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" PHOTQSYNTHESIS

M. Calvin, J. M Anderson, J. A. Bassham, U. Blass,
0. Holm-Hansen, V. Moses,*g G. Pon,:P. B. Sogo and
: G. Tollin )

- Photosynthesis, thé process.whereby all green Plants derive their
energy for life and thus ultimately make possible the existence of animal
life on earth, is' commonly schematized as a photolytic dissociation of
water molecules coupled with the reduction of free carbon d10x1de from
the atmosphere (Figure 1). The complex series of reactlons occurring
- during this conversion of light energy into bound chemical energy remain-
ed largely unknown until about 1945 because of the lack of. ‘any suitable
. means of following the rapld chemical transformations. Since that time,
.however, the availability of pile-produced carbon-14, & long-lived radio-
active isotope, has made it possible actually to follow the path of carbon
atoms from the state of free carbon dioxide through the extremely rapid
reactions leading to carbohydrates such as glucose and sucrose. A full -
description of the experimental details of this method and the results
have been reviewed.?t ‘

PRIMARY QUANTUM CONVERSION |

One of the most fundamental unsolved problems- in photosynthesis in-
volves the means whereby chlorophyll converts the electromagnetlc energy
of an absorbed photon into the chemical potential necessafly to reduce car-
bon ( (H)of Figure 1) and to oxidize water to molecular oxygen
o [0]________‘____> Oz,:Figure 1). A possible approach to this question
consists of physical measurements of the early changes induced by light
in intact plant material. 2 With this in mind, we have begun an investiga-
tion of the light-induced electron spin resonance (ESR)® absorption (as a
result of unpaired electrons), and the delayed light emission* and di-
electric loss effects of isolated spinach chloroplasts. These studies
have revesled a series of temperature-dependent luminescences (with life-
times ranging from a tenth of a second to many seconds) which appear to
have counterparts in the decay of the unpaired spins (see Table I)..

* - . Present address: Sandoz, A.G., Basle, Switzerland.
xx Department of Chemistry and thlablon Laboratory, Unlver ity of
California, Berkeley, California, U.S.A.
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Although promising results have been obtained from the dielectric
loss measurements, a more quantitative study is necessary to rélate this
‘effect to photosynthesis. The rise time for the production of at least part
of the unpaired e%ectrons is independent of the temperature over the range
~from 2500 to -140°C. A-luminescence with a lifetime of 'a few milliseconds
has also been observed which is tenperature-independent over this same .
range. Both the spin resonance and the luminescences are excited by light
absorbed by chlorophyll and the luminescence at both room temperature and
at -80°C is a result of the transitidn between the first excited singlet
state and the ground state o'f_chl_orophyll.S Furthermore, drying the chloro-
plasts causes the luminescence to disappear and results in the appearance
of a large nondecaying spin resonance signal and endows the chloroplasts
with the property of “thermoluminescence. ‘ '

The above observations haee been interpreted in terms of the theory
proposed by Katz®.and by Bradley and Calvin” which involves the formation
of electrons and holes in the conduction bands of an aggregate of chloro-
' Phyll molecules. A schematic representation of these bands is ‘shown in
Figure 2. Light is absorbed to produce the trensition from the ground
state band. of an aggregate of chlorophyll molecules to the first excited
singlet state band. Singlet state excitons may then undergo one of three

competing processes:

(1) They may decay to the ground state via fluorescence emission
(Y 2 10-° sec). : . '
(2) They may ionize with the formation of electrons and holes
~in conduction bands (¥ < 10-° sec). Calculations have shown
that such a lifetime would permit the exciton to migrate over
from 100-1000 molecules.?® T
(%) They may cross over in a radiationless transition into the

triplet state in times as short as 1012 sec.

Inasmuch as the band width will be proportional to the square of
the transition probability for the ground 'state to e§cited state transi-
tion.,9 the excited singlet state will be much broader than the correspond-
ing triplet state. Thus, there may be a good deal of overlap between the
energy levels of these two states. It is necessary to postulate such
overlap in order to provide a relatively'temperatnre-independent pathway
between the states to_acoount for the inability to observe triplet state

emission, even at -70 C. : :

If the triplet state conversion is important in chloroplasts,
ionization into the conduction bands may occur from this state. The elec-
trons and holes in the conduction band will migrate and ultimately be -
trapped at suitable points in the lattice. Characteristic lifetimes of
0.01 to 0.1 second have been observed in many types$ of experiments -on
photosynthetic matcrials.3:4:7zlo According to the present hypothesis,
this would represent the time,reQuired to £ill the electron and hole traps.
If ionization occurs from the singlet state, this time constant may bhe
identified with the lifetime of one of the charge carriers in the conduction
band. The hypothesis of such a long carrier lifetime has some support in-
other systems, for example, in germaznium, where the intrinsic hole lifetime



LS
_Chl IONIZATION

// N
//' n&%%c"ﬂ z272

| ABSORPTION ——— I S
FLUORESCENCE ~ AND
DELAYED LIGHT

EMISSION

RECOMBINATION

ACCEPTOR)

<

Z
/

CH

QUINONE REDUCTION
~ ICARBOHYDRATE

|

H+ ES(\r’i

(OR OTHER ELECTRON

FORMATION

CONDUCTION BAND

L

———————— e

0, EVOLUTION -

PROPOSED SCHEME FOR VARIOUS PTOTOCHEMICALA PROCESSES IN PHOTOSYNTHE SIS




is calculated to be as long as 0.75 second. 1 Eﬁperlmenuallj lifctimes

on inorpganice semiconductors may range from 10-12 scconds to several cec-
onds.'?  Ho corresponding measurements have been made for organic semi-
conductors. If, on the other hand, ionization occurs from the triplet
state, ihe 0.0l to 0.1 second time constant may rcpleﬂent eitner the
ionization time constant or a carrier llfeulmc. -

Tt is not possible, at present, to decide vnich of the two mechan-
isms -- direct ionization from the singlet state or ionization from the
iriplet state -- is .operative in chloroplasts. Indeed, it may be that both
processes occur simultaneously. )

The number of traps in the chloroplast is probably very small, per-
haps of the order of one per several thousand chlorophyll molecules. "Thus,
this scheme leads directly to the idea of a 'photosynthetic unit.'*® The
electrons and holes thatl are trapped give rise to a spin resonarice signal.
In tie absence of biochemical acceptors, the traps are thermally depopulated
and +he resultant electrons and holes in the conduction band recombine and
a  temperaturc-dependent luminescence results. Such recombination may occur
di*cctly into the singlet state or into the singlet state via the triplet
""" ate. Tie long-lived temperature-dependent emissions can be identified with
cne.ocpopulatibn of traps of different depths. Further experimentation is
in progress to determine the nature of the millisecond decay This might
vepresent the lifetime of one of the charge carriers in .the conduction band
or perhaps the lifletime of the triplet state as well as the 0.0l second de-

'Lav reported by Arthur and Strehler.*© :

At low temperature, the thermal energy is insufficient to excite
the electrons and holes out of the traps and enzymatic produculon and decay
of radicals no longer occurs. This results in the disappearance of the  lumin-
escence und the appcarance of a long-lived ESR signal. The thermoluminescence.
referred to earlier may be the result of 'a deepenlng of the trappnng levels
due to drying. ‘

The electrons and holes in. the traps may also be used up by enzymatic
processes. Any reversibility in these cnzymaolc processes would then lcad
. Lo a long-lived luminescence which could be classified as a chemilumines

cence. It is likely that some of the longer-lived emissions reported bj
Strehler and co-workers, 14;l* arc of this nature. If these enzymatic Pro-
cesses involve free radlcals, similar decay times will occur. in the spin
resonance analysis. We have observed that almost three times -as much
energy is emitted as light in aged-chloropiasts as in fresh chldroplasts,
suggesting that these enzymes are easily inactivated. A similar increase
in the number of light-induced radicals in aged chloroplasbu is found in
spin resonunce experiments. These observations suggest that enhzymatic
utilization represents the normal pathway for most of the electrons and
holes in the living cell. In this way the light encrgy could be made
available 1o the phoLosyntheblc mechanism.

Tiie trupped electrons will lead to the production of the active hydro-
gen ( (H)of Figure 1) while the trapped. holes will lead to the production
of the intermcdiate oxidant ( [0 )of Figure 1). :
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THE PATH OF . OXYGEN IN PHOTOSYNTHESIS

The use of isotopic oxygen in iracing tie path of the oxygen atom
from water to moleculur oxygen has been difficult. The half-lives of tne
radioncitive isotopes of oxygen are all very short, 50 in general it is
necessary for oxygen tracer studics to use one of the two naturally-
occurring stable isotopes, 07 or 0'2. Both are available in enriched
Torm, and the isotope closen was olB, vhich was used as water in an enrich-
ment of 20% '

Tracer Oxygen

Thie main reason for this choice was that this isotope ms a high
capture cross-section for protons, yielding F18 by the reaction
0" (p,n)Fr8. T8 has a half-life of 1.8 hours and emits positrons of |
an ¢ncrfgy of 640 KeV. Calculations showed that 0.1 to 1 ug of 08 cowld.
easily be detected by radioactivity measurements of F*® if a U MeV pro-
ton beum of -1 to 10 pa was allowed to hit the oxygen target for. a few
minutes. After one hour aging in a bombarded sample of organic material
containing enriched’ 018, interfering radioactivit ty from carbon, nltTOLC
and other oxygen isotopes was negligible if protons of an energy of.about
h- MoV were used for the bombardment. A qualitative analysis of the oxygen
which is incorporated in algae grown in O18 enriched water for ‘short periods
of time was attempted.

Ethanol extracts of the:élgae were made, the extractiwas concentrated

‘and chromatographed in one dimension, using butanol-propionic acid-water

solvent. In order to avoid an impossibly high background resulting from
naturally-occurring 0'® in the filter paper, the spots were transferred
onto a tantalum sheet by serrating one edge of the one-dimensiamal chroma- .
togram and eluting the spots sideways of{ the paper onto a heated strip of
pure tantalum. The pattern of the chromatogram on the baper was thus main-
tained as a series of drops dried onto the metal strip. A control experi- .
ment to test the reliability of this transferring method, using -a chromato-
gram of 014—1abeled.substances, showved that the pattern of the chromatogram
could be reproduced in this way on the metal. .Thé tantalum strip, about
10" long, 2" wide and 0.006" thick, was used as the target, being clamped
in a holder in which the metal strip was held as a cylinder. The target
strip was rotated in front of the proton beam, while inside the cylindri--
cal strip a jet of air was directed at the target point for cooling. The

_proton beam was collimated into a cross-sectional area of 3/4" x 1/h".

The total bombardment. time was two hours with 4.5 + 0.2 MeV protons. The

average curreﬁt‘during this time was 2.75 pa. The target was rotated in

front of the beam at 160 rpm; as the length of the target was about 10"

and the width of the beam 1/h", each spot was exposed to the beam for a
tal of three minutes. ' :

A radioautograph was then taken of the bombarded tantalum strip,
sing X-ray film, in order to locate the positions of the F18 derived by
bombardment from the 0. The eluted chromatogram showed three peaks of
radionctivity: <these were not unequivocally identified but appcared to
correspona with ihe mono- and diphosphates and phosphoglyceric acid areas
on a paper chromatogram as they usually zppear in C'*0, firation experiments.

~ s
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To test the sensitivity of the 0'® analysis, Chlorella was grown for
2-1/2 days in 0*B-enriched water. The algae were washed twice with distilled
water and five samples were eveporated as spots on the area of the target
sheet. The amounts of the algae in the different spots were 85,15,7.5,4 and
2.5 pg and the amounts of 0%® were 5,1,0.5,0.2 and 0.1 pg, respectively. A
control sample of algae, not ireated w1th Ol ,» was similarly evaporated onto
the target sheet; the amounts_of algde in the three spots produced. were
4LO,4 and 2 pg. After bombardment and radioautography, the spot containing
2 pg of algae and 0.1 g of 018 could still be .detected against the back-.
ground. The radloautographs of the untreated algae show that 40 ug gave
rise to a very slight dark spot; this was probably due to the F18 formed -
from the 0.2% of 018 in the ordinary oxygen of the algae. The radloauto—-
graphs of the two smaller amounts of algae showed no dark spot-at all.
The method thus appears.to have ‘the necessary sensitivity and spe01f1c1ty
for this sort of tracer study :

Carotenoid Participation in Oxygen Transfer

Using a completely dlfferent technlque, some progress has been made
in a study of the biosynthesis of the photosynthe%lc pigments, with parti-
cular emphasis on the role, if any, of carotenoids for oxygen transfer with-
in the photosynthetic mechanism. The algae were incubated in the presence

of radioactive carbon dioxide, both in the light and in the dark, for vary-

ing amounts of time. Column chrometography, using polyethylene, celluloSe
or magnesium oxide as adsorbents, was used for the separation of the pig-
ments; their concentration was determined spectroscopically.  Further-separ-

. ation of each fraction was' achieved by two- dimensional paper chromatography

with suitable solvents

It was  found that éhlorophyll a became radioactive considerably |
faster than chlorophyll b. From the data obtained, it would appear that
the path of carbon through the carotenoids of the algae is as follows:

14 : _ f ‘ ‘ :
C aqpar?}ene x%ntg?phyl _ . xgg%%gghyll
~ B-carotene ‘ . violaxanthin *

antheraxanthln

Most of the pigment concentrations-showed little difference between
the light-treated and the dark-treated algae. However, there was a marked’
increase in the concentration of violaxanthin in the dark, which is rever-
sed in the light, suggesting that violaxanthin may be involved 'in the

transfer of oxygen. A similar result was observéd by D. I. Sapoznikov.*7

THE PATH OF HYDROGEN IN PHOTOSYNTHESIS

Photosynthesis involves two main processes: the photolytic splitting
of water, followed by the utilization of the ac¢tive hydrogen so produced to
reduce the incoming carbon dioxide, with the concomitant release of mole-
cular oxygen. Work has now been started in this laboratory to 1nvest1gate

he pathways of hydrogen in photosynthesi

-8-



AN oenriy progrun to use deutcratﬁd ccllu to follow the pabh of hydro-
geﬁ,wuﬁ‘uOundOned when it 'was found that such. cells showed dlst1nct patho-
Jogicnl characteristics wnd that the quantities. required for the aovnn1¢on
uPHNraTus (nuclear mgbnctlc res on¢nce) would involve the use of ver v large
apounts of cell material and would HLCCJSltate the ﬁsola vion of intermediutes
on A lurge scale. In sddition,’ deuterium is a stable species, and the tech-
niquen which had been used so successfully to follow the path of carbon by
ing use of the radicactivity of C1? could not be applied in studies utiliz-
ing gcouterium: : o

There remained the possibility of using the radioactive isotope of
iwydrogen, tritium, to follow'the'uppakevof hydrogen from radicactiive water
by cells actively carrying out photosynthesis. Many difficulties had to Le
overcome, not the léast of which was the very weak energy of the B-particles
emitted by tritium, and the large dilution of the radioactive tracer by ihe_)
relutively enormous amounts of water which are inevitably present in any -
biologicul system. The energy of the PB-particles emitvted by tritium averages
zbout 18 KeV, as compared with about 150 KeV for those emitted’ by Ct*. Tuis
means Lhat the penetrating power of the partlcle" is very much diminished
" a3 compured with those from carbon, and their ability to pass tanU5n papey
und dffCFL pﬂObO&I&Pth film is correspondlngly reduced .

Dcmection of.thc ‘radioactive materials on paper chromatograms would
hecome considerably more difficult for this reason, and to compensate in
part for the weaker radiation, lurger amounts of the radioisotope would
have to be used. In systems in which the cells are supplied with radio-
active carbon dioxide, the system can be so arranged that thé‘supply of
unlabeled carbon dioxide to the cells is reduced to a minimum, keeping
the upecific activity of the added tracer high. This is not possible with
waler; the only hope is 10 use cell suspensions much more concentrated than
those used for the carbon studies, in order to achieve a more favorable
subsirute-to-cell ratio. This, in turn, presented new difficulties; as
the cell concencration in the suspension was 1ncreascd the -optical density
of ihe suspension rose very considerably and the amount of light passing
through the suspension was correspondingly reduced.

The problem was finally solved in two ways. The conventional 'lolli-
pops' were abandoned in favor of small cylindrical vessels with flat bot-
toms, of such & sjze that 1 ml of liquid in them formed 'a layer on the hot-
tom 1L mm thick. The vessels were shaken for the incubation period over a
bank of fluorescent lights and the cell concentration was increased from thc
usval value of a 1% suspension (1 ml of wet-packed cells/100 ml of- suspen-
sion) Lo a concentration of 12 to 2)p The second modification from the
carbon work was to increase the dose of labeled tracer added from about
20 pc/ml in_.he carbon vork to a specific activity in the tritium studies
of onc curie of .tritiated water/ml. In this way, some effort wus mide to
overcome the. disadvantages of the very weak radiation. Owing to the health
hazirds of working with such high specific activities of radioactivity, wull
e operntions up to the stage of chromatography were performed in 'glove
Soxes', thvough vrich a yapid drought of air was meintained by a suction
for. and ihe whole systen was very carefully monitored to cnsure thit no
e LAn D0 enenpad from whe confines of the box wnd the venting system



Thc'experixhnbu vere performed essentially in the same way as the
carton erxperinents descrived in a loater section. The cells were aerated with

a con.went siream.of air conualnlng CGy and at a certain time the one-curie
semple of tritisted water was added. After the desired time of incubation
in tae light, the cells wvere klllCd and extracted with ethanol. The ethanol’
crerzeis of the cells were evaporated to dryness and redissolved in ordinary

distilled woter four times in order to wash out any exchangeable tritium
present in thce compounds extracted from the cells, leaving the tritium pre-
sent only in nonexcliangeable positions. The final residue wag dissolved in
wizher and chiromatographed in the usual way, and the chromatogram were ex-
posed to X-ray film to find the locations of the radioactive materials
Similar experiments were performed with cells exposed to tritium oxldc in
the dark. ’ ' ’

This work is still in the preéliminary stages, but the results so
Tar have shown that tritium is incorporated into a number of compounds in
the course of three mlnutes, these ubotanceb appear to bc the same ones
as those containing C14 after the cells are expooed to Cl4Oo~ though the -
relative dlotrlbutlon ‘of activities is quite dlfferenL with the- two traccl
oubuuadce . . :

.A pos itive conflrmatlon of the nature of- the uubstances 1ncorporat1nb
tritium from water is still in progress, but there is, newerthele%s, good
reason for supposing that label appears in the amino acids glutamic acid,

spartic acid, alanine and serine plus glycine (the latter two amino ac1d
are not well ueparated by the chromatographic techniques in use for this
work), in .the organic.acids  glycolic acid, malic acid, citric acid,; fumar-
ic acid and succinic acid, and in phosphOenolpyrUVIC ac1d phosphoglycgrxc
acid (PGA) .the sugar monophoqphateo and dlphosphates, and possibly also in
ur¢d1no diphosphoglucose. : .

While cells incorporate C*4 from C140, during photosynthesis for
short periods mainly into the sugar phosphates and into sucrose {these
two groups of substances frequently account, ater three mlhutep, for 75
to 8)p of the total labeled substances present in~ the ethanol .and water
extracts of -the cell%) tritium is found after three minutes largely in
glutamic., aspartic and malic acids, and alanine, which together contain .
about 63% of the soluble tritium fixed (excluding glycolic acid -- see
below). The amount in the sugar phosphates is very much smaller (ubout
”8‘) and none appears in sucrose. Most significant is the amount appearing
in glycolic acid. This substance is quite volatile, yet even after the cell
extract had been evaporated to dryness four times, glycolic acid remains
the most radioactive spot on the chromatogram. Ic seems probable that the
overvhelmingly greatest quantity of tracer is incorporated into glycolic
acid. The significance of this is not yet known. Tiis is a preliminary con-
clusion as to the. pattern of tritium incorporation and a final conclusion
is dependent on the confirmation of the identity of the .compounds involved.
Although larger amounts of tracer are hcorporated in the light than in the
dark nevertheless considerable amounts am also incorporated in the dark
(for greater, in proportion, than with carbon) and tre identity of the

compounds in which tritium appedrs in the light and in the dark is similar.

-10-



The interpretation of these results is likely to be a- complicated -’
mavter. Whiie tne tritium may be incorporated by genuine biochemical re-
actions inilo many compounds under investigation, it is also possible that
tritium may originally enter some substances by nonspecific exchange re-
actions, and, subsequently, be relocated into nonexchangeable positions.
Further, tritium, incorporated by a genuine biochehicalvfedqcﬁion into a
nonexchangeable position, may later be moved to an exchangeable one and
hence be lost in the repeated evaporations. If the latter are not per-
formed, it is probable that every compound on the baper which contains. ex-
changeable hydrogen atoms will show radioactivity, whether or not it had
played any part in the metabolic reactions under examination. - In'spite of .
all these difficulties, it seems likely that the use of tritium will even-.
tually enable us to learn something of the path of hydrogen, although not
- with the ease and compléteness which our studies with C'? have taught us

the path of carbon in photosynthesis. - : . ) :

THE PATH OF CARBON IN PHOTOSYNTHESIS

The essence of the experimental procedure employed in C1¢ tracer
studies is to maintain plant material, either an alga or a leaf from a
higher plant, in controiled, constart conditions under which photosynthesis
is allowed to continue in the presence of carbon-1lk4 for varying lengths
of time. The cells are then killed rapidly and the soluble components are
extracted; and assimilated radioactive carbon is analyzed by means of
chromatographic separation of the soluble components of -the plant material.
Not only is it determined which compounds contain the carbon-1h, but by
degradation of these isolated compounds it can be determined exactly which
carbon atoms within the molecule have become labeled. .

By variation in one or more Of the experimental conditions, such as
light intensity, temperature, COs concentration, length of exposure to
ct*0z, etc., it was possible to study the interrelationships of many of
the suspected intermediates involved in thHe photosynthetic fixation of
 carbon dioxide. The first stable compound into vhich C*% was fixed was .
secn to be the three-carbon sugar acid, 3-phosphoglyceric acid (PGA).

This compound is then reduced to triose phosphate, two molecules of which
combine by a reverse aldolase reaction, to form fructose diphosphate.

From fructose diphosphate, fructose monophosphte is formed by the loss of

a phosphate group, 'and glucose phosphate produced by the action of phospho-
glucoisomerase. Sucrose, starch and other polysaccharides are built up from
units of glucose formed in this way from carbon dioxide. '

However, of the three carbon atoms in each molecule of phosphogly-
ceric acid, only one is derived in the first place from carbon dioxide,
and for some time a search was made for the two-carbon fragment which was
bresumed to combine with COz to form PGA. Eventually, it was discovered that
the initial carboxylation reaction of Tibulose diphosphate {a five-carbon
sugar phosphate) is followed by a dismutation and hydrolysis of the product
to produce two molecules of PGA. 1In time it was possible to work out the
whole scquence of sugar rearrangement reactions by which new ribulose
diphosphite was continuously synthesized from triose phosphates for +this
burpose, wnd a cyclic relationship among the sugar phosphites and PGA emerged.

~11-



Lor ench completv,turn‘of ithe. cycle, one molecule of'COp'is

i, wrl ore molecule of ribulose diphosphate is resynthesizéd RS
1 ihe nuext carboyxylation. After six turns of tle cycle a six-

i (hexese) such 2s glucose or fructose is forﬁcd, and after

o fuavther six turns, Wvo monosaécharides combine to form~a;disécchariae,'
sucrose.  This -cyclic arrangement. known as the . 'photosynthe tic carbon
cycle', is shown in its- present form in Figure 3. 00 B

ijstes in the Photosynthetic Cycle

HWew Intermn

In the past two years, we have obtained some evidence for the pre- .
sence in the algae for an intermgdiute'which_had been postulated in earlicer
4ersions of the cyele, but whichh had not yet been identifivd. This inter-

“mediate 1s the'B—kQﬁo acid which .is believed to be the. first product of
the carboxylation of ribulose diphesphate and waich gives rise to tvo
molecules of PGA (Figure ). Very small traces of this. p-keto acid diphou-
'pnatc_(9—carboxy,5-ketopentitol-l,5~diphosphate) have been tentatively

S identified in extracts prepared from algal cells. ‘The compound, is very
.unctable, and most of the amount originally present in the plants is pro-

" hably decomposed by the extraction and analytical techniques, particularly
chromatography in acid solvents. llowever, enough -of this substance hus
been obtained to provide a tentative identifigation consistent with the
structure of the proposed B-keto acid.l® ' ’ :

In addition to this keto acid, another keto acid has been found in

much lorger (though still rather small) amounts. The latter compound i%
much more stable than tihe B-keto acid, and has proved-to be ‘an isomer of
the latter, i.e., the y-kevo acid, 2-carboxy,lt=-ketopentitol-1,5-diphos-
phate. We are not yet certain of 1he exucct stereochemical. configuration
of either of these two compounds, und it cannot be said as yet tnat this
-y-keto acid is a biochemical intermediate of metabolism rather than an
artifact of our analytical procedurcs.l8

A second intermedite, proposed some years ago as playing a part
in the cycle, but which had remained undetected, isc erythrose phosphate.
Recently, we have found a weakly radioactive spot on our chromatograms
which appears to correspond satisfactorily, after removal of the phos-
‘phate group, with authentic tetrose. However, although this is probably
indeed the missing tetrose, this work has not yet been fully confirmed,
and thne unknown substance may turn out to be something else. t is,
incidentally, no coincidence that the substances we are now finding ure
present either in very minute quantities or are very unstable, or both.
Obviously, such compounds arc ordinarily the last members of a biochemical
sequence to be discovered,; and their presence may well go undetected
until their existence is predicted by hypotheses based’'on the study of
more casily detected substances. 7

" Carberydicmutase Reaction

A oscudy of ihe carboxydismulase enzyme system is being carried out
in viiro. Teitraconin leaves ure generally used as inc source of the en-
Fo Lo 15 Counined from tie leaves by aceicne nowliers, icolated
. 1

8] e . .
L9 or direculy from cruds CXUratit. Turther puriii-
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- Figure 3, The Photosynthetic carbon oycle.:
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cation has been effected by ammoniwm sulfate precipitation and by paper
clecercphoresis. In no case has theré been any apparent separation of
e engyne functions wiidch catalyze the formation of the ene-diol form of
rivulose diphosphate, 2~carboyy,5 ketopentitol diphosphate, or the final
producs of the' reaction,; 3-phosy oglycnrlc acid. Alv though the enzyme has
Yeed found to be associated w1th solated chloroplasts, there is no ‘guar-
untgc that the enzyme resides enulrcly in these particles, as at least
9% of the enzymatic activity can be washed free from the chloroplasts
Coy sodium chkiloride within one hour. The enzyme is e¢ither located on the
periphery or is specifically adsorbed onto the chloroplast. Preparations
of c¢chloroplasts in nonaqueous solvents, such as hexane and carbon tetra-
chloride,®® haw shed no new light on uhls matter. '

‘One aspect of the reactlons undergone U& carbon in photosvnuhe 1S
which deserves further careful examination is ‘whether or not there exists
some ‘active' organic complex of COs which might serve as tle substrate
for the carboxylation of rlbulose diphosphate, in much the same fashion
as 'active' acetate. is transferred by acetyl Coenzyme A. There is some
_evidence indicating that thé enzymatic cartxylation of ribulose’ 'diphosphate
to yield PGA may not be rapid enough to account for the required rate in
the intact plant it free COz, or an inorganic species thereof, is the
actual substrate for this reactioen. Thus, on the basis of in vitro en-
zymatic tests, Weissbach, et al.®l and Pon®2? have reported That the turn-
over rate for: this reactlon is slower than would be required in the intact
plant, assuming that the cstimates for the total enzyme concentration are
approximately correct. Also, Racker®® has reported the unusually hlgh
value of 10~ fo* ~the Michaeclis constant of the COs subs trate.

Although there is no direci evidence at the present time 1nd1cau1nb
such an ‘'active' COs transferring system, work by Metzner, et al.®%* has
recently indicated that there may be very unstable complexcu of carbon
dioxide [formed which are too unstable to survive the metipds -of isolation
and tiws are not usually obseryed. Metzner, et al. found that when cells
are Killed with acetone at -40°C and the eytfng_fp'suboequently allowed
«O warm up to room temperature, a considerable fraction of the activity
round in the cold extract is lost on warming. However, the total Tixed
activity in cold ethanol- or cold acetone-killed cells, including the

unstable activily, is not significantly greater than the stable radio-
activity on Killing with boiling ethanol. All the measurements on which
these results depend were made by combusting the samples in tubes which
were scaled before the samples were allowed to warm up. The resulting cr*0,
wiat assayed in an ionization chamber.

IT there exists any transferring mechanism for ‘'active'! COz it
ml{hu be C/pLCbLU that when .the photosynthetic cycle is inhibited, then
more'active' COs might be available for other carboxylation reactlons.

It is interestidg to note that when the photosynthetic uptake of COs in
an alga such as Chlorella is inhibited by heavy water (DQO)Q“ much more
~activity than usual is found in citrulline, which can arise from ornithine
by carboxylation and amination. Whether or not tihis conjecture has any
velidivy remains to be seen. '

-15-



It nghL be cupposed thal there would be a central form of" tactive'
€0, which could be us sed for any of the half-dozen or- nore Carooxylatlon
reactions which are known to occur. However, most of ‘these ‘cax ‘boxylations -
can occur equally easily in the light or in the dark, while Metzner, et al.
obtained evidence suggesting that an 'active'! COp was Tormed in the 1ignt
and not..in the dark. It is therefore possible that this labile compound
inferred by Metzner, et al. is not a central form available for one of a
number of functlono, ‘but me y be a large pool of the unstable B-keto acid
mentioned earlier. [Following our usual techniques of extraction and
chrometography, no more than a minute trace of this f-keto acid has been
dtected, but it has, as one would expect on chemical grounds , been found
to be a very unstable compound and far larger amounts of it may be pre-
sent in the living cell. This would account for the formation of 'active'
CO- in the light but not in the dark, as the presence -of the B- Keto acid
would be dependent on the pool of ribulose diphosphate and this, in turn,
is known to be formed Ry a light-dependent rgaction.l

Bicsynthetic Pathways

The prime function of the photosynthetic carbon cycle is that of
fixing and reducing carbon dioxide to organic material of a form which can
be passed on to the relevant sites in the plant for use .as a building ma-
terial for all those hundreds or thousands of constituents which make up
living cells. The production of polysaccharides and sucrose from glucose
derived from the cycle has already been mentioned. Another connection of
the cycle with further synthetic activities is by the conversion of PGA
to pyruvic aeid (Figure 5). From here, many important reactions can pro-
ceed. Transamination yields alanine; serine, glycine and cystine are also
believed to be derived from pyruvic acid. Carboxylation, followed by
transamination, produces aspartic acid and its family of amino acids:
threonine, isoleucine, methionine and possibly lecucine. From pyruvate,

carbon can enter the trica rboxyllc acid cycle, either by decarboxylation
of pyruvate to yield acetate, or carboxylation to form oxalacetate. The
acetate and oxalacetate can then condense to form citrate and later Q-
ketoglutarate, from which glutamic acid is derived by transamination.
Glutamic acid can give rise to two further amino acids which are found

in protein: rginine and proline. In addltlon, glycine and glutamlc
acid are used in-the synthecis of N-formylglycinamidine, a precursor of
nucleic acid; and glyc:no, with succinic acid, leads through (’amlno-
levlinic acid to the porphyrins, chlorophyll, cytochromes, etc. " In
anoiher direction, PGA may be reduced to phosphoglyceraldehyde and then
isomerized to dihydroxyacetone phosplm te; the latter is reduced to glyerol
phosphate und a conneéction made with the routes to fat metabolism.

)

The interconnection between some of these activities is illustrated
in experiments in which the pattern of COp incorporation of cells sus spended
in distilled water is compared with those supplied with a readily assimilable
source of nitrogen, such as an ammonium salt. When cells are not given an
external supply of nitrogen, some carbon from COz appears in alanine, 2s-
partic acid, and, to a lesser extent, in serine ard glycine, and large
quantitiO” show up in sucrose and starch, the ]ayter acblng mainly ac

storege products of carbon and energy. However, ‘when the cells are also
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supplied with nltrogen " the: amounts of calbon appearlng in sucrose .are

nouiCOably reduced and, instead, conslderably larger amounts show up in
the amino acids, 1ncludlng glutamic acid, glubamlne},dnd sometimes -
citrulline, and in their associated. organic acids, malic, fuma aric, and
citric acids. Cells ¢ supplied with nitrate rather then ammonia .show a
Jmllar‘“hhoubh less marked effect, and it is well known from other
ubUQlCJ that 3nnonla is much more rapldly a851mnlated than is nliraoe.ZG
Thus, from the point of V1ew of a photooy%thetnc organlsm, ‘the -
carbon cycle is, in'a sense, the focal point, not only for the initial
uptake of .carbon  (one.of “the basic raw matcrlals)but is also a central
Junction and connectlon between carbohydrate,- fat, amino acid and proteln
metatolism. The net result of .photosynthetic. activ1uy is the uptake of
carbon dioxide fromthe aumouphere, its reductlon by means of ~the energy

obtuined from sunlight, and . its. utlllzatlon 1n many fac ts of arganlcv

‘biosynthesis.
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