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ABIOGENIC SYNTHESIS OF BIOLOGICALLY-RELEVANT ORGANIC

COMPOUNDS ("CHEMICAL EVOLUTION")
Richard M. Lemmon-

INTRODUCTION

The term "chemical evolution" has come to mean the chemical events
that took place on the priﬁitive, prebiotic Earth leading to the appearance
of the first libing‘celli In otheftwordé, it is the study of the biologi-
daily—réleQant cﬁemistry that pfeceded;Darwinian evoiution. ’

Ih this report we‘shall concentrate on the results of labobatéfy
experiments éimulating the presumed environment of the:prebiotic Earth.
Less attention will be paid to the other planets because (a) we don't
know ifvany of them are (or'eVer were) a habitat for life and (b) we
hardly know more about their present (let alome their past) conditions
than we know about the Earth of 4 x 109 years ago. Even less can be
‘'said about the possibilities of abiogenic synthesis_outside our solar
~ system. Our knowledge of this space is limited entirely to the exami-
natién of light reaching us from the stars--locales faﬁ too hot for the
existence of anything like our terrestrial organic chemistry, It is
widely assumed that a small fraction, but a huge number, of these stars
have planetary systems éomparable to our solar system. However likely
this may be, we have only indirect evidence for the existence of planeté
outside our solar system. Research in chemical evolution has little

choice but to focus its attention on planet Earth,
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It has beé;.commoﬂpiace-in the history;of‘sciénce for an area of
research to be neglected for many decades,‘;nd then.sgddenly to burst.
into activity. This ié wﬂat has happenéd_to cﬁemiéal'ééoluiién. As
far back as 1871, the English’physicist Johﬁ T&ndall wrote:
e [Darwin] placéd'at'the'root of life a primordiél germ,
" from which he conceived fhaf the améZing:riéhnesé and variety
Cof the iife now‘upoh fhe:eérth's éﬁffacermight'be'déduced. iIf
this hybdthésis”v}efé‘tmé, it would not be final, The human
'"imagihation woﬁi& irfallibly look behind the germ and, Howeves
hbéeless tﬁé atfémpt;‘wdﬁld‘éﬁquire into’ the history of its.
'genésis}"l |
"' For half a ceritury aftérgTyﬁdail made this étqtement, chemical evo-
lution was a néglectéd area of scientific thought, let alone éxperiment.
There wéré séVeral réasoﬁs for this negléct: lack of aﬁy'clear idea
of theﬁchemicéi éhvibonmeﬁ£ of the prebiotic Eaftﬁ, insufficient deve10p;
méhf ofvanélyticél feéhﬁiques,.and a prevailiﬁg:opinidn thét'éﬁch'
scien{ific thoﬁéht aﬁd.éxpefiment would“be aﬁ iﬁvasién of the precincts
of religion;' In addition, Pasteur's famous 1864 experiment appeared to
have smashed éompletely the age-old idea of sSpontaneous generation.’
Everyone, most scientists included, agreed that."life can comé-only
from life", and thought no more about the subject.. |
Because of its emphasis on materialistic philésophy; it is not
surprising that the U.S.S.R. was the locale of the birth of the studies.
th;t we call chemical evolution. In the early 1920s the young Soviet
biéchemist, A. I. Oparin, expressed the idea that life on Earth must

Have arisen from a preformed "pool" of organic compounds. In brief,
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he was saying that spontaneous generation was indeed the original route
to life, although its "spontaneity" had to be stretched to a billion
years or more. Oparin's ideéas first appeared in print in 1924 in a

- booklet entitled "The Origin.of Life", and he has steadily don¥ributed
both ideas and experimental data right up to the present. Oparin's

ideas were independently reaéhed by the British biologist, J.B.S,
Haldane, who suggested in 1928 that organic compounds must have accumu-

- lated on the prebiotic Earth until "the primitive oceans reached the
consistency of hot dilute soup".? It was not until after World War II,
however, that direct experimental evidence finally put the Oparin-Haldane
ideas on firm ground. That experiﬁentél work established chemical.eVO—
lution as a serious scientific study, as we will attempt to show in

this chapter,



ABIOGENIC SYNTHESIS ON THE PRIMITIVE EARTH

1. Time Scale

‘Tﬁere is general agreement that the Earth condensed from a dust
_cléﬁd 4,5 - 4.8 x 109 years ago.3 Recent reports of prééuméd bacterial
and algal fossils strongly indicate that life; iﬁ the form 6f:uniceliu-
iar'organismé (Protozoa) has been present on the Earth for at leést
é;l‘x 109 years,*»5 and that mulficéllularvorganisﬁs'(Mefazoa) may have
' been here 2 - 2.5 x 109 yearsvago‘sx A basic concept of chemical evolu-
tion is that it declined af the onset of Darwinian evolution;.in our
pfesent "biélogical“ era,>almostlany'organic compound produced abib-
genetically would be quickly metabolized. The Barghoorn4échopf
3.1 x 109 year-old algae (which were probably preceded by earlier,
aﬁaérobic‘orgaﬁist) seem to leave oniy about one billion years for
the period of chemical evolution--about one-third the time thought
available béfore the Barghodrn and Séhopf repbrts“’s appeafed.'.This'
Hés Been aistﬁrﬁiné.fo some “chémicél evéiﬁfioﬁiété". Butﬂit.shouidn't
be. There is nothing to indicate that 3.0 x 102 years is enough time,

but 1,0 x 109 years isn't,

2, The Primitive Earth's Atmosphere

Any discussién of the chémistry of the primitive Earth ﬁust begin
with its atmosphere. That atmosphere would, in turn, have controlled
the chemistry of thé oceans and surface rocks.

Thefe seems little doubt that the primitive planet's atmosphere:
was a hydrqgen-ddminated, or reduced, one, The realization that the

early atmosphere was quite different than it is today began with the ;“
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discovery,'in 1929, that hydrogen was by far the solar system's most
common element (about 87% of the mass of the sun?). It was, therefore,
réasonable to suppose that;"aS'the Earth was:fonming, most of ité.carbon;
nitrogeng‘and oxygen would be in the form of methane, ammonia, and water,
Oparin, in the 1938 edition of his book, "Origin of Life", concluded'
.that "Carbon made its first appearance on the Earth's surface not in
the ox1dlzed form of carbon dioxide but on the contrary, in the reduced
State, in the‘form of'hychr*ocar'bons.'-'8 Similar conclusionslwere advanced
regardlng the chemlcal nature of the nitrogen and oxygen in the primi-
tlve atmosphere.‘ |
One problem with reSpect to thls view of the prlmltlve atmosphere

ié'the'relatively low percentage of the noble gases/in'our present atmos~
phere, ”Harriéon Brown has calculated that neon is.present'in the Earth's
atmosphefe today'in 10~10 6f its cosmic abundance;g the other noble gases
are similarly oonspicuous by their relative absences, At first thought,
it seems dlfflcult to imagine the prlmltlve Earth's retalnlng such low
molecular weight molecules as methane ammonia, and water while 1051np
atoms, such as krypton and xenon, with atomic weights around 80 and 130.
‘.However, the carbon may have been initially bound as hlgher molecular
:welght hydrocarbons (1ater converted to methane by thermal cracklng)
. the water retained as hydrates, and the ammonia as ammonium ion.

’_The potent arguments in favor of a reduced primitive atmosphere
.may be summamized as follows:

.~ (a) The general geochemical'arguments of Oparin8 and Ureylo that,
since our solar aystem ano‘observable universe are so heavily hydrogen;”

laden, the Earth's primitive atmosphere must have been highly reduced.
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This argumeht also draws attention to the largef and colder planets ‘in
‘our solar éystem (e.g;, Jupiter).' The higher gravitational fields and_
lower temperatures would favor the retentioﬁ of light molecules and;:.
indeed,‘the Jovian planets' atmOSpheres appear to be rich in metﬁane
and’ ammonia. |

" (b) The meteorites that reach the Earth are, for the most part,
reduced. Most of their carbon appears as elémentary carﬁbn, carbides,
~and hydfocarbons. The iron is mostly metallic or ferrous, and the phos-
_phorus appears as_phdsphidés.ll

(c) When mixtures of methane, ammonia (or Né), and water--the

principal constituents of the Earth's presumed early atmosphere--are

sdbjécfed‘fd ultraviolet or ionizing radiation,‘many biologically imﬁortant

compounds (amino acids, sugars, purines, etc.) are formed. Similar irra-

diétiéns of sam%lés“of the ﬁarth's present atmosphere yield little of
biological réievance; e.g.; only traces of formic acid and formamide,
"As soonag'tﬁe'net [1aboratory] conditioné become oxidiiing, the organic
synthesis effectively turns of£,"12 1t appears that the accumulation,
on tﬁe primitivg Earth, of the necessary "building blocks" fér the
first living éell requiredAa'reduced atmosphere. |

(d) Molecular oxygen exerts a deleterious effect oﬁ many aspects
of cell metabolism-;a fact difficult to account for if the first living
cells had aépeared in an oxygenated environment. Chromosomes appear to
voperaté in an énaerobic medium, and cell division takes place.dufing a
témporary period of anaerpbiosis.13 These facts seem to point to the.

-early evolution of the living cell in a reduced atmosphere,

¥
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(e) The work of Rankama, Randohr, ‘and others (as reported by M. G.
Ruttenl“)--the flndlng of 1ncreased ferrsus iron in the oldesf Precambrlan
sedlments--lndlcates that these depos1ts were lald down under a reduced
atmosphere.
. The shange from the réduced, piimitive'atmosphere to the presént
:oxidized'one is'expléiﬁed b?xthe ultravislef radiolysis of water in
the Earth's upper atmosbheré (followed by the preférentisl'escape of
ﬁydrogen) and by the deﬁelopmenf of the process of planf‘photosynthesis.
Along wlth the change to an oxypenated atmOSphere the Earth developed
its present "shleld" of ozone in the upper atmosphere. Without this
~shield, which protects our planet from the strong ultraviolet. light
from thevsun; it is difficulf to see how the Earth could have become
an abode of life. |

3. Other Conditions on the Primitive Earth

Other factors on the prebiotic Earth that would have strongly
influenced chemical evolution, énd that plaj an importaﬁt part in the
laboratory investigatisns in this'subject, are the energiés availsﬁle,
the temperatqres, and the oceanS-ana their sediments." | |

_ TEsISignificant ssurce of-eneréy on qur_plaﬁet, now and in‘fhé
remoté ﬁast, is tha£ from the sun, Miller and Uféj‘ha&e»sﬁmmabizsd

‘this, and other energy sources, as follows:1l
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Table 1

Present Sources of Energy Averaged over the Earth

Energy
Source _ cal cm” yr'l
Total radiation'from sun ' 260,000
Ultraviolet light
x < 2500 % " : | 570
A < 2000 § o | 85
\<1008 -3
.ﬁlectric‘discharges | S
‘Radioéctivify o » ' 6.8*
Volcanoes =~ = N o - 0.13°
Cosmic rays LT - - ' v 0;0015

*oyox 109 years ago this value was about 2.8

Tﬁe data of this table show why ultraQibiet light is tﬁé mosf\
desifable léborétory tool for chemical evolution ekperimehfs. However,
siﬁéeiCHq-NHé-HéO'mixfufeé'show little UV absofptioﬁ above 2000 R,'and
fhé fegiéﬁ below that wévelength-is‘difficult to.employ in the laﬁora—
tory (é.g., due to UV destruétion of the special windOws that are
needed), peséaréhers have_tended to simulate the other primitive
 Eabth-a9ailabléwehergies. - These include electric sparks and corona
‘dischafges (simulating the effects of lightning sforms), gamma rays
“and- electron beams (simuléting coshic rays and radioaétivity in ‘the
rocks), and heat (simulating the thermal effects around volcanoes).

Host labbratory work on the abiogénic synthesis of biologically-
relevantlcompounds has been done at room temperature.v Geologists and

geochemists. are of the general opinion that by the time the Earth -
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became a solid, cohesivevmass it had about tﬁe everage temperature it
has today. The notable egception'te ambieht-temperature work is that
of Professer S. ‘w Fo# and his'groups at the florida State ﬁniVersity
and the UnlverSLty of Mlam1~ they have empha81zed the p0851ble role of
local high temperatures, present in'areas of volcanlc act1v1ty, in
.promotlng the 1n1t1al events of chemlcal evolution, Us1ng very high
temperatures (of the order of 1000°C) they have contrlbuted interesting
r,amlno ac1d-ferm1ngvexperlments; worklng at mich lower temperatures they
ﬂave sﬁewn the formation of peptides from amino acids, ‘We will come
baek te“this work in latér sections of this repérf..'\

”for‘eVer a;century'écieﬁtists'heve'regar&ed‘the:eériy'oceens as
;_the'preﬁabie birthﬁlace'ofilife on 6ur'plénet.';Darwiﬁieﬁ evblutionx_
_poiﬁts to this, and chemical evelution eeems to peint to it tco; As

was.mentiohed earlier, J{é;St:Haldehe emphasized the role of tﬁe primie
tive oeeans and thought that.the early abiogeﬁic synthesis'weeld'have
aecemulated inbthem_e'eensideraele concentration of orgaﬁic compounds .
o Sagan:(Ref; 12, p.'233) ceicﬁleted,uon‘the basis ef'fa) everage-quan-
“tum yields for the UV-ligHt conversion of reducedjatmosphere gas mix-
tpres‘to higher molecular weight corpeunds and (b) assumed values of -
the UV_§hotoﬁ'flux in primitive times, that the abiogenicrEerth's
oceans could¢have developed "e one percehtksolution of’orgénic matter"
ih:3 x 108 yeers._ For this‘reason, most chemical evolution experi-
ﬁents;have been done in.dilute aqueous,media._ Another consideration
that stroﬁgly favors tﬁe oceens as the principal locele for chemicai
evolution ié that organic compoeﬁds, once formed, would be protected

against the radiolysis that would be caused by the strong UV flux of
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primitive times, The formed amino acids, sugars, etc., would be
expected to be adsorbed on mineral particles (muds, cla&s, etc.), car-
ried down to the bottoms of lakes and seas, and there be protected from
the UV light, The ocean would also be an effective medium, or'vehic;e,
for the mixing together of different classes of organic compounds
formed -at separated points on the Earth's surface as a result of, for
exahple, differing temperatﬁres, cosmic ray fluxes, and avéilable
mineral surfaces. The last item brings up the important point of
surface catalysis--without doubt, adsorption on mineral surfaces

played an important pért in chemical evolution; the availability of
these surfaces in the fransporting and mixing actions of the oceans

make the latter even more attractive as promoters of abiogenic syntheses,
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SIMULATEﬁ'PRIMITIVE EARTH EXPERIMENTS--EARLY WORK AND.GENERAL GUIDELINES

1. Early Experiments

Studies were made; as far back as 1897, on the effects of high

energy sources (electric discharges) on mixtures of carbon dioxide and

"water,15 In that experiment, and in subsequent ones throughout the

ensuing haifecehtury;”claims were made that formaldehyde was a detectable
oroduct of Such‘irradiations-—other'workers, on the basié:ofitheir:own
experiments; denied these claims. The possibilities of formaldehyde

as a product ofCOQ-HQOinteractions'intrigued'many scientists as a hint
of how green- plant photosynthesis mlght operate. From 1870 until about
1940 1t was w1dely held that formaldehyde was the first product of CO
‘lxatlon by green plants, and that the formaldehyde was converted to
sugars by the well known polymerlzatlon reaction. Although most of the
interest in the possible formaldehyde product was from the standpoint

of photosynthe31s, some workers addltlonally supgested that thlS product

vcould have been involved in the formatlon of organlc compounds on the

prlmltlve Earth 16

In 1950, interest in the pOSSlble reductlon of C0s and its flxatlon

- _'1nto blologlcally 1mportant compounds through the actlon of ionizing

hzradlatlon was rekindled by the experlment of Garrlson, CalV1n et a1,17

These workers demonstrated the appearance of formic acid and formalde-

-hyde when CO2-Hy0-Fe** solutions were irradiated with an alpha-particle

beam.

The present era of active research in chemical evolution was put

~on a firm basis by the tremendously interesting experiments of Miller,

first reported in 1953,18 Having been convinced by the arguments of
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8 and UreylO that the Earth's primitive atmosphere was reducing, -

Oparin
Miliér reasoned that the really meaningful ¢hémical evdlutidn expefiment
would be to subject such an aésumed afmbsphere (mixture of CHy o NHé,
HQO,‘and Hy) to high‘enérgy radiation--in his case, to electrical dis-
charges. In this way,.ﬂiller demonstrated the facile’appeavanée of
glyciné;:a-alaﬁine"B-alénine, aspérfic acid, and’dJamindbutyric acid.
Tﬁis.eipérimént set thé.pétfern for maﬁy.subSéQuent ones over the
'vehshihg fdurféen'yeafs. ‘Many in#estigéférs; as will be detailed

Below, used various energy éoupces éﬁd médé many alferations on Miller's
oriéinallgas (primifive atmosphere ) mixture--but this work is all
'basiéaliy-théééame;'nameiy,'studies of the effects of ibhizing radia-
tidn‘dn reduced gés mixtﬁres of the sort that are presumed to be similar

to the earlybferrestrial atmosphere.

2, Generéi Guidelines

From tﬁe forégoing discussions thé'readervcan coﬁclude’that there
is geﬁéréi agreément as td what may constitute a meaningful "chemical
evoldtiéﬁ" e#periﬁent.' The "géneral agreement" indic%tes thaf éxperi—
ments shoulﬁ be performed at room témperature, in dilute aqueous media,
with a mixture of simple molecules (CHy, NHy, H,0, Hy, etc.) of an over-
.all[redgded characféf, and with energy sources that were_certaiﬁly
plentiful on the primitive Earth (preferably UV light and electric dis-
-charges). When catalysts are added to such.a reaction mixture, they
shouid be of the sort for which there is geological evidence for their |
v existenée in the early stages of our planet's development (i.e., around
“‘x 109 years ago). Other equally valid experiments involvevvarioﬁs |

treatments (UV light, electric discharges, modest heat, etc.) of simple
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compodnds (of which the inorganic cyanides are notable examples) that
Qould‘haVe formed easily, in primitive times, from the above gas mix-
tures.,

The main disagreement with these guidelines comes, as was men-
tioned earlier, from those who think that the use of higher tempera-
tures (such as those found in areas of volcanic activity) is also valid.
Most researchers, howevef, feel that the rodm-temperature, dilute—aqueous
media constitute a better model because the primitive oceans were far
more wideépread and seem, in practically all aspects, to be the logical

locale for the appearance of life.
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ABIOGENIC SYNTHESIS OF BIOMONOMERS

In this section we shall review the progfess that had been médé;

thfough’léG?,'in the laboratory synthesis, under the guidelines'bre;

" sented in the previous section, of the biomonomers. By the lattér

term we refer to the constituent units of the biopolymeré (the'proteins,
nucleic écids, and polysacéharides). To,be.specific, we'shéli review
the ébiogenic syhthesié of the amino acidé, nucleic acid bases;'nucleo-
sides, nucleotides, éugars, fafs; and porphyriné.

1. Amino Acids

It is1the great successes in the abiogenic syntheses of the amino
acids, beginning with Miller's 1953 experiment, that have made chemical
evolution such an attractive area of research, Theré are several reasons
why amino acid syntheses have béen so prominent. First, they are the
constituent units (monomers) of the ﬁroteins, which, with the nucleic
écids; are the supremely iﬁportant biopolymers. Secondly, present data
indicates that they form move readily (from CH,, NHg, H,0 mixtures)

. than any of the other biomonomers. Finally, very powérfui and sensitiQe
techniques exist for amino acid detection and analysis——commercial
"Amino Acid Analyzers", paper chromatography, and very sensitivé color
 tests (ninhYdiin).

For the present discussion, by "amino acids" we aré limiting éur-
selves to the a-amino acids. All of the 20 common amino acids of the
natural proteins have their amino group bonded to the u—carboq, the
carbon that ié also bonded to the carboxyl group. It is interesting
" to nete that in all chemical evolution experiments where their yields

- are reported, a=alanine is formed in much higher yield than is B—alanine.19"22
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The characteristic formation of the amipo acids seems also reflected
in the preferred forﬁation of q-aminonitpiles, as reported by
Ponnamperuma and WQeLler.23 It seems very likely thaf, when life got9
started on’Eargh, the o-amino acids were the commonest type available
for protein construétion. Orggnisms that developed'that coula metabo-
lize d-amino«acids wou;d be the ones most likely to‘§urvive.

At least fogr mechanisms, or routes, ha§evbeen proposed to account
for the appéapance of amino acids invprimitive.Barth experiments: |

(a) The cyanohydrin mechanism--invoked by%Millerlg to explain

his amino acid products:

| NHy, HCN Hy0 |
RCHO == —> RCH(NHQ)CN -————-—> RCH(NHQ)COQh

This mechanlsm is relnforced by the fact that aldehydes and
HCN are known products in Mlller s system. It also explalns
the presence of the a-amino ac1ds..

(b) Since electric discharges in'aqhydrous metﬁane-ammonia mix~
tures. cause the f§rﬁation of u¥aminonitriles,23 the intermediate
aldehyde formation may not be necessary:

CHy + NHz ~vwva~ HoNCH,CN, H3CCH(NH2)CN.-—;EZE——-)
HoNCH,CO,H, H3CCH(NH,)CO,H

(c) Sanchez, et al.2" have suggested a possibly ihpoftéht'role for
'Cyanéacetylene (a product of CHu-Nz'irradiatioﬁs) in amino
acid syntheses; In the presence of NHy and HCN this compound

forms considerable aspartic acid--the sugpested reactlons are:

HCN
"~ NC- C-CH + NH3 === NC- CH CH=-NHo —

Hs0
: 2
NCCH2CH(NH2)CN e HOQCCHQCH(NHQ)COQH

aspartic acid
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(d) Abelson,?5 Matthews and Moser,26,27 and HaradaQthave emphafb'
sized a possible key role of HCN oligomeré; Abelsonvfépor;é
that UV light (2536 R) speeds HCN polymerization andxthat, on
hydrolysis of such polymers,vglycine, alanine, Serine, |
aspartié.acid, and glutamic acid are found.

With the data now available, it is impossibie to decide whether
all;gany,”or none of the above routes is the true path of amino acid
formation in abiogenic syntheses,

Table 2 is a summary of the amino acids whose syntheses have been
feporfed'dﬁring the:pést lu‘years in "primitive Earth atmosphere" experi-
ments. ‘The table reflects some subjective jﬁdgmehtvabout'what is, or
isn't, a'"primifi§e ﬁarth"'expefiment. The table omits reports where
"amino acid products" are indicated merely on the basis of ninhydrin-
positi?e tests, or approximate chromatographic positiohs of the products.
We have included only those experiments in thch individuél amino acid
products wére firmly established, taking into account the need for con-
trol experiments to éliminate bacterial and other contamination. In
general, the experiments recorded in Table 2 were performed 6n CH, -NH3-
H,0-Hj mixtufes;'the éxceptions are noted. In some cases, the H, was
‘ omitted; in'ofhers, varying amounts of CO, CO,, or N, were added. In
Call cases.the mixture was more reduced than oxidized,

Other relevant primitive Earth experiments in which amino acidé
‘were produced, not from the "primitive atmosphere" mixture, but from
other compounds that would have accumulated in the primitive oceans,

ére recorded in Table 3.
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Table 2
Production of Amino Acids in Simulated

M"Primitive Earth Atmosphere" Experiments (1953-1967)

Amino Acid Inéut( ) P?oéuct. (b) ’Lit
Formed Energy Identification ~Ref,

Glycine A o 1 19

A II | 5y

A | 181 55(6)

c 1 33

A | II , 29

B »' I1 30¢¢)

A 19 yo(H)

A | II . 31

D 11 21
Alanine. A | I ‘ 19

C I 33

A I 54

B | 11 '  30¢¢)

, | o L L .

D ' - 11 o | zi

A o N 55(2)

A . | b s SN 29

A 1T yo(F)
e{Alaniné A 1 19

A IT 31

A II 54

A 1 40



Table 2 (continued)
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) d)
Cysteic acid c I : 32( ),
N-methylglycine A I 19
(sarcosine) ,
D IT. 21
A 11 3
A I = yo'H)
Serine v A . i1 v .29
D : II 21
Threonine A 11 L 29
D II 21
afAminobutyrié ' A I 19
' acid '
A IT Sy
B 11 yo(H)
D IT 21
A II 29
N-methylalanine A I 19
Asparagine A II ss(e)
- Aspartic acid A 1 19
C I : 33
A 3 54
A II 55(¢)

A II 29

2 o om0 A B 4 5 e e o o o D e 0 O e



.Table 2 (continued)

Glutamic acid A 1 ‘ .19
A 11 S
A ' 11 | 29

D _ ' II 21

Valine . D | I1 21
Leucine : . D I1 21
D I 3y

A Ir 29

Isoleucine D . II 21
D I 3y
A 11 29
Alloisoleucine D | | I 21

D II 34

Lysine - A : : II o 54

A II ' , 29

Phenylalanine ) ' 11 : ' 21

D - ' II o 34

varosine D - _ 11 ' 21

D II 34




(a)

(b)

. (e)

(d)

(e)

)
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A = electric discharge (spark or corona)

B .=. UV radiation

¢ = ionizing radiation (Y—rays or electrons)
D = heat (about 1000°C) |

I  Product identification very secure; for example, absolute

‘chromatographic coincidence'befWeén labeled product (froh

14

CHu).and carrier color or UV absorption, or macro amount
of‘product obtained and physical properties determined.

11 ~ond'uc't‘identification less secufe; usually based on
chromatographic RF values, or elution volumes from ion

exchange colums.,

Ethane was substituted for methane; with the latter, no

amino acid products were detected.

HQS was added to the usual CHu~NH3-H20 mixture,

Ethane was added ﬁoaCHu-NH3~H20-H2 mixture.

Experlments pn COQ—NQ-HQ-Hzo,mlxtures.
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'Tﬁe data of Table 2 leave no doubt that amino acids, at least
those dp to 6 carbons (leucine and lysine).are formed iﬁ "redhced'
atmosphere'" experiments. ﬁigher molecular weight amino acids (éhehyl—
aléniné'andsffrosine) have been reported only on heating tﬁe CHu-NHA;
H2O;H2 mixtures to about 1000°C. Whether fhis'temperéture céﬁ be con-
sidered "primitive Earth" conditions, and how widespreéd the lbcale(s)
of Such'temperatufes éould'hévevbeeﬁ, ﬁas Beén "warmiyh debated--and
the reader is referred to the written record of one such debate, fol-
lowing. the présehtation of a paper at the conference held at Wakulla
Springs, Florida, in 1963.35

In addition to‘the amino acids whose formation. from "primitive
Earth atmospheres" is recorded in Table 2, there are many reports in
the literature of their férmétion from the sorts of organic compounds
known (e.g., HCHO and HCN) or expected (e.g., N-acetylglycine) to
accumulaté in the primitive atmosphere and oceans (we shall call
these "primitive Earth compounds"), Many researchers have studied
what could be called the secondary formation of amino acids from

these compounds. That work‘is summarized in Table 3.
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Table 3

Formation of Amino Acids from Primitive Earth Compounds (1953-1967)

Amino Acids

Input Lit.
Reactants Energy Reported(a) Ref,
1. Paraformaldehyde, H,0, Sunlight gly,ala,asp,val,his, 36
NO;™, Fet3 pro,lys,ser,asp,arg
2, N-acetylglycine, H,0, NH3 y=-rays gly,asp,thr 37
3. NHyAc, Hy0 e~ beanm gly,asp . 38
4, HoNOH, HCHO, CO, uv ‘gly,dla 39
5, HCHO, NH,Cl, NH,NOj uv ser,gly,ala,glu,val, 54
D ' iYeu,phe -
6. HCN (at pH 8-9), followed UV gly,ala,ser,asp,glu 25
by hydrolysis : :
7. Formamide Pyrolysis at gly,ala,asp,sér,thr, 55
2509, followed val,glu,leu
by hydrolysis
of product
8. Glucose, urea 150-200°, gly i
’ hydrolysis of
product
9. Malic acid, urea " asp ui
10, Hydroxyglutamic acid, NHj " glu L1
11, HCN, NHy, H,O 90° asp,thr,ser,glu,gly, 42
_ ala,ileu,leu,B-ala,
abu
12, HCHO, HoNOH, H,O 80-100° gly,ala,B-ala,ser, 43

thr,asp
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“Table 3 (continued)

13, HCN, NHg, Hy0 27-100° gly,ala,asp
14, HCEé-CN, NHy, Hp0, HCN 100° asp,aspNH,
15. (NH4)2CO3 (sol1id) y-rays gly
16, .Glycine (on quartﬁ) 260-280° . ala,asp

a-aminobutyric ac¢cid, asp =

(a) ala = alanine, B-ala = B-alanine, abu

aspartic acid, arg = arginine, aspNH, = asparagine, gly = glycine,
glu = glutamic acid, his = histidine, ileu = isoleucine, leu =
leucine, lys = lysine, pro = proline, phe = phenylalanine, ser =

serine, thr = threonine, val = valine,
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2. Nucleic Acid Constituents

We shall review the ppogress made in the abiogenic synfhéSes of
the nucleic acid monomers (the nucleofides; which consiét, in turn, of
three units: baSe-sugar?phosphate) under the hgadings of purines and
pyrimidines (the organic bases of the nucleic acids), sugars, nucleo-
sides (the base-sugar units), and nucleotides. |

Purines and pyrimidines

Compared to the successes in demonstrating amino acid syntheses
under primitive-Earth conditions, far less has been achieved in the
syntheses of the pﬁrines and pyrimidines. The more complex structures

.of the latter indicate why this should be expected. The two purines

puiiné | o pyrimidiﬁeﬁ

(;déniﬁe aﬂd.guaniné) and the three pyrihidinéé'(cytosine, fﬁ&mine, and
ﬁracil) of the nﬁcleic acids are formed by the attachments of NHQ,OH,
‘and CHy gféups to the above basic structures--and the general result
is a higher degree of molecular architecture, or specificity, than is.
exhibited in the émino_aci& éeries.' |

:Adeﬁine is fhe only one of the fivé nucleic -acid bases that has
been synthesized in a "primitive-Earth atmosphere' experiment. In
1963, Ponﬁéméeruma, et al, found adenine after irfadiating a CHy-NHy-
YHQO-H2 mixture with an electron beam.*® The yield of adenine from

starting methane was very small (0,01%), and none of the other nucleic



. believe that HCN played a key role in chemical evolution.
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acid bases were detected. Hdwever, considering the complexities of
the adenine molecule and the raﬁdom, radiolytic processes that led
to its'formétioﬁ, bné canvéasily.bélieve thét'this yiéld.may'be hfghly
éignificant for our unders;anding of chemical evolutioﬁ. "6f furfher
interest was the fact that the adenine yiélds increased as the H, in’
fhe:sfarting gaS"mixture.ﬁas decbeésed-—a.reshlt that‘may hint at the
absence of significant purihe synthesis on the primitive Earth until
méSf-of‘the hydrbgen was gone, Also, since the presence of Hy does
not seem to inhibit amino acid production invpfihitive étmoépheres,
perhaps we can épécuiate that protein'synthesis preceded nucleic ‘acid
synthesis on the prebictic Earth.

The first "primitive Earth" syntheéis of adenine was reported by
Oré in 1960;46 this work was.elaborated‘in furthér publidations“”»"7
and confirmed:by LoWé, g:_g&;?z Adénihe; some amino acids, and a variety
of-othér.nitrogenéconéaining déﬁpouhds areffouﬁd when aqueous ammonium
c&éniéé solutions are heated at about 90° for several days. Oré and
Ofgéi énd theif?cdworkeré.have studied fhé‘meéhaﬂiém of this most
interesting condensation and have presented evidence that it proceeds
through aminomalononitrile (an HCN trimer) and diaminomaleonitrile
and/of Y-amino-5-cyanoimidazole (both HCN tetramers).uviuaﬁge
Both adenine and the other nucleic-acid purine; guanine, have been

synthesized by shining ultraviolet light on dilute solutions of HCN, 99

These two purines have also been reported as products of the reaction

of u-amihb-s-cyanoimidazole (the HCN tetramer mentioned above) with

HCN or cyanogen in aqueous solution."’g’98 There is much reason to

98
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Of the three‘nugleic—acid pyrimidines, cytosine, uracil,.and
. thymine, the first two have been prepared under more or less abiogenic
conditions, but thymine has never been reporfed as a product of such
experiments. Uracil has been prepared by heating (130°) malic acid,
urea, and polyphosphoric acid.%® This is a doubtful primitive-Earth
exPerimént because of the temperature, the malic acid (which has never
béen reported as a product of abiogenic synthesié), and the polyphos=
phoric acid (a compound whose existence in any watery environment
woﬁldrbe mes transitory). . Oré has also recorded the appearanéé of
uracil’uhder conditiéns.he‘considers relevaﬁt to abiogenesis: heating
(l35°)'ﬁrea with acrylonitrile (or B-aminopfopidnitrile, or B-émino-
propionamide) in aqﬁéous'éolution.su

The only‘reported abiogenetic synthesis of cytosine is that of
Sanchez, SE_E&;?"' Theyvfound this pyrimidine upon heating.cyanoacety-
lene (which they report as a product of the sparking of a mixture of
' CH, and N2) with an aqueous solution of KCN at 100°. These authors
also report that cytosine is obtained in a 1% yield when an aqueous
solution of 1.0 M_pofassium cyanate and 0,1 H.cyanoacétylene is allowed
to stand at room temperature for 7 days.

Other purines, not'normally'found‘in nucleic acids, are also
reporfed to have been synthesized under abiogenic conditiong. These
include hypoxanthine, diaminopurine, and xanthine %9
The abiogenic syntheses of the nucleic-acid purines and pyrimi-

dines are summarized in Table 4.
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Table 4

Synthesis of Nucleic-acid Purinés’and Pyrimidines under

. Compound

Primitive Earth Conditions

s

Lit. Ref.:

y Experimental Conditiohs,_
Adenine CH,-NH3-Hg0; e~ beam . 45
o aq. HCN, UV 99
" aq. diaminomaleonitrile 49

+ HCN, UV, 25° |
Guanine aq. HCN, UV 99
" aq. diaminomaleonitrile 49

+ CoNy, UV, 100°

Uracil malic acid, urea, H#P2O7, 130° 50
" acrylonitrile, urea, H,0, 135° 3
Cytosine H=C-CN, NH,CN, H,0, 100° 24

1Thymine:

No recorded "primitive Earth" synthesis
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Sugaré

To sémeAéxtént, the problém of the ébidgeﬂié sYnthésis of the
cdmmon hexoses and pentoses was sol;ed iong'before”the present interest
in chemicél evolﬁtioﬁ expebimenfé. Over-aiéentﬁry ago,'the Russian
chéﬁist Eﬁtiefcv'showéd.thét dilﬁtehéqueous alkali causes formaldehyde
to éonaenéé to a Complegﬂﬁi¥furé'of sugaré.Si Miller's early work‘
produced évidence,«not.only for the production of fofméldéhyde on
sparking the CHQ-NH34H20-H2 mixture, but also (“possibly")afor the
appearance of sﬁgérs;ll “GonSequently;'the abiégenic S§ﬁthésis Qf'
Sﬁgars;dn'tﬁé primitive Earth is easy to visualize--although no one
has yetiestaﬁlishéd a specific sugar as a product of CHy-NH3-H,0
irradiations., Since we are)here fbcuéing our attention on the'problem_
of nucleic acid conStitueﬁts;.it is of considerable interestithat the
sugars (ribose and deoxyribose) of thoée biopolymers have been found
as produéts,o% the ultraviolet irradiation of formaldehyde, %3 ' Deoxy- -
rib9§é haé éisé beéhvfepOrfed as a product of'@afmiﬁgv(56°)'an aquebu§
solution of‘formaldehyde in the presence of calciﬁm oxide.52 Finally,
~ Gabel and Ponnamperumé have found ribose as a product of the reflﬁiing
of aqﬁeous formaldehyde o§er kaolinite,53

' Nucleosides

The oniy-chemical evolutioh ex@eriments so far reported that
relate directly to nucleosidé (the base-sugar part of the nucléic acids)
formafjon,aﬁe thogse of Ponnamperuma, EI.E£L§8059 Thése workérs'were
~ able to detect the formation of adenosine when UV light was shown on

a dilute (about 10-3 M in each reactant) solution of adenine, ribose,
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and bhoéphoric acid (both the UJ light and HgzPO, were needed).%8 They
éiso démoﬁstrated the formation of dééxyadenosine under similar condi-
tions.59 In the case of the létter hﬁcleoside they showed that cyanide
couid.ﬁe éubstifuted for phosphafé and thét someAdeoxyédenosine was
formed evén without the'UV irradiétibn, Curioﬁsly enough, substitution
of adenine by éﬁy one of the other four nucleic-acid bases led to no
detécféﬁle nﬁcleéside'formatioﬁ.so’” |

‘ *Nucledtidéé‘ o

" 'In considering the formation of the nucleotides (the base-sugar-

phoépﬁafegidr'ménémefic,'uhit‘of the nucleic'acids) we should first con-
sider the state 'of the element phosphorus on the ﬁrimitiVe Earth., In
any watery environhenﬁ the predominant chemicéi form of phosphorus is
phoéphoriﬁ ac&d--Milier and Horowitz have stated (in their egcellent
reQiew;ﬁChrreht Theorieé.on fhe»prigin'df Life") that ﬁfhermodynamicv
célculatioﬁs éhow that all 16§er oxidatibn'states of phosphéfus aré
-unstéﬁleidhder ahyvgressﬁ}es of hydfogénvthéf are feésoﬁabie."sl
Conéédﬁéhfiy,'although‘fﬁére'are some problems with_reépeck‘to the
insoiubility‘of_the alkaline~earth phosphates, it seems\reasonable fo
envision available phosphate on the primitive Earth for the formation
»of'the exfremely'important (to life) organic phosphates.-

In the‘work quoted above regarding adenosine formation, the samé
group found no detectable adenosine phosphatev( = the nucléotide{ also
called adényiié acid) when adenosine was treated Qithﬁphosphoric acid
aﬁd ultrévioiet 1ight.58 They did show tha% whén “polyphosphate ester"
~ (a complex mixture formed By reacting P,0g with ethyl etherf2?) is sub-

stituted for the phosphoric acid, adenylic acid was formed, ‘They also
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detected the synthesis of adenosine.eiphosphate (ADP) and adenosine
triphosphate (ATP)-fthe latter compound is the cﬁief'stobéée'depot for
energy, and ehief supplier of energy, for biologieal.proeeesee; Unfor-
tunétely, the "éolyphosphete ester" eeems a very unlikely primitive-
Eaffh coﬁpound (for one thing, it is veryvquickly hydrolyzed), but
argumente;have been'advaneed-in‘févdr of its possible existence on the
early ﬁarth.sz

In subsequent workglPohnamﬁeruma and Mack heated separately (in
‘the absence of water) the five nucleie;acid milcleosides (adehosine,
gﬁandSine,feytidine; uridine, and thy@idinef wifh sedium"dihydregen'
phosphaté (NaH,PO,) at 160° for two hours,631100 They demonstrated
the ferﬁation of the phosphetee (nueleotides).ef each of the ﬁueleo-
81des, many of the 1nd1V1dual monophosphates (2'; 3'; 2'3'-cycllc'
and 5'-phosphates), a dinucleoside phosphate (UpU), and a dlnucleo-
txde (UpUp) "~ They also showed apprec;able ylelds at temperatures as
low as 80°,zand that the presence of small amounts of water "is not
;ncompatlble w1th thlS reaction", S

Waehneldt and Fox have recently demonstrated the phosphorylatlon
(on the hydroxyl group of the pentose moiety) of adenosine, cytldlne,
deoxycytidine, guanosine, urldlne, and thymidine.6% They employed
temperatures from 0-22°, end theip phosphorylating reagent was poly-
phosphoric acid--the latter compouﬁd may well have egisted on the
primitive Eerth since the formation of its principal eenstituent,
.pyrophoephoric acid, is formed in dilute aqueous solution byAthe action
.of cyanemide (a demonstrated "primitive Earth" compohndss) on phosphoric

‘acid,B® PyrophoSphéte has also been prepared by Miller and Parris by
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the reaction of pota581um cyanate KCNO w1th hydroxyl apatlte,
Calo(Pou)s(OH) (thls is the Earth's commonest phosphorus—contalnlng
mineral).57»”From the standpolnt of chemical evolutlon, the work of
waehneldt and Fox, with its low temperatures and high yields (25-u5%)
of nucleoside phosphates,gis particularly attractive. |

Eeck, EE.E}; have recently reported the formation of uridine-5'-
phosphate,‘nridine-é'(S');phosphate; and some uridine diphosphate on
heating (65;85°5 uridine with'inorganic phosphates for 9 months, %7
The most:effectivefinorganic>phosphates in promoting’this reaction were
Ca(H,PO,)9 and (NH,),HPO,. . The authors suggést:thatlof the two, the
ammonium hydrogen phosphate»is the ‘more likely to have played a part
in chemical evolution.;lCa(HéPOQ)g is precipitated'only‘from acid solu-
fian, whereas;inpanAocean containing subStantial amounts of ammonia the
(NH )QHPOu may have formed ‘on the evaporatlon of shallow pools.

3, Fats

The fatty (also called allphatlc or carboxyllc) ‘acids are another'
class of compounds whose appearance on the primitive Earth is very
easily imagined. Experiments unrelated to the present‘interest in
chemical evolution have demonstrated the formatlon of a wide variety
of hydrocarbons with molecular weights in the hundreds, on the passage
of 1on1z;ng»rad1atlon through methane.68,69 In addition, it has been
‘shown that lonizingeradiation effects the direct addition of CO; to a
'hydrocarbon to form the corresponding fatty acid (RH + coé MANA RCOéH)7°
and to amines to form amino acids.10“ And it should be remarked here
that, even in a predominantly reduced primitive atmosphere, the presence

of some CO5 would be expected,
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Allen and Ponnamperuma have recently shown that exposure of methane
and water to a sémicqrona diséharge pesults in the formation of monocar;
boxylic acids from C, to>C12;71 The authors identified écetig,
propionic, isoButyrié;.butyric, isovaleric, Véleric, and isbcabféic
aéids,'and they presented mass spéctrdgréphic evidence that their Cg-Cp9
ééids were predominantly branched~chain. |

Sincé'éheﬂfats are esters of glycerol, it remains to be remarked
that no onghaé‘yéf reported glyéerél as a product of pfihifivé Earth
eiperiﬁéﬁfs. The éoﬁpouﬁd is not as.easily detected as mogt of the
6tﬁér Biolégically-relevénf cbmﬁoﬁnds that we have beenmdiscu$Sing, and
this is probably fﬁe peason it has not yet been reported. It is a likely"
pro&ﬁﬁt'bf>édme fﬁtureiabiogenicvsyﬁthesis that will be similar to the
modern inddétfial synthefié route; starting with the C3 hyérocafbon
propylene; and proceeding through a series of hydrations and dehydra-
v tioﬁs;‘

g, Poi»p_hzriﬁs

f;!Anotﬁef'biologicallf vefy importaﬁt class ofvéompounds that neea
 be considered are the éorphyrins.~ Chlorophyll and heme (of hemoglobin
are, respecti§eiy,'magnesium and iron complexes (or "chelates") of sub-
stituted ﬁorphyrins. The porphyrins (of similar visible-light absorbihg
pigments) had to pre-exist the first alga. The established biosyn-
theticzroute to the porphyrins utilizes glycine and succinic acid (both
knownlprimitiVe-Earth compounds) and proceeds through a Cg compound,
_6-amin§levulinic acid.72 The latter has been sought, but not found,
as a product of CHy-NH3-H,0 irradiations; it has been found as a |

product of the irradiation of dilute aqueous solutions of glycine and
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5ﬁcéinic'acia;73 However, é vefy-recent'report asserts’ that porphyrins
are detectable (no yields are given) after‘the passage of electric dis-
charges through CHu-NH -H,0 mixtures.101) 1In 'the biosynthetlc pathway
two molecules of §-aminolevulinic acid are condensed to form a pyrrole,
. four of whlch, in turn, condense to form a porphyrln.’ Sidfké"has demon-
‘strated the appearance of pyrrollc compounds on the UV 1rradlatlon of
aqueous solutions of &- amlnolevullnlc ac1d.7u One class of ‘pyrrolic
compounds, the porphyrlnogens, are known to céﬁdense ea51ly to porphyrlns--
however,‘enzymes are required for this condensat10n.75 In the prebiotic
Barth other catalysts,_or long tlmes, may have,been effectlve.

1t has been pointed out fhat‘during the Earth's transition from
a reduced td'an'okidized‘afmqéphere, the presence of'the porphyrins may
* have been critical for the further progress of cheﬁical evolution. The "
gradual building up'of‘02 (brought about, before the'appearahce of plant
phbtoéynthesis,,by the radiolysis of'water in the Earth's upper atmos-
pheré)'would have led to the appearance of hydrogen peroxide--the 1étter,
in‘turn, would have produced widespfead oxidation (i.e,, destruction)
of organic compounds, Héwever, Célvin has pointed out thaf the incor-
porétioﬁ'of férric ion into the porphyrin cheléte heme increases, by @
. Factor of one théusand, theicatalytic effectivéﬁésé of the=ir6n'é

ability to destroy peroxide,76
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This'éection.onfthe ébiOgenic syntheéis of the biomonomers should
not close:withbﬁt a_céﬁment on the limited ndﬁbér of‘the;é‘ébmpéuhds
that aéé so basic to our’siocheﬁiétry; To quote George Wald, con-
cerning'whét he calls the Vaiphébet'of biochemistry“g |

"It turhs out that about 29 organic moleéﬁleé are’enéhéh to

'inthAUéeuthéyga?e esséﬁéiais'[af biochemistryl. Théyainciﬁde
glucose, the'majér product:of'phofosynthesis and majof sbﬁrcé
of’metaﬁolic‘énergy and-hydrogen; fats as a.principal storagg‘
férm.dflmetabolic‘energy; phosphétides as a means of circu-
lating lipids in aqﬁequs media’aﬁd'for.fheib remarkable struc-
tufe;forming proclivities; then the 20 amino acids from which

all proteins, including all enzymes, are derived., Five nitro-

geﬁbué:baséé (adenine, guanine, cytosine, ﬁfacil, fhyminé),'

tdgethef with ribose or.its simple-debivative debxyribose'and

;hoééﬁofic aéi&,'fqrm all the nucleic acids, both RNA'and DNA,

"Thesé:2§ molecules gi?é étﬁdenfs a first ehtry iﬁto'fhe,struc-
tufes of protéins and qucleic abids, the'coding of genétié o

' informétion, the structure of enzymeé, the composifion and

genéra; propérties of cell strucfureé, and bring them_fo a.

point from which they can begin to explore the complexities

of energy metébolism. That this is not the whole of biochemistry

goes without saying; the_extraordinary thing is that it makes

.'so:goodva start. Yet this alphabet of biochemistry is hardly
longer thén our verbal alphabet,"’’

a In view of the above statement it mayvnot be amiss to feel that the
- "chemical evolufionists" have put together a satisfactory picturg of fhe

accumulation of the biclogically .important monomers on the primitive Earth,
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ABIOGENIC SYNTHESIS OF BIOPOLYMERS

Granted a primitive ocean with a lot of biomonomers in solutionm,

one next comes upon the problem of how thesé,compounds_may have gotten

condensed to form the biopolymers.

In all cases. the monomers are

attached to each'ofher with a .concomitant elimination of water (dehy-

dration condensation), These

major claéseé of biopolymers:

‘attachments are shown below for the three

proteins, nucleic acids, and polysaccharides.

In all cases the elimination of water is indicated by the dotted rectangles.

PROTEINS laminol fcarbaxyr
N S i 9 ‘
HaN-GH-C .gritH_—wcH COH ——>  HN-GH-C-NH-GH-COH —= POLYMER
RI R2 Rl R
' | dlpephde |
POLYSACGHARIDES
: 4 cH20H y
GHoOH - \ . o -
LY b—o 'ou |\ gH H36 ——» DISACCHARIDE —» POLYMER
QH _Hio”
/ AN é/ \H H OH
,', OH

" NUCLEIC ACIDS (3 STAGES) RNA

SHOWN - DNA LACKS = OH ON 2' POSITION

[ adenine 1
Nhe
c
e\ /N
thé' i i ScH NHz
2 o /
Q's'/ \f? ) "‘110\?'/»‘%(;“
T 0l "osv o o - ronveR
HOL A Wof PYORTT on L N M
W \cg-_ \H B 1) \P/ 0 H~ \éz_é, “H 0= \‘=‘0
N OH
M o R M)
. LOH__ _______Ho
l adenosine |
L adenylic  ocid |

dinucleotide (4p4p) |

U 31687
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The chemical evolutionists have used two methods, both with some
success, in trying to accomplish these condensations under assumed
primitive Earth conditions. The first is to use the high-temperature;

~relatively anhYdfous conditions (the volcanic-areas rationale). The .
_(seéoﬁd“is to search fof simplé primitivé-Eaﬁth”éompounds whose free

v eﬁérgy5 and seiectivity of'hydration, is such thaf théj could promote
thé dehydrﬁtion condensations--even in dilute aqueous solution. 'ﬁe
'sﬁali ggview~the progress toward a pictﬁre of tﬁe'gbibgenicvsynthesis
-of the:biopolymers by separately consiaeting'the‘profeiné and the;
nueleic acids. As yet, there is véry little to report on polysaccharide
abiogénié'synfhesis.' o | |

‘l.v Proteins

As_wag meﬁtioned earlier under “Othef.Conditidns on the Primitive
Eéfth,"'s. L, F§x éna his coﬁbrkeré have eh§hasized the possible rﬁle
6£ high'teﬁéeraturéé (around ;olééﬁoes) in promoting éhemicai evélution.
iThey héVe done éoﬁsidefable fesearch_which'hés‘éhown fhat‘dry-mixtures
ofhémiﬁé:ééids ére condensed to proteiﬁ-liké matefiél.(“yroteinbids")

~by ;imble h;atiﬁg to témperatures of 150-206°é§ iﬁ the presence;of
polyphOSphoric acid temperatures below 100° are still effective,/8-80
- The dicarboxyl amino acids, glutamic acid and aspartic acid, are
peculiarly efféctive in pfomoting these condensations. When they are
in e#cess in mixtures containing essentially éll the natural-protein
amind acids,'the resultant copolymer is found to incorporate ali the
starting amino acids. This incorporation is not completely random--
the incorporation of, for example, glycine, alanine, lysine, and
methionine béing slightly favored,’8 The amino acids lose their

optical activity during the process of being built into the "protenoid".
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‘of_the y-irradiation of N-acetylglycine,
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Fox and coworkers call their products protein-like because (a) their
infrared spectra show the typical bands of peptide (amino a¢id-amino acid)

bénds;:(bo they give positive biuret reactions (color tests for peptide'

~ bonds), (c) tﬁey’cah be'hydrolyzed to amino acids, (d) they are sus-

-ceptible'te attack by pfotéolytic enzymes, and (e) they show some weak

catalytic activity, ‘Also intriguiﬁg, but somewhat outside the.scope

of tﬁis.reﬁoft,’is.theAbehaeio} of this "prbtenoid" metefiai when it
isi&isseIQed in warm water;;and-the solution alloﬁed.tovceol.' wﬁén fﬂe
solutlon (suspen81on) is viewed under the mleroscope, it is ‘seen to con- -
tain a great number of small globules, or "mlcrospheres" 79 81 These |
globules have some properties that have led Fox and coworkers to call
them proto;.ob'pre-cellular. 'They are about 2 microns in diameter (in
the size rénge of ﬁany living cells), they éfe'not broken up by.centri-
fugation at 3000 rpm, they eeh be sectioned and stained, 'they ﬁavé pro-
nounced outer membranes, and they show ATP-spllttlng (hydrolyzlng)
ablllty. Fox s work has led him to suggest that on the prlmltlve
Earth there was'"a spontaneous synthes1s of protein-llke materlal suf-
ficiently similar to yield a protocell," and that "one might thus
visualize alnatura; evolutienfto cells and subsequently fe cellular

synfhesis of macromolecules."8l A vast quantity of successful research

- will be necessary before sueh a vision-will be based on solid fact--but

chemical evolutionists are‘noteriously optimistic.
Peptides (two or more amino acids condensed together) have been
reported as products from heating glycine in aqueous NH,OH,102 products -

37 and indicated as products

of the thermal (90°) treatment of ammonium cyanide solutions.?
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Matthews and Mdser found peptide-like material upon hydrolyéis of éhe
products obtained from (a)VSparking CH,;--NH3 mixtures?smand (5) heating
HCN-NH3 mixtﬁre527--tﬁese expérimenté the‘éuthors advance as subpbrt
for the idea thaf>polypeptides may have resulted on the priﬁitive Earth
from hydfoiyéis of HCN‘pc;ly‘mers.e2 Others have suggested a key role
for h§arolyzéd aﬁihoacetbnifﬁile polymers in the chemical evblution

of the polypeptides (proteins), and this reacéién has been used suc-
céssfully t;vproduée di- and tri-glyciné.83’85

| ‘Some’ successes have been reported in forming peptides invdilhfe
aqueous soluticns at room temperature. This has been donézﬁy u;ing
simple analogéjof the carbodiimides (RN=C=NR'), reagents that the
éynthefic organic chemist hés been using for over a decade to effect
dehydféfiéﬁ condensations (in non-aquéous media), Cyanamide, H2N~CEN;
a kndwﬁ'ﬁprihitiveQEarth“ compoundss.and a:tautoher of the pérent (and
anncwn) mémber of the carbodiimide séries tHC=C=NH), has been used to
preparé'éihple peptides (glycylleucine, léucylglyCiné, and alényl-
alanine.86’87’56 A closely related compound,‘dicyanamide (NC-NH-CN)
has also been used, again in dilute aqueous solution at room tempera-
ture, to convert up tob30% of starting glycine into diél&bine.ss

2. Nucleic Acids

Just as some modest progress has been recorded in cheﬁical evolu-.

v tion‘experiments in producing peptides (on the.road towards the proteins),
'so also has progress been made in producing polynucleofides (on the way
to the nucleic acids). Of great interest here is the work of Ochoa, and
Kofhberg, gzlglL,ag-loa who showed the ig_zisgg_synthésis of nucleic

acids as follows:
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Nucleoside triphosphate enzyme (e.g., polymerase) . . _
S+ I ' ' -9 newly-synthesized
"primer" nucleic acid . ' omgtt . nucleic acid

If the "primer" is left out of the reactibn’mixtﬁée; nucleic aéid syn-
thésis still oééurs--dnly‘éf a sfo&ef féte; The hﬁcléosi&é'bﬁdéphatés,
" we haVe:already éégn,'afe sjnéheéiZéd undéfLﬁoré or lQSS-primifivev
" Earth éﬁn&ifibns (see section headed'"Nuéieofides"),faﬁd'thefézﬁas
'-alwaysfbéénﬁﬁiénfy of mégne§ium'ion'available. .The'abOQé reaction will
not tafe piacé9iﬁ the abséncé'of the enzyme, énd that, of coﬁrse,lcan-
not bévprésent in angabibgénic experiment. . ‘However, to quote Shklovskii
and Saéan'(Ref.”lé;”ﬁ. 237, in referring to the above reaction):
"What is the function of{fhe'enzymé?; These enzymes are cata-
lysts Which'inérease the rate, but not the direcfi6n, of a
chémiéal réactioﬁ;' This meéﬁs that in the'absencé of DNA
polyméfase, appropriate nucleosiae triphosph'ates will spon~-
taneouslyvjoin together, of polymerize, but on a much longer
timéscale than occurs in the presence of tﬁe ehzyme. We do
not how know what the rate.df 5ponténeous ﬁolymerizafion of
'nucieoside»tiiphosphates is, in‘the absence of the apﬁropriate.'
.'enzyme;. Suppoée it tékes 1000 yéars. -Cleafly,vsuch én experi-
ment is not pracﬁicab;e-to'perféfm in the laboratofy without
the‘én;yme.' In fact, the enzyme provides us with the l#bora-
_‘fory tool we need. .We can trade the enzyme for geological

time M
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" In a more'typicél chemical evolution éxperiment it has béén shown
that cytidiﬁe phoéphate (éytidylic acid) can-be‘condensed to oligo-
nucle&tides.(avérage number of monomers pér chain z 5.6), at 65°, by
tﬁe actién of 'polyphosphoric acid,%0 The oligonucléotide was found to
éoﬁfain the 3'-5' phosphate linkages_(to the ribose) that are characteristic
of the natural nucleic acids. The difficulty with this work, is of course,
tﬁe'use of the pblyphosphsric acid, However, fbx.ana others haveVSug-‘.
gested the possibility of ldcaiizéd'COnééntratidns of acid on ‘the
primitive Earth.88,91 Such coﬁéentﬁationg, plus volcanic ﬁeat, might
have made it'poés{ble fo%vpolyphosﬁhorid acid to play a role in chemi-
cal gvdiufion.\ The formation of oligonuéleotidés has alsorbéen'reported
on théfheafing (160°) of uridine phosphate and gridine;92

itvﬁés méntioned earlier (undér "Nucleotides") that Schramm; g:!gi;

have pbeparéd.é "§01§phos§héte ester" that has been usédvin_dehydfation
condénéation work;52 The same authors also réported‘that the prepara-
tion of polynucleqtides (from nucleotides) with this reégent and have
ﬁlaimed some chemical-evolutionary relevance for their reéults.62‘ How=
ever, the existence of fheir reagent on the primitive Earth would have
required a,Very'unlikelyvset of circumstances.,

~+ Although they did not investigate nucleotide condensations;
Steinman, et al. found that the previously mentioned cyanamide com-
poundé did:form (from glucose and H3POy, in dilute aqueous solution),

via dehydration condensation, the sugar-phosphate ester bond characteristic

" of the nucleic acids,®®
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CONCLUDING REMARKS

| Outside thé éé&pe"of this report, és xﬁéy'Aréfndefeéliy matters
of "synthésis",'éré éuéh éubjecté as dpaﬁin'sVMOdel of’precéllulér |
9rganization,93 current theorieé on the origin of optical aqtivity,gu
the way in which the biopolymers, once formed, would organize them-
selves into_fhe particular shapes (conformations) in which they exhibit
. biological activify,gs and molecular self-duplication.9 (The
references are to exceiient discussions of these particular topics.)

- The new research :"areaﬁ of chemical evolution is extremely broad

and has excited tﬁe imaginétions of all sorts of'séientists, from
astronomers to physiologists. Its steady progress, and fesultant

enrichment of human knowledge, is assured.
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