f i c  (aernbic) .  

T h e  e x p e r i m e n t s  s h o w n  in  T a b l ~  V a n d  VI  d o  n o t  s u p p o r t  t he  c o n c l u s i o n s  r e a c h e d  

b y  ARNO~. W h e n  low i n t e n s i t i e s  e f  a c t i n i c  l i g h t  a r e  e m p l o y e d ,  t h e  i n h i b i t i o n  b y  

3 - x o  - s  M o - p b e n a n t h r o l i n e  w i t h  e i t h e r  P b i S  or  flN~r'SA as  c a t a l y s t  does  n o t  show 

a d i f f e r e n c e  b e t w e e n  t h e  a e r o b i c  a n d  a n a e r o b i c  p h o s p h o r y l a t i n g  s3~ t ems  t h a t  c an  

b e  i n t e r l ~ e t e d  in  t e r m s  of  a cyc l ic  a n d  n o n c y c l i c  r t t ed tan i~m.  U n d e r  a e r o b i c  c o n d i t i o n s  

t h e  i n h i b i t i o n  b y  o - p h e n a n t h r o l i n e  is t h e  s a m e  i n  e i t h e r  t h e  P M S  o r / 3 N Q S A  s y s t e m .  

T h e  d a t a  s h o w n  in  T a b l e  V p r e s e n t  r e s u l t s  w h i c h  s h o w  t h a t  a t  low l i g h t  intensi t ies .  

t h e  o - p h e n a n t h r o l i n e  i n h i b i t i o n  is g r e a t e r  u n d e r  a n a e r o b i c  c o n d i t i o n s  t h a n  u n d e r  

a e r o b i c  c o n d i t i o n s .  

TABLE V 

I N H I B I T I O N  O F  P H O T O P H O S P B O R V L A T I O N  B Y  O - r H E N A N T H R O L I N E  

The reaction mixture contained in a final volume of 3.0 ml, chloroplasts (o/i .2) containing 0.5 mg 
chlorophyll, and  (in #moles): T r i s -HCl  (pH 8.o), 60; MgCl2, x5; ADP, 2o; po ta .~um phosphate, 
IZ; KCI, 50; and  where indicated, o-p~cr, anthroline, 0.o9; PMS, 0-4 and/~NQSA, o. 4. All reactaats  
were adjusted to pH 8.0 before addition. The catalysts and inhibitor were added from the  side 
a rms  of manometer  vessels a ~ e r  ~..s and tem~ ~noza_. tufa equilibration. Temperature, I J r ;  red light, 

wavelength 6oo-67o n a p ;  J = I4.I #moles quanta/rain Reaction t ime was 2o rain. 

V e ~ l  

• -~ 3 4 J 6 

Catalyst PMS -+ ~ ~ flNQSA -~ 
Addition ot 

o-phenanthroline + - -  + - -  + - -  

A t m o s p h e r e  Argon -* Air -~ ~ --, 
ATP (prao!es} + i . t  +5.8  +2 .3  +9.7 +z-4 ~9 .2  
I I~xrp  256 49 I z 2  z9  I17 3I.o 

TABLE v1 

I~HIBITION OF" T:tE HILL REACTION A.~' PHOTOPBOSPHORYLATION BY O-PHENANTHROLINE 

£he reaction mixture contained in a final volume of 3.0 ml. chloroplasts (o/z .2) containing o. 5 mg 
chlorophyll, and (in pmoles) : Tds  -- HCI (pH 8.o), Oo. MgCI,. 15 ; ADP. 2o; potassium phosphate, 
l o ;  KCI .  5 o ;  and where indicated. KCN, 3o; o-phenanthroline, o.o9. and flNQSA, either o.5 or lo.o. 
All reactants  were adjusted to pH 8.0 betore addition. The mhibitors and ~NQSA were added from 
side arms of the manometer  vessels a[tLrP gas and temperature equilibration. Temperature, s 5  ; 

red light, wa ,c~ ,g~h  ~ o - - 6 7 o  ~ , ,  J = 9 2 pmoles quanta/min.  Reaction time was 15 rain. 

i s 3 4 

~NQSA (#moles) :o 1o o 5 o-5 
HCN - + -~ - 

o - P h e n a n t h r o l i n e  -- ~- - -  ~- 
Atmosphere Argon - - Air --  
0 s (pmoles~ + :  .tI ~ o 6 7  - - I . 9 Z  - . o . 5 I  

ATP (pmol¢~ -- - -  + 4-t + o 8 

B .odn~ .  8 U q ~ y .  Act.. ~ ( z 9 ( ~ 3 )  ~ - 3 0 7  
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Experiments were a i ~  d~iom,,~ to find out if the inhibition of photophospho- 
rx'iation by  o-phenamthroline could be attributed to its effect on the Hill reaction. 
'~%en a comparison was made between Hill-reaction activity and aerobic photo- 
phospho~-lation in 3" xo-~ M o-phenanthroline, the results as ..aown in Table VI indi- 
cate that the inhibition of photophosphorylation is caused by  the inhibition of Hill- 
:~action act is~y by  o-phenanthroline since the concentration effect of o-phenanthro- 
iine on photophosphorylatiop parallels *.he effect of 0-phenanthroline on Hill-reaction 
activity. I t  should be mentioned with respect to TableVI that when substrate amounts 
of ~NQSA (io-zo/~moles) are used as an oxidant in the direct me~.surement of Hiii- 
reaction activity, no appreciable photophosphorylation can be 4erected. Fm, ther 
investigations have pointed to the fact that both p-benzoquinone and ~NQSA inhibit 
photophosphorylation at concentrations above o.oo2 M. 

The compound CMU also has been reported to inhibit Hill-reaction activity at 
concentrations which show tittle or no effect on photophosphorylation under anaerobic 
conditions. Investigations in this laboratory have confmned the finding that  CMU 
is a potent inhibitor of HiU-readion activity even ~:adcr tight-timiting experimental 
conditions. A concentration of approx. I .  lO-4 M is sufficient to inhibit more than 
5o % of Hill-reaction activity. However when, CMU was added to the chloroplast 
photophosphorylation system within this concentration range, no differential effect 
was observed hetween the aerobic and anaerobic systems regardless of the catalyst 
employed. The results shown in Table VII illustrate as with o-phenanthroliue that 
CMU inhibition of photophosphorylation does not different'~ate between the aerobic 
and anaerobic system when low tight intensities are employed. 

T A B L E  VII  

INHIBh"ION OF PHOTOPHOSPHORVLATION BY C M U  

The react ion m i x t u r e  con ta ined  in a final vo l ume  of  3.o ml ,  ch loroplas ts  (o/] .2) con ta in ing  o.6 m g  
chlorophyll ,  and  (i¢ pmoles)  : T r i s - H C l  (pH 8.o), 60;  MgCls, z5; ADP,  zo;  po taaa ium phospha t e ,  
1o; KCI, 5o; and  where  indicated,  CMU, o.oo3; PMS, 0.4 ,  a n d  ~NQSA.  o.4. All r e a c t a n t s  w ~ e  
ad jus ted  to p H  8.o before addi t ion.  The  inhib i tor  a n d  ca t a ly s t s  were added  f rom side a r m s  of 
the  m a n o m e t e r  vessel_q af ter  gas  and  t e m p e r a t u r e  equi l ibrat ion.  T e m p e r a t u r e ,  15°; red l ight ,  

wave leng th  6oo-67o m p ;  J = x3. 7 pmo l e s  q u a n t a / m i n .  Reac t ion  t ime  was  zo min .  

Vet,~l 

x # 3 4 ~ 6 

Cata lys t  PMS -* --, -~ jSNQSA -,. 

Inh ib i tor  CMU CMU -- CMU --  

A tmosphere  Argon ~ Air --~ --~ --~ 

ATP(pmole s )  + 2 . 2  + 5 , 2  + 3 - 7  -~ 8.I +4 .1  + 8 .  5 

I/~A'r1~ 125 5.3 74 34 67 32 

What emer~.s I ron  an anab/sis of the ~ ~ above is an explanation 
of the medanim~ of p h o / ~ t i o n  u i q u e l y  m t e n ~  of a Hill reKtion ~ -  
,oci,ted ~ t m  which was ~ by ,~mou u ~ p ~ q ~ m -  
phoeylatiou. No evidence wa.s ~ in this saudy that .amdd indicate t l a .  ¢y¢ii¢ 
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photoplmspho~iation could b~ observed with spmach-chlorc.pla~t prc"ea,-ation~. 
Because of the importance that  AR,~os has attached to the concept of cyclic photo- 
phosphorylation as the uni~-ing aspect of both plant and bacterial photosynthesis, 
it becomes all the more important to analyze the e~idence for and against the concept 
ot cyclic photophosphorylation in plant chlorophasts. At, anal}sis of this problem will 
he made in terms of attempting to answer the three qt, estions which foli~'~- 

(x). What experiments can be cited which have not bee 1 explained in temLs oI 
both noncydic and cyclic photophosphoD-lation. 

(z). To what extent are the alternate explanations of photophosphorylation 
attributable to different interpretations of the same ex~rimental  observations. 

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

With r~p,~:t_, to the ~i~t qu~tio::, one max" cite t :~ effect of HCN on photo- 
phosphorylation which is shown in this ~eport. The results of these experiments as 
well as those of WARBrRG m demonstrate that o.oi N HCN inhibits photophospho- 
rylation under anaerobic conditions bu not under aerobic conditions. This result is 
explained by  WARBVRG'S hypothesis which places the site of the cyanide inhibition 
on a cyanide-sensitive enz2ane system necessary for the reoxidation under essentially 
anaerobic conditions of the catalyst reduced by Hill-r~a~':c.n acti-Aty (Eqns. 3-5)- 
No ~x~hnation of the c?.¢',,~,;de inhibition oI photophc~phorylation under anaerobic 
conditions and its reversal by Ot (aerobic conditions) has been offered in terms oi 
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 concEtions are generally accepted obse.wations. In 
Table Xl I  of a paper by  AR.~OX'~ a cyavAde concentration of z- xo -s M KCN (pH 8.3) 
is reported to inhibit the K3-catalysed anaerobic ¢botophosphorylation by zI %. 

With respect to the second question cor,cernivg alternate interpretations of 
identical experimental results, consider A~so.',"s interpretation of the experimental 
observation that  in the presence of an e thanol-ca ta la~ trap, aerobic photophospho- 
rylation with plant chloroplasts is accompanied by O z uptake and Ht~ t production ~. 
Am,~os explains this observation by introducing a concept which he terms "pseudo- 
cyclic photophosphorylation". 

This concept explains the O t consumption and peroxqde production in terms of 
a photoreduction of O r This type of mechanism was first offered by hZXL~Rt~, m 
to explatn a similar observation. It requires that Ot act a.~ a termin'~i electron acceptor 
in place of other Hill reagents when only a catalx~ic amount of FMN or a quinonc 
is added to chloroplast preparations. The mechanism for ~uch a reaction was postu- 
lated by M ~ m . z x  as fo l lo~ :  

~ht 
4HOH ....... -* 4H + 4 O i |  

4OH . . . . . .  * z H t O  + 0 s 

4 H  -# 2 0  t ........... ~4, 2 H t O  t 

¢ 8 1 ~ 1 e  

O t ~ 2ethastel - -~---~ ~ ~ a ¢ ~ } ~ . ~  ~ 2HtO 

B ~ k s m .  Btopk~ . 4 ~  ~6 { l~ , l J  z92 .~o 7 
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it  is to be noted that both M~m.ER and ARxo.~ recognized that ~abstantially increased 
rates of O~ consumption and peroxide (acetaldehyde) production were obtained by 
the addition o| catalytic amounts of a quinone. 

Experiments from other iaboratories te,s &nd qur results with respect to photo- 
induced Os consumption and peroxide production in chloroplast preparations do not 
support gl~m.ER's interpretation that molecnhr O. can act as a substitute Hill 
reagent. The explar~tion offered by both HILL and WAImURG expla/ns the obser- 
ration in terms of a photoreduction of a Hill reagent and its reoxidation by molecular 
02 (Eqns. 6-8). It is significant that both FMN and K,  are cnn~ider~d by ARNO~ 
to be catalysts of "pseudocyclic photophosphorylation" whereas TPN and terri- 
cyanide are not found to have catalytic activity. The reoxidation by molecular O s 
of tbe reduced forms of FMN and K a lead to the tormation of H2Os whereas the 
reoxidation of the reduced form of TPN or ferricyanide is not catalyzed by molecular 
0 s to any considerable extent. 

The evidence is more directly interpreted in terms of known chemical reactions 
by assuming that O s does not act as a substitute electron acceptor for Hill reagents 
but does indeed reoxidize Hill reagents ~ch  as the quinones (reduced by light action) 
and form H20 s. However, AR~oS's interpretation of these experiments in terms of 
"pseudocyclic photophosphory~tion" requires that the consumption of 0 s be ex- 
plained by a mechanism which involves the photoreduction of Or To the extent that 
his generalization concerning the concept of cyclic photophospho,'ylation req~L'~g 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 tbArd question which refers to contradictory res,Ats being 
reported from various laboratories when supposedly investigating the same experi- 
mental system, it would seem that such discrepancies would he the easiest to r~olve. 
However, the experimental designs which often depend upon the equipment available 
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 mnst be considered that both results may be significant since the experi- 
mental systems are sufficiently different. For example, the measurement of aerobic 
noncyclic photophosphoryiation with ferricyanide as the oxidant is often followed 
by measuring the reduction of ferricyanide ~ o p h o t o n m t r i c a l l y  in place of 
measuring the concomitant Os production with a manometer or polarograph. In our 
laborator¢ it has been found that at least at low light intensities the rate of ferri- 
cyaJfide ..,eduction and O t production by whole chloroplast sus~ do not agree 
when the buffer for the reaction mixture is o.o 5 M Tris-HCl (pH 8.o). 

Another example of contradic~,.'q'y results is seen in experiments in which 
o-phenanthroline is employed as an inL'hitor in studies of photophosphorylation in 
chka'oplasts. The results reported in this raper do not show o-phenanthroline to 

~ - l a t k m  a s  relx~ed by A D o ~ ,  m. From Tables V and Vl of this rqn ' t ,  
the ~ is drawn that at low light intemitics no ~ inldb/tioa oi 

aad a a a m ~  ~ by .-pbeaaat~otm is d m m m a ~ .  
Aa aaabym o~ the p ~ l  data ~.mmted by ~ o N  to mppm the claim tlat 
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o-phenanthroline does inhibit noncyclic (aerobic) photophosphoB-lation more strongly 
than cycli~ {anaerobic) photophosphor:¢lation raises questions as to whether such an 
effect is observed in the experiments presented by AR.~o.~. For example, combining 
the results from his Tables IX and Xl.  Am~oxt*, m reports 4" lo-s M o-phenanthroEne 
inhibits Ks.catalyzed cyclic (anaerobic) photophosphorylation by 45%, whereas 
7-xo-SM o-phenantluoline inhibits K3-catalyzx~d photophospho,~.'la.h,n ~ -. ;o 
Tabulating these results, one obtains the following: 

Co¢/ffq. of 
~Mu'aa~l~oltat '% mktbitv.m ~1¢~ 

~, z o  - 8  ( M ) P ~ ' ~ ' t O ' ~ P k ° ~ " ' ~  
Relocate 

3 z7 Table XI 3° 
Anaerobic 4 45 Table IX t* 

27 Table XIV~ 
Aerobic 3 f'4 Table Xl 3° 

The variability shown in these results is sufficient to make one question the important 
conclusion that  is drawn by Ag~'ox, namely, that o-phenanthroline inhibits noncyclic 
(aerobic) photophosphorylation to such an extent that this inhibition is clearly 
distinguished from that  shown in the cyc!ic (anaerobic) s~tem.  

ARNON t° also re~Jrts tllat CMU inhibits noncyclic (aerobic) photophosphorylation 
at low light intensities. In Table II of his report, the inhibition of photophospho- 
rylation effected by  2-lO -4 M CMU is shown. Whereas the Ks-catalysed system is 
inhibited 6x % by 2-1o-4 M C~='-U under aerobic conditions, the anaerobic system 
shows only 4 % inhibition in the same concentration of CMU. The PMS-catal3~ed 
system shows 4 % inhibition aerobically and xI % inhibition anaerobically in 2. lO-4 M 
CMU. According to Table III  of the same report, at high light intensities the K s- 
cataly-~xl system shows 45 % inhibition anaerobically and eti % i.ihibition aerobically 
in 2. xo-* M CMU. The PMS system shows no inhibition anaerobically or aerobically 
under similar conditions. AR,~O.~ concludes from this data the CMU inhibits the 
Ks-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 aerobic and anaerobic con- 
ditions because he considers that PMS is a catalyst for cyclic photophosphotylation 
only. The experiment presented in Table VI of this report do not show such differential 
effects on photophosphorylation under aerobic and anaerobic conditions. Since 
ARsoN's results were also obtained with low intensities ot actinic light, .it would 
appear that  there is a clear experimental discrepancy which should be resolved because 
of the importance of these results to ARNos's argument for the existence of both 
a noncyelic 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 photophospho~latmn which is supposedly insensitive to these 
inin~itors. 

Several general observations concerning the methodology empiov~i in studying 
pbotopb~phorylatio~ are perhaps in order. The use of Tris-HC! buffer in chlmoOast 
systems shorn mine peculiar effects. For example, in our hands, a concentratioQ of 
0.05 M Tris-HCA. adjusted to pH 8.0. invariably suppresses O t evolution in Hill- 

B ~ m .  B ~ y ~  A ¢ ~  ~O {t~o~) .~=- io  7 
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reaction studies under both aerobic and anaerobic conditions. Consequently, the 
results reported by Aa.~os so in Fig. 6 are surprising to us since the pH-ac t iv i ty  curve 
for O 2 production from the Hill reactiofi was obtained in o.o67 M Tris-HCl.  What 
is also surpr~ing is that the results shown for Hill-reaction activity as measured by 
O2 production with ferricyanide as the oxidant shows a maximum between pH 7.8 
and pH 8.o. Our experience with this system invariably shows that  Hill-reaction 
activity decreases above pH 7-4 ~vhen O s 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.o is approx. 4 ° % of the rate of the Hill reaction of the same preparation 
when assayed at pH 7.o with ferricyanide as oxidant. Consequently, no such p H -  
activity curve as the one shown in Fig. 6 of AR~'OX'S report m was obtained in our 
experiments. Moreover, no effect on Hill-reaction activity was demotJstrable 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 
O 2 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 routinely 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. I t  was noted l-.y us that  the minimum quantum requirement 
(X/~ATp) or maximum efficiency (~ATe) was independent of the catalyst employed. 
That is, PMS,/3NQSA, and Ka yielded approximately the same results under aerobic 
con~.~..:,.~. In ~ cases, it is observed that the greatest efficiency (minimum quantum 
requirement) is obtained under conditions which do not support Astqos's cyclic 
phot3phosphorylation. If Ap, sos ' s  concept of cyclic photophosphorylation exists, 
then one would expect a greater efficiency of photophosphorylation to he observed 
under anaerobic conditions where accordingly one would he dealing with cyclic photo- 
ph~phorylation 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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