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INTRODUCTION

Thevquestion of ‘the origin of 1ife on the earth and the nafure of
chemicalvévqutiohary prdcesses which could have giQen:rise to:it is one
whfch Has engaged the minds of men since they first con;emplated’the'
nature'ofithefk'pléce on the earth and in the universg.] Howeyer,‘the
"most accéptable view in scientific terms today is one which stems primarily‘
from the concepts firgt carefully and clearly enunciated by Charles Darwin
in his early writings. The basis for his discussion was_primarily the mor-
phological and functiona] forms of tpday's ]iving thinés,.in'their,great
v;riety, as wé]l as what_was known about thé morphology of organisms that
had disappeared in geological time as they were exhibited in the paleontolo-
gical record in the rocks. The only record that was availablé theﬁ; and
perhaps almost the only one‘which is still available, 'is the Shapf and
'sfructure of historical organisms és’they have beenvpresérved;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, Asahi-Kodo Hall, Tokyo, Japan, May 18, 1974,

** The preparation of this paper was sponséred by the U.S. Atomic Energy
Commission. :



his general hypofhesis of biological evolufion, which is, perhaps, best
expressed by the title of a paper which he hever used. The t}tlé thch

he and Wallade proposed was ''On the Tendehcy of Varieties to Deéart In-
definitely from Original Typés“. It seems to me that these words expfess
best the fundamental idea of Darwinian Evolution, namely, that two speciés
which exist today ;s independent species, if followed back in time, were
originally two varieties of the same species. So, if one goes forward in

AN

time, individqal variations would gradually spearate in timé to become
new species; Looking forward in time, tﬁey sepgrate; looking backward
vin timé, they come back together. |f one follows the reverse-time’pro-”
cess sufficiently far back, one must arrive at a time, and a condition,
in which there was only'ohe original Speﬁies - one type of organism --
from varieties which became today's sepérate Spécies. ]f ohe goes still
further ih such a backwards extrapolaffon, reaching ;hat point in

which the individual living thing was only oné variety of many different
kinds of molecular aggregations (collections of molecules), oﬁe can see
that the transition from molecules to a living thing is'a.continuohé one.
Thus, one reaches back into‘the history of the earth to a period when

the earth had no living things, only molecules. Ana, one can go even
further back to that time when there were no mblecules, only atoms,
bringing us to the period Qf the evolution of the elements themselves.

_As Darwin realized, and expressed in his unpublishédvpaper, there

was a continuity in evolution, ultimately #rrfving af"a single successful
starting point. That starting point is what we tend fo_mean by the 'origin"

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

in 1882 in response to a query, stating:
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'"You expressed quite correctly my views where you said that

| 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 | dealt only with the matter
of succession. | have met with no evidence that seems in the
least trustworthy, in favour of so-called Spontaneous Genera-
tion. | believe that | have somewhere said (but cannot find
the passage) that the principle of continuity renders it pro-
bable that the principle of life will hereafter be shown to be
a part, or consequence, of some general law'.

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

written earlier, .in 1871:

"It is often said that all thekonditions for the first production

of a living organism are present, which could ever have been present.
" But if (and oh what a big if) (this is Darwin's parenthetical ‘

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-l'propdse to do is to discuss a certiin period in that fime
sequence, that period in the time sequence, 'in which the hoiecules 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.z ‘What we are g§ing 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 fs we must arrive at by
chemical means. It ié not yet possible for us (and [ am not sure it evef
will be) to find a record }n the.rocks bf the moiecu]ar events which ma?

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 andbsee'how far we can carry
them out, experimentally, in the laboratory.

Before we begin this “travélogue in time" amongst the m;lecules
of the‘primitive.earth, prior to the appearance of living things, let
us make a quick examinétioh'of the molecular prihcip]es of today's living
things. Figure | is a diagrammatic representation of the eésentiaj prin-
iciples of today's ]iving organisms and their constructibn:3 A living |
céll is represented in the upper left-hand cbrner, Qith the double line
representing the cell wall. Inside the cell membrang is a cytoplasm
and inside of that is the cell nucleus which contains thevDNA, thev‘
genetic maferiai of the cell. What is.represented here, in diagrammatic
and molecular terms, is wHat a cell is capable of doing. It must be able:
to copy the DNA of the cell nucleus to make messenger RNA templated
‘on pieces of the DNA; the messenger RNA combines with rfboSoﬁes inside
the cytoplasm to forﬁ a poly-ribosome (polysome), synthetic machines
which eventually can hook together the amino a.ids in some order designated
by the templaté of the messenger RNA to give a proteiﬁ. Each one of the '
lines in 5, 7 and.9 represents a different amino acid which connected
in sdme-partithlar sequence, constitute the structural materials of the
cell. Reaction 2,3,h.and 10 represenf'the information-transferring process.
Group 5 represents the si%#le amino aﬁids formed in the cytoplasm,
group 7 are the activatéd amino acids, and group 9 are the acfivated
' amfnd acid§ on tfRNA. The loaded t-RNAs come together with the templéte,',
. of the ﬁ-RNA to make a specific sequence of amino aCi&s. This process is

a combination of information transfer and energy transfér, giving rise

“to the final product from which the cell is constructed.
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Figure 1 contains all of the elements which we must eventually
describe in molecular terms -- the appearancé'of smé]l molecules'(amino
acids); appearance of polymers of those amino acids and nucleic acids
to.give large mplecules which ultimafely have specif?é_structure, giving
rise to specific.shapes and sizes. Thus, we have the evolution of molecules,
‘the evolution of polymers, the evqlution of catalysté and finally the
evolution of information such that these bf0cesses can be repeated over’
and over again, thus ]eading.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 thiﬁgs are made; the second
is ;he evolution of large molecules (macromolecules) and structures;
the third is the evolution of catalysis -- the asility to make specific
reactions occuf witﬁ a high degree of efficiency; and, the fourth is
the evolution of information and information transfer processes which
allow the two systems to coalesce,

Let Qs go back and look at the time sequence in which the evolution-
ary results are achieved, which is shown.in Fig. 2. In the‘beginning,
most of fhe'elements 6f the universe were in the form of hydrogen, which
eventually must undergo fusion reactions, givfng rise to the highef ele-
ments in the beriodic table, particularly those important to living
things: carbon, nitrogen, oxygen, sulfur, phdsphorus, halides and‘
certain métals, particularly iron whiéh is .important for catalytic func-
tions in liVing_orgahismsm Then, the primitive (prebiotic, primeval)
molecules formed from the organogeﬁic elements with which the earth was

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

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

e
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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 qf carbon, hydrogen,
nitrogen and oxygen at a low enough temperature to prbduce the small,
primitive molecules. However, the hext_stage of chemical eyoldtion,
from the.organogenic molecules to the biomonomers,'has‘béen the one area
of major progfess in the last twenty years.zc’é The conversion.of organo-.
‘genic molecules into amino acids, sugars, nucleic acid bases and other
carbo*ylic acids (acetic acid, citric acid) has been achieved in the
léboratory 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 jonizing radiatioﬁ), to mechanical energy (in
the form of meteoritic shock waves).5 All of these energy sources
give rise to the transformation of the organogenic molecules to bio-
monomers. | will not review the details of this molecular transformation;
this has been done repeatedly. |
The next stage, the stage of the transition from bfomonomers to -
' biopolymers, is more difficult to'achfeve in terms of éhemicalbevolutiqn.
Most of the rest of the discussioﬁ Will be concentrated in this area --

3

formation of biopolymers from biomonomers ahd_tﬁe formation of structures
and function in the'biopolymer region, eQentually giving rise to the first
living orgaﬁism about four biilion years ago.

:- With that as an outline, let us examine the'naturé of the problem
involving the transition‘from biomonomers to biopolymeéé. 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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betw¢en the two monomers. The removal of the watér moleéule in every
case is the essential chemical reaction which must.bevachieved.s’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 whét occurs today in every living organiém.‘
Proteins, polysaccharides, lipids are all made by such a water-removal
process, in.the presence of water. Every organism is mostly water, and
ihese proceéses’are taking place in the presence of water itself.

It was necessary to devise a special kind of chemical reactiéh

~ which would allow the condensation polymerization to take place. That

same kind of reaction is required as well for nucleic ééid formation,
shown in Figure 4. In this case, there are three different places

in which fhe removal of wéter is requirea to produce the polynuclebtide:'
'between the No. 9 hydrogeﬁ of the adenine and'thé hydroxyl of the ribbse
to form adenosine; the remo&al of water between the No. 5' carbon

atom of adenosine with the phosphoric acid; and, finélly,'the removal

of water bétween the second phosphoric acid hydroxyl group and the No. 3'
carbon atom d%vanother adenosine to form the polymer. All three reactions
must take place for pplymer formation.

In order to demonstrate that this dehydration condensation reac- :

tion could take place, without the intervention of biological agents,

the following experiments were pefformed: We uéed aivariety of chemfcai
- reagents which store the energy of ionizing radiation, or ultraviolet‘
radiation, agents which are.formed very readi}y from methane énd ammonia.
These ‘are reagents invwhigh the tarbon-nitrogen multiple bond fs contained
(efther a double bond as in the fautomer of cyanamide in which one of

the hydrogens has moved or a triple bond such as in cyanide ion, HCN).

[
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These multiple'carbon;nitrogen bonds are high-énergy storage sdurces

for absorption‘of water and they do not react very rapidly with watef

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

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

by hooking terther two or more of the amino acids to fdrm a peptide.

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

between the carboxyl group 6f one molecule and the amino groupvof another

to form a dfpeptide. The formation of some polyglydinés with cyanamide

: fs shown in Figure 5.e This occurs, of course, in watef,yand the produﬁts
are‘diglycine, triglycine and tetraglycine. We have thus demonstrated

that it is po$sfble to hook together two amino agids to form a peptide
link, even in water. In fact, that process fakes,pface 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, we are beginning to See some intrinsic selectiQity between certain

amino‘acfds. Thé data in Table 1 (from Steinmang) 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 diglyciné.»For‘example, glycyl-alanihe is only 0.8 as efficien;

as glchI—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 0.1 as rapid and efficient as tﬁe

coupling of the two glycines. So, there is already, just in the peptide
formation itself, some selectivity in the codpling of amino acids wifh_ﬁ

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 froh»Knowu Protein SequenCes9‘

Values (Relative to Gly-Gly)

ok

Dipeptide Experimental ' Calculated
Gly-Gly ) _ 1.0 | 1.0
Gly-Ala 0.8 0.7
Ala-Gly 0.8 | 0.6
Ala-Ala 0.7 ' 0.6
Gly-val 0.5 0.2
Val-Gly 0.5 | | 0.3
!
Gly-Leu ' ' 0.5 0.3
Leu-Gly - 0.5 ' 0.2
Gly-fle - 0.3 0.1
Ile-Gly | 0.3 | 0.1
Gly-Phe - | 0.1 0.
Phe-Gly 0.1 , 0.1
* 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; lle, isoleucine; Phe, pHenylalanihe. Example:

Gly-Ala = glycylalanine.
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run véry close ‘together, suggesting that the original polypeptide which

was formed w;s similar to the ones we have today. By suitable modificaﬁion,

that is, elongation, insertion and other such transformatibns;'wé get

the variety of proteinSIWhich we now have --about a billion djffe;gnt ones.
Another hethod of hooking"amfno acids together in water solution was

deséribed by Katchalsky 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 écyl adenylate. Hé used these amino acid adenylates with Mont-
. : ’ : \ . : 10

morillonite, a-naturally-occurring clay, functioning as a catalyst.

Katchaisky was able to demonstrate not only the formation of polypeptides

bui enes containing 20-40 amino acid units. The structure of the molecules

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

in Figure 6.'1 Here, the molecule with which we begin is best represenfed
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 Qords "alternative
reacfionS“. Reaction ''b'"" does not take place. Notice that when reaction
"a'' goes, the result is a polypeptide adeny]ate..THe pélypeptfde adenylate
was the principal produét whén amino acyl adenylate in Watér is brought
together with the Montmorillonite clay. The possibility of obtaining
the.amiho acyl polyadenylate simultaneously, shown fn‘the lower right-
hand part of Figure 6, Qas also considered, but as yet if has not been
demonstfated expérimentally. The Montmoril]oﬁite clay'apparently does
not catalyze reaction ”bh.

Here, also, it was possible tovexaMine the reaction for any speci?
ficity which might occur with respect to the combination of one amindv

acid with another. Paecht-vHorowitz, one of Katchalsky's studenté, per;
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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 sfudy. -The relative yields of the bohds formed

are shown .in the right-hand column. You can see that when the reaction is

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

the homopblYmeE'is.preferred over,the'hetefopolymer. This fact i; true
fok,a]most all of the cases which wefe sthdied Ey Paecht?Horowjtz. I f we
examine the heteropolymers themselves, we can see that in some cases‘there
fs no dfstinction as to which way the heteropolymer will go, and in other
cases there is a ]arge distinction. The importance of this observation

fs the fact that it demonstrates that even in a'simple polymerization, in
which there is no‘nucleotide'template to guide the sequence of amino

acids, there . is already a selecti?ity in the order in:which the polyamino
acids will bé'formed. This, | beiieve, indicates that thére fs some péési—»

bility that the earliest protein catalysts (the primitive catalysts) which

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

N\

appearance of the information-storing and transferring process represented

13

in Figure 1.

EVOLUTION OF STRUCTURE

Once the polymers have evolved in the prebiotic earth 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 helical one, determined primarily, in the case of

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



Table 2

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

'Relative

‘-‘. . Relative .
Interacting C Interacting ;
yields of yields of
substances B.nds bonds (%) substances Bonds‘ bonds (%)
- Al-A1 40 . Asp-Asp 55
Alanine-Adenylate G'-Gly 32 Aspartyl-Adenylate Gly-Gly - 21
Glycine-Adenylate Al-Gly 15 Glycine-Adenylate Asp-Gly 9
Gly-Al 13 Gly-Asp 15
- A1-A1 23 Asp-Asp 59
Alanine-Adenylate Val-Val 52 Aspartyl-Adenylate Ser-Ser 22
Valine-Adenylate Al-Val 12 Serine-Adenylate Asp-Ser 10 -
Val-A1l 13 ' _ Ser-Asp -9
A1-Al 47 ' ‘ Asp-Asp 36
Alanine-Adenylate Asp-Asp 49 Aspartyl-Adenylate Hist-Hist 44
Aspartyl-Adenylate Al-Asp 2 Histidyl-Adenylate Asp-Hist 8
Asp-Al 2 _ Hist-Asp 12
' . . A1-A1 37
Alanine-Adenylate Ser-Ser 37
Serine-Adenylate Al-Ser 12
: Ser-Al 14

M. Paecht-Horowitz, ‘1974

-81-.
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amide carbonyl, three peptides removed. That is 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.'

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

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

the structure‘qf:myoglobin in two Eepresehtatidh§ of'tﬁe”samg molecule,
with one ofbthem showing clearly the sequeqtiai amfho acids. It is easy
to-see’thevseCondéryﬁstructure‘by trq;ing thévdofs ikrthe:ﬂéft-hand sidé
of the figure. The éertiary structure, in whiéh the helic;] pérts are
folded ahd.bentvfn»an iﬁdividualland Spe;ificrway,'is best seen_in the
right-héndﬁside. .The_comblefe structure, in;luding the;j}on heme and
repres;ntéd by the black disc in the upper center of the éaieculé is
contained in the sequence itself.

Higher orders of Structure may also arise, and the one which 1 have
used fréquently to illustrate fhe-degree to which structure is contained :
in the sequence s shown in Figure 8.. The upper pi?ture.is tﬁe
native tobacco mosaic Qifus (TMV), just as it is {soiated; it has a
specific diametér and lehgth and is made up of a single strand of nucleic
acld around which ‘are packed one kind of protein molecules, in a 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-sblution,
oﬁ the other. In doing thfé, we separate the genetic méterial (a single
strand of RRA) of the virus from the protein molecules. When we then

allow the proteins to reaggregate in the solution, they form little rod-like
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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 protein
solution the RNA of the TMV, the intact virus particle is seeﬁ 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.

| 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 membfane 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 molecu]es.]5 By subjecting this
mixture to sonication, vesicles are created which are very reminiscent of
cell membranes.16 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 -- permeabilfty, for example, ion pumping mechanisms, etc.
The mechanisms by whiéh 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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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
circles with the fatty tails and the protein molecules are shown embedded
in the lipid bilayer. This represents the current concept of ;he 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 living cells
are contained in the structure of the phospholipids and proteins of which
they are made. Oné&can reassemble the membranes and get spontaneously
formed membranes which have at least some of the structure and function
of natural living membranes. We have, thus, passed through our second
stage of evolution: We have evolved the biomonomers, the biopolymers

—y

and the structure.

EVOLUTION OF CATALYSIS

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

catalytic. function itself. Here, we have a rather interesting development
which can 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.]8 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
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chemist normally knows it is simply a single stége ofnéuch a complex pro-
cess which goes on in living organisms.

Figure 11 is a representation of the process of:autocatalysis. Sub-
stance A is present in a medium and can be transformed either-into B, C
or D. If D is an éutocatalyst it will very quickly transform all of A into
D only. This is an example of Darwinian selection for adaptive pfoperties
in a particular enQironment.

The evolution of a catalyst for the reaction of hydrogen peroxide to
‘water and mojecular oxygen is a well known example of autocatalysis and
fsxdepicted.in Figure 12. This illustr;tes 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

5

by 10 ~. lf, however, that iron ion is incorporated into a porphyrin

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

3

increased by -a thousandfold, to ]0-_. | f, further, one builds that heme
into a protein such as catalase, which ha§ a rather specific structure
holding the/t@o imidazble 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
ionrcan be evolved by, first; putting it into heme and then into a protefn
and then the protein itself developing the highly catalytic function of
caﬁalaée. o | | |
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

with hydrbgen, or generating hydrogen;]9’20’2]

There exists in a number

of primitive photosynthetic organisms, as well as in some bac;eria, a
catalyst known as hydrogenase; an enzyme which will catalyze the,reactién
of hydrogen with a‘vafiety of other materials. In séme cases, the hydro-
genases can be used to evolve hydrogen from the organism, when it

is receiving its energy from the lighf, as.in the case of phdtOSyntheti;
organisms.‘22 The structure of this tYpé of compound, in which the.hydrogén
is activated (and in which the nitrogen may be reduced)zB’ZA,is very
différent from the structure of the compound and its’iron shown in Figure 12.
The one known étructure which has béen published is‘that of bacterial
ferredoxin, shown in Figure 13 (on the left-hand sidé)gzs Bacterial ferre-
doxin is made up of a cohplex brotein, containing th distﬁrted cubes of
iron and sulfur afoms which have exactly the séme stfucture andvthey'_

are in two different places in the protein. A synthetic material, very
similar to that distorted cube in the bactérial ferredgxin; has been

made, using‘jrdn and sulfur and benzyl mercaptan. The x-ray structure of
that synthetic materiai'is shown on the rfght~hand side.of Figure 13.26:
There are four iroﬁ atoms, four sulfur atoms and four mercaptides. The
important idea to remembef hefe is that these ferredoxihs‘are not involved -
in oxygen evolutioh.but a}e invéi&ed in hydrégen transport -- the other
side of the oxygen scale. Also, these distorted cubes (and things

reiated to them) have been found in single units, in double unit§ (bacterial -
ferredoxin) ina variety of bacteria and algae. The hydrogenése 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
bactefialrferredoxin cubé structure,'has not yet been demonstrated un-
equivocally for either green plant ferredoxin or fqr hydrogenase. However,

I feel confident that there is enough circumstantial evidence to say

‘that this will be very close .to the structure of green plant ferredoxin

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

graphy.

The"qﬁestion is: How could such a structureevoive? lt occurfed

to me to examine the structure of the commones t iron-sulfur mineral,
namely, iron pyrite, to see if that iron pyrite could give rise to a
dimeric iron-sulfide structure by interactién with'hydrogen sulfide of
the primitive atmosphere. A possible route by whiﬁh this process coulav
have occurred‘isvshown in Figuré.lS. Starting with iron pyrite structure
and reacting with hydrogen sulfide'(whiéh was present in the primitive |
atmosphere of the earth) it is bossible to form a dimeric_structufe
which, upon further electron and hydrogen transport followed by ligand
exchangez7, Qould give.rise to a dimeric structure which would be exactly -
analogous to the structure of the hydrogénase and ferrédoXin.'It remains
for experiments to determine whether such a system as this can indeed -
operate, and.this is where the problem of the evolution 6f>the'hydrogen-
generating system now stands.

| There are many other, more sOphfsticated 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 one case, porphyrin and_



-32-

Suggested Fe,S,(CyST), center of green plan’f Fd
' and for hydrogenase

XBL741-5015

“Calvin. Figure 14

¢ Proposed structure of plant =:.. .
ferredoxin and hydrogenase




2Fe32 + 2H2$ > 'H4Fezss
' e® “ ‘electromensm

® ‘proton tautomerism

HS o  _So s K
\@2/ \g/H - \@/ \@/
/ \ / \

HST .
HS S . SH RS S_ . _SR
\g/ \g/ 4 RSH \g/ \/ |
| \s/ S RS \s/ er
MODEL FOR ORIGIN OF HYDROGENASE (Fd) B

- Calvin. Figure 15

Model for prlgin of hydrogenase

XBL 745-5139



-34-

'pfotein isusied to produce an iron atom which is'involved in oxygen reac-
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 ‘the“evolutionary problems with which we have to
deal ~-- the coupling of the information carrying poiynucleotide 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 ]iving cell produces
a particular polypeptide and depends on a code in which three_bases in a
sequence code for a particular amino acid in order to produce a parti-
cular amino acfd sequence from the polynucleotide whfch codes for it.
For.example,'three adenine bases in a single sequence code for lysine, as’
shown in the upper left-hand corner of Figure 16; or, three uridine
bases in a seqﬁence code for phenylalanine. The question is: How could that
code have evoived? it is ciear that the code had some reddndancy, some
repetitiousness in it, and, in many cases, it looks és though the code
started out as a two-letter rather than a threé-letter code. For example,
two A's in sequence is enough to code for lysine, whether the third is
an A or G. However, tw§ A's in sequence is also the ééde for‘asparagfne,
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? 1| think this code arsse not by accidént

but beécause of the peculiar chemistries of the various bases and the
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peculiar chemistr?es of the various amino acids. lldO'hOt believe.thét the
origin of thé:code is a "frozen accident' of some sort.28’29;3° | belfeQe
it is a consequence of the chemistries 6f‘the bases and of the émino acidéﬁ
There are two sets of experiments thch | can describe which give some
idea of how the coupling of informatfon-bearing molecules, such as theb
polynucleotides, w?th the catalytic-bearing molecules, such as the poiy-
peptides, might have occurred. In the laboratory, we tried to seévif |
we could fiﬁd specific relations between some amino écids and some parti-
gular bases. The first experiment of this sort was as foflbys:_ A parti-'
cular base (either adenine or cytosine, A or C) was attached to a synthétié
polymer and then the relative efficiency, or rate,'by'which différent
amino acids reacted with that base attacﬁed'to a polymer, were measured. -
This was, if you like,.a_“model“ of a very primitve transfer-RNA.3]
This was dqne'fér two bases and two amino acids. The chemistry of the;.
- experiment is given iﬁ Figure 17, which shows the réactions used.for'jA
v»theicoupiing'of the po]yher-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 Boﬁnd Nucleotide Reacted

Amino Acid/Base' - Adenine Cytosine

Phenylalanine 67 2.9

Glycfne , A 10.0 | 6.5
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the polystyrene and then measured the efficiency with which phenylalanine
is coupled to adénine 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 thé 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 type was devised by one of my former
students, Professor C. A. Ponnamperuma. Instead of hanging the base on
the polymer énd measuring the coupling of thé ffee amino acid to the base
oﬁ tHe polymer, he did it the other way around. He put the amino acid on
the polymer and then he examined the abilitf of that pélymervto 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 amino acids. It is very interesting to notice
‘the difference with which QIYCine-bearing polymer adsorbs the various
bases and has a greater seiectivity for AU than‘AGU, and this difference
also appears with tHe tryptophan but iﬁ the opposife direction. Thi;
experiment shows even further the beginnings of»seleétivi;y of interaction
which is chemical and not an accident.

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

34

We now have two kfnds of evidence

4.35:36

base and is not a sheer accident,
that this can indeed be the case, and even some theoretical backgroun
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 Oligonucieotides to

Immobilized Amiono Acids

33

UpGp - GPUp ApUp ApApUp GpARUp ApGpUp
gly 10.32 14.05 23.6 63.9 16.6 10.9
13,4 14.39 27.5 60.0 9.4 13.0
trp 95.1 42.1 187.5 2045 60.4 173
56.2 177.6 1817 65.4 197

101.3
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As a late comment on biological evolution in response to the
physical environment, | would like to show how photosynthetic organisms
have evolved over the years (4 billion years or so) fo fill up all the
usefui light space available to them. The dark line in Figure 18 is the
wavelength of light available to the photosynthetic organisms, and the
othef lines represent different organisms which have evolved over the
years of the existence of photosynthetic organisms. Y9u can see that
the biological evolution has filled all of the physical light niches
available to ft. Thisbis an example which is;usefu] and ins;ructive.

Finally, | would like to show you a picture (Figure 19) which
a Dutch artist created about thirty years ago. Here is another wéy'bf
.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
way an artist's conception of the unitary character of all l{fe on the
earth. Life began with the word 'Verbum'' in the center, and as the day and
the night wore on, as time went forward, expanaing outwards, the variety

of organisms gradually increased in a slow and steady evolutfon.
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