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ENERGY RECEPTION AND TRANSFER IM PHOTOSYMTHERIS
Melvin Calvin

Radiation Laboratory and Department of Chemistry
University of California, Berkeley, Califorania

September 23, 1988

ABSTRACT

The basic information about the path of carbon in photosynthesis is reviawes
togethe. with the methods that were used to discover it, This ha: led to the
knowieu e of what is required of the photochemical reaction in th= form of chernic:
species. Attention is then directed to the structure of the photocheamical apparatus
itself insofar as 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 a2 mode of function proposed. Experimental test for this mode of

function is underway; one method is toc examine photoproduced unpaired electrons.
This is discussed.




ENERGY RECEPTION AND TRANEFER IN PHOTY
Melvin Calvin

Radiation Laboratory and Department of Chemisiry
Universily of California, Berkeley, Caillornia

September 23, 1958

You just heard a rather detailed and sxcellent description of how 2 2=l
get energy by the combusion of earbohydrate, for example, and you also
the remaining {or at least outstanding) problems that remain in the mobill
problem. What I am about to describe to you is the reverse process {or @
about L= reverse process), namely, how the green cslls of plant are abie i
form eleztromagnetic energy into chernical energy, that is, by abcorption of .
dioxide 2ud water, which are the end producte of the animal celi, aad by i
sorption of light, how they produce the foodstuffs which are the beginning of the

grammatically what I would like to tell you about.

The starting points in this case (Figure 1) are carbon dioxide and waler wi
contain the elements carbon, hydrogen and oxygen in their lowest energy forma
with respect to biclogical processes, The chemical energy which is accumulated (=
here represented in the form of oxygen (molecular oxygen), on the one hand, and
a carbohydrate, on the other, The process itself has been divided, both theoraticuily
and physically, intc two rather well separable stages. The first of these iz the &l
sorption of light by chlorophyll or some relatsd pigments and the subsequent sep
of water into a reducing agent, here represented by H, and some oxidizing fragment
not specifically designated here but presumably one of the A; B, C series. The
oxidizing agent, or the primary oxidant, ultimately becomes molecular oxygen. In
the second stage, the reducing agent can be used (and is used) to reduce carbon
dioxide to the level of carbchydrat® and other plant materials,

Now in order to see how the 2nergy of the light is actually 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 carbohydraie- -
and to determine at what point in that sequence the energy ultimately derived from
the light enters, and from that point on to recognize and define the problem of the
Primary quantum conversion into its first recognizable chemical form, Therefors,

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.

PESE

E 3
Transcription of speech 1L.52 presented at Study Program of Biophysics and
Biophysical Chemistry, University of Colorade, Boulder, July 25, 1958. The
work described hersin was sponsored by the U.5. Atormnic Energy Commission,
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Witk the ready zwailabii”v of radiozarbon (¢9
reaciors some 15 vears 220, it became posaiblie for us o
some detail. I am very briefly going to cutline for vou how
material used in most of the experimentis was ihe nnicellula
and sccasicnally the alga, Scendesmus; we have alsc used higl
separaiad photosynthetic material, Figure 2 shows 2 photomicra;
cells we «&ommonl*y use; these are the Chiorzila cells and vou car

stuff contained in a cup-shaped chloropiast. it is weil illusirated o
in the upper right-hand corner,

R

Rather than describe for you step by step the cpa?misﬁg that we s
1 have brought with me a film for your entertainment, This film constin
sequence of scenes illustrating all of the operations of the laboratory sc¢
you some feelfor the way in which most of our experiments, until z
been doae. (It's a silent film and I will be the sound for it. ] You will
sequence of events,

Narration of the Film:

The first thing we do is %0 show you where the work is done by means <
usual trademark which some of you will very gquickly ?scsgnm@ (laughter), T
first operation constitutes a selection of cultures, and the next stage will be ‘f;aaa
growth of those cultures in 200 ec flasks Ifollowed by the fransier of the 200 cc
cultures into much larger continuous one-liter culture {lasks. These we call
shake flask cultures in which algae have been maintained for years at a time,

The most recent type of culture device that we use is thiz continuous tube
culture in which the density of the cells is monitored by 2 photoeleetric ceil which
controls the automatic feeding of the medium, so we ailways have the cells in a
steady-state of growth available for our work. DBeing chemnists, we like fo have
materials which would do the same thing on Tuesday as they did on Monday as this
was what we weres really used to doing. We couldn't go outside the iaboratory and
pick up leaves (which we did at first) because they didn't always behave the same way.
As a matter of fact, occasionally these laboratory-grown algae don't behave, either,

Next we see the harvesting of an algal sample {0 be used now for the feeding
of radiocarbon which is done in a special "hot box.' There we place the cells in a
little vessel (loilipop) between the lights and adapt them with the concentration of
normal carbon dioxide at which we are going 70 work. The cells being adapted are
now ready for the experiment,

Then we administer radicactive 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 is usually injected in the jorm of a solution of sodium bicarbonate.
it is kept in contact with the cells for a period of time [in this case five seconds),
after which the cells are killed by a variety of methods, (This has been subject
to some discussion.) In this case, we :iz’:cm the cells intc methanel at roorn temperatuve.
The cell extract is ithen analyzed for the radioactive ’;sr‘mcumﬁﬁ which it may contain
by the method of paper chromatography. In srder io achieve this analysis we must
concentrate the extracts, and a vacuum evaporaied i3 nsed in o routing fashion to
reduce the volume Irom 200 cr, or a liter, down to 2 cubic centimeter or s0.



Trom
zorney of a piece a‘:::i;’ fiiter -papa;: "m' %%Qmm@gxammb %amazf;zw@na
zompounds have been placsd on the corner of the filier paper, that
i3 s.he?zz hung in 2 box, in a iw ngn,, and a solvent is @iacefi in it whio?
over iz filter paper and spread the compounds down the side of 0
chromatography we count he origin. We usually do this in 3 guaniiiats
that we know how much radicactivity is placed on the corner of the p pape:
witk and we <an determine the material balance at the 2nd of the M’fgmm 2
iiiter paper goes into the irough, the irough is placed in a box and a seb
placed in the trough. The solvent rises over the edge and flows down over
paper. This spraads the compounds ac cmxdmg to their relative solubilitic
solvent, thos=s that are the most soluble ; running the most rapidly. This p
will result in a set oi gpm’s down the side of the filter paper, dependiang on
propertizs of the compound being analyzed. Some of these &,cmgz@%mda will
each oth2r in one solvent systermn. The paper is then removed [Zom the box -
dried, Adfter drying overnight, we come back the next mowning and pull out the
paper %o see if it’s dry. The paper is then turned through 20° and nlaced in anothsn
trough, in ancther box, with ancther solvenl. In a sense what we have now as ous
starting point is a whole series of spois along the fop edge of the paper. Apoiher
solvent is put in the irough and it spreads those spots out again in another operail
of similar type., Alter this operation is completed the paper is dried a second iime.
The next problem would be %o find out where the radicactive materials ars on the
They are, in fact, not colored and they are not 2asy 1o iind except by ¥irtue of theis
radiocactivity.

fe el

Now in order for vou fo see how this separation has occurred, we have ma
a time-lapse filrn of 3 special kind of ink which will demonstrate for you how the
compounds are separated in this procedure of paper chromatography., We place
special ink in the corner of the fiiter paper, the sclvent comes down over and begins
to separate the ink into itz various compoatsds. This is the first dimension and vou
see how the original spot i3 now spread aiong one edge of the filter paper, giving a
whole series of spota. Some of them are siill overlapping spots, So when we turn
the paper around we start all over again with a new set of spots, and the second
solvent will pull some of those spots out which were not separated in the first di-
mension. You can see {hat big spot coming out, and the various others separating
quite well.

g

The zoordinates of the material with respect to the origin constitute a physical
property which is useful in the identification of the compound being analyzed. Our
problem is ic locats the compound on the paper., The Pmnpounds are not colored,
as 1 said, and the only property that we can use to find them is their radiocactivity.
We do this by placing the paper in contact with a sheet of photographic single coat
bilue sensitive X-ray film which is exposed by the radiocactivity on the paper. Wherever
there is a radicactive spot on the paper there will be an exposed area on the film
after a suitable period of ; time. As you can 3z2e, there are a number of radicactive
compounds on the paper defined by the black spots on the film. For quantitative work
we plac2 the film down on an X-ray viewer, the paper over ii and explora the paper
with a Geiger counter, This will show you that where the spots are black, you get
the highest count; where the spots are weak, you get the lower count. This can be
done in a guantitative way., Tou can 21l not only what compound it is by its coordinates
but also much there is by she smount of radicactivity found in the spet,
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Wa can get a 75‘&3«:’%5“; ox lesser resolution é

au\r
soivent systems we use and the {ime thal iz used io 50 R AT
sequence will show two {ilms of two bits of paper m different {ilona o

extract; (one of them has been run for 48 hours and the other fo:
{The one on the left, 12 hours, the one on ithe right, 48 h ur"a)
lower »ight-hand ¢ corner of the 12-hour film has now broken : up ingo ok

running *’he chromatogram 2 good deal longer (48 hours). {Hewe snds

i.et us see what we zan do with this kind of infcrmation. Figurs 2 -
you a chromatograph picture of the exiract of a 60-3econd iliumination of
{The film only gives us the black spots. The names we have io put on our
and this identification takes anywhere from 15 minutes ¢ 13 years. BSome o
we don't have names on yet! ) You can see that 60 seconds allmmmatmsz 18 maw
iong io 'nd the =arliest compounds inio which the carbon enters in the courss of
converzion from carbon dicsxide to carbohydrate.

Figure 4 shows a chromatogram of a shorter illumination {10 seconds).
see here cne compound dorminating the scene, that is, phosphoglyeeric acid,
say we have now been able {o get the same i{ype of sequence of events with isoial
chloroplasts plus a number of co-factors. The phosphoglycerate appears no mat
how the chloroplasis or the algae are killed: whether they are killed hot ox cold,
whether they are killed in alcohol, acetone, etc. We always get the same compound,
phosphcglyceiric acid.

Thnsg then, gives us our initial clue that the first isolatable stabie ¢ compeu
that we can get by these methods, or at least that we can identify by these methods,
is phosphoglyceric acid, (I will write the formula for phosphoglyceric acid for those
of you who aren't familiar with it, It's a three- '

?HZ - CHOH=-CO &H

DPO3H
carbon compound containing a phosphate group, one of the low-energy phosphates
that Lehninger spoke of.) The next problem is to determine which of these carbon
atoms has the radicactivity in it, and this was done by chemical degradation methods
Taking the compound (phosphogiyceric acid) apart, one carbon atom at 2 time, we
found that the carboxyl group became radioactive first and the other two later.
From this, together with the degn&da&mn of sugar molecules that came out in the
same experiment, ws were able to determine how the sugar molecule was constructed.

Figure 5 will show what was supposed io have occurred. The phosphoglyceric
acid i3 shown as PGA. This, by reduction, goes to tricse phosphate. Isomerize
some of this ketose phosphate, then combine them head-to-head io make a hexose
diphosphate, putting the radicactive carbon atorns in the middle of the molecule. It
gives us the information we need for puiting the three carbons together into a six-carbon
molecule, but it doesn’i tell us where the three-carbon compound comes from., Simpis
arithmetic says that if you add one to something and get three, that something must
ba two, So we start looking for two-carbon containing meolecules. After considerable
time wea found a lot of things bul we didn't find twe-carbon compounds. Figure 6 will
show what we did {ind.



In addition 0 the PTA we found 2 five-carbon atcm o
iwibulose ﬁxphsapnaue‘ a seven-carbon atom mfg;w {sedol
and, of course, the siz-carbon atom sugars. The siars on
idea of the way in which the radicactivily was distributed in
compounda. Without gemg into the gory details of how we Mgsz"m
came un with the wav in which these five- and seven-carbon suga:
from the triose, You have already seen how the hexcose was made,
can make the heptose and the peniose 2s shown in Figs. 7 and 8,

o

Figure 7 illusirates the method by which the heptose may be produc
see {rom one molecule of hexose and one molecule of triose (taking off the
carbon atoms of the hexose) we can make a pentose and tetrose; and the fe:
labeled in the top iwo carbon atoms. The tetrose can then combine with a ¢
makz 2 heptose with the proper distribution of radicaciive carbon which we 2
seeking.

Figure 8 shows the way in which the pentose i3 put fogether, by combinzi.
a2 heptose and a triose, in the same kind of a reaction (the transksiolase reaction
leading %o two diiferent pentoses which are in equilibrium with each other, Ans -
analysis, of course, doesn't distinguish between the twe pentoses; we got the pre
labeling of pentoses this way. All of these rearrangements, as you can s3es, a
done at the sugar level; tiriose, letrose, peniose, hexose and hepicse are all at
same redox level, They are all very nearly at the same energy level and there
practically no energy required for these rearrangements. However, no sxperim
of this type gave us the information which we sought, namely, the origin oi the ¢
carbon piece in the first place. This awaited a quite different kind of an axﬁp@‘“
an experiment in which a steady-state was first established in the organism, afiler
which some zavironmental variable was suddenly changed. We then examined the
transients that resulted from changing some of these variables.

Figure 9 shows the results of such an experiment. We 2stablish a steady
state by feeding the radiocarbon long 2nough %o the plant to saturate the phospgho-
glyceric acid and the other compound mentioned. Then suddenly we turn off the
lights. When we do that, the transient ensues. The phosphoglyceric acid vises
suddenly and the ribulose diphosphate falls precipitousiy. This complementary
behavior gave us the clue we needed for the relationship between ribulose diphosphat
and phosphoglyceric acid. It seemed as though the ribulose diphosphate was dis-
appearing by combining with the carbon dioxide [that is, {ive carbons plus one,
making a total of six carbon atoms) te produce two molecules of phosphogiyceric aci
If this is the case, then we can show diagramimnaticaily the relationships of the varicuz
compounds, as in Fig. 10.

In Fig. 10 we have the ribulose diphosphate combining with carbon dioxide
to form phosphogiyceric acid. The phcaphog .veeric acid would be reduced by light
to triose, iricse then goes thzough 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 atop the reduction reaeiwn” phosphoglyceric acid builds up
and the ribulose diphosphate disappears, igure 10 simply expresses in a scheme
what the transient experiment told us 2 moment ago.,
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But this scheme [Fig, 10) preadicts ancther iyoe of
the light on and siop the CO,, we should get a dilfevent kind of
the ribulose disphosphate should suddenly build vp and the amount
glyceric acid should fall, We have done this 4
one 0 42) with the results shown in Fig, il.

-

In Fig. 11 vou see, at the leil, the sizady sitaie {or ribulose
the steady state {or phosphogiyceric acid with the CU, at a concenirs
line, the CO., concentration is shifted by turning the Stopcocks, I
Uander those circumstances, the predicted changes were observed, al l
initial phase of the transient. The amount of phosphoglveceric acid feil and 2
of ribulose diphosphate rose, We got a number of kinetic oscillations hers -
are reminiscent of the kinds of oscillations one gets in circuitry, and indeed
they are quite analogous. W2 made one or two mild attempts to reproduce these
osciilations by putting fizast-order rate consiants imto the various rsaciions that wiw
involved here and putting them through a digital computer., We can get this kind
osciliation but we have not yet pursued this work bevond the slemeniary atage «
first kind of transient. I believe this kind of study will lead to much more &«
knowiedge of the mechanism of cellular response to changes in external or ing
environments. It is a very simple system to use and one which 18 amenable o
complete analysis, both experimentally in terms of the compounds invoived and
theoretically in terms of the sirnple kinetics involved., (Perhaps Alberiy wiil say
a littie more about that later. )

Now, having done this, we can put together the completed system which i3
represented in Fig. 11 by only four terms (four compounds) although there are
actually a good many more, and i believe Fig. 12 shows this.

Figure 12 shows the completed photosynthetic cycle in which we pui together
all the rearrangements of hexose and triose through heptose and pentose, back ag
to the ribulose diphosphats which then picks up carbon dioxide to mmake two moleculias
of phosphoglyceric acid.

Now in tzrying to visualize this particular step, I have set up a proposed
mechanism for this reaction shown in Fig. 13. Here we have the ribulose diphosphais
written as the ene-diol, combining with bicarbonate ion to form an intermediate,
hypothetical up to this point, an alpha-hydroxy-beta-keto acid, which is then hydrolyzud
to give two molecules of phosphoglyceric acid. This alpha-hydroxy-beta-keto acid
would be, according io our chemical knowledge, very unstable either to decarboxylaticn -
which case it would lead back to ribulose diphosphate, or to hvdrolysis, 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
encugh chemistry not to loock for it. So he set out to lock for it and found a close
relative of it and probably some of the compound itself, He decided, on theoretical
grounds, that one might sxpect a compound of this sor: to appear down in the di-
phosphate area of the chromatogram. Figure 14 shows 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 divhosphate, now breaks up into at least
thrse spots. The principal spot i3 the ribulose diphosphate; ancther cne is hexose
diphosphate and heptose diphosphate; and the last spot tusned out io be a keto acid
diphosphate. I can't trouble you with a1l the svdisnce which leads to the identification
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of a keto acid diphosphate. I wasn't the beta-keio acid, i was the gamme
diphosphate whkich apparenily is an ariifact of the method of killing, but P
from the beta-keto acid diphosphate which is s1ill a labeled compound and dos: =
its presences in small amounis,

Figure 15 shows this, We see the diphosphate plus sorne o <L 1,
compounds, particularly the gamma-ketio acid diphosphate. And hers -
trace of the beta-keto acid in its lactone form because it is siabilized as a
enough o catch it on a2 chromaiogram. Racker has carried out this whole o
(the New York Central Raiiroad System which you saw in Fig, 12) by colleci
the enzymes that were indicated in that figure, and by putting in the suitabls subsi -
ribulcse and carbon dioxide, he was able to pull out glucose phosphaie from th
The immediate sources of energy are the iwo compounds adenocsine {riphosnh
{AT?) and reduced pyridine nucleostide (TPNH). Figure 16 will show the reia
that we need,

o

Here is the photosynthetic carbon cyele in a simplified dorm., Carbon di
enters to make the beta-keto acid which then goes to the phosphogiveceric acid,
the only points of entry of snergy into this system the way it's writien now, iz whe
we need ATP and where we need reduced pyridine nucleotide, (These are the
points of entry of energy infc this wheel.) These poinis are the gears which drive
the cycle in a forward direction. Clearly the ATP and the TFPNH (energy scur:
for the photosynthetic cycle) must come uitirnately from the lght. It is of this, now,
that I would like to speak in the remaining minutes, Of course, there are some
problems left in the carbon cycle, but I don't think that we want to spend any meore
time with those today.

w5

The big problem is: how does the light, which is absorbed by the chiorophy.li.
produce these two substances (ATP and TPNH) which we know are required for cazhon
reduction. Before going intc the details of a possible anawer, let's see some pictures
of the apparatus which does it. Figure 17 shows a photomicrograph of liverwort
tissue; you can see the cells, the cell walls and the chloroplasts in which the
chlorophyll is very nicely distributed inside the cells. Figure 18 will show isolatad
chloroplasts from spinach (these are bigger chloroplasts and they have been isolaied,
I think, in sucrose solution). As I said sarlier today, all of this carbon reduction-
oxygen =voluation-phosphate production can be done with these chicroplasis removed
from their natural habitat inside a cell. However, in order for that to be posaible
at anything approaching the rates at which it occurs in the living cell, we have to add
cofactors, some of which are heat stable, some of which are heat labile and some oi
which are unknown but which are cbtained out of the sap of the cells. In any case,
this whole process can be done outside the cell,

Figure 19 shows one further magnification of this type of thing with an electron
microscope. On the leit we have an electron microscope picture of a chlorsplast
and on the right it is shown at a still higher magnification. The outstanding features
of the chloroplast structures ave these lamellae, and I would now like to discuss the
nature of these things.

Bedfore [ do that, let me say one other thing about the reactions which can be
carried out by these separated cellular componenta, Most of you are familiar with
the fact that for some twenly vears now it has been possible to carry out the
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accepi;mf such a3 3&3& z' w’gramde or quincms.eg ”4’*%113 is :aiﬁefi zzke Hill v
last five vears, by preparing the chloropiasts in a manner i, 3., _39:.&?
chloroplasts in salt or sugar soiutions) which ;xasumabiiw does not des
chloroplast membrane or perhaps precipitates enzymea rom the *‘vﬁug som s
chloroplast, we have been able to carry out two other reactions with =hi
These reactions are the reduction of co {wihich I ‘nemxcn@d eari
evoluiion of oxygen, and, finally, the pfoaurztmn of ATP by illuminziion of
chloroplasts, 1 would like to add one other bit of quantitative information:
three reactions, carbon dioxide reduction or, going one step further hamk,}
production of reduced pyridine nucleotide rather than COU., weduction, AT
and oxygen production are the three things that we can now do with the ¢ ﬁé@i ap
You already can see that the reduction of O, requires two of the ilerns and |
evolution of oxygen may or mavy not require AT?

Now, how many of these things can be done simultanesusly by the chicrop
In a recent conference (Brookhaven National Laboratory, June 1958) i became
that all pair combinations of thess processes could be demonatrated. DBut 3o far as
I know, all three of them (i.e., of CO reduciion, ATP production, and oxvgen
production) at the same time had not ve % besr demonsizated; but you will see {f@m
what I say in 2 moment that this is likely to bz so.

it bas been demonstrated that one could make one mole of pyridine nucleoride
for every atom of oxygen produced. Simultaneously one can demonstrate the produs:
of one mole of ATP for every equivalent of reduced pyridine nucleotide produced.
(One can demonstrate one mole of ATP created for every equivalent of oxygen
produced, simultaneously now.) So this is something beyond the oxidative phosphor :
which Dr, Lehninger spoke about, that is, the oxidative phosphorylation would be the -v

duction of ATP by a recombination of TPNH acd internediate ouidapt, Sut what I amm sa -
ing now is that it appeazs that mi three of these things can be produced 2guivajenti+ ot 20

same fime,

The apparatus which does this in the plant (or which can do this) we saw in
three magnifications -- the whole chioroplasts in the cells, the chloroplasts outside
the cells and, finally, the lamellar structure of the chloroplasis as seen by electron
microscopy. Out of this lamellar structure (out of the electron mic =roscopy I might aay
there has come, if seems to me, one particular conclusion which is sufficiently
general to be stated; namely, that these chloroplast lamellae seem to be (no mattar
what plant cell is investigated) disc-like in character., They seem tc be connected at
the edges to form a hollow disc; this is the lamella. The lamellae are quite long;
about 2000 8 in spinach chloroplasts. The lamellae do not appear in the chioroplast
in the absence of chlorophyll or protochlovophvil. 1f one in some way prevents either
the formation of protochiorophyll or of chlorophvil, one prevents the appearance of
well developed lamellae. Protochlorophyll alone will induce in cells which are
normally capable of making them, structures which look like these lameliae.

Now we shall discuss the possible function of this lamellar structurze of the
chloroplasts. The basic problem of photosynthesis is now reduced o the problem of
converting a 35-40 Keal quanturn inte some chemical poteatial, In order to do this,
you presurnably have to find a reaction, let us say, wbwh will take up 35 Heal at
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one time. The products of this reaction must not back-react, Hemember

it they do, you‘li get back 35 Kecal g0 there's a great dmwng force fovx %h@ Dol
reaction. But there must be some mechanism provided in the apparatus to prerors
this back reaction.

9’5 ‘\»

There are a number of other difficult requirements which must be flfil
this quantum conversion process with respect to the time constant that are ixn
For example, following the absorption of the quantum, there musi be a very =ii
way in which that excited state of chlorophyll can be converted into long-lived ch
‘potential very quickly because of the efficiency of the overall process, regardiaa
‘of whether you believe the maximum eificiency to be 30%or 60% Thers musi be o
way in which this energy conversion can be accomplished,

There are a nurnber of approaches to this problem which are based upon
ordinary statistical solution photochemistry; I, myself, sometimes approached if
in this way. I was looking for rezctions of chlorzophyll that were unique {0 chicroshyll
that might conceivably be used to store this 35 Kcal of energy, such a reaction, let
us say, as the reduction of chiorophyll to bacteriochiorophyll (that is, adding twe
more hydrogens to the chlorophyil molecule), Perhaps we can do it the other way
around, by taking off two hydrogens from the chlorophyll molecule and making
protochliozophyll and hanging the hydrogen atoms onto something else. These are
possible reactions of chlorophylil,

As a matter of fact, our laboratory demonstrated both these reactions some
years ago. More recently, and more clegantly, they have been demonstrated by
Kraenovskii in systems that are more nearly reiated to those which one finds in the
living organism,

As a result of a variety of requirements and as a result of the recogniiion
of this highly organized apparatus in which chiorophyll occurs in the chloroplast,
and as a result of the failure to solve the problem with solution photochemisiry, 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. Iam
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 a long period of time., These substances (reductant and
oxidant) should live long enough, by chemical standards, to be =fficiently taken up
by electiron acceptors, on the one hand, to go on to make the reduced pyridine nucleotids,
and by electron donors, on the other, {0 make molecular oxygen., (I don't want to
take any more time diseussing the lamellar structure in chloroplasts because I think
Dr. Hodge will give a more detailed description of that, and further discusseion of the
posegible molecular structure of the lamella may be deferred until then, See alsc
proceedings of the Brockhaven National Laboratory Symposium, June 1958) I simply
want to bring out here a proposal which fulfills all of the requirements of molecular
interactions which we must have together with the need for conductivity (electzical
conductivity) in certain parts of the lamellae and consequent separation of charges.

The basic notion that I want to introduce is realiy given in Fig., 20. I will
then point cut how it worka on this lamellar azray. Exgure 20 suggests the basic
notion of how these lamnellae achieve this energy conversion. Chilorophyli in the ground
state absorbs light which brings it to its lowest asinglet excited state. This excited
state can move arcound amongst the chlorozhyll moiecules by resonance transfer



rexeiton migration; uniil a poi
separation can oscour, The excil 3
move separately -- a positive chargs and a "z@gas'vw charge
gether, (This wouid be ancther way of naming or describi
suitable point in the chiorophvil lattice is raached, wherz the o
s,oupled so they can move separately, w2 have a conduction band.
move in one direction and the holes, or positive charges, can mov
The alectrons and holes move around uni:ii they find suitable pia@*
enexrgy into which they fall, and there they &arx sa.t for times long 2no
suitable chemicals can come up and take off ele ¢irons, on the one aanﬂ apd
positive holes, on the other, leading io &chemicaﬂ reactions which then produg:
chemicals such as pyridine nucleotide and perhaps hydrogen peroxide, or some z
else of that sort, ultimately going on o the {inal products.

With this concept, let's see how the structure of the lamella may be inte
in terms of the molecular constitution. I am suggesting that this layer is made w
at least four cormponents {see Fig, 2ib). The protein enzymes, which are the one:
involved in carbon dioxide reduction, are on the outside of the disc., Tae proteins oo
the inside of the disc would contain the enzymes involved in oxygen evoiuiion, T
separation of the two processes (carbon dioxide reduction and oxygen svoluiion)
be achieved by a layer of chiorophyil pa«c?.ged in the characteristic aromatic way,
can take a lot of discussion all by itself, Perhaps we will have tr’;me to do it later.
This is a very characteristic pattern of pacing which was very brie iy mentiooed
other day. The aromatic rings do not pile flat-on themselves; they lie at an angl
approximately 45° to the stacking axis. This Ivpe of packing for chlorephyll iz w
I am suggesting here,

Figure 2la represents chlorophyll melecules tipped this way, Packed be-
tween them are carotencids and the phospholipidse. (I would like to add that chlorop:
is photoconductive, but that is beside the point.) The proposal is that after absorp
the exciton can migrate around amongst a few of these chlorophyll molecules to find
a suitable point of ionization where the slectrons may move in one diresction and the
positive holes in the other. Thus one side will lead to oxygen production and the other
to the reduction of carbon.

What kind of experimental evidence can we think of which might detect this
kind of a system? Well, we can’t actually put electrodes on these lamellae; they
are too small. But there is one part of this scheme which i3 susceptible to experi-
mental observation, namely, the trapved holes and trapped electrons. These
trapped electrons would be single, irapped electrons and would be detectably by
paramagnetism. We have set gut to search for photoinduced paramagnetism in the
chloroplasts, Figure 22 will show the results of that ssarch, This is an illustration
of electron spin resonance signals for illuminated whole spinach chloroplasis at 259
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 mgnals at =1509,
either in chloroplasts or in aigae, mdmmea taat their production is not an enzymatic
process,

The next question thal may be asked is how fa# can the signals be produced
at =150° compared to 2597 This iz shown in W‘g 23, Here you see the situation at
259, and when the lights are turaed on thia is 23 {ast a3 the insteument will respond.
The signals grow faster than we can iollow them. AL =150° the signals grow just as
fast, The differsnce lies ia the = he @1@@&3,@» They have s complex
de@ay == partly rapid zis:vz* voand @ AT room temperature, the dec
is rather wapid. At -1 ; e ; ‘




-

eiiminaies the possibilily of the signals resulting {rom snzvmz iowrymn
least, The guesiion remains could the signal result from a triples staie,
a paramagnetic e2xcited 'chicrophyll’, or could the signal be the resuii of

answer ‘o that will have $0o wait until the next lecture,
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Fig. 1. Elementary photosynthesis scheme.
Fig. &, Photomicrograph of Chlorella cells.

Fig. 3. Chromatogram of extract {rom algae indicating uptake of radiccarbon
during photosynthesis (60 seconds).

Fig. 4, Chromatogram of extract from algae indicating uptake of radiccarban
during photosynthesis {10 seccnds).

Fig. 5. Path of carbon from CO 2 %o hexose during photosynthkesis,
Fig. 6. Distribution of radioactive carbon in certain sugars.

Fig. 7. Formation of a heptose from tricse and hexose.

Fig. 8. Proposed scheme for labeling of pentose.

Fig. 9. Light-dark changes in concentrations of phosphoglyceric acid and
ribulose diphosphate,

Fig. 10, Formation of phosphoglyceric acid {rom ribulose diphosphate.

Fig. 11, Transients in the regenerative cycle, |

Fig. 12, The photoaynthetic carbon cycle,

Fig. 13, Mechanism of carboxylation reaction.

Fig. 14. Chromatogram of extract of\Chlozeena after 3 minutes of photosynthesis
in the presence of radiocarbon. The solvents were allowed to run for 48 hours
in each dimension.

Fig. 15. Unknown sugar phosphate after treatment with acid phosphatase.

Fig. 16. Suggested cycli: scheme for relationships in photosynthesis.

Fig. 17, Photomicrograph of chloroplasts irom liverwort,

Fig. 18, Photomicrograph of spinach chloroplasts.

Fig. 19. Ultrastructure of chloroplasts,

Fig. 20. Proposed schemme for various photochemical processes in photosynthesis.

Fig. 21. Schematic representation of possible molecular structure for a lamella.

Fig. 22. Light signals from whole spinach chioroplasts,

Fig. 23. Signal growth and decay time curves of whole spinach chloropiasts at
25° and -150°,
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