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Melvin Calvin 

Radiation Laboratory and Department of Chem.ist:&:y .. 
University of CalifoFnia0 Berkeley0 California 

September Z3 0 1958 

ABSTRACT 

The baaic information about the path of carbon in. photoeynthesis ie reviewedo 
together with the methode that weli"e ueed to discover it. This baa led to the 
knowledge of what ie l'fequired of the photochemical :treaction in the form of chemical 
species. Attention is then directed to the structure of the photochemical apparatus 

·itself ineofar aa it ie viewable by electron miccroscopy0 and some principles of 
ordexred et:~rucmre are devieed fer the types of molecules to be found -in the chlol'fo= 
plaats. F:goom the combination of tthese9 a structure for the grana lamella ie 
suggested and a mode of fu-nction proposed. E.xpe1.riraental test for· thia mode of 
function is undel"way; one method is to examine pbotopFoduced unpaiFed electlfons ~ 
This is disfl'!usaed. c ~) 
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ENERGY RECEPTION AND TRANSFER IN PHOTOSYNTHESIS$ 

Melvin. Calvin 
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University of Califoll:'niao BeFkeley, Ce>lifo1fnia 

Septer.nbeF 23 0 1958 

You just heu·d a. ~&the:&' detailed and ~x~ellent des~t:Jription of how a cell can 
get energy by the ~ombumion of «;;a.ll"bohydr>G!l!:e 9 lfoil" exrunple9 and you ~eo hea!f'd of 
the Fern;:.ining «oif' at leaerout:standing» pl?oblems that remain in the mobilization 
p1roblemo What l am about to d.eacll'ibe to you is tb.e rewe1:se pFoeess (or something 
abo1-~t ~:t.?.::'! :.1'ewe1rse p::ro..:ess»n namelyo how ~he grreen ~~us of phm'i:t: 2re able to tl'!'ans= 
foFl:-.:~ ~k'-l~trroma.gnetic energy into e~emical energy0 that is 0 by abJur:ption of .~an>bon 
dioxid~ and w~te.r 0 which are the end pii'oducts of the anir.mil cell0 and by the ab= · 
sorption of lightv how they pll'odu<e::<e th@ fcod!iltuffs wb.kh. ·al'e the b0ginning of ~he 
pl'foces~S~ which you just. he&X'd delllct:rri!.becL The Hrst HguX'e will illuliltrrate dia= 
g1l'Ul1.mii}aHcal!yo what li: would like to ten·you about" 

. . 

The et~lfting pointa in this c~se (Figu.ll'e l) a:rre «;;arbon d~oxide and waterr which 
contain the element~ ·Ca.J.rbon0 hyd~ogen ~nd oxyg~n in their lowea~ ene:~rgy fo:!i"me 
with !f'eeped to biological p:!!'ocessee. The (;hemical ericer·gy whic~ ie a~~umuliii~ted is 
he:re lfepll"etumted in the form of o::tygen (moleq:ular oxygenPv on the one hQ\nd0 and 
~ ea!'bohydJP.ate0 on the otb.ell'., The pX'o~ess itself has bteen divided0 bol!;h th~oE'etically 
and physically0 into two :rr~ther well separable st4lgeso The fiJP.at of these ie ~he ab= 
SOE'ption of light by (<:h!o:rophyll or some :;related pigments and the subsequent e~pa~:AUon 
of watelf into a 1f<educing agent 0 here wepl?~'Hifmted by H 0 , and some oxidbimg b&gment 
not ~ped.fically des~gnat<ed he1re but pi>'eRUumably one of the A 0 B 0 ·c se:ries" Tb.e 
oxidizing &gent0 Ot" the pX'ima.ry oxidant 9 • ultim@.teiy be:<!:omes molet~::ular oxygeno Jin 
the second stage 0 th~ weducing agent ~an be used (and ia \U>ed~ to !feduc<e CCO!l.1fbon 
dioxide tto the l<eweA of (t!al?bohydr.~tf..t ~d other_plant ma\te'f'ials. · 

. Now in oFde:t" to see how the energy of the light i~ acn:t.ally ~«;;(.l;:umulatced in 
ehemical fo:rrm 9 it seemed to me wise to detH!irP.be foF you what we know about the 
E'ight=band eide of that sequence ==· the sequence fX'Otn «::oU:bon <iioxide to «:alf'bohydll'&\te== 
and to detelfmine at what point in that sequen~~ the e-nergy ultimately delfived b·om 
the .light enterrs 0 and fwom that point on· tto lre<e::ognize &nd define the pn>oblem of tthe 
pR'imarqr ({Uantum conve:treion into ite first !l'e<!!ognizable ~hemica.l for.mo TheJrefore9 

K am going to take a few minutes ff:o dese::R'il.be to you in aome d.etail what we know 
about the path of c.c~a.:rbon eo ~hat we ·«:an dlefine more precisely ina:o what eon>t of enei'fgy 
the Hghrt must be <eonver:rted in oFdei&' to t~:an>l'!'y out that p11.·ocess" · 

\ 

* . Trans<;ll"iption of speech lLSl pX"esented at Study P!f'ogra.m of Biiophyeka and 
Biophysical Chemiet:g-yo UniweR'sity oi Colorado(, Bould~r;-& July l5. ll958= T.he 
WOR'k desc1ribed he?.®in was eponlilorred by the U.S. Atomlc Ene7fgy ,Cqmmission" 
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With the 1:eady availability of radioca:~.·bon (c;;u:bon~ 14» :h."om the n'i.,lcleal" 
·reactors some 15 years ago 0 it became possible for ue to t1:ace this sequence in 
·aome detail. I &m very briefly going to outline fo1· you how we did it. The plant 
material used in ~ost of the e;.tpel·iments was the unicellular g1·een alga8 Chh:n:eHao 
and occasionally the alga 0 Scendesmus; we have also used highe~ plants aS\vefiaS 
separated photosynthetic materiai:*'Figure Z shews a photomicro·gr.?:ph of th.e algae 
_cells we ~ommonly use;. these are the Chlo:rella cells and you can see the green 
·atufi contained in a cup~shaped chloroplaSt. lt is well illustrated by one of the cells 
in the upper :dght~hand corne?. · · 

Rather thaii deect·ibe 1or you step by step the ope1·ations that we perfo:J?med0 

I have brought with. me a film ~oil' you:p, eni:erta.inmento This lilm constitutes a 
sequence of scenes illustrating all of the opeP-"ations of the labo&-atory so as to give 
you some feelior the way in which most of ou1• expel"iments 0 until :recents:;ro have 
been ~m'le. ·(Ita e a silent film and I wiH be the sound fo:K' it. D You will now eee ~be 
sequence of eventf.l. 

Narl'ation of the Film:. 

The first thing we do ia to show you w~ere the work is done by means of our 
uet;\al t&-ademark which some oi. you wiU ve1:y quickly ~ecognize «laugh\ter» •. Thia 
fi:ttst operation constitutes a eeledicn of cultures 0 and the next stage will be the 
growth of those ~ulttu:es in llOO cc flask@ .followed by f;he t:rt>ansfel: of the lOO cc 
cultures into much la:r.•geli: continv..ous one.,liter cu.ltux:e flasks. Thefle we c~ll 
shake flask culturelil in which: algae have been maintained ~o"E ye~rs at a time. 

The most recent type of cultui:e device that we use ~s this eontinuous tube 
cultur~ in which. the· density of the cells is monito·1·ed by a photoelech'ic cell which. 
controls! the automatic ieeding of the medium 0- so we always have the cells in a 
a~eady~at&te of growth available for our work~ Being ~hemiets 0 we like to have 
matel"iab whkh would do the same thing o.n .T.ue.sday as they did ozi M_ondayae thia 
was "what we wel"e &"eAl!.lly used to doing. w(9 .cou!dn9 t go outside the laboratory and. 
pick up leaves «which we did at xh·st] because they didn't. always behave·t:he same way. 
As a mattel" of facto Oli::casic:nally these labol·atm~y~grown algae don~t beha:we 0 either. 

Next· we eee the harvesting of an algii\1 sample to be \ll.eed m.ow lor the feedin~ 
·of ra.diocal"bon which is done in·~ special ~hot boxo ~ 'I'he~e we pla4:e the cells in a 
little ve.eeel (lollipopb between the lights and adapt them with the concentration of 
nm.·mal car_bon dio:Jdde aC: which we are going to worl,.;o. The cells being·ac§.apted a~e 
now ready lOr the e:-rperiment. 

Then we ~.dminister radioa.~tive carbon dioxide to the cells for a. suitable 
length of time in o:t·del' to tl·ace the paths that the ii::airbo:n atoms t.mke. The radio= 
active earbon is usually injected in the form of a solution ·or sodium bicarbon21J:e. 
It is ltept in contact with the cells fol" a pe~iod of time {in this tease five a~econds}0 . 
after whi©h the celle are killed by·a va:dety of methodltl. qThis has been embject 
to some diecuasio:n. ~ In this case 0 we drop the cella into. methanol at 1·oom temperatul!:e. 
The eell el{trad is then analyzed for the radioac~ive compounds which it may contain 
by the method of paper cb:;:om.atogi-aphy. ··lin o1:der to a~hieve this analysis we must 
concentrate the e.lttractsD and a -...racuw.n G"~\l'iolpox-ated is used in a FOt-"!.ting fashion to 
red\i!ee the woluxne i'rom zoo ll:Cq or a Hter.o down to a cubiG: <Centimeter. 0~ eoo 

506 00~ 

l 



... 

From this co~~~ntrated extract we now_ ta~e a:n aliquot and pla~e it on ·the 
corner of a piece ·of filter paper for chl·omatogii'-aph._ic separatl.on~ ·Aftel." the 
coxripounds have been. placed on the coxner of the' filter· paper 0 that" filter. paper. 
ie then hung in a box~ in a h·ough0 and a solvent is placed in it whic};i will pass 
ove~ the filte1· pa.pex: and spt•ead the compounds do"m the side of the paper" .(Before 
chromatog1•aphy we count the o_rigin. We.usually do this in a quantitative way .so 
that we know how much radioactivity is placed on the corner of the pap·e~ to start 
witl: an "~We can determine the mate:b.'ial.b~ance at .. the end of the expe:t:imet'lt. » The 
filter paper goes iZ:,.to the tl"~ugh0 _the ~~ough is placed in a box: and a solvent .ie 
place~ in the trough~ The ~-o~ven~ rises ovEn•· the edge and flo'~"e down over the filtei' 
pap-ar.o This spreads the ~ompounds aceoA"ding to thei£> ~elative solubilitie5l in the 
eolvent 0 those that are the most soluble rrunni:ng the most rapidly. _This pl?o¢::~_dt;l·e 
will.l result in a set of spots down the eide of the fiHe1· paper 0 depending on the · . 
prope~tiee of the compound being analyzed. Some of these compounde 'll:1'il1 ovc;rdap 
oa'&eh other in one eolyent systemo The pape:~r ie: then removed f1:om the bo~ arid 
_driedo · Mte1t drying· (nrernigb.t0 we come bad(. the neltt moi>"X'ling and p~!l out th:e . 
paper to see if it9 a dt'yo Tbe paper is then turned through 90° and placed in anothel' 
tl"ougho in an.othe~ b6~0 with another solve~t. L; a ilense what we have now a21 our · 
st~l'fting. point i~ <A whole eet"iee of 2lpots along the top edge of the paper o •.. Another 
solvent is put in the trough and it ~p1reaols those apote out again in anotfrier ope_ratiolll 
of eimilar typso Aftez.- this operation ia complet-ed the papel' is dried a second time. . 
The next pl\'oble·m would be to find out whe:a-e the ll"adioaef.ive matel"ials al"e· on the papezo o 

They. are0 in fact 0 not colo~ed and they are :not easy to find except by ~iFtue of their 
radioa~tivity. · · 

. Now in o:t·dert for. you to see how this separation has occm,"red0 we have made 
a time=lapse film of ·a epecia! kind of ir'...k which will demon.et:~-.·ate for 1i!.Ot~1 how th~ 

.c;ompounds cu.~~ separq;>,ted in this proc:edul'e of pape:!;" dar.omatog:L·aphy~ ·we pl~c::e the··. 
special ink in the· coirnel" of the filte:r papel' 0 the eolven'i: comes down over and hegine 

'. to sep~:rate the ink into its vadous ~~~ooe~~~~ This is the first dimension and you 
·see how the original spot is now· sp:e·ead along one edge of the filtel'>" paper 0 giving a 
. whole sel!."ies of spots. Some of the~r...'l are still ovet"lapping spots •. So when we turn 
the pape:g al"ound we start an ove1· agal:in with a· new ee.t of spohl ~ and the second! · 

·. eolvent will pull eome ol1 those spots out. which weli-e not eepat>ated in f!:he fil"et di= 
mension. You can see that big spot coming out0 . and the various others separating 

.. quite wen 0 . 

The. coo?dinatee of the material with respect ~o .the origin constitute a physical 
pl"operty which is useful in the identifif:ation.of the compound being analyzed. Our;o 
problern is to locate th.e compoun.d on the papel\". The «:ompounds are not colo~ea0 · 
as I said0 and the only p1"opeFty that we can use to find them ie theil" li."adioactivity. 
We do· this by placing the paper in contact with a sbe,et of. photog:r;a.phic single ~t:oat 

. blue sensitive X=l"ay film which is axpoeed by the Iradioa~tivity en the p&p!a:Jf. ·Wl!H!l"ev~.n· 

. there is a.l"adioactive spot on the pape:~f' there will be an exposed a:rrea on the film · 
after a suitable period of time. As you can eee 0 theJ.><i3 a~e a numbe~: of r.adioac:tive 
compounds on the pape1~ defined by the .bb.dt spots on. th.e filrno Fol" q,ua.ntit&tive wo:t:k 
we place the .film do\:vn on an X=i'ay viewer 0 the paper O"fer it and e::Ptplore the paper, 
with a G~iger coun:i:er. This will show you that where ,the spots al'e bladt0 you get 
the highe8t count; where the spots are weak0 you get the loweu count. Thiel c:an be 
done_ in a qt'l.anti.i:ative way. .You ~t:an tell nos: only what ~ompound it is by its coordinates 

· but also much there ia by the amounll: of r.adioali:tiwity _found in the spot. 
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We c;:an get a greater or lesser resolution depending upon the nature of the' 
eolvent systems we use and the time that is used fo'E' the ~h1•omatography. The neltt 
sequence will show two Yibris of two bits of pape:~: {two different films of the sam.e 
ext1·act; ·~one of them bas been run fo1~ 48 hours and the othe:r,: fm: only !Z hours). 
(The one on the leftD lZ hou:t:6 0 the one on the 1•ight0 48 hout"s). One spot in the 
lowe:~: :r:ight~hand t;;orneT of the 1Z=hour Hlm _has now broken up into three spots by 
:o:~zu"'ling the chromatograr .. 'l a good deal longer {48 hours D. (Hen.-e ends narration of film~) 

· Let us see what we ean do with this !dnd of in:lo1.·maiiou. Figur~ 3 will show 
you a du~oma.tograph picture of the extJ:act of a 60~secomcl illumination.of Chlo1•ella. 
~The fUm only gives \H:l the bla<ek spots. The names we have to put on otn.·ilelvel!le -= 
a:nd this identification tal~es anywhere :h·om 15 minutea to 15 yea1tl'.ll. Some of .tb.e spotrs 
we don't have uames on yet: » You can see that 60 seconds illuminaHon is m't!ch too 
long to find the ea:~.·liest e=ompounds into which the ca1·bon enters in the ·~ourse o1. its 
€:onvel"eion born caii'bon dio~tide to lt':arb~Dhyd:rrate. 

lffig'tl!re 4 ebowe a ~Cilromato~A"am of a sho:&·te:!:' illumi:nation (!0 seco!a<lls). You 
see he!1'e one compound dominating the ecene0 that iSJ 0 pho®phoglyceric add!.. I might 

.. say we have !lOW ibe-:2n able to get the same type o~ sequence of events with isolated 
cbloroplast:s plv..s a numbell· of co~factor®. The phosphogl'ifCeJ?ate appe~re no matter 
how the chlo'lf'opla.sts or the algae ar.e killed:. whether they Gu:e killed hot or (:Olcl9 

whether they a&·e killed !n alE:ohol 0 a«:etone 0 etc. We :?.lwa.ys get the aaxne compound0 

pho®phoglycel'ic add. 

Tbis 0 thc~mo gives us ouz· initial €:lv.e tha~ the fii's~ isolatable stable compound 
tbat we can ge~ by these methods 0 or at least that we can identify by ·these methode, 
i~ phosphoglyceric acid. (I wiU w:t"ite the :lo:i'mula for pho6pb:9glyceric acid fo~ thoee 
()f l"ou who a.ren ~ t familial' with it. !t9 a a thi?ee= .. .. . . 

CH~ ~, CHOHe.CO z.H 
I . 
OP03H 

. 
carbon compound conta.inin.g a phosphate g1·oupp one of. the low=energy phospha.f>eB 
that Lehninger spoke ofo » The next p1·oblem is to determine which of dn.eee {~arbon 

. atoms has the :!?&dioaetivity i:n it0 and this VJ&S done by cc:hemical degreadation·metb.odBo 
TIB1ldng the <eompound (phoephoglyce:wi{'! add.» apart0 one ~at·bo:i'l atom at a time 0 we 

. iou:nd that the <eal~bo:~tyl ~p."ov..p became 1!'adioadive· fh·st and ~he oihel' two latel". 
F1·om th.ia 0 togetb.el" with the degradation of eugar :molecules that came out in the 
same expe:dment0 we we~e able to dete:nnine how the eugaA" mole~u]e was COrtBt:t"UCted. 

Figu:re 5 will show what was supposed to have occu:r:r-·ed. The phoephoglycel'ic 
acid is shown as PGA. This 0 by l'eduction0 goes to trioae phosphate. llaomerize 
SOme Of tb.iS ketoSe phospb\ate0 then COmbine them head=tO=he&d tO malte a he~!OS@ 
diphosphate 0 putting the :~:adioactive carbon atoms in the middle of the molecule. It 

. gives us the inxorrnation we_ need 1or putting the th:L·ee earbone together into a six=carbon 
molecu!e 0 but it doesn~t ten us whel\"e the th1·ee=carbon compound co~es from., Simple 
a1rithmetic says that if you add one to something and get three0 that something must 
be two. So we stat>t looking fo:r two= cat" bon co:ntcdning molecv.lee. After considerable 
time we fotmd a lo~ of things but we did:tt~t iind twQ~Cal?bon compoundsQ Figure ~;will· 
show what we did find. · · · 
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. _In addition to the PGA we found a· fiveocarbon atom compound0 ·a sugar o 

«ribulose diphosphate~o a seven=carbon atom eugal" (sedoh~ptulose diphoephate».o 
andj, of·cou:r:aeo the eix.;,carbon atom sugars. The stars on Figo 6 give you some 
i!lea o~ the way in which t~·e ·racU.oadivity was c!i'st~:ibuted in these 9,i,arious sugar 
compounds. Without going .into the gory de~aile of how ~e figured it out0 we finally. 
caine up with the way in which these five= and seven~carbon sugars could be m~de 
~i"om the triose. You have :already seen how the hexose. was made 0 and from th~t we 
can make the heptoee and the pentose as shown· in Figs. j and 8. 

Figure 7 illustx-ates the method by which the heptose may be procl!u.eed" You 
see from one molecule ·of hexose and one molecule of triose (taking off the top two 
carbon atoms of the hemoseD we can make a pentose and tetrose; and the tetx-ose ie 
labeled in the top two carbon atoms. The tetrose can then combine with a triose to 
make a heptose with the proper dist:i:-ibution of radioactive carbon which we are 
se~king. · · · 

Figure 8 shows· the way in which the pen~ose is put together 0 by combination of 
a hep~ose and a triose 0 in the same kind ·of a reaction (the transketolase reaction» 
leading ~o two different pentoees which are in equilib"rium with each other. And! our 
analysh 0 of courseD doeen9 t dietinguish betwee:n the two pentosee; we got the proper 
labeling of pentoses this way. All of these rearrangements0 as you can see 9 are 
done at the. euga:r: level;_ triose 0 tetrose 0 pentoseD be:J:ose and heptose. are all at ~he 
same redox level. They are all very nearly at the same energy level and there is thus 
practically no energy required for these rearrangements. How~vero no. expeR'imente 
of this type gave us the information which we sought0 namely 0 the ogoigin of the three"" . 
carbon piece in the ilrst place. This awaited a quite different kind of an experimento 
an experiment in which a steady=state was fh-et eetablished in the. organism0 after 
which some environmental variable wae suddenly changed. We then examined the 
transients that resulted from changing some of these vadablee. 

Figure 9 shows .the li"esmlts of euc:h an experiment; We establish a steady 
at&te by feeding the radiocarbon ll.ong enough to the plant to saturate the phospho= 
glyeedc add and the other compound mentioned. Then suddenly we turn off tbe 
lights. When we do that0 the tran.sien~ ensues. The phosphoglyce!'ic acid :irises 
suddenly and the ribulos.e diphosphate falls precipitously. Tbie complementary 
behavior gave us the clue we needed ~or ~he relationship bll!tween. ribulose diphoephat 
and pb.oephoglyc::e:dc a~icit. It seemed ae though the ribuloeca diphosphate wae die= 
appea:ring by combining with the carbon dioxide ~that is 0 five carbons plus one0 

making & -total of eix «:a:!.!' bon &toms» to pl"oduce ftwo molecules. of pb.ospboglyceri(; acido 
If tb.ie is the caseD then we can show di~gl·ammatically the l!:e!ationsbips of the various 
compounds 0 as in Fig. 10. · 

. lin Fig. AO we have the x-ibuloee diphosphate combining with ~.e:aurbon dioxide 
to form pb.osph.oglyceric acid. The phosphoglyceric acid would be reduced by light 
to bios~ triose then goes through this seriee of sugar rea>?rangements ~shown·in 
Figs. 6o 7 0 and 8» back again to the pentose. When we turn off the light w~ stop this 
reaction. When we atop the reduction reaction0 phosphoglyceric acid builds up 
and the ribulose diphosphate disappears. Figure no simply expresses in -a scheme. 
what the transient experiment told us a moment agoo 
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But thie scheme (Fig. lO» predicts a.nothet• type of transient. · If we keep 
the light on and atop the COzo we should get a different kind of transient 0 .namely0 

the ribulose diephosp~ate atiould suddenly build up and the amount o~ the phospho., 
glyceric acid should falL We have d(;>ne this elq)eriment {it' a a much n'lore difficult 
on_e to ci:Q) '\l!Ji.th the 1:esu.lts shown in Fig. 1 L · 

In Fig. 11 you see, at the l~fto the a~~ady state for :dbulose diphosphate &nd 
the steady state fo1• phosphoglyceric acid with. the CO z a~ a con(!ent~ation of 1%. At the 

~ line 0 the C02. concenti?ation is shifted by turning the etopcocks 9 from. lo/o~o 0.003o/a. 
Under ~hose c:!rcumstancee 0 tbe pl"edicted changes were obse1:ved0 at least in ~he 
initial phase of t~e transient. The amount of phosphoglyca:R"ic acid fell and tfie a;nount 
of ribulose diphosph&te l!'ose. We got a. m1m'ber of kinetic oscUlations hei'e which 
a:r:e reminiscent of the kinde of oscillations one geta .in d7tcuit:ry0 and indeed JI tb.inl-t 
they al'e quite analogous. We made one O!"' two ~ild attempts to ~~p:rodu~e these -
oscillations by putting firet~ordeF rate constante into ~he varioue :reacti<)ne that alfe 
involved helfe and pu~tin~ them th&·ougb. a digit~ «:ompv.te:r. We ~an get thie kind. of 
Ori!C:illation but we hUft.ve :not yet pu:;:eued this wo:r:k beyond the elementax-y stage o(the 
first kind of ~ransient. 11 bcali0ve this kind of study will lead to much mo:re detailed 
knowledge of the mechanism of cellular response to c:hanges in extell."n&l or intei?ll1a.l 
environments. It is a very simple aystem to use and one which ia mnenable to 

· complete analyeie0 both experimentally in tet>:me of the compounds inwolved. and , 
theoretically in te!'me of the ·simple kinetice· involved.· (Perh~p6 Alberty will say 
'a little more about that later 0 » . 

Now0 having done thiB 0 we can put together the· completed eyetem ·which "i_s 
represented in Fig. U by only ~ou:r te:!i!'ms (four compound~) although there are 
actually a good many moi'e0 and I believe .Fig. lZ shows this. 

Figaire lZ shows the completed p.hotosynthetic cyde;in which we p12.t together 
all the rearrangements of hexose and triose thn-ough heptose and ptentose 0 '··back again 
to the ribulose diphosphate w~ich then picks up carbon dioXide to malte two molle<\:ulez 
of phosp~oglycceric acid. · 

Now in trying to visualize this particulai' etep0 X have set up a p:!i!'oposed 
mechanism for thie readion shown in Fig. !3 •. :He~e we have the ribulose diphosphate 
Wl"itten as the ene~diol0 combining with bicarbonate ion to fot'm an inttermedi&teo 
hypothetical up to this point0 an alpha~hyc:b•oxy=betfi.,keto acid0 wh&ch ie then hycll.R"olyz_ed 
to give two molecules of phoaphog!y<ee7tic acid. This alpha~hyd:e"oxy~beta=keto acid 
would be0 according to our chemicallmowledge0 verry unstable eith,er. to decarboxylationJ,n 
which case it would lead back to ribulose· diphosphate a or to hydrolysis a i~ which caee 

·it leads th·e other way. So fo'II' some years X di,m't even· institute a search foE' the un= 
known intermediate until fo!'tunately 1l had a visitor in the iaborator:y who didn't know 
enough chemistry not to look fo!' it. So he eet out to look fo"E it and found a dose 
~elative of it and pii'obably some of the compound itself. He decided0 on theo1rcetical 
gitoundso that one might expect a compound of this eort to appe&n- down in the di= 
phozphate area o~ the tehromatog'II'amo Figure' 14 shows ~at chromatogram as you saw 
it in the film which lfan solvent for 48 hours in both cooX'dinates. Wb&t was ol?iginaUy 
a single spot 0 which is dominantly ribulose diphoepha~e0 now bJ?eaka up into at least 
tht>ee spote. · The plrincipal spo~ is the t"ibW.ose diphosphate; ilUlOther one ie hexose 
diphosphate .and b.eptcose diphosphat0; and the lamt spot tuX"ned out to be a keto add 
diphosphate.· 1i can't t>rouble you with all the evdi.ence which leads to the identification 
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of a !tete acid dipllloSJphate. It waentt tb.e beta=keto acid0 it \llias the gamrna.,.~teto acid 
diphosphate which appa1~ently is an a1:tifaet of the metliod of killi:o.g 0 b\.l.t it does eo:m.e 
from the beta=keto a.cid diphosphate which is. still a lalJeled coxnpound and does show 1 
its presence· in small amounts. · 

Figure 15 shows this. We see the diphosphate. plus son'le· dephospb.orylate:cl 
compouncls 0 pa:r.•ticularly t:he gam.ma.,keto add. diphcsphate. And here .we see a 
trace of the beta·~keto a~id in its lactone form because it is stabilized as a lactone 0 

· enough to catch it on a chl·omatogt·a..-m. Racke:'-" bas &;ari:ied o:u.t this whole sequence 
(the New Yol"k Cent1:ru Raih·oad System which you saw in Fig. l~» by collecting all 
tne <a1.1Zymes that were i:i&dicated in that; :iigt:1.re 0 and by putting in the suitable sub!ilt~atee.;v 
ribul.ollle an~ ca~bon dioldde 0 he was able to pl.ill out glucose pho~phate_ .fz:om the C0 2• 
The 1mmedtate sources of enel"gy a:~;·e the two compounds adenosllne trtp!wsphate 
(ATP» and :~eedu.ced pyl"idine n:u.cleoi:ide (TPNHp. Figul'e 16 will ebow the i'eb.tioiD&sb.ip5 

· that we need. · 

·· Hell'e is tbe photoeynthetic (:ax·boa cyclle in a simplified fcnrm. Ca1:b®n dioxide 
enters to make fche beta"'keto a~id which then goes to the pb.@sphpgly«:e1:ic. acid. No:..w 
the only points of entry olf eneugy into this eystem t.he way it~ s written now~ is whe:t>e 
we need .ATP and whe;,;e we neecl t·educed py:>:idine n'Vlcieotide. (These a?e the 
points of entry ox ene<:·gy iuto this w~eel. ~ These points a1re the gea.:s wb.id~ drive 
th.e cyde in a f.orw&rd dh·e:~tion,.. Clearly the ATP an€l1 th.e TPNH {ene~gy soul!fces 
fo:!t the photosynthetic cycle'» mlilst come uitimately f~om the light. It is oi thie 9 now9 

·that ! would Hke to epeal-t in the l'e~t:na.ining minutes. 0~ «:out·ae 0 tb.el\"e a1•e eome 
p~·oble:ms left in the caFbon cycle0 but :\I don't tb.hik ~hat we want to. spend any mozoe 
time with those today" · · 

The big p1:oblem is: how does the Hgb.t0 which is absot"becl by the chloi?ophyBo 
. produce these two ~'1.1.bSJta.nces {ATP and TPNH) '\l'llhich we know aFe r~qui1:ed for carbon. 
reduction. Beio2'e going into the deta.Hs of a posmible a;nswe:r 0 let1 a eee Bome pi<eturee 
of the apparatus which does ito Figu&-e 17 @bows a photomicrograph of liverwo:tt 
tieeue; you ~an see tb~ cella 0 the. cell walls &:nd the chlcroplasts in whic~ the 
a:hlol?ophyll is ve~:y nicely dist:A·ibuted inside the cella. Figure 18 will show imolated 
chlo~toplas~s lt!"om 21pinach (these a.:!:."e bigget• chloroplasts and they have been isolaied0 

I think~ in sucrose eolution». A.6 ii aaid eal·lier todayn all of this carbon ?edm;:tion~ 
Oltygen evob~ation=pbospha~e p~oduction can be done with theae cblolfopll.asts removed 
fi?oin theh: nat·\n·al habitat inside a cell.- Howevee.- 0 h'l order xo:t· that to be possible 
at anythiug app~oacb.ing the r.ates ai which it occul•s in the living cell0 we have to add· 

· eofa~:toi"a 0 some of which aa:e beat etable 0 some of which are heat labile and eome o~. 
which ai:e unknown but which a:lfe obtah1.ed out of the sap of the cells~ ·In any c:a:ae 0 · 

· this whole p:~:oceas ccan be done outeide the ceU. . 

Figure !9 ehowa one furthel" m&gnification of this type o§: thing .with an ele~tl"on. 
microseope. On .the left we have an eleetron microscope pictuxoe of a ch!ol"oplast 
and on the l:'ight it is shown at & still b.ighel? mag~1Hic:ation. The outstanding.fea\.-uzee 
of the chlolloplast stl'uetuil"es aFe these lamel!ae 0 and I would now .like to disc::uss the 
nature of these things •. 

Befo:r..-e 1!: d~ that0 let :tne say one othe:~r thing about the reaq;tions whi<\:b. can be. 
carded out by these eepa:;rated cellula1· componel!.te. Most of you a1:e familia~ wi~h 

- the iact that ior some twenty years now it h&s been possible to «:ar!:y out the 

.,:.. 
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photochemical e~olutio~ of oxygen by isolated chlol"opla_ats using a suitable hydr.ogen 
a.cceptot" such as fe:t'l'o~yanide o_:~-· ·quinoneo · This ie ~alled the Hill :~::eaction. In tb.e 
l~st five yea.1!."s 0 by preparing the chloroplast_e in a r,ni;tnner (io e. 0 p1•epa?ing the 
chloroplasts in .salt Ot" sugar. solutions~ which p:r.esu.maJ:?ly does not destroy a 
chioroplaat membrane or pe:;:hapa precipitates enzyrlle_s. fi·om the cytoplaiim onto the 
chloropla.st0 we have been able to carry out two otb.e¥. :r.eactio:ns "'vith the chloz~oplaets. 
·Thea~. :r.·ea<:tiol'lS are th~ t·e~uction of CO 2_ (~hi~h ! mentione~ ea.~l_ier_D. as well ae the 
~.volutlon of oxygen0 and0 ftnally 0 the proouctton ox AT"f!' by a.llu..mmatHln of th~ · 
chloropla:sts. I would like to add: one other bit of quantitative informa.t*on: these 
~~1·ee l"eaction.S 0 ca:r.obon 'dioJtid~ ~eduction O:ii" 0 going one step further back0 the 
pzooduction of!"educed pyxridine :n:~.deotide t"ather~· tha~ COz l"fedtH'.:tion0 A'l'P production 
<au:~d oxygen production are the three things that ·we ~an now do with the chloiroplaets. · 
You al_&·eady ean. see that the red\.\ction o~ C0 2 ~equh•es two of the ite:rn.s and the 
~_oeJoll!tlo:l:l of 0:1tygen may or may not req\u:~:e ATP. . · .. 

. Now0 how many olf the~rs tb.inge ca.ri be done eimultatneo~6ly by the chloroplast<>~:. 
ln a };'ecent ~oirl"ell'en.ce (B¥>•ookhaven National Labol>~ato1"y0 June 195®» it bec&m~ evident 

!'- that all pail' combinations Ol theee pl'ocessee could be. demonstrated. But so far· as 
! knowo. all tb.Fee of the&.n {io ee o' of col, 1\"ed?ctio:no ATP productiono and Oj'J:v:gen 
}"ntodl.lction) at the eame time had not yei: been demonstl"ated; but you will see b·om 
what I say in <"'. :".:mom~nt that thi~ is likely to be so. · 

It has been demonstrated that one could make one mole of pyridine nudeotide 
for every. atom of ol:ygen pFoduced. Simultaneously one can demonet~ate th~ pFO.d.uction 
of one mole o~ · ATP . fo2i" eve:;;·y equivalent of redu~ed pyridine nucleotide produ.c~d. 
«One can demonstrate one mole of ATP e~eated for every equivalent of oxygen.. . 
i>rodtaced, simultaneously now. 1 So this ie. something beyond· the oxidative pb.oeph.orylat.ion 
-which Dr. Lebninger spol~e about, tba~ iB~ the oxidative phosphorylation ~oal?ld .be the pxo= . 
d.u.ction of .AT-P by a· :o.·ecotnbJnation of. 'X'PWH: and inter.·trA.zili&.te o~i~t •. .dut .what ! am sa;j.,.. 
ing no~ is ~hat. it appear a thai ail thz-ee oi theae thi!llge can. be plllo~uced· equtva!entiv at ~he 
sa:ot:t.e tl){.O.eo · 

The appal?atu.6 whid:a doe6: this in the plan~; «o:~t whtc::h can do this» we maw in 
.tha:-ee ma·gnifications ="" the whole clhloi?oplasts in the .eella 0 the <!::hloroplaste · out~ide 
tne ~ells 'and0 :linally0 the lamella~ structure .of the. chlol"opl.ae::ta as seen by ele~dron 
microscopy~ Out of thi$ lameil16u.· structu:t·e {out of the electron mit:ros~~;opy I migM say» 
there has ~:ome 0 it seeme to me 0 one pa:r:ticular conclusion whilt':h ie auJndently 
general to be stated; namely!) ~hat these cil:&lo:t.>oplaet"lamellae seem to.be {no: matter 

·what plant cell i.e inv~astigatecl» disc=like in cbal'actet• 0 They seem to be connected at 
t~e edges to fot"m a hollow disc; this is the lamella •. · Tb..e la:rr.1.ellae al"e quite long; 
about l.OOO J!l.. in apinatCh chlo71."oplastso The himella.e do :not appea:e in the chloroplast 
in the· absence of chlorophyll o:!f protorchlorophyllo lif one in· some way }n'evente eithelt' 
the iormatio:n of pl"cto~hlorophyll o:t< of chlorophyl10 one pl"evente the· appea.ran<ee of 
well developed lamellae .•. P!'oto~hlo1:.•ophyll alone will induce in ~~:ells whi«::h are 
n.o:!fmally capable of making tb.em 0 st1:ucturee which look like theee lamellae." 

Now we shaH discuee .the possible function of this lamelb.r sb·uc~u:re ox tthe 
c:hlot>ophists o Tllle baaie problem of photosynthesis is now P.educced to the pll'il)bliem of 
e:ouvei?ting a 35o40 Kcal q"i."ilantum into ~ome ~hemi«::al potential. In o~dei" to ()lQ tb.is 0 

·you presumably have to find a ieaction0 Il.et us say a whida will take up. 35> KG:al at 
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one timeo The pll'oducts of this reaction must not back=lfeacto Remember now8 that 
it they do0 you'll get back 3-5 K~al so the:R'e0 s a glf'eat dl'l"iving force for the badt 
:reeactiono But there must be some mechanism pit'ovided in the appa1ratus to p:~revent 
this back It'eactiono 

There are a number of otheli? difficult li?aquirements which must be flAlfiUed in 
this quantum ceonvelfsion pl'ocess with resped to the time constant that are involved. 
For example 0 iollowing the absorption of the quantum0 there must be a very eHicient 
way in. which that excited state of chloA"ophyll (i!&n be conve:rted into long~lived chemical _ 
potential vell."y qui«:kly because of the efficiency of the over-all process. R'ega!t'dlees 

·of whether you believe the maximum efficiency to be 30% o:r 60Cf~~, The1f'e must be mome 
way in which this enelt'gy convei'eion can be &(i!COmpliehecllo 

.• 

Thelt'e alt'e a p.umber of appl"oae:bces ~o this pl?oblem which /ll.g'e b.aeed upon 
ox>dina.Fy eJtatisti!!:al solution photo~hemiatrry; 10 myseHo sometimez appl!'oa.«:;h.ed it 
in thifil way o I was looking for rea~tiona of ~Chlo~ophyll that welt'e unique to chlolfophyll 
that might eon~eivably be used to stor® thie 35 Kc.U of eneFgyij @JUt:h a A"eadiono let 
us i:H~Yo ~e tl:he !'eduction of chlol!'ophyll to bactelt'ioeblm.-opb.yll «that i6l 0 ~dding two· 
more hyerogen§il fto the chlolfophyll molecule »0 Pe:!.'hape we ean do it the otb.elt' way 
al'?o\And 0 by taking off two hydrogens from the c~o:~ropb.yll molecule arid ma.ldng 
pll'oto<F.b.ll.oFophyll and hanging the hydrogen atoms onto something elseo These alfe 
poesible Fea.dione of chlorophylL 

Ae <fl. mattelf of fact 0 oul!' laboratory de.mon.stl'fated both these lt'eactiona some 
y~C:alfs ·,agoo Mox-e lfecently0 and more eleg~ntly0 ~hey have been demonstlf&ted by 
Krraanovakii in syeteme &hat ar<e more nearrly lrel<i.ted to those whirch. on~ finds in the 
living orgaW.smo · · 

As_ a result of a val"iety of 1requix>emente and ae a A"esult of the ll."eeognitio:n 
of this Mghll.y organized appa~atue in which «:hlox-ophyll o~cure fm the chlo:roplasto 
and as a n>esult of the failure t.o solve the p1roblem with solution photo<ehemistry o I 
have turned «&n oui' gli"oup a~.t least» to the 110tions of coopeFatiwe phenomena of o~g11mized 
systemlil I!U!(i!h as tthose which aFe lrepll'esented by ba:!l"rier laye:!l" cells P.n physi«:IJo I am 
b•yiug to visualize how a lamelb.:tf etFu<etu:tfe su«:h as this might <t!.On~eivably be an 
unmymmetEical layer in which one could ganelt'ate 0 by the abeo:t?ption of lighto an 
oxidumt and a r~ductant 0 on opposite sides of the layerro eo they rcouldn't b~ck=Fead 
ceasily &nd ~ould peE"sist for a long pe:rdod of time. Theee substances «recludant and 
oxidant» should live long enough0 by chemical sta'ndairds 0 to be efficiently ~aken up 
by eledron ~rGceptoli"s 9 on ihe one b.and0 fto go on to make the :lfedutt:ed pyFicUne nudeotideo 
and by ele©tlfon donOX'I3 0 on the other 0 to m&lte molec:ula!!.r oxygeno «I don't want ft:o 
take any more time discusEJi.ng the lamellair stFu~N.re ii.n «::hlorroplaoh because I think 
Dlt'o Hodge will giwe a mox-e d.e~aUed dee~t?iption of that0 . and further dita4l:ufilsion ·of the 
possible mole~ul&r I!Jt:tfuctu:~:e of ~e la.mell<i'l. may b~ defelS'red· until theno See also 
pll"orceedinga of the Blroolthaven NationtAl Labo!'atory Sympoeium0 June !958,~ I aii.mply 
w~t to blfing out hel'e a pll"opo\'ilal which fulfills all of the t>equiremenh of mol~culaif 
intelt'acfdone whi<eh we must have togetheir with the need foi' condudivity «0ledli"ii.«!al 
(Conductivity» in ce].r~&m pa:R'ts of the lamellae amd cconeequent separration of <t:ha&-geso 

The basi«! notion tba.t I want to intlt'oduce is g-eaJ.ly .given in Figo .lOo I will 
then point out how it worrk~ on Q;b.is lamellat> arFay o Figure- ~0 suggest a tthe ba®i~ 
notion of how ~beee lamellae achieve this eneFgy co~ve~reiono Chlcll"ophyll in the gg-ound_ 
stat~ abscn:be light whach bX'inge it to ih !owes~ esingAet exdted s~a.~eo· Thie excited · 
state Cii!l.D move ag-ound &Unongl!t the d:alol'l'ophyll mole«!ul~a by Ifesonanc® ~go<M!Iifelf' 
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(exciton migration) until a point ie :re~ached whelf'e ionization occurso Then charge 
'separat.tion can occuro The exciton can be visualized as a charge.,pair which cannot 
move separately == a positive charge and a negative charge which must move to= 

_ gether o «This would be another way of naming or describing an excitono » When a 
s~itable point in ·the chlolrophylllattice is :l!'eacb.ed0 wheFe the charges ~an be un= 
coupled so they can move sepalfately0 we have a conduction band. The eledirons ~an 
move in one dh:ection and the holes~ or positive chargee 0 can move in another. 
The electrons and holes move around until they find suitable places of lowex- potential 
energy into which they fall 0 and there' they can ,sit for times long enough e~o that 
suitable chemicals can come up and take off electrons0 on the one ha.nd0 and the 
positive holes 0 on the other0 leading to chemical It'eactions which then produce stable 
chemicals such aa pyA"idine nucleotide and peX'haps hydX"ogen pero::dde 0 OX'· eomething 
else of that sort0 ultimately going on to the final preoducts. 

With this concept 0 let_' e see how the ah·ucture of the lamella may be interpreted 
in terms of the molecular coni!Jtitution. i am euggeeting that this layer is made up of 
at least fougo components (see Fig. 2.lb». The plrotein enzymea 0 which are the onea 
involved in carbon dioxide !l"eduction0 are on the outside of the disc. Tb.e pFoteinm on 
the inside of the disc would contain tbe enzymes involved i:n oxygen evolution. The 
aepan-at».on of the two px-oceeses «caii"bon dioxid~ &-eduction and oxygen evolution~ would 
bca acb.ieved by a layex- of chlorophyll packed in the e:haracterdstic arromatic way. «This 
can take a lot of discussion all by itself. Pe1?hape we will have time to do it late:~r. » 
This is a ver?y characteli"istic pattern of padng which was vel'y briefly mentioned {;he 
other day. The a1romatic rings do not pile fiat=on themselves; they lie at an angle 0 

app&-oximately 4S0 to the stacking axis. This type of packing for ddo!'opb.yll is what 
K am suggesting here. 

Figure Zla rsp:lfesente cb.lo:lfophyll mclecules tipped this way. Packed bee= 
·tween them are carotenoids and thee phospholipids. «-I would like to add that chloX'ophyll 
is photoconductive 0 but that is beside the point. » The· pl'l'opoeal is that after absorptiono 
th~ exciton ean migrate around amongst a few of thelile chlorophyll mole~tules to find . 
a suitable point of ionization where the electrons ·may ~ove in one direction and ~b.e 
positive holes in the other.. Thus one side will lead to oxygen production and the othelf 
to the X"eduction of car])on. . · · · 

What kind of experimental evidence can we think of which might dtate«:t tbhl 
'kind of a system 1 Wel1 0 we can't actually put elec.trodes on these lamellae; they 
agoe too smalL But there is one part of this echeme which ie S\U:Hceptible to e:xperi"" 
mental obaeFvationll · namely0 the trapped holes and trapped electrons. These 
tX'apped «'}led1fons would be eingh~o tirapped ~Glectrons and w:owd be detectably by 
pal?amagnetiama We have set out to sea~ch for photoinduc.ed paX"amagnetism in the 
chloi;"oplasts. Figure lZ will show the results of that eea?eb. This ie.an illuetx-ation 
of electron spin l't'esonance eignals for illuminated whole spinach ehlo~oplaste at zso 
ancil at = n 50° 0 1Similar signals D at leaet &t ::room tempeX'aturell were rsported f:teom the 
St. L.ouis laboratory by Towneenda p The fact that we can get the signals at "'1500 0 

eitheR' .in chloroplasts oF in algae9 indicates that t~eir pFoduction is· not an enzymatic 
. p7rocesso 

. The next question tha~ may be asked is how faet can the signals be plroduced 
at = 150° compall"ed to ~5° 1 This is shown in Figo Z3. Het"e you see the situation at 
Z5°0 and when the lights a!'e turned on this is as fast as the inet1rnment will X"eepondo. 
The signals g!'ow fastel" than we can follow them. At "'150° the _signals grow just ae 
fast. The diffeirence lies in the l'fate of decay of the signals. They have a complex 
dell:!ay "'"' pa~Uy ~apid de~ay and pa1rUy slow decay" A~ n"oom tempelf&turta 9 the d®«;I§Ay 
is ~il.thel? l'fapid. At =lS0° there may bee a ll."apid. decay9 but moat of it is slow. This 
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eliminates the possibility of the signals resulting from enzymatic formationv at 
least. The question lfemains t1:ould the signal result from a triplet state 0 that ieo 
a pa:ramagnetic excited 1 ~hloFophyll1 

0 ox· could the signal be the result of a photo= 
diseodation of ~hlorophyll.l 0 or something vez-y closely associated with ~bloro= 
phyllo to fot-m chemical Iradicale 0 which process can take place at -~150°? The 
answelf to that will have to wait until the next lecture. 
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Fig" lo Elementa1ry photosynthesis scheme. 

Fig. Z. Pho.tomic:rf'ogr-aph of Chlorella ~ells. 

UCRL=85l4 

Fig. 3. Chromatoglt'am of extieact fX"om algae indicating uptake of :.radiocairbon 
during photosynthesis «60 seconds». 

Fig. 4. Chx>omatogJram of extR"ad bom algae indicating uptalte of g-adiol{:a:F?bon 
during photosynthesis 00 seconds~. 

Fig. 

Fig. 

Fig. 

Fig. 

5. 

6. 

7. 

8. 

Path of «:arbon from COl to hexose during photosynthesis. 

Dist:~ribution of Fad.ioadive carbon in certain eugal"s. 

Foi>mil.tion of a b.eptos«S fX"om tYriose and hexose. 

P'X'opoeed e~beme for labeling of pentosll!l. 

Fig. 9. Light=dalfk change a in «:oncentlrations of phosphoglyceX"ic acid and 
X'ibulose diphosphate. 

Fig. 10. FoTt'mation of phoephogly11:eric acid fl"om ribulose diphosphate. 

Fig. 11. Ti'ansients in the regenex-ative ·cycle. 

Fig. ll. The photosynthetic <ear?bon <eyde. 

Fig. 13. M®<ehanism of ca1:i'boxylation l"eaction. 

Fig. 14. Chl"omatog!f'a.m of ex~1i"ad of Chlo1i"ella aftell." 3 minutes of photosynthesis 
in the piresence of IE"adio«:a!f'bon. T'he eohren~e weFe allowed to R'Un for 48 hours 
in each dimension. 

Fi.g. 15. Unknown i~uga:rr pho3phate afte:zr treatment with acid phosphat<AtH3. 

Fig. 16. Suggested ~yd,i~:: sc:heme for relationships in photosynthesis. 

Fig. 17. P~otomi~rog:~ra.ph of ~~::hloiE"oplasts born liveirWOR't. 

Fig. 18. Phoftomi~~::l!:'ogF~ph of spin&ch «::hloroplasts • 

. Fig. ~0. PIE"oposed s~~::heme for va:zrioue photochemical pro<ee~es~es lin photosyntheei~. 

Fig. l!. Schematic repiresentation of posslble molecular etX'ucture fort a lamella. 

Fig. Z3. Signal gll'owth and d0«;ay time «:\lll"VeB of whole spina«::h ~~::hloiropb.st~ at 
~5° and =R50°. · . 
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