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~ EVOLUTION OF PHOTOSYNTEETIC MECHANISMS UCRL

- %k
Melvin Calvin

Department of Chemistry and Lawrence Radiation Laboratory
University of Callfornia, Berkeley 4, California

INTRODUCT ION

The planning of this discussion has turned out to be particularly diffi-

cult, perhaps the most difficult one that I have ever underiaken. The reason

for this, I console myself, lies in the very nature of the evolutionary pro-

.CCQS itself. In physical science (and particularly in metbematical sttences)

we are accustomed to a single sequence of events, in which each idea is pre-lj'

cursor to the mext, and one gradually develops a whole pattern of thougnt --

& whole notion from beginning to end -~ in a eingle-sequence. Those of you

" who are nore familiar with the way biological materliel has evolved will

know that this is not really the way the llving organism can be. described
in its evolutionary history. The subject of ihils diocussion, the problem of |
photosynthesis,‘is especially difficult to trace. .

Tt turns out, as you will see as we go along, that the evolunion'of
photosyntheSis enteils the fusion of a number of quite independent tnreads

of evoluulon at some point in time to give rise to the modern process and

the modern apparatus as we know 1it. In trying to describe that seqnence-of'l

7
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events, I find myself g¥eatly increasing my respect for the novelist who
writes historical novels. He has many apparently independent chains of
events; éiving rise to a particula; incident at the end, or pefhaps at the
beginning of the novel, and he is very skillful at starting ééch of these
threads and Jumping from one thread to thé next, Sringing'them along so they }
all come together at the right time and in the right place. I haven't yet

been able to move smoothly among the various evolutionary threads that are -

involved here, which ultimately fuse together to give rise to the very complex 

process of photosynthesis. The story may appear; therefore, more confused
then it really is, since I must Jump back and forth between separate evolu-

ticnaery threads and try to indicate their points of fusion.

MODERN PHOTOSYNTHETIC PROCESSES

With this apology over, let us begin ourrétudy of the evolutionary
history of photésynthesig_by first descfibing what we think wé think ﬁe know
of ‘the modern process at which we must eventually arrive. The process of
p“-mosynthesis is the procesé by which living organisms are able to transform
electromagnetic energy into. chemical energy by inducing the reaction between ,

carbon dioxide and water to evolve molecular oxygen and reduced carbon;

hv -'
. : ——y »
CO, 4 HO (cE0), + 0p

This is the o?erall process of photosynthesis which has long been recognized -

as a process for transforming electromagnetic‘energy; here represented by the

quantum, into chemical potential, represented by oxygen in the elementary

form and the elements of carbon and hydrogen largely 1n the oxidation level
of carbohydrate 1 2’3
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If this were all we knew about the process of photosynthesis, we would
be hard pressed to try and predict an evolutionary history which might give
rise to this process. Fortunately, in the last decade or two we have\learned .'
perhaps more about the process of photosynthesis from.this point on than in the’
previous one hundred years. This was the stageAthat.was avallable- to ﬁs

roughly one hundred years ago. Only slow progress was made in increasing the

chemical knowledge of photosynthesis until just prior to World War II -- .

beginning in'the middle thirties and then 8oing on after the war at an increase

ingly rapid rate.

What do we know today about the process of photosynthesis? Rather than'.
try and give you a history of how the knowledge has.evolved,.I am going to (1)
put down some of the established things that we know about photosynthesis, o
represented by the overall reaction, (2) examine the types of organisms which |
rerform this process, (3) determine what the biological apparatus is within

some of the organisms (as far as we can do it), and (4) finally go further on

B down to the molecular level. The question of the evolution of a Dbrocess of

-

this sort also raises others~ What level shall we deal with? Shall we deal

with photosynthesis at the level of the whole organisms, the level of the cell,

‘the level of subcellular particles, the level of the macromolecules, or at

the level of the small substrate molecules_that are involved? We should, in
fact, deal with all of these,.if possible, but this 1s another complication
which makes the organization of such a discussion as this exxremely dirficult.‘
- I am going to try +to plck up two aspects of it the mechanism itself on
the substrate, and possibly submolecular level and the apparatus on the
subcellular, or macromolecular level. A';f- §s¥rif*“ " o

o




Nature of the Organisms

" I bardly need review for you the nature of the organisms which are capable
of performing the process of photosvnthesis. Quite obviously, the higher
green planis, such as a wheat field or a forest, do this on a grand scale.
There is, however, a whole set of other organisms besides the higher green plants “
which are eble to do this, or parts of it, and they represent an important part v |

of the biological scheme of things to be examined in the course of our study.

- These are the marine algae; both the green ard the red ones are important in

terms of the amount of carbon which is turnéd over on the surface of the earth .

per year, as the algae represent the largest single plant family involved in

'this turn-over. Then, there is another group, the blue~zreen algae, which appear

 to be structurally more primitive organisms which are capable of doing the

entire process of photosynthesis, that is, reducing carbon and'evoiving ox&gen.'_'

And, Zinally, we come to the bacteria, both the grean ard the red, which are

capable of performing part of th;s conversion rrocess. The bacteria are

capablé of‘transforming electromagnetic energy into chenical energy, buﬁt

not with vhe evolution of oxygen. They psé ultimate reducihg'agents'other{‘~

than water in ordor to reduce the carbon and therefore ihey‘produce other

oxidents than oxygen. But the photosvnthetio bacteria are able to capture

electromagnetic energy from the sun and'transform.it into chomical jotentialfio‘f;;}lzh
These are the classifications of organisms that can do all, or part, of o

this conversion (en¢rgy manipulatioo) process. Those organisms really con-

stitute the whole gemut of biological divérs;ty; as far as I am aware of 1t{ .

which can do all, or.SOme,.of this enorgy conversion'procesg and thoy‘all

can do the crucial part of it ~=- the qpantum,absorpﬁioo andvthe quentum

conversion.

-
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MECHANISM OF THE PHOTOSYNTHETIC PROCESS

A The Path of Carbon in Photosynthesis
"Let us see vhat we know about the mechanism of the process of photosyn=~
thesis 1tself. Part of this knowledge is a result of the tracer work which

1,2,
22,3 beginning before the war. My colleague, San

‘was mentioned earlier,
‘Ruben, began this work using radloactive carbon-ll but right azter the war

in 1945 we took it up again using carbon-lh labeled carbon dioxide to examine

 the sequence of events and determine the sequence of compounds involved in

the transformation of Cop into'carbohydrate. The answer to these questians
is now available to us, and we can draw a rather complete road mep of the

reduction of carbon dioxide. (A simplified version of the carbon reduction‘

'cycle is shown in Figure l.) fThe first step in the photosynthetic carbon

cycle is the carboxylation of a sugar, ribulose diphosphate, to give phospho-

glyceric acid, and this, in turn, can now be reduced to triose phosphate using

7:some kind of reducing egent as well as some Pyrophosphate~containing compound.

The triose phosphate then goes through e series of rearrangements to produce
ribulose diphosphate agaln, and the carbon cycle can continue.
The light is reqpired to produce these two ageum: & reddcing agent, '

here represented by [H] and a particular (pyrophosphate conuaining) phosphorus

'compound to help the reducing agent in the “eduction process, This particular

phosphorus cowpound seems to be adenosine triphosphate (ATP) which crntains a
pyrophosphate linkage. This is of great importance'and will be discussed in
detail later on. | ) R

The major poiot that I want to 1ntroddce.at this stage is the idea that
the reduction of carbon dioxide throughhthe carbon cycle and the whole seqpence
of enzymatic reactions that are involved in this reddction are derk reactions.
Once we have available the products of the 1 __g__ reaction, namely, a reducing

agent and some type of 'high energy" phosphate, tha whole carbon cycle can be

~sor
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on cycle (simplified version). 1) Ribulose diphos-

Figure 1. Carbon reducti
phate reacts with COp to give an unstable 6—car§on éowpound which splits to
glve two 3-carbon compounds, one of which is 3-phosphoglyceric'aci&. The

other 3-carbon compounds might be either 3-PGA, as it is'known to be in the

. isolated enzyme system, or some other 3-carbon compéund such as a triose phos- ’

_phate (dashed arrow). 2) PGA is reduced to triose phosphate with ATP and

TPNH derived from the light reaction and_ﬁa;et.' 3) Various coﬁdepéations and
rearrangements convert the triose phosphate to pentosevphosphates;' h) Pentose
phosphate is phosphorylated with ATP %o give ribulose diphosphate. ‘Further
carbon reduétion occurs via convers;on'of'PGA to phosphoenolpyruv;c acid, 5,

and carboxylation, 6, to form a.b—cafbon compound (probably oxaloacetic acid)..

 Reactions leading to the formation of some of the secondery intermediates 1n;‘

carbon reduction are shown by the arrows lettered a through e, . .. . -
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N .act, or very close to it, two materials, a reducing agent and a pyrophosphate . -

HAEE

operated and carbon can be taken from COo into a variety of compounds, among

‘them sugar. The sugar can be taken out of the cycle. Every time the cycle

turns six times, for example, we can take out a hexose sugar molecule and

still have the cycle molecules left. This, indeed, is what happens.

We recognize also that all of the eleven enzymes‘(catelysts),that_are -

involved in these tfansformations‘in the carbon reduction cycle are to be
found very nearly everywhére very widely distributed in the bioloéical world
~= not limited solely to organisms which are conuefting sQlar'energy, but
also in organisms ﬁhat bave nothing whatever fo do with the photosynthetic
process. It therefore seens quite clear that at least this sequence, that
is, the carbon reduction sequence, undoubtedly evolved in d separate chaln

of evolutionary events having little or nothing to do in the early stages,

. with the electromagnetic enerby conversion proaess 1teelg. 5 The electro- - -

 magnetic energy conversion process itself appears to produce in a‘primary

:linkage, which can then run the carbon reduction cycle.

We can already see the two quite independent evolutionary streams which '

were Jjoined only very recently in evolutionary history to produce the modern

8

green plant 67, The carbon reduction system was one independent stream.

‘These streams will, of course, break up 1nto finer parts as we go along, but

this is our beginning.

.. B. Quantum Conversion in Photosynthesis

Let us now return to the photochemical process itself. Having separated o

out the carbon reduction system as a separate evolutionary stream, I am going

to leave it since there is nothing unique about it for photosynthetic organisms

except the combination of the product of the light reaction with a certain ’

collection of enzymes,~all of whicnncen be found, either separately or in-

{
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various combinations, in nonphotosynthetic organisms.9’lo Therefore, the

carbon reduction cycle had a separate evolutionary history until the recent

times.

Letﬁus now see what more.we»can eay about the quantum conversion pro-
cess. We do not have anywhere near the detailed knowledge of the quantum con-
version process as we do pf the carbon reduction process. It is perhaps
worthwhile to put down on paper before we start this discussion, the structurel

formulas of the two molecules which we believe to be essential for running

- the photosynthetic carbon reduction cycle. (There are undoubtedly others of

which we are still unaware required for oxygen evolution as well ) To run
the carbon cyele we need the reducing ageat, which is a pyridine nucleotide

in its reduced form. An adenine and: pyridine moiety are tied together by

'~ two ribose sugars and a pyrophosphate link to give the molecule known as

‘ diphosphopyridine nucleotide. Actually, in photosynthesis 1t seems that

- . there is a molecule very similar to this, but involving another phosphate

H :"l

group on one of the ribose molecules, and so I will actually use the triphos-

.phopyridine nucleotide in 1ts reduced form as the structural formuls for "

- the reducing avent which is required to run the carbon reduction cycle.

The possibility exists that still another, and perhaps more specific,

- reducing agent might be used by photosynthetic organisms in the reductive |

) splitting of the initially produced carboxylation product (Figure 1, Step l)-.ll

If so, it 15 almost certainly a6 .good a reducing agent a8 TPNH and may or may

'.not be structurally and kinetically related to it. If such a specific photo-
"synthetic reducing agent functions in green plants, it will, in all probebility,

_bave been a late addition in the evolutionary development of a higher efficiency,

since we already know that the cycle can operate through TTNH




The other molecule that is essential for runaning the cycle and which clearly
must come somewhere from the photochemical reaction is the adenosine triphos- -

phate (ATP). Here, there are two pyrophosphate linkages, and the importent one

o for our purposes is the terminal pyrophosphate link (Figure 2). These are

the two molecules that are required in order to move the cycle arouhd, and
clearly these must.be manufactured as a resulf of the photochemical transforma=-
tion. . ) ' |

How much do we know about hpw the photochemical transforﬁation menu-
factures those two substances? Here, we aie not so thofoﬁghly informed, but
a good deai nevertheless, 1is knownrand some of it is of considerable imrortance'
in guiding our thinking as to what the evolutionary relationships between the
photosynthetic equipment and other equipment of living organisms might be.A.

1. Photoinduced Redox System '

The principal photochemical reaction we now know is, first, the

absorption of light by chloropbyll to produce some kind of an excited chloro-

" phyll, eeither & molecule or molecular aggregate. . (I don't mean this to be a .

l separate chlorophyll molecule in solution, but simply the -

chlorophyll as it exists in the phqtosynthetic equipment of the organisms.)'

This electronically excited molecule must then undergo some kind of transforma=-

+ tion -~ for example, it may react with another molecule or molecules to produce

12,13

a separation of an oxidant from a reductant. I am using this language

- first because of a bit of confusion that has arisen in the meaning of these

terms. In ordinary photesynthesis the oxidant will eventually beeome molecular

oxygen; the reductant will eventually become a reduced compound, pyridine nucleo- -
- tide. ‘The pyridine nucleotide, together with the ATP, for which we have not

- yet described a formation mechanism, will then go on to drive the carbon cycle.
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- Figure 2. Siructural formules of triphosphopyridine nucleotide and

adenosine triphosphate, two of'the'agents required to .

run the photosynthetic carbon cycle.

Das t




11~

These terms, oxidant and reductant, are the chemists' terms for what

happens after the excited chlorophyll loses its enmergy to some molecule, or

collection of molecules, if eny redox system is directly involved. The

biolegist has been accustomed to writing these two things in different terms.

14,15,18, 17

Following van Nie 1 e has generally associated the tern M

(Figure 3) with water and has generally called the oxideat ( [o] in Figure 3)
hydroxyl {oH], but he has been very careful, I must say, to put a bracket -

around it. (Those of you who know what the meaning of a bracket_is, will

understand the significance of this; when you see a biochemist putting a

" bracket around something of this sort 1t means that he doesn't really know

'what he is talking about. It is something we don't know andvit is a general

representation and not a chemical'fogmula.) The reductant ([R) #n Figure 3),

according to the biologists, has been'called (K] hydrogen, and this had led

many to suppose that the'pfiméry process of quaﬁtum conversion invqlves the ‘

~ splitting of the water molecule itself. What is meant by the van Niel theory,“" |

g at least in chemical terms, is the,cﬁeation‘of & reductant of some general: '__ ' ’ﬁ
character, whose nature we do not khow, and of an oxidant, also of some |
- general character whose nature we do not know as yet. These twa things mnsﬁ o f_i‘;A_f;"w
vimately come from water as given by the stoichiomgtry’of the primary’ |

reaction of photosynthesls in the first place.

In more recent years, still another terminology has entered into this
digcussion and it comes from quite a different source. The physicist has
called the reductant the 'electron' and what is left after you take an electron |
L 18,19,20,21 '
.. away from a molecule is called & ‘hole'. These are the physicists’
terms for the seme phenomenon. You must not get confused about the terminology

- because all of ihese = oxidant~-reductant, hydroxyl-~hydrogen, electron~hole -- all

ere different names for esseantially the same thing. What.wé'are trying to do

T

e
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Filgure 3. Simplified Photosynthesis Schene.

The quantum is first absorbed by the chlorophyll molecu;a; then something
harwens (p for primary) to the excited chlorophyll to produce two chémical
species ( [0} and [R], for example) which can go on, one of them [0] to become
molecular oxygen in some way (1), and the other one [R] leading to the reduc-
tion of CO, to carbohydrate (2). Along these two rbutes,vvarious other energy

containing species may be created (AT?vorrvP). ATP would be an energy storage

product.vahis may be created on either, or both,'sides.-,There may be back

B reaction (3) between the oxidants and reductantsiwhich also could.create . .

linkage in ATP.

.

prbducts of higher‘energy.“The obvious.pge:here,ié;'or course, the pyrophosphate

RIS B Ay el
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nov is to discover exactly the ?est way to deScribg these things in ultimate:
and intiﬁate detail.

ijintroduce {the tefminology of the physicist because in the last few
- years we have learned a number of the reactions of excited chloroﬁhyll,and :
one of them is an electron transfer reaction which 1is dbservable speétrOv’v
scopically. An electron 18 transferred from iron in the divalent stafe to glve

© iron in the trivalent state,?2?23’2¥’25’26f27’28

with the electron located in
en as yet unknown place. It is an important recognition that this-phenomenon,
occurs and occurs very‘qpickly after the chlorophyll'absorﬁs the lightm* The
‘excited chlorophyll in some way is abie to extract an electiron from the ferrous
"iron compound, at present aSSOciated with the chlorophyll in modern organisms
in the form of cytochrome, to produce the ferricytochrome and an electron. 1n
. some molecules as yet undesignatedraur30 This appears to be an important
connéction between a.moleéule that is unique to photosynthetic plants, namely5 
~chlorophyll, and certain kinds of molecules which are not unique ﬁo photo=-
‘synthetic plants, namely, the irqﬁ cytochromes (iron hemes). The iron hemes
have universal distribution and this is an important fact to remembers

_ In eddition, we now know that clectrons mist ultimately £1nd their way -
to pyridine nucleotide. The oxidized 1:on, or.scmethingiclose to it, will. |

-~ eventually take electrons ftom water,.giving.rise'to the ferrous 1§on and

‘molecular oxygen and protons.

A recent modif1cationl5 of the van Niel genex alization inserts a

ferrocytochrome ahead of the water molecule as the primary electron donor to

* the excited chlorophyll, but does not specify the primary fate of the »
excited electron which must be removed from chlorophyll. The oxidized cyto-

chrome is presumed capable of oxidizing water to oxygen, with the concomitant’

formation of ATP, a suggestion similar to that of Bassham29 and corresponding

to reaction (1) in Figure 3. . P L S e

~s -
-
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At the same-time that all of thess things are happeding, somewhere

along the line, elther on the way from the intermediate oxidant to oxygen
(reaction (1), Figure 3), of on the way from the intermcdiate reductant to
the pyridine nucleotide (reaction (2), Figure 3), or, perhaps, in a recombina~
tion reaction in which the electron falls back into the hole (reaction (3),
Figure 3) we also create adenosine triphosphate. The ATP is designeted by
~P?, which represents 'hiéh’energy phosphate' linkages. The reactions in
Figure 3 indicate possibilities oaly, and not knowledge of three different
vays (places) in wnich pyrophosphate could be created: (1) The fall-of the
intermediate oxidant toward oxygen; (2) the fall of <the intermediate reductant

(perhaps & sulfhydryl group) to the pyridine nucleotide which would perhaps,

give rise to pyrophosphate; or (3) perhapa ‘he energy of recombination of the -

hyarogen-hydroxyl (electron-hole) could also give rise to a number of pyro-
phosphate llnLages.'

2. - Photoinduced Dehydration

A more profound departure from the basic redox'primary photo process'is

possible, partlcularly in the llght of the :ecently indicated3 reversio-

o x of at lbaat some of the St&pa of oxidative phosphorylation.‘ Thus, there v

y 18 evidence ‘that in mitochcndria it is possible to produce the reaction ,‘f_

. Queing ATP according 10 .the reaction,

FeII (cytochrome) +1/2 DEN + (zi)ATP ': :

FETT (cytochirome) + 1/2 DENE + .(n)ADP +uPL : S

If an ndegendent (non-redox) method of dehydration could be found for pro-l’

PPPETOR——
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SR SR
AMP-0-P-OH  + HO-P-0¥ ————%  AMP-0-P-0-P-0" + H0

. | l
o2  OoH | o° 0
.

.  ADP Pi . T ATP.

-~ then both ATP and TPNH could be photoproduced without calliLg upon & photo-

induced diregt electron transfer reaction. . V
Ve alreedy have a precedent for the idea that .an optically excited

pi~-electron system can have an increased affinity for wéter leading to.1its

hydration by an only very slowly reversidle process s0 that energy may be

trapped in this manner.3,’33 g
0 | °
: = - 5
¢ v / N\
- w7 Ner | ‘ hv EN ?——OH
A A + HO —y |
AL 20 /c
oo ' o 0 E

For example, 1f the 9-10 enol in chlorophyll were to' add orthophosphate

(vhen excited) an enol phosphate could be produced, whioh presumably would be ol

capable of phosphorylating ADP to make the reqpired'ATP.3h Part of this -
would then be used to reverse: the DPNH«cytochrome reduction to produoe'the
ultinately necessary separation of oxidant and reductant (water splitting)

‘ reqpired for o2 production end COo reduction.

~r
-
-
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The not 1nconsiderable difficulty with such a plan as this is the

necessity for producing a good many more than one AIP for each quantum
absorbed by chlorophyll. ‘Even if a way of circumventing this éifficulty were

found, it remalns fairly clear that such a device.would be a rather recent

 evolutionary addition to an already highly developed biosynthetic energy f‘ '

manipulating system.

TN
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PYROPHOSPHATE LINKAGE IN NONPHOTOSYNTHETIC PROCESSES

.'i!

The appearance of pyrophosphate linkage in & variety of organisms is

wvell known. 1In practically all organisms, there are mechanisms for pro-

ducing ATP which do not involve photosynthetic mechanisms at all. One of

them is a reversal of one reaction in which ATP is used in the photosynthetic
cycle (triose phosphate denydrogenase). By running the reaction backwards
(Step 2, Figure 1) one can make ATP. A more important source is a reaction
which apparently involves iron -~ the cytochromes, involvind also the oxida«~
tion and reduction of the pyridine nucleotide, The two reactions together
are involved in the creation of ATP in:nonphotosynthetic organisns,“ This .
process of the oxidation of pyridine nucleotide by the passage of electrons"

from pyridine nucleotide back to oxygen through the iron cytochromes with the

concomitant formation of ATP is known as oxidative phosphorylation. It

leads to the creation of more ATP than does the subsirate oxidation process.'s

" The return of a photoexcited electron of chlorophyll through all or part of

-

& similar chain could produce the necessary‘ATP (see reaction (3), Figure 3).

Thus the creation of both the reduced pyridine nucleotide and ‘the ATP.
are not uniqpe to photosynthetic processes. These processes also occur in
nonphotosynthetic organisms.7 We know something about how pyridine ‘nucleo~
tide 1s created, but we know relatively little about how ATP 1is created in -
oxidative phosphorylation in which the electrons pass from reduced pyridine

nucleotide throngh iron back to oxygen. This 1s one of the major problems

of energy transformation in all biological organisms.

We have now split up the pnoto process of photosynthesis into two

other streams of evolutionary development, the stream which gave rise to i

'pyrophosphate (ATF2) and ‘the stream which gave rise to pyridine nucleotide.

S4

~s 7
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Neither of these necessarily involves the photo process directly. This
leade us to the conclusion that the appearance of the photo reaction, or
the coupling of the photo react;on, with the creation of ATP and of reduced
pyxridine nucleotide was a very late‘thing in the evolutionarj scheme.y’s
 You see that we are forced, now, to consider ﬁhe qpestion of the origin of
life in discussing the origin of phetosynthesis. We cannot dodge that
issue, and we are indeed.considering it and.doing 50 in a much more sophise=
ticated way than has been possible up until recent times. This has been
discussed more thoroughly elsewhere, 2,h3 50 I ehall not dwell on it in any
great detail. l

I shall simply pass through some of the states that we‘need in order
to try and focus your attention on the separate evolution of mechanisms
for making ATP, mechanisms for making the mélecules which are involved in
the creation of ATP today, mechanisms for creating pyridine nucleotide, and,

finally, at the fery end; how the light capturing moiecule, chiorophyll

may have appeared and was coupled to the other energy transforming processes.

This is really the story in principle, and I now want to go through it
qpickly and try to give you some ldea of how I think these things might

have occurred.




EVOLUTION OF THE PHOTOSYNTHETIC APPARATUS IN THE GREEN PLANT

Figure 4 shows the epparatus- (the chloroplasts) in the green plant which
is responsible for performing the process of photosynthesisf I'have not dis~
cussed in detail the visible features of the photosyntheticAepparatus, but
it is perhaps necessar& to say a few words here about the relationship of
the tangible physical material that performs bhotosynthesis as'it can be
seen- on ‘the subcellulsr, but still visible, level. I will then discuss the
macromolecular level (where thls apéeratus cannot ye£ oé seen), and, finally,
go to the substrate level where we can again deal with things in a chemical

wEY .

hree different klnds of chloroplasts are shown in Figure lk, illustrat-

ing the highly ordered arxray of layers in &ll of the uhree types of organ-t,
isms: a unicellular green alga, e blue- green alga which does not have a
'chloroplast (the layers are still present, however, W1nd1ng their way in

and out through the entire cell), and & chloroplast from & higher plant (to-

. bacco) showing the layering of the green material very cleanly. The layers'_

(1amellae) themgelves are constructed of arrays of macromolecular subunits :
which we now tnink we can see.37 Figure 5 gives a model for chloroplaot -
- lamellar structure and Flgure 6 is en electron micrograph of frozen dried
1 spiﬁach chloroplest superoatant purporting to show»the subetrtctufe of
B the lamellee. h
Figure 4 shows the high degree of order in the'chloroplasts, and,
) furunermore, that this high degree of order exists in other elements in
the cell, such as the mitochondrla, which perform o»her functions (forma—

tion of ATP by oxidative phosphorylation of pyrldine nucleotide) 36 The

JERRRR
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ENTIRE I
i ! L::&“:F &z’:gggf SHOWING - Maintalned 24-36 hours in the dork before fining
i R with permangonate. Waeler. -
Figure k. ‘Chloroplasts from a unicellular green alga, from & blue-
green alga, from tobacco, and mitochondria from guinea pig '
- pancreas . .. )
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INTERGRANA AREA— | «—— GRANA .AREA

St e a i o e

Figure'5. Model fér lemellar structure within a_spinach chioroplast

a. Osmiun-steining layer of the lamellarigtructure. Thickneqs 30 2\
in the intergrana regions and 60 X in the grana regions.

b.i Particles formihg the éranular inner surfaée of the itwo layers
maklng up the lamellar structure The packing of oblate spheres

would rot be as simple as 1llustrated in the figure since the

&

central axis of both layers would no* be 1n the same vertlcal

Plene shown here.-
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purpose of Figure 4 1s to show the similerity of structure between the photo- '

synthetlic apparatus and material vhich 1s not photosynthetic, and to show

also that it is & highly ordered array in all cases. This highly ordered array R

must be achleved in some systematic way from molecules which themselves are

ordered by vimue of the atoms of which they are madef‘

Chlorophyll Structure .

The actual detailed structure of tne one molecule unequivocally

associated with the capture of light and its transformation, i.e., chlorophyll,

is shown in Figure 7. This shows the structure of some of the different kinds
of chlorophyll that are known: The first is protochlorophyll which eppears

in etiolated plants grown in the‘dark. When such plants are placed in the

-~ .light, the protochlorophyll 1s converted to chlorophy11.5) The principal diffef-

ence between protochloropbyll and chlorophyli is the addition'of two extra hy-~

drogeﬂ atoms at the double bond in ring D. Bacteriochlorobhyll'is the molecule  ?~”

which i3 responsible for the capiure and conversién of light in the purple end
green bacteria, and differs from green plent chlorop-h yll in having & secbnd,"
dihydropyrrole ring in it.

We must devise some way of making those ordered chloroplast structures

which were seen in Figures 4, 5 and 6, and we must envisage same way of evolv-

Do . ! -
" ing this particulaxr molecule, chlorophyll, belonging to the general class of

tetrapyrrollic substances known as porphyrins. These two things -- ordered

. array within the cells end the development of chlorophyll itself -- axe two

| essential features of our evolutionary,scheme‘for the process of photosynthesis. .

The structural feature, the appearance of ordex and'structure, is some~
tbing common to the evolution of all living orgenisms, and belongs to‘the
general discussion ofvhow ordered siructures ﬁay be evolved from nonliviﬁg
material. This is realiY"part'of the problem‘of.chemical evolution and the

origin of life.
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'Figure. 7.' Structure of protochlorophyll s cblorophyll and bacterio-

’ '_ chlorophyll
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CHEMICAL EVQLUTION

I wish to discuss'briefly the beginnings of chemical evoluﬁion, staxrting
with the molecules of a primitive atmosphere, which jou-heard about earlier,
being subJect to a ?rimitive photosynthesis using the far uitra#iolet or
radiation from the radioactivity of the earth's crust to transform them.

The cerliest molécules on thé surface of the earth are presumed 10 be ﬁhose
showd:in Figure 8 (top row), particularly methane, ammonia &nd water. If these
molecules are subjected to radiation of energy great enough to break the bonds
of carbon-carbon, carbon-hydrogen, hydrogen-hydérogen, nitrOgenfhydrogen,

hydrogen-oxygen, vhich can be done by ionizing radiation,37

such as the
beta-rays of potassium~h0 which are plentiful in the eerth's crust or with
ultravioleo light of vavelengthu shorter than 2200 R 3 then the atoms
which are so formed may reorganize to form more complexAmolecules,'a few

of which are shown on ‘the bottom row bfAFigure 8. You alresdy recognize
| these molecules as being the ﬁresent-day substrate materials (formic acid,
acetic acid; succinic acid and .glycine) upoh which all living orgénisms N
-operate. Glycine, shovm here,‘is the ohly nitrOQen—conéaining compound in
the bottom row of’Fig?ure 8, and it is the siﬁpleét of the smino aclds, of which
the proteins are conétructed. By_exchangihg.one of the caxbon-bound hydrogen
atons of'the glycine for any of & group of other atoms, some twenty differ-
ent emino acids can bé built up. 4 | |

In the first experiment of this type invl950 in which we uséd the cyclo-‘

tron as a source of ioniziﬁg radiation,37 we started with COp, hydrogeh angd -

water, and were sble to g&, by random transformation processes, reduced -

carbon compounds such as formic acid, acetic acid and_éuccinic acid. In

o —

B end
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B0 0=C=0" H-C-H ! ~ N-H
o . H . H
Carbon

Water dioxide ~ Methane Hydrogen ~ Ammonia

Lo ' B 9};!‘12,9 i‘;l(l?
H-C-OH  H-G-C-OH  HO-C-G-G-C-OH  H-C-C-OH
H. ~ HH : H—E\ij
H
- Formic acid ‘Acetic acid ' Succini¢ acid ‘ Glycine'.

1 Figure 8. Primeval and primitivé organié leecuies ﬁf2fif; e
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later experiments, in which cmmonia wes added to the initial mixture fOllOWLng

59,40 glycine was obtained. Still more recently (in the last three or

Miller,
four months) we have performed this experiment again, bﬁt instead of depending
upon ordinery snelytical methods to fiﬁd'these randomly occurring compounds, ,-
we bave used cerbon-lh lsbeled methane in thé'pfimiti§e gas mixture, thus
providing redioactive carboﬁ atoms which could be fqllowed'around. The dis-
chérge from & 5 rev elec?ron lineaxr accelergtor yas'pasSed throqgh the mix«~
ture of methane, emmonia and water, and wé téok ﬁhe vater solution contain-
ing bﬁe product from this-bombardment and spread it out on a piece of filter
paper In a systematic way; | |

. Figure 9 shows the rés- ts of one of these bombardnent cxperlments. It
iz a pnOuograph of the darkened X-ray. £ilm which results when & paper chroma-
togram contain;ng radioactive products 1s pleced on top of an x-ray.?zlm.
Ynerever there is a black spot on the {ilm a-particuiar compound has béen
1ocatedﬁ We can teii what the nature of the compound is by whexe‘it is located
on the film with respect to its or¢5in. Alil of the d;fferent nonvolatile
radioactive compounds which result from one part¢cular bombardment are shown
in Figure 9, and &bout & dozen‘compounds have separated out. .

Ve have been eble to identify in this way some half-dozen compounds,

~including glycine, alenine and various other amino acids and sugars, some

fatty acids and soue hydroxy acids ~-- the very things of which today's living
matter is composed.‘One of the compounds;‘represenﬁing about sixty percent
of the toral/ is urea. We £ind in neutral and acidif fractions & large number

of coupounds, including lactic acid and sugars._Ybu can also sée that alanine

end glycine (amino acids) reﬁxesent a very small amount of the total. There

* HCN was identified in the agueous solution by a separate procédure.
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appears 1o be present in this irradiated mixture & nunber of undetermined

baocs, including heterocyclics. Thus, such random processes &s these may give

give vise to all of the aimple compoanas that are needed by present-day living

e uj,uu ' :

organism . '
Hav;ng nmade these sxmple comnounds (perticularly the emino ecids) by

+he rsndom methods, ve can build them up into proteins’ in various ways.

Aside from the mwore or le“s lavborious and speciflc methods involving speclal

protective or activating groups, at least two simpler methods, possibly appli-

ceble to primitive conditions, have been successfully demonsirated in the le-

voratory recently. The first involves heating amino acid mixtures in molten

glutamic acid together with some polyphosphoric acid to produce & nmixed poly-

45,46

pepiide resembling protein. The second involves heating the amino ecid

in an aqueous ammonia solution to produce a polypeptide of intermediate gize.47il
The proteins themselves can take on a specific structure vhich 1is shown
in Figure 10. The helical structure is built-in into the linear erray of the

anino acids because of the part;cular arrengement of carbon, hydrogen,

aitrogen and oxygen atoms in such a c¢hain. Figure 11 shows how the helical .

 gtructure can teke on visible order. The upper photograph is an electron -

:micrograph of & protein which 13 a component of collagen. When the protein

A,
filemenits are aggregateu, as shown in the lower photograeph, they ‘do 80 in &

specific ordered array because of the pafiiculaf arrangement of amino acids

in the p sroteins. Here you can begin to see the appearanee of the visible order '
tpet must be generated to create oitochondria, chloroplasts”and other sub-
ceilular particles. This generation of order is, of course, common to all |
1iving things, and is not uniqpe to photosynthesis One can generate oxrderx,

beginning from the primitive molecules (figure 8) of an early earth 5 atmos-

_phere, througi proteins (Figures 10, 11) into the subcellular material it-

self (Figure 4). e 7



30

e e e e e e e e it e e 1 s "o

ey i

R,
|
C-—
|
H
Y

'
)
I
i
1
)
-——
'
1
1
'
L

Ry
l

c
|
H

|

O=0---z—-2

S UAYR™S -
v\/ Joe \/.\.\\o---

-
H
!
N
»
CL.
c’_*c
!
\N

S

 Protein structure .

- Figure 10 .

RN



.
-
- .
*
»- .
' .
- R . P - e e b e = e e o e,
. i
; |
5
' AT n\\/w,u\?-;\\
| ‘Zh b o
' : AN ‘“ .~_~J-(
: f: u N
! W, G

"

B . o L o - X
I ““’\\ Sl \‘w:xw , ut:.
B - : ZFF% ﬁxwuw lyw?m\ ‘”§“*“““
o . \ L\.N o ,\\‘\¢ ‘;? ‘1 }n

N\ Y4
\\é\\k ﬂé 5 "W“
"i-\\\\ ﬂ:""u h?kk\ \rad “

+ ' FILAMENTS OF COLLAGEN, & proteln which b winally found weid. This tlerlm -I"unpb. whieh enlarges the Flamems 75,000
in jong fibeila, wers dispersed by plocing them i dilute svetie Ahmre, was mede Grow of the Harvard Medicel Sehool.

FIDNILS OF COLUAGEN formed spantsmeansly owt of filumerts  chloride was edded to the dilwte acerte aefd. These long Gbeils sve
wchmibeshorn g love ‘whenlpwcrmelsedium  ldrnilcal in sppesconce with these of collagem beiere disperoien,

it e i b

V. TFiguare 1l. Electron micrograph of collagen filaments.'

s

"

i

Cwe




‘e N .

I-32- AN

DEVELOPMENT OF RUDIMENTARY CATALYSTS

Let us now turn to the questlon of uhe generation of the po:phyrins which

seen to be central not only in the capture of 1lght, as represented by chloro-

phyll, but to the appearance of adenosine triphosphate in present—day organisms

and perhaps to the appearance oOf ATP in primitive organisms as well.
Figure 12 shows that starting with the primitive function of iron for the

decomposition of hydrogen peroxide, which will be formed in the seas either by

. ultraviolet radistion or by K*C radistion, the iron catalysis can be improved

by a factor of a thousand if it is built into a porphyrin. If we now transform

' ¢his iron further by encasing the heme into a folded protein and makg.the'

molecule of catalase, the cataiytic function is improved by another factor

of ten million forrthis‘particular peroxide decomposition reactibn.k

This fact is of great importance because I believe that peroxide appear-

ed in the primitive seas of the earth at the very earliest stages as a result

“of both the ultraviolet radiation at the top of “the atmosphere and of tne

‘ potassium-ho redioactivity in the earth's crust. This peroxide can now serve -

48 :
as an evolutionary selection pressure  to improve the catalytic function of

iron from the baere iron to the iron heme to the iron heme-protein combination.

The way in which this can occur is shown by having a look at the way in

~ which hemes are synthesized by modern living organisms (Figure 13). We start

with succinic acid and glycine, which were made by random synthesis from the

primitive earth's atmosphere, and by combining these two substances, we make
the alphé-aminoneta-keto adipic acid which then decarboxylatesvto give

+he delta~-aminolevulinic acid, two of which can combine to form the hetero-

cyclic pyrrole ring. Then there follows a series of oxidation and condensation

~s -
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- Figure 13. Biosynthesis of porphyrin end the evolution

of the catalytic functions of iron
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SuGP’ to glve riue to the tetirepyrrolie ring. 9 This reaction is & spontaneous one

which 1nvolves a number of OY1dation steps, several of which are almost certainly

catalyzed by iron. The oxidation is achievcd either by oxygen or peroxide under
- {the influence of ironm and pregumably better achieved by iron in a porphyrin than
« by bare iron. Therefore, once the porphyrin is formed, moreiof itﬂﬁill'be formed

- . : .
“pecause of this autocatalytic self-selection mechanism.h’5’8

L}

Pyrophosphate Formation

This idea is importsnt because the mechanism of the formation of pyropnos-
phate seems to involve the oxidation of iron. In the last month or so, we have
been able 1o demonstrate that one can generate pyrophosphete in aqpeous media by simply
allowving hydrogen peroxide to oxidize ferrous iron in the presence of orthophosphate.5°

In this reaction; a certain amount of orthophosphate is converied into pyrophosphate.

The reaction may be writﬁen as follows:

e

. ' - 0 |
‘ ) * _ : . " o
@eﬁ + HpPO, ‘ .__...__.__..-b CFe:I[I—lO—ll?-O + H_+
‘ . | oH
? A o .
( II-o-f -0+ Hgoa — (F nx-o-%-o'__'f HO* + OH
- oH o 0B
oo 3 N
—_— /’\ N OTPeOH > (E‘eI‘I-OH + - "0-P-0-P-OH
<7Fe ~;0-P-0" i | - Ll
& &-- H-0 - - 0 9
ﬁ . OI . ) . . ) ] \H'

,,,,,,,,

I believe this 1o be evidence of the pr;mitive way in which the highly evolved
< oxidative phiosphorylation which takes place'ﬁoday began. The coumplexing of phos-~

phate by ferrous iron, followed by the withdrawal of en electron from the ferrous

-

The hal;-circle around the iron symbol is introduced to represent any
other coordinated atoms or groups. -
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iron tormake ferric iron, the eliminétion of & water molecule to make pyrophosphate,
and reduction of the ferric iron to ferrous, completes a cycle for the formation
end the liberation of the pyroyhosphate linkage. This ‘48 now demonstrated 'in &

simple system,and I think it will not be loug be¢ore we wmll be able to demonstrate

‘1% in tbe highly evolved iron systems that are used in oxidative phosphorylauion,

" poth in plants snd in animals, end which are also used in photosynthetic phosphoryla-

tion, probably in a similar‘manner.

You cen sce here a driving force which will give rise to the porphyrin mole~

" cule. The driving force is the peroxide present in the ocean and the usefulness of
trensforming orthophbosphate to pyrbphosphate in aqueous solutions so the pyro-
phospia te can then be used to aséiét the combination of amino acids to make pro-

}:teins. This was the evolutionary sequence which gave rise fifst’to the porphyrin .

and second to a mechanism for manufecturing pyrophosphate.

COUPLING

/_.

As yet we have suggested no méchanism for usiﬁg light to perfofm these pro--

‘;.cesses Al bhat would be. required in the later stages vas 10 find a way of remov-

__ing the electron from the iron, not with hydrogen peroxide but with light, in order

to couple the photochemical reaction to what ve now know t0 be nonphotochemlcal

o processes

I think this event happened very late in the evolutionary scheme, and the evi-

‘dence for it lies in the fect that the chlorophyll molecule is today manufactured

by & sequence of reactlons almost 1dent1cal with the sequence of reactions used

" to menufacture the heme,sl.’52’55 T but Just before the iron is put into the heme

(Pr0uoporphyrin IX), a branching occurs leading to the chlorophyll molecule in ‘

which magnesium is situated (Figure 14).- I think the recason. for that reaction

is, first, that the light dbsorbing dbility of the heme itself 19 very pooY.

Lt
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" electron transfer from reduced cytochrome.

© phyll structure.
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L

ithough heme is red, it does not have anywhere near the light ebsorbing capa-

city of chlorophyll, and one of the reasons for the evolutionary selection of

magnesium chlorophyll (uagnesium chlorin) is the fact that the sbsorption of light

- by a magne fum chlorin is several thousand times greater than that of the iron

porpayrin. Secondly, something very special about the electronic sbructure of

'E +he magnesium and of the packing together of the chloropbyll molecules in a

crystel lattice, leading 1o the sepaxration of electrons from the chlorophyll,12
is betlex acnieved by the chlorin than it is by the porphyrin. I the dehydration-

phosphate activation idea (by the 9-10 enol of chlorophyll) turms out to play

& role, we would then have a third powerful selective factor favoring the chloro-

The emerging liklihood that the proaucto of two different qpantum conversion

u acts can collabo ate 'to produce t.e products of photosynthesis more ef;lce_ntly

56-60

than either one alone must be considered. One of these processes seems to be

12,15 It hes been suggested that the

otner is electron transfer to oxidlzed cytochrome.59~

An alternetive pair of
be '

" grensfers would/no culorophyll (from cytochrome) anéd Zrom chiorophyll (to qﬁinene |
S or disulfide).. The experimental qpestion as to whether cither ene of these %o
w‘different quantunm ecﬁe'gggggtcould accomplish the ﬁhole ef photosynthesis, albeit

at reduced efficiency, bas yet to be unequinocally answeied. In eny case, the -

© ¢ollaboration is'surely a late addition.

The mcchanism and the detailed chemical ond physical reasons for ‘the ad-

vantage of the chlorophyll over the porphyrin remains for the future to discover.

v,-It is ofvinterest to examine the paleontological record to see if it might De
possible to (1) confiym the notion that heme (cnd 1ts oxidative function) pre~
. ceded the appearance of large amounts of oxygen in the earth's atmosphere for

 whose presence oxygen-producing photosynthesis seems to be the only competent

| i

~s -




- T -39 B

]
geoqhemical process; ahd (2)'if confirmed to date, the gppearance of chloro- ‘

phyllous Pigments. The presence of both heme and cblorophyll fossil molecules

" in petroleum and other organic minerals has long been knox_m.é2 The principal

]

5ope of distinguishing between these two origins lies ih the'possible presence

of a carbon ubgtltuent on tnc delta~-carbon atoms of uheve substances derived

from chloropnyll with its- lcocyc;ic ring. Tu.e relatlve stabillty of other possibvle
distinguishing features, and even the structure of sone of_the baCterial chlpro-
phylls (Chlorobium), are not yet known to us. Preéumably bacterial photééynthesis,
producing as it Qoes only ATP (no oxygen), is & more primitive process and, there-
fore, the pignmentis there involved might be_expected.to have‘appeared earlier.

As yel, no porphyrin at all has been unequivocally found in Pre-Cambrian formations
although the presence of fossll forms strikingly resemblipg‘in morphology the
blue-grczn algae have been descrloed by Bargnoorn.63 . |
As early as 1937 Hans Fischer, in discussing chlorophyll, said: 'In historieal -

development ve regard hemin as the older dyestuff; 6h but he did not give expllc1t~

) re8sons. These were undoubtedly basea on structural chemical relationships end in

view of our modern knouledge of tne preaent-d&y bzosyntbetic relatzonship, hc will

probably turn oat to be r*ght.

LN 7
-
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