| UCRL-9966

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

Contract No. W-7405-eng-48

_THE PATH OF CARBON IN PHOTOSYNTHESIS
| Melvin Calvin

Nobel Prize Lecture

December 11, 1961



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, Or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, O service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



*;

Nobel Prize Lecture - - . UCRL-9966

‘December 11, 1961

THE PATH OF CARBON IN PHOTOSYNTHESIS
Melvin Calvin

Department of Chemistry and Lewrence Rediation Laborastory
University of California, Berkeley 4, Celifornia

INTRODUCT ION

It is almost sixty years since Emil Fischer was describing on a

platform such as this one some of the work which led to the basic know-

ledge of the structure of glucose and its relatives‘l Today we will be
concerned with a description of the experiments which have led to & know-

ledge of the principal reactions by which those carbohydrate structures

.are created by photosynthetic organisms from carbon dioxide and water,

using the energy of light. -

| The speculations on the way in which carbohydrate wes built from
carbon dioxide began not long afﬁér’the recognitipn of the basic reaction
and were carried forward first by Justus von Liebig and then by Adolf
von Baeyer.and,vfinally,vby Richard Wilstatter énd‘Arthpr Stoll into
ihis century; Actﬁally, the rouie by which enimal organisms performed
the reverse reaction, that is; the cowbuéﬁon of carbohydraﬁe to'carbon

dioxide andw%ater with the utilization of the energy resulting from this
N : .

-combination, turne@'out to be the first one to be sﬁccessfully mapped,

primarily by Otto Meyerhde and Hens K’rebs.5

Our own interest in the basic process of solar energy conversion

by green plents, which is represented by the overall reaction
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COp + Hy0 . | 5 {cm0) + o
Chlorophyll -1

began some time in the yéaré Between 1935 and 1937; during my postdocﬁorél

studies with Professor Michael Pol?nyi at Ménchester. It ﬁas there I

. first became’ conscious of thé;remarkablé properpies of coordinafed metal

compounds? particularly met#lloporphyrins as represented by heme and

chloroppyll- !A étudy was begun at that time, which is still continuing,

on the electrdﬁic behavior of such metalloporphyrins, ‘It was extended

and generalized by the stimulus of Professor Gilvert N. Lewis'upon my

arrival'in Bérkeley. I hope these con£inuing studies may one day contri-

bute to our uﬁderstanding of the precise Qay in which chlorophyll and

‘it relatives accomplish the primary quantum conversion into chemical

potential which is used to drive the carbphydréte synthesis reaction.

| Even'before.l9&0 the idea that the reduction of carbon dioxide

to cafbohydrate might be a dark reéction separate from the primary quan;

tum conversion act ﬁas already extant, steming most immediately from

‘the comparative biochemicel studies of Cornelis ven Niel and the much

earlier work of F;'?. Blackman and its interpretation by Otto Warburg.

The photoinduged production of molecular oxygen had been separated L
chemically and physically from the reduction of carbon dioxide by the

demonstration of oxygen evolution by illuminated chloropleste. This i
ﬁas done by Robert Hilf+using ferric iron as oxidant in the place of

carbon dioxide.
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We are thus able to represent in a diagrammatic'vay (Figure 1)

_ the overall conversion of light energy into'chemical energy in the.form '

of carbohydrate and oxygen. The light energy first ‘ebsorbed by chloro-

- phyll and related pigments is converted into chemical potentisl in the
g form of high energy conteining comp0unds, represented by B in Figure 1.

" These, in turn, lead to the production of oxygen from vater and the

simultaneous geheration of high level reducing ageﬁts which cén be used,
together with whatever collabo ators are required; to carry out the carbon
dioxideAreductiOn._ '

Gne of the prihcip#l difficulties in such &n investigafion’as
this, in which the machinery which converts the €Oz to carbohydrate and
the sﬁbstrgte upon which 1t operates are made with the same atoms,
namely, carbon and its near relatives, is that ordinéry analytical ﬁéthodé’
will hot ailow,us to distinguish easil& between the machihery and 1ts
substféte. However, the discqvery of the lpng-lived.isqtope of carbon,
carbon-1k,by Samuel Ruben and Martin Kemen in 1940° provided the ideal

tool for the tracing offthe route slong which carbon dioxide travels on-

its way to carbohydrate, represented in Figure 1 by the series of unknown

materials, X, ¥, Z, etc.

‘In 1945 1t became spperent to us that carbon-1l would be available

cheaply and in large amounts by virtue of the nuclear reactors which had

"been constructed. With the encourapement end support of Professor -

Ernest 0. Lawrence, the Director of the Redistion Laboratory in Berkeley,

.wé'undertook to study that part of the énergy convertind process of photo-

synthesis represented by the carbon reduction sequence, meking use of C1*

as our principal tool.
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Fig. 1. Elementary photosynthesis scheme.



DESIGN OF THE EXPERIMENT

The pr1nc1ple of the exper¢menu wvas simple. Ve knew that ultimate-

1y the 002 which enters +the planc appears in all of the plant materials

but primarily, and in yhe first instance, in carbohydrate. It 1 vas our
intention to shorten the time of travel to such an extent that we mightL”

be able to discern the path of carbon from carbon dioxiée to carbohydrate

as the radioactivity which enters with the COs passes through the success-

. dive compounds on its way to carbohydrate.

~Preliminary experiments confirmed the idea that the sbsorption
of .COz and its incorporation in organic material was indeed.a.dark-

reactionq This was easily established by exposing plents which;had'first-

‘been illuminated in the absence of carbon dioxide so a8 to store some of

the intermediate high energy containing compounda, and then noting that

these compounds could be used in the dark to incorporate relatively
large smounts of CQg- Hovever, the products dld not proceed very far
along the reduction scheme under these conditions, and so we undertook

to do the experiment in what we cell & steady state of photosynthesis.

Plant Material

Aa the precision of our experiments inereased, the need for

more reproducible biological material also increaseﬁ and very soon we

J

found it necessary to grow our own plant material,in a8 highly repro-

duecible menner as possible. A very convenient gréen Pplant that had al-

ready been the subject of much bhotosynthetic research was the unicellular

greén alga, Chlorella, a photomicrograph of whieh is shown in Flgure 2.
. ¢ ' R <
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Photomicrograph of Chlorella.

Fig. 2.



Apparatus

‘We developed methods of growing these organisms in a highly reproducible

lfashiOn, both in intermittent and continuous cultures, and it is with
orgaﬁisms auch as ﬁbese that most of our work was done. I hastén to
add, however, that tlie essential features of the cyCle with which we

finéliy emerged were demonstrated on a WLde varieuy of photosynthetlc-

- organisms, ranging from bac»erla to the Ligher plants

i
{

Ihe exposures were ihitially performed in a simple apparatus -

- {called & ‘Lollipop® because of its shape, Figure 5) which contained'a 

suspensidn of the algse undergoing photosynthesis witb normal CQg The g

initlatlon of our tragexr experiment was accOmplished by 1njecting into

{ S

the nonradioactive carbon aioxide streem, or substituting for*it, somé 4

'1abeled 002 for a suitable period of time, ranging from fractions of a

second to many minutes. At the end of the preselected time period, the
crganlsms were killed by various methods, but principally by dropping

the suspen51on into approxmately four volumes of aleohol. This stopped |

'the enzymic reactions and, at the same time, began the extraction of the

‘materials for analysis.

Esrly Analytical Methods

In the early work, the classical methods of organic chemistiry
were applied in our isolation and identification procedures, but it
ééon became apperent that these wére‘muéh-toarslow and would require ex-
tremely lsrge amounts of ﬁiant material to provide us with the identifica-

tion of specific labeled compounds. Here, again, we were able to call upon
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Fig. 3. 'Lollipop', the apparatus in which the photosynthesis
experiments are performed.
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our experience during the war years in which we héd used\ion’exchange
colurms for the separation of plﬁtoniUm and other radioactive elements.
We made‘use'of both anion and cation exchange colﬁmns, and soon discovered

that the prineipal compounds in which we were_interested, that is, £hose

- which becane (s radioactive in the shorter exposure times, were, indéed,

ahionic in character.

Because of the peculiar difficulty we found in eluting the
principal radloactive cqmponentsvfrom anion exéhahge résihs, it beéame
éppa;ent_that this radiOactiﬁe material was a stirongly acidic material—/
and.very likelj had.mqre fhan one anionic point of attachment to bind to
ﬁhg resin,‘ Améng these peculiarities was the fact that ah ordinary car-
bd#ylictcid could be elutedvrélativelyreasily while the prindipal radio%-

active matérial would requireveither very strong acid or very strbngA‘

'

‘base to bring 1t off. Thié, taken together with & number of other chro4‘

matogréphic‘propertiés; led to the idea that these early products migﬁﬁ |

very well be phosphate esters as well as carboxylic acids. R -
A_mqre~détailed analysis of the.precise conditions required to

elufe the material off the ioh exchange columms suggested phosphaglyééric

ascid as. a possibility. To a relatively iargq amount of algae was added

es indicator & smali ambunt of the purified radioactive material obtained

from a Smali sample of algae exposed to radioactive carbon for a few

seconds. This led to the direct isolation of slightly over nine milligrams

of a barium salt which by ¢lassical organic pfocedures we were &le to

show to be the barium salt of 5-phosphoglycer1c acidn6
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Paper Chromatographic Methods

7 had develoﬁed thelir method of

About this time Martin.and Synge
'partition chromatography which was Particularly adapted for amino ecid
anaiysis because of the sensitivity of the colorimetric detection method.

We turned to this as our principal analytical tool. It vas rarticularly

suited to our needs because, having spread our unknown material from

the plent onto a sheet of filter paper by. two-dimensional chromatography, |

we could then find the particular components which we souéht, namely, the
radicactive ones, without knoﬁing their chemical nature beforehand. Thie
was done By Placing the paper in contact with photogrephic film, thus ex-
posing the film at those points of the paper upon which were located the
very compounds in which we were interested.

The result of such an experiment in which the algae were exposed
to radiocactive €O, for thirty secondsaunder what we.then thought were
gteady state Eonditidns is showh in Flgure 4. The blackened areas on
the film indicate the presence of radiOactive;compounds on the paper at
those ﬁoints, Such a chromatogrgm and film as shown in Figure 4 con-
stituted oﬁr principal primary éourée of information.

o It should be noted'that this information resides in the number,
positionfand intensity, that 1s, radioactivity of the blackened areas.
The paper ordinarily does not priht out the names of thése compounds,
unfortunately, and our principal chore for the succeeding ten years was
to properly label those blackened areas on the film. |

| The techniques for doing thils were many and wried.a It was al~
ready clear that the coordinates of a barticular spot in a particular

chromatogram already could be interpreted in terms of chemical structure
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Fig. 4. Chromatogram of extract from algae indicating
uptake of radiocarbon during 30 seconds of photo-
synthesis, using Chlorella,
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in a genéfal way, but this was far from sufficient'for identification. -
6ur usual procedure was to seek other promrties of the material on the
paper, such as fluorescence or ultrav1olet aboorptloﬁ if there was
enough Qf it. More comuonly 1t was necessary to eJutb the matvrial from
that'part of the paper, as defined.by the black area of the film, to per-
‘form chemical operations on the eluted material_and then rechromato-
graph the product to deteimine its fate. |

From a successxon of such operations the chemical nature of

the original material could gradually be evolved, and final identification

was usually achieved by co-chromstography of the tracer amount of unknown

matérial with cerrier, or macroscopic, amounts of the authéntic, sus-
pected compoﬁnd. A suitgble.chemical test was then performéd on the papex.
to which the authentic material alome would respond since it wes the

~only material present in sufficlent amount. If the response produced by
the authentic material coincided exactly with the radloactiv1ty on the
paper in all its details, we coula be quite confident of the identity

of the radioactive compound w1th the added carrier.

In this way after some .ten years_of work by many students and
collaboratofs, beglnning with Dr. Andrew A. Benson, we were able fto place
names on a large number of black spots on Figure 4, as shown in Figure 5.
It is perhaps worth nolting that these two chromatograms are duplicate.
chrbmatograms of the same extract and are not identical,chromatOgrams,

and the degree of reproducibiiity of the procedure is thus'established.8
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ZN-1969

Fig. 5. Chromatogram of extract from Chlorella indicating
uptake of radioactive carbon during 30 seconds of
photosynthesis. UDPG = uridine diphosphoglucose;
PEPA = phosphoenolpyruvic acid; PGA = phospho-
glyceric acid.
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DEVELOPMENT OF THE CARBON REDUCTION CYCLE

Phosphoglyceric Acld as the First Product

It was thus already clear that in only fhirty seconds the carbon
has passéd int§ a8 wide variety of compounds and that we would have to
shorten the exposure time in order +o get some cue as to the earliest
ccmpoﬁnds into which COp is incorporated. This we did in a systematic
way, and the result of a five second exposure is shown in Figure 6.

Here we began tq see the domipénce 6f the sugar- and sugar—aéid-phos~
phates. In shortening the exposure time still further, it became quite-
clearly'apparent«that a single éompound dominated‘the picture in frac~
tions of a second, amounting to over elghty or ninety pcrcent of the
total fixed radioactive carbon. _This compound was phoaphoglyceric acid.
That the phoonhoglycerlc acld was not the result of ‘the killing procedure
but was actual;y bresent in the living organism is demonstrated by the
fact that when COs is Tfixed by pre—illuminated algae ih the dafk under
conditiOns in which not much of uhe phosphcglyceric acld can be reduced
to the sugar level, ‘a good fractlon of the three-carbon fragment eppears
as alan;ne, as is shown in Figure 7. Alenine is a stable compound and
is not‘ll ely to be formed from precuruors by merely drquing the algae
into the alcohol and we can be confident that it was present in the liv~
. ing algae. "In addi ion, a wide varicty of killing proccdures gave the

same result. Thus the presence of phosphoglycerlc acid 1tuelf in the liv-

1ﬁg Plant can be confidently presumed.
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Fig. 6. Ch;'omatogram of extract from Chlorella indicating
uptake of radiocarbon during 5 seconds of photosynthesis.
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ZN-2145

Fig. 7. Chromatogram of extract from Chlorella indicating
uptake of radiocarbon, 20 seconds dark fixation after

pre-illumination.
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Laocling of ﬂcxose

Among the earliest subar phospnaces vhich are shown in Figure 6
are the trlose phosphate and the hexose phosphete, and thus the succe551on
from pbosphogljceric acld to hexose was 1mmed1ately suggested.. Now, the
phosphoglycerlc 501d being a three-carbon compound (and the hexose with
its six carbon atoms) requiredlfurther examination to determine_whichv
of the three carbon atoms Were'iadioactive andf1nvwhat ordér they becamg
so. The sa&e‘informéﬁion was, of Eouise, required.for'the hexose as well.

The PCA (phosphoglyceric acid) is readily taken apart following

the hydrOlyaiS of the phosphate group, usually with acld, by oxidation,

b_first with periodic eeid under conditions which will produce the beta-

carbon as formaldehyde and which can be separated g8 the dimed0n compound .
The res idual two-carbon fragment may be further oxidizéd,with the same

reagent, or better with lead tetraacetate, to produce CQa from the car-

‘ bOxyl gragp and formic acid fram-the alpha-cafbon atom. These are separ~

ately eollected and counted.

We were thus aeble to show that in the very shortest times most
of the radioactivity eppears in the carboxyl group ofthe PGA and that
radioactivity appears in the alpha- and beta-cafbon atoms very nearly
equally at later times. '

- A degradation of the hexose sugar ahowed that the earlieat carbon

atbms,to be labeled were 3 and.h (and these.apprOximately‘equally, al-

though not necessarily exactly so) fallowed by 1abeling in carbon atoms

1 and 2, and 5 and 6. The oovious relationship, then, between pPhospho-

‘glycericvac;d and the hexose was. the one shown in Figure 8 in which the
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PGA DHAP
CH CH
M08, 4y PHO® H20®
CHOH-—————e-?HOH C=0
| _
*COOH *CHO *GH,0H
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C, ?H20®
ﬁ (l‘,=O
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? | - FDP
: *?HOH
CHOH

. MU-15628"

Fig. 8. Path of carbon from carbon dioxide to hexose during
photosynthesis.
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PCA, follcwiﬁg reduction to phosphoglyceraldehyde end its convefsion'to

the ketOne, the two are condensed by an aluolaae reaction to give fruc-
tose diphosphate. This places the labelinv of the hexose 1n the center
of the mqlecule. |

- It is Interesting to note that r&thef:earlyvin the fixation~sequencé

a compound eppeared which moved extremely slowly in both solvents (that

,is,*femained neay the origih'particulérly in the acid solient) and which

fu@on eXtremely mild hydrolysis produced only labeled glucose. This ease

of hydrolyéis'wasgeven greater then that of gluCOSe-l-phosphate, but

the materlal wasg not glucose~lsphosphate. It was much later shovn to

' be the nucleoside dlphOSPheglucose, uridlne diphosphoglucose, and its

-part in the synthe81s of sucrose itself deduced.from the presence\of .

traces of sucrose phosphate, 1atér searched‘fpr and found. The relation-

ship, thén, between phosphoglyceric acid and sucreose is illustrated in

Figure 9.

Origln of Phosphoglycerlc Acia

We now are ready to return to the question of the orlgin of the PGA
itself. Here we were leo, by what appeared to be an obvious kind of
arithmetic, 10 seek a compound made of two carbon aioms as a péssible

acceptbr for the radioactive COz to produce the carboxyl-labeledrihree-

carbon compound, phosphoglyceric escid. This search was & vigorous one
and extended over a number of years. (Again, a consiaerable_number of
students and laboratory visitors were involved.) VWhile free'glycolic

acid was found under certain very spescial conditions, these did not
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? + COp —————>PHOSPHCGLYCERIC ACID

l {several steps)

FRUCTOSE -1,6-DIPHOSPHATE

| |

FRUCTOSE ~1-PHOSPHATE ~———— FRUCTOSE

FRUCTOSE-6-PHOSPHATE

SUCROSE
l pHospHaTE T UOP
GLUCOSE-6-PHOSPHATE
GLUCOSE~1-PHOSPHATE UDPG + P-P
ATP
URIDINE

TRIPHOSPHATE

Fig. 9. Relationship between fructose phosphate
and sucrose,
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- Radioactivity Determinetion of Pentose and Heptose
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correspond to what would be required of the so-called carbon diokide

4 acceﬁtor. . A good wany other compounds were identified in the course

.of this search; particularly among them were a five-carbon sugar, ribu-

lose as its mono- and diphoéphate, and & seven~carbon sugai, sedohep-
tulose &as 1ts mono- and diphosphate.

While:thg rel&ionship of the trioses and héxosés%to EGA in & time
sequence geemed clear, the sequential relationship of the'fgve-carbon and
seven‘cafbon sugars was not réadily determined. In fact, attempts to
esteblish this relationship by ordinary kinetic appearance curves of
ﬁhese two sugars resulted in‘canclusicns on thg,order‘of appearance of

thelpentOSe; hexose and heptose which varied from day to day, experiment

£o experiment, and person to peréon.-

‘The distribution of radioactivity in the pentose and hepilose was -
next’determined_aﬁd that distribution is indicated in Figure 10 by the’

nurber of asterisks on each etom. Thus the No. 3 carbon atom of the ribulose

‘is the first to be lebeled; followed by carbon atomé 1 and 2 and finally

cérbon atoms U4 and 5. In the sedoheptulbse, the cenfer three carbon atoms
(Nos. 3, 4, 5) were the first to be labéled, followed by carbon atoms 1
and 2, and 6 and 7. Extremely short experiments, of thé order of fraqtﬂjné
of a second, did show & 1low value for carbon atom No. 4 in sedohéytﬁlosei

The peculiar lebeling in sedoheptulose and the absence of any

‘single one carbon atom ss dominating over the others, clearly indicates

that it is not formed by a Cg + C; addition, that is, not directly from -
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CH.0 ® *CH,0 ® GH,OH C

1 SO .
***CO2H HCOH HO *(IJH *clz .

HGOH HGOH *9

CH0®  HGOH K

HGOH ¢

CH,0®

PGA “RuDP SMP HMP

Fig. 10. Distribution of radioactive carbon in certain sugars.



the'héxose by the addition of a single carbon.atom, Thé only other al?er-'
natives for the formation of the sedoheptulose are the combinations.of‘
Cs +Cz or Cy + Ca. Againgrwe call on the apparent nearly equal distri-
bution.of‘the center three carbon gtoms of éedoheptulose to indicate
thaflthere is ho intact element of the five-carbonvyibulose‘present ih
the sedoheptulose sincé there'is no intact group of five cérbon atoms
whi;h hes the seme labeling pattern as we see in the ribulose.

| We‘are therefore forced to seek a Cq + Ca method f&f construction
of sedoheptulose. The availabllity of the Ca fragments is clear enough
"for the phosphoglyceric acid. The hexose seems, pherefore, a possible -
source of the C4 fragment which, when combined with a Ca fragment di~ 1
-rectly related to PGA, will give rise to a Cr sugar, sedoheptulose, ‘
labeled in the way shown This can be done by taking a four-carbon sugar
made of carbon atoms No. 3,4,5 and 6 (that is, the lower four carbOn .
 atoms) of fructose, in vhich the first two (No. 3 and L), then, wculd
have the label, and condenSLng it in an aldol type condensation with
the phosphodihydroxyacetone_as showm in Figure 11, If the pool sizes' '
;of the tetrose and triose are very small it should be possible to arrive
_very quickly ‘at a heptose in which the center three carbon atams are
v‘very nearly equally labeled, although one might expect some dlfferences
_1n the shortest tlmes, as ve have seen. The tqp carbon atoms of the .

hexOSe, Nos. 1 and 2, would be combined with another triose in the same

reaction to produce nunber 5~labeled pentOSe.
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CHO" " CH20H | QHZOH'

| - .
HCOH + =0 —@m o ¢-0

HoCO-® HOGH* %% Lolm
A  HGCOH* HCOH
H_(:SO,H H2(!30-®
H2CO-®
Y
H2C0-® GHO® H2C0-®
C=0 -+ H?OH*fﬁﬁﬁEf_, G=0
HoCOH* H?OH HO?H*
' H2CO-® HCOH*
' H¢OH*
"HCOH
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CHO"
|
H?OH*
H?OH
Ho Co-®

MU-25044

Fig. 11. Formation of a heptose from triose and hexose.
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Identificatién of the Two-Carbbn Accéptor

| Accepting this as the source of the héptose, ve are now'left with
the éroblem of the séurce of the éentoSe with its péculiar and uhsymme—
tric labeling pattern. Again, wé call on oﬁr simple arithmetic, dnd~
diécovér that the pentose can.be“made by loéing & carbon from the hgxose;

or by building it up from smaller fragments, l.e., by adding a C; to &

.c4~fragmeﬂt,‘or by adding a Cy t? a C3 fragment. Here, again, we can

call upon the lack of relationshilp between the pentose labeling and’

“any five?carbon gequence in;the hexose 1o eliminate from further consider-

vation the construction of the pentose by loss of a terminal carbon from

the hex¢se. Furthermore, of eourse, thié would be & step backwards in
our construction prograum.

Ve are left, then, with(the only remaining sltermgtive for the

. construction of the pentose, naméiy, the combinetion of a Cz with & Cp-

fragment. Again, the source of Cs fragments 1s clear enough, but the
question of the source of the Cz fragment to go with it requires some
discussions

‘At this point it should be remembered that we have slready made

a Cs fragment lebeled in the No. 3 carbon atom. The ribulose lsbeling

scheme, as shown in Figure 10, indicates that the next lsbel to appesr

was in carbon atoms No, 1 and 2. Thus 1t was not until the realization

‘occurred to us that the ribulose which we were degrading and which ve

obtained from‘the‘ribulose diphosphaté actually had its origin in two
aifferent réactions that it became possible for us to devise a scheme for

its genesis.
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By ﬁaking the two-carbon fragmentldff the top of the seddheﬁtulose
we could make two five—carboﬁ compounds which, taken together with the
five-carbon ¢ompound already formed, would prodﬁce the ldeling scheme
finally obser#ed in ribulose diphosphste. This is shown in Figure 12,
The enzyme which performs this two-carbon transfer is transketolase and
nis the same one we have already used to generate the tetrose required
for heptose synthesis. \

We have thus devised ways of generating‘frcm phosphoglyceric
acid‘all of the sugars which sppear on our early chromatogféms' The
triose, the various pentoses, the various hexoses, and the heptosem The |
earlier fallure 10 succeed 1n selecting & specific sequence amongst
these compounds is now understandable since all of them, that is, pen-
tose, hexose and heptose, appear simultaneously following triose. As
Yyet we had not discovered the compound originally presumed to be>thé Cao
‘compound, to which the carbon dioxide mey be added in order to produce

¢

carboxylalabeled.phosphoglycefic acid.

CARBON-FOURTEEN SATURATION EXPERIMENTS :

CHANGES IN STEADY STATE AND TRANSIENTS

In order to do this we devised & different type of experiment, We
recognized quite early that most of the compounds which we have so far

mentioned, aside from sucrose, saturate with radioactivity very quickly,
and yet the amount of these materials present in the plant at any one

time is small end does not chenge. This suggested to us a method for
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discovering not only how the ligit might operate_on the PGA, but also -
how the PGAlmight arise. We cou;d use the radioactivity saturation levels‘
for these compounds through vhich carbon was flowing to measure the

tofal amount of active pool size of these compounds ip-the plant. We
could then change one or another external variable and follow the
resultﬁnt changes in the pbol size of these compounds through vhich we
knew the carbon to be flowing.

The firs£, nost obviqus and easiest externsl variabie to be changed
was the light.itself. Figure 13 shows the first set of date taken by
Peter Massini which not 6nly demonstrates the early saturation but aiso
the effect of the light 6n the pool transients.9 Here you can see that
the PGA end the sugar phosphate are indeed very quickly saturated but
that the sucrose is not. It is spparent that upon tﬁrning off the light
there 1s an immediate and sudden rise in the level of PGA agcompanied by
a corresponding fall in the le&el of the diphosphate area which was
primarily ribulose diphosphate. |

. ﬁére we had our first definitive qlue as to the origin of ihe
phosphoglyceric écid. It would appear that it came as & result of av
dark reaction betWeeﬁ the ribulose diphosphate and carbon dioxilde.
Figures 1k and 15, based upon the work of Dr. James A. Bassham,lo’ll
show what can be don; with this technique when we know'what we are doing.
Here you can see the large number of points obtainabie and the very much
smoother curves with their clear salturation points well defined._ Qn
Figure 15 we see again very sharﬁly showﬁ the transient rise in the PGA
pbol'size and the disappesrasnce of ribuloée diphosphate when the light

is turned off, clearly defining the relationship between these two compounds .
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We can now formilate the cyclic system dri§élby high energy com-

pounds produced in the ;ight,'acfing upon phOSthglyceric acid which,

in tﬁrn, is made &3 a reSult of a reaction between;ribulose diphosphate
and carbon dioxide as shown in Figure 16. The triose_phosphgte then
undergoeé e series of condensations and.sugaf rearrangements, repre-
éented‘by’the-letters A and ﬁ and including the pentose.and heptose re-
arfangemént'which.ve.have just discussed, léading back again to a ribﬁiose
monophosphate which 1s then phosphorylated to ribulose diphosphate, thus -
-completing the cyc1e. |

| By tﬁrning off thé_light'we have, in effect, blocked the easy
conversion of phosphoglyceric acid to tficse withﬁut any reduction in
the rate of formation of PGA from ribulose dipnosphéte. This should re-
sult in an‘;mmediate rice in the smount of PGA end an imﬁediate fall |
-in the zmount of ribulose since it no longer can be produced 1n‘the éark.

| Such-é acheme allows us to predict Another transient; namely, the

on€ which would result if, in the presence of ‘light:, that is, in the
‘presenéé of the.high‘energy compounds required to drive the cycle, we
| suddenly diminished{the avallability of carbon dibxide, putting a block
bé%ween ribuiose and the phosphoglyceric acid. The predict;on,'which
resulted here in the first transients, would be the accumulation of
riﬁulose end - the disappeérance of PGA. These two transients would then
make their’uayAback th:ough'the cycle, the fall in PGA in a clockwise
" direction, the rise in ribuldse in a counte:clockwise direcpion, thus
_meking for osé&llating transieqts. The result of such an experiment
perforned by Dr. Alexander T. Wilson is shown in Figure 17.12 Here

it is quite clear that the sudden reduction in the COp results in a
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drop in the size of the PGA?pool assoclated witha rise in the ribulose.
It is 1nterest1ng to note that the triose is the 1ast to rise and the

first to fall, as predicted from. its position in the cyele.

THE PHOTOSYNTHETIC CARBON CYCLE

We can now arrange ell of the individusl steps that we have
sepafately discussed in & sequence to produce the phoﬁosynthetic carbon
cycle as shown in Figure'lS._vOne éompound is shown therein.as an inter-
me&iate lying between ribulose diphosphate and phosphoblycerlc acid.

- This is & branched ¢haln alpha~hydroxy~beta~keto sugar ac1d. -As yet
this COmpound’has not been isolated as a separate entity. The enzymev
syStem catalyzing the resction of ribulose diphosphate to PGA has been
isolated and purlfied, but as yet we have been unable to breah its re-_
Lecoion down into two oteps.lB If %his intermediate is present, iu-ls |
fpresenc in extremely smal%vamounts as the free cowpound, if any at’
all; and its hydroly51s to proauce two molecules of phospnoglycerlc
" acid takes place extremely rapidly in uhe'Lsolated.enzyme\system and~?f’
even in the liviﬁg plant 1tself. | |
| The mechanism for the caroovydlsmuﬁasc (the enzyme reupon51ble
" for the formation of PGA from ribulose dehouphace) réaction is formulated
in‘Figure 19. Here the intermediate is split by hydrolysis to two mole-
cules of phosphoglyceric . acid. However, in our eerlier work the.possif
bilit& of a reductive fission at the same point to give one molecule E

of  triose and one molecule of phosphoglycerlc ac;d was COﬁaldered. It

was regected in favor of the hyarolytlc splitting because of our fallure
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to find any evidence of thevintermediate. vawever, more recanf,vveny
careful kiretic enalysis of the carbon flow rates by Dr. James A.
Bassham{ll’lh has suggested thaE the reductive split may indeed parti-
cipate in the reﬁction to some extent while the light is actually on.
This path 1s indicated in Figure 20 by the dotted line from the pre-

sunmed Ce keto acid.

QUANTUM CONVERSION IN PHOTOSYNTHESIS

As you can see from the various levels ofbthé schematic dréwing
of the photosynthetic carbon cycle (Figurev18 and 20), the energy re-
quired to drive the synthetic sequence from carbon dioxide to carbohydrate
and the.mahy other reduéed‘carbon maferials which can be derived from
':thé cycle is delivered to it in the form of-é nﬁmber of coﬁpounds of
relatively high chemicsal potential .in the aerobic aqueous system in
which the plant operates. The particular ones Wifh which’wé caﬁjactually
drive the photosynthetic carbon cycle in the absence of light but in the
presence Of all the initial enzymes énd substra‘ces15 are triphosphopyri-
dine nucleotide (TPNH) end edenosine triphosphate (ATP) whose structures
are shown in Figure 21. The primary quantum converéidn of the light ab-

sorbed by chlorophyll will result in meterials which can ultimately give
rise to such substances as these.

Tihat light energy might be readily converted into chemical potential
as ATP independent of COp reduction and its ré~-oxidation was clearly in-

dicated in whole cell experiments of Coodman and :Bradley16 and first de-~

monstrated as independent of oxygen by Frenkell7 with bdcterial chroma-
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in the absence of light and the presence of enzymes.
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tophores. A corresponding anaerobic demonstreion of ATP production by

s YNy L

green plant chloroplasts was made by Arnon.18 The ability of chioroplésts
to photoreduce pyridine nucleotide was demonstrated by Ochoa and Visn-
niac.l? But the precise nature of thé primaxry quantum conversion act ,i
vhose products wltimately glve rise in a}dark_reaction to ATP and TPNH
is still a matter of speculation.QG’al

The_apparatus‘whicheperforms the quantum conversion act in the
plent, together with all of the carbon reduction enzymes we now know,
cen be isolated from the intact chlorqplasts in the higher plants. The
carbou reductiqn enzymes are very easily washed qff.the chloroplasts
by water,‘;eaving behind only the chlorophyllous quantum conversion
_ equipmeﬁﬁ. This has a highly ordered strgcture in which the 1amellee
are alternating electron-dense and electron-th’n materials, as has.
geen sheWn in many eleetron micrographs, a few examples of which are
‘shown in Figure 22 for verious organlsms

The next level of structure vithin the Jemellae is only now be-
ginning.to belvisib;e to us, and an example 1is shown for avsp;nach
chloroplast in Figure 23.22 Here'we can see the lameilaelen its‘
flat side showing a granular structure, made up of fairly uniform
oblate spheroids vhich we ﬁave called Quantosqmes; this work was per-
formed by Drs. Roderic B. Park and Ning G. Pon, ‘Within these Quanto-
somes the chlorophyll itself is highly orgenized, as we have been able‘
ﬁo demonstrate, particularly by electric dichroism experiﬁente per-.
formed by Dr. Kenneth H. Sauer. ; | ,

Ve are now in the midst'of'trying to determine precisely what

heppens after the chlofophyll has absorbed the>quantum_and has become

-
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Fig. 22. Electron micrographs of chloroplasts from a
unicellular green alga, from a blue-green alga, from
tobacco, and mitochondria from guinea pig pancreas.



-43- UCRL-9966

ZN-2981

Fig. 23. Quantosomes from spinach chloroplasts; 880 &
diameter PSL (polystyrene latex) marker spheres.



an excited éhlorophyil molecule, a problem that involves the physicist
and physical chemist as well as idie organic and biochemists. The deter-
‘Amination of the next stage in the energy conversion proéeés is one of
our irmmediate concerns. Either it is an electron transfer process, - -
anﬁ thus coﬁes close inviﬁs further sfages to the election transfer
processes.which ere being explored in mi.tochondria,25 or it is some
indepéndent non-redox method of energy conversion.zg This rémaiﬁs qu
the future to decide.

Chemical biodynamics, involving as it does the fusion of many -

scientific disciplines, will play & role in this problem, as it has in

the elucidation of the earbon cycle. It can be expected 0 take an
increasingly importent place in the understanding of the dynamics of _

living orgenisms on & moleculsr level.

£
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