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Stanley L. Miller

10 The First Laboratory Synthesis of Organic Compounds
under Primitive Earth Conditions

It is now generally accepted by scientists that life arose on the earth early in
its history. The sequence of events started with the synthesis of simple or-
ganic compounds by various processes. These simple organic compounds re-
acted to form polymers,! which in turn reacted to form structures of greater
and greater complexity, until one was formed that could be called living.

This is a relatively new idea, first expressed clearly by A. I. Oparin in
1938 2 (a Russian version of his book appeared in 1924 but received little
notice). The first synthesis of organic compounds under primitive earth
conditions was not done until 1953. There had been a great deal of specula-
tion prior to this on the origin of life, but much of it was incorrect, incom-
plete, or not convincing. An example of an incorrect hypothesis was the
proposal that a living organism arose spontaneously by an extremely im-
probable event while the atmosphere of the earth was essentially the same as
now; such an organism would have had to be like an alga and to be able to
synthesize all its constituents from carbon dioxide, water, and light. The
reason for making such a proposal was that there was no known mechanism
for making organic compounds in the earth’s atmosphere except by photo-
synthetic organisms. When a mechanism became available for synthesizing
organic compounds in the atmosphere of the primitive earth, proposals of
this type involving extremely improbable events were no longer seriously
considered.

It is not strictly correct to say that the 1953 experiments were the first or-
ganic compound synthesis under primitive earth conditions. Many of the
reactions previously studied by organic chemists have turned out to be im-
portant primitive earth synthetic reactions. This includes the first synthesis
of an organic compound from inorganic materials, the synthesis of urea
from ammonium cyanate by F. Wéhler in 1828. But the motivation of such
studies was to synthesize organic compounds and not to understand what
happened on the primitive earth. In addition, a number of scientists had
attempted to produce organic compounds under primitive earth conditions,
but they had assumed the wrong primitive atmosphere and they obtained
no organic compounds at all or in extremely small yield. So the first success-
ful prebiotic synthesis experiment was done in 1953, and I will explain how
these experiments came about.

Department of Chemistry, University of California, San Diego, La Jolla, California 92037.

Synthesis of Organic Compounds under Primitive Earth Conditions 229

At the beginning of my senior year (1950) at the Berkeley campus of the
University of California, I made the rounds of the professors I knew to find
out which graduate schools in chemistry were the good ones. Perhaps this
was earlier than necessary, but the choice of a graduate school is an impor-
tant one. I received some frank evaluations of various graduate schools and
was advised to go to the best all-around chemistry department unless I was
interested in a particular field of chemistry or professor. But there was also
the essential factor of financial support. At that time, almost the only source
of support for graduate students was a teaching assistantship. Of the uni-
versities with good chemistry departments, only the University of Chicago
and the Massachusetts Institute of Technology had an adequate teaching
assistantship. I applied to both these places, with the University of Chicago
being my first choice, and I was very pleased when a telegram arrived in
February 1951 saying I was accepted there.

I arrived in Chicago in September 1951, registered for the usual courses,
and naturally attended the chemistry department seminars. About the mid-
dle of the fall semester, Urey gave a seminar on the origin of the solar sys-
tem, in which he pointed out that the solar system is reducing (that is, there
is an excess of molecular hydrogen) except for the earth and the minor
planets (Mars, Venus, and Mercury), which are more oxidized, with the
earth’s atmosphere being highly oxidized. The earth’s atmosphere contains
carbon dioxide (CO,), molecular nitrogen (N,), water (H,0), and molecular
oxygen (O,); it is highly oxidized because of the presence of molecular oxy-
gen. It seemed very likely to Urey that the earth was also reducing when it
was first formed. A reducing atmosphere would contain methane (CH,),
ammonia (NHj;), water (H,0), and molecular hydrogen (Hy); this is just the
atmosphere present on Jupiter and Saturn, except that the water has been
frozen out, and on Uranus and Neptune, where both the water and ammonia
have been frozen out.

A reducing atmosphere would be a favorable place to synthesize organic
compounds, Urey thought, and the organic compounds synthesized would
form the basis to make the first living organism on the earth. The present
oxidizing atmosphere is not a favorable place to synthesize organic com-
pounds, and a number of experiments in other laboratories which attempted
to synthesize organic compounds from the constituents of the earth’s atmo-
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Notes

1. An example of a polymer is Nylon, in which many molecules of an amino acid
€-amino caproic acid) are linked together forming long chains. Hemoglobin, the protein

in blood that binds oxygen, is also an amino acid polymer, but there are twenty different
amino acids in this polymer and they are linked together in an exactly specified sequence.

2. A. 1. Oparin, The Origin of Life. Macmillan, New York, 1938; reprinted by Dover, 1953.
A translation of the 1924 pamphlet, Proiskhozhdenie Zhizni, Moskouskii Rabochii, Moscow,
1924, is in J. D. Bernal, The Origin of Life. Weidenfeld and Nicolson, London, 1967.

3. An organic compound means a compound containing carbon and usually hydrogen and
may contain other elements as well. Diamond, carbon monoxide, and carbon dioxide are
usually considered to be inorganic compounds. The word organic compound originally
meant compounds that occur in living organisms or derived from them. It was thought
that organic compounds were fundamentally different from inorganic compounds.
Wéhler’s synthesis of urea showed that there was no fundamental difference since an in-
organic compound could be converted to an organic compound.

4. H. C. Urey, “On the Early Chemical History of the Earth and the Origin of Life.”
Proceedings of the National Academy of Science (U.S.), Vol. 38, 1952, pp- 351-363.

5. A year later when I made a more thorough search of the literature I found a paper by
L6b in 1913 (W. Léb, “Uber das Verhalten des Formamids unter der Wirkung der stillen
Entladung. Ein Beilrag zur Frage der Stickstoff-Assimilation.” Berichte der Deutschen
Chemischen Gesellschaft, Vol. 46, 19183, pp- 684-697) that reported the synthesis of an amino
acid (glycine) by sparking a mixture of carbon monoxide and hydrogen. This paper had
been missed by workers in the field of electric discharge reactions.

6. S. L. Miller, “A Production of Amino Acids under Possible Primitive Earth Conditions.”
Science, Vol. 117, 1953, pp. 528-529.

7. S. L. Miller, “Production of Some Organic Compounds under Possible Primitive Earth
Conditions.” Journal of the American Chemical Society, Vol. 77, 1955, pp. 2351-2361.

S. L. Miller, “The Mechanism of Synthesis of Amino Acids by Electric Discharges.”
Biochimica et Biophysica Acta, Vol. 23,1957, pp. 480-489. S. L. Miller, “The Formation of
Organic Compounds on the Primitive Earth.” Annals of the New York Academy of Sciences,
Vol. 69, 1957, pp. 260-274; also in Proceedings of the First International Symposium on

the Origin of Life on the Earth. Edited by A. I. Oparin et al., Pergamon Press, New York,
1959, pp. 123-135.

8. D. Ring, Y. Wolman, N. Friedmann, and §S. L. Miller, ““Prebiotic Synthesis of Hydro-
phobic and Protein Amino Acids.” Proceedings of the National Academy of Sciences
(US.), Vol. 69, 1972, pp. 765-768.

Y. Wolman, W. J. Haverland, and S. L. Miller, “Nonprotein Amino Acids from Spark
Discharges and Their Comparison with the Murchison Meteorite Amino Acids.” Proceed-
ings of the National Academy of Sciences (US.), Vol. 69, 1972, pp. 809-811.

9. K. Kvenvolden et al., “Evidence of Extraterrestrial Amino Acids and Hydrocarbons in
the Murchison Meteorite.” Nature, Vol. 228, 1970, PpP- 923-926.

10. K. A. Kvenvolden, J. G. Lawless, and C. Ponnamperuma, “Nonprotein Amino Acids
in the Murchison Meteorite.” Proceedings of the National Academy of Sciences (U.S.), Vol.
68, 1971, pp. 486-490.

David Hubel

11 Neurobiology: A Science in Need of a Copernicus

The object of neurobiology is to understand the nervous system. For man,
this amounts to asking what happens in our heads when we think, act, per-
ceive, learn, or dream. In this essay I shall try to assess our present state of
knowledge in neurobiology, in order to ask, at the end, whether anything
like a Copernican revolution has occurred, is taking place, or is to be ex-
pected.

‘The two great interlocking branches of neurobiology are neuroanatomy
and neurophysiology. Anatomy seeks to describe how the brain is put to-
gether, and physiology asks how the various parts work together. Though
traditionally the two fields have tended to pursue separate courses, usually
housed in separate departments at universities, in fact they are very much
interdependent. Most modern neuroanatomists are not content with a sim-
ple description of spatial relationships for their own sake but soon go on
to ask what the structures are for. A precise drawing of a watch, a printing
press, or a television set has little interest in itself, especially if we do not
know that the purpose is to tell time, print books, or entertain. Physiology,
on the other hand, is simply impossible without anatomy: no one can hope
to learn how a watch or printing press works without knowing where the
gears or springs are.

In their development, both neuroanatomy and neurophysiology have had
to wait until the physical sciences could provide them with several neces-
sary techniques. The nerve cell, or neurone, which is the unit or building
block out of which the brain is constructed, is too small to see with the un-
aided eye, except as a mere speck, and far too small for its signals to be re-
corded with ordinary wires. Hence to advance beyond the most rudimentary
stages anatomy required the microscope, first the light and then the electron
microscope, and physiology required the microelectrode. The crowning
achievements of the neuroanatomists of the past century have been the rec-
ognition that the nerve cell is the basic unit of nervous tissue, and the dis-
covery that nerve cells are interconnected with a high degree of order and
specificity. The physiologist, using the microelectrode, has made a strong
beginning by learning, in electrical and chemical terms, how the neurone
transmits its messages. These two sets of accomplishments by no means tell
us how the brain works, but they provide an absolutely essential ground-
work.

Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115.



