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ABSTRACT

October 19, 1960

The synthesis of relatlvely complex orgenic molecules by ionizing and
radical mechanisms (induced by high energy radiations, ultravidlet and electric
discherge) from methene, smmonia, wéter, and hydrogen is described, both
theoretically end experimentally. It is shown that the molecules which tend
0 pe formed under such vendom conditions are the very ones which today are
the common bullding blocks in the biological reconstructlon of orgaﬁic meterial.
Such molecules sre the smino ecids, the simple carboxylic snd hydroxy acids,
purines, pyrimidines, ete.

The eppearance of order among such random molecules is induced by two
forces, nemely, autocatelysils and crystallization. The latter is particﬁlarly
im porﬁant in the eppearance of highly efficient mecromolecular structures and
arrangements which are so characteristic of present-day living orgeniems.

Points of contact of these theories with experiment are indicated, and
where confirmetion has been oﬁtained itis described, and the areass 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‘-
examining the orgenic materlel found in meteorites. The nature of the struc-

tures eppearing therein is indicated.

* Transcription of address presented before California Section, Americen
X Chemicel Society, Berkeley, Californias, September 19, 1960.
Research Professor in Chemistry, Miller Institute for Basic Research, 1960-61.

xx¥ The prep arationof this report was sponsored by the U.S5. Atomic Energy
Commission.
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THE ORIGIN OF LIFE ON EARTH AND ELSEWHERE

Melvin Celvin

Department of Chemistry and Lavrence Radiation Laboratory,
University of Cealifornia, Berkeley, Californie

The particular sequence of thoughts indiceted by the title has 1ts
orlgin in my interest in the process of photosynthesis. It began when I
asked the question: YWhich ceme first, the plants or the animals? This
question had been enswered in & varlety of ways, but one can't help but
vonder, es one learns more end 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 bégan 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 sre organic chemicals on
the Moon and what the genetic nature of the living material on Mars might
be. (I am assuming, now, that 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 &s to
have some clue as 1o what to look for in oputer space. This 1s another
source of the driving force fof inquiry in this directlion, and a very
pressing driving force it is.

Therefore, in order to surmise as to whi we should look for, we
ought to extract some basic idea of the essentia; 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 it elsewhere. You can see that there
ere 8ll sorts of pressures to examine this subJject in a vefy concrete and
practical way, other than the much borader pressure of pure human curiosity,
which is the pressure that hes existed since men began to think ébout tﬁe

nature of life.
WHAT IS LIFE?

It'seems best to begin the subject with a discussion of what the na-
ture of living metter is and vhat kind of properties it has which we might
expect tc find, ahd vwhich had to be generated on the surfece of the earth,v
and which may, of may not, be going on elsewhere. Actuaelly, what I en
about to describe to you is nothing more than an extrepoletion of the

Derwinian idea. (It is rather impressive to find so meny sclentific 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-
Jject then, and, in fect, it was & disreputable'subject for slmost fifty

years -- between 1870 and 1920. It is rather interesting to think of why

" this heightened interest in the thinking sbout this subject hes arisen.)

Thoughts ebout the nature of life itself -- really the first serious ones
in the modern day -- stem from Darwin himself. You will recall that the
basic contentiqn of Darwin was expressed in the title of the Darwin-Wellace
peper of 1858 which wes ' on the Tendency of the Species to form Varieties}
and on the Perpetuation of Varieties and Species by Natural Means of
Selection.’l Darwin had already recognized the significence of this basic

notion of & variety to depart indefinitely from originel 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, and accept Darwin's notion
that these two specles weré originally two verieties of one species which,
in turh, was once one of a pair of varieties turned species, you can keep
going back, end eventuelly you must come ~- and Darwin recognizéd ﬁhis as
implicit in his besic notion -- to a point where there was only one type,
or species, of living thiﬁg. Eventually one must come to & point at which what
ve would have called.a living thing, if we were able to view it from a dis-
tance, was & variety of aggregetes of matter, some of which we would
call 'slive'’ snd 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
:seqpence of events 1in time. At some point, wﬁen material with & sutficlent
number of the desired properties had gathered around in & single region of
space (a single system) we would cell it slive. This is the notion that
Darwin recdgnized even in his very earliest works. Shortly after the pub-
lication of Derwin's thesis there was enother publication, this time by a
cheﬁist, Louis Pasteur, around 1863. He did an experiment in which he showed
definitively that no life could originate on the surface'of the earth under
the conditions that then existed, except that it came from pre-existing life.
The Darwinian notion was completely overshadowed by the Pasteur dictum tnat
one couJinot obtaln living materisl except from living materiel. Therefore,
no one dared think seriously that living materiel had some other origin

except from living materiel. It come to an end at that point.
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I wondered about that point -- about 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 orlgin of life, written in & letter by'

Charles Darwin to George Wallich in 1882:

'You expressed quite correctly my views where you say that

I hed intentionally left the question of the Origin of Life
uncenvessed as belng altogether‘giégzlggfg_ﬁn the preegent
state of our knowledge, and that I dealt only with the manner
of succession. I have met with no evidence that seems in the
least trustworthy, in favour of so-called Sponteneous geucra-
tion. I believe that I have somewhere said (but cennot find
the passege) that the principle of continuity renders it pro-
beble that the principle of life will hereafter be shown to

be & part, or e consequence of some general lawj.......’
That passage to which Darwin refers in this letter is aé follows; end it
shows the fact that Dsrwin really did understend the significence of his
" baslc evolutionary contention. This was written in a letter of 1871:

Darwin's Views of the Origin of Life

‘It is often said thet ell the conditions for the first pro-
duction of a living organism are now present, which could ever
have been present. But 1f (and oh! what a big if!) we could
conceive in some warm little pond, with ell sorts of smmonia
and phoe phoric salts, light, heat, electricity, etc. present,
that a proteine compound was chemically 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 Derwin, which wes written in 1871, contains sll of the
besic concepts which have been the backbone of most ‘origin of life’ con-

Jjecture, experiment, and ergument, that have been going on during the last
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fifteen or twenty yeers. The idee wes rediscovered, so to speak, by Haldane
in the middle tventies® end Operin in the middle thirties.”

Nov that we have thils idea of continuity, which is so cearly ex-
pressed by the backward extrapolation of Darwin's evolutionary notions, wve
can see that to try to piﬁpoint some moment in time, at wihich {or befbre
which) there were no living things end after which there were, is a
mistake. The gcretion of the variety of properties which today we attri-
bute to living matter was & graduasl eveglutionary process itself, and only
vhen & sufficient number of these properties found themselves in a single
systen in space 41d we call it alive. And this ie a rather erbitrary point
at which we will call a thing ellve. Eome people belleve that a thing must
be self»reproducing in oxdexr to be slive; others sayvit mist convert energy
inte negative entropy; others say it must have the property of irritebility;
eand there are a variety of other such descriptions which have been used to
define living matter. Actually, it is the aggregation of a sufficient num-
ber of these properties on one system in space that glves yrise to what we
would today cell & living orgenism. I shall not try to define how many of
vhese properties asre necessary, because it may differ, depending upon your
point of view -- if you are a chemist you have one point of view and if
you are a geneticist, you have another.

There is no swbiguity, of course, in diétingukshing the living from
the nonliving at higher levels. It is only at the primltive level that
we have this difficulty, end that very feet 1s the result of the nature
of living materiml, being, es it is, an eggregation of?more or less arbi-
trarily sufficient number of properties on one system.

,I think we muet leave the idea of the nature of living materials,
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now, and go on to describe how such a chemical system (physical-chemical
system) could have arisen on the earth and then examine other astral
pbodies to see if there is any possibility (or hope} that such similar pro-

perties nmight have occurred elsevhere.

THE PRIMITIVE ATMOSPHERE

We know a great desl more today, I might say, about the nature of

- the fundamentai iiving organism -- the actual physical-chemical processes,

the construction and interaction of these moleculsr particles in a living
orgenism -~ thnn we did even ten years ago. While one cen make chenges
each time this discussion occurs &s to what we must iook for, there are
cexrtaln rathur primitive requirements which alweys appear. We must, somehow,

of
devise ways and means/producing rather complex forms from relatively simple

ones.,

We have every reason 4o suppose that the prinitive earth had on its
surface only simplg organic molecules. If 1t was a reducing etmosphere (and
it seems t0 be generally egreed nov that this is true), most of the carbon was
very largely in the form of methane or cerbon monoxide {some of 1t could
have been carbon dicxide but the contention now i1s 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 water.
These, then, presumably, were Lhe prlmitlve molecules ¢of the primeval earth,
and from these we must now devise a way of constructing the mre complex
méterials.

It wes at this point that we first began to seek experimental ways

of doing this in the lsboratory. This was the first point of contact with
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experiment that I, at least, was able to make roughly ten years ago. (At
that time I wasn't so convinced nor was it so generally accepted, for that
matter, that the primitive atmosphere was reduced.) We started with carbon
dioxide end water to determine whether or not it was possible to muke reduced
carboﬁ compounds Qithout the presence of the photosyntheiic system which we
now have We did it by using high energy ionizing radistion or by using ultm-
violet and 1t was easy to show that by irradiating soluiions of COz, water,
and hydrogen, we could get reduced carbon.5 I think that today it iz & lot
easier to do this type of experiment because we now believe the etmosphere

t0 be & reduced one. For a reduced atmosphere and the same kind of lonizing
radiaetions, instead of using carbon dioxide we use methane, and with emmonia,
wvater and hydrogen we can get a whole variety of chemicals. The first experi-
ment with the reduced atmosphere and ammonia wes done by Stanley Miller in
195336 our experiment with COp end water was done in the cyclotron in 1950
anﬁ we got formic acid, acetic ecid, and things of this kind which are reduced
carbon compounds. When Miller put ammonis into the gas mixture, he got glycine,

alenine, beta-alenine end several other amine acids.

The Time Element

I bave overlooked & rather importent peint in the course of getting
into the chemistry of evolution and thet is the geoclogie time element’which was
involved. Flgure 1 gives 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 em going
to describe to you. This not only gives some ides of the time scale, but the

basic idea of the place of Chemical Evolution is shown here quite clearly.
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Roughly five o six billion yeers ago the earth was formed and haerdened
into its present shell. Right efter the formatlon of the crust of the earth,
the processes of increessing the complexity of organie chemical formetion
began, and this long span of time (including the Avchiegoic and Proterozoic
geologlic wreas) I nave celled Caemical Evolution, thet is, the period of
time during which chemicels were treneforued from reletively simple, pri-
mitive molccules into the very complex ones whleh eventuelly, somecwhere in
the nlddle of this period, evolved into some complex system wiich had
enovgh. of the properties which we usuelly &ttribute the living orgenism
vso thet ve are willing to cell it slive. At this point, Oréanic Evolution
began (Darvinim evolution). Our discussion will be concerned principelly
wibth the part of the tinme 5calevwhich I have labeled Chemical Evolution
for which we have no fossil record on the surface of the earth. We bhave,

roughly, from two to four billicon years to accomplish these things.

Prinmitive Chemicals, The Primeval Atmosphrre and Rendom Organic Synthesis

Flgure 2 shows the primitive chemicals with wﬁich we had to deal
and which ned to be converted into the more cowplex ones which today repre-~
sent metebolites and structural elements of & living orgenism. I told you
& moment ago thaet withh caybon dioxide, weter end hydrogen ve could make
formic acid, and with methane, enmonia, hydrogen and water we could make
meny more complex meteriels, such es glyclne, succinic acid, ete. You
will notice thot all these munterisls are today important simple wmetabolites

through which carbon skeletons are very often rearresnged by the present-day
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Fig. 2. Primeval and Primitive Organic Molecules
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" living orgenisms. Thesc materiasls are alsd the very first molecules that

show up in & rendom synthesis, that is, a synthesis which depends wimarily
upon the ripping epart of existing simple molecules and the resulting frag-
ments falling togetlier into metesteble structuree, that is metastable

under these very highly ilonizing conditions such es I have described. A

* few of these compounds are ceught in this metasteble conditlon and can be

used for further construction.

This randoﬁ synthesis, you can see, could go on for quite & while,
but'eventually enough of the carbon would be in these forms s80 that the
very same procescges which took these precursor molecules apart would start
ripping the products apart. A few of the molecules would become still more
complex, but some of them would stert going beck down egaln to more primi-
tive fbrms. So, we have to introduce some kind of a selectlon process at

this point which will permit the selection of those molecules which have

-some self-perpetuating survivael value. This process 1s very familiar to

the chemists, i.e., chemiste have recognized its existence, and we have
called 1t auﬁpcatalysis. Any product which hes a catalyéic function in
its own formetion will, naturslly, help to tranéform the raw materials
to itself. There is nothing profound about this ldea to & chemist ~-- 1t
.seems rather primitive -- but 1t is a rather importent concept. In fact,
it is the very concept of self-reproduction used by the biologlsts, if

you want to extrapolate it that far.
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EVOLUTION QF CATALYSTS

The catelytic properties of the primitive materials may themselves
have been‘rather simple. For example, in figure 5 we shov how ve can chan ge
chose catalytic properties. Here we are disgussing the ebllity of a simple,
hydrated ferric lon to decompose hydrogen peroxide and give water and oxy-
gen, or act s a peroxidase (oxidation catalyst). Simple aqueous ferric ion
hes a catalytic activity expressed by the mumber 1072  If, however, we
surround that iron atom (iron ion) with & suitable organic grouping -- in
this cese, heme, & tetrapyrrole -- it turns out that the cétalytic ability
of that iron.in this very same process has been  enhenced by a factor
of one thousand, reaching 10-2. If we bulld the heme into a still more
complex_stxucture ﬁith &8 protein, around 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 powervresiding in the iron for e simple
“reaction caﬁ be enhsnced by the environment in which the iron is placed.7

The question is how can this come about in & natural, evolit ionary
way without having someone who knows all this decide that it should be so.
The enswer is in autocatalysis end self-selection end Figure 4 shows how
oné of these things might conceivebly occur. Here you hawe a sequence of
reactions, leading from the compounds which we saw were randomly eynthe-
sized by radiation (succinic acid and glycine) to the porphyrins. The
sequence of reactions invelves simple condemsation, followed by decer-
poxylation and another condensation (a double condensation, reslly) follow-
ed by a serlies of oxidation steps, leading finelly to the‘tetrapyrrole°

If any of these steps is catalyzed by iron end if the iron porphyrin struc-~
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RANDOM SYNTHESIS FROM €, COMPOUNDS BY RADIATION

SUCCINIC ACID
'IcozH o COgH OH

c
é |
CHy He COpH ?Hz
éHe éHz - IHa (]';Hz Hy
. . - e CH=CH,
éOzH HeO é 0 COp GHe (o] <|; 2
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HeN-CH; f\ /
CH,—COH He . N
: He
NHg
\ a-NHp-B-KETO S-AMINO-
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éOgH

PROTOPORPHYRIN NO.9
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POSSIBLE POINTS FOR CATALYTIC FUNCTION OF Fe

MU-1)77).8

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 bégins (as it would have
begun here by random synthesls end condensation), end en suto-selection
of this sequence wquld enhance the transformatlon of the succinic acid

end glycine into delts-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 that matter) and ionizing radiation or even ultra-
violet 1ight, one cen actually syntheslze small amounts of porphyrin non-
enzymatlcally, that is by tle primitive ecatslytic abilitiea of the iron

end the lron porphyrins t‘hemselves.8
vMECHANISMS OF ENERGY TRANSFER

Oﬂe other aspect éf the living orgenism which 1s very ofteh'alluded
t0, the ability of the living orgenism to trensfer energy, is frequently
called upon ss one of its primary properties. It 1s often described in
terms of the ebility of the organism to transform chemical energy from
one form into énother, ugually from the form of sugar into the form of
pyrophosphate linkage. This is what most orgenisms areeble to do today.

The quéstion arises: How does that come sbout? Here, again, I wan£ to
call upon the primitive catalytic abilities and show how this development
of energy coupling systems might develop toward a system that might
actually obtein today. Figure 5 shows how the energy involved in the oxi-
detion of i1ron (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
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Ito form e phosphoric enhydride linkage -- & pyorphosphate bond. This sug-

gestion of iron being able to do this for & variety of reasons was nade

six or eight yeers ago, end we actuelly tried using a bare, or hydrated,

iron ions to synthesize pyrophospliate by oxidizing iron in the presence
of orthophosphate to see if we couldn't meke any pyrophosphate.9 Wé vere
not eble to demonstreate the formation of any pyropliosphate by simply oxi-
dizing ferrous iron with air in the presence of orthophosphete.

I just learned a few daysego, hovever, thet one of my former colleagues
and present associates, Dr. John A. Barlirop at Oxford, has indeed, at
leést tentatively, succeeded in doing this. The way he did it was by
putting a proper orgenic construction eround the iron. Instead of using
the bare lron, as we did, he used an iron porphyrin and he was able to
show the appearance of pyrophosphate when thet ferrous protoporphyrin was
oxidized to ferric protoporphyrin in the presenc; of phosphate.lo I trust
that this will turn out to be a confirmed and successful experiment,
because it does give us a8 clue as to hov the iron porphyrin evolved and
how the energy of oxidation of iron can be stored in the formation of
pyrophosphate.

We have now discussed several sspects of the generation of living
material. Thg first was the conversion éf simple compounds into more
complex ones inva random fashion; second was the auto-selection in which

only certesin compounds were formed, from the precursors, which have some

. autocatalytic function; end the third was some way in which the energy con-

version and storesge process might have had its beginning.
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FROM CHAOS TO ORDER: MOLECULAR CRYSTALLIZATION

All of the sbove aspects of generation of living material have been
discugsed in terms of molecules in rendom solution, that is molecules pre-
cumsbly in water not oriented with respect to each other, merely dissolved,
and rendomly moving around in solution. We know that another aspect of a
living organism is the fact that it is EEE random -- it isn't just a big
bag full of molecules behaving randomly. Whenever you look at a living
orgenism from its outside -- the whole man, in otherﬁords‘~» or into the
innermo't part (whether it be & man or & microbe), you find thet it is an
orgenized structure -~- 1t is not simply & sack of catalysts and their sub-
strates. A living orgsnism is a highly organized structure in which sll

one
of the elements asre related/to enother in a rather specific way. This,

t0 me, calls to mind the idea of crystallization wich may give rise to
order end we then wonder how the order arose in the first place, in living
orgenisms.

The order of a crystal resides 1n the nature and symmetry of the
molecular interaction which, in turn, is & property of the structure of
the molecule itself -- what its shape is, what its force fields sre, etc.
Bo, the nature of the order that one gets is really built into the molecule
itself. We must, therefore, look into the construction of the molecules

themselves to see i1f there is anything in them which might give rise to

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

This 1s not difficult to do and there ere three kinds of macromole-
cules upon which the structure of living orgenims is based. The first, and
ﬁossibly vhe nost importdnt of these, is the protein. The proteins, of
course, are made up of amino acids in polyr:ptide linkege, the secondary
structure being the helical structure snd the tertlary structure being
the various ways in which the helix iteelf 1s folded. We already know that
the hellcal structure is at least partly dependent upon the particular geo- .
metry of the peptide structure ivself end this gives rise to the helilx.
Tiuis, in turn, when it is properly packed will give rise to actual visible,
macroscopic struckure.

In fact, in veeent yesrs {Jjust the last year or so) another bio-

dhemist, 8. W. Fox, hes been doing experiments on the conversion of the
simple amino acids into proteinaceous, or proteinocid, materiel under non-
biological conditions, that is under what he calls prebiological conditions.
Whet he did was to teke a mixture of eighteen to twenty emino acids end
heat them up in molten glutamic scid, and he was able to get the amino
aclds to hook-up together, one to snother, snd meke polypeptides of rather
large structure (3,000 to 10,000 molecula weilght). He vas sble to reduce
the temperatures &t which he had to perform this experiment by putting

in some polyphosphate. When he puts polyphosphate into the reactlon mix-

ture, he finds he can get pfoteinoids out of mixtures of emino acids &t

. tempextures df around T0-80° and these proteinoids are relatively high

molecular weight materials. Furthermore, if he lets ithe proteinoids cool

out of a clear aqueous solution, they begin to take up various shapes and
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forms whicl, to Fox at least, have the appearance of cocci and they be-
have 1n some phyesical respects as if'they vere splaical orgenisms, or
bacteria vwhich have a sphierical shapeoll’lg’13 Already, Just in thé
protcinoid material itself, onc cen begin to sec¢ structural features built
into the molecular structure itself.

© The other aspect of the protein contribution is what 1t does
+t0 the catalytic properties of the elements with which it may be esso-
ciated. Both aspects depend upon the protein comstruction, and Figure 6
ghows the protein struvcture. The dotted square surrounds these amino acids,
of the type which we can make by random synthesis, and when the amino acids
are hooked together by dehydration (the removal of a water molecule be-
tween the acid end the smino group), we get these peptide lipkages. When

there is & long chain, because of the tendency of the hydrogen on the

anide nitrogen to form & bond with the amide carbonyl of a sultably placed

"peptide group (more or less three residues asre removed from the,hydrogen),

we'get the well known alpha-helix formed which is & built-in element of
order -- built into the polypeptides because of the very nature of the

structure of the peptide linkage

Nucledle Acid Structure

Another major mecromolecule of living orgenisms, and one which we

have heard & great deal about in the last decade, is the genetic material

itggif, that is the nucleic sacid which, presumably, carries the information
which the living organism uses to reconstruct itself. The structure of

nucleic acid is &lso one which has built into it certein 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 ere each held to
their neignbors by phospnate linkages. You can imegine the nucleic acld
as made up of a series of flat discs, a&long the edges of which are these
riboce phosphate ribbons. If you take the two ribose phosphate ribbons and
twist them into e double spirael you get the kind of siructure which is
seen in Fiéure 8 which is pretty‘certadnly a basic structure of the
desoxyribonucleic acid (DNA) m,olecu_'l,e.l4 The ribose phoSphéte ribbon is
on the outside, the hydrogen bonds ere in the middle holding these disc-
shepe pairs of molecules.together,yizz pair on top of the other, flet side
on. This is an Iintrinsicelly stable kiné,of molecular arrangement -- a
sort of moleculer cryétal -- which correspdnds to the stable type of pack-
ing for unsaturated srometic type molecules, or pi-molecules, here repre-
sented by these pairs of bases. Tie nucleic scld also represents a type of
order, which is built into the molecule, snd results from the structure of
its conmponent parts.

The question has srisen, and is now in the very forefront of bio-
chemicel study, nemely, whet 1s the reletionship of the order of bases in

the DNA helix, which presumsbly contains the information for the repro-

’duction of an orgenism, snd the construction ofvthe protein which was
“shown in Figure 6. T.is is a very active field of investigation, at the
.mpment. How does the nucleic eid determine the s tructure of the protein,
.or how ddes 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 ecid evolve without the protein? How

could the relationship between nucleic acid end protein 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 emphasizes that the protein
13

" must have been developed first. There is another group,nasmely the‘gene-
ticists, who Bay'the essence of the living orgenism is the self-reproducing
nucleic acid (DNA molecule).l5 The qmestioﬁ ¢f how they got to know each
other is not very cleesr and is, as I say, the suﬁject of the immediste
1nves£igationc

It seems to me very iikely that the two things arose in the evolution-
ary scheme side by side. The random synthesis which was shown in Figure 2
shows none of the nucleic acid particless it shows an;y the amino acids,
ﬁhich axre on the wéy toc proteins. Until now,; there hasn't been any real
evidence thet the nucleic acid components, the bases -~ adenine or guanine,

for example ~- can be mede by & randem synthesis. No one had yet demonstrated

this. {We will return to this later.)

Relationship between Visible end Invisible Btructures

In this stage of the story ve must now put these various etructural
'elements together to form the ordered array which one finds in the living
cell, and I think that one can call upon the structural features of the
molecﬁles themsélves, in general, to give rise to the macroscoplic order
that one sees. Figure 9 shows an electroﬁ microscope photograph of
tobaé@@ mosalc virus {TMV) end this shows the clesr, clean visible
structure of the TMV virus which is made up of both nucleic acide and pro-
teins.'Figure 10 shows what happens 1f you take the nucleic acid and pro-
‘tein of the TMV virus apart end then dump the proteine back into the solu-

tion under conditions such that the proteins will re-aggregete. You will
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notice that the proteins re-eggregate in long, rod-shepe particles,‘Just
as the TMV itself was, but the lengih of the particles is varied. Tie
nucleic acid is missing, but the protein has enough of this structural
element built into it so that it re-sasggregates in a crystallization
phenomenon, giving something which looks very much like the structure of
the intact virus. If, however, we put the protein and nucleic acid back
together again, we find (Figure 11) that the TMV virus particles come out
gbout the right length.

It is quite clear, therefore, that both of these structures (the
protein and the nﬁcleic acid) are required in order to give the right totel
structure for the TMV particle. There is an interaction between these two
elements to bring about‘the finél construction. This is nothing thet
has to be done by some unknown ‘force.' These are, if you like, mole-
cular crystelliztion phenomena. '

There is, of course, an area of unknown, nonerystalline (colloidal)
and surfece chemistry for the construction of structural featureé, in
which we are not ss fully educated as we ought to be. This is one of the
exreas in which we should do more work. However, I don't think you will
find 1t too difficult to meke the next step from the structural features

ﬁhich we have outlined as intrinsic in the moleculsr structure itself to

the comiruction of the cell.
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LIFE ON OTIER PLANETS?

With thiz informetion as & background, we cen proceed to the next step.

We heve gone through Chemical Evalution right up to the point where ve have formed
a primitive érganism of sbme sort,.and from here on the Darwiﬁ}an selection meclien-
ism con teke over and I am not going to go any further wilth thils aspect of tne
discussion.

The next ides I want to teke up is the application of this type of dis-
cussion to the question af whether we are likely to find that similar events
have occurred elsewhere than on the earth.l6 Whet do wé require? We require,
in order for this sequence of events 1o occur, & certmin temperature range,
composition of the atmosphere, aend & variety of other things, all of which
are now definable. The sequence of events occurred because of the neture of
the carbon atoms nitrogen etoms, hydrogen atoms, etc., giving rise, as they
do, from methene to acetic acid, to formic ecid, to malic écid to glycine, ete.,
‘and these, in turn, give rise to broteinoids end to the nucleic acid types of
molecules, thus building up in structure the order of living organisms and 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 desling, nemely, car-
bon, hydrogen, nitrogen, oxygen, iron, phosphorus, etc.

If we have a set of esrth-like conditions (physical and chemical), we can
eipect this sequence of events © occur. Tie question we have to enswer 1st' 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
places that we ere likely to find a set of conditlons which would correspond to

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

on the inside and Mars on the outside -- and thet there is some chance that this
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sort of condition might be closely enough appr@ached on each of these two plan-
ets thet 8 similar sequence of events, somewhere contiguous with the onres we
have Jjust described, could have occurred and might even be occurring today.l7
In fect, there is some evidence that on the surface of Mars there are organic
compounds, verying with the geography of the surface and with the seasons.ls
However, ve are so limited in our ebility to gbserve that we can just barely
make out, say, & CH frequency in the reflection spectrum of Mars and we would
like to be able to do better; and I think we will, within the matter of a few

yeers. {There are other uses of high flying vehicles and satelllites be-

sides looking down -~ you can look up!)

Meteorite Experiments

The other type of experiment which we can do would be to go out into
space and collect bits of these verious planets and other places, and bring‘
them back to'earth to see 1f there any orgenisms in them, or, if not orgenisms,
to see 1f there is anything that might heve constituted this prebiclogical
environment that we are talking about. Unfortunately, we can't quite do that
yet -- it will probebly be more then five years before we can do that. But
there is mvailable to0 us & materiel from tlwse regions of the solar system

which should glve us some kind of informetion about what is out there. These
are, of course, the meteorites. We can't place an order for the'meteorites.
We have to take them when and where they come, and that isn't very frequent,
end what is more, they get intc museums esnd you cen‘t get them out of the
museums. {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 &n unreasonable reluctance. It is Just too bed they don't
Leve more meteorites!)

In any casce, we were sble to get sesmples of meteorites, one from the
Smithsonian Institution (Murray) wiiich fell in 1951 and one from Paris (Orgueil)
which fell in 1864%. These meteorites contain carbon which is the main reason
for locking at these pearticular ones. Unfortunately, the meteorites do not
contain much carbon; about 2% of the toitel weight of the meteorite is cerbon.
Whet is worse is that of that 2%, = lérge frection of the carbon is non-extractable.
The carbon 1s not in the form of carblde, but perhaps some other form which is
non-extractable under the mild conditions we must use.

From these two mecteorites one can extract, with water, an eppreclable
fraction of the carbon. One pf tiiem (Orgueil) conteins salt which is mostly
megnesium sulfete and from the other one {Murray) the water extract contains
a salt which is mostly celcium sulfate. The carbon content of these water ex-
tracts is also not the same for the two meteofites. However, both meteorites
show ultraviolet and infrared ebsorbing materiel, which might lead one to
believe that there is a wide wailety of compounds precent 1ln these water ex-
trects, including hydrocarbons and heterocyclic bases. Figure 12 shows, re-
spectively, the infrared sbsorption in a carbon tetrachloride extract (of
, Murray) and you can see a clear carbon-hydrogen absorption (v 2900 cm“i) ang
there is a carbonyl absorption as well (.~ 1725 ent). This is & rather com-
plex materiasl (a mixture of many things). Figure 1% shows the ultraviolet
eboorption of the water extract es a funciion of pH. You can see that there
‘ié a pH~sénsit1ve'absorption band right where cytosine absorbs and it be-
haves very much like & cytosine-type of absorytion.lg I don't think this

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

I might say that we have found no emino aclds in the aquecus extracts of
the meteorites. This is herking back, now, t¢ the questicn of which ceanme
first, the protein or nucleic acid. I point out that neither of the meteor-
ites had emino acids which could be detected in the extracté, although they
both showed this {type of ultraviolet ebsorption as‘well &6 hydrocarbon-like

materiel in the infrared.

Amino Acid Synthesis under Primitive Earth Conditions

The other thing I want to cell your attentlion to ls the fact that there
is much in the way of orgenic meteriel in the sclar system end interstellar
space &8s we can recognize it in the form of light emission from, for example,
the comets. There is much CH emission and lots of cyanide in the comet tails.
This i1s a rather important observation, and the reason for thi is that in
the experiments of Miller6 in vhich he irrasdiated methene, ammonia and water

end got glycine and alanine (end a few other smino adids), it turns out, when

you look at 1t carefully {(and we have done the same experiments_here) that these

sminc scids represent an extremely small fraction of -che amount of methane
that has been converted to orgenic meteriel -- less than 1%. Most of iﬁ is
something else, as yet undetermined

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

easy to understénd, although here, agein, it is subJject to uncertainty.
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?resumably.it is an HCN eddition onto en aldéhyde in the presence of amménia
to form en amino a?id -- & Btrecker type of synthesls. This meens that when
you put ionizing radiation through methane and ammonia you get HCN. It‘turns
out that HCN end emmonia is a very sensitive mixture. This sensitivity has
been demonstrated by & number of people, but most recently by Oro <0 23
vas able to show that mild hesting (> 100 °C) of & mixture of emmonia end HCN
(epproximstely 1 N equivelent ammonium cyénide) produces, in addition to a
large emount of black polymer%uidentifiable compounds in smell amounts. By
extraction and chromatography, Or6 ves able to identify the two imidazolés end
adenine shown in Figﬁre 1h; It is 1nteres£ing t¢ note that adenine is iso-
mexric with & pentomer of HCN, thet is, 1t has the empirical formula (HCN)s.
The two 1m1dazoles can be formulated in terms of a sequence of self-additions
of HCN and they might very well be intermediates on the way to the formation
of adenine.

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

_ 2 »
unstable trimer, sminomelonitrile. 2 could be followed by en sddition (Qf the

N——C - H N
/"-‘- ) ”
HC==N
K‘\\? HC - NHs
N=C-—H - |

inverted type) of the resulting amino‘gromp across a fourth HCN to produce

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

" been found:

4 ,NE??’/NH | ﬁ -
C Y l \ CH C\ N
! o A CH
HC/ Yor = &y G N/ - \c —~ 7
HN ~ N
N ——~\c i’ el
=

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

ring closure leads to adenine. Thus,

‘ | .CH

HC '
SspT T N/

Adenine

We, ourselves, have done a bombardment expériment, starting with
é mixture of methene, ammonisa, hydrogen eand water, and found & small amount
of emine scids of the general distribution that Miller has reported. In
addition, however, we found a large number end variety of other compounds
on the peper chrometogrem which we have located, by using radioéctive

~ methene, but which as yet are unidentified. It is not at all unlikely

that some of these will turn out to be aromatic types of heterocycles,
and we are thus brougni Lo the view that both the heterocyclic cowpounds
as well es the emino acids moy have been formed 1n the very earlieét sleges

of Ciemical Evolution.
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CONCLUSION -

It tlhus &ppears that there are two separate functions (the catalytic
dévelopment of the proteins and the code development of the polynucleotides)
arising end growlng simultaneously. This could account for the presentf
day close relationship beitween these two substances. It remains for us
to develop both kinds of observations, thet 1s to explore, as the bio-
chemists are doing, the present-day mode by which the code contained in
the polynucleotides is translated inte the chemically versetile protein,
and, secondly, epproaching from the other direction, 1o exemine the modes
of chemicel reactions which might lesd to stumetursel interrelationships
between the purine apd Pyrimidine bases, thelyr polymerizetion into poly-

nucleotides, and the generation of amino acids and polypeptides.
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