on

Herrick Baltscheffsk

Hans Jornvall

Evolut
of Life

Edited by
Rudolf Rigler

Molecular

g
/A
/TS
\N@%ﬂ.ﬂmy

22 |
TN
i \o ‘ mA» 4«0,0.?
\\\\Lm..“.v»w s\Tv. o/évfm.'///

IO

o~
X o‘/ﬁ m”,’ﬂ
( ﬂ«»omo _..,,\.Ntvlm Wl
ey g,mvou@f,
fm»...ow oﬂt o
\BXNROA \

XA
VO AL v G
E .v’(go.,« o,ﬁ»’@e«”mwy&wo,m\ i
ROBOV SN N
: %/’4@%&«» X
AN\NNLY % ,
AR A
mﬁ%m@n A
NN/
N\g28
I\N\\7%

-* ;
: ) \\ B\ \
= QB B
, NN T
/ ,wf» z..\\\
\/
4



Chemica Scripta: Volume 26B, 1986

Molecular Evolution of Life

Proceedings of a conference held at Sodergarn, Lidingo,

Sweden, 8-12 September 1985

Edited by
Herrick Baltscheffsky, Hans Jornvall and Rudolf Rigler

Published on behalf of The Royal Swedish Academy of Sciences
by Cambridge University Press

Cambridge University Press
Cambridge

London New York New Rochelle
Melbourne Sydney



Published by the Press Syndicate of the University of Cambridge
The Pitt Building, Trumpington Street, Cambridge CB2 1RP

32 East 57th Street, New York, NY 10022, USA

10 Stamford Road, Oakleigh, Melbourne 3166, Australia

© The Royal Swedish Academy of Sciences 1986

First published 1986

Printed in Great Britain at the University Press, Cambridge
British Library CIP data available

Library of Congress CIP data available

ISSN 0004-2056 paperback
ISBN 0 521 33642 2 hard covers



Molecular Evolution of Life



Contents

Preface
List of Participants

Prebiotic Systems and Evolutionary Pathways

Current Status of the Prebiotic Synthesis of Small Molecules. Stanley L. Miller
The Physics of Molecular Evolution. Manfred Eigen

The Physical Basis of Molecular Evolution. Peter Schuster

Repeats of Base Oligomers (N = 3n + 7 or 2) asImmortal Coding Sequences of the Primeval World'
Construction of Coding Sequences is Based Upon the Principle of Musical Composition.
Susumu Ohno and Marty Jabara

Darwinian Evolution of Self-Replicating RNA. Christof K. Biebricher

Comparative Sequence Analysis. Exemplified with tRNA and 5S rRNA. Ruthild Winkler-
Oswatitsch, Andreas Dress and Manfred Eigen

The Meaning of Selective Advantage in Macromolecular Evolution. Lloyd Demetrius

Nucleic Acids and Informational Systems

Origins of Life and Molecular Evolution of Present-day Genes. John C. W. Shepherd
Evolutionary Aspects of Unconventional Codon Reading. Ulf Lagerkvist

Transfer RNA Modification in Different Organisms. Glenn R. Bjork

Structure and Function of RNA. Olke C. Uhlenbeck

Conformational Dynamics and Evolution of tRNA Structure. R. Rigler, F. Claesens and

L. Nilsson

Evolutionary Aspects of Ribosome—factor Interactions. A. Liljas, S. Thirup and A. T. Matheson
Evolution Mapped with Three-dimensional Ribosome Structure. J. A. Lake, E. Henderson,

M. W. Clark, A. Scheinman and M. |. Oakes

RNA Splicing in Yeast. John N. Abelson, Edward N. Brody, Soo-Chen Cheng, Michael W. Clark,
Phillip R. Green, Gloria Dalbadie-McFarland, Ren-Jang Lin, Andrew J. Newman, Eric M. Phizicky
and Usha Vijayraghavan

Pathways of Information Readout in DNA. Richard E. Dickerson, Mary L. Kopka and Philip
Pjura

The 34 Structure of a DNA-Eco R/ Endonuclease Recognition Complex. John M. Rosenberg,
Judith A. McClarin, Christin A. Frederick, Bi-Cheng Wang, Herbert W. Boyer and Patricia
Greene

The Balbiani Ring Gene Family — An Example of Satellite-like Evolution of Coding Sequences.
L. Wieslander, C. Ho6g, U. Lendahl and B. Daneholt

Evolution of Human Loci for Small Nuclear RNAs. K. Hammarstrom, C. Bark, G. Westin,
J. Zabielski and U. Pettersson

13
27

43

51

59

67

75
85
91
97

103
109

121

127

139

147

159

165



Proteins and Enzymatic Functions
Evolution of lonic Channels. Shosaku Numa
Evolution of Hormones and Their Actions. J. R. Tata

Questions Answered and Raised by Work on the Chemistry of Gastrointestinal and
Cerebrogastrointestinal Hormonal Polypeptides. Viktor Mutt

Phylogeny of Insulin. ' Primitive’ Insulins and the Cell Cycle. Sture Falkmer, Eva Dafgard and
Wilhelm Engstrom

Diversity and Invariance in the Evolution of Protein Tertiary Structure. Tom Blundell

Limited Proteolysis, Domains, and the Evolution of Protein Structure. Hans Neurath

Evolution of Isozymes and Different Enzymes in a Protein Superfamily: Alcohol Dehydrogenases
and Related Proteins. Hans Jornvall

The Factor VIl Gene and the Molecular Genetics of Hemophilia. Richard M. Lawn

The Proteins of Blood Coagulation: their Domains and Evolution. Earl W. Davie
The Relation Between Protein Structure in o/B Domains and Intron-Exon Arrangement of the
Corresponding Genes. Carl-lvar Brandén

Use of Protein Sequence and Structure to infer Distant Evolutionary Relationships.R. G. Brennan,
L. H. Weaver and B. W. Matthews

The Structural Basis of Photosynthetic Light Reactions in Bacteria. Robert Huber

Inorganic Pyrophosphate and the Molecular Evolution of Biological Energy Coupling.

H. Baltscheffsky, M. Lundin, C. Luxemburg, P. Nyrén and M. Baltscheffsky

Evolution of ATP Synthase. J. E. Walker and A. L. Cozens

Structural, Functional and Evolutionary Aspects of Proton-translocating ATPase. L. Ernster,

T. Hundal, B. Norling, G. Sandri, L. Wojtczak, V. A. Grinkevich, N. N. Modyanov and Yu.

A. Ovchinnikov

Glutathione and the Evolution of Enzymes for Detoxication of Products of Oxygen Metabolism.
Bengt Mannervik

Evolutionary Relationship between Metal Centres in Cytochrome Oxidase and Blue Oxidases.
Bo G. Malmstrom

Complex Systems and Organization

Human T-Lymphotropic Retroviruses: Their Role in Malignancy and Immune Suppression. Robert
C. Gallo

Developmental Expression of Murine Homeo Box Sequences. A. M. Colberg-Poley, S. D. Voss
and P. Gruss

The Rapid Generation of Genomic Change as a Result of Over-replication. Robert T. Schimke,
Steven W. Sherwood and Anna B. Hill

Evolution of Regulatory Signals of the Chromosomal B-lactamase Gene in Enterobacteria. Frederik
Lindberg, Susanne Lindquist and Staffan Normark

The Structure of a Human Common Cold Virus (Rhinovirus 14) and its Evolutionary Relations
to Other Viruses. Michael G. Rossmann, Edward Arnold, John W. Erickson, Elizabeth

A. Frankenberger, James P. Griffith, Hans-Jirgen Hecht, John E. Johnson, Greg Kamer, Ming
Luo, Gerrit Vriend, Anne G. Mosser, Ann C. Palmenberg, Roland R. Rueckert and Barbara

Sherry

Genetic Variability and Evolution of Adenoviruses. Goran Wadell, Annica Allard, Magnus Evander
and Li Quan-gen

Experiments on the Evolution of Bacteria with Novel Enzyme Activities. Patricia H. Clarke
Evolutionary Aspects of Immunoglobulin-related Genes. Susumu Tonegawa and Haruo Saito
The Intelligent Immune System. Hans Wigzell

Polymorphismand Gene Duplicationinthe Human/FN-o.and B Gene Family.Alexandervon Gabain,
Monica Ohlsson, Eleonor Lindstrém, Mona Lindstrém and Erik Lundgren

Molecular Mechanisms of Morphologic Evolution. Gerald M. Edelman

173
179

191

209
213
221

231
237
241

247

251
257

259

263

273

281

285

289

299

305

309

313

325
337
343
351

357
363



Preface

In the last few years great advances have been made in our understanding of fundamental molecular
aspects of the prebiological and biological evolution of life. Nucleic acids and proteins are investigated
with rapidly increasing efficiency. Molecular dimensions and dynamics are studied with biochemical and
biophysical methods at high resolution and sensitivity.This has made possible discoveries of new
relationships between functional forms and structural patterns in molecular evolution.

There is a mutual cause and effect situation between scientists in the current fast pace of development
in molecular evolution and the intensified collaboration between biochemistry, biophysics, genetics,
medical chemistry, medical physics, molecular biology, and related areas. It was considered timely and
urgent to try to integrate the expanding knowledge in an international conference focusing, over the
borders of different academic subjects, on the molecular evolution of life. The response, both national
and international, was overwhelming. The number of active participants increased from a planned 40-50
to 73. The presence of so many qualified scientists contributing to the area was made possible thanks
to generous grants from the Royal Swedish Academy of Sciences and the Nobel Institute of Chemistry,
the Swedish Medical Research Council, the Swedish Natural Science Research Council, the Swedish
Cancer Society, the Ministry of Education, and from the following industries with an active research
interest in this and neighbouring fields: Astra AB, Boehringer-Mannheim GmbH, KabiGen AB,
KabiVitrum AB, LKB Products AB, Pharmacia AB and Skandigen AB.

The conference took place at Sodergarns kursgard, Lidingd, near Stockholm, 812 September, 1985.
The final afternoon session with four overview lectures, was held at the Royal Swedish Academy of
Sciences. These lectures were given by Professors C. Ponnamperuma, USA and Sri Lanka, M. Eigen,
FRG, E. Davie, USA, and G. Edelman, USA.

This volume contains nearly all of the papers presented at the conference. The contributions are
grouped according to the main topics treated at the conference. Naturally, the divisions in the list of
contents are somewhat arbitrary since overlaps between sub-fields are considerable.

Stockholm, November, 1985

Herrick Baltscheffsky Hans Jornvall Rudolf Rigler
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Current Status of the Prebiotic Synthesis

of Small Molecules

Stanley L. Miller

Department of Chemistry, B-017, University of California, San Diego, La Jolla, California 92093, USA

Paper presented at the Conference on ‘Molecular Evolution of Life’, Lidingo, Sweden, 8—12 September, 1985

Abstract

The prebiotic synthesis of small molecules has been accomplished using
various simulated atmospheres with CH,, N,, NH,;, H,O being the most
effective, but H,, CO, N,, H,0 and H,, CO,, N,, H,O also give good yields
of organic compounds provided H,/CO > 1 and H,/CO, > 2. The spark
discharge is a very effective source of energy in such experiments, because
it is a good source of HCN. Ultraviolet light would also have been important
on the primitive earth. Almost all prebiotic amino acids are made by the hydro-
lysis of an amino nitrile formed from an aldehyde, NH; and HCN (Strecker
synthesis). There are reasonable prebiotic syntheses worked out for the
twenty amino acids that occur in proteins, with the exception of lysine,
arginine and histidine. The purines are derived from the polymerization of
HCN, and the precursor of the pyrimidines is cyanoacetylene. The sugars
(including ribose), would have been formed from the base catalyzed poly-
merization of formaldehyde. There is no good prebiotic synthesis of straight
chain fatty acids. Of the vitamin coenzymes, only nicotinic acid has been
synthesized under prebiotic conditions.

Many of the molecules that are produced in these simulated primitive earth
experiments are found in a group of meteorites that contain organic
compounds, called the carbonaceous chondrites. Since such prebiotic syn-
theses took place on the parent body of the carbonaceous chondrites,
generally thought to be an asteroid, it is plausible, but not proved, that such
syntheses took place on the primitive earth, and that the first living
organisms were formed out of these compounds.

Introduction

In the past three decades there has been a wide variety of
experiments designed to simulate conditions on the primitive
earth and to demonstrate how the organic compounds that
made up the first living organisms were synthesized. This
paper will review this work and indicate the status of such
syntheses. There is too much material to review in detail, and
the readeris directed to a number of more complete discussions
[1-3].

1. The composition of the primitive atmosphere

There is no agreement on the constituents of the primitive
atmosphere. It is to be noted that there is no geological
evidence concerning the conditions on the earth from 4.5 x 10°
years to 3.8 x 10° years since no rocks older than 3.8 x 10°
years are known. Even the 3.8 x 10° years old Isua Rocks in
Greenland are not sufficiently well preserved to infer details
of the atmosphere at that time. Proposed atmospheres and the
reasons given to favor them will not be discussed here. As
shown in Sections 2—4, the more reducing atmospheres favor
the synthesis of organic compounds both in terms of yields
and the variety of compounds obtained. Some of the organic

chemistry can give explicit predictions about atmospheric
constituents. Such considerations cannot prove that the earth
had a certain primitive atmosphere, but the prebiotic synthesis
constraints should be a major consideration.

2. Energy sources

A wide variety of energy sources has been utilized with
various gas mixtures since the first experiments using electric
discharges. The importance of a given energy source is
determined by the product of the energy available and its
efficiency for organic compound synthesis. Even though both
factors cannot be evaluated with precision, a qualitative
assessment of the energy sources can be made. It should be
emphasized that a single source of energy or a single process
is unlikely to account for all the organic compounds on the
primitive earth [4]. An estimate of the sources of energy on
the earth at the present time is given in Table 1.

The energy from the decay of radioactive elements was
probably not an important energy source for the synthesis of
organic compounds on the primitive earth since most of the
ionization would have taken place in silicate rocks rather than
in the reducing atmosphere. The shock wave energy from the
impact of meteorites on the earth’s atmosphere and surface
as well as the larger amount of shock waves generated in
lightning bolts have been proposed as energy sources for

Table 1. Present sources of energy averaged over the earth

Energy

Source (calem™2yr') (em2yr™)
Total radiation from sun 260000 1090000
Ultraviolet light

<3000 A 3400 14000

<2500 A 563 2360

<2000 A 41 170

<1500 A 1.7 7
Electric discharges 44 17
Cosmic rays 0.0015 0.006
Radioactivity (to 1.0 km depth) 0.8 3.0
Volcanoes 0.13 0.5
Shock waves 1.1° 4.6

@ 3 cal cm™2 yr! of corona discharge+ 1 cal cm~2 yr~! of lightning.
® 1 cal cm™2 yr~! of this is in the shock wave of lightning bolts and is also
included under electric discharges.
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primitive earth organic synthesis. Very high yields of amino
acids have been reported in some experiments [5], but it is
doubtful whether such yields would be obtained in natural
shock waves. Cosmic rays are a minor source of energy on
the earth at present, and it seems unlikely that any increase
in the past could have been so great as to make them a major
source of energy.

The energy in the lava emitted at the present time is a
significant but not a major source of energy. It is generally
supposed that there was a much greater amount of volcanic
activity on the primitive earth, but there is no evidence to
support this. Even if the volcanic activity was a factor of 10
greater than at present, it would not have been the dominant
energy source. Nevertheless, molten lava may have been
important in the pyrolytic synthesis of some organic
compounds.

Ultraviolet light was probably the largest source of energy
on the primitive earth. The wavelengths absorbed by the
atmospheric constituents are all below 2000 A except for
ammonia (<2300 A) and H,S (<2600 A). Whether it was the
most effective source of organic compounds is not clear. Most
of the photochemical reactions would occur in the upper
atmosphere, and the products formed would, for the most
part, absorb the longer wavelengths, and so be decomposed
before they reached the protection of the oceans. The yield
of amino acids from the photolysis of CH,, NH,, and H,O
at wavelengths of 1470 and 1294 Ais quite low [6], probably
due to the low yields of hydrogen cyanide. The synthesis of
amino acids by the photolysis of CH,, C,H,, NH,, H,O, and
H,S mixtures by ultraviolet light of wavelengths greater than
2000 A [7] is also a low yield synthesis, but the amount of
energy is much greater in this region of the sun’s spectrum.
Only H,S absorbs the ultraviolet light, but the photodissoci-
ation of H,S results in a hydrogen atom having a high kinetic
energy, which activates or dissociates the methane, ammonia,
and water. This appears to be very attractive prebiotic
synthesis. However, it is not clear whether a sufficient partial
pressure of H,S could be maintained in the atmosphere since
H,S is photolyzed rapidly to elemental sulfur and hydrogen.

The most widely used sources of energy for laboratory
syntheses of prebiotic compounds are electric discharges.
These include sparks, semicorona, arc, and silent discharges
with the spark being the most frequently used type. The ease
of handling and high efficiency of electric discharges are
factors favoring its use, but the most important reason is that
electric discharges are very efficient in synthesizing hydrogen
cyanide, whereas ultraviolet light is not. Hydrogen cyanide is
a central intermediate in prebiotic synthesis, being needed for
amino acid synthesis by the Strecker reaction, or by selfpoly-
merization to amino acids, and most importantly for the
prebiotic synthesis of adenine and guanine.

An important feature of all these energy sources is the
activation of molecules in a local area followed by quenching
of this activated mixture, and then protecting the organic
compounds from further influence of the energy source. The
quenching and protective steps are critical because the organic
compounds will be destroyed if subjected continuously to the
energy source.

3. Prebiotic synthesis of amino acids

Mixtures of CH,, NH,, and H,O with or without added H,
areconsidered strongly reducingatmospheres. Theatmosphere

Chemica Scripta 26 B

Table I1. Yields from sparking a mixture CH,, NH,, H,O
and H,. The present yields are based on carbon. 59 mmoles
(710 mg) of carbon was added as CH,

Yield Yield
Compound (umol) &)
Glycine 630 2.1
Glycolic acid 560 1.9
Sarcosine 50 0.25
Alanine 340 1.7
Lactic acid 310 1.6
N-Methylalanine 10 0.07
a-Amino-n-butyric acid 50 0.34
a-Aminoisobutyric acid 1 0.007
a-Hydroxybutyric acid 50 0.34
f-Alanine 150 0.76
Succinic acid 40 0.27
Aspartic acid - 0.024
Glutamic acid 6 0.051
Iminodiacetic acid 59 0.37
Iminoacetic-propionic acid 15 0.13
Formic acid 2330 4.0
Acetic acid 150 0.51
Propionic acid 130 0.66
Urea 20 0.034
N-Methyl urea 15 0.051
Total 152

of Jupiter contains these species with the H, in large excess
over the CH,. The first successful prebiotic amino acid
synthesis was carried out using an electric discharge as an
energy source [8]. The result was a large yield of amino acids
(the yield of glycine alone was 2.19, based on the carbon),
together with hydroxy acids, short aliphatic acids, and urea.
One of the surprising results of this experiment was that the
products were not a random mixture of organic compounds,
but rather a relatively small number of compounds were
produced in substantial yield. In addition the compounds
were, with a few exceptions, of biological importance.

The mechanism of synthesis of the amino and hydroxy
acids was investigated [9]. It was shown that the amino acids
were not formed directly in the electric discharge but were the
result of solution reactions of smaller molecules produced in
the discharge, in particular hydrogen cyanide and aldehydes.
The reactions are shown in Scheme 1. These reactions were

H,0 i H,0
RCHO + HCN + NH3__—>RCH(NHZ)CN-—2——RCH(NH2)C-NH i—gcu(miz)coou

2

H,0 f H,0
RCHO + HCN =2~ RCH(OH) CN —2-aRCH (OH) C-NH , —2-»RCH (OH) COOH

Scheme 1

studied subsequently in detail, and the equilibrium and rate
constants of these reactions were measured [10]. These results
show that amino and hydroxy acids can be synthesized at high
dilutions of HCN and aldehydes in a primitive ocean. It is also
to be noted that the rates of these reactions were rather rapid.
The half-lives for the hydrolysis of the amino and hydroxy
nitriles are less than 102 years at 0 °C.

This synthesis of amino acids, called the Strecker synthesis,
requires the presence of NH; (and NH,) in the primitive
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ocean. On the basis of the experimental equilibrium and rate
constants it can be shown [10] that equal amounts of amino
and hydroxy acids are obtained when the NH} concentration
isabout0.01 matpH 8 and 25 °C with this NH} concentration
being insensitive to temperature and pH. This translates into
a pym, in the atmosphere of 2x1077atm at 0°C and
4x107% atm at 25 °C. This is a low partial pressure, but it
would seem to be necessary for amino acid synthesis. A
similar estimate of the NH} concentration in the primitive
ocean can be obtained from the equilibrium decomposition
of aspartic acid [11]. Ammonia is decomposed by ultraviolet
light, but mechanisms for resynthesis are available. The
details of the ammonia balance on the primitive earth remain
to be worked out.

In a typical electric discharge experiment, the partial
pressure of CH, is 0.1-0.2 atm. This pressure is used for
convenience, and it is likely, but never demonstrated, that
organic compound synthesis would work at much lower
partial pressures of methane. There are no estimates available
for pcy, on the primitive earth but 107° to 107® atm seems
plausible. Higher pressures are not reasonable because the
sources of energy would convert the CH, to organic com-
pounds in the oceans too rapidly for higher pressures of
CH, to build up.

As discussed above, ultraviolet light acting on this mixture
of gases is not effective in producing amino acids except at
very short wavelengths or in the presence of an absorber such
as H,S.

Pyrolysis of CH, and NH, gives very low yields of amino
acids. The pyrolysis conditions are from 800 to 1200 °C with
contact times of a second or less [12]. However, the pyrolysis
of CH, and other hydrocarbons gives good yields of benzene,
phenylacetylene, and many other hydrocarbons. It can be
shown that phenylacetylene would be converted to phenylal-
anine and tyrosine in the primitive ocean [13]. Pyrolysis of the
hydrocarbons in the presence of NH, gives substantial yields
of indole, which can be converted to tryptophan in the
primitive ocean [14].

A mixture of CH,, N,, and traces of NH,, and H,O is a
more realistic atmosphere for the primitive earth because
large amounts of NH, would not have accumulated in the

Fig. 1. Spark discharge apparatus. The 3 1 flask is shown with the two tungsten
electrodes and a spark generator. The second electrode is usually not
grounded. In the experiments described in Table III, the flask contained
100 ml of 0.05 M-NH,Cl brought to pH 8.7 giving pxy, of 0.1 torr. The pcy,
was 200 torr and py, was 80 torr. Since the temperature was about 30 °C
during the sparking, py o was 32 torr.

atmosphere since the NH, would dissolve in the ocean. It is
still, however, a strongly reducing atmosphere.

This mixture of gases is quite effective with an electric
discharge in producing amino acids [15]. The yields are
somewhat lower than with higher partial pressures of NH,,
but the products are more diverse. Hydroxy acids, short
aliphatic acids, and dicarboxylic acids are produced along
with the amino acids. Ten of the 20 amino acids that occur
in proteins are produced directly in this experiment. Counting
asparagine and glutamine, which are formed but hydrolyzed
before analysis, and methionine, which is formed when H,S
is added [16], one can say that 13 of the 20 amino acids in
proteins can be formed in this single experiment. Cysteine was
found in the photolysis of CH,, NH,, H,O, and H,S [7]. The
pyrolysis of hydrocarbons, as discussed above, leads to
phenylalanine, tyrosine, and tryptophan [13, 14]. This leaves
only the basic amino acids: lysine, arginine, and histidine.
There are so far no established prebiotic syntheses of these
amino acids. There is no fundamental reason that the basic
amino acids cannot be synthesized, and this problem may be
solved before too long.

4. Mildly reducing and non-reducing atmospheres

There has been less experimental work with gas mixtures
containing CO and CO, as carbon sources instead of CH,.

Table II1. Yields from sparking CH, (336 mmoles),; N,, and
H,O with traces of NH,

pmol
Glycine 440
Alanine 790
a-Amino-n-butyric acid 270
a-Aminoisobutyric acid ~30
Valine 19.5
Norvaline 61
Isovaline ~5
Leucine 11.3
Isoleucine 4.8
Alloisoleucine 5.1
Norleucine 6.0
tert-Leucine <0.02
Proline 15
Aspartic acid 34
Glutamic acid 7.1
Serine 5.0
Threonine ~0.8
Allothreonine ~0.8
a,y-Diaminobutyric acid 33
a-Hydroxy-y-aminobutyric acid 74
a,ff-Diaminopropionic 6.4
Isoserine 5:5
Sarcosine 55
N-Ethylglycine 30
N-Propylglycine ~2
N-Isopropylglycine ~2
N-Methylalanine ~15
N-Ethylalanine <0.2
f-Alanine 18.8
f-Amino-n-butyric acid ~0.3
f-Amino-isobutyric acid ~0.3
y-Aminobutyric acid 24
N-Methyl-g-alanine ~5
N-Ethyl-p-alanine ~2
Pipecolic acid ~0.05

Yield based on the carbon added as CH,. Glycine =0.26%,,
Alanine = 0.719%,, total yield of amino acids in the table = 1.90%; .
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Fig. 2. Amino acid yields based on initial carbon. The apparatus of Fig. 1
was used with a sparking time of 48 h. In all experiments py, = 100 torr, pcy,
or pco OF pgo, = 100 torr. For experiments containing NH;, the spark
discharge flask contained 100 ml of 0.05 M-NH,Cl brought to ~pH 8.7 so
that pyy, was 0.1 torr. For experiments not containing NH;, the flask had
100 ml of H,0.

Spark discharges have been the source of energy most exten-
sively investigated [17. 18]. Figure 2 compares amino acid
yields using CH,, CO, and CO, as a carbon source with
various amounts of H, [18]. Separate experiments were
performed with and without added NH,. In the case of CH,
without added NH,, the yield of amino acids is 4.79, at
H,/CH, = 0and dropsto 1.4% atH,/CH, = 4. With CO and
no added NH;, the amino acid yield is 0.05% at H,/CO =0
and rises to a maximum of 2.7% at H,/CO = 3. With CO,
and no added NH,, the amino acid yield is 7x107* at
H,/CO, = 0. Thisisclose to thelevel of reagent contamination
and is so low that this could not be considered as a significant
source of amino acids on the primitive earth. At higher
H,/CO, ratios, however, the yield rises to about 29, . With
both CO and CO,, the presence of added NH, increases the
yield of amino acids by a factor of ~10 at low H,/CO and
H,/CO, ratios. The amino acids produced in the CH,
experiments were similar to those shown in Table III. With
CO and CO,, glycine was the predominant amino acid with
only a small amount of alanine being produced.

The hydrogen cyanide and formaldehyde yields were also
measured in these experiments. In both cases the yields
paralleled those of the amino acids but were a factor 5 to 10
higher. Considerable amounts of NH, were also produced in
these experiments.

A mixture of CO+H, is used in the Fischer—Tropsch
reaction to make hydrocarbons in high yields. The reaction
requires a catalyst, usually Fe or Ni supported on silica, a
temperature of 200400 °C and a short contact time. Depen-
ding on the conditions, aliphatic hydrocarbons, aromatic
hydrocarbons, alcohols, and acids can be produced. If NH,
is added to the CO+H,, then amino acids, purines, and
pyrimidines can be formed [19]. The intermediates in these
reactions are not known, but it is likely that HCN is involved
together with some of the intermediates postulated for the
electric discharge processes.

A mixture of CO+H,0 with electric discharges is not
particularly effective in organic compound synthesis, but
ultraviolet light that is absorbed by the water (<1849 A)
resultsin the production of formaldehyde and other aldehydes,
alcohols, and acids in fair yields [20, 21]. The mechanism
seems to involve splitting the H,O to H+OH with the OH
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converting CO to CO, and the H reducing another molecule
of CO.

Electric discharges and ultraviolet light do not give sub-
stantial amounts of organic compounds with a mixture of
CO,+H,0. Ionizing radiation (e.g. 40 MeV helium ions)
gives small yields of formic acid and formaldehyde [24].

Calculations using one dimensional photochemical models
of CO,+H,0 atmospheres show that substantial amounts of
H,CO can be produced in these atmospheres by solar
ultraviolet light [22, 23].

The action of gamma-rays on an aqueous solution of CO,
and ferrous ion gives fair yields of formic acid, oxalic acid,
and other simple products [25]. Ultraviolet light gives similar
results. In these reactions, the Fe?* is a stoichiometric reducing
agent rather than a catalyst. Nitrogen in the form of N, does
not react, and experiments with NH, have not been tried.

The implications of these results in considering the com-
position of the primitive earth is that CH, is the best
carbon source for prebiotic synthesis, especially for amino
acid synthesis. Although glycine was essentially the only
amino acid synthesized in the spark discharge experiments
with CO and CO,, other amino acids (e.g. serine, aspartic
acid, alanine) would probably have been formed from this
glycine with the H,CO and HCN in the primitive ocean over
longer periods of time. Since we do not know which amino
acids were required for the origin of the first living organism,
atmospheres containing CO and CO, can not be excluded,
but a CH, containing atmosphere is favored if a wide variety
of amino acids is needed. The synthesis of purines and sugars
described below would not be greatly different with CH,, CO
or CO, with adequate H,. Although the spark discharge yields
of amino acids, HCN and H,CO are about the same with CH,
and withH,/CO > 1and H,/CO, > 2,itis not clear how such
high H,/carbon ratios could have been maintained in the
primitive atmosphere since H, escapes from the earth’s
atmosphere into outer space. These problems are poorly
understood and beyond the scope of this outline.

5. Purine and pyrimidine synthesis

Hydrogen cyanide is used in the synthesis of purines as well
as amino acids. This is illustrated in a remarkable synthesis
of adenine. If concentrated solutions of ammonium cyanide
are refluxed for a few days, adenine is obtained in up to 0.5%,
yield along with 4-aminoimidazole-5-carboxamide and the
usual cyanide polymer [26].

The mechanism of adenine synthesis in these experiments
is probably as shown in Scheme 2.

HON
—_—

HCN + CN~ — HN=HC—CN *%, H,N—CH(CN),

NH
Il NH.
NC NH;

H;N— :

\/ N N
et Ses
C 2N H H

NC/ \‘H:

Scheme 2



Current Status of the Prebiotic Synthesis of Small Molecules 9

The difficult step in the synthesis of adenine just described
is the reaction of tetramer with formamidine. This step may
be bypassed by the photochemical rearrangement of tetramer
to aminoimidazole nitrile, a reaction that proceeds readily in
contemporary sunlight [27] (Scheme 3).

NC NH2 NC NH:
\/
I o
7% /
NC NH, H:N CN

Scheme 3

A further possibility is that tetramer formation may have
occurred in a eutectic solution. High yield of tetramer
(>109% ) can be obtained by cooling dilute cyanide solutions
to between —10 and — 30 °C for a few months [27].

The prebiotic synthesis of the pyrimidine cytosine involves
cyanoacetylene, which is synthesized in good yield by sparking
mixtures of CH, + N,. Cyanoacetylene reacts with cyanate to
give cytosine [28] (Scheme 4), and the cytosine can be

N
Ill
HC=C—C=N %5 NH, ?H — 'Jj — HN |
0 S N s O
H
Cytosine Uracil
Scheme 4

converted to uracil. Cyanate can come from cyanogen or by
the decomposition of urea.

A related synthesis starts with cyanoacetaldehyde, from the
hydration of cyanoacetylene, which reacts with guanidine to
give diaminopyrimidine. This is then hydrolyzed to cytosine
and uracil [29] (Scheme 5).

y i I
C
Hi f HN \CH N/c N
HZN—tI: ?Hz —_— ] /LHZ — | L
HN O/c\H /C\N 4 \N/

NH2 0
g O Sermat ¥

Scheme 5

Another prebiotic synthesis of uracil starts from f-alanine
and cyanate and ultraviolet light [30] (Scheme 6).

H.,N COOH I o
|| e
H;N—CH:—CH:—COOH Y%, 0=C CH, — HN \CH ¥, HN |
|
HN—CH, /\N/CHZ O)\N
H H
Scheme 6

6. Sugars

The synthesis of reducing sugars from formaldehyde under
alkaline conditions was discovered long ago. However, the
process is very complex and incompletely understood. It
depends on the presence of a basic catalyst, with calcium
hydroxide and calcium carbonate being frequently used. In
the absence of catalysts, little or no sugar is obtained.
Particularly attractive is the finding that at 100 °C, clays such
as kaolin serve to catalyze formation of monosaccharides,
including ribose, in good yield from dilute (0.01 M) solutions
of formaldehyde [31, 32].

The reaction is autocatalytic and proceeds in stages through
glycolaldehyde, glyceraldehyde, and dihydroxyacetone, tet-
roses, and pentoses to give finally hexoses including glucose
and fructose. One proposed reaction sequence is as shown in
Scheme 7.

l CHO CH,OH CH,OH CHO

CHO | | I

CH,0 — | — CHOH 5C=0 - C=0 - CHOH
CH,OH | | |

CH~OH CH,OH CHOH CHOH
I |

| I l I CH,OH CH,0H

pentoses hexoses
Scheme 7

The problem with sugars on the primitive earth is not their
synthesis, but rather their stability. They decompose in a few
hundred years at most at 25 °C. There are a number of
possible ways to stabilize sugars, the most interesting being
to convert the sugar to a glycoside of a purine or pyrimidine.

7. Other prebiotic compounds

There are a number of compounds that have been synthesized
under primitive earth conditions, but space does not permit
an adequate discussion. These include:

dicarboxylic acids, tricarboxylic acids, fatty acids (C,~C,,,
branched and straight), fatty alcohols (straight chain via
Fischer—Tropsch reaction), Porphin, nicotinonitrile and nico-
tinamide, triazines, imidazoles.

Other prebiotic compounds that may have been involved
in polymerization reactions include:

cyanate [NCO~], cyanamide [H,NCN], cyanamide dimer
[H,NC(NH)NH—CN], dicyanamide [NC—NH—CN], cya-
nogen [NC—CN], HCN tetramer, diimino succinonitrile,
acylthioesters, phosphate polymers.

8. Compounds that have not been synthesized prebiotically

It is a matter of opinion as to what constitutes a prebiotic
synthesis. In some cases the conditions are so forced (e.g. the
use of anhydrous solvents) or the concentrations so high (e.g.
10 M formaldehyde) that such conditions could not have
occurred extensively on the primitive earth. Reactions under
these and other extreme conditions can not be considered
prebiotic.
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There have been many claimed prebiotic synthesis in which
the compound has not been properly identified. The best
method for unequivocal identification these days is gas
chromatography—mass spectrometry of a suitable derivative,
although melting points and mixed melting points can some-
times be used. The amino acid analyzer alone or chromato-
graphy in multiple solvent systems does not prove the
identification of a compound.

Some of the compounds which do not yet have adequate
prebiotic syntheses are: arginine, lysine, histidine, straight-
chain fatty acids, porphyrins, pyridoxal, thiamine, riboflavin,
folic acid, lipoic acid, biotin. It is probable that prebiotic
syntheses will be available before too long for some of these
compounds. In other cases the compounds may not have been
synthesized prebioticly, so their occurrence in living systems
started after the origin of life.

9. Organic compounds in carbonaceous chondrites

On 28 September 1969 a type II carbonaceous chondrite fell
in Murchison, Australia. Surprisingly large amounts of amino
acids were found by Kvenvolden et al. [33, 34]. The first report
identified seven amino acids (glycine, alanine, valine, proline,
glutamic acid, sarcosine, and a-aminoisobutyric acid), of
which all but valine and proline had been found in the original
electric discharge experiments [8, 9]. The most striking are
sarcosine and a-aminoisobutyric acid. The second report
identified 18 amino acids of which nine had previously been
identified in the original electric discharge experiment, but the
remaining nine had not.

At that time we had identified the hydrophobic amino acids
from the low temperature electric discharge experiments
described above, and therefore we examined the products for
the non-protein amino acids found in Murchison. We were
able to find all of them [15].

There is a striking similarity between the products and
relative abundances of the amino acids produced by electric
discharge and the meteorite amino acids. Table IV compares

Table IV. Relative abundances of amino acids in the
Murchison meteorite and in an electric discharge synthesis

Murchison Electric
Amino acid meteorite discharge
Glycine * k%K *ok ok ok
Alanine * kK ok * ok %k %k
a-Amino-n-butyric acid b il
a-Aminoisobutyric acid b2 A
Valine s "
Norvaline e e
Isovaline e bt
Proline ot o x
Pipecolic acid ¥ <
Aspartic acid bt i
Glutamic acid o 2
f-Alanine i .
f-Amino-n-butyric acid * *
A-Aminoisobutyric acid * %
y-Aminobutyric acid » *¥
Sarcosine e A%
N-Ethylglycine g 5%
N-Methylalanine e .

Mol. ratio to glycine (=100): * 0.05-0.5; ** 0.5-5; *** 5-50; **** <50.
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the results. The most notable difference between the meteorite
and the electric discharge amino acids is the pipecolic acid,
the yield being extremely low in the electric discharge.

Proline is also present in relatively low yield from the
electric discharge. The amount of a-aminoisobutyric acid is
greater than a-amino-n-butyric acid in the meteorite, but the
reverse is the case in the electric discharge. We do not believe
that reasonable differences in ratios of amino acids detract
from the overall picture. Indeed, the ratio of a-aminoisobutyric
acid to glycine is quite different in two meteorites of the same
type, being 0.4 in Murchison and 3.8 in Murray [35]. A similar
comparison has been made between the dicarboxylic acids in
Murchison [36] and those produced by an electric discharge
[37], and the product ratios are quite similar.

The close correspondence between the amino acids found
in the Murchison meteorite and those produced by an electric
discharge synthesis, both as to the amino acids produced and
their relative ratios, suggests that the amino acids in the
meteorite were synthesized on the parent body by means of
an electric discharge or analogous processes. A quantitative
comparison of the amino acid and hydroxy acid abundances
[38] shows that these compounds can be accounted for by a
Strecker—Cyanohydrin synthesis on the parent body [39].
Electric discharges appear to be the most favored source of
energy but sufficient data are not available to make realistic
comparison with other energy sources.

Our ideas on the prebiotic synthesis of organic compounds
are based largely on the results of experiments in model
systems. So it is extremely gratifying to see that such synthesis
really did take place on the parent body of the meteorite, and
so it becomes quite plausible that they took place on the
primitive earth.

10. Interstellar molecules

In the past 15 years a large number of organic molecules have
been found in interstellar dust clouds mostly by emission lines
in the microwave region of the spectrum (for a summary see
ref. 40). The concentration of these molecules is very low (a
few molecules per cm?® at the most) but the total amount in
a dust cloud is large. The molecules found include formalde-
hyde, hydrogen cyanide, acetaldehyde, and cyanoacetylene.
These are important prebiotic molecules, and thisimmediately
raises the question of whether the interstellar molecules
played a role in the origin of life on the earth. In order for
this to have taken place it would have been necessary for the
molecules to have been greatly concentrated in the solar
nebula and to have arrived on the earth without being
destroyed by ultraviolet light or pyrolysis. This appears to be
difficult to do. In addition, it is necessary for some molecules
to be continuously synthesized (unless life started very quickly)
because of their instability, and an interstellar source could
not be responsible for these.

For these reasons, it is generally felt that the interstellar
molecules played at most a minor role in the origin of life.
However, the presence of so many molecules of prebiotic
importance in interstellar space, combined with the fact that
their synthesis must differ from that on the primitive earth
where the conditions were very different, indicates that some
molecules are particularly easily synthesized when radicals
and ions recombine. Another way of saying this is that there
appears to be a universal organic chemistry, which shows up
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in interstellar space, in the atmospheres of the major planets,
and in the reducing atmosphere of the primitive earth.
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