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THE ORIGIN OF LIFE ON EARTH AND ELSEWHERE . II.

Melvin Calvin™*

* 3¢
Departunent of Chemistry end Lawrence Radiation Laboratory,
University of California, Berkeley, Californis

ABSTRACT

October 19, 1960

The synthesis of relatively complex orgenic molecules by ionizing and
redical mechanisms (induced by high energy radiations, ultraviolet and electric
discherge) from methane, smmonie, water, and hydrogen is described, both
tieoretically and experimentally. It is shown that the molecules which tend
0 be formed under such rendom conditions ere the very ones which todey are
the common bullding blocks in the biological reconstruction of organic meterlal.
Such molecules ere the emino ecids, the simple carboxylic and nydroxy acids,
purines, pyrimidines, etc.

The sappearance of order among such random molecules is induced by two
forces, nemely, sutocatelysis and crystallization. The latter 1is particularly
im portant in the eppearance of highly efficient macromolecular structures and
arrangements which are so characteristic of present-day living orgenisms.

Points of contect of these theories with experiment are indicated, and
where confirmetion has been obteined itis described; and the areas of ignorance,
requiring further experimentation, are defined. A first step in a possible test
of these prebilotic organic syntheses on other astral bodies has been made by
exaemining the orgenic material found in meteorites. The nature of the struc-

tures eppearing therein is indicated.

* Trenscription of address presented before California Section, American
% Chemicel Society, Berkeley, Celifornis, September 19, 1960.
Research Professor in Chemistry, Miller Institute for Basic Research, 1960-61.

*xx¥ The pre aration of this report was sponsored by the U.S. Atomic Energy
Commission.
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THE ORIGIN OF LIFE ON EARTH AND ELSEWHERE

Melvin Calvin

Department of Chemistry and Lawrence Radiation Laborstory,
University of California, Berkeley, Californis

The particular sequence of thoughts lndicated by the title has 1its
origin in my interest in the process of photosynthesis. It began when I
asked the question: Which came first, the plants or the animsls? This
question had been enswered in & varlety of ways, but one can't help but
vonder, as one learns more and more sbout the detalled mechanism by which
living organisms store energy end use it, how they got started in the first
place. Actually, these thoughts began long before we heard of Sputnik and
all of its successors. However, the fact is that 1t is now becoming possible
for us to know, within five years, whether there are orgenic chemicals on
the Moon end what the genetlc nature of the living material on Mars might
be (I em assuming, now, thet there is some.) Within the lifetime of
most of us we will know these things. It therefore becomes a much more
pressing matter for us to surmise how life got here (on earth) 80 as to
have some clue as to what to look for in outer space. Thils is another
gsource of the driving force for inguiry in this direction, and a very
pressing driving force it is.

Therefore, in order to surmise as to wh& we should look for, we
ought to extract some basic idea of the essentlal features of living mater-

ial a5 we know it on the surface of the earth, so we can devise the proper
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instrument to go shead and look for 1t elsewhere. You can cee that there
are sll sorts of pressures to examine this subject in a very concrete and
practical wey, other than the much borader pressure of pure humsn curiosity,
which is the pressure that hes existed since men began to think sbout the

nature of life.

WHAT IS LIFE?

It seems best to begin the subJject with a discussion of what the na-
ture of living metter is and what kind of properties it has which we might
expect to find, end which had to be generated on the surfece of the earth,
and which mey, or may not, be going on elsewhere. Actually, what I em
about to describe to you is nothing more than an extrapoletion of the
Derwinian idea. (It is rather impressive to find so meny scientific people
interested in & serious discussion of the orlgin of life. This would not
have been the case thirty or forty yeers ago. It was a disreputable sub-
ject then, end, in fact, 1t was & disreputeble subject for slmost fifty
years -- between 1870 and 1920. It is rather interes ting to think of why
this heigltened interest in the thinking about this subject has arisen.)
Thoughts about the nature of life itself -- really the first serious ones
in the modern day -~ stem from Darwin himself. You will recall that the
basic contention of Darwin was expressed in the title of the Darwin-Wellace
peper of 1858 which wes ' on the Tendency of the Species to form Varietles;
snd on the Perpetuation of Varieties and Species by Natural Means of
Selection.‘l Darwin had already recognized the significance of this basilc

notion of a varlety to depart indefinitely from original type and become
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new species, and also recognized the significance of a backward extrapolation
of this notion.

Thus if you start out with two species, end accept Darwin's noiion
that these two specles weré originally two varieties of one species which,
in twmn, was once one of & pair of varieties turned speciles, you can keep
going back, and eventuaelly you must come -- and Darwin recognized this as
implicit in his besic notion -- to a point where there was only one type,
or specles, of living thing. Eventually one must come o a point at which what
ve vould have called a living thing, if we were able to view it from a dis-
tance, vas a variety of asggregates of matter, some of which we would
call 'alive' and some of which we would not. Further back extrapolation leads
to varieties of things even more primitive, none of which we would call
alive.

This is the idea of & living organism developing in en evolutionary
sequence of events In time. At some point, when meterisl with a sufficient
number of the desired properties had gathered sround in e single region of
space (a single system) we would call it slive. This 1is the notion %hat
Darwin recognized even in his very earliest works. Shortly efter the pub-
lication of Darwin's thesis there was enother publication, this time by a
chemist, Louis Pesteur, around 186%. He did an experiment in which he showved
definilively that no life could originate on the surface of the earth under
the conditions thati then existed, except that it came from pre-existing life.
The Darwinian notion was completely overshadowed by the Pasteur dictum tuat
one could not obtain living material except from living materisl. Therefore,
no one dared think serioasly that living meterial had some other origin

except from living material. IL come to an end at thet point.
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I vondered asbout that point -- sbout why Darwin never did express
himself explicitly on this matter -- but it turns out that he did, and I

found here his opinion on the origin of life, written in & letter by

Charles Darwin to George Wellich in 1882:

'You expressed quite correctly my views where you say that

I nad intentionally left the question of the Origin of Life
uncenvassed as belng altogether E&izgnxizgg.in the preeent
state of our knowledge, and that I dealt only with the manner
of succession. I heve met with no evidence that seems in the
least trustworthy, in favour of so-called Spouteneous gei.ra-
tion. I believe that I heve somevhere said (but cennot find
the passage) that the principle of continuity renders it pro-
bable that the principle of life will hereafter be shown to

be & part, or e consequence of sOme generai lavwi.......'

Thet passage to which Darwin refers in this letter is as follows; end it
shows the fact thet Derwin reelly did understand the significence of his
* baslc evolutionary contention. This was written in a letter of 1871:

Derwin's Views of the Origin of Life

'It is often said that all the conditions for the first pro-
ductlon of a living organism are now present, which could ever
have been present. But if (and oh! what a big if!) we could
conceive in some werm little pond, with ell sorts of emmonia
and phoe phoric salts, light, heat, electricity, etc. present,
that a proteine compound was chemlcally formed ready to under-
go still morecomplex changés, at the present day such matier
would be instantly devoured or ebsorbed, which would not have

been the case before living creatures were formed.' (Darwin,

2
L and L, 3, 18).
This statement of Darwin, which wes written in 1871, contains all of the
besic concepts which have been the backbone of most 'origin of life’ con-

Jecture, experiment, and ergument, that heve been going on during the last
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fifteen or twenty yeers. The idee wes rediscovered, s0 to speek, by Haldane
in the middle twentie33 and Oparin in the middle thirties.h

Now that we have this idee of continuity, which is so cearly ex-
pressed by the backward extrapolation of Darwin's evolutionary notlons, wve
cen see that to try to pimpeint some moment in time, at wnich {or before
which) there were nec llving things end after which there were; is a
misteke. The acretion of the variety of properties which today we attri-
bute to living metter was & gredual evelutionary process itself, and only
vhen & sufficient number of these properties found themselves in a single
system in space did we call it elive. And this is a rather arbitrary point
at which we will call e thing elive. Eome people belleve that & thing must
be self-reproducing in order to be alives others sey it must convert energy
inte negative entropy; others say 1t must heve the property of irritabllity;
and there are & variety of other such descriptions which have been used to
define living matter. Actuslly, it is the aggregation of a sufficient num-
ver of these properties on one sysitem in space that gives rise to what we
would todsy call a living orgenism. I shall not try to define how many of

chese properties sre necessary, because 1t may differ, depending upon your
point of view -- if you are e chemist you have one point of view and if
you are a geneticist, you have another.

There is no embiguity, of course, in distinguis hing the living from
the nonliving at higher levels. It 1s only at the primitive level that
we have this difficulty, and that very fact is the result of the nature
of living materisl, being, as it is, en esggregation of?more or less arbi-

trarily sufficient number of properties on one system.

I think we must leave the idea of the nature of living materials,
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now, and go on to describe how such & chemical system (physical-chemical
syctem) could i.ive arisen on the earth and then exemine other astral
vodies to cec if there is any possibility (or hope) that such similar pro-

pertiecs might nave occurred elsewvhere.
THE PRIMITIVE ATMOSPHERE

We knowv a great deal more today, I might say, about the nature of
the fundemental living organism -- the actusl physical-chemical processes,
the consvruction and interaction of these molecular particles in & living
organism -- thnn we dld even ten years ago. While one cen make changes
each time this discussion occurs as tc what we must look for, there are
cextain rather primitive requirements which always appear. We must, somehow,
device ways and means?iroducing rather complex forms from relatively simple
ones.,

We have every reason 1o suppose that the primitive earth hed on its
surface only simple orgenic molecules. If 1t was a reducing atmosphere (and
it seems to be generslly egreed now that this is true), most of the carbon vas
very largely in the form of methane or csrbon monoxide (some of it could
have been carbon dioxide but the conteation now is that most of the carbon
was reduced), the nitrogen was mostly in the form of emmonia, there was lots
of hydrogen, and the oxygen was ell (or very nearly ell) in the form of wster.
These, then, presumably;‘wefe thé ﬁrimitive molecules of the primeval earth,
and from these we must now devise a way of constructing the more complex
materials.

It was at this point that we first begen 1o seek experimental ways

of doing this in the lasboratory. This was the first point of contact with
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experiment that I, av least, was able to make roughly ten years ago. (At

that time I wasn't so convinced nor was it so generally mccepted, for that
matter, that the primitive etmosphere was reduced.) We started with carbon
dioxide and water to determine whetlier or not it was possible {0 muke reduced
carbon compounds ﬁithout the presence of ihe photosynthetic system which we
now have We did it by using high energy ionizing radiation or by using ulia-
violet and 1t was easy to show that by irradiating solutions of COn, weter,
and hydrogen, we could get reduced carbon.5 I think that today it i: a lot
easler to do this type of experiment because we now belleve the atmosphere

to be a reduced one. For a reduced atmosphere end the seame kind of lonizing
radiations, instead of using carbon dioxide we use methane, and with ammonia,
water and hydrogen we can get a whole variety of chemicals. The first experi-
ment with the reduced atmosphere and emmonia was done by Stanley Miller in
195336 our experiment with COp and watexr was done in the cyclotron in 1950
end we got formic acid, acetic acid, end things of this kind which are reduced
carbon compounds. When Miller put ammonia into the ges mixture, he got glycine,

alanline, beta-alenine and several other amino acids.

The Time Element

I have overlooked a rather importent point in the course of getting
into the chemistry of evolution and thet is the geologlc time element which was
involved. Figure 1 gilves us some idea of the time scale that we have to deal
with. You can see that we have emple time to do all the things whidi I am going
to describe to you. This not only gives some idea of the time scele, but the

besic idea of the plece of Chemical Evolution is shown here quite clearly.
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Evolution of Man
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Fig. 1. Time Scale for Total Evolution
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Rougily five oo ¢ix billion yeesrs ago the earth wae formed end herdened
into its present shell. Right after the fcrmatlon of tiie crust of the earth,
the processes of imcressing the complexitly of orgenie chemical formation
vegaa, and tils long spun of time (including the Arciegoic sad Proterozoic
peologlic ircas) I neve éallcd Cuaenicel Lvolution, that is, the period of
time during whici chemicels were trensformed from relstlvely simple, pri-
mitive molccewles into the very complex ones wilch eventuelly, souwewhere In
tie middle of this perlod, evolved into some complex system waich had
enouga of the properties whlch we ususally attribute the living orgsnism
so that we are willing to call it alive. At this point, Orgenic Evolution
began (Darvinim evolution). Our discussion will be concerned principelly
with the part of the time scnle vhich I have lsbeled Chemical Evolution
for which we have no fossil record on the surface of tue esrth. We have,

roughly, from two to four billion years to accomplieh these things.

Primitive Chemicols, The Primeval Atmosphzre eand Rendom Orgenic Synthesis

Flgure 2 shows the primitive chemicels with which we had to deal
end which nad to be converted into the more complex ones whileh today repre-
sent metabolites and siructural elementse of a living orgenism. I told you
e moment &go that with carbon dioxide, weter end hydrogen vwe could make
formic acid, and with methene, emmonia, hydrogen and water we could make
meny more compleX msteriels, such es glycine, succinic acid, ete. You
will notice thet all thece moterisls are today important simple metabolites

through which carbon skeletons ore very often resrranged by the present-day
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Fig. 2. Primeval and Primitive Organic Molecules
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1iving organiems. These materirls are also'the very first molecules that
show up in & rendom synthesis, that is, a synthesis which depends primarily
upon the ripping epart of existing simple molecules and the resulting frag-
ments felling togetlier into metesteble structuree, that is metastable

under chese very highly lonlzing conditlons such es I Lhave described. A

few of these compounds are ceugint in this metssteble condition and can be
used for further construction.

This random synthesis, you can see, could go on for quite a while,
but eventually enough of the carbon would be in these forms s0 that the
very seame processes which took these precursor molecules epart would start
ripping the products apart. A few of the molecules would become still more
complex, but some of them would start going back down egeln t0 more primi-
tive forms. So, we heve to introduce some kind of a selection process at
this point which will permit the selectlon of those molecules which have
some self-perpetuating survival value. This process is very famlliaxr to
the chemlsts, i.e., chemists have recognized its existence, and we have
called 1t autocatelysis. Any product which has a catalytic function in
ite own formatlon will, naturelly, help to transform the raw materials
to itself. There ic nothing profound about this ldea to & chemist -- 1t
geews rather primitive -- but it is a rather importent concept. In fact,
it 1s the vexry concept ¢f eelf-reproductlion used by the biologists, if

you want to exirapolate 1t that far.
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EVOLUTION QF CATALYSTS

The catelytic propertics of the primitive materials may themselves
have been rather simple. For exanple, in Figure » we show how we can clage
chose catelytic properties. Here we are discussing the ability of a simple,
hydrated ferric ion to decompose hydrogen peroxide snd give water and oxy-
gen, or act as a peroxidase (oxidation catalyst). Simple aqueous ferric ion
hes & catelytic activity expressed by the number 107° If, however, we
surround that iron atom (iron lon) with a suitasble organic grouping -- in
this cese, heme, a tetrapyrrole -- it turns out that the catalytic ability
of that iron in this very same process has been  enhanced by a factor
of one thousand, reaching 10-2. If we bulld the heme into & still more
complex structure with & protein sround it, we can increase the catalytic
ability by several more powers of ten. The purpose of this figure is
simply to show that the catalytic power residing in the iron for & simple
reaction caﬁ be enhanced by the environment in which the iron 1s placed.7

The question is how cen this come sbout in & natural, evolw ionary
way without heving someone who knows all this decide that it should be so.
The answer is in autocatalysis end self-selection end Figure 4 shows how
one of these things might conceivebly occur. Here you haw a sequence of
reactions, leading from the compounds which we saw were randomly synthe-
sized by radiation {succinic acid and glycine) to the porphyrins. The
sequence of reactions inveolves simple condensation, followed by decar-
poxylation end enother condensation (a double condemsation, really) follow-

ed by a series of oxidation steps, lesding finally to the tetrapyrrole.

If any of these steps is catelyzed by iron end if the iron porphyrin struc-
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RANDOM SYNTHESIS FROM ¢, COMPOUNDS BY RADIATION
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Fig. 4. Biosynthesis of Porphyrin and the Evolution of the
Catalytic Functions of Iron
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tures turn out to be better catalysts for any of these steps than the bare
iron itself, you can see that once this process begins (as it would have
begun here by rendom synthesis end condensation), and en suto-selection
of this sequence would enhance the transformation of the succinic acid
end glycine into delta-aminolevulinic acid and finally into the porphyrin.
There 1s already evidence that in the presence of iron and oxygen (or in
iron and water, for thet matter) and ionizing radietion or even ultra-
violet 1light, one cen actually synthesize small amounts of porphyrin non-
enzymatically, that is by tle primitive eatalytic abllities of the lron

snd the iron porphyrins themselves.8
MECHANISMS OF FNERGY TRANSFER

One other aspect of the living orgenism which is very often slluded
to, the ability of the living organism to transfer energy, is frequently
called upon as one of its primary properties. It 1s often described in
terms of the ability of the organism to transform chemical energy from
one form into enother, ususlly from the form of sugar into the form of
pyrophosphate linkage. This is what most organisms are gble to do today.

The question arises: How does that come about? Here, sgain, I want to
call upon the primitive catalytic abllities and show how this development
of energy coupling systems might develop toward a system that might
actually obtain today. Figure 5 shows how the energy involved in the oxi-
dation of iron (the removel of an electron from ferrous iron to make ferric

\iron), or some part of it, may be used to condense two phosphate linkages



-16-
H H
| 1 0
H-O\ “,O—H T
Fe + AMP-O—F"-O + HO-
/ OH
Coenzyme
[ and/or protein
R
AMP-0-P P-0OH -e~
| | B
0\ /0
Fet*
Coenzyme
and/or protein
o))
o] 0 -
O
amp-0-p" “P-0”
+ & ———
0\ /0
P
Coenzyme

and/or protein

2 H,0

v

-/

o
0 o O .
W% O

amp-0-p" “Eor-+
| I
0. (o]
)e‘/“
Coenzyme
and/or protein
S o

AMP—0—|/ Sp-o-
0. 0
Npets
/ Fe\
Coenzyme

" ond/or protein

ATP

Fig. 5.

Pyrophosphate Energy Storage

MU-8870

UCRL-9440



-17- UGRL-9440

to form & phosphoric anhydride linkage -- & pyorphosphate bond. This sug-
gestion of iron being eble o do this for a variety of reasons vas nade
six or eight yeers ago, and we sctually tried using e bare, or hydrated,
iron ions to synihesize pyrophosphate by oxidizing iron in the presence
of orthophosphate to see 1f we couldn't meke any pyrophosphate.9 We wvere
not eble to demonstrate the formation of any pyroplosphate by simply oxi-
daizing ferrous iron with air in the presence of orthophosphate.

I just learned e few days &0, hovever, that one of my former collecagues
end present associates, Dr. John A. Barltrop at Oxford, has indeed, at
least tentatively, succeeded in doing this. The way he did 1t was by
putting & proper orgenic construction eround the iron. Insteed of using
the bare iron, as we did, he used an iron porphyrin and he wes able 10
show the appearance of pyrophosphate when that ferrous protoporphyrin vas
oxidized to ferric protoporphyrin in the presencé of phosphate.lo I trust
that this will turn out to be a confirmed and successful experilment,
pecause it does give us & clue as to how the iron porphyrin evolved and
how the energy of oxldation of iron cen be stored in the formation of
pyrophosphate .

We have now discussed several sspects of the generation of living
materisl. The first was the conversion of simple compounds intc more
complex ones in & random fashion; second was the suto-selection in which
only certain compounds were formed, from the precursors, which have some
autocatalytic function; end the third was some way in which the energy con-

version and storsge process might have had its beginning.
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FROM CHACS TO ORDER: MOLECULAR CRYSTALLIZATION

All of the ebove aspects of generation of living meterial have been
discussed in terms of molecules in rendom solution, that is molecules pre-
cumebly in water not oriented with respect to each other, merely dissolved,
and randomly moving eround in solution. We know that enother aspect of a
living orgenism is the fact thet it is not random -- 1t isn't Just a big
bag full of molecules behaving raendomly. Whenever you look at a living
organism from 1ts outside -- the whole man, in otherﬁcrds -- Qr into the
innermot part (whether it be a men or a microbe), you find that it 418 an
orgenized structure -- 1t is not simply & sack of catalysts and their sub-
strates. A living organism is & highly orgesnized structure in which all
of the elements are relateg?io another in a rather specific way. This,
to me, calls to mind the idea of crystallization wich msy give rise to
order and we then wonder how the order arose in the first Place, in living
organisms.

The order of a crystal resides in the nature and symmetyry of the
molecular interaction which, in turn, is a broperty of the structure of
the molecule itself -- what its shepe 1s, what its force fields are, ete.
80, the nature of the order that one gets is really bullt into the molecule
itself. We must, therefore, look into the construction of the molecules
themselves to see if there is anything in them which might give rise to

the kind of order we see iIn living things.
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Protein Structure

This 1s nov difficult to do and there are three kinds of macroumole-
cules upon which the structure of living orgenims is based. The first, and
possibly whe wost importent of these, is the protein. The proteins, of
course, sre made up of amino acids in polyr. ptide linkege, the secondary
structure being the helical structure snd the tertlery structure being
the verious ways in whicl tile helix itself is folded. We alreedy know that
the helical structure is at least partly dependent upon the particular geo-
metry of the peptide structure iucelf end this gives rise to the helix.
Tihis, in turn, when i1t is properly pecked will glve rise to actual visible,
nmacroscopic atructure

In fact, In reeent yeurs (just the last year or 50) another bio-

chemist, 8. W. Fox, haes been doing experiments on the conversion of the
simple amino acids into proteinaceous, or proteinoid, material under non-
biological conditions, that is under what he calls prebioclogical conditions.
What he did was to teke & mixture of eighteen to twenty emino acids and
heet them up in molten glutemic ocid, and he wvas sble to get the amino
acids to hook-up together, one to esnother, and make polypeptides of rather
large structure (3,000 to 10,000 molecula welght). He was able to reduce
the temperatures at which he had to perform thls experiment by putting
in some polyphosphate. When he puts polyphosphate intc the reactlon mix-
ture, he finds he cen get proteinoids out of mixtures of amino acids &t
tempextures of around 70-80° and these proteincids are relatively high
molecular weight materials. Furthermore, if he lets the proteinoids cool

out of a clear aqueous solution, they begln to take up various shapes end
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forms which, to Fox at least, have the appearance of cocci and they be-
have 1n some physicel respects as if ihey were splwical orgenisms, or
becteria wnich heve a spherical snape,ll’lg’l5 Already, Just in the
protcinoid materiel itseif, onc cen begin to see¢ structural features built
into the molecular structure itself.

The other easpect of the provein contribution is what it does
1o the catalytlc propervies of the elements witn which it may be esso-
ciated. Both aspects depend upon tue protein comstruction, and Figure 6
ghows the proteln structure. The dotted square surrounds these emino acids,
of the type which we can make by random synthesis, and when the amino acids
ere hooked together by dehydration (the removel of a water molecule be-
tween the acid end the smino group), we get thesge peptide linkages. When
there is a long chain, because of the tendency of the hydrogen on the
amide nitrogen to form & bond with the amide carbonyl of a sultably placed
peptide group (more or less three residues are removed from the hydrogen),
we get the well known alpha-hellx formed which is & built-in element of

order -- built into the polypeptides because of the very nature of the

structure of the peptide linkage

Nuclele Acid Structure

Another major mecromolecule of living orgenisms, sand one which we
have heard & great deal sbout in the last decade, is the genetic material
itself, that is the nucleic acid which, Presumably, carries the information
which the living organism uses to reconstruct itself. The structure of

nucleic acid is also one which has built into it certvein elements of order.
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Figure 7 shows you that nucleic acid is made up of a group of four bases
(adenine snd thymine, and guanine and cytosine) which are held together,
in peirs, by hydrogen bonds. These bases are, in turn, attached to the
ribose, or desoxyribose, sugar. The desoxyribose sugars are each held 1o
their neighbors by phospnate linkeges. You can imeglne the nucleic ecid

a5 made up of a series of flat discs, &long the edges of which are these
ribose phosphote ribbons. If you take the two ribose phosphate ribbons and
twist them into a double spiral you get the kind of siructure which is
seen in Figure 8 which is pretiy certainly a besic structure of the
desoxyribonucleic acid (DNA) molecule.lu The ribose phosphate ribbon is
on the outside, the hydrogen bonds are in the middle holding these disc~
phepe pairs of molecules together,yizz peir on top of the other, flat side
on. This is an intrinsicelly staeble kind of molecular arrangement -- &
sort of moleculaxr crystel -- which corresponds to the stable type of pack-
ing for unsaturated arometic type molecules, or pi-molecules, here repre-
sented by these pairs of bases. Tue nucleic acld slso represents a tyne of
order, which is buillt into the molecule, snd results from the structure of
its component parts.

The question has erisen, and is now in the very forefront of bio-
chemicel study, nemely, what 1s the reletionship of the order of bases in
the DNA helix, which presumsbly contains the information for the repro-
duction of an orgenism, asnd the construction of the protein which was
shown in Figure 6. T is is a very active field of investigatlon, al the
moment. How does the nucleic ecid determine tche s tructure of the proiein,
or how does the protein build the nucleic acid. Which came first -~ that
is the kind of question we are dealing with. In evolutionary terms, the
question is: How could nucleic scid evolve without the protein? How

could the relationship between nucleic acid and proitein have arisen?
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Fig. 7. Molecular Drawing of Components of Desoxyribonucleic
Acid
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Fig. 8. Double Helix Model for DNA
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There is one school of thought which emphesizes that the protein
must have been develeped ﬁrst.l5 There is another group,namely the'gene-
ticists, who say the essence of the living organism is the self-reproducing
nucleic acid (DNA moleculeﬁalj The guestion ¢f how they got to know each
other is not very clear and is, as [ say, the subject of the immedisate
investigation.

It seems to me very likely that the two things srose in the evolution-
ary scheme side by sgide. The random synthesis which was shown in Figure 2
shows none of the nucieic acid particlesy it shows only the amino ecids,
vhich are on the way to proteins. Until now,; there hasn't been any real
evidence that the nuclelc acid components, the beses -- adenine or guanine,
for example -~ can be made by a random synthesis. No one had yet demonstrated

this. {(We will return to this later.)

Relationship between Visible and Invisible Structures

In this stage of the story we must now put these various structural
elements together to form the ordered array which one finds in the living
cell, and I think that one caen call upon the structural featwres of the
molecules themselves, in genexel, %0 glve rise to the macroscopic order
that one sees. Figure 9 shows an electron microscope photograph of
tobacéo mosalc virus (TMV) and this shows the clesr, clean viasible
structure of the TMV virus which is made up of both nucleic acids end pro-
teins. Figure 10 shows what happens if you take the nucleic acid and pro-
tein of tie TMV virus epart and then dump the proteins back into the solu-

tion under conditions such that the protelns will re-aggregate. You will
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notice that the proteins re-sggregate in long, rod-shape porticles, Just
as the TMV itself was, but the lengih of the particles is varied. Tie
nucleic ecid is missing, vut the protein has enough of this structural
element built into it so that 1t re-asggregates in a crystelllzation
phenomenon, giving something which looks very much like the structure of
{the intact virus. If, however, we put the proteiln and nucleic acid back
together again, we find (Figure 11) that the TMV virus particles come out
sboutl the right length.

It 1s quite clear, therefore, that both of these structures (the
protein and the nucleic acld) are required in order to give the right totael
structure for the WMV particle. There is an interaction between tlese two
elements to bring sbout the finel construction. This ls nothing that
has to be done by some unknown ‘force.' These are, if you like, mole-
cular crystelliztion phenomena.

There 1s, of course, an srea of unknown, noncrystalline (colloidal)
and surface chemlstry for the construction of structural featureé, in
whilch we are not a&s fully educated es we ought to be. This is one of the
areas in which we should do more work. However, I don't think you will
find it too difficult to make Lhe next step from the structural features
which we have outlined as intrinsic in the molecular structure itself to

the cordruction of the cell.
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LIFE ON OTHER PLANETS?

With this informetion as & background, we can proceed to the next step.
We heve gone through Chemical Evolutlon right up to the point where we have foiucd
a primitive organism of some sort, «nd from here on the Darwinien selection mechici-
iem cen teke over and I am not going to go any further with thls aspect of tue
discussion.

The next ides I want to take up is the epplication of this type of dis-
cussion to the question of whether we are likely to find that similar events
have occurred elsewhere thon on the earth.l6 Whet do we require? We require,
in order for this sequence of events to occur, a certain temperature renge,
composition of tue atmosphere, snd a variety of other things, all of which
are now defineble. The sequence of events occurred because of the nature of
the carbon atoms nitrogen stoms, hydrogen atoms, etc., giving rise, as they
do, from methene to acetic acid, to formic acid, to malic acid to glycilne, etc.,
_and these, in turn, give rise to proteinoids &nd to the nucleic acid types of
molecules, thus building up in structure the order of living orgsnisms e&nd the
interaction of molecules of the type that are required. All this hinges, In
fact, upon the nature of the elements with which we are dealing, nemely, car-
bon, hydrogen, nitrogen, oxygen, iron, phosphorus, etc.

If we have a set of earth-like conditions (physicel and chemical), we can
expect this sequence of events © occur. T.e question we have to enswer 18t Are
there any other places in which this set of conditions might obtain? Here we
must turn to the astronomers, and they tell us that in our solar system the only
pleces that we are likely to find a set of conditions which would correspond to

the ones which we have Jjust described are on the two neighboring plenets -- Venus

on the inside and Mars on the outside -- and that there is some chence that tuis
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sort of condition might be closely enough approached on each of these two plan-
ets that & similar sequence of events, somewhere contiguous with the ones we
have just described, could have occurred and might even be occurring today.l7
In fact, there is some evidence that on the surface of Mars there are organic
compounds, varying with the geography of the surface and with the seasons.l
However, we are so limited in our ebility toc cobserve that we can Jjust barely
meke out, say, a CH frequency in the reflection spectrum of Mars end we would
like to be able to do betterj end I think we will, within the matter of a few

yeers. (There are other uees of high flying vehicles and satellites be-

sides lookins duwn -~ you can lock up!)

Meteorite Experiments

The other type of experliment which we can do would be t0 go out into
space and collect bits of these various plenets and other places, and dbring
them back to earth to see 1f there any orgenisms in them, or, if not organisms,
to0 see 1f there is anything that might have constituted this prebiologicel
environment that we are talking about. Unfortunately. we can't guite do that
yet -~ it will probably be more then five years before we can do that. But
there 1s mvaillable to us & materisl from tiwse regions of the solar system

which should glve us some kind of informeation about what is out there. These
are, of course, the meteorites. We can't place an order for the meteorites.
We have 4o take them when and where they come, and that isn't very frequent,
end vhat is more, they get intc museums and you can't get them out of the
museuns. (I don‘'t bleme the museum keepers. Actuslly, if they gave out the

meteorites to everyone that asked for them, there would be none left. So,
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they do not show an unreasonsble reiuctance. It is just too bed they don't
heve more meteorites!)

In sny case, we were wble Lo get semples of meteorites, one from the
Smithsonien Institution (Murray) wuich fell in 1951 and one from Paris (Orgueil)
which fell in 1664. These meteorites contain carbon which is the main reason
for looking at these pearticular ones. Unfortunately, the meteorites do not
contuln much cerbon; sbout 2% of the touel weight of the meteorite is cerbon.
What is worse is that of that 2%, a lérge frection of the carbon 1s non-extracteblc.
The carbon is not in the form of carbide, but perhaps some other form wvhich is
non-extractable under the mild conditlions we must use.

From these two mcteorites one can extract, with water, an apprecilable
frection of the carbon. One of tiem (Orgueil) contains salt which is mostly
meguesium sulfate end from the other one (Murray) the water extract contains
a salt vhich is mostly caelcium sulfate. The cerbon content of theee water ex-
tracts is also not the same for the two meteorites. However, both meteorites
show ultreviolet and infrared ebsorbing materiel, which might lead one to
believe that there is a wide vaiety of compounds present in these water ex-
trects, including hydrocarbons end heterocyclic bases. Flgure 12 shows, re-
spectively, the infrared absorption in & carbon tetrachloride extract (of
Murrey) and you can see & clear carbon-hydrogen absorption (. 2900 cm™!) end
there is s carbonyl absorption as well (~ 1725 e t). This is & rather com-
plex materisl (s mixture of many things). Figure 1% shows the ultraviolet
ebsorption of the water extract as a functlon of pH. You can see thet there
is & pH-sensitive ebsorption band right where cytosine absorbs and it be-
haves very much like a cytosine-type of absorption.l9 I don't think this

is cytosine; it's not pure, for one thing -- it is e mixture.
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The meteorite enalysis is proceeding. Unfortunately, we don't have
enought of eilcher one of these meteorites, sc I cen't give you & definitive
statement of the construction of this cytsosine-like material in the meteorite.
I can only tell you the general cheracter of the compounds that sre found in
the meteorites.

I might say that we have found 0o smino acide in the aguecue extracts of
the meteorites. This is herking back, now, tc the guestion of which ceme
first, the protein or nucleic acid. I point out thet neither of the meteor-
ites had emino acids which could be detected in the extraats, although they
both showed this type of ultraviolet ebsorption as well as hydrocarbon-~like

materiel in the infrsaied.

Amino Acld Synthesls under Primitive Easrth Conditions

The other thing I want to cell your attention to ig the Pact that there
is much in the way of orgenic materiel in the solar system and intersiellar
spece as we cen recognize it in the form of light emission from, for exemple,
the comets. There is much CH emission and lots of cyenide in the comet tails.
ihis is & rather importent observation, and the reason for this is that in
the experiments of Miller6 in which he irradiated methene, smmonia and water
end got glycine and alanine {snd a few other amino adids}, it turns out, when
you look at it carefully {and we have done the same experiments here) that these
emino acids represent an extremely small fraction of Jhe smount of methene
that has been converted to organic materisl -~ less than 1%. Most of it is
something else, as yet undetermined

The mechanism of the formation of these aminc acids, however, seems

easy to understand, although here, again, it is subject to uncertainty.
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Presumably it is an HCN addition onto &n eldehyde in the presence of smmonia
to form en anino acid -- & Strecker vype of synthesis. This mesns that when
you put lonizing radiation through methene and smmonia you get HCN. It turns
out that HCN end emmonie is a very sensitive mixture. This sensitivity has
been demonstrated by e nuwuwber of people, but most recently by ore. 29723 opy
was able to show that mild heating (2-10000) of & mixture of ammonia and HCN
(approximately 1 N equivelent ammonium cyanide) produces, in addition to =
large amount of black polymer?nidentifiable compounds in small emounts. By
extraction aend chromstography, Ord'was able to identify the two imldazoles and
adenine shown in Figure 14. It is interesting to note that adenine is iso-
meric with & pentomer of HCN, that is, 1t hes the empirical formule (HCN)s .
The two imidezoles cen be formulasted in terms of & sequence of self-edditions
of HCN and they might very well be intermediates on the vay to the formation
of adenine.

In fact, two HCN edditions ecrose & third to produce the known but

2
unstable trimer, asminomelonitrile 2 could be followed by an addition {of the

N=C - H N
(”/,,«,; ) ) ¥
HC =N
N=C—H Ne=

inverted type) of the resulting smino group across a fourth HCN to produce

the amino-cyano-imidazole which would be the parent of the two that have

been found:

| ®-c" N, Ne— E
N - .

A N R S T
"CH b VN O~ y7

amino-cyano-imidszole
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A final addition of the amino group thus formed scross another HCN with

ring closure leads to adeninc. Thus,

Adenine

We, ourselves, have done a bombardment experiment, starting with
& mixture of methane, ammonis, hydrogen and water, and found & small esmount
of emino sclds of the gencral distribution thet Miller has reported. In
additlion, however, we found a large number and variety of other compounds
on the paper chromatogrem whici we have located, by using radicactive
methane, but which as yet are wnidentified. It is not at all unlikely
that some of these will Lurn out to be aromatic types of heterocycles,
end we are thus brought to the view that both the heverocyclic cowpounds
as well as the emino acids may have been formed in the very cerlicst sleges

of Ciemical Evolubtion.
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CONCLUSICH

It tlus eppears thav there are two separate functions (the catalytic
vevelopuent of the proteins end the code development of the polynucleotides)
arising and growlng simultaneously. This could account for the present-
day close relationship between these two substences. It remains for us
+to develop both kinds of observations, that is to explore, &8 the blo-
chemists are doing, the present-day mode by which the code contained in
the polynucleotides is translated inte the chemically versatile protein,
and, secondly, approaching from the other direction, to examine the modes
of chemicel reactions which might lead o stmuectursl interrelationships
between the purine and pyrimidine beses, their polymerizatilon into poly~-

nucleotides, and the generation of amino scids and polypeptides.
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