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Melvin Calvin '

Radiation Laboratory and Department of Chemistry .
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ABSTRACT L | )

The basic information about the path of carbon in photosynthesis is reviewed,
together with the methods that were used to discover it, This has led to the
knowledge of what is required of the photochemical reaction in the form of chemical
species. Attention is then directed to the structure of the photockemical apparatus

‘iteclf insofar a8 it is viewable by electron microscopy, and some principles of

ordered structure are devised for the types of molecules to be found in the chioro-
plasts, From the combination of these, a structure for the grana lamella is
suggested and 2 mode of function proposed. Experimental test for this mode 0%
function is underway; one method is to examine photoproduced unpaired electrons:
This is discussed. cw’d’) i
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You just heard a rather detailed and excellent descmptmn of how a cell ¢an
get energy by the combusion of carbohydrate, for exanple,, and you also heard of
the remaining (or at least outstanding) problems that remain in the mobilization
pn-oblemo What { am about to describe to you is the reverse process (or something
about the reverse process), namely, how the green cells of plani:: are able to trans-
forxa ehwvtromagnetnc energy into chemical energy, that is, by absorption of carbon
dioxide and water, which are the end products of the animal cell, and by the ab- -
sorptien of light, how they produce the foodstuffs which are the baginning of the
process which you just heard described. The first figure will illustrate dia-
grammatically what 1 would like to tell yvou about.

The starting points in this case (Figure 1) are carbon dioxide and water which
contain the élements carbon, hydrogen and oxygen in their lowest energy forms
with respect to bmlogxcal processes, The chemical energy which is accumulated is
here repreeented in the form of oxygen (molecular oxygen), on the one hand, and
a carbohydrate, on the other, The process itself has been divided, both theoretwally
and physically, into two rather well separable stages. The first of these is the ab-

sorption of light by chlorophyll or some related pigments and the subsequent separation -

of water into a reducing agent, here represented by H, and some oxzdnzmg fragment
not specifically &emgnated here but presumably one of the A,B,C series, The
oxidizing agent, or the primary oxidant, ‘ultimately hecomes molcc“ula.r oxygen. In
the second stage, the reducing dgent can be used (and is used} to reduce carbon -
dioxide to the level of carbohydrate and other plant materials,

Now in ovder to see how the energy of the light is actudlly accumulated in
chemical form, it seemed to me wise to describe for you what we know about the
right-hand side of that sequence -- the sequence from carbon dioxide to carbohydrate--
and to determine at what point in that sequence the energy ultimately derived from
the light enters, and {rom that point on toc recognize and define the problem of the
pmmatpy quantum conversion into its first recognizable chemical form. Therefore,

I am going to take a few minutes to describe to you in some detail what we know
about the path of carbon so that we can define more precisely into what sort of energy
the light must be converted in order to carry out that process.

\

* .
Transcription of speeck 1L52 presented at Study Program of Biophysics and

Biophysical Chemistry, University of Colorado, Boulder; July 25, 1958. The
work described herein was sponsored by the U.5. Atomic Energy Commission.
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With the ready availability of radiocarbon {carbon=14) from the nucleaw

‘reactors some 15 years ago, it became posgsible for us to trace this seqguence in

gome detail. I am very briefly going to outline for you how we did it. The plant

material used in most of the experiments was the unicellular greea alga, Chiorella,
and occasionally the alga, Scendesmus; we have also used higher plants as weil as
separated photosynthetw material, Figure 2 shows a photomicrogrzph of the algae

cells we commonly use; these are the Chlorella cells and you can see the green
‘stufi contained in a cx.pashaped rhioropiast It is well illustrated by one of the cells

in the upper right-hand corner,

Rather than describe for you step by step the operations that we performed,
1 have ?azrought with me a film for your entertainment, This {ilm constitutes a
sequence of scenes illustrating 21l of the opcvations of the laboratory so as to give
you some feelior the way in whach most of ouyr ezzpezfzmeni:s until recemiy,, have
been done, (it's a silent filrn and I will be the sound for it.) You will now see the
sequence of events,

Nareation of the Film:

The first thing we do is to show you where the work is done by micans of our
usual tradernark which some of you will very guickly recognize (laughter)., This
first operation constitutes a selection of culiures, and the next stage will be the
growth of those cultures in 200 cc flasks followed by the transier of the 209 cc
cultures into much larger continuous one-~liter culture {lasks, These we call
shake dask L,uli:urea in which algae have been maintained for years at a time,

The most recent type of culture device that we use is this continuous tube
culture in which the density of the c2lis is monitored by a photoeclectric cell which
controls the automatic {ecding of the medium,; 8o we always have the cells in a
steady-state of growth a.vallable for our work, Being chemists, we like to have
materials which would do the same thing on Tussday as they daé on Monday as this
was what we were really used to doing. We couldn't go cutside the laboratory and -
pick up leaves (which we did at {irst) because they didn't always behave the same way.
As a2 matter of fact ocecasionally these labora‘wsevogrown algae don't bebave, either,

Next we see the harves&mev of an algal sample to be used now for the feecding

-of radiocarbon which is done ina spema& ‘hot box,' There we place the cells in a

little vessel (lollipop) between the lights and adapt them with the concentration of
normal carbon dioxide at which we are going to work., The cells being adapted are N
now ready for the experiment, ‘ i

Then we administer radioactive carbon dioxide to the cells for a suitable
length of time in order to trace the paths that the carbon atoms take. The radio-
active carbon iz usually injected in the form of a solution of sodium bicarbonate,
It is kept in contact with the cells for a period of time {in this case {ive secoands),
after which the cells are killed by a variety of methods., (This has been subject '
to some discussion, ) In this case, we drop the cells into methanol at room temperature.
The cell extract is ther analyzed for the radicactive compounds which it may contain
by the method of papér chromatography. In order to achieve this analysic we must
concentrate the extracts, and a vacuum evaporated is used in a routing fashion to
reduce the volume from 200 cc, or a litexr, down to 2 cubic centimeter or 20.
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From this com:emrated extract we now take an aliguot and place it on'the
corner of a piece of filter paper for chromatograpmc separation, After t;he
compounds bave béen’ pla,ced on the corner of the filter paper, that filter paper
is then bung in a box, in a trough, and a solvent is placed in it which will pass
over the filter paper and spread the compounds down the side of the paper. (Beiore
chromatographby we count the origin. We usually do this in a quantitative way seo
that we know how much radiocactivity is placed on the corner of the paper to start
witk &l we can determine the material balance at the end of the ez’pommem ) The
filter paper goes into the trough the trough is placed in 2 box and 2 solvent is ,
placed in the trough, The solvent rises over the edge and flows down over the filter
paper., This spreads the compounds ae‘comﬁng to their relative solubilities in the -
solvent, those that are the most soluble running the most rapidly. . This procedure
will resul(\, in 2 set of spots down the side of the filter paper, depending on the -
properties of the compound being analyzed. Some of these compoandss will overlap
each other in one solvent system, The paper is 'then removed from the box and
dried. Aftexr ﬂrymg overmghi: we come back the nexnt moraing and pull out the .
paper to see if it's d¥y. The paper is then turned through 20% and placed in another
trough, in another box, with ancther solvent, In a semse what we have now as our
starting point 8 a whole series of spots alomg the top edge of the paper.. Another
eolvent i8 put in the trough and it spreads those spots out. agaxu in anotheyr operation
of similar type. After this operation is completed the paper is dried a second time,
The next problem would be to find out where the radioactive materials are on the paper.
" They. are, iun fact, not colored and thf-“,r are not sasy to find excep& by ¥irtue of theu’

radaoaetthy, .

Now in order for you to sece how this s\,p@.mmtmn has occur red we have made
Ca nmeclapse film of a special kind of ink which will demonstrate for you how the
compounds are separated in this procédure of paper chromatography. We place the’
_special ink in the corner of the filter paper, the solvent comes down over and begms
" to separate the ink into its various Componests, This is the firet dimension and you
-see how the original spot is now spread along one edge of the filter paper, giving a
.whole series of spots. Some of thein are still cverlapping spots. So when we tura
the paper avound we start all over again with a new set of spots, and the second
. solvent will puil some of thoee spots out. which were not separated in the firet di-
mengion, You can see that big spot coming out, and the various others separating
.quite well, : - . D

The coordinates of the material with respect to the origin constitute a physical
property whick is useful in the identification of the compound being analyzed. Our
problem is to locate the compound on the paper. The compounds are not colored,
as I said, and the only properiy that we can use to find them is their radiocactivity.

We do thw by placing the paper in contact with a sheet of photographic single coat

‘blue gensitive X-ray film which is exposed by the radioactivity on the paper. Wherever
.there is a radiocactive spot on the paper there will be an exposed area on the film

after a suitable period of timme. As you can see, thers are a number of radicactive
compounds on the paper defined by the black epots on the film, For guantitative work
we place the film down on an X-ray viewer, the papey over it and explore the paper
with a Geiger counter, This will show you that where the spots arve black, you get

the highesﬂ; count; where the spots are weak, you get the lower count. This can be
done in a quantitative way. You can tell not only what cempound it is by ite coordinates
' vbu?. also much there is by the amount of radicactivity found in the spot.
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We can get a greater or lesser resolution depending upon the nature of the
golvent 8ystems we use and the time that is used for the chromatography. The next
sequence will show tweo films of two bite of paper {two different films of the same
extract; (one of them has been zun for 48 hours and the other for only 12 hours).

{The one on the left, 12 hours, the one on the right, 48 hours). One spot in the
lower right-hand corner of the i2-hour {ilm has now broken up into three spots by
running the chromatogram a good dezl longer (48 hours). (Hefe ends narration of film. )

Lee us see what we can do with this kind of information. Figure 3 will show
you a chromatograph picture of the extract of a2 60-second illumination of Chiorella.
{The film only gives us the black spm.s, The names we have to put on «mgseivefap
.mé this identification takes anywhere from 15 minutes to 15 years, Some of the spois .
we dorn't have names on yvet! ) You can sec that 60 seconds illuminatior is much too
long to find the carliest compounds into which the carbon enters in the mmx:se of nc
conversion from carbon dioxide to carbohydrate.

Figure ¢ shows a chvomamgram of a shorter illumination (10 seconds). You
see here one compound dominating the scene, that w,, phosphoglyceric acid. I might

.say we have now been abie o get the same type of sequence of evenis with isolated

chloroplasts plus a number of co-factors. The phosphoglycerate appears no matter

how the chloroplasts or the algae are killed: whether they are killed hot ox ¢old,
whether they are killed in alcchol, acetone, ete. We always get the same compound,

phosphoglyceric acid. ' :

This, then, gives us our initial clue that the first isclatable stable compound
that we can get by these micthods, or at least that we can identify by these methods,
ig phomphoglycemc acid, (I will write the formula for phesphagiycemc acid for those
cf youw whko aren't iamz.ha,z with it, It's a three-

(G:HZ’ - CHOH@COZH'

OFPO EH

carbon compound containing a phosphate group, one of the EOWGener.gy phosph&tes
that Lehninger spoke of,) The next problem is to determine which of these carbon

~atoms has the radiocactivity in it, and this was done by chemical degradation methods,

Taking the compound {phosphogliyceriec acid) apart, one carbon atom at a time, we
found that the carboxyl group became radicactive first and the other two later, .

Fr o this, together with the degradation of sugar molecules that came out in the

same experiment, we were able to determine how the sugar molecule was ¢onstructed,

Figure 5 will show what was supposed te have occurred, The phosphoglyceric
acid is shown as PGA. This, by reduction, goes to tricse phosphate., Isomerize
gsome of this ketose phosphate, then combine themn head-to-head 16 make a hexose
dnphosph'a;es putting the vadicactive cavbon atoms in the middle of the molecule. It
gives us the information we need for patting the three carbons together into a six-carbon

‘molecule, but it doesn't tell us where the three-carbon compound coraes from, Simple

arithmetic says that if you add one to something and get three; that something must
be two. So we start looking for two-carbon containing molecules, After considerable

time we found a lot of things but we didn't find two-carbon compounds Figure 6 will

show what we s:%ad iind,
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In add:tmn to the PGA we found a five-carbon atom compound, a sugar,
(irx‘buloee diphosphate), a seven-carbon atom sugar {sedoheptulose dzphoephate)),
and, of course, the six:carbon atom sugars. The stars on Fig, 6 give you some
idea of the way in which the radioactivity was dwtmbu\’ced in these Tarious sugar
compoundexo Without going into the gory detaile of how we figured it out, we finally
came up with the way in which these five- and seven-carbon sugars coulci be made
from the triose., You have already seen how the hexose was made, and from that we
can make the heptose and the pentose as shown in Figs, 7 and 8.

Figure 7 illustrates the method by which the heptose may be produced. You
see from one molecule of hexose and one molecule of triose (taking off the top two
carbon atoms of the hexose) we can make a pentose and tetrose; and the tetrose ie
labeled in the top two carbon atoms. The tetrose can then combine with a triose to
make a heptose with the proper distribution of radioactive carbon whxch we are
seeking.

Figure 8 shows the way in which the pentose is put together, by combination of
a heptose and a triose, in the same kind of a reaction (the transketolase reaction)
leading to two different pentoses which are in equilibriurm with ecach other. And cur
analysis, of course, doesn't distinguish between the two pentoses; we got the proper
labeling of pentoses this way. All of these rearrangements, as you can 8ee, are
done at the sugar level; triose, tetrose, pentose, hexose and heptose are all at the
same redox level, They are all very nearly at the same energy level and there is thus
practically no enexgy required for these rearrangements. However, no experiments
of this type gave us the information which we sought, namely, the origin of the three-
carbon piece in the first place. This awaited a quite different kind of an experiment,
an experiment in which a steady-state was first establicshed in the organism, after
which some eavironmental variable was suddenly changed. We then examined the
transients that resulted from changing some of these vamables.,

, Figure 9 shows the results of such an experiment., We establish a ste@dy
state by feeding the radiocarbon long enough to the plant to saturate the phospho-
glyceric acid and the other compound mentioned, Then suddenly we turn off the
lights, When we do that, the transient ensues. The phosphoglyceric acid rises
suddenly and the ribulose diphosphate falls precipitously. This complementary
behavior gave us the clue we needed for the relationship between ribulose diphosphat
and phosphoglycemc acid. It scemed as though the ribulose diphosphate was dis-
appearing by combxmng with the carbon dioxide (that is, five carbons plus one,
makmg a total of six carbon atoms) to produce two molecules of phosphoglyceric am,d
If this is the case, then we can show diagrammatically the relationships of the various
compounds, as in ano 10, :

- In Fig. 10 we have the ribulose diphosphate combining with carbon dioxide
to form phosphoglyeceric acid, The phosphoghycemc acid would be reduced by lxght
to triose, triose then goes through this series of sugar rearrangements (shown in
Figs. 6,7, and 8) back again to the pentose. When we turn off the light we stop this
reaction. When we stop the reduction reaction, phosphoglyceric acid builds up
and the ribulose diphosphate disappears. Figure 10 simply exPresses in a scheme.
what the transient expenment told us 2 moment ago.

- 5¢6 007
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But this scheme (Fig. 10) predicts another type of transient. If we keep
the light on and stop the CO,, we should get a difierent kind of transient, namely,
the ribulose disphosphate should suwddenly build up and the amount of the phospho-
glyceric acid should fall, We have done this expenment (it's 2 much more difficult

In Fig, 11 you sze, at the left, the steady state for ribulose dxphospi&a@e and 7 -
the steady state for phosphog}.ycemc acid with the CO, at a concentration of 1%, At the
line, the CO., concentration is shifted by turning the Stopcocks, from 1%te 0. 003%
Under those circumstances, the predicted changes were observed, at least in the
initial phase of the transient. The amnount of phosphoglyceric acid fell and the amount
of ribulose diphosphate rose, We got 2 number of kinetic osciliations here which
are reminiscent of the kinds of oscillations one gets in circuitry, and indeed I think
they are quite analogous. We made one or two mild attempts to reproduce these -

" oscillations by putting first-crdex rate constants into the varicus reactions that are

involved here and putting them through 2 digital computer. We can get this kind of

oscillation but we have not yet pursued this work beyond the elementary stage of the
first kind of transient. I believe this kind of study will lead to much more detailed

knowledge of the mechaanism of cellular response to changes in external or intermal

environmente. It is a very simple system to use and one which is amenable to

- complete anaiyszs, both experimentally in terms of the compounds involved and

theoretically in terms of the simple kinetics involved. (Perbaps Alberty will say

‘a littie more about that later. )

Now, having done this, we can put together the completed system whick is

represented in Fig. 11 by only four terms (four compounds) although there are

actually a good many moxe, and I believe Fig. 12 ehows this.

Fxgure 12 shows the completed photosynthetic cycle;in which we put ﬁogether
all the rearrangements of hexose and triose through heptose and p@ntoseo ‘back again
to the ribulose diphosphate which then picks up carbon diokide to make two molecules
of phoaphoglycemc acid,

Now in trying to visualize this particular step, I have set up a proposed
mechamsm for this reaction shown in Fig. 13. ‘Here we have the ribulose diphosphate
written as the ene-diol, combining with bicarbonate ion to form an intermediate,
hypothetncal up teo this point, an alpha-hydroxy-bsta-keto acid, which is then hydzeolyzed
to give two molecules of phosphoglyceric acid. This alphachydroxyebe&acketo acid
would be, according to our chemical knowledge, very unstable either to decarb@xylatwn,,m
which case it would lead back to ribulose diphosphate, or to hydrolysis, in which case

"it leads the other way. So for some years I didn't even institute a search for the un-

known intermediate until fortunately I had a visitor in the laboratory who didn't know
enough chemistry not to look for it. So he set out to look for it and found a close
relative of it and probably some of the compound itself, He decided, on theoretical
grounds, that one might expect 2 compound of this sort to appear down in the di-
phosphate area of the chromatogram, anure 14 showe that chromatogram as you saw
it in the film which ran solvent for 48 hours in both coordinates, What was originally
a single spot, which is dominantly ribulose diphosphate, now breaks up into at least
threec spote. The principal spot is the ribulose diphosphate; another one is kexose
diphosphate and heptose diphosphate; and the last spot turned out to be a keto aeid

diphosphate. I can't trouble you with all the evdience which leads to the identification

711
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of a keto acid diphosphate., It wasn't the beta-keto acid, it was the gamma-keto aci
dipkosphate which apparenily is an artifact of the mnethod of killing, but it does corne
irvom the beta-keto zcid diphosphate which is still a labeled compound and doees show
its presence in small amounts, - '

Figure 15 shows this. We see the diphosphate pius some dephosphorylated

compounds, particularly the gamma-keto acid diphogphate. And khere we see a
trace of the beta-keto acid in its lactone form because it is stabilized as 2 lactone,
"enough o cateh it on a chromatogram. Racker has carried out this whole seguence
{the New York Central Railrcad Systemn which you saw in E"xgo 12) by collecting all

the enzymes that were indicated in thai figure, and by putting in the suitabie substrates,
ribulose and carbon dioxide, ke was able to pull out gincose phosphate from the CO 2°
. The irnmediate sources of energy are the two compounds adenosine triphosphate
{ATP) aand rec‘mced pyvidine nucleotide {(TPNH), Figure 16 will show the relatiomshipe
that we need, ‘ : :

" Here is the photosynthetic carbon cycle in a simplified form. Cavbon dioxide
entezrs to make the beta-keto acid which then goes to the phoaphoglyceric acid,. Now
the only points of entry of energy inte this system the way it's written now, is waere
we need ATP and where we need reduced pyridine anucleotide, (These are the
points of entry of energy into this whesl.,) These points are the geare which drive
the cycle in a forward divegtion. Gledmy the ATP aad the TPNH (ene:_ gy sources
for the photosynthetic cycle) must come uitimately from the kght. It is of this, now,
that ¥ would like to spcak in the remaining minutes, Of course, there are some
probiems left ia the carbon cycle, bLt it d«m” think that we want to spend any meore
time with ahoae today., : o '

The big problem is: how does the iz.ghc which i3 abgsorbed by the chl@r@phyli
- produce these two substances [(ATP and TPNH) which we know are reqmred for carbon
reduction. Before going into thf-‘ details of a possible answer, let's see come pictures
of the app*"atus whichk does it, Figuze 17 shows a yh@ﬁ@ﬂ‘!i@l’@@k‘&'@b of liverwoxt
tisgue; you can 2c¢e the cells, the cell walls and the chloroplasts in whichk the
chﬁoyaphyﬂ is very nicely distributed inside the cells. Figure 18 will show isolated
chloroplasts {rom spinach (these are bigger chlovoplasts and they have beean iseolated,
I think, in sucrose soclution)., As I said earlier today, 2il of this carbon reduction-
oxygen evoluation-phosphate production can be done with these chioroplasts removed
from their natural habitat inside 2 cell, However, in order for that to be possible
at anythiug approaching the rates at which it occurs in the living cell, we have to add.
' cofactors, some of which arve keat stable, some of which are heat labile and some of .
which are unknown but whichk are obtained out of the sap oi.' the cells. In any case, -
- this whole process can be done cmtsxde the cell, : '

anure i9 shows one further magnification of this type of thing with an eleetron.
microscope. On the left we have an electron microscope picture of a chloroplast
and on the right it is chown at a2 still higher magnification. The outstanding.features
of the chlorvoplast structures arxe these la.mellaeo a’nd i would now like to dvscuse the
nature of these things, :

Befove [ do that,, let me say one other thing about the reactions which can be
carried out by these separated cellular compoenents, Most of you are familiar with
the fzet that for some twemly years now it has been possible to carry out the
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photochemical evolution of oxygen by zseiaced chloroplasts using a suitable hydrogen
acceptor such as ferx’ocyamde or guinone, This is eaaleci the Hill reaction, Ia the
last five yeazc's,, by preparing the chloroplasts in a manner {i.e,, preparving the
chloropla%s in salt or sugar solutioms) which pyesumably does not destroy a
chloropiast membrane oi perbaps precipitates enzyrnes from the cytoplasr onto the
chloroplast, we have been able to carry out two other resciions with the chloroplasts.
‘These reactions are the reduction of CO, (which I me"atmned; carlier) as well as the
evolution of oxygen, and, finally, the pra%uctzon of ATP by illumination of the -
chioropﬁastsc I would like to add one other bit of guantitative information: these
three reactions, carbon dioxide reduction ox, going one step further back, the
production of reduced pyridiae nucleotide rathen than CO, reduction, ATP production
and oxygen production are the three things that we can now do with the chloroplastis.

~ You already can scee that the reduction of CO, reguives two of the n.ems and the
evolution of oxygen may of may not reqm re ATPR,

. Now, how many of thcs; ﬁhmge can be done simultancocusly by the chioroplasts 7.
In a recent conference {Brookhaven National Laboratory, June 1958) it became evident
that all pair combinations of these processes could be demonstrated. But so far as
1 know, all three of thera {i.e., of CO rednctwao ATP production, and oxygen
prfoducﬁzon) 2t the same time had not yei beed demonstrated; but Vm,, will see {fxrom
what I say in a. moment that this is hkely to be g0,

it has been demonstrated that one could make one mole of pymdme mac:ieotzde

for every atom of oxygen produced, Simuitancously one can demonstrate the production
of one mole of ATP for every equivalent of reduccd pyridine nucleotide pro&ucem
- {One can demonsirate one mole of ATP created for every equivalent of oxygen.
- produced, simultancously now.) So this is, something beyond the oxidative mh@sph@xyﬁaman
which Dr., Lehninger spoke about, that is, the oxidative phosphorylation would be the pr 0=
duction 6f ATP by a'z ecgmbinat'an of TPHH and icterncdiate osidant.. But shai k amn saye
ing now is that it appears thal ail three of these thinge can be nvcsﬂac&é @qmvaaenﬁ“ at the
sSame b-;ﬁ@c :

' The apparatus which does this in the piam (or which can do this) we saw in
three magnifications -- the whole chioroplaste in the cells, the chloroplasts outsgide
the cells'and, finally, the lamellar structure of the chloroplasis a9 seen by electron
microscopy. Out of this lamellar structure €omt of the electron microscopy I might say)
there has come, it seems to me, one particular conclusion which is suﬁ’fmzemly
general to be stated; namely, that these c,mozmpﬁast lameliae secem to be {no matter
-what plant cell ie investigated) disc-like in character. They seem (o be connected at
the edges to form a hollow disc; this is the lamella.: The lamellae are quite long;
about 2000 & in spm&ch chioroplasts, The lamellae do not ‘appear in the chloroplast
in the absence of chlorophyll or protochiorophyli. If one in some way preveants cither
the formation of protochlorophyll or of chlorophyll, one prevents the appearance of
well developed lameliaé., Protochliorophyll alone wzll induce in cells which are
normally capable of makmg them, structures which look like these iamellae.’

Now we shall discuss the p@asable iunctwn of this lameliar structure of the
chioroplasts, The basic probliem of photosynthesis is now reduced to the problem of
converting a 35-40 Kcal quantum into some chemical poteatial, In orxder to do this,

you presumably kave to find a reaction, let us saya wiich will take up 35 Keal at
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one time. The products of this reaction must not back-react. Remember now, that
it they do, you'll get back 35 Kcal s0 there's a great driving force for the back
reaction. But there rnust be some mechaniem provided in the apparatus to prevent
this back reaction.

There are a number of other difficult requirements which must be fulfilied in
this quantum conversion process with respect to the time constant that are involved.
For example, following the absorption of the quantum, there must be a very efficient
way in which that excited state of chlorophyll can be converted into long-lived chemical
potential very quickly because of the efficiency of the overall process, regardiess
‘of whether you believe the maximum efficiency to be 30%or 60% There must be some
way in which this energy conversion can be accomplished, '

There are a number of approaches to this problem which are based upon
ordinary statistical solution photochemistry; I, myself, sometimes approached it
in this way. I was looking for reactions of chlorophyll that were unique to chiorophyll
that might conceivably be used to store this 35 Kcal of energy, such a reaction, let
us say, 28 the reduction of chlorophyll to bacteriochloropbyll (that is, adding two
more hydrogens to the chlorophyll molecule). Perhaps we can do it the other way
around, by taking off two hydrogens from the chlorophyll rnolecule and making
protochlorophyll and hanging the hydrogen atoms onto something else, These are
possible reactions of chlorophyll,

As 2 matter of fack, our laboratory demonstrated both these reactions some
years ago. More recently, and more clegantly, they have been demonstrated by
Krasnovekii in systems that are more ncarly related to those whx@h one finds in the
living organism, : -

Ag a result of a variety of requirements and ae a result of the recogaition
of this highly organized apparatus in which chlorophyll occcurs in the chlozoplast,
and as a result of the failure to solve the problem with solution photochemistry, I
have turned (in our group at least) to the notions of cooperative phenomena of organized
systems such as those which are represented by barrier layer cells in physics. I am
trying to visualize how a lamellar structure such as this might conceivably be an
unsymmetrical layer in which one could generate, by the absorption of light, an
oxidant and a reductant, on opposite sides of the layer, so they couldn't back-react
easily and could persist for a2 long period of time. Theese substances (reductant and
oxidant) should live long enough, by chemical standards, to be efficiently taken up
by electron acceptors, on the one hand, to go on to make the reduced pyridine nucleotide,
and by electron donors, on the other, to make molecular oxygen., (I domn't want to
take any more time discussing the lamellar structure in chioroplasts because I think
Dr, Hodge will give a more detailed description of that, and further discussion of the
poesible molecular structure of the lamella may be defemfed until then, See also
proceedinge of the Brookhaven National L.aboratory Symposium, June 1958) I simply
want to bring out here a proposal whick fulfills all of the requirements of molecular
interactions which we must have together with the need for conductivity (electrical
conductivity) in certain parts of the lamellae and consequent separation of charges.

The basic notion that I want to introduce {g really given in Fig. 20, ¥ will
then point out how it worke on this lamellar array. Figure 20 suggests the basic
notion of how these lamellae achieve this energy conversion, Chlorophyll in the ground
state absorbs light which bringe it to its lowest singlet excited state. This excited ‘
state can move around amongst the chiorophyll molecules by resonance transfer
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{exeiton ngratmn) until a point ig reached where ionization occurs. Then charge
separatwn can occuyx, The exciton can be visualized 28 a charge-pair which cannot
move separately -- a positive charge and 2 negative charge which must move to-
.gether, (This would be another way of namiang or describing an exciton,) When a
suitable point in the chlorophyll lattice is reached, where the charges can be un-
coupled so they can move separately, we have a conductxon band. The clectrons can
move in one direction and the holes, or positive charges, can move in another.

The electrons and holes move around uatil they {ind suitable places of lower potential
energy into which they fall, and there they can git for times long enough so that
guitable chemicals can come up and take off clectrons, on the one hand, and the
positive holes, on the other, leading to chemical reactions which then produce stable
chemicals such as pyridine nucleotide and perhaps hydrogen peroxide, or something
else of that sort, ultimately going om to the final productl,

With thie concept, let's see how the structure of the lamella may be interpreted
in terms of the molecular constitution. I am suggesting that this layer is made up of
at least four components (see Fig. 21b). The protein enzymes, which are the ones
involved in carbon dioxide reduction, are on the outside of the disc, The proteins on
the inside of the disc would contain the enzymes involved in oxygen evolution. The
separation of the two processes (carbon dioxide reduction and oxygen evolution) would
be achieved by a layer of chlorophyll packed in the characteristic aromatic way. (This
can take a lot of discussion 21l by itself, Perhapax we will have time to do it later. )
Thie is a very characteristic pattern of pacing which was very briefly mentioned the
other day. The aromatic rings do not pile flat-on themselves; they lie at an angle,,
approximately 45° to the stacking axie. This type of packing for chlorophyll is what
I am suggesting here.

Figure 2la represente chlorophyll molecules tipped this way. Packed be-
‘tween them are carotenoids and the phospholipids. (I would like to add that chlorophyll
is photoconductive, but that is beside the point.) The proposal is that after absorption,
the exciton can migrate around amongst a few of these chlorophyll molecules to find.
a suitable point of ionization where the electrons may move in one direction and the
positive holes in the other. Thus one side wiil lead to oxygen production and the other
to the reduction of carbon. ' '

What kind of expemmental emdence can we think of which might detect thie
kind of 2 system? Well, we can't actually put electrodes on these lamellae; they
are too small. But there is one part of this scheme which is susceptible to experi-
mental ocbservation, namely, the trapped holes and trapped eclectrons. These
trapped electrons would be single, trapped clectrons and would be detectably b‘y
paramagnetism., We have set out to seazch for photoinduced paramagnetaam in the
chloroplasts, Figure 22 will show the results of that search, Thise is an illustration
of electron spin resonance signals for illuminated whole spinach chioroplaste at 25°
and at =150%, (Similar signals, at least at room temperature, were reported from the
St. Louis laboratory by Townsend.) The fact that we can get the signals at - 1509,
either .in chloroplasts or in algae9 indicates that their production is not an enzymatm

. process, :

: The next question that may be asked is how fa.e& can the signals be produced
at =150° compared to 25°? This is shown in Fig. 23. Here you sce the situation at
25%, and when the lights are turned on this is as fast as the instrument will respond.
The signals grow faster than we can follow them. At -150° the signals grow just as
fast. The difference liecs in the rate of decay of the signals. They bave a complex
decay -- partly rapid decay and partly slow decay. At room temperature, the decay
ig rather rapid. At -150 there may be a rapid decay, but most of it is slow. This
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eliminates the possibility of the signals resulting from enzymatic formation, at
least. The question remaing could the signal result from a triplet state, that is,
a paramagnetic excited ‘chlorophyll', or could the signal be the result of a photo-
diseociation of chlorophyll, or something very closely associated with chloro-
phyll, to form chemical radicals, which process can take place at -150°? The
answer to that will have to wait until the next lecture.
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