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L Unidentif ied non-meta l  bases from plant  and anima] tissue::,, ammo~],:~ a ~_d ~ 
n u m b e r  of mol~ofunctiolial amines incl ease the rates ~t which ferrJcpi,'al~ide a~d oi:Ee~ 
oxidants  are reduced by  i l luminated chlorop]asls. The -l:eladvely pci>~ p )j37f~,)".~Cl io]:, ~i 
amines are comp]etely inactive. 

2. The amoun t  ot act ivat ion Cf the chJo~opla>t reactions Js a fu~.,ctio~l of iL, e 
concentrat ion of the urJioJ~ized am]m-. The reciprocal of the ;:ate ]]~crea.<e plotted 
against  the reciproca] of the concentrat ion of the amine (n-~ei:]~?q~m~ince) gives ;~ 
straight  ]ine. Moreover the action of the a.l?lJlle is complcteJy revers7197, . H o w e ' < e r  1he,:(, 
is no evidence that  any  of the amine is consumed. 

3. The electroL~ tra:nsport syste~:n operative in i:}ne absence of ~m3ix?e~- a.~,d rE<; 
electron t ranspor t  svslem., . . . .  ac t iva ted by., amines _~ c]]]ze di f ferent ,Dai-l~v'~a.v<:... J !?e a]nnq{ - 
insensi t ive system, is very stab]e below .DH 7.o, is some',~ ha t ]abJ]e •:~-~. ~I-~H 1,'- 2, ~r~d does_ 
not  reduce FMN at a])preciab]e rates. The system act]~ ated by a~'~i~e~: is vet' ,  171>{]c 
below pH 7.o, is .~air]v, stable at pH 7.~.v' readily~ ~educcs ]?MN., and r~ duc< s ai;., o-ddani s 
at rates wh ich  are sever.a,] t imes grealcr  thar~ t]~e l:]:laximtl]l~ rate of t]~e ;~_~,?]~?e ]]~e;~- 
sitive system. 

4. The amine-act ivated system is c]ose]v ~eJated to t]]e systen~ -,t;}-~ic]-~ is >st~-,,-ated 
by  the presence of A])]?, orthopbosp]~ate and ma.g]?esim-n loins 1:i?c two s>;si:e~vls 
disappear s imu]taneouslv on storage of the ch]orop]asts; t]-Je ,act:,,:; i i o i : ,  DT~ 7?(,'qi 
add i t i ve  Jf op t ima l  a]no,Jnts of amine m.ve been ~sed' and the j.',rc~;c]}c,<: of ;~mb}e:~ 
prevents the format ion of A ]  F. 

5. The stoichiometrv of the ]_~hosphorylatJng rescdon and tlle ~v:~r;,~e- i~ wh]c]~ 
amines might  affect this reactiol? are disc~assed. 

I2qTRODUC'TION 

Several years ago the authoi -~ invest igated the reduction? of flaying!: !>: i l !ummated 
chloroplasts. In the course )f these stt:c]ie~ it was discovered that  the cr~idc .:>~c],ootJde 
fraction of yeast  extracts st imulated ~ot only the reduction of i]avin:  ~ ai~<-, the 

* C o n t r i b u t i o n  No .  162. 
Abbreviations used: AMP, adenosine m(mop]?osplm,te; AJ)?, adem)sine dipinosp] ate; ATP, 

adenosine triphosphate; FMN, flavin monommleotide; ]?MNI:-I a, reduced Yl;~,~ 7r, m~mcm~oTc,')tido 
TPN ~-, triphosphopyridine m~cleotide; TFNH. reduced Lripl~,osp>.opyridi~a J?~clecl:]de; ]2DP= 
h~osine dipb osplm,te. 
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ACTIVATION OF THE HILL REACTION BY AMINES 5 0 3  

reduction of all the classical HILL reaction oxidants. I t  was subsequently shown that  
the catalyst or activatoi could be adsorbed on cation exchange resins and eluted 
there from with dilute acids. Moreover, the activating substance was destroyed by 
boiling the preparation with nitric acid. Consequently, it seemed probable that  an 
amine was involved. 

At this point in the investigation we became aware that  KROG~ANN, JAGENDORF 
ANI) AVRON °- had observed a somewhat similar stimulation of ferricyanide reduction 
by  ammonium sulfate. Suspecting that  the ability to stimulate chloroplast reactions 
might be a general property of non-metal bases, we tested the efficacy of a number of 
amines. Many of these caused marked increases in the rate of reduction of various 
oxidants. Since the activation seemed to be quite unspecific, a t tempts to identify 
the biologically produced active substance were set aside in favor of an investigation 
of the mechanism of activation. 

In the experiments described below we have a t tempted to show that  there are 
quite distinct amine-sensitive and amine-insensitive electron transport  systems in 
chloroplasts. We have shown that  the amine-sensitive pathway is closely related to 
the phosphorylation-coupled system described by AvRoN et al. 3,4 and ARNON et al. ~. 
Some evidence which may bear on the relative reducing potentials of the amine- 
sensitive and the amine-insensitive pathways is presented and the nature of the 
competition between these systems is described. Preliminary experiments measuring 
the efficiency of ATP formation and the effect of amines on this efficiency arealso 
described. 

M E T H O D S  

Chloroplasts from greenhouse-grown peas (Pisum sativum), variety Alaska, were used 
in all the experiments described below. Freshly picked pea leaves from young plants 
were placed in a chilled mortar  with approximately isotonic KC1 or sucrose buffers 
and ground for about I rain with a pest]e. The resulting mash was strained through 
glass-wool into chilled centrifuge tubes and the chloroplast suspension was spun for 
about 3 min at 3000-4000 x g. The chloroplasts which had been thrown down were re- 
suspended in ice-cold buffer, spun down again and again suspended in buffer. This final 
suspension was filtered through glass-wool and stored in a vessel well submerged in an 
ice bath. Aliquots of the suspension were made up to 8o o,~ acetone and centrifuged, 
and the chlorophyll concentration was determined from the extinction coefficients of 
MACKINNEY G. A number of different buffers were used for isolation of the chloroplasts 
and as part  of the reaction medium. These are described separately for each experiment. 

In most of the experiments the reduction of ferricyanide was followed by 
measuring the decrease in O.D. of the reaction mixture at 420 mt~. The apparatus is 
shown diagrammatically in Fig. ia. The monochromatic beam from a Beckman D.U. 
spectrophotometer passed through the 16 holes of a disc rotating at 18oo rev./min. 
The "chopped" beam then passed through the reaction vessel (a standard I -cm 
cnvette) through a liquid filter, and finally impinged on a photomultiplier tube. By 
means of a load resistor and a capacitor the alternating component of the tube's  
output was fed into the microphone input of a standard audio amplifier. A small 
capacitor was placed across the input to the amplifier to eliminate most of the 
predominately high frequency photomultiplier noise. The voltage from the amplifier's 
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output transformer (500 Ohm tap wor]dng into a Iooo Ohm load) was fed to an LC series 
resonant circuit tuned to 480 cyc./sec, The voltage across the inductance, which was 
about 5 times the input voltage and ~ery low in noise, was rectified, smoothed and fred 
through a voltage divider to a Brown recorder. The actinic light consisted of ar~ intense 
beam from a 3oo-W projector for 35 mm transparencies and was filtered t:l~rough a 
red glass filter which transmitted only wave-lengths longer than 62o m H,- The p~oj ector 
was powered by ripple-free direct current. Idght intensities were varied 1<~, the nsc 
of neutral filters. The liquid filter in the monochromatic beam (F) consisted of 
solution made by  adding copper sulfate to a concentrated solution of ammonimn 
carbonate. This filter was practically opaque to the red actinic ]ighi, but tra.~smitted 
nearly all of the blue measuring beam. Thus practically none of !he actinic l i g b  
scattered by the chloroplasts could reach the photomultiplier tub< and if any did, il 
was unmodulated and could give no response through the alternating current ampE- 
fication system. The intensity of the actinic light was sufficient to '.-aturate eve~ ;_,t 
the highest reaction rates. At the beginning of each run the complete ~;ea,,ztio> m_{xtm;e 
(too ml) was placed in the cuvette and the slit-width of the monochro~a~or -w~s ~a.ried 
until the "optical density ~, indicated on the recorder equalled the known O.D. of the 
amount of ferricyanide present. Thus, regardless of the true O.D. of the suspension, 
the recorder registered al all times throughout the experiment only that  par~: ",,f the 
O.D. due to ferricyanJde. Because of the tremendous cumulative gain of ~:he pho~:o- 
multiplier tube, amplifier and tuned circuit and the low noise ]eve] of the overa]] 
system, it was possible to use very turbid suspe~sions and high cor;centra.tions of 
ferricyanide when this was necessary for specia] purposes. However, th.¢ experimenl.s 
described, here were can-led out with relatively low concentrations, and he~ce with 
fairly transparent reactior~ mixtures. 

This photometric equipment is quite versatile, because two independent methods 
of separating the effects of the actinic light and the measurhlg ]igb: ;~re e~nployed : 
separation by the use of complementary filters and separation on ihe ba'As of modu-- 
lation. Thus with appropriate changes in the filters other photochemical rea.c{Jons ~a.y 
be studied. For instance, by using a solution of methylene blue in the liquid filter (];) 
and a 34 ° mb~ measuring beam, it was possible to follow directly the effect <4 iJght on 
the reduction of TPN + by chloroplasts. 

All the reactions reported here were conducted with constantly rising J:~mpera- 
tures. However, probably because of the short duration of the rm~s 0>ma]]y 2 rain), 
there seemed to have been no serious loss of reproducibility. The stariing temperature 
with ice-cold reagents pipetted into a cuvette at room temperature was ~s~mlly 6 to 8 
and the final temperature was from xo to I4 °. 

In some experiments oxygen production or cons~amption was >qeasured instead 
of oxidant disappearance. For these experiments manometers and a special illumi 
nated bath were used. Tl~e determinations were made over a longe~: time, {Jsually 
x5 min, and the temperature was held at 8 °. Reflector type inea~_~descent 1amp..-" 
provided a saturating or T~early saturating light intensity. 

The amount of ATP formed during the reduction of fet-ricyanJde v,v~.s deter:mined 
through the almost stoichJometrJc formation of glucose-6-phosphate and TPNH.  The 
T P N H  was measured by its light absorption at 34 o mt~,, by assuming a molar extinctioJ~ 
coefficient of 6-3" xo a. The e.o-m] reactkm mixture contained a tris(hydrox3:n~ethy] ) 
aminomethane--phosphate buffer at phi 7.9, AMP, ADP, sodium fluoride, hexoki~a.s~, 
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glucose, magnesium sulfate, potassium ferricyanide and freshly isolated chloroplasts 
containing 3o-6o/xg chlorophyll. After the reaction the mixture was transferred to a 
centrifuge tube and the cuvette was rinsed twice with 1.o ml M/I 5 phosphate buffer, 
pH 7.3- The reaction mixture and washings were combined and immediately heated in 
a boiling water ba th  for 5 min. After cooling cysteine (2/~moles in o.2 ml), TPN+ 
(i .o/ ,moles in o.I ml) and glucose-6-phosphate dehydrogenase (o.15 mg in o.i ml) 
were added and the suspension was centrifuged until it was clear. The O.D. at 34 ° m~ 
were read after 6 h at room temperature. Since the O.D. resulting from i.o/~moles of 
T P N H  in the total volume of 4.4 ml is 6.3/4.4 or 1.43, the observed O.D. were divided 
by  1.43 to give the number of/xmoles of T P N H  formed. The O.D. resulting from the 
addition of known amounts of ATP indicated a good recovery of TPNH.  However the 
blanks, that  is the O.D. of reaction mixtures without added ATP and without 
illumination, were high and somewhat erratic. For this reason the data on ATP 
formation must be considered only semi-quantitative until further investigations of 
the reaction system have been completed. 

The adenosine phosphates (ATP, ADP and AMP), the triphosphopyridine 
nucleotide (TPN+), and the hexokinase were obtained from Nutritional Biochemical 
Corporation, Cleveland, Ohio. The glucose-6-phosphate dehydrogenase was obtained 
from Sigma Chemical Company, St. Louis, Mo. The catalase was prepared from horse 
liver by the method of KEILIN AND HARTREE 7. 

EXPERIMENTAL 

Activation of the HILL reaction by naturally occurring bases 

At the Annual Meeting of the American Society of Plant Physiologists in i957, 
the author reported that  basic substances capable of increasing HILL reaction rates 
manyfold occurred in aqueous extracts of spinach leaves, horse liver and baker 's  
yeast. These substances were destroyed by boiling nitric acid. Amines, including 
ammonia, are often destroyed by  hot nitric acid in the presence of organic matter,  
presumably because some of the nitric acid is reduced to nitrous acid which readily 
attacks amines. Consequently it was suspected that  the unknown active substances 
were amines. 

Figs. Ib,  c and d summarize the data presented at the I957 meeting. The 
catalytic bases were obtained in the following manner : Tissue was ground, mixed with 
water and boiled for a few minutes. The filtrate was extracted with phenol. Ether  
insoluble materials such as nucleotides and other salts were extracted from the phenol 
into water by the addition of several volumes of water saturated ether. The water 
phase was then passed alternately through several columns of Amberlite IR4B 
(quaternary amine) resin and Amberlite IRC~o (carboxylic acid) resin. The active bases 
were eluted from the carboxylic acid resin with i.o N acetic acid and the acetic acid 
was removed by  distillation at reduced pressure. The dry residue was taken up in a 
small volume of water, neutralized with dilute NaOH and tested in the spectrophoto- 
metric apparatus depicted in Fig. Ia. Very small amounts of active material were 
obtained by this laborious procedure. 

Figs. Ib  and c show that  the reduction of ferricyanide by illuminated chloroplasts 
was about 6 times as rapid in the presence of these catalytic bases as in their absence. 
However, from Fig. lC it can be seen that  the ability of the chloroplasts to respond to 
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the bases was quite labile. After 1. 5 h at room temperature addition of t]~e erstwhile 
activators had no effect. In the same time the uncata]ysed rate remained completely 
unchanged. 
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Fig. 1. a. Diagram of the  react ion vessel,  l ight sources and associated pbotot~.:etric equ ipment .  
The  act inic l ight was filtered th rough  red glass which t r ansmi t t ed  only  those  wa.ve lel3gths longer 
than  62o mlt.  The complemen ta ry  liquid filter (1 v) in the  monochromat ic  measuring beam (420 mlt  ) 
consis ted of a solution of cupric a m m o n i u m  carbonate .  See r,~ET~tODS, b. TIle reduct ion of 
ferr icyanide by  i l luminated chloroplasts  and the  catalyt ic  effects of bases ext rac ted  from yeas t  and  
spinach leaves. Buffer:  o.o33 ;1t sodium phospha te ,  pI-I 7.o. containing I6 g 1£C1[l. Potass ium ferri- 
cyanide  o .89 /m]ole .  Total  voiume 2.o ml. c. The effect of ageing clfloroplast l;repara±ions on the  
a]~ility of the  chloroplasts  to respond to the  cata lyt ic  bases.  1,2eaction sys tem as ,hi ]Fig. J 2~. J3a~es 
ex t rac ted  from spinach leaves as described h~ tex t .  Chloroplasts aged 20 h a t  o = or } .5 J~ a t  24% 
d. The anaerobic  reduct ion of flavin mononucleot ido (].~M.NJ by  i l luminated chh;roplasts.  13uffcr 
as in Fig. la .  Catalaso in ~arge excess and ethanol  to 2 % added.  See t ex t  for a descripti ,m of the  

overall  reaction.  

The anaerobic reduction of flavin mononucleotide (Fig. xd) requires .~peciM 
comment.  In order to demonstrate the reduction of such autoxidizab]e substances by 
cMoroplasts, an accessory hydrogen peroxide trapping system is required. Thus 

I:.M-~" + I t20--  eloroplastg |ight ~ F'MNH2 + %O~ 0)  

FMNH~ + O 2 ~ ]?M.N" -+- 1~2()2 1.2) 

I1,O~. ~ H ~ O  + J,602 (3) 
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and consequently there is no net reaction. However, in the presence of ethanol and 
excess catalase reaction (3) no longer occurs s. Thus there is a net uptake of oxygen in 
aerobic systems and a net reduction of flavin in anaerobic systems. The experiment 
illustrated by  Fig. Id  was therefore conducted in an anaerobic cuvette with added 
ethanol and catalase. I t  is clear that  the activating bases were necessary for FMN 
reduction. 

The reduction of oxidants in the presence of illuminated chloroplasts is ordinarily 
interpreted as evidence of the HILL reaction, t ha t  is, as evidence of the functioning 
of one part  of the photosynthetic process. However, when we observed these strikingly 
enhanced rates of ferricyanide reduction, we had some misgivings. Our spectrophoto- 
metric data, which represented the reduction of very sma]l amounts of fericyanide, 
could easily have indicated uninteresting, non-biological photosensitized oxidations. 
Consequently it seemed imperative that  the conclusions drawn from these experiments 
should be confirmed (a) by  showing that  the higher rates of reduction could be 
sustained, and (b) by demonstrating a similar increase in the rate of oxygen production. 
Therefore we resorted to the use of manometers and measurements were continued 
over longer periods. The experiment illustrated in Table I successfully established both 
points; oxygen production was stimulated and the stimulation persisted for at least 
15 rain. 

T A B L E  I 

THE EFFECT OF A CATALYST ~'ROM SP1NACH LEAVES ON THE RATE 
OF OXYGEN EVOLUTION BY ILLUMINATED CHLOROPLASTS 

Manomet r ic  data .  Buffer:  16 g KC1/1, o.033 M sodium phospha te ,  p H  7.0. P o t a s s i u m  h y d r o x i d e  
(I o %) in center  wells.  T e m p e r a t u r e  8 °. I ncandescen t  l ights .  The l igh t  i n t e n s i t y  and  the  chlorophyl l  

con ten t  o5 the  chloroplas ts  were not  measured.  

O.~ygen evolution 
Oxidant (l*l.i I 5 min) 

No Catalyst Catalyst added 

Fer r i cyan ide  (22 #moles)  6.8 32 
Quinone (IO #moles)  12. 7 24 
FMN (5/*moles) + 

Cata lase  + E thano l  0 - -  2o.2" 

* The ra te  of ne t  oxygen  u p t a k e  in th is  sy s t em equals  the  ra te  of oxygen  p roduc t ion  by  the  
ch lo rop las t s  1. 

Two other facts were established by the data of Table I. Oxygen production with 
benzoquinone as oxidant was increased by  the catalytic bases. Moreover FMN 
reduction, as measured by oxygen uptake in the presence of the peroxide trapping 
catalase and ethanol, was not on!y increased by these catalysts ; it depended on them 
completely. 

Activation of the HILL reaction by amines 

Since the naturally occurring activators of the HILL reaction had the properties 
of amines, a number of known amines were tested on the ferricyanide illuminated 
chloroplast system. Table I I  summarizes some of the results. In other experiments it 
was found that  glycine, choline and aniline were inactive while t ryptamine and the 
ethyl ester of glycine were active. Obviously tris(hydroxymethyl)aminomethane, 
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which has long been used interchangeably with phosphate as a buf]Ter fo~,: chloropiast 
reactions, is also inactive. A consistent pattern is evident in ti~ese data. A]~ "mono- 
functional" amines, with the exception, of the very weakly basic ai?i]ine, ~ti;mx]ated 
ferricyanide reduction while all of the "polyfunctiona]" amines Lested were fimcti,,e. 
The most conspicuous difference in the properties of these two groups of amines J~ the 
degree of polarity; the monofunctiona] amines in their unionized forms are q~ite ]ipid 
soluble, while none of the polyfunctiona] amines could be exped:ed to have ;~ny ]ip{d 
soluble form at or near  neutral i ty .  

TABLE ]I 

T H E  E F F J 3 C T  O F  V A R I O U S  AMIN~GS ON T H E  R A T E  OF R E D U C T I O b J  

O F  F ] E R R I C Y A N I D G  Y~Y 1 L L U M I N A T ] g D  C I - I L O R O P L A S T S  

Ferricyanide redtmtion ~as determined spectrophotometrica]]y. The reactio~ mixture (t;o~a] 
volume 2.o ml) consisted of buffer U6 g ]{C], o.o2 moles tris(]kvdroxymethyl',am}non~ethane ant~ 
o.o2 moles sodium dihydrogenphosphate/1 adjusted to pH. 7.5), potassium ferricvanide (o.a9 y~)o]e), 
and chloroplasts containing 22. 5 l~g chlorophyll. The amines ~ere all o.ooz 2'~;/ Rea~ctic;n time: 

a.o rain. 

Rate o~/erricyanide I~creas# d~g ~o a~!i~ 
A mb:e ~aed ~edu~tio~ 

(moles × so-~l~ng chI.ih) (~oies × s o  ~/#~g ci:/.:h) 

(A) Monofl~nctional amines 

None 2. 9 - -  
AmFaonia 8.z 5.2 
Methylamine 5-4 2.5 
Ethylam i~ie 5.4 2.5 
~z-lmxvtamine 3.9 J:.o 
Cyclohexylamine 3-9 z.o 
Die',J~y]am ine 3.9 i.o 
Trietl~?.Jamine 3-6 o.7 

(B) Polyfunctiona] atones 

None a.7 
,2-dia.minoetha~e ~.7 

i,5-diam in opentan e 2.7 
2-aminoethano] 2. 7 
Lysine ~.7 
ArginJne a. 7 
e-amino.-s,2,4-triazole ~.7 
Itydroxylamine s.S 

0 

o 

4) 

o 

0 

o 

--  0. 9 (inhibitory) 

T h e  s t a tu s  of t r i e t h y l a m i n e  is c ruc ia l  i f  one is to  p o s t u l a t e  mech;Jni:,m:; by  whic]~ 
the  a c t i v a t i o n  occurs ;  t e r t i a r y  amines  en t e r  in to  v e r y  few of t he  reac t ions  charac~ 
te r i s t ic  of p r i m a r y  and s e c o n d a r y  amines .  The re fo re  t he  t r i e t h y i a m i n e  was  ca.refuily 

purif ied,  first  by  i n c u b a t i o n  w i t h  benzoy lch lo r ide  to  r e m o v e  a n y  reactix e p r i m a r y  and 
s e c o n d a r y  amines  and then  b y  ~rys taUiza t ion  of the  h y d r o c h l o r i d e  f rom a Tnixun-e of 
benzene  and  alcohol .  The  puri f ied t r i e t h y l a m i n e  still s t i m u l a t e d  fe r r i cyan ide  r edue t io~  

severa l - fo ld  when  la rge  a m o u n t s  were  used.  
Tab l e  I I I  shows tha t ,  as in t he  case of t he  u n k n o w n  n a t u r a l l y  ocem:r ing ac~.i~ ator .  

t he  s t i m u l a t i o n  of f e r r i cyan ide  r e d u c t i o n  b y  a m m o n i a  or  n r e t h y l a m m c  was accom-  
p a n i e d  b y  t h e  e x p e c t e d  s t imu la t ion  of oxygen  p roduc t ion .  Again  o x y g e n  p roduc t i on  
w i t h  b e n z o q u i n o n e  as o x i d a n t  was s imi la r ly  acce le ra ted  and again t he  r e d u c t i o n  of 

F M N  d e p e n d e d  on the  p resence  of t h e  ac t i va to r .  
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T A B L E  I I I  

T H E  E F F E C T  OF M E T H Y L A M I N E  A N D  A M M O N I A  ON T H E  R A T E  OF O X Y G E N  E V O L U T I O N  

B Y  I L L U M I N A T E D  C H L O R O P L A S T S  

Manomet r i c  data.  Buffer: 0.25 M sucrose, o.oi  M NaC1, 0.035 M sod ium phospha t e ;  p H  7.2. 
Potass ium hydrox ide  ( io  %) in  the  center  wells.  Te m p e ra t u r e  8 °. Incandescen t  l ights.  The l ight  

i n t e n s i t y  and  ch lorophyl l  con ten t  ot the  chloroplas ts  were not  meagn~od 

Oxy~.,en evolution (~I/~5 rain) 

Oxidant 
No catalyst Methylamine Ammonia 

(0.03 M) (0.002 M) 

Fer r i cyan ide  (15 #moles)  8 12 16 

Qninone (6. 5 #moles)  12 27 4 ° 

FMN (1.25/ ,moles)  + 
Catalase + E t h a n o l  o - -  IO* - -  13" 

* The rate of ne t  oxygen  u p t a k e  in  this  sys tem equals  the rate of oxygen  p roduc t ion  by  the  
chloroplas ts  1. 

Table IV shows that the stimulation by methylamine is a function of the concen- 
tration of the unionized amine, It shows also that the mechanism of stimulation is not 
otherwise dependent on the hydrogen ion concentration of the medium. This de- 
pendence on the unionized molecule is consistent with the earlier observation that the 
polar amines are inactive since all the ionized molcules also would be polar. When 
allowance is made for the different pK's, most of the differences between the activities 
of the low molecular weight amines and ammonia disappear. However, the larger 
amines, such as tryptamine and triethylamine, are definitely less active even on the 
basis of the concentration of unionized molecules. 

The reciprocal of the activation plotted against the reciprocal of the amine 
concentration gives a straight line (Fig. 2). This suggests that the amine somehow 
functions as a reactant in the system catalysed. The stimulation by methylamine is 

T A B L E  IV 

D E P E N D E N C E  OF T H E  M E T H Y L A 3 I I N E  STI3IULATION OF T H E  A M O U N T  OF UNIONIZED AMINE 

Fer r i cyan ide  reduc t ion  was de t e rmined  spec t rophotomet r ica l ly .  The reac t ion  m i x t u r e  consisted 
of buffer, po t a s s ium fer r icyanide  (0.89 #mole) ,  m e t h y l a m i n e  in the  a m o u n t s  specified, and  chloro- 
p las t s  con ta in ing  27. 5 #g  chlorophyl l .  The three buffers conta ined  o.25 M sucrose, O.Ol 2V/ NaC1, 
o.o33 M sod ium phospha te ,  and  o.o16 M t r i s ( h y d r o x y m e t h y l ) a m i n o m e t h a n e .  They  were ad jus ted  
to p H ' s  6.8, 7.3 and  7.8 w i t h  HC1 or NaOH. The total  vo lume  of the  sy s t em was 2.o ml  and  the  

dura t ion  of each e x p e r i m e n t  was 2 rain. 

Concentration Concentration o/ Increase in rate o/ 
[erricyanide 

o/amino pH unionized amine red,w/ion 
(M x 2:0 -3) (M × zo- ' ; )  (mnoles.,mg chl/h) 

6o 6.8 8. 7 53 ° 
2o 7.3 9.1 424 

6 7.8 8. 7 5oo 

3 ° 6.8 4-35 32o 
io  7-3 4.45 275 

3 7.8 4.35 344 
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Fig. 2. The increase Jn rate cK ferricyanide reduction 1)y illuminated chlor,)piasts as a Jhmct%n ~f 
the concentration of methylamme. Iauffer: o.25:3f stlcros(:, o.o~ .SJ Na.Cl, o-oK5 31 s(xtJum pho';- 
phate, pH 7.2. Potassium Jcrricyanide: o.89 ffmole. Chlorophyll content o{" chloroplasts: ~£ /~g. 
Total volume: ~.o m]. Reaction time: 2.0 rain. IRate without methylamJne : JOT /~moles Jm-HcyanJde 

reduced/rag chlorophyll/h. 

also completely reversible.. Chloroplasts m a y  be treated with very  hig'f~ conce]-~trations 
of methylamine and then washed free thereof wi thout  being changed in any  delectable 
manner ;  the abilities to reduce ferricya.nide in the absence of amines, to be st imulated 
by  amines and to be st imulated by  the components  of the phosphory]at~ng system, are 
retained una}tered. One is therefore tempted to suppose that  the amine is diJectly 
involved in some of the ~eactions associated with electron transport .  Howu~ (r, it has 
not  been possible to obtain evidence of amine disa.ppearance, Concenirations of 
ammonium sulfate which represent much less than one ammonia  mdeeulu  /or eat]} 
molecule of ferricyanide reduced gave appreciab]e and persist.clot stJl;mlr~tion:}. 
Moreover after the ferricyanide had been reduced, the amom~t of ammonia, a:: pneasured 
by  Nessler's reagent, had not diminished. 

Amiltes a~td the pho@hoo@tio~z of ADP 

AVRON, ~(ROGMAXN AND JAGENDORF s and ARNON ef a[. '~ ]?ave shov~ Y1 that  ~]:e ra t (  
of reduction of ferrJeyanJde by  illuminated chloroplasts is consid(,rablv increased by  
the presence of the components  of a system which phosphorylates ADP. The stfinula.- 
tion requires the simultaneous presence of ADP, or thophosphate  and magneshns, ion s. 
They therefore concluded that  par t  of the electron t ransport  is obligatorily coupled to 
A D P  phosphorylat%n. On the other hand, KlZOGa~A>T, JAGENDO:J?~ nJ::> Av~o>: a have 
shown that  very high rates of ferrJcyanide reduction m a y  be ac]~ieved v~itho~nt 
concomitant  phosphorylat ion ff ammonium sulfate is present. This the} have a t t r ibuted 
to an "uncoupl ing" of p]-~OSl?horylatJon by  the ammonimn sulfate. We X~ve b, en ab]e 
to confirm all these obserx ~tJons. We have found tha t  the rate of ferrie yanide r,.'.ducdol~ 
by freshly made pea chloroplasts preparations m a y  be increased approxi>~a.te]y 
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threefold by the presence of ADP (or IDP), phosphate and magnesium ion. The 
exclusion of ADP, phosphate or magnesium prevented the increase. And, of course, 
ammonia and many amines activate the process of ferricyanide reduction. 

There are thus at least two means by which increased electron transport capacity 
may be conferred on chloroplasts--the addition of amines or the addition of the 
components of the phosphorylating system. The series of experiments illustrated by 
Fig. 3 was designed to establish the similarities and dissimilarities of the two activa- 
tions and to compare the activated condition with the unstimulated condition. 
Chloroplasts were isolated and stored at o ° in buffers of different pH. At intervals 
the rates of ferricyanide reduction were determined (a) in the presence of methylamine, 
(b) with ADP, phosphate and magnesium ion, (c) with both methylamine and the 
phosphorylating system and (d) without addenda. Obviously the stimulation by 
methylamine is akin to the stimulation by the phosphorylating system since the 

Fig. 3. The  ra te  of ferr icyanide reduc t ion  b y  illu- 
m i n a t e d  ch loroplas t s  as a func t ion  of the  age of 
the  chloroplas t  p repa ra t ions  and  t he  p i t  of the  
s torage  m e d i u m .  The  chloroplas ts  were s tored a t  
o ° in buffers con ta in ing  o.4 M sucrose,  o.oi M 
NaC1, o.oi  M t r i s (hydroxymethy l )  a m i n o m e t h a n e ,  
and  o.oi  M sod ium d ihydrogen  phospha te .  These  
buffers were ad ju s t ed  to p i t ' s  6.3, 6.8, 7.3 and  
7.8 by  addi t ion  of HC1 or NaOH.  All reac t ions  
were conduc ted  a t  p H  7.9 in buffer  con ta in ing  
0. 4 M sucrose,  o.oi M NaC1, o.o5 M t r i s (hydroxy-  
m e t h y l ) a m i n o m e t h a n e  and  o.o5 M sod ium phos  
pha te .  P o t a s s i u m  ferr icyanide (o.89 #mole)  was 
added  to each reac t ion  m i x t u r e  and  i ts  d isappear-  
ance was  de t e rmined  by  following the  decrease 
in O.D. a t  420 m# .  F ina l  vo l ume :  2.o ml .  1Reac- 
t ion  t ime :  2.o min .  M e t h y l a m i n e  was added  to 
give a finat concen t ra t ion  o.o2 molar .  The  "phos-  
pho ry l a t i ng  s y s t e m "  consis ted of t he  following 
addenda :  ATP  (2 #moles) ,  hexok inase  (o. 4 mg),  
glucose (4o #moles) ,  and  m a g n e s i u m  sulfa te  (~5 
#moles) .  The  l eng th  of t he  ver t ical  l ines indicates  
the  error in t roduced  by  read ing  t he  recorder  

char t s  to the  nea res t  half  mi l l imeter .  

o 
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abilities of the chloroplasts to respond show the same pattern of decay. Both the 
amine-activated electron transport and the phosphorylation-dependent transport 
involve pathways which are labile below pH 7.o, but fairly stable at pH 7.8. Further- 
more, the rate of ferricyanide reduction in the presence of both methylamine and the 
phosphorylating system was the same as the rate with methylamine alone. Since the 
rates of transport by the two activated pathways never seemed to be additive when 
optimal amounts of amine were used, the pathways must share a rate limiting step. 
Consequently they must compete for electrons and one would expect an apparent 
"uncoupling" of phosphorylation and Ierricyanide reduction if the amine-activated 
transport competes on favorable terms with the phosphorylating pathway. Alter- 
natively the amine might actually uncouple the phosphorylation step by modifying 
the structure or environment of some enzyme in a manner which permitted an 
electron transfer without the normally associated phosphorylation. 

Either mechanism of amine act ivat ion-- t rue  uncoupling or effective competition 
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from a process paralle] to the phosphory]ating process--would decrease the et~,cfe~ c,,' 
of phosphorylation, perhaps even to the point of suppressing pbo.~spl:ory]adon ,Jto- 
gether. In order to determine the amount of phospl~orylation Jn terms of the eiectrcm 
transport  and to investigate the effect of amines thereo~.?, experiment~ were u~de~:take~n 
in which the %rrnation of ATP and th.e reduction of ferricya:fide '.re:r< J-o,.'asu:ed 
simultaneously. ATP productio~ was determined through the 1.,exokL~a~;e-catalysed 
formation of glucose-6-phosphate and the subsequent reduction of an eq~:i:.'a!ent 
amount of T P N +  b y  glucose-6-phospF, ate dehydrogeJ:ase. Fig. 4-strew>: G, at ATF added 
to the complete reactio~ mixture may be measured practicait3~ quantit:~tiveU as 
TPNH.  Unfortunate]y there was a iarge and rather variable amo,:nt of TP2~-- ~:educ. 
finn in the abseace of added ATP arid in the dark. Part  of this TPN i- red:~ct%n was 
traced to a slight contamination of the ADP witt~ ATP. Another part  n~ay )~.a.-,:e been 
due to the myokina.se activity of th~ preparations; to inhibit this ~uoride and A){P 
were added". A more systematic investigation of these backgrou:~.d ::e:,cti.~;n? ~'mst ',?:' 

Fig. 4. The form;~,tiol] of reduced t r iphospbo-  
pyridine nucleotJde (TPN}~) as a funcl:ion of the 
a,mount of added A]'P. The reacfiioJ: mixture  
consisted of buf fer ,  AM] >, A~):U, sodium fiuorfde, 
hexokinase, glucose, magnesium sulfate, potas-  
sium ferricyanide and chioro?lasts as described 
in Table V. ATP ~as  added h~ the il~,dicated 
an:ounts  and the mixture  was allowed t o  stand 
for Jo ra in .  I t  v,a.~ t h e n  diluted w i t h  2.o n?l o f  
phosp]~atc buffer (plI  7-3), boiled for .5 n?Jn a:~d 
cooled.  C : s t e i n e  (2 z~n:oJes). SPN (; ,~::?o 6', ~,ond 
ghmose6-t?J:ospl~ate <te~yd:'oge~:,se (o,r 5 ~:g) 
~ere added. The ~Mxture v a s  the~ cenb-ifuged 
and thc O.]). at  340 *n!t ,,:'as :?-easured a!ter ~ h a t  
room temperature ,  The "'c ~+" H )X~ ~,~ S]]O:V ! ] ~ e  ".-a, J u e s  

actually obtai:~ed, while the line i:~dica, Aes the 
values to  be expected o:: t he  a s s u m p t i o ~  t h a t  
each mo le  r'f A T P  resu l ts  J: 1:i?e r e d u c t i o n  o f  o:?e 
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undertaken before data such as those presented Jn Tab]es V a:ldVI should !)c co,u~idered 
conclusive. Xeverthdess the productiol~, of ATP as a concomitant o~ ,:he red :ction of 
ferrJcyanide--inferred by Avon,-et ~&:~,'~ and AR.xox e~ ~L s from the existence of an 
ADP-dependent p]:osp]]ate uptake, and measured directJy by Ki~e<;).:,;,:~:< c~ ~d.s--is 
again confirmed by the data of Table \7. The data of Table V also support the concept 
of "coupled phosphory]at%n" by showing a dependunce of ATP for~:~at%n on t~?e 
presence of an oxidant. As expected methy]amine prevented A'fP fon~natJn~. 

Enough data ::;ere accurrmlated to permit a tentative estimate of the .qua.nti-. 
tative relation of ATP formation to electron transport, and ]:en,.;<~ a. r~asonab]e 
prediction of the stoichiometry of the l?hosphorylation reaction. I-towe--e:, tI:ecstirnatc 
is very much complicated by the known presence of a system whic]~ operate.: h: the 
absence of phosphorylation- the a.millednsensitJve, ADP-independent "ba:de" l-I:l~. 
reaction. Obv%usly an evaluation of the competition for electrons be>veer: the 
phospho:yladng system and the "basic" system is necessary before the eff.,cJe~ey of 
the phosphorylating reaction ca~7 be determined even approxhnat,.~!y. Such a.n 
evaluation may  be approached bv comparing ATP yieids at differe:nt light h-~te :sh:Jes. 

73zoch~m. l?/o/dz),s. Aol<,q ~<; (:960)5o~-5~7 
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TABLE V 

THE; INFLUENCE OF FERRICYANIDE; AND METHYLAMINE 
ON THE; FORMATION OF ATP BY ILLUMINATED CHLOROPLASTS 

ATP was measured through the formation of glucose-6-phosphate and the subsequent reduction 
of an equivalent  amoun t  of T P N  by glucose-6-phosphate dehydrogenase. The complete sys tem 
consisted of buffer, AMP (6/~moles), ADP (6 #moles), sodium fluoride (2o #moles), hexokinase 
(0. 3 rag), glucose (4 ° #moles), magnes imn sulfate (2o/~moles), po tass ium ferricyanide (o.89/~mole) 
and chloroplasts containing 34/~g chlorophyll. The total  volume was 2.o ml. 28 #moles of methyl-  
amine were used. The buffer consisted of o, 4 M sucrose, o.o5 M t r i s (hydroxymethyl )aminomethane ,  

o .o i  M NaC1, o.25 M KH~PO a. The p H  was adjusted to 7-9. 

O.D. T P N H  A TP  /ormed due 
equiwlents to light 

Experiment at 34 ° ml~ (~moles) (l~moles) 

Complete sys tem (dark) 0.220 o.154 - -  
Complete system (light) 0.660 0.460 0.3o6 
Complete sys tem + 

Methylamine (light) 0.255 o.178 0.024 
System less ferricyanide 

(light) o.295 o.2o6 o.052 

TABLE VI  

THE EFFICIENCY OF ATP FORMATION 

Reaction sys tem as in Table V. In  the presence of opt imal  amounts  of methylamine  the limiting 
light intensity gave 44 % of the rate with saturating light. The saturating Hght was eight t imes 
more intense than the limiting light. Chloroplasts containing 45 [~g chlorophyll were used and 

0.89/~mole of ferricyanide were reduced. Values represent  the average of six determinations.  

Moles T P N H  A T P  due 
ExY)erime~*t O.D. equivalents to light ]erricyanide 

at 34 ° m[~ (l~moles) (,umoles) reduced/ 
mole A T P  Jormed 

Dark  controls o.394 o. 275 - -  - -  
Limiting light o.842 o.592 o.315 2.8 
Saturating light o.552 o.386 o. 111 8.o 

We suspect that the combined phosphorylating and non-phosphorylating systems are 
rate-limiting at high light intensities, because amines acting at or near the phos- 
phorylating electron transfer cause a considerable additional activation (Fig. 2). 
Consequently at high light intensities both processes probably operate without 
serious competition and near capacity. Therefore the contribution of each may be 
deduced from the rates with and without the presence of the components of the 
phosphorylating system. For instance, if at high light intensity the rate in the presence 
of ADP, phosphate and magnesium ion is twice the "basic" rate, it is probably safe 
to assume that one half of the electrons are transferred by the phosphorylation- 
coupled pathway, and that the efficiency of the phosphorylation-coupled pathway. 
may be taken as twice the overall efficiency. KROGMANN et al.  2 have used this method. 
On the other hand, the two processes of electron transfer must compete at very low 
light intensities, although the nature of this competition cannot be predicted a p r i o r i .  
Actually, we find that the overall efficiency of phosphorylation with severe competition 
( i .e . ,  low light intensity) is similar to the calculated value obtained in the manner 
described above for conditions of no competition (high light intensity). This can only 
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mean that  the phosphorylating pathway competes for electrons (or hydrogens) very 
favorably with the ADP-independent pathway. Our preliminary observatio?~s 
(Table VI) indicate that  the transfer of somewhat less than 3 elecirons was r:~quired 
for the formation of one ATP. This value probably approachet, <:he vai~e for ~:iie 
coupled system alone, and agrees reasonably well with the value.5 reported by A}~>~oN 
e~ al. "5, KROG3,IANN eE aZ ? and AhzRO>- el al,. ~. The determination by P,.57~o>r et ~Z. seems 
also to have been made under conditions which would produce competition betweep~ 
the two systems. From their data. a rate of 2oo/zmoles ferricyar~ide reduced/'mg 
chlorophyll/h may be calculated; this probably represents co~siderably less than 
5o % of the maximum, attainable reaction velocii~y and therefore suggests the use of 
rather low light intensities. ARNON e/, ag. gave no information from whic]? rates or light 
intensities could be deduced. 

A simple mechanism of phosphorylation - -  the creation of a high e~:e:..gy bond 
by the oxidation or reduction of an organic substance.--wou]d ~'., a]1 probabi]ity 
require the transfer of two electrons (or two hydrogens) for: each ATP formed° The 
experimental value of 2.8 in Table VI, perhaps adjusted slightly downwaJd to a!!ow 
for some competition from the uncoupled system and also to allow for Jess than perfect 
recovery of the ATP formed, certainly points to the theoreticaI va]m~ of 2..o. However, 
we must beware of accepting too uncritica]ly the implications of this eo~wergence c,-t 
the data from several laboratories on the gratifying value of 2.o; evaluation of the 
competition between the phosphorylating and the l~,on-phosphorylat~ng syslems is. 
still so uncertain and estimates of efficiencies are consequently so ambiguous that  the 
postulated stoichiometry of the phosphorylation reaction could be q~Jite wrong. 

DISCUSSION 

I t  has long been apparent that  photosynthesis must consist, basic~d]y, of two pro- 
cesses, (a) the fixation of carbon dioxide in some organic substance, presumably to 
form a carboxy] group, and (b) tile reduction of this carboxyl to t!~e aldehyde level 
by a reductant formed irl the photochemical dissociation of wa te r  Unfortunately the 
direct reduction of carboxy] groups by any known biological reduetan~: is a ,hermo- 
dynamic impossibility; when carboxy]s are reduced in respiratom~ systems the 
combined action of pyridil~e nueleotides and ATP is required. I t  was necessary to 
suppose, therefore, either that  the photosynthetic reductant !ormed i~z vivo by 
illuminated chloroplasts was an unknown substance of exeeptiona.t reducing potential 
or that  the carboxy] reduction was accomplished in a coupled reaction analogous to 
the reactions in the respiratory system. When radioactive carbon dioxide wa~ used !:o 
trace the "path  of carboiW' in photosynthesis, it was found ~° that tim photosynthetic 
intermediates were, by and large, the intermediates of: respiratior~. Fhe participation 
of reduced pyridJne nucleotides accordingly became more and more probable. 
Meanwhile a number of workers were able to show that  illuminated chloroplasts could 
in fact reduce pyridine nucleotides, especially TPN + t:l-la SAN PIES'fRO AND LANG 1:~" 
were even able to obtain a protein from chloroplasts which catalysed the reduction, 
photosynthetic pyridine nucleotide reductase. Since the involvement of the pyridine 
nucleotides in photosynthesis seemed very probable, the question of the origin of th.e 
associated ATP was raised. At least one author j~ suggested that  the AT]? might be 
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formed by the phosphorylation reactions of respiration using the pr imary photo- 
synthetic reductant as electron donor. However, such a mechanism should result in 
an appreciable increase in oxygen uptake, an increase which does not seem to occur 15. 
The problem was resolved independently by  ARNON et al. 16 and FRENKEL 1~ when they 
found a light-induced, oxygen-independent formation of ATP in in vitro preparations 
from photosynthetic organisms. This process has come to be called "photosynthetic 
phosphorylation" or "photophosphorylation". 

The mechanism of photosynthetic phosphorylation has been the subject of much 
speculation. ARNON is originally suggested that  the proees~ was similar, in its essentials, 
to the process of oxidative phosphorylation in respiration, perhaps differing therefrom 
only in that  precursors of the photosynthetically produced oxygen replaced molecular 
oxygen as the ultimate electron acceptor. He was led to this conclusion by the fact 
that  some substances involved in the respiratory chain, for example FMN, seemed 
to be necessary for photosynthetic phosphorylation. However, there were objections 
to the concept. The requirement for FMN could be satisfied by other substances, such 
as phenazine methosulfate, which certainly are not intermediates in respiration. 
Moreover the mechanism proposed represented a somewhat uneconomic back-reaction 
which would necessarily lower the overall quantum efficiency of photosynthesis below 
the efficiency of the HILL reaction. Since the data of WAVRYNEN 19 and unpublished 
experiments by  the author have shown that  the quantum efficiency of photosynthesis 
and the HILL reaction are actually very nearly the same, it seems improbable that  
large amounts of ATP could be produced by this means. Whether we accept the 
conservative American estimates of quantum yields 2°-~2 or the more optimistic 
estimates of WARBURG AND NEGELEIN 2a, photosynthesis is so efficient that  we must 
look upon any mechanism which is inherently wasteful as of doubtful importance. 

More recently ARNON and his colleagues 5 have produced evidence which suggests 
that  I mole of ATP is formed during the reduction of I mole of TPN + (or 2 moles of 
ferricyanide). These observations have been confirmed by  AVRON et al. 4. If one 
assumes that  each quantum of the red light absorbed by chlorophyll results in the 
photolysis of one molecule of water, the two quanta required for the reduction of a 
molecule of TPN + should yield more than enough usable chemical energy to form 
simultaneously a molecule of ATP. Consequently the new notion that  the reduction of 
substances by  chloroplasts may  be directly linked with the phosphorylation of ADP 
seems more plausible in terms of efficient energy utilization than does the earlier 
concept of a phosphorylation-linked back-reaction of the products of the photolysis 
of w a t e r - - t h e  "cyclic phosphorylation" of ARNOX. The discovery 3 that  a large part  of 
the electron transport in the HILL reaction depends on simultaneous phosphorylation 
and the observation of the converse dependence of phosphorylation on oxidant 
reduction both support the emerging picture of a phosphorylation-coupled HILL 
reaction so strongly that  one is inclined to wonder if tee phenomenon of "cyclic 
phosphorylation" is not an artifact caused by the spontaneous reoxidation of autox- 
idizable intermediates such as FMNH 2. In any case, it is no longer possible to doubt 
that  chloroplasts can phosphorylate ADP in the course of reducing oxidants in general. 
The fact that  the phosphorylation-independent pathway for the reduction of 
ferricyanide competes unfavorably with the phosphorylating pathway, and the fact 
that  there is apparently no phosphorylation-independent pathway for the reduction of 
flavins, suggest that  this "basic" system also may be unimportant  in vivo. Perhaps it 
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too represents some artifact arising from the use of such powergJ oxid.a.n!::, ~> 
ferr icyanide  or such effective protein  dena tu ran t s  as quinones. 

]/he manner  in which amines pe rmi t  electron l ransfer  >}~7}e b?-pass ing the 
associa ted phosphory la t ion  can only be guessed~ ]Lipid solubil i ty of the amine seem>_ 
to be a requisi te  for ac t iv i ty ,  since t:h,e more polar  polyfunctJona,  a_mTnes and {he 
ionized forms of the  monofunct iona i  amines are a}] inact ive.  Consequer 1~137 t]!e rdle of 
act ion of the  amines ir~ p r o b a b l y  enclosed in and pe rmea ted  t )y ] ipopro~ieir ,-  a nol  
surpr is ing observat ion when we consider  the  know~ eon]posJtJo:n of c5ioropiast.< ~4 
Pr imary ,  secondary  and t e r t i a ry  amines are ali "uncoupie rs"  or activaioJTs, brat. t:i~ey 
do not  seem to be consumed in wha tever  reactio~qs tl?ey a c t h a t e .  An F reaction.,: 
entered into b y  ti le anqJnes therefore mus t  be reversibie.  Howeve> tVe only :ex e,csibJe 
react ion which is common to these three classes of amines is probab]?? the process of 
t ak ing  on a proton to b<;conle a posili~ e ion. ] t  won]d seem therefore tha t  the  ;urc i /on 
of amines mus t  bc re la ted  to this  ab i l i ty  to ionize. The author  woJJ}d ]i].:e ~o sugge.q, 
ve ry  ten ta t ive ly ,  t ha t  the  amines m a y  s imply  be a.cIing as bases ,.a-hic]~ cnr) pe:.netrate 
to si tes not  ava ihb ]e  to h ighly  polar  bases,  t]]erei}y causing i~ydro>: F} ion ca{a]yzed 
cleavage of high energy bonds  which would otherwise t ransfer  t}~c;:_: erJ<rg} to ~]'e 
py rophospha te  bond  of ATITP. 

Let  ns suppose t ha t  phosphor3dadon is achieved by  the folJowi,;g n%':;ch:tJ3{<i:'q, 
which inc identa l ly  pred}cis lhe  t ransfer  of two dec t rons  for each ATP forrl~ed : 
overall  : 

X --j ~ , 0  - -  l i~ahl . . . .  X j j -  2 ~ 3,~>0 2 
; "~' Chlo ' ,  o i ) 7 ; l $ { s  " 

XH<, ~ enzyme--> X;H~-ep, zyme 

XH<e~:zyme -f ox idan t -÷  X~-.enzvl~e -! reduced (:l;Y/da.cq: 

X~'--'enz3 me 4- ori:i;op]~ospha.te---~ ?<~p]~osphate -:- enz) :nc 

X--~,pbosphate 4- A])]' --~ X -{- ' \TP 
] i f f ~ f  oxidant ~- He<) !- '!~]i)77" -! ort:}?ophosphate . . . . .  ~ . . . . . . .  ~ reduced cx (]5n - :YJTJ' 4 ( ~  

< ]]!<n'O ) a s t s  " " ?  

In  this  react ion-sequence the onniss%n o:f e i ther  A D P  o< phosp]-'a1:c ,.vou}d 
preven t  t i le reductioJ~ of ox idan t  and the format ion of oxygen.  }4o,,vev< r, h <  ]?]~j} 
energy bond  in X ~ enz,< me ver}7 probabTy a o u k ]  l~e }abiJe, sbsce a <Ligh cue~ g) bond"  
is by  definit ion a bond which can be broken with the  expem.litu~r o{ J}U:Je. energy. 
Consequent ly  i t  is nol  unreasonable  to .suppose tha t  hydroxyl  Jo-~5~ ;Tssocb, ted wit}: 
amines might  ca ta iyse  l]~e hydroqysis of such a. bond, in -which case t!~e dcpen4e;:cc 
of the  sys tem o]~ pho:.-]>iiorylation vvou}d d isappear  O~ the other: 7iand, ~7-,: d i rcei  
reaction of s t rong oxidants  ad th  X H  2 might  resul t  in a ]~hosphoryiat%n--indepe~dent 
an?ine-insensitive eleciron tralssfer, the <'basic:: system which, }v'r(toforc, ha. ~ bec-~? 
the object  of most  ]-3n.L react ion studies.  

The plnosphorylatio> mechanism out l ined above is anaiogou,~ to ~]~e ~ub::trmtc 
level phosphory la t ions  of resph-atJon. I t  7< in fact, taken d i rec t ly  from the p->tuia~ed 
mechanism of triosephosp}m4e dehydrogenat ion .  There are several red, sons for re]atJng 
the HILL react ion phosphoryJat ions  1o subs t ra te  phospl lory]at ion 7m.ther t]?;n-~ fo 
r e sp i ra to ry  chain phosphory]a t ions :  (a) The apparen t  s to ichiometr  3 of tv,,o ,:,.]<<:irons 
t ransfer red  for each ATP :formed coincides with the sioic}~iometry of iM' sinci< :4:age 
phosphory la t ion-coupled  exidatioJ~ of subs t ra tes  and nol  with the  muldstag<: o×ida- 
l ions through the r e sp i ra to ry  chain. {b) H;nr. react ion phosphor) lq;:%i:is ma F b,. 

b>iocs}i~. }3mp!O,s. Ace,x, 7o i~960: 5o: 7'J 7 
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associated with the reduction of pyridine nucleotides. Consequently XH 2 must be an 
electron donor of reducing potential comparable to triosephosphate or a-ketoglutarate. 
(c) HILL reaction phosphorylations, like substrate phosphorylations, are not uncoupled 
from the associated electron transfers by 2,4-dinitrophenol. However, this analogy has 
limits; the author is not aware of any evidence which suggests that ammonia or amines 
affect the phosphorylations associated with the oxidation of a-ketoglutarate or 
triosephosphate. 

ACKNOWLEDGEMENTS 

The author wishes to take this opportunity of expressing his gratitude to Dr. R. HILL, 
in whose laboratory this work was begun, for his unfailing encouragement. Thanks are 
also due to Dr. A. JAGENDORF for his helpful comments and for the release of manu- 
scripts of papers in the press. The earliest phase of this investigation was supported 
by the Agricultural Research Council of Great Britain. 

R E F E R E N C E S  

1 ~N. ]~. GOOD AND R. HILL, Arch. Biochem. Biophys., 57 (1955) 355. 
2 D. W. KROGMANN, A. T. JAGENDORF AtCD M. AVRON, Plant Physiol., 34 (1959) 272. 
3 M. AVRON, ~). \~7. I(ROGMANN AND A. T. JAGENDORF, Biochim. Biophys. Acta, 3 ° (1958) 144. 
4 M. AVRON AND A. T. JAGENDORF, J. Biol. Chem., 234 (1959) 1315. 
5 I). I. ARNON, V. R. WHATLEY AND M. B. ALLEN, Science, 127 (1958) lO26. 
6 G. MACKINNE¥, J. Biol. Chem., 14o (1941) 315 . 
7 I). I(EILIN AND E. F. HARTREE, Biochem. J.,  39 (1945) 148. 
s D. KEILIN AND ]~. F. HARTREE, Biochem. J.,  39 (1945) 293. 
9 E. C. SLATER, Biochem. J.,  53 (1953) 521. 

10 j .  A. BASSHAM AND M. CALVIN, The Path of Carbon in Photosynthesis, Prentice-Hal l  Inc., 
Englewood  Cliffs, N e w  Jersey,  1957. 

11 \v .  VISHNIAC AND S. OCltOA, J. Biol. Chem., 195 (1952) 75. 
is I). I). I-~ENDLEY AND E.  E. CONN, Arch. Biochem. Biophys., 46 (1953) 454. 
13 A. SAN PI~TRO AND H. M. LANG, J. Biol. Chem., 231 (1958) 211. 
14 B. KoK, Enzymologia, 13 (1948) i .  
15 A. H. ]~ROW~!, Am. J. Botany, 4 ° (1953) 719. 
16 D. I. ARNON, F. lc{, nVVHATLEY AND M. ]3. ALLEN, J. Am. Chem. Soc., 76 (1954) 6324. 
17 A. VV. FRENEEL, J. Am. Chem. Soc., 76 (1954) 5568. 
is D. I. ARNON, Science, 122 (1955) 9. 
19 1~_. E. ~¥AYRYNEN, Doctoral thesis, Univers i ty  of Utah,  Salt Lake City, Utah,  1952. 
20 •. EMERSON AND C. M. L:~wls, Am. J.  Botany, 28 (1941) 789. 
21 12. S. BRACKETT, R. A. OLSON AND ~.  G. CRICKARD, d r. Gen. Physiol., 36 (1953) 563 • 
22 XTV-. ARNOLD, The Iowa State College Press, Ames.  Iowa, 1949, p. 273. 
23 O. \~;ARBURG AND E. Z. NEGELEIN, Z. physik. Chem., lO2 (1922) 255. 
24 E. i. RABINOV, rlTCH, Photosynthesis and Related Processes, intersc ience  Publishers Inc., New York,  

N.Y.,  1945, p. 372 • 

Biochim. Biophys. Acta, 4 ° (196o) 5o2-517 


