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* CHEMICAL EVOLUTION 

Melvin Calvin 

Laboratory of Chemical Biodynamics, University of _ 

, . ** California, Berkeley, C~lifornia 94720 

INTRODUCTION 

The question of the origin of life on the earth and the nature of 

chemical evolutionary processes which could have given rise to it is one 

which has engaged the minds of men since they first contemplated the· 

nature of their place on the earth and in the universe. I However, the 

most acceptable view in scientific terms today is one which s,tems primari ly 

from the concepts fi rst carefully and clearly enunciated by Charles Darwin 

in his early writings. The basis for his discussion was primarily the mor-

phological and functional forms of today's living things, in their great 

variety, as well as what was known about the morphology of organisms that 

had disappeared in geological time as they were exhibited in the paJeontolo-

gical record in the rocks. The only record that was available then; and 

perhaps almost the only one which is still available, is the shapr and 

structure of historical organisms as they have been preserved in the 

earth's sedimentary rocks. On that basis, Darwin was able to formulate 

* Transcription of talk presented for Mitsubishi Kasei Institute of Life 
Sciences t Asahl-Kodo Hall, Tokyo, Japan, May 18, 1974 . . ~ 
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his general hypothesis of biological evolution, which is, perhaps, best 

expressed by the title of a paper which he never used. The title whi~h 

he and Wallace proposed was liOn the Tendency of Varieties to Depart In- '. 
definitely from Original Types ll

• It seems to me that these words express 

best the fundamental idea of Darwinian Evolution, namely, that two species 

which exist today as independent species, if followed back in time, were 

originally two varieties of the same species. So, if one goes forward in 
, 

time, individual variations would gradually spearate in time to become 

new species. Looking forward in time, they separate; looking' backward 

in time, they come back together. If one follows the reverse-time pro-

cess sufficiently far back, one must arrive at a time, and a condition, 

in which there was only 'one original species -- one type of organism --

from varieties which became today's separate species. If one goes still 

further in such d backwards extrapolation, reaching that point in 

which the individual living thing was only one variety of many different 

kinds of molecular aggregations (collections of molecules), one can see 

that the transition from molecules to a living thing is'a continuous one. 

Thus, one reaches back into the history of the earth to a period when 

the earth had no living things, only molecules. And, one can go even 

further back to that time when there were no molecules, only atoms, 

bringing us to the period of the evolution of the elements themselves. 
.. . 

. As Darwin realized, and expressed in his unpublished paper, there 

was a continuity in evolution, ultimately arriving at a single successful 

starting point. That starting point is what we tend to mean by the lIorigin" 

of living matter. Darwin wrote a very interesting letter about this idea, 

in 1882 In response to a query, statin.g: 



lIyou expressed quite correctly my views where you said that 
I had intentionally left the question of the Origin of Life 
uncanvassed as being altogether ultra vires in the present 
state of our knowledge, and that I dealt only with the matter 
of succession. I have met with no evidence that seems in the 
least trustworthy, in favour of so-called Spontaneous Genera
tion. I believe that I have somewhere said (but cannot find 
the passage) that the principle of continuity renders it pro
bable that the principle of I ife wi 11 hereafter be shown to be 
a part, or c<;msequence, of some general law". 

The statement to which Darwin refers, and which he had forgotten, was, 

written earlier, in 1871: 

lilt is often said that all the~onditions for the first product~on 
of a living organism are present, which could ever have been present. 
But if (and oh what a big if) (this is Darwin's parenthetJcal 
remark) we could conceive in some warm little pond with all 
sorts of ammonia and phosphoric salts -- light, heat,. electricity, 
etc. -- present, that a proteine compound was chemically formed, 
ready to undergo still more complex changes, at the present day 
such matter would be instantly devoured, or absorbed, which would 
not have been the case before living creatures were formed". 

EVOLUTION OF CHEMICALS 

What I propose to dois to discuss a cernin period in that time 

sequence, that period in the time sequence, in which the molecules them-

selves were being formed and transformed and built up to reach, eventually, 

a size and complexity which could contain and sustain the living process 

leading to life as we now know it. 2 What we are going to do is to have 

a look at the essence of the molecular nature of living things as we 

understand them today, to see, first, what it is we must arrive at by 

chemical means. It is not yet possible for us (and I am not sure it ever 

wi 11 be) to find a record .in the rocks of the molecular events which may 

have taken place prior to the appearance of what we call, today, a living 
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thing. Therefore, we must try to reconstruct those possible processes 

from what we know about today's chemistry and see how far we can carry 

them out, experimentally, in the laboratory. 

Before .we begin this "travelogue in time" amongst the molecules 

of the primitive earth, prior to the appearance of living things, let 

us make a quick examination of the molecular principles of tod~y's living 

things. Figure' is a diagrammatic representaiion of the essential prin

ciples of today's living organisms and their construction. 3 A living 
I 

cell is represented in the upper left-hand corner, with the double line 

representing the cell wall. Inside the cell membrane is a cytoplasm 

and inside of that is the cell nucleus which contains the DNA, the 

genetic material of the cell. What is represented here, in diagrammatic 

and mo 1 ecu 1 a r te rms ,i s wha t a ce 11 is capab 1 e of do i ng. I t mus t be ab 1 e 

to copy the DNA of the cell nucleus to make messenger RNA templated 

on pieces of the DNA;" the messenger RNA combines ~ith ribosomes inside 

the cytoplasm to form a poly-ribosome (polysome), synthetic machines 

'which eventually can hook together the amino al..ids in some order designated 

by the template of the messenger RNA to give a protein. Each one of the 

lines in 5, 7 and 9 represents a different amino acid which connected 

In some particular sequence, constitute the structural materials of the 

cell. Reaction 2,3,4 and 10 represent the information-transferring process. 

Group 5 represents the simple amino acids formed in the cytoplasm, 

group 7 are the activated amino acids, and group 9 are the activated 

amino acids on t-RNA. The loaded t-RNAs come together with the template.-

of the m-RNA to make a specific sequence of amino acids. This process is 

a combination of information transfer and energy transf~r, giving rise 

to the flnal product from which the cell is constructed. 

.. 
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Figure I contai~s all of the elements which we must eventually 

describe in molecular terms the appearance of small molecules (amino 

acids), appearance of polymers of those amino acids and nucleic acids 

to give large molecules which ultimately have specific structure, giving 

rise to specific s~apes and sizes. Thus, we have the evolution of molecules, 

the evolution of polymers, the evolution of catalysts and finally the 

evolution of information such that these processes can be repeated over 

and over again, thus leading to biological evolution ultimately. 

There are four elements of molecular evolution which we must try 

to understand: The first is the evolution of molecules themselves, 

the simple of molecules of which living things are made; the second 

is the evolution of large molecules (macromolecules) and structures; 

the third is the evolution of catalysis -- the ability to make specific 

reactions occur with a high degree of efficiency; and, the fourtQ is 

the evolution of information and information transfer processes whith 

allow the two systems to coalesce. 

Let us go back and look at the time sequence in which t~e evolution

ary results are achieved, which is shown in Fig. 2~ In the beginning, 

most of the elements of the universe were in the form of hydrogen, which 

eventually must undergo fusion reactions, giving rise to the higher ele

ments in the periodic table, particularly those important to living 

things: carbon, nitrogen, oxygen, sulfur, phosphorus, halides and 

certain metals, particularly iron which is important for catalytic func

tions In living orga~ismsa Then, the primitive (preblotlc, primeval) 

molecules formed from the organogenic elements with which the earth was 

coated to begin with: methane, ammonia, carbon monoxide, water, carbon 

dioxide, hydrogen sulfide and, of course, hydrogen. These first three 

J 
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stages present no chemical problem, since the first two are nuclear and 

the third is simply the result of the presence of carbon, hydrogen, 

nitrogen and oxygen at a low enough temperature to produce the small, 
. 

primitive molecules. However, the next stage of chemical evolution, 

from the organog~nic molecules to the biomonomers, has been the one area 

2c 4 of major progress In the last twenty years. '. The conversion of organo-

genic molecules into amino acids, sugars, nucleic acid bases and other 

carboxylic acids (acetic acid r citric acid) has been achieved in the 

laboratory under the influence of a wide variety of energy sources, 

ranging all the way from the ultraviolet'light of the sun, radioactive 

energy (in the form of ionizing radiation), to mechanical energy {in 

the form of meteoritic sh~ck waves).5 All of these energy sources 

give rise to the transformation of the organogenic molecules to bio-

monomers. I wi 11 not review the detai Is of this molecular transformation; 

this has been done repeatedly. 

The next stage, the stage of the transition from biomonomers to 

biopolymers, ,is more difficult to achieve in t( rms of chemical evolution. 

Most of the rest of the discussion will be concentrated in this area -

formation of biopolymers from biomonomers 3 and the formation of structures 

and function in the'biopolymer region, eventually giving rise to the first 

living organism about four billion years ago. 

With that as an outline, let us examine the nature of the problem 

involving the transition from biomonomers to biopolymers. That problem 

Is best illustrated in the formation of polypeptides and nucleic.acids, 

shown in Figures 3 and 4. In each of those cases, in order to make the 

biopolymer from the biomonomer, it is necessary to remove a water molecule 

.... 

" 
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between the two monomers. The removal of the water molecule in every 

case is the essential chemical reaction which must be achieved. 6 ,7 

To achieve that water removal in the presence of water itself is sometimes 

very difficult. However, we know that it can be done if the conditions 

are correct, because that is what occurs today in every living organism. 

Proteins, polysaccharides, lipids are all made by such a water-removal 

process, in the presence of water. Every organism is mostly water, and 

these processes are taking place in the presence of water itself. 

It was necessary to devise a special kind of chemical reaction 

which would allow the condensation polymerization to take place. That 

same kind of reaction is required as well for nucleic acid formation, 

shown in Figure 4. In this case, there are three different places 

in which the removal of water is required to produce the polynucleotide: 

between the No.9 hydrogen of the adeni~e and the hydroxyl of the ribose 

to form adenosine; the removal of water between the No. 51 carbon 

atom of adenosine with the phosphoric acid; and, finally, the removal 

of water between the second phosphoric acid hydroxyl group and the No. 3 1 

carbon atom of another adenosine to form the polymer. All three reactions 

must take place for polymer formation. 

In order to demonstrate that this dehydration condensation reac

tion could take place, without the intervention ~f biological agents, 

the following experiments were performed: We used a variety of chemical 

reagents which store the energy of ionizing radiation, or ultraviolet 

radiation, agents which are formed very readily from methane and ammonia. 

These are reagents in which the ~arbon-nitrogen multiple bond is contained 

(either a double bond as in the tautomer of cyanamide in which one of 

the hydrogens has moved or a triple bond such as in cyanide ion, HeN). 
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These multiple carbon-nitrogen bonds are high-energy storage sources 

f6r absorption of water and they do not react very rapidly with water 

themselves; they react with the sources of water, preferably. We did that 

type of experiment with glycine, and we were able to make glycine polymers 

by hooking together two or more of the amino acids to form a peptide. 

The polymer so formed is one in which the glycine loses a water molecule 

between the carboxyl grou~ of one molecule and the amino group of another 

to form a dipeptide. The formation of some polyglytines with cyanamide 

is shown in Figure 5. 8 This occurs, of course, in water, and the products 

are diglycine, triglycine and tetraglycine. We have thus demonstrated 

that it is possible to hook together two amino acids to form a peptide 

I ink, even in water. In fact, that process takes place with some degree 

of specificity. When one takes a mixture of several amino acids together 

in the same solution and in the same reaction, it is possible to see 

a certain selectivity of amino acids for each other, as shown· in Table 1.9 

Already, \-/e are beginning to see some intrinsic selectivity between certain 

amino acids. The data in Table 1 (from Steinmar.9) show the experimental 

value for the coupling of glycine-glycine taken as the standard and 

the relative rates of coupling for each of the other peptides are com

pared to diglycine. For example, glycyl-alanine is only 0.8 as efficient 

as glycyl-glycine and alanyl-glycine is only 0.8; if we go' down a little 

further, valyl-glycine is only 0.5, and so on down the scale, until we 

reach phenylalanyl-glycine which is o. I as rapid and efficient as the 

coupling of the two glycines. So, there is already, just in the peptide 

formation itself, some selectivity in the coupling of amino acids with 

each other. The column on the right of table 1, labeled "calculated", 

the the value obtained from known proteins. You can see that the two numbers 

... 
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Table 1 

Comparison of Experimentally Determined Dipeptide Yields and 

Frequencies Calculated from Known Protein Sequences9 . 

Dipeptide 

Gly-Gly 

Gly-Ala 

Ala-Gly 

Ala-Ala 

Gly-Val 

Val-Gly 

G ly-Leu 

Leu-G ly 

G I y- I 1 e 

11e-Gly 

Gly-Phe 

Phe-Gly 

* 
Values (Relative to Gly-Gly) 

Experimental 

1.0 

0.8 

0.8 

0.7 

0~5 

0.5 

0.5 

0.5 

0.3 

0.3 

O. 1 

0.1 

Calculated 

1.0 

0.7 

0.6 

0.6 

0.2 

0.3 

0.3 

0.2 

O. I 

O. I 

O. I 

O. I 

The dipeptides are listed in terms of increasing volume of the side 

chains of the constituent residues. Gly, glycine; Alan, alanine; Val, 

valine; Leu, leucine; lIe, isoleucine; Phe, phenylalanine. Example: 

Gly-Ala = glycylalanine. 

.' 

.j. ; 
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run very close together, suggesting that the original polypeptide which 
~ 

was formed was similar to the ones we have today. By suitable modification, 

that is, elongation, insertion and other such transformations, we get 

the variety of proteins which we now have --about a billion different ones. 

Another method of hooking amino acids together in water solution was 

described by Katcha1sky several years ago. He made use of the fact that 

,the way in which polypeptides are formed today is via the formation of 

an amino acyl adenylate. He used these amino acid adenylates with Mont

morillonite, a'natural1y-occurring clay, functioning as a cata1yst. 10 

Katchalsky was able to demonstrate not only the formation of polypeptides 

b~~ onES containing 20-40 amino acid units. The structure of the molecules 

which Katchalsky used, and how they behave, is described diagrammatically 

in Figure 6. 11 Here, the molecule with which we begin is best represented 

by the second line of the figure, in which you seen an amino acyl 

on the phosphate group of adenylic acid. The reaction was catalyzed by 

clay and is represented by the small "a" under the words "alternative 

reactions". Reaction "b" does not take place. Notice that when reaction 

"a" goes, the result is a polypeptide adenylate. The polypeptide adenyl ate 

was the principal product when amino acyl adenylate in water is brought 

together with the Montmorillonite clay. The possibility of obtaining 

the amino acyl polyadenylate simultaneously, shown in the lower right-

hand part of Figure 6, was also considered, but as yet it has not been 

demonstrated experimentally. The Montmorillonite clay apparently does 

not catalyze reaction "b". 

Here, also, it was possible to examine the reaction for any speci-

flcity which might occur with respect to the combination of one amino 

acid with another. Paecht- Horowitz, one of Katchalsky's students, per-

/ 
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I 

formed this same type of reaction with mixed amino acid adenylates to deter-

mine if there was any selectivity of one amino acid over another. Table 2 ; 

12 shows the results of that study. The relative yields of the bonds formed 

are shown In the right-hand colufTIn. You can see that when the reaction is 

done with a mixed amlno acid adenylate, for example glycine and alanine, 

the homopolymer is.preferred over the heteropolymer. This fact is true 

for almost all of the cases which were studied by Paecht-Horowitz. If we 

examine the heteropolymers themselves, we can see that in some cases there 

is no distinction as to which way the heteropolymer will go, and in other 

cases there is a large distinction. The importance of this observation 

is the fact that it demonstrates that even in a simple polym~rization, in 

which there is no nucleotide template to guide the sequence of amino 

acids, there is already a selectivity In the order in which the polyamino 

acids will be formed. This, I believe, indicates that there is some possi-

bility that the earlie~t protein catalysts (the primitive catalysts) which 

were formed around the trace metals such as iron were formed prior to the 
\ 

appearance of the information-storing and transferring process represented 

i n Fig u re' 1 • 13 

EVOLUTION OF STRUCTURE 

Once the polymers have evolved in the prebioticearth situation, we 

know that they will have a secondary and tertiary structure which is 

intrinsic to the primary sequence of amino acids or nucleotides. That 

secondary structure is a hel ical one, betermined primari ly, in the case of 

polypeptides, by the hydrogen bonding between the amide hydrogen and the 



Table 2 

-!> Relative Yields of Bonds in the Copolymerization Reactions 
of Adenylates of Pairs of Amino Acids 

Interacti ng Re 1 a tive Interacting Relative 
yields of yields of substances S ... nds bonds % subs tances Bonds bonds % 

A1-Al 40 Asp-Asp 55 
A1anine-Adenylate G1"-Gly 32 Asparty1-Adcny1ate Gly-Gly 21 
Glycine-Adeny1ate A l-Gly 15 Glycine-Adenyl ate Asp-G1y 9 

G1y-Al 13 Gly-Asp 15 

Al-Al 23 Asp-Asp 59 
A1anine-Adenylate Val-Val 52 Aspartyl-Adeny1ate Ser-Ser 22 
Valine-Adenylate Al-Val 12 Serine-Adeny1ate Asp-Ser 10 

Va 1-Al 13 Ser-Asp 9 

A1-A1 47 Asp-Asp 36 
Alanine-Adeny1ate Asp-Asp 49 Aspartyl-Adenyl ate Hist-Hist 44 
Aspartyl-Adenyl ate Al-Asp 2 Histidyl-Adeny1ate Asp-Hist 8 

Asp-A1 2 Hist-Asp 12 

.. Al-Al 37 
Al anine-Adenyl ate Ser-Ser 37 
Serine-Adenyl ate A1-Ser 12 

Ser-A1 14 

M. Paecht-Horowitz, '1974 
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amide carbonyl, three peptides removed. That 1s the very familiar alpha-

helical structure. In addition, there is a tertiary structure into which 

the coils are. folded in a very specific manner, and this factor··is very 

important for the catalytic and structural function of proteins. 14 

I want to show that the highly convoluted structure of a protein is 

contained in th~ primary sequence of the protein itself. Figure 7 shows 

the structure <?f myoglobin in two representations of the same molecule, 

wi th one of them showing clearly the sequerrtial amino acids;" I t is easy 

to seethe setondaristructure by tr~cing the dots in the 1eft-hand side 

of the figure. The tertiary structure, in which the helic~l parts are 

folded and bent in an individual and specific'way,is best seen. in the 

rlght-hand-side .. The complete structure, including the Jron heme and 

represented by the black disc in the upper center of the molecule is 

contained in the sequence itself. 

Higher orders of ~trutture may also arise; and the one which I have 

used frequently to illustrate the degree to which structure is contained 

in the sequence IS shown in Figure 8. The upper picture is the 

native tobacco mosaic virus (TMV) , just as it is isolated; it has a 

specific diameter and length and is made up of a single strand of nucleic 

acid around which are packed one kind of protein molecules, ina group. 

We can take that virus particle apart to produce a solution containing 

the protein, on the one hand, and the nucleic acid in another solution, 

on the other. In doing this, we separate the genetic material (a single 

strand of RNA) of the virus from the protein molecules. When we then 

allow the protei-ns to reaggregate in the solution, they form little rod-like 

.' 
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Calvin. Figure 8 
Tobacco Mosaic Virus: 
Native, protein (reconstituted) 
and nucleic acid (reconstituted) 
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particles of indeterminate length (lower left-hand portion of Figure 8). 

This, then, is a reaggregation of the TMV protein in the absence of the 

RNA genetic material of the TMV. If, however, one adds to the ~rotein 

solution the RNA of the TMV, the intact virus particle is seen again, as 

shown in the right-hand view of Figure 8. The structure of the molecules 

(the RNA and the protein) contains all the necessary information to construct 

spontaneously the structure of tobacco mosaic virus. 

I was seeking a regggregated, or reassembled, cell membrane, but 

as yet a complete reassembled cell membrane was not available to me. How-

ever, a partial synthetic reaggregation of lipid and protein to give a 

membrane-like structure can be achieved in the laboratory. The characteristics 

of the membrane structure are contained in the structure of the molecules 

of which it is composed. Figure 9 shows the construction of a membrane by 

a mixture of cytochrome and phospholipid molecules. 15 By subjecting this 

mixture to sonication, vesicles are created which are very reminiscent of 

cell membranes. J6 Near the center is a single membrane surrounding a 

protein solution; the others are multiple membranes surrounding protein 

solutions. Since that figure was made, there have been many cases described 

in which a reassmbly of phospholipids and proteins is achieved to give 

structural ' similarity to a cell, but some of the membrane functions are 

also recovered permeability, for example, ion pumping mechanisms, etc. 

The mechanisms by which selective permeability in the cell membrane is 

achieved are currently under very close investigation. The structure 

of the membrane is commonly believed to be a combination of protein and 

lipid molecules in which the protein molecules are embedded in the bilipid 
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Calvin. Figure 9 
Liposomes of phospholipid 
with cytochrome (Horne & 
Watkins) 

XBB 729-4501 



-24-

membrane, a diagram of which is shown in Figure 10. 17 In this representa-

tion of a membrane, the phospholipid molecules are represented by the 

circl~ with the fatty tails and the protein molecules are shown.embedded 

in the lipid bilayer. This represents the current concept of the membrane 

of a living cell . Considerable progress has been made toward re-

constructing such active biomembranes active in structure but also 

active in function as well. 

Thus, even the highly selective membrane functions of 1 ivfng cells 

are contained in the structure of the phospholipids and proteins of which 
~ 

, ~ 

they are made. One can reassemble the membranes and get spontaneously 

formed membranes which have at least some of the structure and function 

of natural 1 iving membranes. We have, thus, passed through our second 

stage of evolution: We have evolved the biomonomers, the biopolymers 

and the structure. 

EVOLUTION OF CATALYSIS 

I would now like to turn to the problem of the evolution of the 

catalytic function itself. Here, we have a rather interesting development 

which c~n be traced in the laboratory as well as in the nature of existing 

catalysts in the animal and plant world . The basic notion in the evolution 

of catalysis is the role which reflexive catalysis, or autocatalysis, must 

play in all of biological evolution. 18 One living organism catalyzes 

the organization of organic matter into another living organisms, similar 

to itself. In that sense, all living organisms are simply systems of 

reflexive catalysts for manufacturing themselves. Autocatalysis as the 

. . 

~ 
I 
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The lipid-globular protein mosaic model· with a lipid matrix (the fluid mosaic 
model); schematic three-dimensional and cross-sectional views. 
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chemist normally knows it is simply a single stage of such a complex pro-

cess which goes on in living organisms. 

Figure 11 is a representation of the process of autocataly~is. Sub

stance A is present in a medium and can be transformed either- into B, C 

or D. If 0 is an autocatalyst it will very quickly transform all of A into 

o only. This is an example of Darwinian selection for adaptive properties 

in a particular environment. 

The evolution of a catalyst for the reaction of hydrogen peroxide to 

water and molecular oxygen is a well known example of autocatalysis and 

is depicted in Figure 12. This illustrates how the catalytic function can 

be improved with time and selection. It shows what happens to the ability 

of iron ion to catalyze the decomposition of hydrogen peroxide to water 

and oxygen. The bare aqueous ferric ion has a catalytic ability represented 

by 10-5 • If, however, that iron ion is incorporated into a porphyrin 

molecule, such as a heme, the catalytic capability of the irQn has been 

increased by a thousandfold, to 10-3. If, further, one builds that heme 

into a protein such as catalase, which has a rather specific structure 

holding the two imidazole groups on either side of the iron, the catalytic 

function increases once more, to 105. Thus, you can see the primitive 

catalytic function of the iron which is present in sea water as ferric 

ion can be evolved by, first, putting it into heme and then into a protein 

and then the protein itself developing the highly catalytic function of 

catalase. 

The other half of the photodecomposition of water which takes place 

In photosynthetic organisms is the ability of some organisms to use 

or evolve hydrogen in various ways. We are just now beginning to learn how 
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we can organize iron into a catalyst which might be capable of reacting 

. h h d . .. h d 19,20,21 Th .. b Wit Y rogen, or generating y rogen. ere eXists In anum er 

of primitive photosynthetic organisms, as well as in some bacteria, a 

catalyst known as hydrogenase, an enzyme which will catalyze the reaction 

of hydrogen with a variety of other materials. In some cases, the hydro-

genases can be used to evolve hydrogen from the organism, when it 

is receiving its energy from the 1 ight, as in the case of photosyntheotic 

organisms. 22 The structure of this type of compound, in which the hydrogen 

is activated {and in which the nitrogen may be reduced)2 3,24 is very 

different from the structure of the compound and its iron shown in Figure 12. 

The one known structure which has been published is that of bacterial 

ferredoxin, shown in Figure 13 (on the left-hand sid~) .25 Bacterial ferre-

doxin is made up of a complex protein, containing two distorted cubes of 

iron and sulfur atoms which have exactly the same structure and they' 

are in two different places in the protein. A synthetic material, very 

similar to that distorted cube in the bacterial ferredoxin, has been 

made, using iron and sulfur and benzyl mercaptan. The x-ray structure of 

that synthetic material is shown on the right-hand side of Figure 13. 26 

There are four iron atoms, four sulfur atoms and four mercaptides. The 

important idea to remember here is th~t these ferredoxins are not involved 

in oxygen evolution but are involved in hydrogen transport the other 

side of the oxygen scale. Also, these distorted cubes (and things 

related to them) have been found in single units, in double units (bacterial 

ferredoxin) in a variety of bacteria and algae. The hydrogenase structure 

is simpler, containing only two iron atoms instead of four, the structure 

of which is shown in Figure 14. This structure is merely suggested, and 

not completely elucidated. 22 Figure 14 shows green plant ferredoxin and 
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hydrogenase, with two iron atoms, two sulfur atoms and four mercaptides. 

The structure, which is very similar in properties to that of the known 

bacterial ferredoxin cube structure, has not yet been demonstrated un

equivocally for either green plant ferredoxin or for hydrogenase. However, 

I feel confident that there is enough circumstantial evidence to say 

that this will be ~ery close to the structure of green plant ferredoxin 

and of hydrogenase when those materials are analyzed by x-ray crystallo

graphy. 

The question is: How could such a structureevolve7 It occurred 

to me to examine the structure of the commonest iron-sulfur mineral, 

namely, iron pyrite, to see if that iron pyrite could give rise to a 

dimeric iron-sulfide structure by interaction with hydrogen sulfide of 

the primitive atmosphere. A possible route by which this process could 

have occurred is shown in Figure 15. Starting with iron pyrite structure 

and reacting with hydrogen sulfide (which w~s present in the primitive 

atmosphere of the earth) it is possible to form a dlmeric structure 

which, upon further electron and hydrogen transport followed by ligand 

exchange27 , would give rise to a dimeric structure which would be exactly 

analogous to the structure of the hydrogenase and ferredoxin. It remains 

for experiments to determine whether such a system as this can indeed· 

operate, and this is where the problem of the evolution of the hydrogen

generating system now stands. 

There are many other, more sophisticated examples which could be 

used in our discussion of autocatalysis. However, the two discussed here 

show that the nature of the catalytic function is sharply effected by 

the nature of the surround of the iron atom: In on~ case, porphyrin and 
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protein is uSled to produce an iron atom which iS',involved in oxygen reac-
. I 

tions and in the other case sulfur and sulfide are used to produce a set 

of iron atoms involved in hydrogen reactions. 

EVOLUTION OF INFORMATION 

This is the last>.of 'theevolutibnary pr.oblems with which we have to 

deal -- the coupling of the information carrying polynucleotide and the 

catalytic function carrying polypeptide. How could that have happened? 

We now know what the code for such coupling is, shown in Figure 16. You 

will recall that in Figure 1 was depicted how the living cell produces 

a particular polypeptide and depends on a co'de in which three bases in a 

sequence code for a particular amino acid in order to produce a parti~ 

cular amino acid sequence from the polynucleotide which codes for it. 

For example, three adenine bases in a single sequence code far lysine, as' 

shown in the upper left-hand corner of Figure 16; or, three uridine 

bases in a sequence code for phenylalanine. The question is: How could that 

code have evolved? It is clear that the code had some redundancy, some 

repetitiousness in it, and, in many cases, it looks as though the code 

started out as a two-letter rather than a three-letter code. For example, 

two A's in sequence is enough to code for lysine, whether the third is 

an A.or G. However, two A's in sequence is also the code for asparagine, 

and one would have to distinguish between them by adding a third letter. 

Thus, the code probably started as a single base code, then a doublet 

and now a triplet. 

How did the coupling evolve? I think this code arose not by accident 

but because of the peculiar chemistries of the various bases and the 
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FIRST LETTER 

A C G 

AAA Lys CAA Gin GAA Glu AAG CAG GAG 

AAC Asn CAC His GAC Asp 
AAU CAU GAU 

ACA CCA GCA 
ACG CCG GCG 

ACC Thr CCC Pro GCC Ala 

ACU CCU GCU 

AGA Arg CGA GGA 
AGG CGG GGG 

AGC CGC 
Arg 

GGC 
Gly 

Ser 
AGU CGU GGU 

AUA llu CUA GUA 
AUG Met CUG GUG 

AUC CUC 
Leu 

GUC 
Val 

Ilu AUU CUU GUU 

~alvin. Figure 16 

I The code 

u,' 

UAA Termi-
UAG nate 

UAC Tyr UAU 

UCA " 

UCG 

UCC Ser 
UCU 

UGA Term. 
UGG Trp 

UGC Cys 
UGU 

UUA Leu UUG 

UUC Phe UUU 

XBL729-4743 



-36-

peculiar chemistries of the various amino acids. Ido not believe that the 

origin of the. code is a "frozen accident" of some sort. 28 ,29,30 I believe 

it is a consequence of the chemistries of the bases and of the amino acids. 

There ar~ two sets of experiments which I can describe whlch give some 

idea of how the coupling of information-bearing molecules, such as the 

polynucleotides, with the catalytic-bearing molecules, such as the poly-

peptides, might have occurred. In the laboratory, we tried to see if 

we could find specific relations between some amino acids and some parti

cular bases. The first experiment of this sort was as follows: A parti

cular base (either adenine or cytosine, A or C) was attached to a synthetic 

polymer and then the relative efflciency, or rate, by which diffetent 

amino acids reacted with that base attached to a polymer, were measured. 

This was, if you like, a "model" of a very primitve transfer-RNA. 31 

This was done for two bases and two amino acids. The chemistry of the 

experiment is given in Figure 17, which shows the reactions used for 

the coupiing of the polymer-AMP complex with the anhydride form of an 

N-protected amino acid. The percent of bound nu~leotide reacted is 

shown in Table 3. 32 We hooked two bases, adenine and cytosine to 

Table 3 

Percent of Bound Nucleotide Reacted 

Amino Acid/Base Adenine Cytos i ne. 

Phenylalanine 6.7 2.9 

Glycine. 10.0 6.5 

" 
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the polystyrene and then measured the efficiency with which phenylalanine 

Is ~oupled to adenine and cytosine; we also measured the efficiency with 

which glycine is coupled to the bound adenine and cytosine. Here, again, 

there is a difference. We thus have the beginnings of the evidence that 

even with one amino acid and one base there is a kind of selectivity 

intrinsic in the structures. We now must explore this idea with larger 

groups, i.e., two (and more) bases and different amino acids. 

A different experiment of this typ~ was devised by one of my former 

students, Professor C. A. Ponnamperuma. ~nstead of hanging the base on 

the polymer and measuring the coupling of the free amino acid to the base 

on the polymer, he did it the other way around. He put the amino acid on 

the polymer and then he examined the abi lity of that polymer to non-

covalently hold various nucleotides. The results of this experiment are 

shown in Table 4. 33 Here, the results are with di- and tri-nucleotides, 

and several different aminQ acids. It is very interesting to·notice 

the difference with which glycine-bearing polymer adsorbs the various 

bases and has a greater selectivity for AU thap AGU, and this difference 

also appears with the tryptophan but in the opposite direction. This 

experiment shows even further the beginnings of selectivity of interaction 

which is chemical and not an accident. 

am convinced by my chemical background that the code has a chemical 

base and is not a sheer accident. 34 We now have two kinds of evidence 

that this can indeed be the case, and even some theoretical background. 35 ,36 

The high degree of selectivity which exists today has yet to be demon-

strated, but the rudiments of such a selectivity have now been shown in 

at least these two preliminary types of experiments. 

{", 
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Table 4 

Selectivity Coefficients for the Binding of Oligonucleotides to 

Immobilized Amiono Acids33 

UpGp' 

10.32 

13.44 

95. 1 

101.3 

GPUp 

14.05 

14.39 

42. 1 

56.2 

ApUp 

23.6 

27.5 

187.5 

177.6 

ApApUp 

63.9 

60.0 

2045 

1817 

GpApUp 

16.6 

19.4 

60.4 

65.4 

ApGpUp 

10.9 

13.0 

173 

197 
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As a late comment on &iological evolution in response to the 

physical environment, I would like to show how photosynthetic organisms 

have evolved over the years (4 billion years or so) to fill up all the 

useful light space available to them. The dark line in Figure 18 is the 

wavelength of light avai lable to the photosynthetic organisms, and the 

other lines represent different organisms which hav~ evolved over the 

years of the existence of photosynthetic organisms. You can see that , 
the biological evolution has filled all of the p~ysical light niches 

avai lable to it. This is an e~ample which is useful and instructive. 

Finally, I would I ike to show you a picture (Figure 19) which 

a Dutch artist created about thirty years ago. Here is another way of 

describing the nature of the evolutionary process in very satisfying 

human terms. This picture, Verbum (as the word in the center says) was 

drawn by Maurits Escher, a Dutch artist, in 1942. It shows in a graphic 

wayan artist's conception of the unitary character of !.ll life on the 

earth. Li fe began wi th the word "Verbum" in the center, and as the day and 

the night wore on, as time went forward, expanolng out\'tards, the variety 

of organisms gradually increased in a slow and steady evolutf'on. 
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Calvin. Figure 19 
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