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. THE PATH OF CARBON IN PHOICSYNTHESIS
Melvin Colvin

' Department of Chemistry and Lewrence Radiation Laboratory
University of California, Berkeley 4, California

s

L * INTRODUCTION

It is elmost Sixty'years'since Emil Fis&her wag‘déscribing on a
platform such as this one some'of the work which led to ﬁhe basic know-
'1eage of the structure of glucose and its relaﬁivea.l Today we will be
concernéd with & description of the experiments which have led tbva know-
ledge of the principal reactions by which those carbohydrate structures
: are created by photosynthetlc organisms from cerbon dioxide and watcr,
using the energy of llghtf

Thé speculations on the way in which carbohydrate was built from
carbon: ledee began not long ter the recognition of the basic reaction
end were carried forward first by Jhstus von Liebig and then by Adolf
von Baeyer and, finelly, by Richard Wilstatter end Arthur Stoll into
this century. Actuélly; the route by which animal crganiéms performed
the reverse reection, that is, the combué&on of carbohydrafé to carbon
dioxide and«yater with the utilization of the_enefgy resulting from this
g -combination,\turned'out to be the fifst one to be sﬁécessfu;ly mapped,

» prlmarlly vy Otto Meyerhof2 and Hans Krebs.5 | |
ﬁ Our ovm interest in the ba51c process of solar energy conversion

by,gréen plants, which is represented by the overall reaCulon
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i
CO» + H0 I > (cH0) + 0
Chlorophyll

began some time in the years between 1935 and 1957; during my postdoctorél
studies with Professor Michéel Pol?nyi at Manchester. It was there I
vfiQS% became'consciouslof the remarkable properties of coordinated mefal
compounds, particularly metal;oporphyrins as fefresented by heme and
chlorophyll. A study was begun at that time, which is still continuing,
on ﬁhe electroﬁic behavior of such_metalloporphyrins, It was extended
and generalized by the stimulus of Professor Gilbert N. Lewis upon my
arrival in Berkeley. I hope these conﬁinuing studies may one day contri~
bute to our understanding of the precise way in which chlorophyll and
“i%s8 relatives accomplish_the primery quantum conversion into chemical
potential which is used to drive the carbohydréte synthesis reactidn.

| 'Even'beforeleEO the idea that the reduction of carbon dioxide
to cafbohydrate might be a dark reaction separate from the primary quan;
tum conversion act ﬁas already extaﬁt, stemming most immediately from
‘the comparative biochemical studies of Cornelis van Niel and thevmuch
eariier work of F. F. Blackman and its interpretation by Otto Warburg.

-

The photoinduced production of molecular oxygen had been separated

chemically and physically from the reduction of carbon dioxide by the
demonstration of oxygen evolution by illuminated chloroplests. This

. 5 )-l- )

was done by Robert Hill using ferric iron as oxidant in the place of

carbon dioxide.
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We are thus able to represent in & diagrammatic way (Figure l)

~ the overall conver51on of lignt energy into chemlcal energy in the form

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

- phyll and'rélated Pigments 1is converted into chemical potential in the

NI

 form of high energy conteining compounds, represented by B in Figure 1.

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

simultaneous generation of high level reducing agents which can be usedqd,

| together with whatever collaborﬁtors are required, to carry out the carbon

dioxide,reddction. |

Gne of thé principél difficﬁlties in such an investigation as
this, in which the ﬁachinery ﬁhich converts the €Oz to cérbohydrate‘énd .
the Sﬁbstrate upon vhich it oﬁerates are nmade with the same atoms, |

namely, carbon and its near relatives, is that ordinary analytical methods

'will not allow us to distinguish easily between the machinery and.its

substrate. However, the discovery of the long—lived.isqtope of carbon,
carbon—lh‘by Samuel'Rubeh and Martin Kamen in l9h05 provided the ideal -

tool for the tracing of “the route elong which carbon dioxide travels on

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

materials,x, Y, 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 encouragement and support of Professor -

Ernest O. Lawrence, the Director of the Rediation Laboratory in Berkeley,
we ‘undertook to study that part of the energy converting process of photo-
synthesis represented by the carbon reduction sequence, making use of Ci4

as our principal tool.
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Fig. 1. Elementary photosynthesis scheme.
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DESIGN OF THE EXPERIMENT

The principle of the experiment was simple. We knew tﬁét‘ultimate-

1y thelcqg vhich enters'the Plant appears in 8ll of the plant materiels

but primarily, and in uhe f;zst instance, in carbohydrate. It vas our
intentlon 4o shorten the time of travel to such an extent that we might

be able to discern the path of carbon from carbon dioxiée to carbohydrate
/ . : .

esvthe radidactivity vhich enters with the COz passes through the succees-

. dive compounds on 1its way to carbohydrate.

- Preliminaxry experiments conf'iyrmed the idea ‘that the absorptiou

of COz and its incorporation in orgsnic material ves indeed & dark } 

reaction. This was eesily established by exposing plents which had first

;been illuminated in the absence of carbon dioxide so es to store some ef

‘the 1ntermediate high energy containing compounda, and then noting that _

these conpounds could be used in the dark to incorporate relatively
large amounts of COz. However, the products did 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

As the precieion of our experiments increased the need for

more reproducible biological material also increased and very soon we

N

'found it necessary to grow our own plent material in as highly repro-

~ ducible manner as possible. A very convenient green plant that hed al-

ready been the subject of much photosynthetic research was the unicellular

~ green algs, Chlorella, a photomicrograph of which is shown in Figure 2.
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Photomicrograph of Chlorella.

Fig. 2.
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Apparatus

We developed methods of growing these organisms in a highly reproducible

| ashion, both in intermittent and continuous cultures, and it 13 with

_organ¢sms such as the%e that moot of our work was done. I hasten o .

add bowever, that the essenulal features of the cycle witn wnlch we

finally emerged were demonstrated on a wide varieqy of photosynthetlc

- organisms, ranging from bacteria to the higher plents.

!
\

vmhe exposures wexe initially performed in a simple<a§paratns

- (called & 'Lollipop' beceuse of its shape, Figure 5) which contained a
vsuspension of the algae undergoing photosynthesis with normal. CQa The

ﬁinitlation of our trager éxperiment was accomplished by injecting intOw

the nonradioactive carbon dioxide stream, or substltuting for 1t, some: 014

1abeled.002 for a suitsble period of time, ranging from fractions of.a;-‘

second %0 many minutes. At the end of the preselected time period, the_.

orgenisms were killed'By various methods, but principally by.dropping:

the suspension into approxiiately four volumes of &leohol. This stopped

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

i

'materials for analysis.

Barly Analytical Methods

In the early worh, the classical methods of organlc ¢henlstry
were applied in our 1solatxon and identification procedures, but 1t
éoon became_apparent that these were much t00 slow and would reguire ex-
tremely large amounts of élant material to provide us with the identifica-

tion of specific labeled compounds. Here, again, we were sble to call upon
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ZN-2983

Fig. 3. !'Lollipop', the apparatus in which the photosynthesis
experiments are performed.
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- boxylic &£1d could be eluted relatively easily while the prindpal radio

‘base to bring it off. This, taken together with & wumber of other chro-:

..9... ‘, ‘/

our experience during the war years in which we héd used-ion exchange

colums for the separation of plutonium and other radioactive elements.

We made.use of both anion and cation exchange cblﬁmns, and soon discovered

that the principal com§0unds in which we were interested, that is, those
which becane CL4 radioactive in the shorter exposure times, were, indeed,
anionic in character. | '

| Because of the peculiar difficulﬁy’we found in eluting the
priﬁcipal radlioactive componentslfrom anion exéhahge resihs, it becaﬁe
' C

apparent that this radioactive material was a strongly acidic material

and very likely had more than one anionic point of attachment to bind to

'the resin. Among these peculiarities was the fact that an ordinary car-:

¥

active matérial would require either very strong acid or very strong A?;

matOgréphic,prOperties; led to the idea that these eA;ly products mighﬁs .

very well be phOSPﬁate esters. as well as carboxylic aclds. , | |
A more detailed analysls of the precise conditions required to

elufé the material off the-ioh exchange columns suggested phospheglyﬁérié

aci& as. a possibility. To a relatively large amount of algse was added

as indiéator;a smali ﬁmount of the purified radioactive_materiél obtained

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

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

of a barium'salt which by classicalerganic procedures we were & le to

show to be the barium salt of 3—phé§phoglyceric acid‘6
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Paper Chromatographic Methods

7 had develoﬁed their method of

About this time Martin'and:Synge
'partition chreomatography which was particularly adepted for amino ecid
analysis because of the sensitivity.of the colorimetric detection method.
We turnéd_to this as our principal snalytical £ool.’It vas particularly
suited to our needs because, héving spread our unknown material from
the plant onto a sheet of filter paper by two-dimensional cﬁromatcgraphy,

we could then find the particular components which we sought, namely, the

radioactive ones, without knowing their chemical nature beforehand. This

wes done by placing the Paper in contaet with photographic 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 radioaétive CO> for thirty seconds under what we then thought were
»steady state condltions is shown in Figure 4. The blackened areas on
the film indicate the presence of radiocactive compounds on the paper at
thOSe poxnts. Such a chromatogram and film &8 shown in Figure L con-
stituted our prlncipal prmmary source of information.

It should be noted that this information resides in the number,
position and intensity, that 1s, radloactivity of the b}ackened 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 f£ilm.

The techniques for doing this were many and waied. It waé al-
ready clear that the coordinates of a Particular spot in a particulsr

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 vay, but this was far from sufficient’for identification. -
Our usual procedure was to seeX other prop:ties of the material on tﬁe
papef, such &s fluorescence or ultra&iolét'absorftion if there was
enqugh_ofﬂit. More commonly it was necessary to elute the‘matsriai from
that part of the paper, es defined by thé black area of the film, £o‘per-
vform chemical operations on the eluted material and then rechromato;

~ graph the product to deteimine 1ts fate.

| From a success¢on of such operations the chemical nature of

the Ollglnal material cauld gradually be evolved, and final ¢dentif1catlon

was usually achieved by co-chromatogrsphy of the tracer amount of unknown _

materlal with carrier, or macroscopic, amounts of the authentic, sus+
‘pected.compoﬁnc’i° A suitable‘chemicalvtest vas then performed on the paper
+o whiéh'the suthentic material alone would respond since it wasithe
_only matverial present in sufficient amount. If the response produced by
the auihgntic maverial coinclded exactly with the radloactiv1ty on the
paper in all its detail , e coula be quite confident of the identity
of the radiocactive compoan& with' the added carrier. |

In this vay after some ten years of work by many students and’
collaborators, beginning with Dr. Andrew A. Benson, we were sble to place
names’onAa large number of black spots on Figure 4, as shown in Figure 5
‘It is perhaps worth noting that these two chromatograms are duplicate.
chromatograms of the same extract and are not identical chromstograms, A

and the degree of reproducibiiity of the procedure is thus'established.B



13- UCRL-9966

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 oniy fhirty seconds the cérbon
has passéd ints & wide varlety of compounds and that we would héve to
shorten the exposure time in order to get some cue as to the earliest
compoﬁnds into which COz is incorporated. This we did in a systematic
way, and the result §£ a five second exposure is shown in Figure 6.

Here we began tq see £he dOminénce éf the sugary- and‘sugar~acid phos=
phates. I shoftening the exposure'time still_further; it becane Quité
clearly apparent that a single compound dOminated the picture in frac~
tions of & second, amountlng t0 0ver elghty or ninety percent of the
total fixed radioactive carbon., This compound.was phoaph0¢lycerlc acid.
That the phosphoglyceric acid was not the result of the hllling procedure
but was actua¢ly Ppresent in the liv1ng organism is demonotrated by the
fact that when COs is fixed by pre-illuminated algae in the dark under
conditions in whlch not much of thc phosphoglyceric acid can be reduced
to the sugar level a good fraction of +the three-carbon fragment appears
as alanlne, as is shown in Figure 7 Alanine is & stable compound and

is not 1ik ely to be formed from precursors by merely dropping the algae

into the alcohol and we can be confident that it was present in the live

. ing algae. In addioion, a wide variety of killlng procedures gave the

same result. Thus the presence of phosphoglyceric acid 1tuelf in the 1iv-

ihg'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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T MALIC ACID

ASPARTIC ACID :
PEPA

L

PGA

SUGAR PHOSPHATES

7ZN-2145

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

pre-illumination.
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Lebeling of Hexose

'Amohg the earliest sugsr phosphates which are'showﬁ in Figure 6
are the triose phosphate and the hexose phosphete, and thus the succession
from phOSPEOglyceric‘acid 10 hexose wés_immediately suggestcd.' Now, the
phosphoglyceric,ccid being a three-carbon compound (and the hexose with
its siX'carbon atoms)‘required’further exéminatioﬁ fo determine:which
of the three carbon.atoms werebradioactive and-in what order they becamc‘
so. The same information was, of eourse, requifed for the hexosé-as well.

The PGA (phosphoglyceric acid) is readily teken apart following
| the hydroly31s of the phosphate group, usually with acid by oxidation,
first with periodic ecid under conditions which will produce the beta-
carbon a8 formaldehyde and which can be separated as the dimedon compound.
The reuidual two-carbon fragment may be further oxidized,with the same
reanent, or better with lead tetraacetate, to produce CQZ from the car- |
_ bexyl g;oup and formic acid from the alpha-carbon atom. These are eepar~
ately collected and counted. | L

We were thus eble to show that in the very shortest times most
of the radioactivity sppears in the carboxyl group ofthe PGA and that
radioactivity appears in the glpha- and beta-carbon atoms yery nearly
equally at 1ater times., o | |

A degradatlon of the hexose sugar showed that the earliest carbon
atoms to be labeled were 3 end 4 (and these approximatelj equally, al-

though not neces¢arily exactly so) followed.by labeling 4in carbon atoms
1 ana 2, and 5 and 6. The oovious relationship, then, betwecn phospho-

glyceric acld and the hexose was the one shown in Figure 8 in which the
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PGA DHAP
CIJH20®2 H CH0®) CH0(®)
(IZHOH — CISHOH —= (=0

| |
*GOOH *CHO *CH,0H
‘\*coz T
G, | c|:H20®
ﬂT G=0
*CHOH
? | FDP
' ,*?HOH |

GHOH

- MU-15628

Fig. 8. Path of carbon from carbon dioxide to hexose during
photosynthesis.
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PGA, foll&wing reduction to phosphoglyceraldéhyde end its converéion‘to
the ketone, the two are conaeabed by an alaolaae reaction to give fruc~
~tose diphosphate.. This places the labe‘inv of the hexose in the center
of the molecule. | |
It is interesting to'ﬁote that rether early in thé flxam;on sequence
a compound appearéd ﬁhich moved extremely slowly in both solvents (that
_ié, remeined near the origin particularly in the acid solvent) and which
iupon éxtremely nild hydrolysis produced on;y labeléd glucoég._ This ease
of hyﬁroiysis;wasieven gréater than thai of élucose-l;phOSphate, but
the materlal was not glucose-l-phospuate. AIﬁ was much later shown +to
be the nucleoside dlphosphoglucose, uridlne dlphosphoglucose, and its
parﬁ in the synthesls of sucrose loSElf deducad from uhe presence of
tréces of sucrose phosphate;_1ater'5earched‘for and found. ?he relatioﬁ-
:ship,‘then, betweeh phosphoglyceric acid and sucrose is illustrated in
‘Figure 9. |

( -

Origln of Phosphoglyceric Acid

We now are ready to return to the question of the orlgln of the PGA
itself. Here'wevwere led, by what eppeared. to be an obvious kind of E
afithmetic,,to seek a compound mede of two carbon afcms as a possible
acceptor for the radioactiveiccg to'produce the c¢arboxyl-labeled three;,
carbon compound , phosphoglyceric gcidd This search was & vigbrous one
and extended over a number of‘years. LAgain, a considerable mumber of
sfudeﬁts and lasboratory visitors were involved;) While free glycolic

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

i (several steps)

FRUCTOSE-1,6~DIPHOSPHATE

l

FRUCTOSE ~1-PHOSPHATE ————— FRUCTOSE

FRUCTOSE-6-PHOSPHATE

SUCROSE

PHOSPHATE + uop

GLUGOSE-6-PHOSPHATE

|

GLUCOSE-1-PHOSPHATE UDPG + P-P

ATP

URIDINE
TRIPHOSPHATE

Fig. 9. \Relationship between fructose phosphate
and sucrose.

UCRL.-9966
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cofrespogd to’what would'be(required of the so—célled éarbon diokide
acéeptor. A good many other compounds were identified in the course
of this'search; particulérly among them were é five-carbon sugar, ribu-
losé aé its mono- ahd diphosphate, and a seven-carbon sugar, sedohep-_
tulbse as 1ts mbnb- and diphosphate. | ﬂ

Whiie the relslonship of the triosés and hexosés‘to‘PFA in a time:
séquence.seemed clear, the sequentiél relationship of the‘fivegcafbon and
' seyen-éarbon sugafs was nou réadiiy determined. In fact, attempts to
éstablish this xelationship by ordinary kinetic sppearance curves of
these tWOYSugars resulied in cdnclusicns on the order of appearancé of

the pentOse,'heXOse and.heptose which varied from day to day, experiment

to expériment, and person’ to perédn.

Radioactivity Détermination of Pentose end Heptose

“Phe distriﬁution of radioactivity in the pentose and heptose wes -
next determined and that distribution is indicated in Figure 10 by the
number of asterisks 6n eéch atom. Thus the No. 3 carbon atom of the ribulose
is the first to be lebeled, followed by carbon atomsll and 2 and finally
carﬁon atoms 4 end 5. /Ih ﬁhe sedoheptulése, ﬁhe centervthree carbon atoms
(Nos. 3, 4, 5) vere the first to be lgbélea, followed by carbon atoms 1
&and 2, and 6 and 7. Extremely shsrt experiments, of the order of ffactibné
of & second, d;& show & low value for carbon atbm No. 4 in SedoheptulOSe.

The peculisr lsbeling in sedeheptulose.and the absence of'any
‘single one carbon atom as dominating over thé,others, clearly indicates

that it is not formed by a Cg + C; addition, that is, not directly from -
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CHZ0 ® _*(I3H20® | 'cI;HZOH G

0 SO e S A
*xxGO2 H HGOH HO:I)H »*(f |

HGOH ~ HGOH C

CH0®  HGOH C

HGOH ¢

| CH,0®

PGA RuDP SMP  HMP

Fig. 10. Distribution of radioactive carbon in certain sugars.
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the‘hexose by the addition of a single carbon atom. The only other alﬁef-‘
natives for the formation of the sedoheptulose are the combinations of‘
Cs +ng or C, + Ca. Again, we call on the apparent nearly equal distii-
bution of the center three carbon atoms of sedoheptulose to indicate

that there is no intdct element of the five-carbon ribulose present in

'the sedoheptulose since there is no intact group.Of five carbon atoms

which has the seme labeling pattern as we see in the ribulose.
Ve are therefore forced to seek a Cq + Cs method for construction

of sedoheptulose. The availability of the Cs fraguents is clear enough

for the phosphoglyceric ecid, The hexose seems, #herefOre,_a possible
 source cfvthe‘c4 fragment which, when combined vith & Cy fragment di-

"rectly related to PGA, will glve rise to a L7 sugar, sedohepuulose,

labeled in the way shown This can be done by taking a four—carbon sugar

made of carbon atoms No. 3,h 5 and 6 (that is, the 1ower four carbon :

\

'atoms) of fructose, in which the first two (No. 3 and L), then, would

have the label, and conden31ng it 1n an sldol type condensation with

the phosphodihydroxyacetone .as shown in Figure 11, If the pool sizes B

of the tetrose and triose are very smell it should be p0ssible 10 arrive

very quickly at a heptose in which the center three carbon atoms are

very nearly equally labeled, although one might expect some. differences

_in the shortest times, as wve have seen. The tqp carbon atoms ef the .

hexose, Nos. 1 end 2, would be combined with another triose in the seme

" reaction to produce number 3-lebeled pentose.
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CHO" CH,0H CH,O0H
P I Trans- I
HCOH + C=0 C=0
I | ketolase | .
Ha CO-® HO?H HO?H
A H?OH* - H?OH

HGOH Hz CO-®
_cho- |
v |
ch‘:O- c';-Ho* HzC|‘0‘®
= %*  Aldolase -0
G o* + H?OH LS . G 0
HoCOH H?OH HO?H*
H2CO-® | H?OH*
: 'H?OH*
"HGOH
H2CO- ®
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CHO*

]
H?OH*
HCOH
H2 CO-®

MU-25044

Fig. 11. Formation of a heptose from triose and hexose.
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Idenulfication of the Two-Carbon Acceptor

Accepting this as the source of the heptose, we are nov left Wlth
Athe broblem of the source of the pentose with its peculiar and unsymme-
tric labeling pattern. Again, ﬁe call on oﬁr simple arithmetic, and
discovér that the pentose'can be ‘made by loéing & carbon from the hgxoSe;
or by building it up fromvsmaller fragments, l.e., by aading‘a C; to &
.C4 fragment, or by adding a Cy, té a Cy fragmentz - Here, egain, we can
éallfupon'the‘laCK of relationship between the péntose~ldbelingvandf
an& five¥carbon sequepce in{the hexose.t? eliminate from further consider-
ation the construetion ofnihe pentose by loss of a terminal carBon'from
the hexcseé. Furthermore, of coufse,‘this‘wbuld be a étep backWards in
our cQAstructionvprogram. |

' Ve are left, then, with(the only remaining slterntive for the

- construction of the pentose, namely, the combinatian of a Cz with & Cs

fragment. Again, the source of Cs fragments is clear enougn, but the
quéstion of the source of the Cp fragment to go with it requires some
aiscussion.} |

AL this pcint 1t should be remembered that we have already made
a Cs fragment labeled in the No. 5 carbon atom. The ribulose labeling
scheme, as shown in Figure 10, indicates that the next label to appear
waslin carbon étomsto, 1 and 2. Thus it was not until the realization
occurred t0 us thet the ribulose which we were degrading and which ve
obtained from the ribulese diphosphate actually had its origi# in two
different reactions that it became ppssible for us to devise a scheme fér

its genesis.
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By taking the two-carbon fregment off the top of the sedoheptulose
we éouldfmake two five-carbon compounds which, taken tggethex_with the
five-carbon compound already formed, would'prodﬁce the léeling scheme
findlly obser§ed'in ribulose diphosphate. This is shown in Figuré 12,
The enzyme which performs this two-carbon transfer is transketolase snd
‘18 the same One we have already used to generate the tetrose required
' for heptose synthesis.

We have thus devised weys of generating from phosphoglycerié
acid all of the sugars which sppear on our early chrématogfams: The
triose, the various pentoses, the various hexoses, and the he?tose.\The
earlier fallure to succeed in selectiﬁg a specific sequence smongst
these compounds 1s now understandable since all of_theﬁ, that is, pen-
tose, hexose and heptose, appear simultaneously fdllowing triose. As
yet we had not discovered the compound originally presumed to be'the C2~
‘compound, to which the carbon dioxide mey be added in order to produce

¢

carboxyl-labeled.phosphoglyceric acid,

CARBON-FOURTEEN SATURATION EXPERIMENTS 3

CHANGES IN STEADY STATE AND TRANS TENTS

In order to do this we devised a different type of experiment. We
recognized quite early that most of the compounds which we have so faf

mentioned, aside from sucroée, saturate with radioactivity very quickly,
and yet the amount of these materials present in the Plant et any one

time is small and does not change. This suggested to us & method for
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discovering not only how the ligiit might operate on the PGA, but also
how the PCA might arise. We could use the radioactivity saturation levels
for these compounds through which carbon was flowing to measure the
totel amount of active pool size of these compounds in the plant. We
could then change oné or another external variable and follow the
resultént chaﬁges in the pool size of these cowpounds through vhich we
knew the carbon to be floving.

The first;-mosﬁ obvious and easiest externai variaﬁ;e 1o be changed
was the light.itself. Figure 13 shows the first set of data taken by
Peter Massini which nét only demonstrates the early saturation but also |
the effect Of the light on the pool transients.9 Here you cen see that
the PGA end the sugar phosphate are indeed very gquickly saturated but
that the sucrose is not. It 1s apparent that upon turning off the light
there is -an immediate and sudden rise in th¢ level of PGA accompanied by
a corresponding fall in the level of the diphosphate area which was
primarily ribulose diphosphate. |

‘ ﬁere we had our first definitive qlue.as to the origin of the
phosphoglyceric acid. t would appear ihat it came as a result of a
dafk reaction between the ribulose diphosphate and carbon dioxlde.
Figures 1% and 15, based upon the work pf Dr. James A. Bassham,lo’ll
show what can be donz with this technique when we know what we are doing.
Here you can see the large number of poinis obtainable and the very much
smoother curves with their clear gaturstion poinﬁs‘well defined._ On
Figure 15 we see again very sharﬁly shown the transient rise in the PGA
pdol'size and the disappsarance of ribuloée diphosphate when the light

is turned off, clearly defining the relationship between these two compounds.
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We can now formulate the cyclic system driQalby hiéh enefgy'cém-
pounds produced in the ;ight, acting upon phosphoglyceric acid which,
in turn, is made &s a result of a reaction betweenlribulose diphosﬁhate
and carbon diqxide.as shown in Figure l6.v The triose phosphate then
undergoes & series of condensations end suger rearrangements, repre-
sented by the letters A and B end includinﬁ the pentose and heptose re-
arrangement which we have just discussed, leading back again to a ribulose
monophosphate which is thenlphosphorylated to ribulose dinhogphate, thus
completin6 the cycle.

By turning off the light ve have, in effect, blocked the easy
conversion of phosphoglyéeric-acid to triose without any reduction in
the rate of formstion of PGA frém ribulose diphésphate. Thié should re;
sult in en irmediate rise in the amount of PGA end an tnmediate fall ;
in the amount of ribulose since it no longer can be produced in the derk.

| Such & scheme allows us to predict énother transient; namely, the
oné“’%;vhich would result if, in the presence of iight, that i‘s," in the
jpresenée of the h;gh-energy compounds required to drive-tﬁe.cyclé, we
suddenly‘diminished:the availaﬁility of carbon dioxide, putting a block
bétween ribulose ana the phqsphoglyceric acid, The prediction,'which
resulted here in the first transients, would be the accumulation of
ribulose end the disappearance of PGA. These two transients would then
make their way”back th:ough the cycle, thé fall in PGA in a clockwise
" direction, the rise in ribuldse in a counterclockwise direcﬁion, thus
meking for oséillating transients. The result of such an experiment
performed 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 associated witha rise in the ribulose.
It is interesting to note that the triose is the last to rise and the

o firsﬁ to fall, as predicted fom:iﬁs position in the cycle.

THE PHOTOSYNTEETIC CARBON CYCLE

We can now arrangé all of the individual steps that we have.
"sepafately discussed in a séquence to produce the photosynthetie carbon
‘cycle as shown in ?igure'18.,'0ne compound is shqwn‘therein'as'an intér~
mediate lying between ribulose diphOSﬁhate‘and phdsphoglycerié acid.
This is & branched chain alpha~hyﬂroxyﬁbeta~ket6 sﬁgar aéid;. As yet‘
this compound hes not been isolated as a séparate eatity. iThe enzymé‘ x
system catalyzing the reaction of ribulose diph0spbaté ) PGA has been

isolated and purified, but as yelt we have been unable to break its re-

13

 action down into o steps. ~ If this intermediate is present, it is

' bpresent in extremely small emounts as the free compound, if any at
all, and its hydrolysis to broducé‘ﬁwé molecules of phosphoglyceric

" acid takes'piaceextremeiy, répidly in the isolated’ enzyme systemand
even in the living plant itself. | . |

| The mechanism f@r the carboxydismutase (the enzyme fespcnsib;e‘

for the formation of PGA from ribulose=diph05pﬁate) reéetion.ié férmulatea
in Figure 19. Here the intermediate is spiit by hyﬁrolysis to two moie;
cules of phosphoglyceric acid. However, in our earlier_wprk the pogsi-
Bility of a reductive fission at the same point to,give.one molecﬁle :

of triose and one molecule of phosphoglyceric acid was considéred. It

was rejected in favor of the hydrolytic splitting‘becaﬁse of our failure
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to find any evidence of the intermediate. However, more recanf, very : N
careful kiretic analysis of the carbon flow rates by Dr. James A -
Basshamll’lh has suggested that the reductive split may indeed parti-

cipate in the reaction to some extent while the light is actually on.

This path 1s indicated in Figure 20 by the dotted line from thg pre-

sumed Ce keto acid.

QUANTUM CONVERSION IN PHOTOSYNTHESIS

As you can see from ‘the various levelsvof»fhe schematic drawing
of -the photbsynthetic carbon cycle (Figure 18 and 20), the energy re-
quired to drive the synthetic sequence from carbon dioxide to carbohydrate
and the many other reuuced carbon materials which can be derived from
';the cycle is delivered to it in the form of -a number of compounds of
relatively high chemical potential in the aecrobic aqueous system in
which the rlant operates.'The particular ones with which we can;éctually
dfive the phbtosynthetic carbon cycle in the absence of light but in the
presence Of all the initial enzymes and substra‘c,es15 are triphosphopyri-
dine nucleofide (TPNH) and adenosine triphosphate (AT?) whose structures
are shown in Figure 21. The primary quantum converéion of the light ah—

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

That light energy might be readily converted into chemical potential.
as ATP independent of COs reduction and its re-oxidation was clearly in-
dicated in whole cell experiments of Goodman and Bradley;6 and first de-

monstrated as independent of oxygen by Frenkel17 with bacterial chroma-
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tophores. ‘A corresponding anaerobic demonstrkion of ATP production by -
green plant chloroplasts was made by Arnon.18 Tue ability of chloroplaéts.
to photoreduce pyridine nucleotlde was demonstrated by Ochoa and Visn-
niac,l? But the precise nature of the primary quéntum conversion act .
vhose producté ultimétely give rise in & dark réaction to ATP and TPNH
is still a matter of speculation.QQ’zl

The epperatus which performs the quantum c0nversion act in the
plant, together with all of the carbon reduction enzymes we now know,
can be isolateé from the intact ?hlordplasts in the higher plants. The
carbon reduétiqn enzymes are very easily'wéshed off the chloroplasts
by water, ;éaving behind only the chloréphyllous‘quantum conversion -
equipmeﬁt} This has & highly ordered structure in which the lamellae
are alterhating electron-dense and electron-th’n materials, as has.’
béen shown in many electron micrographs, a few examples of which aré
:éhown in Figure 22 fbr various organisms |

The next level of structure within the Jémellae is only now be-
ginning to be visible to us, and an exampie is shown for & épinach
chloroélaét in Figure 25.22 Here-we can see the lamellae 6n its.
flat side showing a granular structure, made up of feirly uniform
oblate spheroids which we have called Quantosomes; this work was per-
formed by Drs. Roderic B. Park and Ning G. Pon, Within these Quanto-
somes the chlorophyll itself is highly organized, as we .have been ablel
to demonstrate, particularly by electric dichroism experiments per-
formed by Dr. Kenneth H. Sauer. ‘ ‘ .
| ¥We are now in the miést of tr&ing to determine precisely what

heppens after the chlorophyll hés absorbed the qﬁantum‘and has become
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an e xcited éhlorqphyll molecule, a problem that involves the physicist
end physical chemist as well as the organic and biochemists. The deter-
‘-mination of thé next stage in the energy conversion prOceés is one of
our 1mmedlate concerns. Either it is an electron transfer brocess,
and thus comes close in i+s further stages to the electron transfer
processes VFlch are belng explored in mltochondma,25 or it 1s some
independent non~redox method of energy COnversion.EQ This remains for
the future to decide. |

Chemxcal biodynamica, 1nvolv1ng as it does the fusion of wany
scientifzc dlSC1p11nes, will play a roke in this Problem, as it has in -
the elucidation of the carbon eyele. It can be éxpeeted to take an_. |
increasingly importent place in the'ﬁnderstanding of the dynemics of .

living orgenisms on a molecular level.
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