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ATOM TO ADAM
Melvin Calvin and G. J. Calvin

Department of Chemistry and Lawrence Radiation Laboratory
Umvvrrsity of California, Berkeley, California

ABSTRACT

An answer to the question of how the molecules which constitute today's
living organisms may have arisen on a prebiotic earth is being sought within
the context of moern experimental science.

We begin with the primitive atmosphe_ré as it is presently conceived by
a consensus of astronomers and geqchemists, namely, a reducing one; and
introduce variousk forms of energy into :this system to del:errr,\i;ie the nature
of the molecular changes whuch might occur and which do occur. Expefimental
demo_nst'ration shows that the atoms which constitute the primitive atmosphere
are of such chemical character that they give rige to molecules of biological

interest almost immediately under these conditions. Autocatalytic mechanisms,

beginning with the crude catalytic properties of the mineral surface of the

earth, then select among these molecules certain classes as favored.
The basic problem of the generation of macromolecules of two general types
is discussed. The first, resulting from carbon-carbon linkage, comes via vinyl

polymerization. The second, resulting from dehydration condensation, has been

-more difficult to demonstrate experimentally as possible in an aqueous medium.,

However, certain dehydrating agents are now being discovered which show signs

of functioning specifically in the aqueous milieu to give rise to the protein, nu-

cleic acid and carbohydrate types of polymers,
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Then the question of a higher degree of order, lea&ing ultimately to

sxble ‘strug.:ture resulting frdrﬁ the clénstructi'on of .Imacromolecules. i‘s
';'f‘.:_“_é:g;.uss.ed. If is shown thai a sequence of tﬁe rqu_fnamicaliy controlled
}v“'iﬁvii;;:fbc'esses may be expected to give rlisev to set;.ondary, tértiary é.nd eveﬁ
3 q;uaf,ternaryv structure in, gsuch systems, the last eveht@ally rgachihg the range
Yi’éible. unde; suitaﬁig miCro_scépic co.nd.itions., The q‘uéstién of membrane
.fbfmatiov;i énd bbgndary eﬁclbsurés -£‘s~ still moot.

Howeye._r,,‘-_the evolution cf mécromoleéules. according to the pre"sen‘tﬂ laws
of mblecular ev.‘olp.tion.,» a;;e now.rvnvisibla to us. . fi‘he se"ca_n be .seén_t'o lead to
the kind of Or_gaﬁization, we now recognize as living, a‘n'_d' ne'w) chémist.i‘y;is

 daily derived via the attempt to understand the reproduce such systems.

Lol
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ATOM TO ADAM

Melvin Calvin and G. J. Calvin

INTRODUGTION

The course of the social history of man from the time he became capable
of recording hié I.J‘rogre.ss is }'.JOpularlyvconsidered the ohly "‘rec'vbrded” histor&.
This ''day' in the hisfory of mankind is so brief in relatiqn to all history, and
has been so éxaggerated in importance as to obgcure the long course of evolu-
tionary develoé:mént preceding this period. Because man has emphasized his
own personal hiétory, much as an individual views the importance of his own
brief years in relation to recorded history, the natu¥a1 lawg == ;Nhich gm}ern
the Vdevelbpment of m'an and the countleés life forms which exist with him o
are frequently isolated from those laws which éovern other mé\tter in the
universe..

It is difficult to consider living things as a far product on the lor;g con-
tinuum from organic element to Einstein. However, as we learn even more
details of the composition of ﬁ.ving things, the couree becomes clear, and
the experimental evidence more corroborative, thﬁt vthe entities known as "liv-
ing'* follow the simple molecular laws of chemistry and physics, just as do the
chemicals on the shelf. It bgcomes clear, too, that atoms can be combined
into molecules afxd ma,t.:romoleCul»esv in t.est tubes today ‘in much the same way as
wasg possible under the conditions when thé egarth wWas new.

The expanded knowledge aﬁout the atomic and molecular constituents of
which living things a.fe made, together with an increased understanding of the

way molecules interact with each other, i.e., communicate with each other,

so as to produce what we now recognize as living organisms, has had
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. two very interesting results. The first has been to stimulate scientists to

create hypothetical schemes leading from the primeval nonliving earth to

~10

the present day The second has been to induce scientists to devise ex-

ntal ways to test some of these schemes in points at which they might-

%

be amenable to experimental 1abdntory tests. A certain degree of success in a
variety of these laboratory experiments has, inturn, modified the original

theories and has even led to new experiments in both chemistry and /biology,

TERRESTRIAL CHEMICAL EVOLUTION

Conjecture as to the origin of life on the earth must invdlx‘re‘knowledge of
ﬁ/theha .habvior of molecules in the prébiotic period as well as a detailed and in-
timate understanding .oi the comp?o.sit:;ion and function of livipg matter. The
complexity of the problem is b‘lot}; eiri'xplified and exagg«arafed by. c0ntemp1a~
tioﬁ of the.quantitie‘-s whic‘h distinguish nonbiotic systems from those we
call "alive''. There is a high leél of disagreement among scientists who try
to define the mirﬁmum requiremgénts for living systerns, This fact is ip itself
significant for it demonstrates that the boréerlin’e be?ween the living and the
nonliving is a difficult thing to ‘récognize“s. There 18 no problem in distinguish-
ing the living from the nonlivihg"at the extremes of the scale; there is diffi-
culty only at the borderl'ine. |

At this borderlinea living system has no sharply defined characteristic,_

, ‘easily di‘stin'guishing it from a nonliving system. Rather, a living system is
a molecuiar aggregate possessing a' seq%encevvqf properties wiﬁch make it
indispuiably‘ recognizable as "liviné"" at one e'ﬁd of the scale and as '"nonliving"

at the other end of the scale. But somewhere in between the nature of thesav
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properties is such thét there are those who will say that the system is
‘alive'' and' those who will say it is not.

Of these various properties, I am going to choose two which I th_ink
evéryone will accept as necessary; although perhaps not sufficient, attri-
butes of a molecular system in order for 1: to be called "alive." These two
properties are (1) the ability of such a molecular #ggregate »to-'transfer and
transform energy in a directed way and (2) its ability to rem,e‘xv'nbér how to do
this, once having learned it, and to ._transfer, or communicate, that information
to anoth;ef systern like itself which it can c,;onstruct. The two are, restated:
(1)7 The transfer énd transformation of enersyland (2) the transformation and

communication of information. In a sense the second -~ that is, information

~transfer -- may be thbught of as including the energy transfer problem as

well, but I like to think of them as separate problemas,

Molecular Construction

There seems to be a fairly general agreemerit that the primitive earth is

approximately 4.7 billion years old and that it was briginally surrounded by

‘an atmosphere which was composed primarily of reducing material, that is,

the atoms of hydrogen.‘_ oxygen, carbon and nitrogen in their’fully reduced, or
hydrogenated sfatea This corresponds to the reldive cosmibc abundance of the
very same elements -- hiydrogen being the most abundant { >99% exclusive of
fhe rare gases helium and ne.on)loal oxygen the next, etc. Thus the atmosphere
of the primitive earth is envisioned ag containing mostly the atoms of hydrogen,
carbon, nitrogen and oxygen combined only with the overwhelmingly dominant

hydrogen giving molecuar hydrogen, methane, ammonia and water.
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What kinds of compounds can we make from these pr’irhordial molecules?
'Ultimat-el-y we will recognize these molecules to be the main metébolic mater-

ials which now are the sources of energy and structure in living organisms,

-

but, most ifr otrtantly, we have to make the chief 'gp‘m‘ponen‘ts of liying org'anisms

whigh.are th " f‘ér,polymers which we recognize as‘-vess_e‘r'atial, namely, the proteins
(derivedlfrorﬁ érniﬁo acids), the nucieic-ﬂacids (compqsed.of a heter0cycl.ic -baLse,
a ,:-'.fsﬁ?g"a'r and a phosphate) and the ponrﬁe;rig substances kriow;;'as polysaccharides, -
cellulose, starch, etc. (co‘nﬁpoaedoi simple sugars made of carbon, hydrogen
and oxygen with relatively small amounts of nitrogen and a few other elements).
(Fig,- 1} ‘-We héf(e' tried to devise ways and means of making the monomeric
materials of ‘which these polymer_§ are cdnsfructed and then of finding ways
of evolving the polymfefa themselves by nnnhiolfogical routes.. It is at this
| level that we caﬂ inject experiment-al.Qv}‘),sarya.tiom and this has been done not
only in our laboratory but elsewhere as well. |

"We thus have to accomplish two stages of chemical evolutibn, f.e., (1) we
have to transform the primevial molecules nmde of cafbon, oxygen and nitrogen,
attached to hydrogen,- iﬁto the smail primitive rﬁoleCules which are the mono-
mers from whic_}i (2) the polymers.areg e’ventually.ev’ol_ved,.

The time scale which i‘s‘availa'ble to perform these transformations is
given in Fig. 2. The formation of the present earth took place somewhere
around 4.7 billion years ago., Overlapping with this period begins the period

of chemical evolution which covers almost.the entire time scale. The

earliest known generally accepted fossils are less than one billion years
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MOLECULE POLYMER
Acid ——= Lipid

Sugar ——= Cellulose, Starch,efc.

Base >‘> INucleic Acid

Amino Acid — |Profein

MU-22813

Fig. 1. Schematic representation in chemical terms of the set of
formations which have to be accomplished from the atoms to
produce the structure of the cell.
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old. However, it has been reported that there is organic matter -- foermed

elemmts. and even recognizable structures -=- inv formations about 2 billion
years old in the Gunflint chert of Northern Michigan. lv‘l This chert is a car-
bonaceous formation 'in which one can, in section, se¢e formed elements which
appear to be primitive blue~green algae., The oarli‘ﬁt known fossils in an
unequivocal sense appeared in the Cambrian period, ‘but 1 believebthat the

primitive blue~green algae formations in the Precambrian material from

Michigan might push the dating of the early fos sils back about another billion

- years. Therefore, the period of chemical evolution is probably shorter than

it appears in ¥'ig. 2, but organic evolution as it is comrnonly defined must have
begun approximately 2 billion years ago. The moment that living organisms
appear, the processes which we aesc.ribe as nonliving or chemical (evolution}

may have had a rather sharp decline because the living material would rapid-

ly absorb and convert the primitive molecules and the relatively slow non-

biological chemical change would be cut off.
| . | :
You will notice from Fig. 2 that the evolution of mammale is relatively

recent, and the evolution of man himself by the process of random miutation

‘and selection occupies an even still shorter period of the time scale. What I

have called "Social Evolution' is so small that it can't be represented on this
time scale; in fact, it is a matter of only a few thousand years. One might saya
new kind of social evolution has only just begun in the last century or two, since
man has had in his own hands the ab'ili.ty_to manipulate a living crganism ina

4+

directed way. /
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We will ébncéntrate onthe period of chemical evolution and the borde?-
liﬁe period of biological evolution, duing which living cells first appeared.
PhotOSynthesis must also have begun at this time}2 and as soon as this
phenomenon appeared, the whole scheme of animal evolution and plant evolu-
tion as we now see it in the fossil record began and really "exploded' at an
enormous rate, |

I am not gding to be concerned too much with this .interm-ediate region of
organic evolution except to describe its prfnciples of direction which were
détermined (and still are) by the principles of ¢chemical evcﬁ.‘ution which gave
rise to the living organisms in the fiwst place.

Fig. 3 depicts the_ primeval (méthane, ammonia. hydrogen and ;va.tér) and
,px"imiti\}é or“ganic’ molecules with which chemicél evélution began, ’fhe energy
4sources that were used in'the traneformation were anvy of several: Ultraviolet
light from the sun, cosmic radiation, radicactive minex;als on the surface of
thevearth, and the strgaming of the atmosphere due to thermal convection

~giving rise to the generation of \elec‘tros.;tatic poteﬂtvials and electific discharges,
These various soui;ces of energy induced the fracturing p{ the carbon-hydrogen,
hydiogen«oxygen.‘ hydrogen-nitrogen and hydroéenuhydrogen bonds in the
primeval atmosphere to give high energy intermediates whiqh were then re-
combinéd to intermediately s£ab1e forms shown in the second row of Fig, 3.
In the last dbozenvor so years this kind of e\}olﬁtion ha:s been demonstrated
in the 1aborat’ory; In our first experiments. in 1950 using lonizing radiation
from an accelerator, we showed the conversion of carbon dioxide in water

and hydrogen to produce formic acid, formaldehyde, ete. 13 Within a couple
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'ﬂ 'T' H 'T'
H-O° 0=C=0 H-C-H I - N-H
I H ||_'
Carbon H . _
Water  dioxide Methane Hydrogen Ammonia
0 CH H qQ

) o 1
H-C:N  H-G-OH H-(=0 HOGH2-G=0  GHz-G-OH

Hydrocyanic  Formic acid Formaldehyde  Glycolaldehyde  Acetic acid

acid -
i ] il | | 9 | |O 9
HO-C-CHp-GH2-G-OH  HoN-GHg-C-OH  GHz-GH-G-OH  HO-C-GHp-GH-G-OH
" | | NHo - NHo
Succinic acid - Glycine ‘ Alanine Aspartic. ocid
MU-16089-A

Fig. 3. Primeval and primitive organic molecules.
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of years after that, Stanley Miller used methane and ammonia in the reaction
mixture with the resulting appearance of amino acids -- glycine, alanine,
aspartic acid. 14 This started the search for all of the px_‘imitive monomeric
molecules which are the constituents of thé three polymers so essential for
~the cohstruction of living organisms. lg

In general these procésses of energy transfbrmation of the primeval to
primitive molecules took place in a random way. The same forces which dis-
rupt the primeval molecules can also disrupt the ‘primitive'monorneric molecdes
as well., One must therefore seek autocatalytic processes which would select
among the Qarious possible recoxﬁbinations and which would favor one or
another of these primitive molecules, 10 .By adding n.'mineraI catalysts; for
example,.iron, zinc, ete. (which may give rise to more complex substances) to
such reaction mixtures, porphyrins show up quite early in the evolutionary
scheme and, in turn, these are ca;alytic for their own formation, thus
giving rise .to a molecular selection in the course df chemical evolution.

It is possible to produce from the primeval étmosphere a collection of
primitive monomeri¢ molecules in solution. It has recently been shown that

HCN is formed in this way, !/

"and the pentamer of HCN, adenine, as well, even
in _this dilute solution. 18 From adenine (a nucleic acid constituent) it is possible
to maice other heterocyclic bases which are necessary for th__e constraction of

the nucleic acids. Not only adenine 'but sugars are also formed from the formal -

dehyde which comes directly from carbon dioxide, or from methane, hydrogen

and water. Thus in this mixture there is already present the base and the sugar,
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In the last se‘.v'e_rval rr_lom"hs, Ponnarn.p‘e ruma. has obtained a.de‘nd.sine upon
ultravi‘}c;l:;’_vt:( irradiatim; of a dilute solution of ribos‘elq (the five-carbons ugar
~ whichis “r'equired for thé formation of riboside), If this ade.nosix;e' is irradiated
with ultravielet light absorbed by the adenine in an aq‘ﬁeous soiution of pyrophoé-f
' phate.l adenylic acid is obtained and even ATP"#& well. 29 This demonstrates
“that ndt only can building blocks of today's o;'gl,a\niarﬁs be geﬁeratéd by ébiogen{c
processes, but the basic''energy cu'rrency" used by al‘lvorgar‘x{sm_s can be fo?n_ned
in a similar abiogenic _conversion of the prime .energy‘ sources, ionizing energy -
~and light. L

Polymerization

Thus tf;e whole sequence of events from methane to thez' mononucleotide
has now been carried out by the random supply of énergy of the right kind to
the primeval molecules., We éax‘i make the monomers which are the require-;
ments for t};e polynucleotides. Is it possible tq construct, \inder ‘aimil'ar
circums'tang:éa. the polymei-s which ére requiréd both for structure and for
information storage and transfer? T.he‘nucleotide i still not a polymer -~
it {s only the monomeric unit wl';ich ultimately has to combine with another
- one through ;;hosf:hate 1ink’ages,;‘ In order to get the polymer from, for example,
adenylié acid, it will be necessary to do another co:xdenaation i‘eaction between
the phosphoric acid group of one molecule and one of the alcohols on another
adenylic acid molecule; thus a bifunctional unit 18 maintained which can be
used in further condensation leading eveﬁtually to the useful polymer,

In the case of the amino acids we also have a bifunctional form (the car-
boxyl at one end of the chain and the amino group at the other), and there are

a variety of R groups, depending on the molecules with which one starts.
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These bifunctional molecules can then be combined into a polymeric form by a
dehydration reaction. Fig. 4 shows the nat'.ure of the dehydratioﬁ reaction
of the precursors which lead to the proteins, polysaccharides and nucleic
acids, the biopolymers. |

’i‘he» question ﬁow is: What kind oi dehydrating agent(s) is (are) necess~
ary to bring this sequence of events about in a nonbiological s-}stem in a dilute
water solution? This kind of thing was recently done in the laboratory by using
HCN itself as a dehydrating agent. HCN is an anhydrideb of formamide and
' it may behave as a séecific dehydrating agent, even in dilute agqueous solution.
By heating amino acids in solutions of HCN, one is able to obtain not only
adenine but polymers of the amino acids as well.zl. F{g. 5 shows a poasible
‘mechanism by which ﬂCN might function as a epelc’ific dehydrating'agent.
‘The analogy of this reacﬁon to the established synthetic reaction using
carbodiimide is apparent. 22 The possible more or less specific dehyc'iration
condensation functiqn of the wide variety of phosphoﬁc énhydride derivatives
has long been under exploration, %2 and their more recent®3s 24,20 application
in aqueous solutions is even more promising. |

There are also other means of obtaining polypeptides, polyphosphates,
estera, etc., for examples, ip .a’ non"%;.uve.ous medium such as oﬁe might get‘ in

tidal pools by evaporation and concentration.
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PROTEINS laminol learboxyr]
9 AT 2 L) 1 Fl‘ ’ 9 N l—» =
HoN-GH-G—OH +Hi-N-GH-COH - —— HgN-GH-G-NH=GH-COH POLYMER
Ry Rp : Ry Re
o 1 dipeptide |
POLYSACCHARIDES '
CHaOH
GHoOH ¢—0
i ____H OH
H\. C—O, [OH ;tc:?H»'i');( — DISAGGHARIDE — POLYMER
) /C\QH h‘/cl———li'o (l:—q H
¢—¢ H H  OH
4 OH

.NUCLEIC “ACIDS (3 STAGES) RNA SHOWN - DNA LACKS OH ON 2'- POSITION

f adenine
Nk
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Y
H'?'c' 5‘-:;_ Yo NHz
2\\&/‘ \ﬁ/ N/’c’\c/N\\
o 1 GH i
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o' om N Ho"_ °
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L adenosing |

adenylic  acid J
| _ dinucleotide (4pAp)

nu-27457

Fig. 4. Dehydration reactions leading to biopolymers.

For
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H-C=NH H-9=§H2
Q‘H 9 + H+ :Q: H
H-C=N + G=0 G= 0GR N?CH-CO H
H-G-NH H-C-NH l 2
kA ;T2 H,N-G-H R
\RI/T\/
H-G-NHj
. POLY- _ HoN-GH-C-NH-GH-COoH - -H* o=c-€|\?H -GH-COoH
PEPTIDES 2o R - L] 2
etc. R R HoN-G-H R
| 2 A 2
PEPTIDE R

MYU.27656

Fig. 5. Possible mechanism of peptide formation with HCN as
dehydrating agent.
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GENERATION OF ORDER AND NEW INFORMATION

If it i3 accepted that we can conNstruct polypepiides, poly-nucleotidea and
polys%ccharides by* nonbiological methods, 'this is itself is a major step toward
the structured features which are required for=organ’;1:zeci energy convetrsion
and ix_lfor'matiqn transfer. ‘In the primary structure of these"polymers is con~
tained the ne_ceséary dements for energy and ‘inférrﬁAtiéxm transfer, Evidence
is accumulating that the secondary, tertiary and evéh quaternary structure
of‘proteins and nucleic acids are'the'rr‘nod)fr"namically stable forms of a parti-

- cular primary structufe. I would like to make some e:xpe;'irﬁental points
thich will help demonstrate that féuch structural information which is re-
quired for both efficient energy c‘onvérsion and for information transfer

é.te contained ulrtimateslyv in the n!iono'me ric sequé:xces that one finds in eithar
of these two principal types of polymers, namely, nucleic acids and the

proteins,

'
'
i

Protein Structure and Function

o
From amino acids one can make a éolypeptide of some particular amino
acid sequence, and this polypeptide will assume a definite structural arrange-
’ 3 ¢
ment which is not random in solution. The structure assumed depends upon

the various atoms of which it is constructed, particularly on the amide car-
]

bonyl and the amide NH group, and E_upon an interaction between the R groups
. | . :

. | ! :
themselves. These latter may be afny of a variety of types; hydrophobic bonds,
van der Waals' interactions, electrobstatic interactions, hydrogen bonds, setc.

i
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For our purposes it is enough t6 know that there are forces which hold the
polypeptides in definite conformations, such as shown in Fig. 6. The poly-
peptide contains within it, juet from the Bequ‘ence of b(-mds;. the necessary
strqctural information to give rise to the:we‘ll known albha -helix. vThis alpha
helix of the. protein isa macrostructure of a higher :degree of order than that
vdefining the am‘iho écid éequencé alone. The helix is a secondary structure 6{.
the protein which is spontaneouély taken up by the primary structure. The

" information on how to do éhia is contained ivn the primary structure {polypeptide)
 itself. '

Evidence for this is abundant. For example, it is éossible to destroy the
secondary struéture' and then see if it will reform. This phenomenon is &emon‘
strated in Fig. 7, which shows it for ﬁolyglutamic acid. At pH 8 the gamma-
| carbox;'l groups on the end of each glutamate are ionized fo produce negative
charges which fepe:’,l each 6t‘her strongly enough to destroy the alpha helii
structure. This iqmanife sted in the form of the optical absbrption of
the amide linkage. Wheﬁ the amide Iinkages are randomly oriented with
respect tov ‘each other (random coil at pH 8) there isa higher opt;iéal absorpe
| tion. At pH 4.9, when the carboxyl groupé are not lonized, the alpha helix
i{s reformed and thereb is a new optical transition in the ordeted- array of

25 Thi'e demonstrates that the

the amide linkages.' The effeét is reversible.
secondary structure of the polymer is allready contained  in the primary
amino acid sequence.

Much more than the limited information required for the secondary struc-

ture is contained in the primary amino acid sequence. The socalled tertiary

structure is contained as well. The tertiary structure may be considered as
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Fig. 7. Absorption spectrufn of polyglutamic acid in both

helical and random cnil forms.
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the fdldix}g of the alpha helix coil on itself in some special way. In general,
the way in which tertiary structures are arranged with respect to each other
could be called quaternary structure. The definition of this ioﬁrth level of
»lor'der is at present under lively discussion by ¢hemiets, physicists énd
biologists. 26 |
. 'fhe evidence forithe’ fact that the tertiary structure is contéined in the
Térimary.amino acid sequence is j\nast..com_ing to hand.: (ft appears to have |
existed for somev time, but not recognize_d as such.) ’The primary form of
tﬁat evidence is the reversibie denaturation of enz.ymg‘ss.‘ Enzymeé in "
_general are proteins whiéh not only requiré a particuiar'.an‘:inob acid sev‘
quence and 2 helical structue but need heliéal sections structurally related
‘ih fapace to each other in the ?foper way. For exaxﬁpleé- ;t is not uncom‘mon'tféi .
’ h&#e the functional .g.rdulpe'c:;f an g‘en?yine‘déx&ﬂst_ of an iwnidgzole group of a
3 his{ti&iné residue and a hydfoxyl group of a serine r’esidﬁe and they may be‘ |
in »dlfferent parts of the protein chain. 'I}; tk;ee ac:ﬁve form of the enzyme the;s' "
function together, side by side, 'pn the same .s':ubsltral.t:ev.‘ Since we know the
‘-l.pr‘iina;ry sequence, we ‘therefore know that thelelical pa?t must have fertiarir.-
‘,mtx‘-uc;tu're which brings‘_t.he_ histidine and serine tesidues together so that the -
' txké groups can function coopérativel'y, tor éxample. ‘i'n ‘thé Hydrolys‘is of an |
‘e‘st‘er, Th{w we know that thére is tertigry i'blding.-,
| Receéntly it hés‘been demonstrated in a number of c;asés ﬁ:hat one can in-
éctiﬁrate‘ a;n enzyme and show that .th‘is inactivation ‘iﬁvolves the destruction of. the
tertiary stru‘ctureg or the quaternafy structwé in which sﬁbunits are packed

together but not linked by primary valence. By suitably incubating the inactive
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material, as mu:ch .a\.s 95% of the enzyfnat‘ic activity can be recovered. This means
that the tertiary ahd.qu&térnary structures (depending u.pori what the enzyme is)
hae been reformed spontaneously. 26 One can carry this denaturation cl.ear
down to the random coil level, that is, go all the way down to the primary struc-
ture, and can climb almost all the way back through the alpha helix into the
;ertiary f‘olding and even i‘nt'o the quaterﬁary aggregation. This last has in-
.deed been achieved in the case of the enzyme aldolase, 26

Thé whole purpose of this discussion is to demox;xstrate that the brimary
eéquenée of ihe R groups in a poiypeptide contains all of the enzymatic in-

formation -- enough to construct a whole active functioning structure as a -

‘thermodynamically stable form.

‘Nucleic Acid Structure and Function
) The same phencsmenon which was discussed for tﬁe .s.t-ructured arrangemént
in the polypeptide holds true for the polynucleotide as well '—,‘ having _forme&

the linear array the helical structure follows irvom it, Fig. 8 shows,.tl‘le con-
.‘»étruction of the polynucleotide itself. It is a ‘Z-‘-de_‘soxyribosg phosp.hate‘«-B, 5-
’péi‘ythe'rg and to each daaoxyriboae sugar moied’ie'l’s’ attached one of the .hetefoa
cyclie ba’seav (th}mine, cytosine, adenine and guanine) by l-glycoside amino

" linkage. Two of these desoxyribose phésphate cfmins afe specifical;y paired
by a hydrqgen-bonded matching of the hete,_rocyclic_ bases (thymine-adenine;
‘éyfdsihe-guanixie). The_ baée pairs e‘ach‘ form a flat plapé aromatic s‘ysfem. and
the two polymsr chains are held fagether by the hydrogen bonds. If thé chains

are twisted, a helix is formed as shown in Fig. 9. The same sort of base
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Fig.‘8. Molecular draWing of components of DNA.
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Fig. 9. Base pairing for DNA replication and RNA template
formation. : ‘
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pai.ri_ng BGEINS Lu occur for the ribonucleic acids as well as for the deaoxyribd- |
nu.cl:eic acid.

It now seenis cleur thavt one of the ‘primﬁipal functions of this simple type of
Iﬁrxaﬁilx. pol yuu e the BED Citge and tranﬂf@“r of ix_leurmayion which is coded into
the base m Jénce in ilfheEj‘lixx-aar array. 27, 28, 29 :

While adéhinm (.:l‘ytcmin&», guan_iﬁa an'd‘_uz;ac.il -ei;-a ﬁhé principal bases in RNA;
thbeara‘ are Bome hali’«,dow‘n rz‘iethylated- bages as well which are present in.
trace amounts an'd which undoubwdl_y r-c}pre'wn} inférmationa’l marks along
t:_lmv RN[A chain, Th_m*a are pwbably a:varleb{ of r};ré special bases in the
DNA as well, but this infoi'xixa,tion isb ohly n.bw Begixming to appear, .One can
eee that tbés occasionﬂ presence of trace bases would giv'e rise to much
a‘ddttib_nal information in such a lmaar_érray. |

" Heare the double holi§u1 .étr»uéture'i_é ‘something which {8 the permanent
var;';d atable f@rhﬁ determined aolel;; by the base sequence, One can demon-
b't'ratvo th!..'s in a fashlon similar to t}‘mt used for the polype'p_tide - disorganf
{zation with random coil‘iorﬁiation. and recoiling (helix formation) as a
ﬁpontnneoua' process depending on the thermodynamicﬁ of te situation. Fig. 10
‘shows data for such a demonatr@ﬂon in nucleié acid. Here at the absorption
maximum at 2600 Ao, the random coll has larger absorption than the helix.
One c:‘a;nvgo back and'. f0‘r$h_between the two types, in this case by eimply |
ch#ﬁging the tai'nper‘atuz'e., This is one more bit of experimental evidence to
show that the structural information required for gner‘.gy transafer in an order«

ed syatam_ao and for information storage and transfer from one system to

anothar is containedin the lnear structure of the polymer.
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The Next Level of Organization

 Finally I would like to say something about the next higher order of

structure ° hing into the range of the visible -- structures thatan actu-

ally be seég} e Iher by electron or optiéal micro‘scopy. This 3tru¢tu-re also
may be the ﬁltiméte».tesultapt of the ‘pr‘imavvry strufctur‘,ev of the ﬁolymer. Fig.l
11 .fshows_ some cdllag'en fil.ame-nta;. .In éhe‘:uppe‘r.partbfof the figure they are
sepa"rate:‘i inté indiﬂdual hélices. If the p}op_er t'lype aﬁd amount of salt is
addevd td a solution of these .helices, they ';vill aggfe ga;l.'t‘;e and collagen fibrils
appear Whic_ﬁ look axac-.fly like the nat\_;fa_l ;c:zollagen fibrils. The lowe‘r part
éf‘tﬁe figure 'éhows some of the rye_cons‘titut'ed fibrils. Wé are 'now'gefting
int_o"fhe_viaiﬁle' re‘g'io'n‘ of struct\ire:.' o |

Thus we ha‘vev outlined zvzf;‘)osva'ibl-e‘éequlence of events to tra.vejx"s_e. the entire
fout-e from met»hé.ne', ,a.m_mbxﬁa ahd water into visible biological .setr‘uctui'e?s.
| " The :p‘oint ia. that the lnformé,l.:ion'ffeq‘uirec.l to 'build ‘vis"ible biologilzcal structure
. | may be contained in the electronic ‘structure of the constituent atoms and the
resulting mole‘éular structu‘re .ite_self‘. 3 The possibility that some of the
: {risible organizations of macrorr;olecules (su¢h as the lamellae of chlorOplaats)
may themselvea ﬁe the templates (analogous to crystallizatiou nuclei) for their
own reproduction remainsv. There ie some ‘suggestion of the exﬁstence of such
nonchromosomal inforr’naytion transfer not oniy inthe fact that once lost from

certain cellan_they do not return, but in more subtle changes as well, 33
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FILAMENTS OF COLLAGEN, a protein which is usually found acid. This electron micrograph, which enlarges the filaments 75,000
in long fibrils, were dispersed by placing them in dilute acetic times, was made by Jerome Gross of the Harvard Medical School.

FIBRILS OF COLLAGEN formed spontaneously out of filaments chloride was added to the dilute acetic acid. These long fibrils are
such as those shown above when 1 per cent of sodium identical in appearance with those of collagen before dispersion.

ZN-3215

Fig. 11. Structure of collagen.
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Fig. 12. Electron micrograph showing the '"fundamental particles"
of biology: ribosomes, electron transport particles of the
mitochondria, quantasomes of the chloroplasts and unit lipoprotein
membrane.
a. Chlamydomonas cells showing chloroplasts, mitochondria,
ribosomes and membranes.> 22
b. Spinach chloroplasts showing quantasomes. 35b
c. Negative-stained mitochondria. 35c
d. Polysomes making hemoglobin. 35d
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We will not discuss here the 'organizatidn 6f these macromolecules (pro-
teins, nucleic acids, carbohydrates) into cellular units _since experimental in-
‘formation is lacking. We know that such units exist, and may even have a cer-
tain limited number of forms common to all living cells -- the ”fundamental
particles' of biology. 34 Fig. 12 {88 composite electron. micrograph of
S various originsBS
which purports to show four of these units: the ribosomes;: the electron trans- '
port particl'es of the mitochondria (more recently callg_gi.fé"x;rsovr;les), the quanta-
somes of chlorépla_sts and the unit lipoprotein membrane 80 es»vsential to the
‘enclosure of thé'cell organelles as weil as the cell \if.self. ;I‘here is little
information about‘ the physic;s and chemistryv_';bfv tv.l..xe’ organiz;a\tion of thé fnacro»
molecules into closed, membrane bounded pa').ckages: which we call cells. 36
A good bi'it‘-‘ of work is ‘éoing on in surface chemistry,. particularly of surface
active mz;féfiéla which tend to spread out on the surface of an aq_u.eoua. layer
in a two-dimensional érderéd way. The gradual ev‘olqtién of biologically |

®

active _rhembrane structures from such materials can as yet.only be imagined

—

and remains to be experimentany demonarated.

INFORMATION TRANSFER

We havevnovw arrived at the stage of enclosing the energy transfer and |
| information communicatiop épparatﬁs within a cell wall, The. next problerﬁ.is to.
T pass this structural and operatio;xal inform#tion from one cell,io another. Here
we introduce two subdivielons of the information tranéfer érocebs; (1) the
transcription of infﬁfmatiou from one cell to another, in \%vhich th§ language
- is atill the same‘. f.e., éimply passing knbwiedge-irom_ one place to another
without using it, and (2} the translation _of.thé instructions which may be con-

tained in the transcription into the construction of a new cell, i.e., following
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the instructions to create the machine which can manufactﬁre a new set of
instructions. In this last instance informa;tion may be transmitted from one
~ cell to another coded in a linear sequence of bases in a nucleic acid (trans-
cription), and then that linear sequence of bases is translated into a linear
' sequence of amino acids which gives rise to the structure of the cell itself,
How is this translati‘én accorhplished‘.’

Fig. 13 shows the two kinds of linear arrays: Ath.e bases in ihé nucleic
acid-which‘contain the coded genétic information which is handed on from one
: cell to ‘another. and the proteins (use.d by the cell in structural and enzymatic
| fu‘nctions) which requix;e only the specification of a linear array of amino
‘;a‘cida., The coded transcription is madé by simply zippingup another set of
 bases ¢0mp1ementafy to the first one;. following which two etrips are Bepar-
ated. with cne going to the daughtef cr::u for 1nfo;'n'1ét10:n transfer. The trans-
' fef of one kind of linear array i;;tq the 6i_:her is 2 much more _comple_x qpei’atiom
All sorts of information-hafxdling maéhinery exists in ﬂu‘; cgli ‘flor this ~pur‘-‘j
""_ “poae, and thé 'contrdl appara.‘tuavlwhich determines when to réé.d, translate:
Iand icaz.‘xv'y‘ out a particular bit of the aw}aﬁlable inatrﬁctiom is 6r;1y pow be -
tv-{;;’co‘n‘\fihg slowly known ié‘uaa Iﬁ‘time‘e last_fewiyéars.'it ha-ér become possfie to
‘;.jlj“'_._.b'egin 'the-cémpikatibn of the ‘”dlc:}ti‘on‘ary"f ﬁ'c'n; the itranslatic.mo’ How the actual
| ‘?A:tr'ans'lﬁa.ti‘qxi i.B' accomplished is mforéllcorﬂplex,ﬂ
 Fig. 14 aufnxﬂarizés some curgent thoﬁghts ‘of how the .'translating
3 'mechanism functionag In-the parent cell DNA replication (transcription)
| takes place by matching the bases in one helix to produce another polyu.

Inucleotide which ia then transferred to the daughter call The upper left
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Fig. 13. Structure of protein and nucleic acid.
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hand corner depicts the new daughter cell containing the new DNA which is
now re#dy to bé; ;t;-'ranslated into the forx;nation of a whole organism, How is the T
linear array ofbases translated into protein molecules Which are both struc-
tural and enzymatic? - From the DNA a linear array of comble;hentary bases can be
made. ;&hich a,ré hooked t‘ogether by‘ ribose sugar molecules into an RNA mole-

cu].e,,. thus forming a’éomplem‘eﬁtary texﬁpla_te to the DNA or ste.p;a.rticﬁiar'

part of it. This template which is made in the f:ell nucleus, and which’presum..,
'a,b_ly comes out of the. ‘nucleus:iri some unknown fashion, is calléd '.'mes?senger". |
(ltv;emplat:e) RNA.. it is the material which reads the coded messagev off the

‘nuclear t’rahlslating- and construction appvaratu’s in the cell cytoplasm, epabling

fx’t to maké the _propei.mateﬂal; The mé'ssenge'r RNA is a l{’;{ear éequénce of

| basés cérrespon&ing either to.the wholé or part (we believe iﬁ is part in tﬁxe

‘higher cells but it may be the whole nucleic acid in the simple viruses) of

the genetic nucleic acﬁdg The "facwry” or"aa sembly 1ine” is a . combination

_of nucleop‘roteins which 18 in a small 'particlg, about ZOOIA‘ in size, the

L‘t'iboeonie.. = | -

| {4 i‘s now quite ciéar that {t is not po‘ssit;le to get thé_ rate of conatruction |

: th"?at‘ is necéssar-y Wit_h o'nly‘ one rﬁboso;ne WOrking én a single fnessenger RNA, -
The situation now appeare to be that the messenger RNA can have sevefal )
mﬁoeomw rolling alorxg it stmultaneously. 3? 38 - The ribosomes contain

&arious amounts of polypeptides, and if the RNA messenger has information

for several proteins, presumably there are certain punctuation marks along

it which .induce the detachment of the ribosome with its completed protein
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molecule for release. The potein molecule.. having come free, folds up into
1its secondary and t_fe‘rhtiary structure, and takea.up its function. The r‘ib_osome
then goes back to pick up .more messenger.

Correspondingly at each one of these punctuation marks an entire syn-
thetic apparatus beging. Recently I have seen electron micrographs of
polysomes, whic.h gre éollections of seven or eight groups, which‘ starttht
' | different points a.long,tixe messenger, 26‘ 39'each one of these points presumably
- being punctuated in some way, as yet unknown. The messenger evidently is
~making many things simultaneously.

How do the ribosome and messenger colllaborate to make a polypeptide
of'a‘ particular variety? Here it is necessary to hz‘a.hv‘e a translation mechanism,
' | Up to this point the bNA has only been transcribed into RNA; the translation
must now be accomplished. The‘}uﬁino acids in Fig. 14 (5) come in from the
medium "outsi&e arlxd they are transfofmed. by enzyine_s,,, Fig. .14: (6)v into
activated amino acids (7); the spec'ial enzymes which cio thié seem to form an
enzyme ester, éenerallyv on the cax’fbo_xyl group oif the amino acid, which is
‘ then'tranéfer'red to a specific small molecule of jwhat is cailed "transfer"

{or soluble, i.e.v, s-RNA) RNA (8). This molecj,\ile_has a very specialized |

| charéctex;; ig is small,; oniy about eighty bases liimg. Eéch of the s-RNA'sg

has somewhere on it a threé»base sequence which'éqrresponds to a specific
amino acid', While \the literature suggests that the transfef RNA ~which.is
'made up" of some eighty bases is a hairpin-like stfuctur'e whose ends form a
complementary double helix, this has recently been called into qué'«t;ivozi. 26 -

However, for the moment let us accept this hypothesis. The s8-RNA then L
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- contains threekbases, presuniably at the bend in tvhe hairpin, which are ﬁot
paired. .’l‘hese unpaired-bases havevbeen called the '"codon' for a particular-
amino acid. The special enzyme (6) to activate the amino acid which is
transferréd to thje' lépec:ifi'c 6« RNA céntaining the specific codﬁn also has
‘amino acid sPecifici;y; Séveral of the various transfer RNA's haw be-én '
_isolated as pure ‘s‘ubstances -~ alanine transfer RNA, serin'e_‘ transfe{r RNA,
| etc .: -~ and work is rapidly progreésing now toward the determination of the
complete base sebq‘uence in thé‘ t'ransfe'r. RNA's. There may be two or '
#hree codons for one aminO"acid, but it is also clear that there are differ-
énces in thé ;fhandle" atructurve of the different transfer RNA's from differ-
ent organisms, 26 |

; T,hvi's transfer RNA (s-RNA) is reaily the translating mechanism witi}iﬁ
the c'ell'.,'- The r‘élatibn bétweén the three baseé and the am‘ino acid is con-
‘ ta;ined in the‘.tran‘sf,er RNA.‘ The three bases matcﬁ up with the vcdrres-»
” ponding three bases in the messenger RNA and thué put the amino acids in
the right seguence as',directed by the. messenger. The amino acids, thus B
vsuitabiy_ac'tiv‘ated and placed, thexﬁ "zip up" ’and;_ the pr_ope.f'p.rotein emerges,
by an a.é;‘_ yet unknown mechanism. .
'I“h-;érg must exist a control apparatus within the cell that determines
B which ‘p'_arts’ of _the_DNA should be repad at a given tim‘e.v Every ceill‘ of a
) particg’lar'érgan‘ia‘m c‘ontains‘the same kind of DNA‘_(g'énetic" material)‘ '
but every cell does not manﬁfaciuré the same things -- the cells that
maké’theAbrain make different things from the cells which go to make up

other drgéﬂs’ and tissues such as fingers, liver, etc. This i8 the basic

-
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problem of control Qf growth and differentiation. Hu@ do the different

cells know that they have different functions? What tells the individual

cells what parts of tke DNA to read? Here must operate the control
mechanism which détermines how é cellvbe'haves even thugh its genetic
' constitution is pr'édeterrninedﬁby the base se‘qi{lenc&: of its inhe fivted. DNA.
“How the genetic éonstitutiorx of the cell is tQ be expressed; when and iﬁ
order, 'is determined not merely by the DNA but by the environment. Here
we come to a pgint'at which social evolution, the cointrol of evolution by man,
‘can realiy take hold, certainly on a cellular level and probablylbn an organ-

ismic one as well.

FROM CHEMICAL TO SOCIAL EVOLUTION

-~ We are now just beéinhing‘to learn the mechanisms which control the
way in which a cell can develop. It is the variety in this &evelopment which
can give rise to a brain cell, an eye cell, etc., all from the same initial

cell. Of more direct and immediate‘cjon'c‘ern is what happens if the cells

go wild; as th.eyido if the contzx:'ol mechanism is faulty, a'n.ci—-they become
.malign'ant, Wa are hére in thej: region of theory based upon a co_mbination .
of bacterial and virus 'genelticfs:-,' 0;1 ghé dne hand, and some enzyme chémistry
on the other.:l The control of the r:eading' “o-f’the DNA 13" exe z;éieed through,

or can be inﬁuenééd by;. 9orhething from outside the cell. For example, a
small moléculg Aoutside the cell cén detefmine whetf;er a certain particular

ks

_part of the DNA molecule inside the _ce'l'l'can be transcribed into messenger |
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or not. This promises to give us a handle on the control of development.,

If we can alvready,do this wiv'th one type of material and ovrganig‘m, it'is not
-én impréﬁ%ﬁlé'exvtx;.a‘iaol.a'tion té ﬁelieve.that, as chemiéts, .we can make a
‘large vafie"ty of métefialé,, some of which could, for exarﬁple. produce a
new or ‘abnorx"nél type. of organisrﬁ. At bi'rlth the human has a ce r‘téi.n num- -
be r of'brain céll‘s, NIOIO,' which is nor'maliy all if will ever hav_e. .The
~ brain cells mai_ce a great number of connectiong-“.v-- .exci_t:ato;'y., inﬁibito:ﬁ;}.
etc. , ~- which are tihe basis fbr beha\}iof of this computer which is the
humén Bx;ain. If it be péssiblg to éohtrol thé growfh of various develop-
ing qeils in the brain (an& éhefe éhouid- bé cﬁer’hicals which can accelerate
Ao‘r decelerate thé growth of certain specific .kinds (ﬁ cel'lg). it is quii:é |
| 'cl.ea.rvthathe might cﬁ#nge their n’umbef 61' a‘t least their disfribution.

If ‘thev COxﬁpufér is limitéd by the. number of connections it can maké, and
if one could go from 1040 to 1011 'Srain cel‘l_'s.. there is a chénc‘:e that the
 capacity of the brain cduld be increased’.' This is'th‘eo'x‘-etically nov} within
our range.

We a‘x;evapproac'hing not only the 'mea}ms of selectively transforming the
gene but what i.s.even closer, the means of deciding which ones to réad and
which ones to'n.otﬂread‘. and how long to reéd therﬁ;.' What effect mighf this
have on social evolution?

: Socialv evolution, on a p'h_ysiologicagl level, up until now has been deter-
mined primérily by the samé .proce,s‘seé of random mutation and selection
that gave rise to.the human race ivn the first piace. We nowhave coming

into our hande the tools for the control of genetic information itself, and
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closer still méy be the ability to control the genetic expression oﬂf infor-
mation which is in any gkisting cell. This would not entail any change in
the information (mutation or recombinatioﬁ) but me rely‘ tq control how it
is used.

Cn the bacteria]{!level both things have already been done; transduction |
"in microbes has been achieved. One can introduce genes into the chromosome
of a bacterium (almost 4a't will) whicﬁ can be incorporated eventually inio the
bact¢rial chromosomes. This .is what happens with lysogenic viruses; they
get intov the céll aﬁd remain there, and eventually some of them do get
attached to the ch'romos'oi’nev and become ;;_art of the bacterial chromosome.
This.is chahging the bacte-rial- ¢hromosome by _introduc‘ing new information.
: Mofe easily don‘.e is the control of the expression of the existing bacterial
gene by simple molecules, 40041' by the environment itself. These can pe'ne-ﬁ‘
trate into and out of the cell é/lmc;st at will and _ca;x. in turn, 'exeroc.:ise con=-
trolling fuhction oﬁ the ability of that cell to eipres_s its géﬁes.

Througix this mechavni sm it ﬁmay be po-saiblg for us to control v‘irus
di.sea..se,- canéer,__ anfl p_erhapp evefx éhange time adaptability of men, thus :
leading to di;'ected sdciaiévo.lution. The morr;ent we .sta'rt thinking abouf _

. things of this nature, we c.a.nndt éséaﬁe:the enormous probl..ems ix.wolAVed;. l'
Who is goiﬁg to vvde’cide. to chaﬁée men, vanci'how_x;m'n.y of them, and in
?h#'t, way? 22,43 This 1s a prémem which we will face and we s;{ould' .

. beégin thinking about it now.
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Ont.af:‘{)if‘-v'the most far-reaching deve’lopménts in social evolufion will
come about ffom this new.knowledge of the maﬁipulation of the basic
polymeric materials of which all living sﬁ_bstance is cotnposad} We are
laarning the chemical composition of the genes, and their constituents,
the chromosomes, 'and their structural arr angement. We are learning how |
" to alter genetic material delibe rately to produqe ‘types with pr'e'deter.rnined
char‘aﬁteristiqsc This »is being done with v»microorganvisms in the léboratory
right now. - But in the futuré, as our knowledge grolws, we shonuld havé
the same power with plants ahd animals anvd mah"’him_sel'f.

Twolasp‘ects'of this Bituation shoul“d‘be considered from the'human
poigt of view. Many of the studies of genetic material are beifxg éarried .
out in the interést of controilh{g vili'u's diseases and cancer. There is
little doubt ';hat ev.ventually .su;c?ess?-will be achieved. 'I‘l"xe sarhe'_ge_netic

f
|

k'nowlevdg:e will con tain the infdrmation we need fb: controlling both the

I
r

'Qquantity'' and the "quallty" of the population. We may have the power to .

intensify certain human traits delete |others. and perhapq even develop

I

new ones.43 An important coronary c!af this is the approaching power to

control men's minds by chemig:al mea'ps,,:-b'ringing_with it the major prob-
4 o | 42,43

lem of how and by whom this power shoxiﬂd be exercised. -

The distance from Atom to Aidam cbyers billions of years. By : »

1]

following natural laws of the ‘beha"yior of matter, the process has been

orderly, even in its infinite compiexity; But during these years the laws
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of nature haj}e functioned in a iaboratory in which each atom had its de s-I
tiny, but within which no encompassing éorhprehension of the whble could
sway the coﬁrse of experihnent,

Today the world is quite as awesome to contemplaée as it must have
been in its ‘béginhings. for today man has a little knowlecige! 'W'i‘th each
thread of new truth, the responsibiiity to weigh the consequénce of its

:application becomes more qri;:ical. .The _raté of evolufion can change
tremendpusly-with man's new v‘knc.)wle'dge. jamd the respo__r.lsibinlity to
- control the‘.rate and the direction of c};a‘ng‘e must depend on vﬂsdom.

As it has to this day, time will record our success --or our failure.
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