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The Chloroplast as a Complete 
Photosynthetic Unit 

"Experimcntcrs . . . never acccpt an  
immutablc starting point; their principle 
is a postulatc, all of whose consequenccs 
they logically deducc, but without ever 
considering it absolute or beyond thc 
rcach of experiment. All the theories 
which serve as starting points for . . . 
physiologists are true only until facts 
are discovered which thcy do not in-
clude or which contradict thcm. ll'hen 
these contradictory facts are shown to 
be firmly establishcd . . . experimenters, 
far from stiffening themselves against 
new evidence, hasten . . . to modify 
their theory, because they know that 
this is the only way to go forward and 
to make progress in scicnce. Expcri-
menters, then, always doubt, evcn thcir 
starting point."-Claudc Rcrnard, Intro-
duction a ?Etude dc la Midicine Expe'ri- 
nzcntale ( 1865).  

T h c  thesis that I arn attempting to 
document in this articlc ( 1 )  is that 
"completc photos) nthesis-that is, re-
duction of carbon dioxide to carbohv-
dratcs, and oxidation of water to oxygen, 
a t  low temperature and ~v i th  no cnergy 
supply except ~~ i s ib lc  light-" ( 2 )  has 
now been accomplished outside thc liv- 
ing ccll with the use of isolated chloro- 
plasts. T h e  conclusion drawn from thc 
e ~ ~ i d e n c e  is chloroplastsprcscnted that 
are the cytoplasmic structures in which 
the cornplcte photosynthetic process is 
carricd out, both inside and, under suit- 
able conditions, outside the l i ~ ~ i n g  cell. 
Since the c~~ idencein support of this 
conclusion is presented in dctail in other 
publications from our laboratory (3 -7) ,  
I am concerned herc only with the 
principal rcsults of our work and with 
a r e ~ ~ i e w  of other cxperimcnts on cxtra- 

The aothor is professor of plant physiology. Uni- 
versity of California, Berkeley. 

Dan ie l  I. Arnorl 

ccllular photosynthcsis, chiefly thosc in 
which chloroplast preparations have 
been used. I have not attemptcd to re- 
v ie~v the numerous reports ( 2 )  of "arti- 
ficial photosynthcsis" with chlorophyll 
solutions, dyes, or other "sensiti~ers." 

Photosynthesis in  Chloroplasts 

Tha t  chlorophyll is essential for pho- 
tosynthesis was first clearly and une-
quivocally stated by Sachs in 1865 (8 )  
almost 100 years after the discovery of 
the process. Of coursc, the association 
of green plants with photosynthesis had 
h ~ e nobvious to physiologists during thc 
prcceding ccntury, but cven Theodorc 
de  Saussure, whosc classical treatisc (9 )  
markcd thc bcginning of modern con-
ccpts of plant nutrition, was rnislcd by 
the rcd color of many leaves to question 
the indispcnsability of chlorophyll for 
assimilation of carbon dioxidc in light. 
Sachs condemncd thc cautious bclief of 
his contemporaries, that "green plants 
decornpose carbonic acid,'' by insisting 
that it was chlorophyll, or more properly 
the "chlorophyll-bod)." or chloroplast, 
that was the organ of CO, assimilation 
in light. When it was argued that sincc 
chloroplasts carry on photosynthesis only 
when prcsent in the living cell and, 
hcncc, "not thc chlorophyll (chloro-
plasts) but the ccll containing chloro- 
phyll is the organ of assimilation," 
Sachs' rcply Tvas that this is "somewhat 
equivalent to sa)ing that thc cyc is not 
properly the organ of sight, since, whcn 
takcn out of the hcad, it is no longer 
capable of secing" ( 1 0 ) .  

T h c  basis for Sachs' firm stand that 
the "chlorophyll-bod) itself [isJ the 
organ which decomposes carbon dioxide 
and consequently assimilates thc organic 
substance" was the fact that "no cell 

assimilates so long as it possesses no 
green chlorophyll, but does so as soon 
as it is p r o ~ ~ i d e d  ~v i th  it. T h e  most defi- 
nitc proof, howe\rcr, is afforded by the  
fact . . . that the first recognizable prod- 
uct of assimilation [starch] appears not 
in any haphazard place in the [green] 
cell, but in thc chloroplast-body itself" 
( 1 0 ) .  Sachs' conclusion, which was 
based on his classical cxperiments on 
starch synthesis in light, soon recc i~~ed  a 
strikingly dircct confirmation. I n  1881, 
Engelrnann ( I  I ) showed that thc "cyc" 
in Sachs' simile could still see after its 
rcmoval from the "head." He  succccdcd 
in isolating chloroplasts from s c ~ ~ e r a l  
species of green plants and demon-
stratcd, for the first timc, oxygen c\rolu- 
tion in light by chloroplasts outsidc thc 
1' ' .lvlng cell. T o  dcmonstrate oxygcn eLro- 
lution, he developed an cxtremely sensi- 
ti\re microscopic trchniclue: thc motility 
of certain bacteria in thc prcsence of 
minute traces of oxygen ( 1 1 ) .  With 
the same tcst, he was also able to show 
that in the intact, illuminated Spirogyra 
cell oxygen evolution is confincd to thc ,L 

immcdiatc vicinity of the chloroplast 
( 1 2 ) .  

T h e  cvolution of oxygen by isolated 
chloroplasts, confirmed b) Habcrlandt 
in 1888 (13)  and by Ewart in 1896 
( 1 4 ) ,  was then acceptcd as thc most 
dircct c ~ ~ i d e n c c  yet found that thc rolc 
of chloroplasts in photosynthcsis was 
that envisaged by Sachs. I n  1897 onc of 
the most distinguished plant physiolo- 
gists of the period, Pfeffer, expressed 
thus (1.5) what was to bccome a fixcd 
tenct in plant physiology for the ncxt 
40 years: "The actual assimilation of 
CO, probably takes place entircly in 
thc chloroplastid, for by nlcans of the 
delicate bacterium-mcthod it may be 
shown that isolated chloroplastids occa- 
sionally continuc to evolve oxygcn in 
the light . . . if placed in an isoosmotic 
sugar solution.'' 

Extracellular Photosynthesis 

T h c  carly experirncnts of Engelmann 

and his succcssors wcrc not designed to 

test whether photosynthcsis could be 

carried on outsidc thc living cell. T h c  

philosophic outlook of biologists of that 

period on the possibility of rcproducing 

a cornplex biochemical process outsidc 

a living cell was dominated by Pastcur's 




viervs on fcrnmentation. After the publi- 
cation of his famous paper in 1857 
( 1 6 ) ,  I'asttur maintained throughout 
his life that fermentation is dependent 
o n  the lifc and integrity of the cell and 
that it docs not occur in the abscncc of 
the living crll. Engrlmann's cxp~rience  
with isolatcd chloroplasts fitted in ~ u i t h  
this pattcrn of thought. His results did 
not suggest to hirn or to his contcnmpo- 
rarics thc possibility of extracellula~ 
photo\ynthcsis. H c  found that isolated 
chloroplasts could carry on oxygen c ~ o -  
lution, for a limited tlme a t  best, and 
only if their strncture rcmaincd un-
damaged. Engclmann sunmnmed up his 
conclusions in what \\-as to become an 
often quoted dictum : "Sobald die 
Struktur dcs Chlorophyll Korncs uhcrall 
zerstort ist, liort die Lloglichkcit dcr 
Sauerstoffproduktion sofort und dcfini-
tiv auf." I t  seenicd clear, in the words 
of Pfcffcr ( 1 5 ) ,  that  "thc assi~uilatioii 
of carbon clioxide is a aital function, the 
chloroplastids being living niechanisins 
specially adaptcd for this purpose." 
This conclusion also agreed with many 
olxcrvations that damage to ~1-hole 
Icavcs-such as that resulting from dr!- 
in#, freezing., or  boiling-results in ces-
sation of photosynthcsis, 

Pasteur died in 1895. Tbvo ycars later 
Uiichner (17 )  prcpared fro111 yeast a 
ctll-frcc juicc that fcr~ncntcd su%ar. 
<:ompared with the cells from ~vhicli it 
\\-as derivtd, the juice \\-as weal; and its 
activity short-lived. Keverthclcss, Buch- 
~icr 's  cxpcrirnents electrified the scien-
tific ~vor ld  at  the t i n~e ,  for they dernoll- 
stratcd that--1'asteur's grcat authority 
not~vithstanding-complex biochemical 
reactions could he carried out by en-
z\mes in ccll-frcc sy\tems. I t  \\-as only 
natural therefore to inquire ~vhr the r  
other physitrlogical processes, notabl! 
photosynthesis, could also proceed ~ \ - i t l ~  
"dcad" cell pr~paratio~is-that is: inde- 
pendently of thc dcgrcc of cellular 01.-

ganization associated \\.it11 a living- rcll. 
I t  was in this diffcrcnt intellect11:11 

clim;ttc and \\.itti thi< ncw ohjectivc in 
\.ielrr that 1Iiic.hncr l~imself sugg.estcd iil 
1901 to I-Icriog ,1H that he investigate 
lvllethrr a cell-frcc grcen juice from 
Iravcs, prrparcd by thc proccdurc rrwd 
11y Buchner with yeast, could carry out 
photosynthcsis under the inlluence of 
light. \Vhilc IIrrzug's tvork \\?as in prog- 
ress thrrt. appeared a report by Friedel 
(19) \+hicli sug:,-,,tcd that extracellul:~r 
photosynthois had becn achicvcd. Fric- 
dcl prepared a grccn powder from 
spinach lcaves dricd a t  100°<: and? 
from frcsh lea\.es, a glycerol cxtract 
containing enyymes ("diastase"). 011 

illurnination, neither preparation alone 
had pliotosy~lthetic activity, but after 
combining t h o n  Friedel reported an 
cvolution of oxygen that he measured by 
gas analysis. EIc concluded fro171 his ex- 

periments that "L'assinmilation chloro-
phylienne est acconmplic sans i n t c i ~ e n -
tion d e  la nmatihre vivante, par  unc 
diastase qui utilise l ' en~rgie  dcs rayons 
solaircs, la chlorophylle functionnant 
comnme sensibilisatcur." 

All was not well, howcver, with Fric- 
dcl's rjork. In the fall of the same year 
lic tried but f a i l ~ d  to rcpeat (20)  his 
pxperimcnts of the spring.-He attributed 
his failurp to an  assumed lo\\- photo- 
synthetic activity of leavps in the fall. 
IIL"indicated his iritcrit to return to the 
prol~lem again, but tllpl-1: is 110 rccord 
that hc cvcr did. I n  fact, he hin~self 
c-imittcd mention of his c a r l i ~ r  succcss- 
ful ~ x p c r i n ~ e n t sin the thesis that hr  
suhtnittcd to the Fac.ultt dp Paris ( 2 1 ) .  
0thc.r investigators, \I-ho tricd to rcpeat 
Friedel's work, such as Warroy / 2 2 ) ,  
also met with failure. I-lcrzog ( 1 8 ' ,  
upon learning of Fricdel's first reported 
succc.ss, interrupted, on the advicc of 
Biichner, his o\vn experiments and pro- 
ceeded to use Fricdel's methods, onll-
to obtain negative rcsults. Hcrzog thcn 
rcturncd to Buchner's 111ethods of ex-
tracting leaf juicc by hiah prcsstrrc, hut 
again the results were negative ( 1 8 ) .r .I he  only reports of successful rcpcti-
tion of Friedcl's early cxperitncnts came 
frorn Macchiati ( 2 . 3 ) .  However, the 
nature of  Macchiati's et.idcncc not only 
failed to convince others but also tIlrt~\\' 
cvcn more doubt on the original obscrv- 
ationc of Fripdel. Macchiati clairned 
that he had obtained the formation of 
formaldchyde corresponding to the evo-
lution of oxygcn. Xlorcover, unlike 
Fricdel, hc claimed that the grecn pol\.- 
dcr  fro111 lraves dricd at  100°C, alonr 
and unaided by the glycerol cxtract of 
frcsh leaves, possessed photosyntlictic 
activity. T h e  cnzyrnc that had been sup- 
plied in E'riedcl's expcri~ncnts hy the 
glycerol cxtract \+as, hllacchiati claimcd, 
hcat-resistant and contained in the leaf 
powder. But, as xvas properly asked by 
Eernard (21), if leaves themsrlvrs lose 
their photosynthctic activity when dricd 
a t  10O0C, how could the dry polvdrr 
possc,ss it:' Bernard carefully reinvcsti-
gated thc \vholc prohlcm of photosyn-
tlicsis by "dead" leaf preparations and 
reached the conclusion that photosyn-
thesis outside the living organism had 
~ ~ o tbeen attained and that all thc c la in~s  
to the ccntrary were unfounded. 

Ncverthelcss, the- unsuccessftrl qrrt7st 
Tor extracellular photosynthesis during 
this period did riot end without a liope- 
ful note. I n  1901 Beijrrinck published a 
paper ( 2 4 )  the irnportancc of \vhich 
seems to have been appreciated by only 
a few of his contelnporaries. H e  sflo\\-ed 
that lun~inous bacteria can he used suc-
ccssfully to study oxygen evolution dur- 
ing photosynthesis. 1,ike Engel~nann's 
nlotili: bacteria, Beijrrinck's luininous 
bacteria could be used to detect rninutc 

anlounts of oxlgcn. Xforeo\~cr, tlmc lumi- 
nous bac te~ ia  had a grcat cxpcrimental 
advantagr:  the t c ~ t  for oxygcn wa\ 
lurninrscencc visible to the naked eyc. 
Instead of Engelniann's microscopic 
technique, which drastically l i m i t ~ d  cx- 
perirnental manipulation, Kcijerinck's 
method provided an  extremely scnsitivc 
oxygcn "reagent" in the form of a bac- 
tcrial suspension that could be mixed 
readily cvitli photosynthctic tissues. I n  
fact, b c c a u s ~  of its far greater sensitivity 
than the gas-analysis or  bubble-couriting 
mcthod, it !\-as an  cxccller~t tcc l in iq~~c to 
introduce into the thcn current dellate 
on extraccllular photosynthcsis. 

Bcijerint k used his new tecllniquc ill 
photosynthcsis to nipasurc oxygen evo-
lution, not of l ~ a f  powdcrs, but of ;I 

grecn extract of fresh clovcr l e a ~ ~ e s .  H e  
found I>\; this method that these cell-
free extracts evolved oxygcn on exposurc 
to light. Int~rcstingly enough, Reijcr- 
inck's philosophic predilections on rs-
tracclltrlar processes sccm to have bceli 
more akin to those of Pasteur than ti1 
those of Uiichrler. Bcijerinck interpreted 
his rcsults to mean not that photosyn-
thesis is basically scparahlc from the 
inttyrity of a living cell hut rather that 
"living" protoplasm is necessary for 
photosynthesis. Hr explai~ied the ob-
::rr~,rd oxygcn evolutioll of his ccll-frce 
extracts I q .  suggestiqg that they contain 
a water-soluble "portion" of the living 
protoplas~n, the portion that is con-
cerned with p l ~ o t o ~ y ~ ~ t l ~ e ~ i ~ .  

\\'hat was thcn the distinction bc-
twccn a living and a dcad cell? JVas a 
ccll-free cxtract alive:' I t  appears that 
dcsiccatiorl \\-as a criterion of great im- 
portance to the investigators of that 
period. This is particularly apparent iii 
the ~vork  of RIolisch (25),who crn-
barked trn the investigation of extra-
cellular photosynthesis in 1904 with a 
deep conviction that the problem \vas 
of fundan~cnta l  importance. Molisch ap- 
preciated the impcirtancc of Beijcrinck's 
work and adopted his sensitive luriii-
notrs-bacteria technique. I-ii- contir~ned 
Beijerinck's rcsults with lea\les of se\.-
era1 species and added a significant 
fact:  \+hen the green extracts of fresh 
lcaves xvcrc filtered through a bacterial 
filter to rcmovc all particlrs, incl:~dinrc 
chloroplasts, the capacity for oxygcn 
evolution was lost. Molisch then pro-
cccdrd to the heart of the matter:  do  
"dead"-that is, dry-leaves retain a 
capacity for photoche~nical oxygcn evo-
lution? H c  found that, contrary to the 
clai~iis of Fricdcl and Alacchiati, Icavcs 
dried a t  100°C \\-?re invariably inactive. 
\$'it11 rnilder drying, hoxz-ever, in air  or  
a t  3 5 O C 1 ,  lcaves of only one specics, 
Lanziunz albuns, rrtained activity. Othcr  
plants, including those that gave active 
grcen extracts, lost, on  dryi~lg,  the ca-
pacity to cvolve oxygrn in light. l l o -
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lisch concluded from his study that ti12 
case for extracellular photosynthesis Tvnb 
not proved but that the excc-ptioriaI rr- 
sults with L,anzium offered sonle hope 
for tlie future. 

kIoliscli returned 20 pears later ( 2 6 )  
to the still unresolved question whether 
"dry, dead leaves" retain tlic capacity 
for oxygen evolution in light. This time, 
in an cxtcnsivc irlrfestigation. lie \vs. 
ahlr to show, again with the sensitive 
lun~inous-bacteria techniquet that watcr 
iuhpensions of ground dry leaves of 
many species retained the capacity for 
ox>-gen evolution, provided that tllc 
drying Jvas slow, a t  30° to 35'C. Quick 
drying at 10O0C:, boiling the lea\-es in 
Jvatcr, or treatment lvith ether. de-
stroyed activity irreversibly. Leaves 
killed by freezing also retained activit). 
Thc  capacity to e\-olve oxygen in light 
\\-as limited to leaves containing chloro- 
phyll. Prtparations froin gently dried, 
etiolated leaves were inactive. O n  the 
basi\ of this newer evidencr, MoIisch 
concluded that photosynthesis, like fcr- 
meritation, can proceed outside the li\.- 
itlp cell. He  interpreted the destructivt~ 
effcct of drying at high ternycraturcs 
as prohably resulting frorn :In inuctiva-
tion of essential enzymes. 

hfodern Period 

The esidrnce for hfolitch's conclu-
\Ion\ about extracellular photosvnthe~i4. 
supported by the later obscnations of 
lnman (27'1, was not considered ade-
eluate by the rnajority of plant physi- 
ologists ( 2 ) .'Thcre were no quantitativt, 
rneasurclncnts of oxygen e\ olution; there 
\\-as only a qualitative test hy an cxccp- 
tionally sensitive rnethod. There was no 
cvidrnce for a sinlultaiieous carbon 
diosidc fixation. This was merely in-
ftrred from the concept, which \va.s 
dominant in theories of photosynthesis 
for more than a centul), that the sourcc 
of the evolved oxygen Ivas the photo-
dccomposition of CO,. From this point 
of \.ie\v, oxygen evolution \V;IS ipso i ~ l ~ t r )  

a nie'lsure of CO, fixation. 
I n  the last 20 years this concept has 

bcen abandoned. The clear ana1)sis of 
the process of photclsynthcsic bl- van 
Nicl ( 2 8 )  from the standnoint of coni-

\ , 

pnrative hiocheniistry made it cxtrernel!. 
plausible that the source of the photo- 
synthetic oxygen is the photodecom-
position of water rather than of carbon 
dioxide. This view soon received es-
perimental support from the xrork of 
Hill, who demo~istratrd oxygen evolu-
tion without CO, fixation, in light, by 
isolated chloroplasts. I t  also became 
eviclcnt that CO, fixation is not peculiar 
lo photosynthetic tissues but occur.;: 
T\-idely in nonphotosynthetic plant and 
anilnal cclls of diversr: character. Both 

I ht-or~e\\\ ere firnll) docunlcmtcd after 
the adccnt of isotopic traccr techniques. 
I'ro111 the modern point of view, accrpt- 
h l r  proof for cornplete extracellular 
photos) nthesis cvould thus requlr? e%i-
dcnce for both the rvolution of ovyqen 
and the simultaneous reduction of 
to the lebel of carbohvdrates. 

There was still another basic reason 
xt-hy the earlier claims for extracellular 
photosynthesis xvere found inadequate 
ill thc modern period. T h e  old philo-
sophic controversy ai~out  duplicating a 
complcx biochemical sequence outside 
a living cell ceased to be a live issue. 
,-l lie spectacular advances of biochem-
ihtry in elucidating the nature of fermen- 
tation and respiration by means of 
cstracellular reactioiis (the important 
clevt~lop~nentscame about 30 years after 
Diichner's historic cxperi~nent),  the re-
crsnt reconstruction of the principal 
cvrnts in the citric acid and fat oxida- 
tion cycles, and Inany other develop-
nicnts left no doubt that, in principle, 
photosynthesis, like any othcr ccllular 
process, should be susceptible of study 
outside thc cell. What was lacking, holy- 
ever, was not a demonstration that a 
small residual photosynthetic activity 
renlained in cell-free preparations but a 
quantitative biochernical techniclue for 
the separation of the photosynthetic 
process from other cornplex metabolic 
activities that occur simultaneously in 
an intact cell. 

Tcls conternporary physiologisti or 
ijiochemists doubted that only by doing 
a\\  a! with the conlplexity of a whole 
cell could the detailed nlechanisni of 
photoiynthesis be studicd and inter-
plrtrd with confidence in physicochemi- 
cal terms. I t  is not surprising. thctcforv, 
that duling. the last 20 years the achieve- 
nrent of extracellular photosynthesis has 
rcniained an important target of ccllu-
lar physiology and biochemistry. T'he 
iihjcctivc was no longer philosophic; it 
\\-as biochernical. The criteria for juclg- 
i l ~ g  advances in this area ~vould bc 
whether a particular cell-free systcnl 
reproduces the complete process of pho- 
to\)mthesisi and whether it lends itself 
to a systenlatic, quantitative stud!. of 
thr, mcchanisrn of tlie nrocess. 

The  recent approaches from this mod- 
ern, biochenlical point of view to\v;ird 
extracrllular photosynthesis can be di-
\.iclcd into two main cate~ories. One, 
following the first attempts of EngcI-
nlann in 1881, ccnterrd on isolated 
cllloroplasts; the other concerned itself 
\\-ith preparations of ~vhole cells 'ivithout 
rcgsrd to any special subcellular stmc- 
turc.. I deal with the latter first. My 
rt:\.iew is limited to those erperinlents 
in which oxygen evolution or CO, fixa- 
tion, or both, were n1casurt.d. Extra-
crllular photosynthetic reactions have 
also been investigated by other tech-

niques such as determinirig change, in 
redox potential and pH of whole-lpaf 
macerate> and chloroplast suspensions 
(29) .  

Urhole-Cell Preparations 

Fager (30 )  observed that cell-free 
nlacerates from spinach leaves fixed 
about twice as much radiocarbon in 
light as they did in dark. The increased 
fixation in light ( 6  x nioles of CO,) 
was estimated to be 0.1 to 0.2 percent of 
the corresponding photosynthetic activ-
ity of intact cells. Later Fager fraction- 
ated the leaf macerate into a chloro-
p l a ~ t  and a protein fraction, which 
contained the (20,-fixing enzyme (31) .  

The  combined fractions fixed C 0 2 ,  
again in both 11qht and dark: the in-
crement resultinq from illumination 
amounted to about 50 perccnt. 

I n  interpreting the relationship of 
his findings to the over-all process of 
photosynthesis, Fager attached the 
greatest significance to  his identification 
of phosphoglyccrate as the chief product 
of CO, fixation in light. l3ut phospho- 
glycerate was also the predominant 
compound of dark fixation. Morcovcr, 
his chloroplast preparations were almost 
~vhollyinactive: photochemically when 
they were tested with quinone as the 
oxidant. T h e  addition of photocherni-
cally acti1.e chloroplasts failed to in-
crease CO, fixation in light. I t  is not 
clear ho\\, photosynthetic CO,  fixation 
could he governed by photoche~nically 
inactive chloroplasts. 

Another approach to extracellular .. 

photosynthcsis is found in the recent 
experiments of Tolbcrt and Zill (32).  
They extruded, with a miniinurn of 
~nanipulation, the entire protoplasm 
(whole-ccll contents less vacuolar sap) 
from a few large ( 1  to 2 in. long; cells 
of Cha~.a and ~Vite l lnand measured 
C;O, fixation in light and dark. Oxygen 
evolution was not determined. FVhen 
illunlinated, the extruded protoplasm 
fixed radioactive CO, into several com- 
pounds, including sucrosc and hexose 
phosphates. 

The  fixation was appreciable (12 to 
15 percrnt of that of whole cells) and 
left no doubt that whole protoplasln 
retains outside the ccll walls the capac- 
ity to reduce CO, photosynthetically 
to the level of sugars. Photosynthesis, 
ho~vcver, bvas not separated from other 
cellular processes. T'hus in the dark, the 
extruded protoplasm fixzd CO, into 
conipounds that were characteristic of 
dark respiration. T h e  extrusion tech-
nique, although it dispenses with the 
structural integrity, seems to retain the 
biochernical complexity of a whole cell, 
without conferring any obvious advantage 
in isolation of enzyme systems peculiar 



.to pliotosynthcsis. The material was ox- 
trci~ielq sensitive to inanipulation and 
,ould be uced onlt for short-duration 
experiments. \$'hethe1 the fu~ the i  1n1- 
pioiemc~lt of this tcchn~que ~ \ 1 1 1lead to 
the attai~nnerlt of thts ldochcmital ob-
jcct i~es of resaarch 111 photos! nthesii rtT- 
mains to be seen 

Photolysis of \I'ater by Chloroplasts 

'I'he first fruitful step toward the 
reali~ation of the modern biochemical 
objective of reconstructing photosyn-
thetic cvents outside the li\*ing cell u7a? 
taken by Hill in 1937 ( 3 3 ) .I n  hi7 19.77 
paper and subsrquent papers (33,  35 j , 
Itlill demonstrated that the evolution of  
oxygen by isolated chloroplasts under 
the influence of light-fii-st observed by 
E~lgclmann in 1881-could be measured 
quantitatively by reliable biochemical 
techniques in accordance with the gen- 
eral equation: 

,4 b ITjO -
light -+ HA24- 1 ' 2 0 - ( 1\ 

chloroplast^ 

in which A represents a hydrogen ac-
crptor otlicr than GO,. When a suitable 
hydrogen acceptor was supplied, a 
.toichio~iletric amount of molecular osy-
gen was e\rolved. 

'I'his reaction fell short of being coin- 
pletc photosynthesis because CO, could 
riot serve as the hydrogen acceptor A. 
Hill co~lcludrd that chloroplasts contain 
"a nlechanism, the activity- of which can 
be mrasurecl apart froin the living cell, 
xshich under illumination sirnultaneousiy 
~volves  oxygen and reduces some 1111-
krio~vn substance that is not carbon 
dioxide" (34j . 

The nlost useful hydrogen acceptors 
-\\-eresubstances usually considrrcd fou-
,cign to the metabolism of the cell. 
Among these, bcnzoq~rino~le ( 3 6 )  and 
frrricyanide ( 3 7 )  have been found par- 
ticularly useful for .ishat Hill dcsignatecl 
as "the chloroplast reaction" { 3 5 ) ,  but 
othvrs have appropriately called it the 
Hill reaction. 

Hill's conclusion that isolated chloro- 
plasts, unaided by other enzyrn~ .!s lstertls.b 

\t7cre incapable of reducing i:O, \\-as 
confirmed later with the sansitive CI4O2 
tracer techniqrte by Brown and Franck 
( 3 8 )  and by tvAronoff in Calvin's labo- 
ratory (39).  Later experiments by 
Vishniac and Ochoa (40-421, Tolrnath 
( 4 3 ) . and 12rnon and Heirnbiirgel- (44 ,  
4 5 )  have also substantiated this conclu- 
sion. I t  thus becanie a currently estab-
lished concept that the Hill reaction is 
"photosynthesis ~vi th  a substitute oxi-
darat"-that is, photosynthesis \\-ithout 
CO, fixation (35, 4 6 ) . The  chloroplast, 
in this view, was a "aystem ~ n u c h  sim- 

pler than that required for photos!~i-
thesis" arid \\-as the site of onl!- "the 
lighr-absorbing and ~vater-splitting rc-
actions of the over-all photosyi~tlietic 
procrss" ( 3 7 ) .  

Reports of CO, fixation by isolated 
chloroplasts carne from the laboratory 
of lioichenko (381,  but they lacked 
sufficient i~xperimental details to pern~i t  
a critical evaluation. T h e  earlier %-(irk 
from that 1ahoratol-y on photos!-nthetic 
CO, fixation by cell-free preparation.: 
and other Russian work \\-as revie\vc.d by 
Rabinowitch ( 4 6 ,4.')). 

Pyridine Nucleotide Bridge 

The  abandonment of the classical 
ccncept that chloroplasts are the sites 
of the con~pletc process of photos! n- 
thesis intensified the search for a link 
bet\\-een the photolysis of ivater: no\\-
show~n to be localized in the chloro-
plasts, and the GO, fixation reactions. 
h step for~vard \\-as the findi~lg that, 
under proper conditions, illuminatc,d, 
isolated chloroplasts can rc-duce the 
\\.ell-knelt n phy-siological clectro~i car- 
riers triphosphopyridinc nucleotide 
(TI'X) and diphosphopyridinc nucleo-
tide (DI'N) (40 ,  43, 4 4 ) .  This per-
nlittcd the linking of the Hill r ~ a c t i o ~ l  
to many enzyntatic rcactio~ls, incliidi11g 
carhoxylations. that arc dependent on 
reduced py-ridine nuclrotides. Indeed, 
the expectation that any enzymc 3)-s-
tern that uses reduced tri- or diphos-
phopyridine nuclcotidc can do ~o 
whether thc reduceti cor~lz)-mcs arc 
produced by respiration or by illumi-
nated t hlol oplasts as amply dot u- 
mentcd, part~cularl\i by the xzork of 
1 ishniac and Ochon i l l )  

The  energeticall! difficult reaction in 
carbohydrate format1011 dun11y photo- 
sy-nthrsis is the reduction of a carbox)-l 
to a carhonyl group ( 4 6 ) . 'The reducing 
potential of pyridinc nuclcotidcs is ill- 
sufficient tci accomplish this step \vithout 
a lolverinr of the ~o ten t ia l  barrier, as 
by phosphorylation of the car box^-l 
group by adenosine triphosphatc (ATP; 
( 5 0 ) .A workable schcnie for photos)-i~- 
thesis should therefore provide for thc 
co~lversion of light into high-enrrqy 
cllenlical bonds, for cxample, the p)-1-0- 
ph(~spl~atc  obonds of XTP. There are t\\ 
approaches to this problem. One eii-
\.icagrs photosynthesis as a special 
proccss involving a direct conversion 
of light into thc chemical-bond energy 
of ATP or some other energy-rich com- 
pound by mechanisms peculiar to green 
cells. The other regards photospnthesis 
as a proccss that, except for the initial 
photochemical reactions Iocalizcd in 
chloroplasts, is in essence a reversal of 
rrspiration (42 , 51). In the latter via\<-, 

both phosphorylation and carboh)-dr;itc 
ionnation during photosynthesis M-oulcl 
procecd by thc same mechanisms and 
~vi th  the aid of thts same enzymes that 
govern cellular ~netabolisrn in the dark. 

IJntil now there has heen scant cxprri- 
mental evidrnce for a sui g e n ~ r i splioto-
{ynthetic mechanism of phosphorylation. 
I t  is not surprisingt therefore, that the 
iilechanisms invoked to explain plios-
phorylatio~ls in the light were modeled 
cn those lino\\-n to operate in nongrcen 
cells. T h e  high-energy pyrophosphate 
bonds of r\TP are generated in non-
green cells hy esterifcation of inorganic 
phosphate coupled xvith oxidation oi  a 
\.ariety of substrates. TIGO path\\-ays arc 
rcc:ognizcd in this process: ( i )  substrate 
phosphorylation, rsscntially independent 
of oxygen, exemplified by the oxidation 
of glyceraldchydc-3-phnsphatc to 1,3-
diphosphoglycerate; and (ii 1 oxidative 
pliosphorylation in which moltciilar 
oxygen is the ultimate electron acceptor. 
The  former is characteristic of fcrmcn-
tations, whereas the latter typifirs the 
1;rincipal aerobic pathway i r ~  rcspira- 
tion, ~vhich is linked \vitIi the tricar-
hoxylic acid cycle, and accounts for the 
conversion of 65 to 80 pcrcc~lt of the 
total energy content of the sub~trate  
into the pyrophosphate bonds of ATP 
(52).  I n  aerobic phosphorylation, the 
c1ec:trcla transport chain is the mine, 
regardless of the suljstrate that is bring 
oxidized (52,5 3 ) . 7'hr substrate rcduces 
DI'S or TPN: and the rcduced p>-ridinc 
liucleotides (PiY,,,,) are reoxidized by 
flavoprotcins, cytcjchrorncs, and inolcc-
ular oxygen. This is represented by the 
follo~\-ing scheme (the arrows indicatc 
the direction of the flow of electrons) : 

Thc cn7yines respo~lsihlc for acroliic 
phosphory-lation arc not distrihntccl at 
randoni in the cell but are localizcrl i l l  

nlitochondria. The  coupling of phos-
pliorylation xvith the oxidation of 
rc-duced pyridine i~ucleotides by u~olec- 
ular oxygen was dernonstratcd expori-
~nantally by 1,ehninger ( 7 4 ) .  The  
civcr-all reaction, in which he wed  
mitochondria from animal sourcc,s: is 
rcprenented by Eq. 2. ( T h e  analo~ous 
rraction writh T P N H  has not, as yet, 
hceii cxperirnentally demonstratctl.) 

DPNH 'H7 I- 1 /20. ,  + 3.4DP t 3Pi 
niitoc hondria 

-+ DPN- r H,O - 7ATP ( 2 )  

\\here Pi rrpresents inorganic pho~phatc. 
i lnce illuminated chloroplasts had 

already been found to br capablv cJf 
rrducinq pyridine nucleotides roitplad 
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~ + i t hcarboxylat~ng enlyrncs, it was onl\ 
a step further to attempt a linkage be- 
tI+.een chloroplasts and the mitochondria 
in the Lehninger reaction. This was ac- 
complished by Vishniac and Ochoa 
(55'),~ v h o  have shown that in a chloro- 
plast-lnitochondria s)-stcm D P S ,  re-
duced by the chloroplasts in light, can 
be reoxidized by molecular oxygen ~vi th 
the aid of enzymes contained in the 
mitochondria. Vishniac and Ochoa 
(55)  concluded from thrir experiments 
\+lit11 the chloroplast-mitochondria sys-
tem "that the generation of phosphate 
bonds in photosynthrsis may occur 
through the oxidation by molecular oxy- 
gen of photochemically rcduced nucleo- 
tides." The  role of chloroplasts was 
limited, in this view, to the photochenri- 
cal transfer of hydrogen from water to 
coenzymes, most probably DPN and 
'TPN (42, 5 5 ) .  Once this was accom-
plished, all other reactions in photosyn- 
thesis ~vould proceed by the same 
mechanisms as were operative in non-
photosynthesizing cells. 

Photosynthetic Phosphorylation 

I t  soon became evident that this new 
scheme of photosynthesis fell short of 
explaining certain aspects of the process 
in civo. I can perhaps best illustrate 
this part of the s ton  by following the 
sequence of experiments in our labo-
ratoq-. When we started our work in 
photosynthesis about 6 years ago, we 
selected as our objective the rcconstruc- 
tion of a cornplete extracellular photo- 
synthetic system using only enzyme 
components from grecn tissues. This 
limitation was self-imposed in the be-
lief that it offered at least a partial 
safeguard against the construction of a 
rnodel system which, although func-
tional, did not mirror the photosyn-
thetic events in the intact cell. 

\Ve began by examining several con-
flicting observations ~vhich at that time 
cast doubt on the identity of the oxygen- 
liberating mechanism in isolated chloro- 
plast fragments with thc ~nechanism in 
intact green cells (56) .  Our results sup.. 
ported the conclusion that the two were 
the same. Next, in attempting to link 
oxygen evolution by chloroplasts to CO, 
fixation, we found the TPN-dependent 
' '~nalic enzyme" in the cytoplasmic 
fluid of the same leaves from which we 
isolated the chloroplasts (41, 45) .  This 
acldcd plausibility to the view that pho- 
tosynthesis involves an interaction be-
tjcern initial photochemical events, 
localized in chloroplasts, and subsequent 
dark reactions catalyzed by enzyme sys- 
terns outside the chloroplasts. However? 
\ve soon had to abandon this hypothesis 
because of discordant conclusions 
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leached from parallel experiments on 
the dark reactions of chloroplasts. 

\Ye set out to meawre the respiration 
of isolated chloroplast fragments in the 
d a k .  TVe obserced an oxyeen uptake 
and CO, e~olution which we thought 
at filst (57) to be endogenous resplra- 
tion. Subsequent experiments, ho~.ever, 
hale shown that this gas exchange was 
an oxidatix e decarboxylation of oxalate 
138 1 by an en/yme contained not in 
\+,hole chloro~lasts but in smaller. non-
chloroplast particles that are associated 
\vith the "chloroplast fragments" frac-
tion (59) .  The  endogenous respiration 
of chloroplasts was found to be very 
low. Our results have also suggested that 
it \\.as unlikely (59) that green leaves 
contained enough of other cytoplasmic 
particles, such as mitochondria, for the 
generation of ATP in photosynih~sii.,by 
the oxidative phosphorylation reaction 
(Eq.  2 )  of the chloroplast-mitochondria 
\ystem (55) .  

\Ye then proceeded to reexamine the 
question of ATP synthesis by illumi-
nated chloro~lasts. Here we encountered 
a number of surprises. First, we learned 
that the method of isolating chloro-
plasts was of far greater importance 
than we had suspected. Although we 
had used whole chloroplasts on occa-
sion (591, we preferred to work, as a 
rule, with chloroplast fragments (56) .  
Since both preparations were equally 
active photoche~nically ( 3 ) ,  as meas-
ured by the quinone reduction test, it 
\vas an obvious advantage frorn a bio-
chemical point of view to use the struc- 
turally less complex chloroplast frag-
ments. 

In light, isolated whole chloroplasts, 
unllke chloroplast fragments. vigoroucly 
synthesized ATP ( 4 )  from inolganic 
phosphate alld adenosine mono- or di-
phosphate (AMP or ADP) (Fig. 1 ) .  
Jt'hereas. without added mitochondria. 
the chloroplast-mitochondria system was 
inactive (55, 60) ,  the addition to our 
chloroplast systern of all the other cyto- 
plasmic particles from the leaf gave no 
increase in phosphorylation ( 4 ) .  ATP 
synthesis in light by whole chloroplasts 
(the chloroplast system) was not en-
hanced by the addition of DPN or T P N  
(3, 4 ) ;  in the chloroplast-mitochondria 
system the omission of the pyridine 
nucleotide halved the phosphorylation 
(55). 


Phosphorylation by the chloroplast 
system may thus be distinguished from 
that by the chloroplast-mitochondria 
systern by its coenzyme requirements 
and its independence from external 
enzymes. The most unexpccted finding. 
ho~vever, was that phosphorylation by 
whole chloroplasts was an anaerobic 
process ( 6 ) .  A salient feature of oxida- 
tive phosphorylation by mitochondria, 

lvhich is the basis of aerobic respiration, 
is molecular oxygen consumption (52). 
"The strict dependence of phosphate 
cxchange on the presence of oxygen" 
(55) was also observed by Vishniac and 
Ochoa in their model systeni of illumi- 
nated chloroplasts linked to mitochon.-
dria of plant or animal origin. 

In our early experiments on ATP syn- 
thesis by chloroplasts (3, 4 ) ,  oxygen 
\+?as neither consumed nor evolved. 
These observations led us to a tentative 
formulation of the over-all mechanisnm 
of phospholylation by chloroplasts as 
involving a recombination of an oxidized 
and a reduced product of watrr pho-
tolysi\ ~ . i thout  the evolution of molec-
ular oxygen (3, 4 ) .  There remained, 
however, the discordant obsen-ation that 
a sustained rate of phosphorylation was 
obtained only under aerobic conditions 
(3, 4 ) .  Further investigation then led 
to the identification of some of the 
cofactors of chloroplast phosphorylation 
; 6 ) .  TVhen these were added and con-
ditions were so arranged that traces of " 
oxy%en originally present or possibly 
formed during the reaction were elimi-
nated (shaking in a nitrogen atrnosphere 
in the presence of chrornous chloride ) , 
phosphor~lation proceeded at lates sub- 
stantially greater than those obser~.ed 
aerobically ( 61 ) . \Ye have concluded, 
therefore, that ATP synthrsis by chloro- 
plasts represents a direct anaerobic syn- 
thesis of pyrophosphate bonds at  the. 
expense of light energy by a mechanism 
peculiar to photosynthesis. We have 
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Fig. 1. Photosynthetic phosphorylation, 
the light-dependent esterification of inor- 
ganic phosphate by spinach chloroplasts 
under strictly anaerobic conditions ( 6 ) .  
No evolution even of traces of molecular 
oxygen during the progress of the reaction 
was detected by the sensitive luminous 
bacteria method (24) .  



named this light-dependent ATP syn-
thesis by chloroplasts photosynthetic 
phosphorylation to distinguish it from 
the oxidative phosphorylation by mito-
chondria in the dark. The over-all re-
actions in photosynthetic phosphoryla-
tion are represented by Eqs. 3, 4, and 5. 

chloroplasts 
AMP - 2Pi 2[H]t [O]----+ 

Hz0 -t ATP (1) 

Sum : 
chloropla~ts 

h c  t A M P t  2Pi---- + A T P  ( 5 )  

The oxygen and hydrogen atoms in 
brackets represent an oxidized and a 
reduced product of the photodecompo- 
sition of water (not molecular oxlgcn or 
hydrogen). 

Equation 4 differs frorn the parallel 
Eq. 2 of oxidative pl~osphorylation as 
carrled out b) the chloroplast-mitochon- 
dria system In that DPN does not ap-
pear as a h)drogen carrier and no mo-
lecular oxlgen is involved. Although 
certain individual steos in the electron 
transfer during photosynthetic phos-
phorylation ma) be similar to those in 
oxidati\e pl~osphorylation, the t~vo  sys- 
tems seem to represent distincti\e struc- 
tural and functional ada~tat ions to two 
types of metabolism in green plants: ( i  ) 
the chloroplast system for the direct con- 
version of light into chemical encrgy 
during photosynthesis, and ( i i )  the mito- 
chondrial svstem (62) for the intercon- \ , 
versions of chemical cnergy during 
respiration. 

Some of our recent experiments ( 7 )  
support the conclusion that photosyn-
thetic phosphorylation is different frorn 
oxidative phosphorylation. IY11ole chlo- 
roplasts that carried out vigorous photo- 
synthetic phosphoqlation were unable to 
oxidize tricarboxylic acid cycle sub-
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Fig. 2. Schcmc for photosynthcsis by iso-
lated chloroplasts. Photolysis of water 
(center) leading either to ATP synthesis 
and the reconstitution of water (right) or 
to CO2 reduction (below) linked to oxy- 
gen evolution (left). 

strates either in lieht or in dark. O n  the 
other hand, smaller cytoplasmic particles 
(mitochondria?) that were isolated frorn 
the same leaves as the whole chloroplasts 
exhibited oxidative phosphorylation, but 
not photosynthetic phosphorylation, in a 
citrate medium. 

As is shown later, whole chloroplasts 
fix CD, in light. I t  became important, 
therefore, to determine ~vhether photo- 
synthetic phosphorylation proceeded at 
the expense of energy released by the 
reoxidation of partly or wholly reduced 
products of photosynthetic CO, fixation 
(63) .  J\'e have found that, under both 
aerobic ( 4 )  and anaerobic conditions 
f i ) ,  photosynthetic phosphorylation is 
independent of CO, fixation. Photosyn- 
thetic phosphorylation proceeded unim- 
paired \vhen C;O, was excluded from the 
rcaction vessels. 

.41-Quantum Process 

Since the Pnergy content of 1 cluantum 
of red light is about 44 kcal (per Ein- 
stein) and that of a pyrophosphate bond 
of ATP 12 kcal ( 5 2 ) ,  it is evident that 
photosynthetic phosphorylation, to be 
highly eficicnt, must convert the cnergy 
of 1 quantum of light into the energy of 
t~vo  or more pyrophosphate bonds. This 
could be accomplished if the recombina- 
tion of the products of water photolysis, 
[HI and [Oj, occurrcd not in one but in 
several successive steps, each step trans- 
forming a portion of the electron energy 
into phosphate bond energy, in a lnanner 
analogous to that envisaged for respira- 
tion by Liprnann (64) .  

The reconstruction of an "electron lad- 
der" in photosynthetic phosphorylation 
depends on the identification of the par- 
ticipating cofactors. Among these the 
follo~ving have been identified so far: 
Mg+-, flavin mononucleotidc ( F M N ), 
vitamin K, and ascorbatc ( 6 ) .  The h'fg" 
probably has a catalytic function in thc 
transfer of phosphate groups (65) .  The 
other cofactors can serve as electron 
carriers. The  quantities in ~ v l ~ i c h  they 
arc required indicate that these sub-
stances act as catalysts and not as sub- 
strates ( 6 ) .  T h e  identity of the electron 
carriers above ascorbate is unknown, but 
they may very likely provr to be com-
ponents of a cytochrome system ( 6 6 ) .  

A tentative scheme for the "electron 
ladder" in photosynthetic phosphoryla- 
tion, based on evidence nolv available, 
is sholvn in Fig. 2. The  relative posi-
tions assigned to FMN and vitamin 
K are provisional; they are bascd 
solely on published values of rcdox po- 
tentials (67) .  I t  is possible that, in vii'o, 
their positions arc reversed, with vitamin 
K as the primary electron acceptor. \ITes- 
sels (68) has recently postulatecl, on 
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Fig. 3. Timc course of COefixation by iso-
lated spinach chloroplasts in light and in 
dark. The lag in C o n  fixation during the 
first few minutes of illumination is attrib- 
uted to a time lag in equilibration after 
the release of C1'02 gas from thc sidearm 
of the reaction vcssel ( 5 ) .  

tlicoretical grounds, such a role for \.its-
mi11K in photosynthesis. 

..\n interesting consequence of the pro- 
posed scheme for photosyntl~etic plios- 
phorylation (Fig. 2)  is that with citlier 
FM.X or vitamin K as the primary clec- 
tron acceptor, the photolysis of \rater 
could be accomplished by 1 quantuln of 
red light (44 kcal).  In  this case, photo- 
.;!-nthetic phosphorylation ~vould con- 
form to the Einstein law of photochemi- 
cal equivalence, which states that in a 
primary photochemical process rach 
nlolecule is activated by the absorption 
of 1 quantum of radiation. 

Computations based on known rcdos 
potentials (67)  suggest that, if photosyn- 
thetic phosphorylation is a I-quantum 
process, either FAUN or vitamin K rather 
than pyridine nucleotide is the  primary 
electron acceptor. Assuming an oxidation 
level of [ 0 ]  equal to that of molecular 
cxygen at 0.2 atm, enough energy tvould 
11e available in 1 quantum of red light 
to maintain the ratio of FMK,,,,/FMN,,, 
at approximately 5 at p H  7; the corn-
parable ratio for vitamin K, ,,,,/vitamin 
K, ~vould be approximately 1000. By 
contrast, the comparable ratio for 
Dl'K,cd/Dl'K,,, would be approximately 
0 0000 1. 

The study of photosynthctic plio\-
phorylation seems to me to offer a nclv 
2nd promising approach to the probleni 
of conversion of light energy into chcmi- 
cal energy during photosynthesis. 

Carbon Dioxide Fixation 

I$olatccl c\41ole cl~loroplasts T\  cle 
found, on exposure to light, to fix C 0 2  
r i ~ .3 ) nit11 a s~multaneous evolution 
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Table 1. Carbon dioxide fixation and 
oxygen production by isolated chloroplasts 
(5). 

Expt. C1'02 fixed O2 produced 
(PM) (PM) 

of oxygen (5). The reaction was strictly 
light-dependent and proceeded at an al- 
most constant rate for at least l hr (Fig. 
3). There was approximate correspond- 
ence between the oxygen evolved and the 
CO, fixed, in agreement with the well- 
known photosynthetic quotient of 1 
(Table 1) .  Both soluble and insoluble 
products resulted from the fixation of 
radiocarbon by chloroplasts. The insolu- 
ble product has been identified as starch, 
which appeared to be the only insoluble 
compound formed (5). The identifica- 
tion of the soluble products of CO, fixa- 
tion is not complete. A typical autoradio- 
gram of the compounds found in the 
soluble fraction is shown in Fig. 4. 
Among the compounds so far identified 
are ( i)  phosphate esters of fructose, glu- 
cose, ribulose, and dihydroxyacetone; 
(ii) glycolic, malic, and aspartic acids; 
(iii) alanine, glycine, and free dihy- 
droxyacetone (5). 

The light-dependent reduction of CO, 
to the level of carbohydrates with a 
simultaneous evolution of oxygen sug- 
gests that whole chloroplasts possess all 
the enzymes needed for complete photo- 
synthesis. 

Specialized Photosynthetic Unit 

In the light of our present evidence, 
chloroplasts emerge as remarkably com- 
plete cytoplasmic structures, which con- 
tain multienzyme systems divided into 
three main groups, each controlling an 
increasingly complex phase of photo- 
synthesis: photolysis of water, photosyn- 
thetic phosphorylation, and CO, fixa- 
tion. The suggested interrelationships 
among the three are shown in Fig. 2. 

I n  vivo, photolysis is linked either with 
phosphorylation, resulting in the produc- 
tion of ATP and the reconstitution of 
water, or with CO, fixation, resulting 
in the evolution of oxygen and the re- 
duction of CO,. Carbon dioxide re- 
duction required the participation of all 
three groups of enzymes, and phosphory- 
lation required two, whereas photolysis 
of water can proceed without the others, 
provided that an artificial hydrogen ac- 
ceptor is supplied. The last process is, of 
course, the Hill reaction, which has al- 
ready been discussed. 
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The experimental separation of the 
three phases of photosynthesis is readily 
accomplished with isolated chloroplasts, 
either by variations in preparative tech- 
nique or with the use of inhibitors. In 
our early experiments (3), we reported 
that the intact structure of whole chloro- 
plasts was essential for both photosyn- 
thetic phosphorylation and CO, fixation. 
This is no longer true for photosynthetic 
phosphorylation (7). Chloroplasts can 
now be prepared that retain a capacity 
for photolysis alone, or for both photoly- 
sis and phosphorylation, or for all three 
reactions. This interpretation requires, 
as is experimentally verified, that chloro- 
plasts capable of carrying out a subse- 
quent phase of the process should also 
be able to carry out the one that pre- 
cedes it (3). 

In parallel experiments (3,7) starting 
with chloroplasts capable of accomplish- 
ing complete photosynthesis, it was pos- 
sible to inhibit a more advanced phase 
of the process without affecting the 
simpler one that precedes it. Thus iodo- 
acetamide (3) inhibited CO, fixation 
but not photosynthetic phosphorylation 
or the Hilt reaction. Methylene blue 
(10-SM) inhibited both CO, fixation 
and photosynthetic phosphorylation but 
not the Hill reaction (7).  On the other 
hand, as would be expected, o-phenan- 
throline, which inhibits the photolysis 
reaction (36, 56), also inhibited photo- 
synthetic phosphorylation and CO, fixa- 
tion. 

There is good reason to believe that 
the separation of the chloroplast as the 
"photosynthetic unit" will prove to be a 
fruitful approach to the study of the 

detailed mechanism of photosynthesis. 
I do not suggest that we are ready yet 
to equate without reservation photosyn- 
thesis by isolated chlaioplasts with pho- 
tosynthesis in intact cells. I t  seems best 
now to explore the characteristics of 
extracellular photosynthesis as a sepa- 
rate process and to test later their valid- 
ity for photosynthesis in whole cells. The 
most interesting properties of extraccl- 
lular photosyxithesis found so far are ( i )  
total independence of photosynthesis 
from respiration or from any other proc- 
ess tha t  requires the consumption of 
molecular oxygen and (ii) direct con- 
version of light energy into phosphate 
bond energy by an anaerobic process. 
Among the unsolved problems of extra- 
cellular photosynthesis that arc now 
under consideration are the nature of 
the reductant in CO, fixation, the path 
of carbon in the formation of sugars and 
starch, the identity of other cofactors, 
and the quantum efficiency in photo- 
synthetic phosphorylation. 

I t  is sometimes suggested that extra- 
cellular photosynthesis by isolated chlo- 
roplasts represents merely a transfer of 
the process from the familiar environ- 
ment of the cell to the unfamiliar en- 
vironment of the test tube with a loss of 
most of its activity. This argument, if it 
is not to be taken as sterile neovitalism, 
could also be applied to respiration. 
Half a century after Biichner's memo- 
rable experiments ( 1 7 )  it is still impossi- 
ble to prevent the loss of 80 to 90 per- 
cent of respiration on disrupting yeast 
cells (52). Yet the impressive advances 
in the understanding of the mechanism 
of respiration made. during this period 

Fig. 4. Typical autoradiograph of the soluble products of C01 fixation by isolated chloro- 
plasts. Further details are given elsewhere (5). 
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would have been impossible without dis­
pensing with the complexity of the whole 
cell. A more optimistic philosophy for 
present-day approaches to the recon­
struction of metabolic sequences outside 
the cell is aptly expressed by Green 
(69) : "The disintegration of the cell is 
usually attended by the liberation of 
many destructive enzymes which de­
grade coenzymes and interfere with or 
nullify the action of those enzymes whose 
activity is essential for the metabolic 
sequence. Thus, even a residual trace of 
activity is encouraging because there are 
many ways and means eventually of 
muzzling the destructive agents and of 
restoring cofactors which are not present 
at the levels for maximal activity. . . . 
Once an in vitro system can be found in 
which a metabolic sequence can be 
shown to proceed, at least one can be 
certain that all components needed are 
present in that system, and by the step­
wise simplification and analysis of the 
system, it is only a question of time, pa­
tience, and ingenuity before the entire 
process is fully reconstructed." 

References a n d Notes 

1. Paper was first presented at the symposium, 
The Cell, 29 Dec . 1954, Berkeley, Calif. This 
research was aided by grants from the Na­
tional Insti tutes of Hea l th a n d the Office of 
Naval Research. 

2. E . I. Rabinowitch, Photosynthesis (Intersci-
ence, New York, 1945), vol. 1. 

3. D . I . Arnon, M . B. Allen, F . R. Whatley, 
Proc. 8th Intern. Botan. Congr. Paris (1954), 
sect. 11, p . 1; Nature 174, 394 (1954). 

4. D . I. Arnon, F . R. Whatley, M . B. Allen, 
/ . Am. Chem. Soc. 76, 6324 (1954). 

5. M . B. Allen et al., ibid., in press. 
6. F . R. Whatley, M . B. Allen, D . I . Arnon , 

Biochem. et Biophys. Acta 16, 605 (1955) ; 
D . I. Arnon, F . R. Whatley, M . B. Allen, 
ibid. 16, 607 (1955). 

7. D . I. Arnon, M. B. Allen, F . R. Whatley, 
unpubl ished data . 

8. J . Sachs, Handbuch der Experimental-Physi-
ologie der Pflanzen (Engelmann, Leipzig, 
1865), p . 319. 

9. T . de Saussure, Recherches chimiques sur la 
vegetation (Nyon, Paris, 1804). 

10. J . Sachs, Lectures on the physiology of plants 
(Clarendon, Oxford, 1887), p . 299. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 
21. 

22. 

23. 
24. 

25. 
26. 
27. 

28. 
29. 
30. 

31 . 
32. 

33. 
34. 

35. 

36. 

37. 

38. 

39. 

40. 

41 . 
42. 

T . W. Enge lmann , Botan. Zeitung 39, 446 
(1881). 

, Pfliigers Arch. ges. Physiol. 57, 374 
(1894). 
G. F . J . Haber l and t , Funktion und Lage des 
Zellkernes (Fischer, Jena , 1887), p . 118. 
A. J . Ewar t , / . Linnaean Soc. London, Bot­
any 31, 364 (1896). 
W. Pfeffer, The Physiology of Plants (Clar­
endon, Oxford 1900), vol. 1, pp . 304, 306. 
L. Pasteur, Mem. soc. sci. agr. arts, Lille, 5, 
13 (1857). 
E . Buchner , Ber. deut. chem. Ges. 30, 117, 
1110 (1897). 
R. O . Herzog, Z . physiol. Chem. 35, 459 
(1902). 
J . Friedel , Compt. rend. acad. sci. (Paris) 
132, 1132 (1901). 

, ibid. 133, 840 (1901) . 
C. Bernard , Botan. Centr. Beih. A16, 36 
(1904). 
M . Har roy , Compt. rend. acad. sci. (Paris) 
133, 890 (1901). 
L . Macchia t i , ibid. 135, 1125 (1902). 
M . W. Beijerinck, Koninkl. Akad. Weten-
schap. Amsterdam 4, 45 (1901). 
H . Molisch, Botan. Zeitung 62, 1 (1904). 
• , Z. Botan. 17, 578 (1925). 
O . L. Inman , Cold Spring Harbor Symposia 
Quant. Biol. 3, 184 (1935). 
C. B. van Niel, Arch. Mikrobiol. 3, 1 (1931) . 
F . C. Gerretsen, Nature 171, 207 (1953). 
E. W. Fager, Arch. Biochem. and Biophys. 
37, 5 (952) . 

— , ibid. 41 , 383 (1952). 
N . E. Tolber t and L. P . Zill, / . Gen. Physiol. 
37, 575 (1954). 
R . 'H i l l , Nature 139, 881 (1937). 

, Proc. Roy. Soc. London B127, 192 
(1939). 

43. 

44. 
45. 

46. 

47. 

- , Symposia Soc. Exptl. Biol. 5, 223 
(1951) ; Advances in Enzymol. 12, 1 (1951) . 
O . W a r b u r g and W. L'uttgens, Biokhimya 11, 
303 (1946) . 
A. S. Ho l t and C. S. French , Arch. Biochem. 
9, 25 (1946). 
A. H . Brown and J. Franck, ibid. 16, 55 
(1948). 
S. Aronoff, cited by A. A. Benson and M . 
Calvin, Ann. Rev. Plant Physiol. 1, 25 (1950) . 
W. Vishniac and S. Ochoa , Nature 167, 768 
(1951). 
— , / . Biol. Chem. 195, 75 (1952). 
S. Ochoa and W. Vishniac, Science 115, 297 
(1952) ; Phosphorus Metabolism 11, W. D . 
McElroy and B. Glass, Eds . (Johns Hopkins 
Univ . Press, Bal t imore, 1952). 
L. J . To lmach , Nature 167, 946 (1951) ; Arch. 
Biochem. and Biophys. 33, 120 (1951). 
D . I . Arnon, Nature 167, 1008 (1951) . 
D . I. Arnon and G. Heimbi i rger , Plant Phys­
iol. 27, 828 (1952) . 
E. Rabinowitch , Ann. Rev. Plant Physiol. 3, 
229 (1952). 
R. Lumry , J . D . Spikes, H . Eyring, ibid. 5, 
271 (1954). 

48. A. P. Vinogradov, E . A. Boichenko, V. I. 
Baranov, Doklady Akad. Nauk. S.S.S.R. 78, 
327 (1951) ; Chem. Abstr. 45, 10310 (1951) ; 
E. A. Boichenko and V . I. Baranov, Doklady 
Akad. Nauk. S.S.S.R. 91, 339 (1953) ; Chem. 
Abstr. 47, 11360 (1953) ; Doklady Akad. Nauk. 
S.S.S.R. 95, 1025 (1954) ; Chem. Abstr. 48, 
8881 (1954). 

49. E. I . Rabinowi tch , Photosynthesis and Related 
Processes ( Interscience, New York, 1951), vol. 
2, pt . 1, p . 873. 

50. F . L ipmann , Advances in Enzymol. 1, 99 
(1941) . 

51 . K . V. T h i m a n n , Science 88, 506 (1938) ; S. 
Ochoa , in Currents in Biochemical Research, 
D . E. Green, Ed . (Interscience, New York, 
1946), p . 165; M . Calvin and P. Massini, 
Experiential, 445 (1952). 

52. H . A. Kcebs, in Chemical Pathways of Me­
tabolism, D . M . Greenberg, Ed . (Academic 
Press, New York, 1954), vol. 1, p . 109. 

53. E . G. Ball, in Symposium on Respiratory 
Enzymes (Univ . of Wisconsin Press, Madison, 
1942), p . 16. 

54. A. L. Lehninger , / . Biol. Chem. 190, 345 
(1951). 

55. W. Vishniac and S. Ochoa , ibid. 198, 501 
(1952). 

56. D . I. Arnon and F . R. Whatley, Arch. Bio­
chem. 23, 141 (1949). 

57. D . I. Arnon , Am. J. Botany 47, 675 (1950) ; 
Proc. 7th Intern. Botan. Congr. Stockholm 
(1950), p . 749. 

58. B. J . Finkle and D . I. Arnon, Physiol. Plan-
tarum 7, 614 (1954) . 

59. D . I. Arnon and F . R. Whatley, ibid. 7, 602 
(1954) . 

60. In a recent personal communicat ion , W. 
Vishniac has r epor t ed tha t in later experi­
ments with whole chloroplasts he also ob­
served esterification of inorganic phosphate 
tha t took place wi thout the addi t ion of mi to ­
chondr ia . 

61 . A. Frenkel , / . Am. Chem. Soc. 76, 5568 
(1954). 

62. A. Mil lerd et al., Proc. Natl. Acad. Sci. 
(U.S.) 37, 855 (1951). 

63. J . Franck, Arch. Biochem. and Biophys. 45, 
190 (1953). 

64. F . L ipmann , in Currents in Biochemical Re­
search, D . E . Green, Ed. (Interscience, New 
York, 1946), p . 145. 

65. W. D . McElroy and A. Nason, Ann. Rev. 
Plant Physiol. 5, 1 (1954). 

66. H . E . Davenpor t and R. Hill , Proc. Roy. Soc. 
London B139, 137 (1952) ; H . L u n d e g a r d h , 
Physiol. Plantarum 7, 375 (1954) ; L . N . M . 
Duysens, Nature 173, 692 (1954). 

67. L . Anderson and G. W. E. Plaut , in Respira­
tory Enzymes, H . A. Lardy, Ed . (Burgess, 
Minneapolis , 1949). 

68. J . S. C. Wessels, Rec. trav. chim. 73, 529 
(1954). 

69. D . E. Green, in Chemical Pathways of Me­
tabolism, D . M . Greenberg , Ed. (Academic 
Press, New York, 1954), vol. 1. 

/ cannot express the amazed awe, the crushed humility, with which I sometimes 

watch a locomotive take its breath at a railway station, and think what work there is 

in its bars and wheels, and what manner of men they must be who dig brown iron-stone 

out of the ground and forge it into that. What assemblage of accurate and mighty 

faculties in them, more than fleshly power over melting crag and coiling fire, fettered 

and finessed at last into the precision of watchmaking; Titanian hammer-strokes beating 

out those glittering cylinders and timely respondent valves, and fine ribbed rods, which 

touch each other as a serpent writhes in noiseless gliding and omnipotence of grasp, 

an infinite complex anatomy of active steel. What would the men who beat this out, 

who touched it with its polished calm of power, who set it to its appointed task and 

triumphantly saw it fulfill the task to the utmost of their will, feel or think about this 

weak hand of mine timidly leading a little stain of water color which I cannot manage 

into the imperfect shadow of something else . . . what, I repeat, would these iron-

dominant genii think of me, and what ought I to think of them?—JOHN R U S K I N . 
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