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·. Photosynthesis ia usual.ly defined as thtt biochemical reaction 

· ... 

·. '. : This. represents. the conversion ot carbon d1ox1de and water to car'bob1drate· and 
. . o~gen bt green plants in the light. The reaction is separated both ohnmolo• 

. · :: :. gical.lJr and chemicall3 into two parts: ·the photolysis ot water,.· ·· · 
,--: . ·.- '\ ,· . . ·>· ·.' 
''' 

· · , ~0 ---.:\ nh_v_... 2 [B] 
,, 

··~· r ,. 
. ·'· 
' · . 

. _ .. _ and the reduction ot carbon dioxide, ' 
l., 
; 4 '.' .. , 

':· 

'"' '.'' 

·'• ... ··. " 

' - ' 
.. \ :. - Each ot these two reactions represents a com,ple.x series ot reactions w1 th mS.ny 

_:'. :. ·.·· '.:';. · steys. The.term [H] is used to denote reducing agents generated in the photo• 
• . ,. . . . . chemical deconq>osi tion of water. These reducing agents probably undergo seve• 
i · ·''._. ··· ·;'·!{;r1< ra,l transformations before they are used in the reduction of carbon dioxide. 
J .•• · . . .... .. •. J • 

. . 1 

· ...... •: . -. r: 
'.-

. } ,• ':- . The reactions i,nvolved 1n the reduction ot carbon dioxide have been 
· ::: studied and the resUlts of these studies have been)rtiX>rted 1n a series of 

. ·,. · papers on "The Path of Carbon 1n Photosynthesis."l ,4!} ,3) 

. 14 
The radioactive carbon isotope, C , vas used throughout this investiga-

tion. 'l'o a lesser extent, radioactive phosphorus, p32, vas also employed. 
' . 

..... -. 

, · ·· As a result ot this work, it is now possible to vrite the complete path ot 
. 1 • · carbon reduction in photosynthesis, W1 th all intermediates and enzymatic reac- . · 
...• ;.,,._". jf:, 

... ·, tions, trom carbon dioxide to sucrose. . The stud¥ of carbon reduction and 1 ta 
- ', !:· .~ · _ . relation to respiratory transformation$ of carbon cOIJ;)Ounda bas provided ev1• . 

· ' · · · · dence regarding the nature ot the reactions involved 1n ·the decorlq)O&i t1on of· 
"'· ~- water and the formation of the primary. reducing e.genta lm4 other· energy-rich 

,."'~ . 
"· '". 

COD;)Ounda required tor. car,b(m zoe4uct1on. . ; ;) . . .. .. ... . . : .· · ·.' 
. / ;_ ............ ) . .-. ..... :.'.,~ ., . ··~ · .. · -~:·, · .. · .' ,. ' .. : 
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' .• ·~. f ~ ', •'. • :" ·. ~ ' ', .· 
. ;:• ' ·-~ P,: <~· '•' 

1
, ',., .. • ; h· ..... • • I' ,,.,;;._-''I ~ . . '• . 
. ~· ... ,• .~. ~ .•· ·-.:. -~·-. 

:. . 
. • ~ \,'\ ' ~ I' I ' ::. 

.·)~~~~_:;:·ir:?,(:.~~~·· ·~·.: FIRS'r PROIJtm'S 
. ;:·<;:~·_;:.. ' : ~;.:·~;;~:: .. : .. ·. 'l'he methods used 1n etud31ng the path of carbon 1n photosynthesis ar~ here· 

.: ... · · ~:-·),,.described brietly. In nearly all cases the initial condition is an actively ... 
· ' photosynthesizing plant in which photosynthesis has been maintained long enoUS}l 

:: , :. ,., ,; ~ : · > . :: · to establish a "steady state." In this stea.ey-state condition the concentra• · · · · 
· · .j. • ~ .. ~··~ <. ". < ·.··: :: · tiona ot various intermediate compounds 1n the patbwey trom carbon dioxide to · · ·. 
'>:.c::~ .:~ · ··,:·, :;· sucrose are constant •. 'l'be plants commo~ used 1n these experiments are -ehe 

1 
· , · :··: . ~: ~ . unicellule.r green algae, Chlorella or Scenedesmus, but leaves ot bigber plants 

.···:·\<~~;· ._:::.··~f':· ·,.~·are sometimes .used~. . 

· ... 

•' ·:.. ,, . . In the first type' ot experiment to be discussed, c14~ la added to the .. ' . ':.· , .· ,·· . ·•.· .... :==~;~ ~~ ~i~~~:a;l::;ni:S~ ~~m:a:~tm!~r:,_:r!~l~!s 
·· ·<··,<' ·::··.<::<>·' · .·.ethanol. ·All enzymatic processes are thtn"eby quickly halted. Extracts of the 
. ·.~·· .: .·~ · -,./--~ ;~·,.. · plant material are made I concentrated, and then ~ by two-dimensional 
:;._:. .. ::. .. _. ,. ... ;_:-(:.,.J paper chromatography and radioautography. ~ techniques of two-dimensional 

.>·::<:·':::·.' . chronmtogmphy and r!!oauto~ of plant extracts labeled with cl4 haw bet!n 
_:.;: : ·.;.:.~-<: :· .. : . describ~ ~{n"U~(l )as well as .the identification ot the numerous labeled com• 

· · · ' :, pounds .lJ' J, 5)' 1, 7 'l'he radioautograph& ob1!fl.1ne4 trom experiments of 10-
:'. · seconds and 6o..aeconda photosynthesis v1 th cl~ are sbovn in J'igs. l and 2. 
·.·The 6o-aecond ex;periment illustrates. the importance ot various sugar phosphates.· 

. :. and acid phosphates 1n carbon reduction. The lO..second experiment shovs the14 .·:;; :e~spn:~rer~:O~~~er:f ac~: :!t!~4 t=:~!: d~::n=:o:n~e-
sia tor vartous short periods ot time is extrapolated to zero time, it is found 

. that at zero time aU the cl4 should be in phospho~certc acid. This compound 
· 1s therefore identified as the first ccmwo\md into which carbon . 41ox1de is incor• 
porated 1n photosynthesis. ·· · · 

, Fig. 3 shows the ·distribution of the ·labeled carbon in the three carbon ;. 

·. ; :· atoms of the scyceric acid obtained from the phospbo~ceric acid in a 15· · .· · ... 
. :.:>· . second experiment. Ba.lt ot the cl4 1s 1n the carboxyl grou;p and the other hal:t . · · 

· · 1s d1 vided equal..l3 between the other two carbon atoms. From the same experi- .. · 
ment some hexose (fructose and glucose) was obtained and degraded.· The d1str1• 

. bution of carbon 1n the two 3-carbon halves ·of' the hexose was found to be very · · 
much the same aa 1 t ia in the three carbons ot glyceric acid. This result 1m- .- · · · ' ·· · 
mediate~ suggests tpat the six-carbon piece is made from the tvo three • a by · · · · · · ·· 

. " ;-; · .. . .. . . Joining the two cs:rbox;yl carbon atoms. · 'l'his is s1Jiwl.y a reversal of the well• ... ' · 
· ·· · · . · . .-· · . known aldolase split of fructose diphospba.te · in the ·glycolytic sequence,. a part ... . :; :.' '< · .. ;· · ,· · pt 'Which is shown 1n Fig. lt.. Here ·the phosphoglyceric acid is reduced V1 th the 
·:. .~· ·,. .. . . . ··.· hydrogen from the photochemical reaction to phosphoglyceral.dehyde, which is 

~··. ·. ·.< ~: ·:··: then isomerized to form di.bydroxyacetc;me phosphate (DHAP). Condensation ot 
<' :.:>·/.~; , ... ·. '· pbosphoglyceral.dehyde With DHAP then results in formation of the hexose, fruc• 
· .·.,···.: .. _'·:· . tose-1,6-diphospbate.· Thus; the two carbon atoms which were or1gi~ car-
.-.· · ·.-, .. · : .. box;yl-carbon atoms finally tall 1n the middle ot the hexose cbain. It is qui'te · 
·. · ... :,t · :, .- clear that there must be some cOli{POund that accepts the carbon dioxide to form ·. 

: · ·. ..· \ ·. ~/ · .· ; / the glyceric acid. Furthermore, that compound must be regenerated tram the PGA 
_· .', ·'.:, · ':: /: .; ... (phosphoglyceric acid), triose phosphates,. and hexose phosphates, or some other 
: ··. ·: ::. . .... · : .. <, <<:·. . compound· formed trom them. 'lt is thus evident. tbat ·there ia a cyclic FOQesa . 

y''i~}-';?· ;;-· 2ve4 in ~- re4uct1oA ~ :;~~t4f.:_-' :'' .·. ,,' ,;" ' ' ' ·.; :: ~- ' . · .. 
:,, ,·.:\:/:: .... ' ':.: .. ;·_~:· -~ ....... ·. ' .~ . ·. . . .· .. ·_...:..._, 
,·· ,' . .:.···' . ., 

·. : ~' ·: '· . 
•, ..,· ' . : ~ .. : . . . . . 
> I'-

' '. , . ' . 
. •,. 

~ . . . . _. ~ 

. :' 

. ~ ; ' ~ . 
; -. -- .. _ ' 

~-"" .... '\:. _: . --.~·-..... '. ..... _ .· 
·.·- ._ • .... , ,, '·.· 

-;, 
,·, ":, ., ··- . ' ~ 
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PHOSPHOENOLPYRUVATE 

OIHYOROXYACETONE PHOSPHATE 

RIBULOSE PHOSPHATE/ / 

RIBOSE PHOSPHATE I 
FRUcTosE PHOSPHATE a MANNOSE PHOSPHATE 1 
GLUCOSE PHOSPHATE a SEDOHEPTULOSE PHOSPHATE 

PHOSPHOGLYCERATE 

RIBULOSE DIPHOSPHATE a HEXOSE DIPHOSPHATE 

~ SEL PS SCENEDESNUS 

• Chromatogram of extract from algae, indicatin~ uptake of 
radiocarbon during photosynthesis (10 seconds)J 

SCENEDESMUS 
60 Sec. PS 

GLYCOLIC 

GLYCERIC MALIC 

ALANINE 

GLYCINE 
SERINE 

ASPARTIC 

TRIOSE-P 

P- PENTOSE 
MANNOSE -P + FRUCTOSE-P 

SEDOHEPTULOSE-P 

URIDINE Dl 

P-PYRUVIC 

Fig. 2 - Chromatogram of extract from algae. indicating uptake of 
radiocarbon during photosynthesis (60 seconds). 
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. ' ' '~;t; . ·." :w '·~ • •. ~ --·. ' ' . ' 
· · · · , . Before considering the nature of this cyc:Uc process it is of interest to 

· · ··.~·:.: ~~··. -~ . . ·· · mention the steps leading from fructose diphosphate to the final. product of 
· '.·.: .. , ~: .· photosynthesis, sucrose. These steps were identified after the intermediate 

,· • . ·;'.·:/:._:. · compounds were isolated by paper chromatography and ra.dioautograpby. -Fig. 5 ... 
· ' -/ · .'' :·. :;: . _., > shows the relationship that vas found. . Here are shovn the phosphoglyceric ae14, · · · 

· _;:;;:> , ··. fructose diphosphate, and the various transformations that lead ultimatel;r. to 
: · · '. , ·. · :- glucose·l-phosphate. This compound reacts With uridine triphosphate, to make 
-..;·:~: :'· ·: ~: uridine diphospbogl.ucose. Ur1dine diphospbogl.ucose (UDPG~~s found on the 

... ·· · · ···.: paper, With the glucose moiety labeled after ver:1 short C '"'02 exposures. UDPG 
· can then react in one ot two ~: either with tructose-1-phosphate to form 

.. · .. ,.:·. :·."· . sucrose phosphate Which then is pbosphatased to sucrose, or direct~ With tree 
::.: :·~ ~(:;.,-;·· ;_ ;_~ :, ' fructose to torm sucrose in one operation. However, since one sel.dDm t1Dda e.rr:1 
,. · .. <~-:';\,>.:' :.~ ... ·,tree labele4 f:ouctose, tbe first of these alternatives appears to 'be .the maJor 
'::'-:··~'/ ~-~ >::;, . ._, .· .·· pa~ tor green leaves. An enzyme performing the reaction . . . 

' ~- . . ·: ,. •.:. '. ·~·" ' . ' ' 

.. ' .. ~· ,' ·' ~-···;. '. ' i . 

UDPG + · frUctose phosphate --~ sucrose phosphate 

· has recent~ been prepared in a· parti~ purified state by Leloir 1n Argen• 
. tina. Fig. 6 shows the structural formula. for the UDPG and its reaction Vith .·· 

._,. tructose-1-phospbate. ·· This reaction gives uricline ·41phospba.te and sucrose . 
.~.·phosphate With the phosphate on the No. l·carbon atom ot the fructose moiety. 

·r· The phosphate is then removed to g1 ve suerose. This appears to be the common 
· . .route to sucrose 8Dd 1s thel'etore one ot the maJor synthetic reactions in ae;ri• · 

· culture 1 e1nce INCI'O&e provides .. the substrate for a Wide variet)' of other traz1a. .. 
: . forma tiona. · · , ·.. . . · :. · · .. , 

.. ·.·· ..... ·.•. 

.,. .• 

. ' 

..-.: . 
We . nov return to the problem ot cyclic regeneration of the carbon 41ox1de 

. acceptor. The roles of POA, triose pb.Ospb&tes, hexose phosphates, UDPG, and 
'··:- sucrose have ~ 'been identified. . 0t the compounds labeled by short perio48' · 

<<·; ot photosynthesis, there were lett only the seven- and five-carbon sugar phos• · .' -\· <." , · .. :.···: .. pbates. These were sedoheptulose-7-phospbate (SMP), riboae.Ja-phOspbate (RMP), 
· ·i· ·.· < _i: .• -~:>><'"> ri'bul.ose-5-pbosphate' (RuMP) and ribulose diphosphate (!UllP). \ 

. ,·· 

... 
., '/ I ~ ; "' > ' • 

,. · .,_,..:·:, .·>: \:<-::' An atteuwt vas made to determine. the Order ~t ~aurrence ot these com;pounds . . 
.· ,-·::~;':!• .. ·<;·.:\: ':·_::.·.::. by the .same technique aa .\fU used to identifY PGA •··the first procluct ot c~ .. 
: ;~;:~·.:\(~;::_;·.,:.'_:-.'-:_·.\ ·' fixation. · .· . ·· · : . · .· · ., <. _: ., ··.· . · · ·· · . .· · ,· 

. . ~ . 

·· .-,· .. . . Since the reactions ot carbOn 'reduction e.re so rapid, a f.lov system. was de_ • 
·: ~ ·· ~ :· : · .. signed to obtain sutticient,cy short periods ot exposure to cl~ to permit 

3
) ' 

····:· •':·. ,_· ... :_ ... · observation ot the relative rates. ot _labeling ot the various sugar phospha~s • 
.. . . ~ . ~' · .. . . 'l'he system used is Shown in Fig. 7. · A suspension of algae vas tQrced by means 
: . :'. · • 1 ..:. '. · of a pump tram a transparent tank through a l-ength of transparent tubing into 

. ?-':;:·.: ~:· .. ·:: .·. ,... 'boiling methanol.· An aqUeous solution ot cl"'2 waa 1nJee'$ied at a constant rate 
·'' ' .''' ,,-'.: .. into ·the tubing. The time ot ex.Posure ot the algae to cl~ vas determined by . 

. ·: ' ; } ' · · the rate ot tlov ot al.g8.e through the tubing and the length ot tubing 'between 
, .·. , · . . the 'point ot inJection end the killing With methanol. In this vay exposure 

,. ··. . . . . times ~ng trom 1 to 20 aeconda were obtained. When the radioact1Vity tound 
. .< · · ··.·.~:. ·· 1n each of the sugar phosphates vas extrajolated tO ~ time of exposure 1 how• 

. · · • · · <: ~- ... \ ·:, ever 1 no choice coul4 'be made 'between the pentose, hexose, and heptose pbo:sphates. 
:. . , .. _: , . · < .. It appeared that all were f'ormed at the ·same time •. It vas uecesSar;y, therefore, to . 

~~::·r·tr+:·,;.·, __ · . --~~to degradation atu41ea ot,t.heQ)tar10U8 ·~ phos»h&te •. labelecl.in ~-~ 
~ . ' ' '!:. . ·_, ~ • . -:-..~· 

,.· _.... ~j:. :.:' :'· : . . ~~-.· 
-:· : ! . 

.. ..... 
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SCHEMATIC DIAGRAM OF FLOW SYSTEM 

FOR SHORT EXPOSURES OF ALGAE 

ro c•4oz 

0 

0 
C02 IN AIR 

; ~· ' : . . 
,.-~-... 

; .. 
~- .. · 

··:·· .. ' 

/-1' 

~ ::~o~ ot.~;.~tor a~u>rt elq\0~·· 

PGA 

*CH20® 
I 

*C=O 
I 

***CHOH 
I 

CHOH 
I 

CH20® 

RDP 
.... :·· ., 
' 

.:··· 

~ .. -_,. .· .. . 'I' 

: .• _;':··:'<~:.:<, 
... , ...... 

. ; . '·,_.,. ~ _.; 

.,• 

CH20H 
I 

C=O 
I 

*CHOH 
I 

*CHOH 
I . 

*CHOH I . 
CHOH 

6H20® 
SMP 

\'. ,; 
·.· .. ' 

. ~ .... 

,...l" 

,. 

.:. ... 
_:,,:· 

,.• .;-·. 

. t' l. ~ 

. ..:'··. 
",-.::;~. 
. '"'. 

{t ·._,.· . 
.-,·,·· . 

.· ': 

....•... ~ 
. ·.· 

~ ... 
,. 

-~: 

c 
I 
c 
I 

*C 
\ I 
*C 

I 

.·.:· ( 

c 
I 
c 

,· 
\ ~ . :' 

.;.-

j" ;" 

'.l. 

... 
·• 

... ·· 

. ~--} 

•.,.' 

.; 

···: 



. . 
. ,Li .• 

• 

· ... · ... ' 

''r' 

. .:: 

.. 

.. 

. . ·. 
.:.· .. 

·--· 

. .I'. 

.. 

. ' , .. 
I 

' ,'."}' .... ·' 

. . ·. 

. \ 

A detailed analysis ot the distribution of radioactiVity among the C&Tbons · · ' 
. of these sugars is shown in Fig. 8. Here, besides PGA, are the five-carbon · · 
. sugar, ribulose diphosphate (RuilP); the seven-carbon sugar, sedoheptulose pbos• · 
-pbate ( SMP); end the skeleton of a six-carbon sugar 1 corresponding ei tber to ' 
glucose or fructose (these are the maJor six-carbon susars that we find) • The , · 
stars g1 ve some indication of the order of appearance of radioactive carbon 1Jt . 
these compounds, and it was trom an ~is of these data that it became pos$.1·· . • 
ble .to deduce relationships between the various compounds. t:. 

. - ~ . \"• . -~ 
In much the same way as ve deduced the relation between the three-carbon t~ . ' 

PGA and the six-carbon BU{YU'S we were able to deduce the relationships between.f . 
the rive-, seven•, six· and three-carbon compounds that are shown here. It if(, ·. · '· 
quite clear at 8. glance that there is no simple structural relationship betweeia 

. the five- and the seven-carbon com;pounds end the other sugars. At least, tbezi 
is nothi.l)g as simple as the relationship between the three-carbon PGA and the ~~ .. 
six-carbOn hexose. ll'here is no sequence of carbon atoms 1n the ·C5 or C7 sugarai · ·· 
that could be considered aa simp4' the intact c3 or the intact C6, re&peeti veJ.r. ·. 
Until ve realized that the C5 might have more. tl'ian one origin we were not able _ · 
to deduce a possible route for ita formation. 'l'his route is shown in Figure 9· ·. 
By told.ng two carbons ott the top of the C7 and adding them onto a three-carbon · · ; · 

: piece labeled as is phosphoglyeeraldehyde, we would get two five-carbon pieces ~. -.,. 
one ribulose and one ribose • vi th their labeling distributed as shown. · '.rhe · ' · · 
average of their labeling would be the actual one tound. This evidence, there .. _: ' 
fore, indicates that the orlg!Ii ot the ribose and ribulose phosphates is 1n a , , · ... 
transketolaae reaction ot the sedoheptulose phoapbate vi th the triose pho~haW . 
to give the tvo pen~se phosphates. These can be intereonverted by suitable ;i:. • · 
isomerization. 1

· 'l'hus,·, the pentoses are formed trom heptose end triose. ':~ ... ,, · 
i 

As was shown earlier 1 the· hexose is formed. trom two trioses. The question;i; 
then remains: where c!oes the heptose come from? . ~ here, again, a s1 mil ar ;;. 
detailed anaJ¥sis wu made ot the carbon distribution Vi thin the heptose mole• ~ · · 
cule as a function ot time. 'l'h1s anal.ysis led to the realization that the hep• !; · _,., 
tose must have been made by the combination ot a tour-carbon with a three-carbon' 
p1oce. The question arose then& wbere do the proper~ labeled to,ur-carbon and; 
thNo•o"t"bon p1oaoa oomo trom? Tho tour-co.rbon ;pioce could only coma by apl1 t• t 

; tins tho c6 -(hexoae) into a c4 and a c2• . · :~ 

This is accomplished by the trBnsk:etolase enzyme which removes the tvo "top' · .. ·. · 
atoms trom the tructoae molecule and adds them. to a molecule of glyceraldehyde• r " 
3·phosphate_ to produce a m;,J.eCule ot ribul.ose-5-pbosphate (RuMP). The tour- . 'i .. 
carbon piece that remains (er,rthrose.-4-pbosphate) bas the distribution_ ot radio• j 
carbon that is required by the observed labeling in the tour "bottom" carbon 1 
atoms ot sedobeptuloseG l i ,_ 

. . r . 
The three-carbon piece required tor the three "top" carbons of sedoheptulo.; 

might be dibydroxyaeetone phosphate. In this ease the condensing enzyme would. f.· 
be aldolase and the product would be sedoheptulose dipbospbate. \ .. 
. . ·i 

') ' 
~ . . . ' ' , . 

Alternate~, the three-carbon piece might be obtained by the splitting ot . }' 
'· <" 

.. 

•'' . ·.·I . hexose by the eneyme transaldol.a&e, vbicb woulcl transfer the three top atoms of 
tructose:.O-phosphate to the four-carbon piece ( ei";Y'throse phosphate) formed from 

· the four bottom atoms of ano~ t:ructoae molecule •.. ID thia case the product 1:\ · 
would be ae4oheptuloae•7•pboapbate.·: . . .. · .. · ... ·· .·· ·· ·:-. ,_· · . l, · 

. / .. . .... ·.-.. , ':·::·''> .. '~ .. -.. >·:.~.-..... }.:-: .. ,_· ,.::.: ' . :. . . 
• t~ ' • I' '" ,' ;4.~ : 
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· ' ·· · ·~ ·. '>:~ ' In either of the alternate sugar rearrangementa, carbon atoms No. 4 and No. 5 , 
· .. · · .. ·.. ... of sedoheptulose are derived trom No. 3 and No. 4 of fructose, respectively. " . 
. ' '. . . , . However 1 in the aldolase verSion, carbon a. tom No. 3 ot sedoheptulose is d.eri ve4 
· :. ·: · · from carbon No. 1· of' dibydro~etone phosphate. Alternative~, 1n the trans-

aldolase version, carbon atom No. 3 of' sedoheptulose 1s derived trOlll carbon No. · 
· · ' .· · · · 3 of fructose a.n4\ therefore should bave the same label at all times. Since the 

... '· ~ ·. 
latter condition is not experimentally. tulfilled, the aldolase reaction appears 

..... , to be the correct one. However, 'it must be: noted that this argument rests on · 
· · · : · .• I"· · the assumption that the concentration of the intermediate erythrose phosphate 

\' ·• .· 

I •' 

' 

· '· is small compared. Vi.th that of f'ructose-6-pbosphate. Also it f1II!J.Y be noted that .· 
a small . amount ot labeled sedoheptulose baa been obtained from hydrolysis of' 
the sugar diphosphate area, indicating the presence of labeled sedoheptulose 
diphosphate. The presence of this COlltJ.>Ound 'IJ1IJ.y be accounted for by usUIDing · 
its formation by e.l.dolase from ~etone phosphate and erytlirose pbos- . 
pbate. Therefore, this route is tentatively accepted tor the formation of sec2o·· 
heptulOse. The described transformation is lhown in Fig. l.O. Here are shown 

.. 

the tvo trtoses that c~m make one hexose. One hexose then reacts With a:notber ·. '· 

.·. ' ' -~-. 

. . . 

·triose to g1 ve pentose and tetrose 1 by· means of the action ot the enzyme trans- .·· 
ketolase. 'l'etrose and triose are then coudensed by aldol.BBe to g1 ve ae4oheptu-

. lose. 'Dle net result ·ot. the reactions 8hoVn in Figs•. 9 a:a4 10 1a the formation . 
ot three moleCulea ot pentoae . troll t1 ve molecul.ea Qt triose. , ·· · ;. ·:·, · · ·. .. . · · 
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Acgegtor 

·· ... ' 

·.r · -•. , ·'\: ~ • ; · ' , '·.~ •• ·r ,' ' ' · · • i 
·.: ·· ::;t~; .. ·,·. · All t~l results thus tar were obtained With the first type of experiment, · .· · . 

·. . :·: ;, .·:· ··.;· ~- · :::· ,.: .~ in vhich C ~ was added to plants tor a very short period ( l to 6o seconds) ·. · · ~ 
· ~·:. ··:::-··' ·.:.before the plants were killed. A second type of experiment vas used. for the · .. · 
:._·,::~:_,.i} ::.,::_· . >_: 1dent1tica.tion of the C~ acceptor. In this. case once again the starting con• .·_· J .. •· 

· <; :· . .'·! · .• ·;';': ··• ,. :• d1 tion was an active~ llliotosynthesizing algae suspension in "steady-state" '· -:. : · ·, 
.'· ".::· • . \' ,r.: .: ... condition. In addition, the 1n~d1ate compounds were "saturated" vith cl .... 

:: .:· ... ,. ·· ._,·-:;'./ ·~a was accomplished 'b7 leavinS the plants 1n contact Vitb an atmosphere of 
· : .. ·,;-' · · · ~ .· · . cl ~~led COoc! 1 maintained at constant specific activity and C02 pressure, . 

<·"-.' ;_ >. ;:,' · . · · tor more tba.n an hour prior to. the start ot tbe experiment. Under this condi• ... · · ·. 
· i ·. ::.- , ... ·:: ; tion, the concentration of each labeled interDlediate com.pound can be determi• · ·. . . 

. ·~ ·.· .... · . . · . .>:; Ded trom the radiocarbon found in that COD;JOUr.l4 on subsequent ~ia by chro:-·· ·: 
-: ·. ·.-· -~.·~.. <:. "· matograpby and radioautoe;ra.~. . · 

_· .·~:.::\:.;j·:,f_:/':)_:: · Atter.tbis initial cl4-saturate4 steady state. vas obtai~, allquots of ... ·· 
.·. · ·:·.: .. :_.::·: the algal suspension were taken at frequent intervals for ar:aal.ysis. Then 80m8. _.: · .. -:- ·. · > , :>~':;:-.·environmental cond1t1on:auch as ligbt waa su<ldenl¥ changed.· Allquots of the .· ··. 

· ... >·:·-' ·,:' .; algae were taken eYf¥t7 two or three seconds tor about a minute 1 and. then at 
_ > ; >. :' ., less frequent intervals. Analyais of these· aliquots shoVed the Ya1 in which .. , 

: . ~ , .. ·. ;::._~:.;, ·: the concentrations ot the varioua -intermediates varied as a result of the en• 
. ·: . ,:·: :·· :·~.': "•. '. : YiraDmental chaD.ge. . . . 

·.:.. . .. ,_· . -..':_. · .... ·. In the first such stud/) the light vaa turned ott. It was found that the .:· . ,· 

··. ·· ·.-' ·· .... :.. -~· concentration ot PGA increased very rapi~ while that of ribulose diphosphate.· : ·: 
- . , .. (RuDP) decreased rapidly. The ~sults of a later, somewhat more refined., ex- . · 
: ··· ·· .. .. periment are abovn 1n Fig. u.8J Rere it is seen that tbe concentration of' ': . 

.. RuDP decreases to below a detectable amouut (<J.'j, of ita initial value) 1n about·····<· 
. · 30 seconds. These changes in concentrations can be accounted for it we ass\.mltt 
. the followings the reduct~n ot PGA to triose· and. tM formation of RuJlP are . . 
, . reactions requiring light; RuDP ia coln'erte4 to PGA via a CSl.'boqlation ·reaction 

that qoes not require light. ' . 

. These relations are shown in Fig. 12. PQA is reduced to triose phosphate ... 
(at the sugar level) J the triose phosphate then undergoes a series of' rearrange• · . ' 

· menta 1 such as the ones described earlier 1 through the hexose~ pentose, and hep· .. ; .. 
. . tose1 back again to the r1bulose·5·P~bate. this is all at the sugazo level 

of oxidation and requires veey little cmsrg:f for its operation. There is then, ·· , 
·:·· · · ~ · same light requirement f'or the formation of RullP trom RuMP. The reduction of · ··_. 

::'·'<~-r·: .... : .,_ -~·~ ... !: =~ ~=~: f:): ~the~~~~ ~o:::; ~~~ • .• 
·;: · · · ,., · .. ATF, as viU be seen later. Both these cotactors are prod~ at the reqUired · ._ ·. 

, .. ·~ ·.·:,/.'··< ·.,_;. rate only when the light ia on. Thus,. when the light 1s turned ott the rate · · · 
· "· ,. ·. ·:·.- of formation o:t RuDP and the rate of reducUon of' PCA d.earease but the rate ot 
.. · )·~:· -/.· .. :~' · ·.: ·. ·.·carboxylation of RuDP to form P(a continues unaffected except by the concentra.- · 
. : . . .. , . -.. :·:.<-:; . · tion ot RuDP. · · · 

. ·,_ .:/ ;·<. J • \~>· -~ . . - . . . . .. 

· · -· · ·., , :: . . · From the above scheme it vas possible to predict the result if the light 
-:. .: ; · :.:: ·: :; · ~ vere left on but the C~ pressure were su4denl.1' decreased. In that event, the 
.·.·~ ·_,· --:~·.·. ··.:- .. · ·. carboxylation of RullP to form PGA should decrease 1)-p.t the formation ot RuDP and·.· 
··->< : -: :·;· · -:· ;, . the reduction of PGA aboul4 be unattected. ConseqUel1tly the oonaentration of . . 
: .. _:: ., <~.~ . .'" · :'( ·>.·, ... RWlP ·8houl4 ri~Wt .vbile that of PGA should taU. This ex;periment was :pertormed9) · ' 
. . . ·. ,-·" · u4 ~expected reeult,· abowli_1D 11&•. 131 vaa·ob~, . Wbea .tbe COa pressure , ·• ·:: 

. :· . . . . . . . ' : . . ' :. . .; .. _ ••....••.. :·.!>.~ ,\::<·i. :: .. ::.:~-~ .'. ~!·;,· .••.•. ··.·: . : ·.··· .... : .:~ .•.. ; .•.... ' . . . . .. 
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: ·. · \'· .. :·,.:>:·;.:. is decreased, the first compound to increase in concentration. is RuDP and the·· 
. ~ ... " ~~-/ : .. ~.',:·.second is its 1mmed1ate .precursor, RuMP. Last to rise 1n concentration is 

" . . . ~· ~· 

· ·,. · ... .; :;, .~· · triose phosphate which is one of the precursors r4 RuMP. 'l'he t1rst compound 
: · / .... 0':':- .... ·,:-- . to decrease 1n concentration is PGA 8lld the sec:o=. ia its 1mmediate product, · ., , 
· : ~.·;. · : :--~:. ··: ·:)' ( : triose phosphate. Next to decrease is RuMP, and last to decrease is RuDP. 

:. . · . · ' .. ·: ... ~:;:~ . > These changes pl"'Vide excellent contirnlation tor the proposal ot the cyclic 

_:<;: .. ::\::L /':_·'Lt(t :.' s;rstem. 

:'·:.» ·'! . .":~.:<< There remained some question 'Whether the carboJcy'lation of a molecule 'of . ., 
· .:, :,.~ .. :::·> :'· !·.:.::; · Ru1lP produced tvo molecules of PGA or whether some other rea.cUon might occur · · ·; 

·'·)·: · '>/t:·:·::< ..... ,!:!! vitro 1n which only one molecule of PGA is produced along with a molecule ot . . 
· :.:>. ··~··· ,:2': triose. In order to test thiS alternative, a rat.bei'" ca:retul. experiment was , ... · •. 

:·:·· .. . : .... , ... : .::.·,.y·~ · pertormedts) in vbich the rate of inCrease ot PGA when the light was tun1ed ott ' > 
··: :) :;' ' . ' . was compared vi th the steady-state uptake of c~. During the ~irst few seconds: .. : : 

·. · . after turning ott the light, the rate of 1nereaBe of PGt\ shoul4 approxima.tel,y 
. . ·equal the rate of ita formation during ste~·ata.te con(litions, proVided reduc- , 

· ·.· ·:··: · .. :· , . v:-.. ·,.·. tion ·of PGA could be sudden~ halted. ~ ratio of . maiecules of' PGA increase 
::.<= . .-.,-· · ···:· ii::. per second/molecules of C~ taken up per second shoulcf indicate the number of ·. · ·.-
.:·)~·:··)·, : _ ,, ·.:>. molecules of PGA e.ctua.l.:cy- formed per molecUle of ~· It this ratio experiJD.eQ~ ... : 
:·<·.<<;_!: ·, .. ,.:· ~:-. ·. te.l.4' approached 2 at short times, or even exceeded l.~ ve vou14 bave evidence _ .:" 

•.., · tor the formation r4 two molecules ot PaA for each molecule r4 RuilP cazobox;ylated. ·' · 
-~. The ratio was calcUlated from the data abovn 1n F1a. U ll.l1d the me&S\1red ~ . 

· · .. entry rate, and vas found. to be between 1.5 and 2. !huat ld.zlet1o ,!.! vitro ~-... :· 
&moe 1& ~ tor the ~lation reaction . . . · ·.' . . . .. 

' ..... ' 

RuD.P ; t C02 + BaO ---+ 2 PQA.. 
'. 

THE CARBOB-REDUCTIOB CXCLE 

' ' 
. ' 
. ~ ' '. 

~ .. , .. ~. , - , . . The complete carbon-reduction cycle is shown 1n. Fig. 14. . Here are shown · · : .. · 
s.: . <:;· __ · "\"<. ·, .·. all the details, including' the intermediate compounds and enzymes required for . ·. 

- · ~~ · .; · .·: ··. · · ... ~ the various transformations. 'l'he net result of each turn of the COil'I.Plete cycle 
.: .. . >; '< ;< · ; ·.· · · 1a the introduction ot 3 molecules ot C~ and the carboxylation ot 3 JIK)lecules · · ·. 
· · > ·: ~ · :· •: :, ' ot ribulcse diphosphate 1 leading to the formation of 6 molecules of' pbo~bo· : 

. -._:.·~:,,:_~'.':~.~· .. '·r·-. ~~:.a:~~~~·~ ~::;e; :;;:e=tsJ~nc~~ ~~U.:a: :::-• ·i 

·.::-'· -·, .. ·.·;_::.~>·; ... ~ · phate, thus completing the cycle, Vh1le the sixth f'inds ita ve:t ultima.teq into' 
....... , .. :···.,_ · _;, : aucrose and represent& the net gain in reduced. carbon per turn ot the cycle. ·· :· · · · ., -: · ~>' · · '-- · . All the enzymes shown had been previoua~ isolated sepan.teq except tor the 

. : · .. ..:,·. carbo~lation ensyme which converts c~ and rtbulose diphosphate to POA. . . · 
'"'· ;' .. ·· 

• ..!· 
~ . ' 1- . 
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Fig. 16- Chromatograms showing.effect of enzyme action on 
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Indeed, upon longer exposure (> three minutes) to these crude prei)arations, 
much of the PGA vas converted. The formation of a Uttle labeled .~:malic e.cid 
in the absence of substrate (RuDP) indicates the presence of pynrf.tc acid and . 
malic enzyme. · . . · . · ~ 

·~ 
·d' 

~ause in thiS experiment the tracer W8S 1n the C~ and not ~0 the RuDP 1 

1 t did not g:f. ve direct intorma.tion about· the fate of the ti ve carbon atoms of 
ribulose. It was therefore necessary ·to do the ~n't; W1 th labeled RuDP . 
and unlabeled c~. This was not very satisfactory in the . first i.Iwtance when 
the crude preparation va.& used. Although labeled PGA was formed, a good ~ 
other labeled compounds were formed as well, because ot the presence in the 
preparatio:a of enzymes that could e.et on ribulose diphosphate s.n,d cOI!ij>Ounds 

•• 'o!-

formed from it. In particular there vaa present a phosphatase wbieh permitted . 
the formation of ribulose-5-phosphate. . This com,pound, in the presence of trana• . ·. 
ketola.se and aldolase (and possibly transaldolase) 1 would rap1d4t :find 1 ts we;y . : 
into hexose 1 heptose 1 and triose. The triose 'liriJ.:1 have . g1 ven rise ·to lOme. PGA · . · 
by oxidation. Altho\lgh attempts to b~a this difficulty by 1Dh.1b1 ting the · 
initial. phosphatase reaction on RuDP were part~ euccesstul, tbby vere not 
conclusive 1 · because ot the inaensi t1 vi ty. ot the · - . . . ~ 

. . . ~ .. BCo; · ~ . 
Rul:&J ) PGA \; 

~ 

. ·. 

sys~ to fluoride ion (:r·). It \lt\8 therefore necessary to proceed with the 
attempt to tree the preparation from 8llY other enzymes ~able o1" acting · upon 
RuDP except the one(s) required for the POA-f'orming ree.ction (:rrom·:e<?-2). This 
was accomplished first from neutral extracts of New Zealand spinach (Tetra.gonia 
..exJ?a.nsa), and later from extracts ot sonicall.y ruptured algae. Th$ enzyme ap
pears in the protein traction, salted. out of neutral extracts, bev.teen approxi
mately 0.3 and 0.4 of saturation with (NR4)~04. The results of a$:l early. ~~
riment with such a preparation acting on laoeled RuDP are shown in i1ig. l6.J.OJ . 
Here the fate of the ribulose cQ.rbon is clearly 1 ts conversion to !PA ·when both 
enzyme and NaHC03 are present. ; There appears to be some sugar mond.Phospha.te · 
present in all tlie ex;perimants; partly because or 1 ts presence in the- originaJ.· .: 
RuDP Sainple and perhaps pa.rtl.y because . ot .the presence of some residual ;phoS• .. . 

, :phate.se in the eneyme preparation. Later ex.periments have g1 ven ~parations · .. ·. . ·: 
· / . that convert euential J;r all of' the ribulose carbon into PGA. and ~· elae • . , <:' . · 

. , .·:· · ---- . · ·· . · · · -~s . .: · · · ~; · 

It tbua appe&ra that the or1g1.nal. tot"JDUlation ot the reaction .. ~• -.t .··~aat · · 
. e. llkel,y one, . . . . .< ·~_;, .' .·.· ,. : .. ,. : .. : . 

. lit\ ... dr ,· .·1) · • '· •.. , •, 
, .. o ~-o\EJ . ., . V I ao® .. ~ ·. l ... _ .... -.· .. · . . :. ::· < 

B.,..-c11+ c1 -oa . - •o e1 ·c OB _. ·' · ~ · .. . _,. · .. · ,.: · .,· . 
. v . - ·-- . . ~- .: . ···b ~I L~ ·. . ' ' . . .I· a+ . I ' '. . 

. c£OB.'V · · .. : uo· CF*=O ~~: .. t, ':·.< · 
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·. : <. ·'·. ': : .. J . . ··.·.·. •.:. •' . . . ' ·,· .. 

'.· · · ··~ ~ · l •• ~o® :, :~ ~o® .. _. .. , . ~ ; .. · 
~ . ! :' . . • . "- ...... f' : t ,. '. " ' . - . ; 

~~ .• ·!,·;.. ,_, · ·: . ' . • \ •• 
. '·.· . . - . + .· ... :. . ! . ' . .. 

,. ... : . -2 ·- '?la-CIOB:.· ... :-co2 .+ .H .•· ~~· .· ·-.. · ·(. ~ : ·: ... .. :.~: , . . . 

,·, : ;, .: : " bi!)_;; ·'·~ .• J.:r.:i:.c:r;:·.·;~ :.~ :~' · .. .' : .... 
•• : •• y ~ ~ 

. ' ·,' I . ,' . _. : 1 
• ' • ' ' l 1 ! . • • ' • . ' ~ / ~ 1 

1', '·' ....... ~ . ~ >:. 

_.· , .. :· ··, '·. 
I , . 

:_._ .· . 

1/ 

·, 

' · . :"' .. 



• j 

·-
... 

' .· 

·• 

. Because the carboxylation reaction takes place at the expense of the oxida-
. tion ot carbon atom No. 3 of the ribulose to the carboxyl level, the name 
"carboxydismutase" suggests i tsel:t ·as uniquely desc:ripti ve, It is interest
ing to note that the enzyme is not readily demonstrated in a,tUmal tissues (rat 
liver), and that it can be obta~d from spinach 1n association with the highly 
organized intact chloroplasts,llJ from which ~t is extremel$ easily separated • . 
. It does not appear to be especia.l.ly sensitive ~ vereene, o•phenanthrollne, or 
cyanide, but it is sensitive to p-chloromercuri'\>enzoate, an 1Dh1bit1on that ia 
reversed by- cysteine. · 

. Chemical Requirements to Run the Cycle 

We now have tbe cycle in ita details (Fig. 14), and we new know precisely 
· . what reagents are required to make the cycle turn. It can be seen that the 

· requirement for the reduction of a PGA molecule to a triose 1& one molecule of 
triphosphopyridine nucleotide (T.PNH) and one molecule of adenosine triphosphate 
(ATP} • 'l'he only other energy requirement comes at the point of conversion of 
RuMP to RuDP, where another molecule ot A'J!P is used. A calculation of energetic 
compounds needed per C<>-2 molecule entering will shov that the net requirement 
for the reduction of one molecule or C~ to the carboh;ycl:rate level is four equi• 
valents of reducing agent, or four electrons 1 and three molecules of ATP. ~ 
tour electrons are su.pplied by two molecules of TPNH. All these required co
factors must be made ultimately by the light through the conversion of the 
. electromagentic energy in some ~. It must be emphasized that in this require- . 
ment f'or reducing carbon there is no particular requirement for a photochemical 

' . . 
:· • ' 

· · . reaction other than the production of the two reagents. It we could supply 
those two things trom some other source than the photochemical. reaction, we 

, ·, · ... · · should be able to make this whole sequence ot operations function. We have 
. . :; ,._ . reason to believe that this is indeed being done by the use ot the required col• 

lection of enzymes. But a suitable situation exists in nature also. 'I'he situ&
•. . -~---. ·· tion is such that we must have simultaneously a higb level or this pS.rticul.ar 

· .· · · reducing agent ... Wbich we nov know can . 'be · tr1phospbopyric11ne nucleotide (TPN) -
and A'& at the same time aM. the same place • . , 

,,1 · . , • .., 

. ' 
#: . t i. 

~unning the Qycle Without Li@t 

There is one known system in nature 1 aside from the green plants, in v'hicb 
that situation occurs. This situation exists in one or the photosynthetic pur-

.. -~. ple bacteria that does not make oxy~n, but does reduce carbon dioxide Vith 
. ..r ·· ·.' ·, ·· .··. molecular hydrogen. Figs. 17 and 1812 show that it is possible to have the 
-.. : ·-:', :·' reduction of C~ take place either through the agency or U,gbt or through the 
<.,. · ·, . ·:, ·,. · agency of a chemical oxidation system. The organism ia the purple bacterium, 

· .. ~ ·,. ·;· ~ . Rhodopseudomone.s capsul.atus. The initial slope corresponds to the reduction ot 
· . . ·.' · ·. · carbon dioxide in the light. In this case both hydrogen • as the reducing agent • 

' l l • 

·. · · .... .and light are required. As soon as the light is turned of'f, the reduction ot 
· ~r" :. ·. - · · , ·carbon dioxide stops. Fig. 18 shows the same organism. This is a dark tiXe.tion. 

~ ': : . .. . Here it is exposed only to bellum and hydrogen, and there ia an initial tixatbn 
: : · · ., . ·. · - which itmnediatel.y saturates and stops. When oxygen is 'then adm1 tted to the sys• 
· ·. · , : tem, the fixation again continues in the same ve;y aa it does with light. The 

. . .. intermediates in the dark are very much the .same as in the light. The byth'ogen 
::· .. : ·: ·, ::~ - ·: presumably provides the reducing power that ia· needed. The oxygen is required 

... _~ · . to oxidize some ot tbat hydrogen to make ~ 1 and . the two together can make ~e 
cal"bon d1ox14e: c)'cla ·tunouon .. .. 1bia euggeat.a tbat .. a prime tunction_ ot the llsbt, 

. . : . . ' . .. ·:. . 
. / ~ . ' ' .• ~ . ' 
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.... :.· 
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in this case where cydrogen is the reducing agent 1 is to supply the- oxidizing 
agent necessaey for ·the production of the required ATP. 

. . . ~. . Quantum Requirements 

. ' ' 

In order to estimate what a minimum quantum requirement tor photosynthesis 
may be 1 on the basis of the intorma.tion ve have so far accumulated . about the 

. detailed chemistry of the process 1 at least one assumption is necessary. This 
·:· · is related to the mode of interaction of electromagnetic rad1ation and matter. 

· · · · · It is that a single quantum ce.n excite not more than a single electron. Another 
assumption about ·the behavior of the excited electron is required, namely; that 
it does not by' some chemical (or physical) diamuta.tion process give rise to 
more than one equivalent · of reducing power at the potential ot 'l'PNH. And 1t 
that is the case 1 inspection of the requirements mentioned above allow one to . 
predict what the m1n1mum quantum requirement for such an operation vould 'be. · 
_Four electrons are needed for the reductiOn, and three molecules of A'W. 

. . . Something about the various ways in which A'W. can be produced is already 
.. · . · .. ·. known. For example, during the tra.na:rer o:t tvo electrons from DPNB to an atom 

· .... · . · of oxygen, tvo or three molecules of ATP can be produced. Therefore, one can 
. suppose that when all the energy for the operation of this cycle comes from 

... , •·. . light, the min.i.munl quantum requirement must be six or seven. That is, four 
· · · . : · : electrons are needed for the reduction on4 two or tbree more to:: the three mole• 

!~ · · · · cules of ArrP that are required. However, 1t should be possible to find. condi• 
. . : ··: . ·. ;. ·.' · tiona under Which the quantum requirement for the reduction of C0:2 and the . 

· . ·. ... ·.:· · · . evolution of o~gen vould be as ·u ttle as four, provided there vere some other 
. ·-.:· . ." . ."··· . .. source besides1tbe light for the three mlecules of PSP. These conditions have 

· . : · . . been realized. .JJ The quantuzn .. requirement determination vas carried ·out by use 
. ,. ·. · .· : ·' of' an apparatus 1n w'hich one could measure directly, vi thout any ambiguity 1 the 

·· · ·production of oxygen by a direct measurement of a unique quality of the oxygen, 
· ' · paramagnetism, rather than merely by a gas pressure. Also 1t vas possible to 

' · , mea$ure directly the amount of' carbon dioxide absorbed by measuring a property 
, .. . : ; ot the C~ ,in the ~ phase, 1n this case ita tntrared. spectrum. 
' . 

As a result ot these measurements, it was found that the quantum require
ment ranged . experimen~ trom 7. 4 at bigb ligbt intensities, Where photosyn

. . . < '.: i · thesis exceeded respiration by a. factor ot 12, to 4.9 at lov light intensities, 
vhere photosynthesis ·and respiration vere nearly equal. At z~4 Ugbt 1nten-

. ·' · · . . sity the value of the quantum requirement ~lAted to four. J This result 
. · :: •. :-' 

1
· · indicates that some of . the ArrP requirement of photosynthesis can be met by re-

.. · · · · actions of respiration vbich Foduce A'l!f 'but that the tour electrons of' reduo-

·'· 

' . . . 

. 1ng agent must 'be supplied by the light reaction or, vi th special orgaDi sms, 
by ~-s\tPPlled reducing agents. 

. . So tar only the reduction . ot carbon has been considered. Since this seems . 
. . · · :.· ·· to be quite a separate system .from the OJI;}"gen-evolution reaction, it might ap-

.· • .. · · ·. ·: . · pear that one should not expect to learn ·much about the photoprod.uction of the 
· ~-. .. · ·· · · . . :·. electrons and tbe:ATP from &t~ the carbon reduction. But there must be a · 

~ '.' . connection between the two. By su1tab~ .observations it ia possible to see at 
.·~ :• l<tast one po1nt . at which . the c~.o.reductiOn cycle . ma.kea contact directly vi th 

· · , . tbe photoohemice.l. · ~tua. . Tbia ia shoWn in ·Fig. 19· Here the cycle 1a 

.... ' .... ..•... · ... :·:.c .•.• · .. ·,·.).: :,': ::, ;_ :,.·19-:;. ' :: .•. · .. . · .. . , , 
. . ~ . . , 
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shov again. 'l'he quantum is first absorbed ~ chlorophyll and converts water \i 
into something that meJres a reducing agent [H) and some oxidizing agent [0]. ~ 
The reducing agent can reduce the glyceric acid to triose. Some of the re• ;~ 
ducing agent must be used to make ATP, vith oxygen or the 1ntennediates on ~ 
the ve:y to oxygen, because that is necesse.r)" tor tbe cycle to run. What we ·~:: 
wish to consider oow is"this point or contact,; (H], between the photochemical ~ 
apparatlla and the carbon cycle and what information about ,the quantum conver- ~ 
sion we can gain ~ this stuey-. · · ~ . 

~ 

!:ight Inhibition of 'l'CA:Cycle Incorporation ... :1 
An experiment was carried out in 'Which a stee.d\1 state was examined and the 

changes induced by a sudden change of conditions were observed. Fig. · 20 shows 
the result of this experiment. Here is the same type of experiment as bet ore 1 
but With the examination directed toward different substances. Attention 1s 
focused on glutamic acid and citric aeid1 and it will be seen that while -the 
light is on, the rate ot formation of radioactive glutamic acid and radioact~ye 
ci trio acid is quite low. But immediately after the light is turned off, the 
rate of formation or these labeled acids is increased maeyfold. Glutamic and · · 
ci trio acids I!U."e two c~~ very closely related to the respiratory cycle t~ 
known as the Krebs cycle, and Fig. 2l describes in schematic terms the meta- F 
bollc relationshil)s leading to the experimental facts we have just seen. Here; 
is shovn the photosynthetic cycle and the Krebs . (tricarboxylic acid) cycle. ~ 
The glutamic acid and ci trio acid are 1n or related to tM Krebs cycle. The .\ 
photosynthetic cycle does not contain either glutamic or ci trio acid but doeS: 
form PGA and sugars. Eventuall.y these direct products ot the photosynthetic I' 

\ l 

cycle have to become carbohydrates, proteins, and fats, and ultimately they ' 
will get back into the tricarboxylic acid cycle. 'l'hat is the maJor route in ~ 

r . 

' '' ' 

the light. But 1Imnediately e.tter. the light is turned oft a direct cormeot1on·~ 
between the -two cycles is apparently made which allows the PGA to be transfor+ . . 
med directly into the conx,pounds of the tric.a.rbo~lic acid cycle. Fig. 22 shah . 
the details of that mecha.n1sm. Carbon can enter the tricarboJcylic acid cycl.8:' 
Via acetyl Coenzyme A, condensing with oxalacetic acid to give citric acid, t 
thence continuing around this cycle and via a side reaction to glutamic acid. J 
The question is: how is glyceric acid converted to acetyl Coenzyme A? This 1 
must happen rapidly in the dark, but not very rapidly in the light. Fortuna-tfl.y . ·. , 
we have some idea hoY acet)'l:-CoA may be formed 1"ro1ll glyceric acid, and. Fig. 22~ · 
shows this. The glyceric acid. is dephosph.orylated to form pyruvic e.oid; the ~ 
pyruvic acid then reacts lfith an enzyme system, of which thioctic acid is a ~ 
coenzyme, to form acetyl-thioctic acid and carbon dioXide. The acetyl-thioct1.c 
acid then Ul'ldergoes a thiol ester interchange vi th CoA to form reduced thioct1Q 
acid and acetyl..CoA, vhich then goes, on into the citric acid cycle, Fig. 23.161 

How does light affect these reactions? The conversion of PGA to c1 trio . 
acid provides for the entrance of carbon into the tricarboxylic acid cycle, aa1 
if somehow this Pathway is closed by reduction of the ·level of the disulf"ide ,1 

. the rate ot transfer of radioactive carbon from the photosynthetic cycle to the 
·. citric acid cycle will be reduced. This suggests that the light ehitts the 

·. equ1l~br1um :trom the disulfide to the d1 th1ol form ot thioctic acid 'by inducing 
reaction Vitb something other than pyruvic acid, perhaps ultimately water. In 
tl)e dark, oxidation converts the d1th1ol form to the d1sul.f'1de, which can again 
catalyze the oxidation ot p;yruvic acid to C()a and aeety-coA. . 'l'bis system is . 
Uke a valve tbat ia closed b;y light, and ~t contl'ola the tlov . ot carbon f'rom 
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the photosynthetic eyole directly into the tricarboJcy"llc e..cid cycle. It sug
gests turther that the disulfide may be closely allied to, U' not identical 
vi th 1 the electron acceptor t.rom the photochemical act. Actu.al.ly e.Jl~~r Qf 

.. · eJqleriments have been performed that indicate that this may be so.J.fJ, J,l~J 

• '· .• t 

The proposed relations between the photosynthetic carbon reduction cycle, 
the photochemical reactions, and the Krebs cycle ere shown in Fig. 23. It is 
suggested that the required A'tP 1a generated by reactions coupled with the 
oxidation ot 'l'PNH or llPNB through the cytochrome system • 

.\ ! I ·I o • 

· '.: 
'. 

It can be seen that the use ot radioactive elements, employed as tracers, 
· · have made possible the elucidation of the path ot carbon reduction 1n photo• 

synthesis. In addition, 1ntormat1on gained tram the study ot the path ot car· 
\ ' , .... ·. bon in photosynthes1a rw4· its relation to reactions ot respiration bas provide<\ 

.;·~ ·. ' ·. · · the basia tor ,FOP08al.a reSaz'd1ng the entr&Y transport trom the pr1rDa.l'y photo• 
.... . · chemical act. · 
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' . na~ . 23 • Diagra ot the suggested nat\U'e ot the photochem1cal apparatus 
· · · · aDd. 1 ta . relat1onah1p to other tunctions . · · 

.. ,· .. •, . '· ~ . • • Oxidative, or resp1rator;y1 pa~ · · ·, ·- .\ ........ .,. .... --Recb.1ctive, or ~Uo, ;pathva;18 · 
.' . ~ . . ~ . ' '. 

0. ~ • 

: .. , , 

·, :. 

' 

i. : 

. ,. ·' ~ .. ~ . 
' . ' 

,...r. 
. \'· 

. •:• 

··,. 

''·· . 

. . 

·,. 

;-I;'. 
,' I( 

'., ., . ·, ... ~ 
' " \ ' ... .. 

· . 
. : ,.,: ·; ' ' ' . ... .:.. ·, ;. : 

. ...... · .... 

. -: .. : 
!" • --·~ :- " . • .. 

' . ' . 
' . ·, ~ . . 

•· . ~ ~ . . . 
. ,~· \, 

•• -· •. ;4 • • •• • •• :. ,., .... 

. . : ' 

.. ' ~ . . . 
. '• ·. 

lr, • •• 1 1 

J .. . 

• 1-·" 

. ·:- . - . ; •. ' 
. ·· .. 

. .... 

. .,, 
. - ' .. .. '· 



f 
l .. 
j • 

I 
• 

. i . 

" '· r. 

·'·': 

J 

, ' 

. ' 

.. ~ 

.1) 

· 2) M. Calvin and Peter Massini, The Path of Carbon in Photosynthesis. XX. 
. Steady State, Ex;per • 1 ~~ 445-457 ( 1952) • . 

3) 

) .. 

• 

4) w. Stepka, A. A~ Benson and M. Calvin, The Path of Carbon in Photosrnthesia 
.-.n;;.o.;•.........,Ami--....noo.;...;;A_c;.;;;ida.......,., Science, !Q7, 3o4-6 ( 1§1+8) • . 

5) 

·. · .. 6) . J. Cl. Buchanan, J. A. Bassham, A. A. Benson, D. F. Bradley, M. CalVin, 
. L. L. Daus, M. Goodman, P. M. BsiY'es, V. B. Lynch, L. 'l'. Norris and A. T. 

·, ·· Wilson, The Path of Carbon in Photosynthesis. XVII. Phosphorus Co~ 
as Intermediates 1n Photosxathesis, FhosphOr\18 .Metai)Ollsm, II, Johns 

: 

·. 
' ' /I 

··. Hopkins Press, Beltimore, 1952, P• . 4110-459· · 

7) · 

8) 

9) 

10) 

11) 

12) . 

': 13) 

r 
J. G. Buchanan, 'l'he Path of Carbon in Photosynthesis. XIX. 'l'he Identifica• 
tion ot Sucrose Phosphate in suer Beet Leaves, Arch. iiiOChem. BiQPbys, . 

. !; 140-9 (l953~ • 

·· K. Shibata, J. A. Bassham and M. CalVin, UD;Publiahed results. 

J. Mlqaudon, ,tq>ub1ished results in this laboratol7. 

R. C. ·Fuller 1 ~lished observations in thia laboratory. 

A. O. M. Sto:ppani, R. C. Fuller and M. Calvin, J. Bact. (in press). 
Carbon Dioxide Fixation by Rhodopseudomonas Capsulatus. 

J. ·A. Basah.em, K. Shibata and M. CalVin, The Relation of Quantum Require
ment in Photosynt.hesis tO Re@iration, Biochem. lilophys. Acta ( 1n press) • 

14) This value ot tour as tbe quantum requirement at lov photosynthetic rates 
· is 1n no W8;1 comparable to the values between three and f~\A" reported by 
Warburg and his associates at very high P/R ratios (>20). ')J . 

15) o. Warburg, G~ Krippahl, w. Buchholz and 'W. Schroder, Wei terentwickl~ 
' · · der Method.en zur Massung der Photosynthese,· z. Naturt. , . Y§., 675:a6 (i93), 

. -

16) J . _A. Bassham and M. Calvin, Photosypthesis~ Currents in Biochemical 
... ·, Research, . Interscience Publlshers (in pre•s ., (Univerai~ of Cal.itornia 

. Radiation Lab4»:'atoey report No. 2853.) ·. . . · , · . . : . . • · 

-2~ . 

: ' ' • f. 

' ' 
... - .... c. ........ ,,: • A-



-· .. , .. .... 

• 

• 
... < 

\ , 

• 

• 
. . 

... 

17, M. Calvin and J. A. Barltrop, A Possible Primary Quant um Conversion Act 
of Photosynthesis, J •. Am. Chern. Soc. 74, $153-9154 (1952) • 

. 18. D. F. Bradley and M. Calvin, The Effect of Thioctic Acid on the Quantum 
Efficiency of the Hill Reaction, Arch. Biochem. Biophys.53, 99-118 (1954). 

' / 

19. D. F. Bradley and M. Calvin, The Effect of Thioctic Acid on the Quantum 
Efficiency of the Hill Reaction in Intermittent Light, Proc. Nat. Acad. 
Sci.41, 5.63-571 (1955) • 

\ 
' 

-'2&-

• ! 




