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ABSTRACT

- The results of prebiotic chemistry and the main schools.

- of thought on the origin of the genetic code are reviewed,
with particular emphasis on the conflict between the stereo-

"chemical and the stochastic approach to the problen.

The assumptions underlying Eigen's theory of self-
organization of matter are also discussed.

A model is proposed for a stage of evolution, preceding

the onset of the genetic code, during’ which adaptors for

all possible codon- amino acid assignments (belonglng to
different codes) could be present. Heuristic computations
based on a very simple version of the médel, point to a
natural tendency for the system to eliminate competition

and allow for #he survival of only one‘self;consistent (self
codiqg)'set pf adapto;s; i.e. one code is chosen.

Although mainiy stochéstic; the model allows in principle
for hypothetical stereochemfcal affinities between anticodons
and amino acids. These would favour the choice of one
particula code, .but it appears unlikely tﬁat all final anti-
¢;dph'— amiﬁo acid assignments could ever be due to such
affinities. Some incompatibilities with Eigen's theory aré
pointed out.. |

Suggested for further study are more realistic versions

of the model, which would include the possibiii;y of varying



:‘the rate of self-replication and mutation of the'genes, and
the inclusion 6f adaptors -with different discriminating
abillities. It is proposed that the genetlc code evolved

through stages in Whlch only classes of amino ac1ds were

dlstlngulshed, in agreement with a model already proposed

by Woese.
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"~ - .I. INTRODUCTEON - PP .

. R
« . »

The‘diseoVery and "erackihé” of the ‘genetic code een'

"_already be halled as some of the great achlevements of modern

science. Yet, 1nterest1ngly, .no consensus has been reached on

its fundamental nature« The following quotations by some of t]

. 1ead1ng researchers in the field illustrate the on301ng contr<

Prof. siahey'rox (1974b) :

The results are con51stent w1th a stereo—~
chemical basis for the genetic code rather than
a "frozen accident” of statlstlcal occurrences. -

Prof. Geoffrey Hoffmann (1975):

A... school of . thought (11,18) considers that
a systematic evolutionary development began only
‘with the nucleation of an autocatalytic cycle....
The model’ seems, however, to imply that a great
deal happened all at once.... It will be - seen that
such a nucleation is perhaps more probable than
would appear at first sight.

11. .Eigen, M. 1971. Naturwissenschaften 58:
465~523; Quart. Rev. Biophys. 4:149

18. Hoffman, G.W. 1974. -J. Mol. Biol. 68:
 349-362




- varlous bases and amino acids.

Prof. Melvin Calvin (1975):

I think this code arose not by accident (33,34,
35) but because of the peculiar chemistries of the

33. M. Eigen 1971. Naturwissenschaften 58: 465

34. F.H.C. Crick 1968. J. Mol. Biol. 38:267

35. L.E. Orgel 1968. J. Mol. Biol. 38:381

Prof. Thomas Jukes (1974):

The proposal that the genetic code originated by
some kind of loose affinity between the amino acids
and the bases is an obvious one....

An objection to this 1line of reasoning is that
it tends to invoke the existence of interactions
that are so weak that they cannot be detected except
under specialized and artificial conditions. I

feel that such an explanation may rely on a desire .
-to postulate non-existent phenomena because we '

feel intuitively that they ought to have existed
since we cannot think of any other way that the
genetic coding of proteins might have started

[italics mine].

O



The maJor motlvatlon for this work stems from the realizatic
that the problem of the origin of the genetlc code presents a
challenoe to intuition even before it can be formulated The exis
of a genetic system gives us a clear understanding of Darwin's
'theory of evolution: mutations in the gene cause’ changes in the
bhepotype; if these changes are advantageoﬁs‘to the survival of
. the organiem, survival and reproduction cause the mutation tg be
retained, and eventually to be transmltted to all members of the
same spec1e5 The clarlty of this plcture however perhaps by cont:
makes it impossible to understand how the genetlc system 1tse1f
evolved. As understood above, the keys to evolution are: o
1. gene’replication,which propagates the mutation;
2. a'consistent'relationship between the genotype and the phenotyy

as provided by the genetic code.
In other words, the existence of the éenetlc system is needed
for evolution. How are we then to understand the evolution of the
gentic system itself? Was it then simply an (unlikely or likely)
accidentaltevent? While on one ‘hand it is difficult to conceive
of evolution in the absence of a code, it is also difficult to
ebandon the idea that life was the product of a continuous, inevit
process. |

The challenge we are faced with is to understand the evolutio
of matter before , and leading to, the onset of tﬁe genetic code.

‘Clearly such understanding would have profound philosophical

implicatiohs for our concept of life, and consequently of ourselves



From the point of view of science, a theory of theeevolution

of matter in the absence of a code implies the ability to predict

'self—constraining behaviour in complex chemical systems, At least

some results couldhprobably be_extrapolated to all complex open N
systems and thus have far reachlng consequences In fact, efforts
in this general dlrectlon have already been under way from the. po
of“view of 1rrever51b1e thermodynamics, independently from the.
problem of.the origin of life. The worklof Glansdorff and Prigogi.
(e.g. 1971) on symmetry breaking instabilities, is iepresentative
of this more general approachn i
.Unfortunately the scientific releVancenof the problem of the
origin'of life (ot,'more specifically, the origin of the genetic

code) is not matched by its amenability to scienzific investigatic

One deals with one or more, probably unique, occurrences, and with
time spans of billions of years Thus no explicit tests would ever
be possible for any theory which tried to encompass the whole
process. One can only select as many relevant phenomens -as possibl
and devise models which extrapolate between then.
This work is unique in its emphasis on the following points:

l. At least three phenomena can be studied separately "They are

a) non enzymatic template replication of pdynucleotides, b) evo-

1ution.of a polypeptide constructing machinery in the absence

of the genetic code, ¢) evolution of a translatlng machinery

(onset of the genetic code).

2. Focusing of phenomenon c¢), I argue that the code arises from a

complementary relationship between chemical and logical constrai;
Any stochastie or deterministric approach which ignores either

‘type of constraint cannot form the basis of a valid theory.



:S;FThe.idea that the_genetic codelresulted ftom a continuous%
inevitable process is not evident in my approach ﬁoweuer |
if one allows that enzyme function evolved from recognltiou
of less detalled to recognitlon of more detailed propertie
it oecomes possible ‘to envision successive primitiv

c0des3 and the continuity problem is reduced to that of
understanding the transitions between these'successive code
The outcome of this analysis is a model which is essentiall;

. in agreement with the Transiétion Error model, proposed’ -
by Woese in 1967; but shows more clearly the kinds of proble

a theory would have to solve.

The essential'cheuical constraints I consider are: a) exis
of a polyoeptide cbnstructing_machinery'in toe absence of the
code,’b) folding of polfpeptide sequences to form three;dimensi
structures which can perform- functions (I am particularly inter
in codon-amino acid adaptor functions), c) enzyme- free‘replicat
of polynucleotides, da) affinities .(of unspecified nature) betwe
codons and amino acids.

The idea of logicel constraint is best explaiued after the
exampies of chepter IV, but it can be introduced here with an
-analogy. There are mophologicai and syntactical elements which
are common to all natural languages, such as the exietence of
nouns, verbs, modifiers, onomatopoeic souuds. Presumably these
elements are sttictly related to human perception and physiolog:
ke.g. ability to produce certain types of sounds). If oue views
the genetic code“as a biological language, the above elements

are comparable to chemical constraints, which would certainly



{

‘be common to any code one might envision. The”question is:

would different codes be possible,.the same way different

'languages are possible? Or, more precisely, would 1t be possib

to have alternative sets of codon-amino ‘acid as31gnments the
same way‘we have dlfferent dictionaries? If as" suggested by
Pattee (section III.1. 3), the answer is yes, the particular

choice of a code can be viewed as a logical constralnt This
emph331sesnthe idea that-an‘alternative:choice was possible,
while‘the same could not. he said for chemical constralnts.

As a reminder of the analogy, logical'constraints will sometim

be called "linguistic".

I mentioned earlier that it is difficplt both to envision
continuity and chance events for the origin of the genetlc code
In working towards.a picture which could overcome both difficul
I tried to develop models ‘which were suitable for heuristic_
computation, and could possible be-the starting point for a mor
general mathematical theory of self-organization.

Chapter 1T and III are reviews of relevant experiments in
prebiotie chemistry and of ideas concerning the origin of the
gentlic code, respectively. Chapter IV 1ntroduces the fluctuatio
model, the concept of self—coding and some simple computer gam
These are designed to illustrate competition between codes, and
the interaction between chemical and lingnistlc‘aspecs of codin
In chapter V the fluctuation model_ls evaluated in light of the
problem of the evolution of the code itself, and an evolutionar
model is'proposed. This model is hardly more than a sketch, yet
in my opinion, it illustrates the mostvpromising approach to

the problem of the origin of the genetlc code.



II. EXPERIMENTAL DATA RELEVANT .
T0 THE MODELING OF PREBIOTIC
 SYSTEMS

IT.1 The Primitive Earth..

The final consolidation of the Eatth s surf ece occurred 4
to 5 bllllon years ago.. Thevgest ancxent traces of.;ife are
reported to be at least 3.1 billion years old kkeﬁyon and
.Steinmen.1969,-p. 76); Theretis‘ne general agreement:aé_to
‘'what particular tjpe of ehvirbnment.was moet 1ike1y to favour
the early stages of molecular evolution; preblotlc condltlons
'are generaliy postulated on the ba51s of some compromlse be-
tween geologlcal ev1dence on the cenaltlons prevalllng on the
Primitive Earthland ptesent day biochemical.know—how. The
etigin of iife”may‘have been a wide spread phenomenon or it.
may have been p0551ble only because of some pecuilar set of
local c1rcumstances, llkely only in few reglonb of earth. This
dlfference alone may be a significaht aspect in chbosing models
of the origin of llfe, but since no ev1dence exists one way.or

2 .

the other, I shall not pursue thls difference. I shall present dat
on preblotlc synthe51s which I belleve to be relevant to a dis-
CUSalOn on the orlgln of the genetlc code, but I have not - at—
tempted to follow a single set of assumptions on prebiotic
conditions, nor to evaluatevthe results in any way; HOPEfUliY
it will beeome clear that-my.approedh to‘the problem'of the
origin of the genetic code ;equires only very-general biochemic:
'éete.:

The~primitive Eatth couid have offered a wide variety of

environments. and energy sources: seashores, river deltas,



VOlcanoes, thermal springs, contact with speczal.mlnerals and
w1th ice; thus po551ble exposure to dlfferent degrees of .solar
radiation and theroal_energy‘were p0551b1e. Even conditions
created by the impact of meteorites have been considered.
'The.primitive atmosphere of the Earth.was probably com~-

posed of some mlxture of CO2 4, 3,- Nz, H2O vapor,

H S and H (Lehninger'1970, p. 770). The exact composition

2 , 2

-is uncertain but it is.generally agreed that oxygen was only a

trace constituent (Ibid., p.-771) As a consequence the ozone
layer was probably mlsSLng and UV radiation could penetrate th
troposphere and provide an abundant source of free energy; ele(

trical discharges were another possible source. As far as the

-hydrosphere is.concerned there is disagreement on. how fast the

volume of water increased, but the inorganic composition of the

oceans is believed to have remained essentially unchanged (Keny
and Steinman 1969, p. 113). Commenting on how the wide range o
experimental conditions allowed'by'this picture of the primitiv

Earth still yields fairly consistent patterns of chemical evolu

tionary reactions, the same authors (Ibid., p. 118) come to the

“tantalizing conclusion™” that-

;...knowledge of the details of Earth history, which
will probably remain hidden’ from us in any case, may
noét be required for a complete understandlng of bio-

chemlcal origins.

From the point of view of a sttdy of the origin of the cod;

'~ this gives one more reason not to be too selective too soon in

considering prebiotic conditions: it is natural to expect that

: copditions which‘favoured the production of the "building blocks
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of biological systems would also favour higher level 6f-ofgani

zation such as the genetic code, but this is not necessarily t

case.  If fhe optimal envi;énﬁéﬁtéi conditiéns are différent £
the.twé cases fhen'intermediate_conditidns muﬁt pe fbuhdf ér a
mechanism for the needed transition. In the meanwhile it is

certainly wise to Qursue_ail feaséngble directiéns aﬁd‘sta:tin

points,'not only on the basis of the QOod'results they may yie

.but because there is é‘chahce that the pathway (or pathways)

which leads from simple organic molecules to complex biologica.:
systems will become evident only from a broad, unselective

pictuire of possible prebiotic conditions.

p

4

ITT.2 The "Euilding Blocks"”

,II;2.1 Synﬁhesis of Amiﬁo Acids
Miller (1953) reportea the production of substaﬁtial yigld
of organic moleculés‘and amino acids from a postulated primitiv
earth atmosphere enclosed in_flasks heated for‘periods of one.
to two weeks a£ 100°Cc. 1In another éerieslof experiments (Mille:
1955, ;957é,b, 1959) methane, ammqnia, watef and hydrogéen, when

subjected_to electrical discharge, produced Glu, Asp, Ala, Ser

. and Gly. The same amino acids resulted from thermal treatment

of a'primitive atmosphere (Harada and Fox 1964) in a way which



)

wa$~sequéntia11y compatible wi£h sﬁccéssfui experiﬁehts'on pol
merization of amipo acids (Fox and HFraaa 1§60a,b). Aspartic
acid and asparaéine (and'dytosine) were also obtained from sir
reaétlons of cyanoacetylene with inorganic susstances in aguec
solution (Sanchez et a1-11966); cyanoacetylene is readlly éro-
duced by electric dischérge on a mixture of methane and nitrog
Alaehydes have then been suggésted as possible prebiotic react
fdrhal&ehydé, heated-witﬁ ammonia, yvields a product which can
hyd?olizéd to the same amin; acids mentioned above ahd,‘in add
tlon, vallne and prollne (Fox and Wlndsor 1970) | Subbaraﬁan €
al. (1972) obtained similar results by dllutlng glycine with

formaldéhyde in a mildly alkallne solution. In the same expe:

‘ment threonine and B-phenylserine were also detected when forn

-dehyde was'substituted'with acetaldehyde and benzaldehyde. UY

radiation on a fog of formaldehyde and ammonium nitrate caused
the formation of glycine, alanine and possibly threonine

(Pavlovska?a et al. 1971); A primitive atmosphere which inclu

H_ S , whgn‘exposed to the same radiation,.p;oduced Ala, Gly, S

2
Glu, Asp and Cys (Ito and Bowman 1971). More récently water-

‘surface quench reactions have been studied by Ponnamperuma's

group: one of thei? effects is to double the production of am

acids (Park et al. 1975).

. Experiments on abiotic synthesis of amino acids from post

lated primitive atmospheres will certainly continue for a long



‘time, as researchers ustfi#e to find a mos;'pléusible‘chem
cal pathway which can gain genéfal éccepgance. At an& rafe,-
labdratory results‘apd recent evidence.from exébiblogy {which
will outline beiow).havé convinced most wofkers that the most:
cbmmon amino acids or their precursors were reaaily'available
.the-pfimitive Earth. |
One objection, however, has beeﬁ raisea'by_Cairns—Smith
(1975) to the cdmmon;interpretétion'of the results I ha;e just
sketched andlin geﬁerdl to all:the respits of pfebiotic chemis:
mhe.main conciusioﬂ from abiotic syntheées is'tﬁat;mo~~
dern organisms prefer molecular units that are easy to
make. This could be the result of selection pressure

‘during very early evolution rather than a reflection
of the large scale molecular environment within which

life first arose.
'In this work I'assume.that whatever is "eadsy to make" is at le:

tried first but it is not necessarily maintained within a syste

Understanding the conditions under which this may happen is a

major aim of my study.

11-2-2‘ Synthesis of Nucleotides
Bases
The pyrimidine base which is ﬁost easily produced‘ﬁnder
ﬁrebiotic conditions is uracil. Fox and Harada'(lQGl) synthe-

'sized it by heating malic acid, urea and polyphosphoric acid



between 100° and'i40°¢; Heat at 156°§‘was ;lsé;used by drB.(li
to bbtaih uraéil'from urea apd'vinyl dyanidé in an-aqueoﬁs sol;
tion of ammonia. vatosine was syﬁthesizea by Orggiis group
’(Eerris et al. 1968) frqm cyanoacetyieng énd cYahate; &ygnoace.
. tylene wés produced by elecfric dischérge on ﬁitrogeh gaé’and
~methaﬁe. The same.authprs feel that the relative ihstability C
these.two compounds would not allow for a wide.range of'piebiot
envifonments. Cytosine itself can yield urdcil,by hydrolysis
(;ggg){ aﬁd with the help of ionizing radiations kPonnamperuma
et g;:31962). sHerwooé et 31: él971) suggested methylation of
uracil with formaldehyde énd hydrazine as a possib1e~prebiotic
p;thway for the synthesis ofAthyémine. | |

Of the purine bases adenine is found_moﬁtreadily. Heating
a concentrated solution bf ammonium éyanide'gave successful ;e—
sults (Ord and Kimball 1960,1962, Oxd 1961). Aéeniné was élsq
found when a mixture of methane, ammonia, water and hydrogen wa
irradiated with an electron beam (Pdnﬁémperuma et al. 1963);
Ponnampefuma énd eo—WOIkers (1964) gpnsidered the possibility o
p:oduciné puriﬁe and pyrimidine bases by heating é mixture of
amino acids: invsgch an eXperiment they detected guanine. San
qhéz,ngrris and Orgel (1967,1968) showed that an aque&us solu-
tioh of hydrogen cyanide would alléw for reaction‘pathways lead
to the formati&n df adenine, guanine and hypoxantine. ihey sug-

gested that the needed concentration of HCN could be achieved by

‘cooling to separate out ice (id. 1966, 1967).



Sdgars

It hgs been known since fhe iasﬁ'cehtury thgt formaldehy
in an agueous alﬁ$1ine.soiution couid form a mixture of mono-
sac'cha;:i'des. Objections that the alkalir;ity req{lired was f:oo hiéh (
terms of prebiotic coﬁditions} led investigators to study ;he'passibility
that a base catalyst ﬁight not be needed.in the preseﬁée of U
radiation: this type of exPEriment was perfqrmed_sucde;sfull
by ‘Ponnamperuma and Ma?iner (1963 and Pdnnamperuma 1965), who
féported the formati;n,éf ribose and deoxiribose.- in the seéa
for . possiblé prebiotic catalyéts}‘e%perimenters have beegn t
iﬁg to clays which, as wé shalllsee, may'have pléyed a very i
portaﬁt role in many types of reactioné. Their role in the
-synthesis of.sugars'haé been studied by Gabel ;nd~Ponnamperum
(1967) who used alumina, kaolite and illite refluxed with an
aqueoug solution of fofmaidehyde (pos#ib1§ a model for a them
spring): fcrmaldehyae was,converted to monosaccharides.

However there is no general agreement on formaldghyde as
a precufsor of sugars. Hofcwitz and Miller (1962) objected
tha# the conqentration needea was unrealistic for Prebiotic c
..ditions; Reia and Orgel (1967)'reportéd similar results to th:
oflGabel.and Ponﬂamperuma (1967),.nevertheless they felf the

‘above objection was still valid; they added further that the

stability of'the sugars formed was also a problem.



Condensation reactions: synthesis ahd'phosphorilation qf'

P

nucleosides. . . S _

Thé condensation-of most Sioldgiqglly imporfant monomers
. and polymerization, involveg'dehydration'reactidns (figﬁ Ii;ll
This presénts a pfobiem since the pr;sence.qf<water,is poétula
f&rnmost prebioticvenvironments, and the needed covalent'bonds
. undergo hydfolysis'faﬁher easily. Two factors can bé controil
tq favour dehydration: temperatufé and'the presence of appropr
.'ate condensiné agents. In addition UV radiation may'have'plaj

a role.
- Ponnamperuma and“co~workers (1963a,b) repérted'the fo;mat
of adenosing, AMP, ADP énd,ATP'in a‘soiution of adenine and‘ri
bose in the presence of pﬁosphorig acid. and ﬁV radiation.
Sfeinmén, Lemﬁon and Calvin (1964) confirméd the same-finding
aﬂd suggested furtﬁer that cyapamide might have played ; key r
in chémical evolution. ‘Adenine was lihked‘to deoxyribose.in t!
pPresence of hydrogen cyanide; UV 1light enhanéed the prodﬁction
‘deoxyadehosine but was not essential (Ponnamperuma and Kirk 19¢
ﬁore'recently Sanchez and Orgel (1970) pfoposed that ;eactions
of sugaré wifh cyanamide and .cyanoacetylene couid form a pfé-
"biotic route to thidiné and uridine; UV light was alSohneeded
for anomerization and épimefization, \In“their.wordé this route
Qould be ;inefficient, but most plaﬁsible“ of those reported -ta
that'date; .NucleotiQes have been formed by heétingthe nucleo-

sides with inorganic phoséhates (Ponnamperuma and Mack 1965,

Beck and Orgel 1967, Lohrmann and Orgel 1968, Chang et al. 1970



~(b) Phosphate ester (B = heterocyclic base):

1

FIGURE II 1

Examples of the condensatlon of blologlcally 1mportant
monomers. After Kenyon and Steinman 1969, 164,

CHRCO- — NHCHR'COOH

'NH,CHR —°'COOH + NH,— CHR'COOH — NH,

Amino acid 1 . Amino acid 2 Dipeptide

1

R TR U e . : ST !
B O amon s A 50 gm0 liOH e
ﬁ T+ HPO, '_’ . . . OH .+| HO |
o~ " Nucleoside .'_‘ . 2o _-. . _ I;Jucléo"tid? : U S

(c) Carboxylic ester (z1lipid, if the alcohol is glycerol ):

R — COOH + HOCH, — R'—3y RCO- — ocﬁz‘n' + [&®,0

Acid Alcohol Ester

(4a) Glycoside:1

+ | H,0

Branched'bonds'represent.hydroxyl groups



bdr at témpératu;es f:om 0° to 22°Crwith‘poly§hosphqric'aéid
tWaehneldt’and Fox 1967). _Léhrmann épd Orgel f1971) pointed'c
that phosphorylatioﬁ of nuclgdSides had succeeded only with ac
phosphates, they suggested therefore the additioﬁ of urea and
ahm¢nium chloride whicﬁ allow phosphorylation with peutral or
basic‘phosphates.~ Such a mixture, with thyamidiné and NaZHPO4
- Yielded Tp, pT and pTp (Bishop et al. 1972). With urea highez
phosphorilatibn products ére also obtained from TMP (Odoﬁ et &
1973),2and frém UMP in the preseﬁce.of.strﬁ;ite (MgNH4PO4~6H2O
<which, according to Héndschuh and Orgel (1973);vcou1d have pre
;ipitated from evaporating seawater. However, in the presence
_of apatite, which according to Ord and Stephen-ScherWOOd'(l974
was the most érobabie source of éhdsphate on primitive Earth,

cyanide and dicyanamide proved to be more effective than.ureé

forlthe phosphorilation of uridine (Schwartz 1972).

© II.2.3 Ex;raterréstriél‘Evidence

Perhaps some-of th; mgst cénvincing.eyidénce that the bui:

'%hg blocks of.living,sysfémé could have 5een formed under a vei

broad réhge of coﬁditions; is the presence of organic-material
in.extraterrestrial space; Several molecules of relevance to
‘prébioti; chemisfrx have been iden£ified.in inte;stellar space

(table II-1), in meteorites (Urey 1966, Kvenvolden et al. 1970,



TABLE II-1

Molecules identified in interstellar space.
{After Herbig (1974)) '

CH - ' .Silicbn monokide : sio
. cn ‘ Acetonitrilév ' . CH,CH

cat : Cafbonyllsulfide ocs
quroxyl OH ' ' Isocyanic acid _ HNCO
hmmon;a | o NH, | " Methyl acetyiene' CﬁBCZH
‘Water . H,0 Hydrogen isocyaniael. "HNC ¢
Fbrmaldéhydé ' ‘ HCHO Formamide 'NH2HCO
‘Cgrbon mopoxide co . Tﬁioformaldehyag‘ i Hzcs
Hydroggﬁ o H2 Acetaldehyde . CH3CH0
Hydrogen dyanidg . HCN Formaldimine . 'CHZNH

HCO+? "Hydrogen sulfide ; HZS
.Cyanoacetylene HCBN ' »Carbdn monosulfide o Cs
Methyl alcohol CH,OH Sulfur monoxide | so
Formic acid ' CHOOH |

? Tentative -




1571} Lawiess-g} gl:.1971, Kthvdldeﬁ 1974), and on lunér sam
(Modzeleski'et al. 1073, Fox et al. 1973). Of course great c
has been taken to' minimize ‘and estimate the effects of contam
natlon froﬁ Earth, wheaever samples have been studied, and to
eétébiish béyond doubﬁ the exﬁratéfréStrial origin éf'the cém-
pounds.

"~ It is partiéularly intérésting té notice that the amino
acids yhich ére most‘aﬁundant in a#imal proteﬁns are‘aiso reac
ly produced in'prebidéic experiments, and most common in extr:
terféstrial space (table-II-Z).. Fox (1975) remarks:

‘ThlS is partlcularly gratifying to a biochemist who

has watched as the evidence accumulated over several
~decades for the unity of blochemlstry... Now it
appears that this unity of biochemistry had its orlglns
in a kind of common cosmochemistry... We live in an .
internally ordered universe .

The posSibility has also been mentioﬁed fhat "4
Argbted panspermia” in fact brought life to this planet from ot
SiteS»(CriCk and Orgei 1973). 1In this case expe;iments based .
primitive Earth cénditionS'might even be misleédihgl‘neverthde
the fundamental questiéns on life as a possible {(inevitable, p.

bable, improbable?) physicél ‘phenomenon W;oulrl‘,still not. be answered
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'II.3,'1P61fmeritation

IT.3.1 . 5ynthesi; of Oligoé-éhd Polyéeptides

Polyéeptides have been p¥eparea sy'ﬁeating mix%ufé;ibf
égidic or basic aﬁino.gcids in the p¥esence of phosphoric or
polthosphoric acid (Fox.and Haraéaj1960a,b,nHarada'and éqx i9
Fox aﬁd Nakashima iQG?{. A certain lack of fandomness in fhe
order of residues ﬁas reported_véry.soon (Fox ‘and Harada 1960b
and later cqnfirmed in the same and.in-other laboratories (see
below). The range of wompositions of amino acids which could
be condensed thermalif was fouﬁd greater than expected at firs
j(fox and ﬁaehne1d£.1968), and the properties of the resuiting
“éro?einoids".became, of their own . right, object of research.
I will.report on them in a separate section to follow.

Séntheéis,mediaﬁéd mainly by.condensing agents has only
prdduced oligopepfides so far: 'cyanamide in agueous solution
pf-glycine and leucine exposed to UV_light'férmed some dipep—‘
 tid§s.aﬁd one tripeptide (Ponnamperuma and Petersonn 1965);
polymers of glycine at least ué to the tetrapeptidehwere_obtaix
by Calviﬁ'sbgroup with dicyanamide (Steinman et al.'1965;l966).
More recéntly'diaminomaleohitrilé (tétramef of HCN):and4amiﬁOf
.aéetpnitrile ﬁave been used by Pgnnamperuma'sig:oup {Chang et
al. 1969, Chada et a1.>1971) to pradﬁce dipgptides. -

The possible roie of clays and crystals in polymerization
.ié_alsb being sfudied.' Paecht-Horowitz, Berger and Katchalsky
(1576; PaeqhtfHorowitz 1972) used amino acyl.adenylates (at

present the active form of amino acids) concentrated by adsorpt

See also condensation reactions, section II.2.2.




N o ‘ _ . ) o .
. on montmorillonite, a naturally occurring clay, to produce poly

peptides of up to 40 units. Burton and Neuman (1971) proposed

that hydroxyapatite, a crystal, could function as catalyst to

allow for the polymerization of amino- acids at a lower tempera-

ture than that normally required; they tried this successfully

With'glycine.

"Although no plausible prebiotic pathway for the production

d .

"of the adenylates of amino acids has been found (Hoffman 1975),

they can serve as a model to studyhthe control of amino acid

sequence in the absencé'of highly evolved cellular constraints

(Krampitz and Fox 1969, Banda and Ponnamperuma 1971); the same

remark can be made for proteinoids produced by condensation of
the N-carboxy amino acid anhydrides (Hayakawa et 2l.1967). The
composition of the material polymerized from amino acyl adenylates was founc

to reflect the starting mixtures (Banda and Ponnamperuma 1971).

. This result is further evidence of some lack of randomness in

pol?peptides which‘aré synthesised abiotically (Fok and Harada
196Qb; Fox And Nékashima 1967)3

of céurse the most obvious source of non randomness in the
absence of a template i,s. neighbour interaction and different activiti
betveen amino acids . This pos§ibility was confirmed by Steinman
ahd_Cole (19675 ﬁhé measured the ifeqﬁencies of formation‘bf
dipeﬁtiaes'in mixtur;s of'amino aqids, using gly;ine—glycipe as
a standard (table IX-3). :From a compafison of their results
witﬁ those calcglated_from known pr;tein'sequences (also table
II—Q),.Calvin (1975) argues that "the original éoiypeptide.was
si&ila? to the'ones wé have.tédaY"; Analogous resqlts were

Oobtained by Paecht-Horowitz (1974) with adenylates‘(table II-4).



TABLE II-3 -

Dipeptide yields, as determihéd experimentally and as calculat

" from known protein sequences. .Aftef“Steinman and Cole (1967).

Frequencies (felative to Giy—Gly

-

Dipeptide - " Experimental ' calcul
Gly-Gly 1.0 o 1.0
Gly-ala ~ . 0.8 o 0.7
Ala-Gly | 0.8 0.6
Aia—Ala' _ o . 0.7 0.6
Gly-val o - 0.5 | 0.2
val-Gly = - 0.5 ¢ ‘ : 0.3
Gly-Leu } 0.5 0.3
Leu-Gly | . ' 0.5 - 0.2
Gly-Ile - o 0.3 0.1
Tle-Gly = - 0.3 . 0.1
Gly-Phe ; . 0.1 0.1

'~ Phe-Gly L 0.1



Relative yields of bonds

TABLE II-4

in the.cppolymerization reactions of

adenylates of pairs of amino acids. Aftef,PaechtfHorowiﬁz (197

Interacting

_‘substances

alanine-adenylate
glycine-adenylate’

alanine—adenylaté
valine-adenylate

alanine-adenylate
aspartyl-adenylate

aianine—adenylate

' serine-adenylate

aspartyl—édenylaté
glycine-adenylate

aspartyl—adepylate
serine-adenylate

‘aspartyl—adenflate

histidyl-adenylate

Bonds

Al-Al
Gly-Gly

" Al-Gly -

Gly-al

Al-Al
Val-vVal
Al-val
Val-al

Al-Al
Asp-Asp
Al-Asp
Asp-Al

Al-Al
Ser~Ser
Al-Ser
Ser-Al

"Asp-Asp

Gly-Gly

‘Asp-Gly

Gly—-Asp

Asp-Asp

Ser-~Ser
-Asp—Ser

Ser~Asp

Asp-Asp .
Hist-Hist
Asp-Hist
Hist-Asp

Relative

- 'yields of

bonds (%)

40
32
15
13

23
52
12
13

47
49
2
2

37
37
12
14

55
21

9
15

59
22
10 ‘
9

36
44

8
12



oo,

‘Later I will explore the implications of these findings

fér'the origin.of the genetic ‘code.

Properties of polypeptides produced in the absence‘of

a femplate read-out system . (proteinoids)

All types .of proteinéids produééd exhibit remarkable simi
larities with natural ﬁrgteiﬂs. Whether or not a clear prebid
pathway to their prodﬁction has been established to everybody'
satiéfactioﬁ,they represent a plausible intermediate stage in
the evolufion of ﬁatter, and as such they can be used as a new
Sfartiné poinﬁ iﬁ the ﬁtﬁdy of prebiotic.éystemé. |

In spite of the limited-heterdgehéitjvrepoited above, the
eighteen most éommon amino acids have been. incorporated both
in thermal proteinoids (Fo% et al.u1963, Fox 1969’ and in thos
préduced by the cohdensafion'of.adenylates (Krampitz and Fox
1969). The relative proportions of aminp écids are found to £
low rather ¢losely those of an average protein (table II-5).

Thermal proteinoids have exhibited catalyti§ aétivity:‘
dgcompositionfof glﬁcose (Fox and Krampitz 1964),‘hydroiysis of
p—qitrophenylvacetate (Fox et al. 1964, Rohlfing and Fox 1967,
Shook and'Rohlfing 1972),'hormone-like stimulation of'ﬁelanocyt
(Fox énd Wang 1968), catalysis of several simple reactions (Roh
fihg~and'Fox 1969, Dose 1971). Wifh the incorporation of zinc,

Proteinoids have also shown activity for the hydrolysis of ATP



_TABLE II-5
Cémposition of'hydrqusate'of.proteinoid from amino acid
} ' " -adenylates alone compared with an average protein .(calculate

.'without‘ammonia); _After Krampitz and Fox (1969) .

" Ratios of amino

_ : , Coﬁposition of polymer ‘in average prote
. i ' ,‘Amino Aqid ; {(mole %) ' (mole %)
Y : - Lysine . ' 6.5 5.9
H;’étidiné - , ' 2.4 1.8
[ .Arginine _  4.2 e ' : ' 4.9
Aspgrfic acid .f l 10.3 9.7
Threonine : 4.9 4.8
, Serine | 4.2 6.0
Glutamic acid 9.7 12.7
Proline R o 5.1 . o 6.2
Glycine . ilul . : 12.6
Alanine 3 143 9.6
Valine | 7.3 - ‘ 5.9
Methioninev ) ' 0.7 | . 1.8
Isoleucine - 4.5 ._ 6.0
'Leuciné 9.6 | 6.0
Tyrosine : | 0.1 2.3
fhenylalaniﬁe o 4.5 ; 3.7

* Average protein compositién from Vegotsky, A., and S.W. Fox
in Comparative Biochemistry, ed. M. Florkin and H.L. Maxon
(New York: Academic Press, 1962), vol. 4, p. 185.




(Pennamberuma and Young 1964i; The activity hae been deﬁonstz
to aepend on specific amino acid residues (Fox and Wang 1968)
in partlcular on the presence of hlstldlne and imide linkages
aspartic acid (Rohlflng and Fox '1967) ; it is also marntalned(c
Aeven 1ncreased) after storlng in dry state (Rohlfing 1970)

Table II-6 llStS the propertles'whlch can be assoc1ated
both with thermal proteinoids and proteins. |

.Of particular'inferest is the tendency ef proteinoids to
associate and form "microspheresh, and te exhibit new properti
as a result of being thu5'6rganized. I will report on micro-
spheres~and oﬁ,the interactiops‘of proteinoids with.nﬁqleic‘ac
"in sections to.follew.

Are thermel proteinoids the actual ancestors of today's
proteins? The experimente being performed prove that many wor
are still looking for alternatives to thermai condehsation.
Verf'recently,Andini‘gg al. f1975) have  shown by NMR that, con
trery te;the data based on chemical de;radation,.only B-peptid
linkages are present in thermally synthesized poly-aspartic acid. "i’his
ip.their words, easts "serious doubt on the ro1e of thermal
‘copdensation in prebiotic synthesis". From the point or view

of this work, however, I nead not enter the controversy.
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TABLE TI-6

Properties common to thermél proteinoids and conteméorary

' " proteins and/or enzymes, Adapted from Fox (1969, 1974a).
- A related bibliography can be found in the second publica

tion.
Qualitative composition

Quantitative composition (except serine,
threonine)

Range of molecular weights (4,000—10,000)
Color tests | |

Inclusion of nonamino acid groués
Solubilities |
Salting~-in and salting—out.properties
Precipitability b& protein reagents
HYerhromicity'

Infrared absorption maxima -

Recoverability of amino acids on mineral acid
hydrolysis o -

Susceptibility to proteolytié en?ymesl

Many catalytic activities

Nutritive qualify

~Tendency to assemble into microparticulate systems
Limited heterogenéify

InactiVability by héating in aqgueous solution
Hormonal activity (meianocyfe stimulation)
Binding of pblynucleoﬁides (by basic proteinoids)
pH—A;tivity'Curves

Michaeli; Menton Kinetics

Inhibitipn andlreversal_

Specificities



I1.3.2 Synthésis of dligonucleqﬁides
~ in the Absgﬁce of Enzymes

Synthesis without template

Only~oligonucleotides have been produced uhder prebiotic
conditions. Interqucleatidé phpsphgdiestér;bonds were obserwved
»by Schwartz and Fox (1964, 1967) and Schwartz et al. (1964) 'whé
‘bytidine 2'(3')-£h6§pﬁéte was heated in the presence Qf_poiyf
phosphoric acid; and thére'is eyidenqé that dinuc;eoside phbsph
were formed in an expefiment on nucleotide synthesis I mentione
éarlier (Ponnamperuma_gﬁd Mack 1965). 'The same éxperimenters s
gested that clays might aid the polymeriz;tion procesé. Morave
et al. (1968a,b) reported yields of di- éna trinhcleotides-iﬁ t
th;rmél.dondenSation of ufiding. ‘They observed both 2'-5' and
3'-5' bonds with some preference for the natural 3'-5'. Tapier
and Nagyvary (1971) heated the tfééhylammonium salt of cftidine
T2, 3'¥cyclic phosphate for 48 hrs. ‘at 138°C to obtain oligomer

- of éytidylic acid up to hex#mer. Their dimers showed about
equal amounts of 2'-5' and 3'-5"' bonds, but the trinucleotides
haé é preﬁerenée for the 2'-5' (66%). Similarly, in trinucleo-
tides formed in a uridiné, urea, ammonium dihydroéen bhosphate
system, Osterberg et al. Ll§73) fbund 60% 2'-5' bonds, while th
saﬁe percentagé'applied in favour of the naturél linkage in di—

' nucieotides. The presence of "unnatural” 2'-5" (and 5'-5') pho:
phodiester ﬁonds is even enhanCediin templaté &irected s&nthesis
CSee below), but "this need no£ qoncern.us gréaﬁlf" commenfs‘
Léhninger (1970, p-. 779}; "the primordal‘nucleic acids might

Aweii have had 2',5' linkages". .Citiné evidence from kondo et aj

(1970), Oro and Stephen—Sherﬁood (12974) concur:



"It can be anticipated’thaﬁ higher oligohers’would
' possess random bonding with both-3'+5' and 2'+5" .
bonds present in the chain. These oligomers would.

not necessarily be ineffective in functioning as a

primitive template, since in solution both the

3'»>5' and the 2'+5' dimers of adenyladenine stack.

with an anti-anti right-handed- conformation typi-

cal of RNA polymers.... The seléection of the

‘natural linkage may have occurred at some later

stage in the development of a self-replicating

system. ' . ' - '

({see Fié. Ir-2).

Ord and Stephen-Sherwood (1974) feel that a urea-ammoniu
chloride—phosphaté'system, while sétisfactory for the synthes
"ofﬁoligoribonucleoti&es, is hot'applicable to the forma-
tion of oligodeoxyribonucleic acids. - One possible approach
makes use.of a deoxynuciébSi@e 3',5"-cyclic phosphate as an i
mediate in oligonucleotide synthesis (Pong and Tso, 1971).  I)
et al. (1971) reported the condensation of nucleotides by hea!
TMP in an agqueous solution.of.cyanimide and, in the presence ¢
montmdrillomite, they detected oligodeoxyribonucleotides up tc
5 units long (interestingly though, fewer di- and trinucleotic
.were found when the clay was used). Oro and Stephén—sherwood

(1974) consider it likely that thymidine 3',5'—cyclic phosphat
was an intermediate "although a more direct cyanimide dehydrat
reaction cannot be eliminated."” They can also envision the us
"of preactivated mononucleotides and review the evidence in sup
port of this approach.

The rélatively modest results obtained in this area are
viewed by many researdhers (for instance, Fox and Dose 1972) a
an indication that proteins and catalytic activity had to prec

the formation of nucleic acids.” If this is the case, then



FIGURE II-2 .

Schematlc presentatlon of the front view of the conformationsz
"models for A 1Py ,A (bases ‘drawn by the dotted line
located at ] e gottom The axis is advancing upward from tk
plane of the paper and is rotating counterclockw1se SLmultane
ously. After Kondo et al. (1970).




proteinoids and ﬁicrasp#eres ﬁaﬁgvé-and sct. II.4.1)_aré‘o$1
ous new‘resear;h téols; and'éome evidénce ha; alreaay been
v'presented (Fo% et al. 1974) fo sﬂow thaﬁ proteinoids and mic
sﬁhéfes can indeed aid in the polymerization of nucleotides

-table II-7).

e

Template directed AS?Jnthes.is
| Experiments in fhis area reveal‘a few interesting facts
> - a) Purine~pyrimidine complementgrity guides_the'polyﬁériza
process even iq‘the absence of enzymes,

.5) Triple strandeé helices (2 polymer strands aiding in £h
formétion of a third strand from monomers) are favoured
thermodynamically'(ﬁoffmaﬁ and Pdrsche 1§73a,bx

c) 'Complementary helices are fdrmea.only by pﬁrine monomexr
on pyrimidiné templates }OrgeL 1968; Orgel and Sulston,

d) A "stacking interaction" among the monomers favours the
condensation on'polymer templates (Renz.et al. 1971;pgy
and Eggers, 1972). |

- Howard et al. (1964) observed the formétion of heliées.
poly-C éhd guanosine monéﬁucieotides. They found the 2:1 st
v R oﬁetry typical of triple:helices as well as, for well-definec
conditions, évl:i~st6cﬁiome£ry for double strands. Sbme of t
same experimenﬁexs.(Howard et al..l966)4wére only able to aet
triple strands for poly-U to adénosine, and a threshbid effec
iprthé‘concentrafion of-mondmers.(EelsenfeId and Miles:l967),
.wﬁiéh is prébably due to the stacking interaction mentioned
;lbl’stochiometry for binding of adenosine to pol?—U'was-inste

fouﬁd'by Huang and Tso (1966) at 20°c.




TABLE II-7

g

Yields of adeninévdinucleotide and trinucleotide in various

systems with ATP (at 37°, 2 days). After Fox et al. (1974)
Reacténts

. ) ATP ATP

Products . ATP in ATP with acidie acid

g - aqueous with basic proteinoid prot

solution proteinoid microspheres micx

Adenine,

adenosine,

CAMP, ' - : _

AMP,ADP 12.6% 14.7% l14.8% 13

ATP | . o T

recovered 86.8 . 82.9 '82.9 84

Oligo A : .

eluting beyond .

ATP 0.7 2.2 2.2 2

Trlnuclgotlde . 0.0 0.0 0.2 0

Dinucleotide




Under condltlons 51m11ar to tﬁose favorlng the formatlor
trlple hellcesvother workers observed the syethe31s of ollgo-
adenylic acid from adenylic ecide(Sulstqn g; al. 1968a,b) an
siﬁilaxly of oligonucleotides of~debxyédenylatef(Scbneider—ﬁe
1oehr et _l_ 1968) . They‘foundnm;nly 2'=5' and 5'-5' linkage
when the complementarlty rule was respected, i.e. between ade
‘sine:residues, whereas.poly—U‘had no effect on the binding o!
adenylic acid with guaﬁoeine; cytiaine or uridine (Sulston e
1968b). Experiments with 'a polny'temélate showed similer‘ei
" on guenoeine>and'none on the other nucledSidee.(Sulston et a:
1969) . 'The_formatioh of iete:ﬁucleo£ide bonds wae made pPOSS:
by the presence of a water soluble carbodiimide as condensinq
agent,‘ The‘eaﬁe groep did not consider this a plaueible prei
dgent and proposed instead a prebiotic model which made uee <
imidazoles. Tﬁey obeerved the formation of internucleotide !
wiﬁh adenesihe-s'—phoSéhoiﬁidazolide and a poly-U template
.(ﬁeimannuet al. 1968).

However, according to Hoffman (1975), only Pgrsche et a:
{1973) have clearly demonstrated that monomefs cae form a
idouble helical complex withea cemplementary.template.

From evidence on enzymatic synthesis Oro and Stephen-
‘Shefwood (1954) argue that oligonucleotides 9-%2 uniﬁs in le:
could serve as priﬁers for their own replicetion, and propoe

a number of ways in which furthef elongation might be achiev

Unfortunately one can only speculete at this poiht.



AuA'triéle—stranded pdlynucléotide helix conﬁainiﬁé only purine

,basés
s An apparent exception to ?he pyrimidine—puriﬁe pairing in
helices has been found: two pqunuclgotidé_sfrands-of hypOxaﬁ;
‘tmﬁm can form 2 stable helix with one polyﬂucleofide strand of
.adénbsine reéidues'(Arnott and -Bond, 1973). fhé expériment“
'feported ﬁas not b;sed on a model of prebiotic éynthesis, and
‘perhaps fﬁe result is not surprising if one considers that A—i
.pairing has long been known for cddcn—ahticoddn interactions
(Crick419€6); however,- the possibility of purine-pyrimidine
éomplementarity evoiving‘ffbm such a modé1~withoﬁt major disco
tinuities, as suggested by‘Arnott_and Bond,.is”én'aﬁtractive
possibilify. Orgel‘and'Crick (Crick, 1968} had already propos
such a scheme, having inferred from ékperiments'in prebiotic
syhthesis that adehosine phosphate and its deaminated derivati
inosine ?hosphate were probably the most abundanf pfebiotic
nucleotides. Clearly‘more'experimepts‘are neédea before the‘i

portance of purine-purine complementarity for prebiotic system

' can be definitely established.
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- Evreirnova et al; (1974) state:

A coacervate system can be: obtalned from synthetlc
polymer molecules, e. g., from polyadenylic acid and
polylysine (according to Oparin and Serebrovskaya),. and
also from blopolymer molecules: protelns, nucleic acids,
carbohydrates, and other compounds (2). To date over

300 chemically different coacervate systems are known.
Enzymic reactions have been carried out in many of these

2. Evreinova, T.N., "Concentration of Substances and
Action of Enzymes in the Coacervates" "Nauka",
- Moscow (in Russzan), 1966.

Fox‘(1965)'pointed out that a typical coacervate droplet l'.mac'i
from gelatin‘and gum.arabicicsnnot withsfandvgéntlé centrifug
" or someAconcentsatioss of salts without breaking down into tw
liquids". He fu;fher objected to the reliance of such. a mode
prsteins, 1ike_ge1atin.of recsnt origin. Howsﬁer drops that-
lssted for years have.now been repor;ed {Evreinova etwai. l9f
,in fact accordiﬁg to those authors' statement, qusted above,
Fox'S‘"microspherss; (folloﬁing sectioﬁ) can be‘viswed'as a pi
culér.cosservats system. Other Russian sources follow the sai
convention, for instance Novak (1974), A clarifying statemen:
.by Fox will be quoted below.

Tygical coaéervats drops (Fig. II=4,a,b) vary in diamete
betweesAO;S and.540'microﬁs'(Evreinova 33‘3;; 1974), can favol
.ehzymatic processes in their interior (Oparin,.19é6; Lehsingez
1970, p. '782) and have a fendehcf to form colonies when they c
in csntact (Fig. II-5). Their'sizes;'masses and concentration

~dry material;are comparedlwith those of living systems in Tabl

II-8.
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. ’ FIGURE II-S5S .

A colony of coacgr?ate drops in thé scanning electron mictoscol
.Coacervate system:,polyphenoloxidase-histone—DNAfguinones.'
After Evreinova et al. (1974).
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TABLE II-8.

Welght and concentration of dry ‘mass in various objects.’ Afte
_Evrelnova et al. (1974). : '

 Diameter | Volume . " Weight Conce
Objects (em) - - (cm3) “(g) tion
: ‘Bacteria 2.5 x 1074 8.5 x 10 12 2.5 x 10 12 - 30-
hS . .
) , Mammalian 2.5 x 10°3 . 8.5 x 1072 2.1 x 10712 25-1
| cells : | v v . . .
-2 -7 -8
Amoeba 1.0 x 10 5.2 x 10 7.8 x 10 15-1
Coacervate = 2.42 x 1007 7.4 x 10712 2.5 x 10712 o
i drops to 5 " to 7’ ) to -8 34-7

1.02 x 10 5.3 x 10 . 3.5 x 10

n

o .



'Proteinoid microspheres

The manner in which the proteinoid micfospheres.aris
is yet simpler than that by which the polymer emerges.
Water or various agueous solutions are added to the hot
pPolymer mixture, the hot clear solution is decanted and,

following a few minutes of cooling, vast numbers of
individual mlcrospheres are seen to separate.

A typical result of the procedure just quoted (Fox, 1965)'

"seen in Fig. II-6. More details and different procedures

found in several articles .(for instance’Fox, 1964a,b; Fox.

Yuyama, 1964; Miquel et al., 1974).

Having heen asked to compare and contrast coacervate

and microspheres during an interacademy cultural lecture

can
can

and

dror

exchange between Oparin ~'and himself in 1969, Fox (1974b) re

The contest of those questions 1nd1cated that coacervate
droplets from gelatin and gum arabic were usually meant
on the one hand, whereas microspheres assembled from
proteinoid alone were meant on the other. . Difficulties
stem from the fact that either coacervate droplets or
proteinoid mlcrospheres are produced in many types.
Coacervate droplets so de51gnated are 'complexes of two
or more polymers of markedly different composition. The
simplest proteinoid microsphere .consists mainly of a
family of compositionally closely related copolyamino
acids, rather than of two colloidal types of markedly
different sources and polarities. It is also true that
coacervate droplets of, for example, polyvinyl sulfonic
acid... alone have been reported, but this type is not
‘relevant to a question of associations of functions
related to vital properties, associations such as are
found in copolyamino acid preparations. A fundamental
difference between the typical coacervate droplets of
the Oparin school and the typical proteinoid micro-
spheres is thét.the former are produced from polymers
obtained from contemporary organisms, whereas micro-
spheres are aggregates of proteinoid arising in turn
from monomeric amino acids under one set of deologically

relevant conditions...

Microspheres were found to possess a number of very remarkable

. Properties and morphologies which in many cases were "inadverte




FIGURE II-6

.Proteinoid microspheres prepared.-by allowing a hot $olution o:
proteinoid to cool. These units are approximately 2u in
diameter. After Fox (1965). : '




dhtéined" (Fox; 1965f;4‘;br ingtéhce,multiplé layér surfécé§
(appafently 2-l$yer§ in Figs. II-7 .and II-8, éhd sévera; ink
Fig.'II-Q),vability to pfopagﬁte_by éleqvage (Fig.‘iI-lO) an§
through budding (Fox et al., 1967; ﬁig. II-11). Brownian mo#i
has been observed in microspheres (Fox éna Yuyama, 1964), té-
Qether‘with internal structﬁfal constraints. | | |
'Very important, of course, is their catalytic ability,
as shown'in many expe;iménté'(Fdx, 1974a5; for instance»thoée
of Fox and Krampitz (1964), Ryan and Fox (1973), and Fox -et a
(1974). 1In this iast expériment (which I briefly referred to
in the section on the sYnthesis of;oligonudleotides) ATP was
added to micrdSpﬁgres of basic and acidic proteinoids suspehd
in ZO.QMngCiZ solution, to yield aéenine dinucleotiaes and
trinucleotides. The experimenters point out that "a definite
peak -for the ﬁrinucleoﬁide h;s been found only,in.the micro-
sphere sYstems, under conditions  that do not yield adenine
tfinﬁcleotide in the absence of such particles;.- The reader
may wish to see Table II-7 aéain. . |
Structure and properties'of microsphéres have been chéng
"soﬁewhaéhby new experimental conditions such as the inclusion
of nucieiq acids (ﬁachnelét'and Fox, 1968). |
To'alloﬁ~for all possibilities Fox (1969) has begun to u
.the.name'"microparficqlafe units"” or"microparﬁicles". ‘With t

name the properties of "old" and "new" microspheres are liste

¢

‘ together in Table II-9.
Of the most recently synthesized microparticles some can

viewed as models of primitive ribosomes, which I will discuss



. FIGURE II-7

Optical micrograph of microspheres.. In the source it is s
"What lIooks - like concentric shells, or a ‘kind of double 1laj
may also be seen."” The filaments are associations of small
microspheres. After Fox (1965). : o :
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FIGURE II-9O

An electron micrograph by Professor Walther Stoeckenius.

The proteinoid microsphere is 1 micron in diameter.
boundary layers are visible. After‘FQx'(1975)f

Concent



FIGURE II-10

Microsphergs simulating cells in CIeavagé. The author presen
evidence that they are not dividing bactéeria and that indeed
the process is cleavage rather than fusion. After Fox (1965)




FIGURE II-11

Time'séquence a) through d) of ptoliferatiop fhrough bﬁd—
ding. After Fox (1975). s , o - -

.a) proteinoid microspheres (Ml) with buds.(Bl);
v . : 4&\(‘ '
. ; . . : i
- - | |

. H

b) buds (B,) have separated;

. o !
.o~ N
' :
oo. B] i
\51 . l
: o
@9 ) ,
!
| . . ‘
i ~c) second generation mlcrospheres (M ) are grown by accretlon
around separate buds (B )
. ) . : !
J "\ - »
R N .
i Y&/‘ . . ¢
1
d)'a second generation bud (B2) on a second generation micro-
sphere (Mz)..
ks
3@




TABLE II-9
Properties of proteinoid microparticlés£

“a) mlcrospheres described by 1965
b) units made of proteinoids since 1965

After Fox (1969).
a) Stabi;ity kto stanaing, céhfrifugation,sactioning

Micrpécopic‘siZe |

Variability in shape

Uniformity of.sizé

NuﬁerouSneas

Stainabiiity

Producibility as gramfpositive or gram-négative
Osmotic type of property in.atoﬁid solutions
" Structured boundary
Ultrastructure (electron microscope)

Salective passage.of molecules through bdundary
Catalytic‘activity |

Patterns of'association

Budding and fission

b) Motility
A number of catalytic activities
‘Growth by accretion

. AbllltV to propagate through buddlng and growth
by accretion

Binding of polynucleotides in various ways



ot

in section II.4.2, others, like tﬁbse-synthésized‘by thifing

(1975) are more resemblant of coacervate droplets.

Extraterrestrial and fossil evidence

as

Claus and Nagy (1961), in examining somevcarbonacéous

chondrites, found "organized elements” which they interpreted

"possible remnants of organisms" probably indigenous to thi

meteorite. In line with a suggestion of Morrison (1962), and

impressed by the striking similarities between these remnants
and his micrbspheres,;Fox (1965) suggested that:

ees. the '"formed elements' were at no time alive,
rather that they were natural physico-chemical experi-
ments which terminated before life emerged.... [the
similarities between the organized elements and
microspheres] are consistent with the inference that
the laboratory experiments are closely akln to
natural experiments [ltallcs mine].

Terrestrial fossil remhants have also been found which resembl
coacervate droplets and miérospherés (for instance, Mueller,

1972).

IT.4.2 . Interactions Between Amino

' Acids and Nucleotides

As . the existence of a genetic code became clear, it was

- natural to ask whether the relationship between codons and 

‘amino acids was stereochemical. - Soon evidence was found that
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this was not the case, and an RNA adapter was needed (Chape—

ville et al. 1962; Chapeville 1962; Chapeville et al. 1963);.

nevertheless Pelc and Welton (1966)nprop03éd a number of dire

£fits and suggested that the results of Chapeville et al. coul

be explained by "overlap of fits" (Welton and Pelc 1966), but

Crick (1967a) pointed out that their models had been built

backwards, thus really sHowing fits for the wrong amino acids

‘Dunnill (1966) prbpoSea instead that the amiﬁo_acidé could

fit stereochemicallyftb the antidodons, and Meicher {1970,
1974) constfucted ﬁodels tp support the idea (fig. II—li).
However, a‘humber of studies has shownlthat modification of tl
anticodon loo?vof the tRNA does not p;évent attachment to the
correct amino acid,i.é. ‘the synthetase recognizes other pafts
of the tRNA or ppssibly.its oGerall‘sﬁape (Gauss et al., 1971]
It is likely that the teehniques-will sooﬁ be developed td
ciarify these and other needed details of the workings of the
genetic machinery. | |
The dete:mination of the 3-dimensional structure of the
phe-tRNA of yeast (fig. II—13).is a good example of the progre

that is being made. Yet thefe is 8till no indication that,

at present, either the codon or the anticodon site help recog-

nize the ‘amino acid.

Assuming that the tRNA functions as adaptor, one can

still ask whether its adaptor function is itself a product of



i '?‘ﬁi-"nURF' TT-12

-Examples of postulated stereochenlcal f1ts between amino aCJ
and anticodons. After- Melcher (1974). ' :

a) Alanine, anticodon: C-G-Pu,Py

b) Seripe, anticodon: A—G—Pu;Py-




FIGURE II-13a,b

: : © . ____Phe
Structure of Yeast EtRNA

. TR R -

a) The sequence. is arranged in the clover-leaf formula. Ci:
indicate bases which remain invariant in all tRNA sequer
brackets indicate those which are always either purines
pyrimidines (semi-invariants). Solid lines join bases v
are paired in the tertiary structure, and dashed lines ]
those vhich are stacked on .each other. After Robertus ¢
(1974). . y
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A

b) Schematic diagram- of the. tertiary structure (left). Th
tinuous line represents the rlbose-ohosphate backbone.

.~ light lines -represent. double helical stems, shorter lin
. ‘represent non—palred bases.- The dashed "and the dotted
-represent,respectlvely,amblgultles in the’ tertlary stru

and base pairs Whlch are normally not 1nd1cated ‘in the

leaf formula. -

h ' . ) The three- ~dimensional structure is made more eviden
: ' ‘comparison with a perspective diagram of the MIT model
] : which however' dlffers in some respects.‘.Adapted from R«
~ : et al. (1974) and'Klm_gE al. (1973). -

ae -
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.evblution or was necéssary'frdm tﬂe iery beéigning ki.et, tﬁ
correct adaptors'gét togetheﬁ‘by "aecidenﬁ").

The qudtafiéns I placéd.at the beginning of thisvdisser
illustrate 'the o'ngoing. contl:r:over;sy nbetwéen these séemingly in-
conpatible positdions. -Later I'will try to show to-wﬁat extg
" they are really.incompatible, In any case, as suggeéted~by
Crick f;968), intgractiops between poaons or anticodons and.
amino acids "may have beeﬁ important in the past at least fo

(1] o R ) . .
a few amino acids. Is there evidence of such interactions?

" selective binding of mono- and polynucleotides

Early experiments with hist@ne—like structures showed
tﬁat.pélylysiné bound preferéntially'to DNA samples which we
.rich,iﬁ A-T pairs (Spitnik et il' 1955, Ohba 1966). Poly;
arginine showed instead a "marked prefgrence"‘for poly G-C
(Leng and Felsenfeld 1l9'66). Sober et al. (1966) studied the
éffect of nucleése on pollesine—fibonuéleié acid complexes
:andfound that RNA with high G-C content was mdre "protected"
~by'poly‘1ysine; théy po:_i.nted out however that.the protection spe-
"cific;ty they observed did "noﬁ necessaiily reflebt binding

specificity™. The§ gave'alternative éxplanatibhs and added
that even if protection specificity diq reflect binding spec]
ficit§, i£ did "ndt appear to be hiéh enough'tbvbe of biolo-
gical conseqguence"; but Ehey also felt thaf this was~partiy

due to their particular exper;mehtal conditions 'and that "in



biological systems, proteins with separatea.short runs c

3

basic amino acids'might pcsses§ a gréat deal of'info;mat
for nucleic acid scquehcé specif&city",' |
Latt and Sober (1967a) also found that DolylySlne L
more. strongly to poly I-C than to poly A U but observed
that t;ue specificities could only be detected if the le
~of the polylysine‘chéin was kep; constant (binding was 1
&epéndent) and that Lin.tﬁe presecce of different cation
[the specificity cf the intcrcction was] markedly influe
by the cature oftthe cation” (Latt and Sober 1967b). In

fact they emphésized: "The oligolysine binding preferen¢

seen in NaCl solutions appears to be largely a consequenc

of the reverse specificity of the Nat ". Discrepancies ir

past results could probably be ascribed to these factors.

Wagnef anﬁ Arav (1965) studied the interaction of mc
nucleotides with ﬁclylysine énd polyarginine and found th
differcnceé in binding behaviour could be detected betwee
purine and pyrimidine nucleotides, énd between individual
.purine nucleotides. Guanylic acid bound most strongly in

every case. Their conclusion was that
... there is some . specificity in the interaction
tween a nucleotide and a basic polypeptide. This sp
cifieity may be due to nucleotide stacking and/or to
‘nonélectrostatic affinities between a nucleotide and
its binding site superlmposed on the major electro-
statlc interaction. :

Woese (1968) emphasized instead the role of stacking
actions. He p01nted out that non specific electrostatlc

between the phosphate groups of the nucleotldes and the s:



P

cheinseof the polyamino acids‘could be responsible'for pos

ing the nucleotide monomers, while their differences in st

interactions (G > A'> C » U from strongest to weakest) w

naturally appear as different percentages.of bound monomer

'Hie experiments and those of Lacey and Pruitt (1969) confi

the effect predicted above.' But the possibility of an add
tional, more specific, nonelectrostatic effect had not bee:

ruled out.

Waehneldt and Fox (1968) prepared‘particles from lySi

: ;ich proteinoids and organismic RNA or thermally synthesis

oligocytidylic acid. In-similar‘experiments,'Yuky and Fox
found that arginine-rich (lysine-free) and lysine-rich (ar
free) proteinoids reactedlﬁore readily respectively with p

and with pyrihidine homopolynucieotides (table II~10)..

' These and other studies led Saxinger and Ponnamperuma

(1971) to state that

'‘a variety of interactions can occur, depending upon
composition, conformation, state of polymerisation,
and environment of the reacting species.

They proposed that a systematic study of these interactions
to start at the simplest possible level (both species monon
although the results could not be expected to "be spectacul

from a bioclogical viewpoint®. For this purpose Saxinger et

(1971) immobilized amino acids on a chromatographic support

' measured the binding of ribonucleoside—S*monophosphates. T



Binding of polynucleotides to proteinoids..

TABLE II-10-

As deduced by

formation of microparticles, polyribonucleotides bind pre:
-tially with either lysine-rich oxr arginine-rich proteinoi
After Yuki and Fox (1969).

Folyzibonucleos oy ine-froe)
Proteinoid
Turbidity'g;:ZEEIZE
. Poly C 0.253 1.0 x 10°/ml
Poly U 0.050 7.5 x 162/ml
Poly A - 0.001 .
Poly. G ' 0.003 -
Poly I 0.003 -

' 0.058 1.3
. 0.060

-

Arginine-ricl
(lysine-free)

Proteinoic
Numbez
Spherv

Turbidity

0.002

0.218 4.2
0.248 1.0

KoM X w

a'--S:i.c;;nifie.é', <1 Spherule/ml.

[ 4



concluded that

Even on the monomer .level, interactions between
amino acids and nucleotides are sufficiently strong
and o} such nature that a rudlmentary "preferential”
scheme can be seen. '

Similar“expériments, performed with oligonucleotides showed.

a "marked'dependence”on the composition, size, and order of

bases within a given oligo nucleotide” (Saxinger and Ponnam-
. A g -

peruma 1974, table IT-11).

R e e B T PPN

vSelectiVe binding of amino acids

Woese et al. (1966) subjected amino‘acidS»to paper chror
éography with solutions ;f pyridine to find evidence for orge
bdse—émino acid interactioﬁs. They defined as "polar require
ment" a function of the Re (fraction of distance traveled by
the amino acid) and at the mole fraction of wéter.in the pyri
dine solution. There appeared."to be a stfiking correspondén
‘betweeﬁAa polar reguirement ordering. and é codon ordering of

e

the amino acids”. And Woese and colleagues continued:

Since the former ordering is based upon pyrldlne—
amino acid 1nteractlons, we feel the concldsion is
essentlally unavoidable that the codon assignments
manlfest an underlv1ng codon-amino acid pairing.

Harpold and calvin (1968, l973)-attacﬁed either adenine
or cytosine to polystyrene, a synthetic pqumer, and measured
tﬁe eff1c1ency with which either phenylalanlne or glyclne were
'bouﬁd Glyc1ne was'more reactlve_than phenylalanine and both

showed preference for adenine (table II-12).



TABLE. II -11-

The blndlng of ollgonucleotldes to amino acids 1mmoblllzed o1
a chromatographlc support is expressed by "selectivity coeff]

_-c1ents" (Sax1nger et al.. 1971, Saxinger and Ponnamperuma 197
After Saxinger and Ponnamperuma (1974) .

UpGp GpUP ApUp ApAPUp  GpApUp  Ap

gly  10.32 14.05 ' 23.6 63.9 16.6 . 10
' 13.44 14.39 27.5 60.0 = 19.4 13
trp 95.1 42.1 187.5 . 2045 60.4

101.3 56.2 177.6 1817 65.4



TABLE II-12 -

Amino acids and nucleotides_bouﬁa bn a s?nthetic pélymer.
Adapted from Harpold and calvin (1973) andvcalviﬁ (1975),

-Amino acid and

nucleotide coupled - ' $ of reacted
~ in reacted compound : conpound
Phe-A ' 7.0 (6.7%)
Gly-A | ' i0.0
Phe-C I 2.9
Gly-¢ SR 6.5

tcalvin (1975).



'USing,proton‘maénetic rééonance‘spectroscopy, Raszka an
Mandel'(197l) studied the»inferactian of sbme.hqmopolynucleo
with amino acids. Their results we;e in general agreement w:
fhosevof Saxinger and-Pdnnamperuma (section ébove)'and confi:

'(Ras;ka and Mandel 1972):

..-the general picture that thé'S';ribonucleoside-P
and the corresponding homopolymer interact most strong-
ly with the aromatic amino acids and most weakly with GI

' . Pro and Lys.

This,.in the opinion of Raszka -and Mandel, is not encouraging

.. The experimental results of the binding of amino
acids to homopolymer and of the binding of ribonucleo-.
side 5'-monophosphate to immobilized L-amino acids are
not consistent with the present codon dictionary in any
simple manner. Thus, if one wants to continue to in-
sist on a physical-chemical basis for the genetic code
it will require great speculation onh the nature of an
early primitive code, the proteins it coded for and

how it evolved into the present code.

Nakashima and Fox (1972) studied the incorporation of
amino acids in particleé formed of 1ysine—rich“proteinbid and.

each of four enzymically synthesized homopolynucleotides. The

were able to find empirically a set of conditions in which the
‘ ~ 'amino acids were incorporated preferentially in the micro-
particles‘which'contained the homopqunucleotides "related"

to their present day codons (Fig. II-14).
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 FIGURE II-14

Incofporétioh of amino acids from their adenylates into micro

" particles prepared from lysine rich,prot¢ipoids~and hom0901y-
-nucleotides under selected conditions. e '

The figure shows six cases, for four amino acids, as ob-

‘tained with a polynucleotide concentration of 0.25 mg/ml.

The results are "codonicf in the following.sense(using Lys—-AM
ip,the top row as an example) : about twenty poly(A)~complexed
proteinoid microparticles (CPM) incorporated lysine; fewer

 poly(U)~CPM did so, and very few poly (G) - and poly(C)-CPM;

AAA is a codon for lysine. The results of the bottom row were

"obtained with different amounts of AMP-anhydrides. Changing

the concentration of pol¥nucleotide produces irregular results
(codonic, anticodonic and -of "no evident code-related quality’

- After Nakashima and Fox ¥1972) and Fox et al. (1972).
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II.5 Prebiotic Chemistry and the Genetic Code.

The self~assemb1y of £he constituents of living sfstems
or théir prepufsors in the absence of today's complicapea
genepic.system is still a ;ﬁngamental problém.of prebiotic
chemi;try. &Yet, aithough the?e:is no generél-agreement on paz
ticﬁiar prebiotic pathways orx initi%l conditions, nobody dougi
that if we knew these conditions the problem‘ﬁéuld bevonly one
of timé and/or techniques. One natural extension -~ of th_is £hink-
ing 1is ﬁhat, at leaét iﬁ principle, today's genetic code would
ge prediétable if we had a aeepér understanding of the chemis-
try involved.

Do the experiments on the interacﬁions bétween nucleotide
and amino acids justify this assumption, and what alterr_latives arve p

The most common apéroach to this exéerimental problem has
been to study very simple systeﬁs, as exemplified by the follo
ing statement (Raszka and Mandel, 1972):

If the present genetic code is representative

of a preferred physical interaction, however weak

between amino acid and codon, we should most easily

recognize this in a study of the four homopolymers

(poly A, poly U, poly G, poly C) and the corres-
ponding amino acids they encode.

Their conclusions were pessimistic (previous section) but thei:

view is not shared by everyone.




%5

‘1Referrinq to the éxperiments of Harvold and Calvin (prev

~ous section), Calvin (1975) statesl:’

We thus have the beginning of evidence that, even
with one amino acid and one base, there is a kind
of select1v1ty intrinsic in the structures.

Fox (1974) comes toiaysimiiar conelusibnl{

The molecular preferences are mostly not stroéong

but a. stereochemlcal basis for interaction is
evident. Presumably, after the first macromolecu-
lar selections initiated the basis foxr the genetic
code, enzymes evolved to magnify the inherent
differences. -

But the approach of his group differed from that of most expe:

menters (Nakashima and Fox 1972):

The conditions necessary to achieve the results
reported were arrived at empirically. Construc-
tionistic research of this type has the benefit of
being designed for goals that have already been

'designed by, and shown to have been attainablée by,
"the evolutionary process.

And their results were qualitatively as well as quantitatively

sensitive to the'experimental conditions (Fox et al. 1972) :

a somewhat special range of conditions is required
For ‘instance,

the concen-

to demonstrate such a correspondence.
in the preparation of the microparticles,

tration of polynucleotide must be 0.25 rng/ml rather

than, for example, 0.75 mg/ml.

1 CfE.

also with the guotation by the same author in the

introductory chapter.
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This could iﬁp1y that_today's-codé depehds on the composition

. of the primitive soup rather than on a special interaction of

codons (anticodons) with amino acids. As I will show in the

next chapter, this idea is common to several theories of the

origin of the code.

I think we can conclude the following:
Conditions on the primitive Earth mayv have been favourab!
to the production of macromolecular systems which could

have been the precursors_of living systems.

Nucleotides and amino acids interact selectively at sevexr
. . t . N

levels: monbme:—monomer, polymer-monomer, polymer-polyme

a) No all-or-none specificity has been observed;

b) No codonfamino acid assignment could be inferred unam-
biguously from the interactions ébserved.

Whether and how nucleotide amino acid interactions helped shap

the genetic code remains to be established.

In the light of what certainly is a very complex technical pro

lem, the third point is not surprising. There are, however,

conceptual aspects of this problem, whose clarification may

influence the direction of future experimentation. They are

deait.with in the next chapter.
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III. OUR PRESENT UNDERSTANDING OF THE GENETIC CODE

III.1l Structure in the Genetié Code-

IIT.1.1 Universality

Evidence from different sources indicates that the

~

genetic code is the same in all contemporary organisms (Y&as
’ U

- 1969, p. 255). Suppressofs do cause alterations.in codon-amino acid assigr

mehts, which may be viewed as exceptions to universality, and

some differences in punctuation have also been reported.

SRS

i

These and other exceptions, however, are "difficult to

inte;prét"’(WOese 1967, p; 164), and it cannot be disputed

.that "the code has remained constant over a long evolutionary

a

A

period" (Watson 1970, p. 431).

As soon as evidence for.universaiity became available;
it was recognizéd that the phenomenon was not surprising, in
light.of the drastic effect —'mosf iikely lethal - any change
in the codé would certainly have, throughout an organism
(Crick 1963b, Hinegardner and Engelﬁerg 1963). Unfo;tunately
theré are too many géod reasons in'favor.of universality
which, as we shall éee, can be made a requirement of éll
types of models proposad for the origin of the ;odé. As
Woesé pointéd oﬁt (1967, p. 163) the crucial test of all models
GiLl depend instead on their prediction of a nonuniversal
element in the code. Clearly work is needed from both direc—
tions:  refinement of the.models to allow for sqch predictioﬁs,

and clear demonstrations of nonuniversal aspects.




II1.1.2 The Chemical Nature of the Genetic Code

I have already mentioned in section I1.4.2 how a

"polar requirement" defined purely on the basis of chemical

properties of amino acids (Woese et al. 1966) reveals some

5 ‘ striking regularities in the gentic code: table III-1

shows that codons which differ only in the third position
are often.assigned to the same amino acid (thch had‘already
7. | been observed) or, at least, to émino acids wh;ch'have simi-

lar polar rEquirements;.in addition, codons which have U

and C in their second position are assigned respectively
to amino acids also with similar polar requifements. Pele
and Walton (1966) observed that

‘the amino-acids with hydfocarbon residues have

U (uridine) or C(cytosine) as the second base,

those with branched methyl groups have U as the

second base; the basic and acidic amino-acids

have A (adenine) or G (guanine) as the second

base, the aromatic amino-acids and amino-acids

derived from a common organic acid are grouped

together; ... 1f ‘the third base in a triplet
) influences the coding, it does so only by being
X -either a purine or a pyrimiding.
Some correlations have also been found, based on the molecu-.
lar weight of amino acids (Schutzenberger et al. 1969).

This type of evidence naturally leads to look for codon-
amino acid interactions (section II1.4.2), but inasmuch as the

chemical properties of amino acids are related to the struc-—

ture and function of the proteins they form, the association

"
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TABLE III-1

—

Codons which differ in the third position are assigned to

amino acids with similar
Woese et al. (1966).

uuu
igife
UUA

vuG

cuvu
CUcC
CUA

cuG

AUU
AUC
AUA

AUG

GUU

GuC

GUA

GUG

Phe 5.0

(Leu)

Leu 4.9

Ile 4.9

Ile

Met 5.3

Val 5.6

Uucu

ucc

UCA

UcG

ccu

cce
CCA

CCG

ACU
ACC
ACA

ACG

GCU
GCC

GCA

GCG

Ser 7.5

Pro 6.6

Thr 6.6

Ala 7.0

UAU
UAC
UAA

UAG

" CAU

CAC

CAA

CAG

AAU

AAC

AAA

AAG

GAU

- GAC

GAA

GAG

"polar requirements",

Tyr 5.4

His

Gln

Asn

“Lys

Asp

Glu

8.4

8.6

10.0

10.1

13.0

12.5

After

UGU
UGC
UGA

UGG

CGU
CGC
CGA~

CGG

AGU
AGC
AGA

AGG

GGU
GGC
GGA

GGG

Cys 4.8

Trp 5.2

Arg 9.1

(Ser)

(A:g)

Gly 7.9
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of classes of codouns With classes of émino acids can also

" be interpreted as the.result of selection pressure, which

would tend to minimize the deleteridﬁs éffect of.mutations
in the.genome; i.e. misreéding of a codon would 1iké1y cause
the assignment of an amino acid in some way "similar" tb.the
coffecﬁ one (éoﬁneborﬁ 1965). ,Particularl& striking in this
réspect is the observation.that the code_mihimiies tﬂe
possibiiitf that airandom4chénge in ; codon base ﬁill cause

the replacement of a hydrophylig amino acid with a hydro-

- phobic one (Epstein 1966, Volkenstein 1966). Optimization

of course implies that the codon catalog evol&ed. An exten-—
sive list of chemical properties whicﬁ mayvhave contributed
to the final form of the code has been compiled recently by
Jorre. and Curnov‘(1975) on the basis of stafistical galcula—
tions. |

In conclusion it can certainly be sald that the present
day codon amino acid assignments are not random, but it is
not ciear how and at whaf point chemical constraints helped

shape the catalog, which of course is the crux of the whole

matter. ‘The major lines of thinking will be discussed in

section III.Q.
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III.1.3 Linguistic Structure of the GenetiCFCode

«+s the hereditary propagation of a trait involves

a description or code and therefore must involve a
classification process and not simply the operation
of inexorable physical laws of motion om a set of
initial conditions. These laws of motion depend -
only on the immediate past and cannot be directly’
associated with the concepts of memory, description,
code and classification...

(Pattee 1967). A classification process requires that a dis-—
tinctlion be made between genotype and phenotype. This, in the
opinion of the same author, is a "fundamental evolutionmary

principle" whose logical aspects were included in Von Neumann'

‘design of a self—replicating automaton, and were pursuéd by

. several other authors (fdr some references see Pattee 1967).

Pattee then carries tﬁe same concept a bit further (1972)

... hierarchical control inmn living systéms at
all levels requires a set of coherent constraints
which in some sense creates a symbolic or message
content 1in physical structures, in other words, a
set of constraints which establishes a language
structure. : -

And he stresses that this is not just an.interesting analogy:
«++ while many biologists more or less meta-
phorically think of the genetic process as the "lan-

guage of life" the full necessity of an authen-

tic language system for the very existence of 1life,

which I am proposing, is seldom recognized.
(see also Pattee 1971). A detailed analysis of the consequence
of a linguistic structure for the genetic system, with addi-
tional evidence from molecular biology, lead him to conclude

that (1972) "theré 1s no known physical, chemical, or logical

reason why equivalent alternative codes could not occur in

principle". Of course many factors may cause the code to be.



unique on earth but its linguistlc structure would lead one:

to expect for 1nstance, that life ‘on another planet should

be. based on a different code, just as We would certainly not .

expect an extraterrestrial'civilization to havelEnglish as-'

'their'natural.language.

Qn second thought, one can be a bit more careful-in_ekﬁli

ing tne imﬁlications_bf a linguistic structure. For instance

.would it be incompatible w1th finding the. same code on anothet

planet? If not, why° -And one could still ask: if different;
what elements of an extraterrestrial code would be similar
to ours (assuming of course the same chemical elements and
the same chemical laws)? o |

‘I-will attempt to deal with some of these questions, and
with the problem of the origin and enolution of such a lin-
guistic structure, in the remaining chapters.

At a deeper level one must also consider whether these
concents'should lead us to reconsider our‘understanding of
physical processes im general. For thinking in this direc-

tion and for further references the interested reader should

consult Pattee (1967, 1971, 1972a,b).



III.2 ;Theories of the Oriéin of the Genetic Code

N

‘Three major ideas - have influenced. to some

extent every conjecture which has been made about the origin

of the genetic code. The first two have already been‘meqﬁidnt

O

or implied up to*tHis'point,

e -

A L

1. The code was caused by steric affinities beiween_codons
l'(or anticodons) and amino acids.

2 ' 2. The code résulted from a "frozen accident".

3. Particular initial conditions on the primitive Earth, and
early biochemistry, had a major effect in shaping the code.

This is certainly an gversimplification of the amount of

thinking that has been devoted to the problem of the origin

L S

of the code. Some researchers ("Mixed Models", section III.2.4
mention explicitly that more than one of the above Qiews-has

 something to contribute, but the controversy.illustrated by t

% quotations in my introduction shoﬁ that one important point
é hasﬁ't been stressed: there 1is enough experimenfal evidence
?' and soﬁnd reasoning to show thét both chemical and stochastic
g phenomena played an importaﬁf rqié;‘the problem is precisely
%‘ that of.determining how they aré related, rather than which

aspect is more important. I will begin to treat their relation

i

in chapter IV.

PFET
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III.?.1'~ Influence of InherentStructuralProperties

The mai% advanfag? of this point‘of fiew_(élsb’ﬁalied
'stgréochemical' or 'me;haniétié' fheory) is that it can gene
rate models which are testable. Some of the evidenﬁe obtaine

.has.been exéminéd in sectidn.II.Arz, and, as i poiﬁted out in
sectioﬁ IT.5,. .1t is consideréd encouraging by some Workéré
and discouraging by-othefs. .

" ‘Universality is an obvious result of this theory, which, :

a nutshell, states that the present day genetic code is determined by

structures of the codons (or the anticodons) and the amino
acids. A careful study of these structures, therefore, should

give some indication of what assignments can be expected (e.g.

-Reanny and Rglph 1967, Lacey and Pruitt 1969, Carter and Kraut

1974).

Crick.(e;g. 1967b, 1968) has Criticizéd this point of
view,'mainly for not‘being founded én sufficfent evidence
(see éléo section II.Sj. But one‘question 1 would like to'
address myself to is whether, or to‘what'exteﬁt, a stereochemi-
cal apprﬁach is compatible with the linguistic structure of
the code (sectionm IIT.1.3). I will consider this point in

chapter 1IV.
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ITT.2.2 ' fnfluence of Primitive Biqcheﬁistry'

- and Earth Conditions

This type of thinking has given rise to a nunber of.élégo
rate proposals for the origin and evqlufion of.tﬁe'ﬂode.'fTh;;4
.proposals'are generall& based.on the guthqrs' generai understas
iﬁg and intuition of biochemical events as they could oc;ur oV
long periods of time, ana on pafticular modeis of briéordial
conditions. .

A good'ekample is the work of Jukes (e.g. l969a;b,'19;3a,t
.1974, 1975). Basing his.considefations on.the structure of the
codon catalog and the frequencies of amino acids in present day

proteins (e.g. King and Jukes 1969), hé suggests that a primi- .
tive code may have comprised only 10 of the present day amino
acids, although some different ones may have been present and
then lost (Jukes 1973a, 1974). In particular arginine is a
"late "intiuder‘ which may have displaced ornithine (Jukes
1973b) and may have taken away some codons from lysine. _Ihe
reason, of course, 1is selective 'advantage related to the par-
.ticularlfunctioﬁs assumed by the above amino acids in proteins.

However he doesn't think that the code was shaped by an
optimization process (section III.1.2):

| «.+«. the Only'optimiZation showﬁ by the code is the

fact that many of the changes in the third base of

codons do not produce changes in amino acids. This

feature may be an incidental result of the spatial

nature of codon-anticodon .pairing rather than an
"evolutionary optimization".



And he objects as well to a stereochemical fit:

A.strong objection to .the 'stereochemical.fit'
concept is that the two sets of codons for serine,
‘UCN and AGY, are so dissimilar. Various authors
have proposed that there is a relationship between
the second base of codons and the chemical proper-
ties of the amino  acid, and that this relationship
has governed the evolution of the code. Such a
relationship, in my opinion, is perceptible only
for codons with U in the middle position.

e em em hw e at me e e e tm  en e mm  em em Em ww' e

The fact that five amino acids with hydrophobic side
chains all have codons with a middle U may have
been shaped by evolution, or it may be a coincidence.

A similar line of thinking has been followed by Mikelsaér
'(1975); who ﬁrbposéd that the quantitative structure of the
genetic code may have been determinéd'by a pre—existing ratio
("archaeorelation") of amino acids; and by Wong (1975):

vThe struéture §f the codon system is primarily
an imprint of the prebiotic pathways of amino-acid

‘formation, which remain recognizable in the enzymic
pathways of amino-acid biosynthesis.

Figure III-1 shows a detailed evolutionary maﬁ for the genetic
code, as proposed by Wong. o |
All the above theories imply that there was some element
of randomness, especially in the initial,chgices.of codon-
amino acid assignments. For other authors instead eﬁen the
first assignments may have been caused by specific primitive
Earth conditions. For instance clays may have played a rdle
(Hartman 1975) or an o0il-slick with colloids and micelles

(Nagyrary and Fendler 1974).



FIGURE III-1-

A "Co-evolution Theory" of the genetic code. Codons used at
present ‘are enclosed in boxés. Those in.dotted boxes probably
belonged to Glu and Asp, as indicated. "' Amino acids at the

tip of the arrows are biosynthetic products of those at the
tail: (double headed arrows represent interconversions), and

. occupy contiguous codon domains (single base change) After

Wong (1975)

UU GUA UU CUA UU
V""Euc GUHUC cusG uugm‘
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A yet dlfferent twist has been proposed by Walker (1974)
the present day code is the reSult of hybridization of two
codes which originated separately and whose genomeS‘lacked
respectively :A and' € (or U and G). His“consideratione
were:based on a perticular ﬁype of symmetry;in‘the codon B

cetalog.

I1T.2.3 The Stochestic Approach

~

If unique codon-amino acid.assignments can only be made
in the preSenoe of adaptors, and if adaptors for all possible
assignments could in princ1ple be formed in a prebiotic SOUp,

then the formation of a code must wait for the accidental

appearance of a correct set of adaptoré. The selective advan-—
tage a code would give to a system, and the difficulty of chan
ing it without loss of previously stored information cause the
code to be “frozen" into its final form, for this reason pro-
babilistic theories of the code are often labeled "frozen

accident" Unfortunately the word seems to imply a single eve:

i.e. that a highly complex system was assembled by chance. Tha:

certainly goes against everybody's intuition of how complex

systems are formed. Interestingly, Crick, who is generally



.....

credited with putting forth;the froZen accident idea fe g
Calvin 1975), envisioned a ' continuous process of evolution from
simpler codes in which chemlcal affinltles way have played an
important role, to the final "frozen form (Crick 19675 1968),
in which the adaptors play the major role,

One great advantage of dealing with chance is that, after
hav1ng made some estimates on the type of complexity necessary

to keep the system going, one can put some nuiibers down.’

Probabilitj caiculations

When attempting to estimate the probability for the origin
of life by."pure chance" one is faced immediately with a para-
doxical situation: even an average.enzyme consisting ofv100 |
amino acids is one of 20loo = 10130 possible structures. The
entire universe is estinated to contain about 1080 atoms (e.g.
Kaplan 1972). Essentially the same situation is at the root
of Wigner's paradoxical demonstration that life is inconpatible
with quantum mechanics (1961).

One can reduce these immense numbers by considering that
the search space was limited by . chemical resctrictions on
ahrno acid sequences » Which caused primitive sequences to
be non-random at least to some extent (section 11.3.1' Pattee
1961). But the most common approach has been to consider the

fact that one really needs only the correct functions rather

than specific structures. Of course no one knows how many sequences




can perform the same:eﬁzymatic,functlon. Applying these cénsideratiems to
a set of A codon-amino acid adaptors Eigen (1971)'end_

Hoffmann (1975) reached slightly different results:

. \3 2 2 | .
P (Aé) -[(3 ;1)!] _ (Eigen)
[(A"+x-1)1] ' '
Cags 3 - |
P ﬁl%%_ (Hoffmann)
A ' o |

wﬁere P is the probability of finding a set of A _adeptors
which produce, at the same time, mnembiguous assignments end
a new set of adapters wmich have identical_properties. Some
| malues'df P are.compared-in table III—Z' Both authors have
assumed that a chosen volume element would always contain ‘X
adaptors and that all assignments were equiprobable. Their

results combined suggest that a feasible upper limit for' X

lies between 6 and 8.

Hoffmann (1975) also generalized his calculations to a

. system where needed catalytic activities occur without the

corresponding disruptive activities. This tends to lower the"
above'probabilities, but, as Hoffmann states:

The calculation serves eimply to illustrate how the
problem can be approached, and gives some idea of the
relevant orders of magnitude.

And he is still optimistic:
Althdugh very low probabilities are obtained with
feasible values... they are not necessarily too
low when compared with the time and space avail-
able.
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TABLE III-2

. The probability (P) of finding a set of A adaptors
which produce, at the same time, unambiguous assignments
and a new set of adaptors which have identical properties,
The values obtained by Eigen (1971) and Hoffman (1975) are
compared. The discrepancy has been acknowledged but not

explained by Hoffman.. Adapted from Eigen (1971) and

,Hoffman (1975).

b 2 4 8 20
P(Eigen) 2x 1072 | 1.6 x 1078 | 4 x 10716 | 5 x 107°°
P(Hoffman) 3x102% | 3% 108 8 x 10 10 [ 10749



FIGURE III-2

Threshold accuracy for the adaptors of a stable translation,é;
paratus. . The symbols have the following meaning:

= average accuracy of translation by adaptors of

q
i the ith generétion(whiqh are therefore produced
with q3_3 accuracy); ‘ .
A = number of different amino acids distinguished
S =.specificity of adaptors produced wifhout an&
" errors ) . 5
n = number of amino acid-residués'esseﬁtial'for

specific suBst:ate recognition (but not es-—
sential for adaptor functiomd). '

‘ ‘Above Qipresholg @ nev generation of adaptors has better
1 " average accuracy, until 9steady is reached. Below
o . dthreshold the accuracy deteriorates. After Hoffmann (1975).
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The "error catastrophe" approach

Iﬁ 1963 Orgel édinted out that since the transiation éppa
ratus must be expecteﬁ to make some errors; these errors would
resulflin defective parts an& therefqre more errors —_the whoi
system finally coliapsiﬁg‘in an "error catasﬁrophe".'.He;sug_
gested that this might be a cause of aging.. Latg;lit became’
clear thaf the error catastrophe could be avﬁided'te.g. Orgel
1973), in fact the system,'ﬁnder some éonditions, qould even
rid itseif of some errors (Hoffmann 1975, Fig. IIi—Z). This
is very attractive fram thé poinﬁ of view of fhe origin of the
éenetic code, since one expects a'primiﬁive systém to make moré
errors than a highly evolved one. With this perspective, the
pfbblem of the stability of the translation apparatus is being
‘pursued véry actively (e.g. Goel and YCas 1975, Kirkwood and
Halliday 1975).

Recently Goel and Islam (1977) have obtained interestiﬁg
results by cqnsidering the efféct of individuai synthetaées
(analogous to Hoffman's adaptors) abqve or below.fhe threshold
level..Both desirable and undééirable effects are possibie:
(a) iust one syﬁthetase abdve threshold ﬁay be sufficient to
"correct" the whole remaining set of below theshold éynthetase
and (b) just one synthetase below threshold can cause all

the ones above threshold to deteriorate (error catastrophe).
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IIT.2.4  Mixed Modéls: Refinement Evolutioen

Although all but the ﬁost extreme models include somé-df=
"the aspectS'I'havé.already présenféd, few au;ho£slhave,madé
explicit>statementslt9 that:efféct; o ‘2':' - .L
. I‘ha§e_already had occasion to ﬁegtibn ¢fiék (sections
I1.4.2, IIX.2.3). His paper of.1968 déals.particularly ﬁitﬁ
how bdth stereoche'mi,cal, and stochastic .effe‘c:.ts‘may have shaped'. :
tﬁe'c&de; and his-hjpothesis,that‘féw amino acids weré cdded

originally is similai to that of Jukes (section III.2.2).

The translation error (TE) model
This model is "basically but not purely stochastic"

(Woese 1967). It envisions a primitive systeﬁ where only disc:

mination between classes of amino acids was possible. Thus
only "statistical proteins" could be formed. Some of the pro-

teins could act as qudimentary enzymes. To produce better_en;
zymes the translation apparatus had to make fewer errors, sut,
at the same time, it.needed better enzymés to make fewer error:
This'looks l1ike the phenomenon Vhich takeé pl;ce between the
threshold point and the.steady gtaté in an error'catastrophe
cﬁrve (fig. IiI;Z); the main'difference is that here one
assumes that whatever the eﬁzymeé are doingfis the best they
can possibiy do, given that particular code..  In other words
the system is in a steady state already. As a way out Woese

(1967, p. 158) observed that
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«s. a cell would gain (selective advantage) if fune-
tional amino acids were assigned to the least error-
‘Prone codons,'leaving the more error-prone ones to
be taken up by the relatively nonfunctional amino
acids...

and proposed that, by reshuffling the codon assignments

The cell would make more and more precise distinc-
tions among the amino acids within the original

~ crude amino acid groups as the process went on
and as the enzymatic capabilities of the cell be-
came more sophisticated and precise through gra-
dual improvements In translation.

In the above‘scheme the effect of point mutations would be mi~-
nimal at first, to increase gradually-as the code becomes

more precise. This schéme is designed to overcome a major ob-

jection to Sonneborn's lethal mutation model (section IIi.l.Z),

i.e. that a search for an optimal code by point mutations would

inevitably end up in some local maximum (e. g. Woese 1967, p.

~155) The same idea was made more clear by emphasizing (Woese

1970) that the codon assignments were "refined" rather than

"reshuffled" by making new distinctions among previously

coded groups:

Codon assignment refinements should not put the cell
at any selective disadvantage because the cell did
not initially distinguish among the amino acids in
the group whose assignment became refined into sub-
groups. For this reason, a refinement evolution of
codon assignments seems theoretically preferable to
the conventional reassignment mechanism.

However the fact that refinement evolution would autoﬁatically

be advantageous to the system is not as clear as implied above.



Ycas (1974) agrees with the. idea of lower specificity for a

primitive system

~

... the evidence gives some suypport to the con-—
cept of an earlier biochemical system of lower spe-
cificity, having fewer enzymes but catalyzing more -
reactions and producing more metabolites. .It may be
noted that while such system is not "simpler" in the
sense of having fewer components, it corresponds
better to our intuitive notion. of a "more primitive"
system, one less closely specified and less organ-
ized.

But he regards this not as a‘defect, rather
s+« as something necesssry so that a limited number
of kinds of cistrons could produce enzymes of

"sufficiently broad specificity to make a metaboliec

system possible.

As .a consequence
A mutation producing some loss of ambiguity would,
in general, have been lethal, since it would have
deleted certain essential enzymiec activities.

Probably this question will not be settled until a more_quaﬁ—

tieative approach will become possible (see also Section v.3).

I11.3 Eigen's Theory of Selforganization of Matter

In 1971 Manfred Eigen published a very compsehensife pape:
on the origin of l1life. I already mentioned his calculations
on the origin of the genetic .code in section III.2{3 (sto-

~chastic models), but the importance of his)work rests, I

believe, mainly in his attempt to produce a quantitative formu-

lation of the evolution of matter before the existence of a

code.
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The assumptions underlying his formuiatiou wefe-greatiy
clarified in a subsequénf érficlég(1973), from-ﬁhiéhtali quo=-
tations appearing-in the folldwingvsebtions were takemn.

III.3.1 The Fundamental‘Prémise

Eigén's-fundamental.pre@isé is strictly related to his

concept of biological information and fitness:

Information is worthless if it cannot be con-
served up to the moment where it is to be read out.
Any non-equilibrium structure, subject to thermal
motion, will decompose. In particular, the informa-
tion carrying macromolecular sequences are (and’
have to be) such non-equilibrium structures. Thus’
their 'ur-semantics' can only refer to conservation
of information, i.e. survival.  Advantageous are
those sequences which provide further information
.for improving this quality: iInformation for an
enhancement of speed of fidelity of reproduction
or protection against decomposition [my emphasis]. -
Any self-organizing selection mechanism must oper- )
ate on these properties.

«++ a polymer which manages to achieve a maximum
base pairing (preferably involving the more stable
G-C pair) therefore will have the best chance of
survival....

The ability of selective self-organization must
be associated with peculiar dynamical properties. .
of the material and will be found only under
special circumstances.



From‘the above 1t seems elear'thet Eigeﬁ'identifies'informath
at the molecuier level with e peeﬁliar Struptufal quality
which makes a molecular species bette£ able to survive i.e.
more fit;

«+. 'fittest' refers to an individual property...;

to an optimal combination of reduplication rate,
accuracy, and life time [my emphasis].

¢ An important consequence of these statements.is that
Darwin's principle does not'require.the'existence of Mlife"

(genetic code?) to be appllcable'

The fact that selection is inherent to certain
well defined conditions of matter qualifies Dar-
win's principle as deducible from more fundamental
physical laws. The principle then does not just
reflect the peculiar historical event of evolution,
nor does 1t require for its application the pre-
existence of any form of '"life' (as often has been
claimed). '

In a nutshell: fitness can be defined for prebioligical stat

"of matter. For these states three\characteristics must be

evident:.

1. Metabolism ("formation of an intermediate via the con-
secutive turnover of energy-rich into enmergy-deficient

material™).
2. Self—reﬁroduction ("as an inherent property of the
intermediates”).

3. Mutability” (Q < 1).




I1T1.3.2 A'Phenomenological_Representation

Selection and evolution at the molecular level -
are .processes of. fundamentally stochastic nature.
They usually start out from a single copy produced in
an indeterminate elementary process.... If an advan-

‘tageous copy appears, i1t has to reach a certain
abundance——dependlng on’ the magnitude of its selec-
tive advantage——before a deterministic selection is
ensured. On the other‘hand this indeterminacy then
refers essentially to the copy choice, rather than
to the process of amplification. :

It is the process of.amblification, then, that can be describe

deterministically. Referring -to some chemical entity ii

Which may consist of a single compound a macromolecular sequ

or even a whole ensemble of interacting species with coopera-—

. tive reaction behaviour", Eigen defines three phenomenological

parameters Ai’ Q. and -Di which refer respectively to

~reproduction, fidellty of reproduction, and decomposition. He

further defines a selective value”

as a "quantity which is decisive in the contest of natural

selection". If x; Trepresents the variation of the popula-
N

tion variable, the excess production is given by Z (Ak-Dk)x
' x=1 |

-and the average productivity by

h N
7 - P

N X

k=1 "k
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Any species £ will grow when Wz

>E , otherwise it will
- decay. The decay of specles with lower selective value causes

a shift of E toward the ensemble maximum Wmax.'.However,

by chance, a new copy may be brought about with.'Wi'$ Wmax .

thus causing a new round of growth and decay, an& a shift

of E to a new maximum. The result is evolution character-

ized by a monotonic sequence

< < +.e < .
Wlm W2m wopt

The monotonic. behavior generally applies to linear systems

dnd to classes of non-linear reaction systems which

«+« usually include ensembles of species which are
‘linked together via non-linear reaction couplings.
causing the whole ensemble - after nucleation of. the

cyclic connection - to behave like a single indi-
vidual. -

This is a highly simplified version of the essential

‘ideas behiﬁd_Eig@B's phenomenological representation 6f the

evolution of matter. It applies quite readily at 4 full-

fledged biological level:.

Asexual multiplication of micro-organisms in
a constant medium-requiring regulation of envir-
onmental factors and of overall population density -
could be described by such a model. :

However its application to molecular evolution requires new
considerations. With polynucleotides invmind, Eigen relates
Q (for some selected species) with "elementary fidelity fac-

tors" qj which can be attributed to each digit which must be



reproduced (combieméntarity of base pairing is ign§red for
‘the moment). _S;ncg Q has a minimum7va1ue, below which the
speciéé.must'decéy, it can be found that thére;exiSts a maxi-
. mum qumBer 6f.digits allowed for safe reproauction:
N N
max 1 =-q
where V feprésents the number of digits and E- is the ;ver—
age fidelity factor.
Consideratian of base pairing of complemenfary strands
éomplicates the.érobleﬁ and the no®¥®ion, but'the basic¢ ideas
remain'unqhanged; Wi =-A1Qi - Di 'is‘replécea;by the ;V§ eigen

values of the matrix

where + and =~ refer to complementary Strandé. Of the two
eiéenvalues one can be fositive; and takes the place'of Wi
in representing'the'selective valﬁe; the other one is always
negative.. The signle digit quality factor‘ qj is replaced
by qjk,’ whe;e j and k refer to digits belonging to
complementary strands.

In the next section I will outline the resﬁlts ghat Eigen

derived from his formulation.



III.3.3 Consequehces of the Iheo;y'

The most important result, in my opinion, is ‘that

B

the three chafaCteristics listed above are necessary but mnot

sufficient for "an unlimited evolution to the known level of

cellular life". This éenetai.statemeht is a cohseduence of

some-interestihg particular results: :

1. "Given realistic values of digit quality factors (qij)
the information capacity that could Be accumulated re-
producibly-in_a selected polymeric chain turns out to

N ‘ be much too loﬁ'to-ailow for any encoding of an enzyme

machinery as .&ould be required for translation and
further enhancemeént of reproduction"

2, An-important.case in which "the whole ensemble... be~

have[s] like a-single individual" (section III.3.2) is

aocatalytic network of proteins which includes a closed

et
v

loop (fig. III-3). Such system has "two shortcomings,
which seriously would limit any progreelof evolutionary
optimization™: it grows parasitic branchings, and it woul

require a very unlikely coincidence of errors in order

to evolve.
3. The next type of cycle considered, called "hypercfcle",
ﬁﬂ A - in an ensemble of'mutually_reproducing complementary
chains which 'specifically reinforce each other via a
1 ' cyclic catalytic coupling Unfortunately‘there is "no

clear experimental evidence"'that nucleic acids could




* FIGURE IT1I-3
A catalytic network of proteins which includes a closed loop.
~Each cunzyme in the loop.is produced with the help of the
Preceding enzyme. To some extent this system behaves . like a
single individual in Eigen's phenomenological representation,
but it is a poor candidate for evolutionary optimization.
After Eigen (1973).




exert the needed catalytic influences.

4, The last type of cycle considered by Eigen involves both-:
nucleic acids and proteins ("catalytic hypercycle").
However.this "requires some.intrinsic assignment of

nucleotide codons to amino-acids, i.e. the origin of a

'code and tramslation" [my emphésis],

According to Eigen's statement it is clear ghat, beyond his probnbil
‘calculatiéﬁs of se;tion III.2.3; é mechanism for the origin of
the code islggg included in his phenomenological theory. At
any rate'his premises and results must be compared wifh those
of’ény prebiological model. .i plan te do so in fﬁe next

chapter,




IV. SELF-CODING: MODEL FOR A

LINGUISTIC—MOLECpLAR SYSTEM

It should be gle;r from the preceding 6hapters, that evolt
tion from a primitiVe moLédular>miliéu‘to a code occurred in
isfages which most likely were dominated by different- types of
phenomena. In'partiéﬁlar I propose that there are three phendm
which can be studied, at least As a first approximation, as
separate problems:.

1. non enzymatic templaté_reélication_of polynucleotides

2. evolution of a polypeptide consitructing machinery in the absence of a co
3_'evolution of a translating machinefy and onset ofla code.
Clcarly'nature did not solve these problemé separatély and in a
neat sequence, but if is possible'thét one may learn-something.
from such a highly idealized approach. .

The selection of these particular.phenoméné will be partly
-justified in the course of .this nhapter, and pafticular emphasis
will Ee‘placed oq'models for the transition from conStruétionx
in the absence of a‘code tb construction in the presence of aAco
These models are not intended to simulate the biochemistry of'a prinuiﬁive
environment. Rather, thgy are aoolg'to play games which'will
hopefully sharpen our intuition on the following pbints:

1. the tr%nsition from a set of arbitrary and possibly contradic
tory codon-aminoacid assignments to a self-consistent.set (co

2. the effect of assignments which are noﬁ, or not completely,
arbitrary (chemical bias).

3. compatibility of chemical bias with the linguistic structure

of the code. \
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V.1 Different Types of Amino Acid-

Codon Assignwents and Related

Terminology.

C0nc¢pts such és : "eode", "function" and "ran-
doﬁness" are encountered in a great varieéy of c;ntexﬁs. To
assure that thesg arid otheir familiar terms will not havé.a
different meaning for thelreader, I define here what i'mean
By them. - | |

A "code" is'a,complete'and5self¥consis§ent set of codon-
aminoacid aésignments. That is, if‘0€Uﬁ'] are *he Cme@ : and A, B

 the aminoacids, {[O%A] s, [1+B]} 4is a code and {[0+B] , [1+A]
is another code- [C+A],;[O+B}, FI-A1 .. .cete. wil& simplv be called “as--
signments" and a generic assignmcgt will be indicated a;'[N+zJ.
I assume that assigﬁments, at legst in principle, can be either
.mediated‘by an adaptor s&stem or qot. Tﬁe only kind of adaptor
system we know is the mRNA—tRNA—synthefasé—riBosomg. Asgignmqn
Which are not meaigted by aﬁ adapﬁo? system ére“not found gn

orgauisms; but they are often‘pbstuiated for prebiotic systems;
the stereochemical fit ig an gssignmenf with no é&éptor.(smcLio
IT1.4.2 and III.Z.l)

I will refer to thg-first type of assignments as "function:
apd to the secoﬁd type as "chemical". Both types of assignmehts
could give rise tﬁ'sequences with some.degree of rand;mness,.bu!

different mechanisms would be responsible, such as the presence'

of competing adaptors for the functional type, or simply lack

8
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of Spedificﬁtyffbﬁgeithefnthe"fﬁﬁptibﬁai”brfEHemlcal type. “Un-

iéﬂlﬂfendéﬁsfuﬁétibn31v5w1ll refer to the

n'l l-hl ,

«1@$Sﬂ0therwise_speq

presence of competlng adaptOr It shonld also be noted that

- -

i the Word adaﬁtor ilS gene1ally reftrred only to the tRNAs and/

-

;-or the amlno acyl synthetase thelefore a- competlng adaptor is

a tRNA—synthetase system whlch tauses a dlfferent amino acid

;. to be asSopiated'with:the same eodon. ‘The réason may be in

the structure Of'the.tRNA,'qt'in that'oﬁ-the“synthetase, or’

in both. -. * .- -
- : : iv.2 - Seperetingithe
. " 'Relevant. Phenomena
IV-Z-I Replication of Polynucleotide .
i Chains.
At what. point did rteplication of polynucleotide chain

.become necesSéry for further evolution? Could it ever be accom-
piished,without speeifie polymerases? |
“Lt seems to me that the first euestion is related.to the
behavider of tﬁe whoie systembunderchnsideration:. in this
,taee'some protocell and its environment.
The second questien is instead strictly related to the
f_ehemistry of necleetide polymerization and base bairing. From
the eVideqce pf section II1.3.2 it is still hard to conceive of
an etf;cient mathinery for the reproduction of long double

strands in the absence of enzymes, yet it is very clear that
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complemeﬁtéty base pairing'is fﬁe major-ﬁhysical,éonsirai#tbbn
the s?sgem and that if is not dué to the pregcnce‘qf specific
protein,édaptors; The'prObleﬁ pf thé origin.qf.the codevig
thus linked with that of self—reproductioq 6f polynucleotides
only in the sense that the lgtter may.indeed be needed with sor
degree of reliabiliﬁy.beﬁore convergenée.tq é éode is possible.
Of course the situation is baradoxical if‘one'requires.that the
.needed dagreé.of reliability can be ob}éine& only after the cod
has been reached. But perhaps'gggg'reliability'(whgteverbis
élloﬁed by base pgirihg Withouplspecifiq enzymeé) can ailo# ﬁor
some degree of coding, which in turn could.céusg the reliabilit
"to increase, and so on. This is roughly the situafion pfoposed
by Woese (section III.2.4){ unclear, perhaps even counter-
~intuitive'to some, but at least not obviously paradoxical. )
That this tvpe . of phenomenon can take plaée'has been shown by
the results of the error eatastrophe épproach (scction I11.2.3)
but an important'differenég is that that approach deals with
unstable éystems, which will either collapse or. improve in a ti
vspgn which is—much shorter than the one. envisioned here. This p
will be taken up again in sectiom VI.1l.2.

In this -chapter I assume that the neeaéd reliability of
self—reproéuction has been reachea'(without specific enzymes)
and is such that the polynucleotides remdin‘essentially unchéng
whilg the_system is Being simulated. I will discﬁss again and

L ag)

relax this assumption in chapter V.



iv.2.2 Evoiution of a ConstrUcting
| Machinery in the Absence of
é Code |
The present day genetic che consists of a set of function
assiéwwnts s, and no competing adaptoré are present, Rather thar
entering the controichy of whether such a situation should be
considered é 1ikel& or an uqlikely event in-ﬁ primitive enviror
ment,.i asked the following question: Can we define some spec]
systeh from which the gentic system may have- evolved, and ﬁhicf
has identifiéble structure more complex than a "prebiotic soup'
Essentially I-observed1 that for a system which had import
analogies with a molecular system, compéting fuﬁgtion; could
not surfivg together, and that a self—consistent set of functic
assigrments resulted from inherent instability. On the basis.of
this obsefvétion two distinct types of of models have been
proposed within ou group: the fluctuation model and the kineti
model. In section IV.3 I will discuss how £hay differ, tﬁey do
however agree that the stage which preceded the code had to sece
the presence qf competing funtions. This implies in my opinion

.the following important assumption: at some point before the

origin of the code there existed a polypeptide constructing

machinery which was fairly insensitive to whatever coding

functions. haovpened to be present at any time. Otherwise the

presence of competing adaptors (leading to some degree of randomness

1 Summer project for advancement to candidacy, May 1974, Dept.
of Biophysical Sciences, SUNYAB. ’



iﬁ the'polypeptides) couldn’t be toierated. Hopefully, as already suggested
Crick (1968), pr1m1t1ve transfer, messenger and ribosomal RVAs could form
such a qystem (the problem of their formation is of the same. type as th%t o
self—reproduction of polynugleotidcs), and the coding éésign-
ments affected only the synthetases and-£hebprotein materidl of
the primitive ribosomes.

"It is not too difficult to envision how ribosomal proteins
might have tolerated some degreé of randomneéss, since they do n
afpean to e#hibit‘specifiq catalytic acfivities. As our under-
standing of ribosomal function and structure increases,.thig
question will hopefully'be éettled. The effect- of randomness
oﬁ the synthetases instead cannot be easily ignored, but, as
error catastrophe models have shown (section II1.2.3), one can
.conceive of a threshold level of randomness above which the
system reaches a steady state rather than dollapsing.

The evolution of a constructing machinery remains a crucial
proﬁleﬁ, but égain, at léast to some approximation, one fHat can

be separated from the presence of a code.

The origin of genetic punctuntion

A genetic code would be useless without thevpresence,of sta
aﬁd stoﬁ signals. On the otﬁer hand start and étop signals on
the DNA, even before a genetic code, could produce needcd.se—‘
quences of transfer and ribosomal RNA, while SUCH signals §n the
mRNA could at least cause the préductidn of proteins of needed

dimensions. Again, the numerous protein factors required by a



highly evolvea qontrdl system probably‘could.not-tolerate‘fandc

ness, but it is not inconceivable that some punctuation was possibl

in the presence of competing‘adaptors. I.have assumed that sta

—

and stop signals could be read by the,éystem before the pfesenc

of a genetic code. .This‘assumption.is‘oftén'médevtécitly (for
instance when the pfobability of‘finding a given number of need
adaptors iIs considered equivalenﬁ to the probability of finding
a genetic code),vsince it greatly simplifies all models. It

would be interesting to know if punctuation actually had to preced

senetic coding.

IV.3 Two Pictures .0f the System

Which Preceded Genetic Coding

Our gfoup has conéidered two slightly different pictures o:
molecular systeﬁ which_migﬁtvhave preceded genetic_codiﬁg.
Basicaliy Qe all assume that polynuclgotides coula repfoduce

3 - . :
themselves with some degrée of reliability; that random constru
tion of prpteins could take place, and that competing adaptbrs
were present (aﬁdvcaused_the aboye réndomness). Ohgvoflﬁ’

Vahe Bedian, is pursuing a picture in which ail possible compet]

adaptors are present, and in such numbers that a dynamical

treatment of the system, via concentrations and rate equations

is possible. My picture instead envisions a chemical system in which all

possible competing 'adaptors can Eg_pgeSent, with only a few, or even none,
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present at any time. Based on this picturé, the ﬁodel fhat'

"follows enabled me to play 51mple computer games Whlch refined

1ntu1t1ve understandlng of the origin of the genetlc code,

IV. 4 The‘Mbdel'ﬁf»a Molecular Pool in

Which Random Construction Can

Take Place : The Fluctuation. Model

"Rgndom_construction" here'stands'for."canstruction with
competlng adaDtor assi mentsaf amino acids" The model makes
use of 2 types of entities: a set G of "descriptorsﬁ (gl, Bye -
and 5 set E of polypeptiaes (el, e2,..;en). The transcription
step is ignored, therefore.G.can eithér represent genes or mRNA:
The éodons which make up-a pérticular sequenée g, will be
sfmbolized by numbers,'and the amino acids of a‘particular
sequence ej will be symbolized by capital letters. Each‘liﬁéa
sequence of amino acids is assumed to acquire a particular three
dimensional structure and, as‘a result, some function within the
system consideredf I am particularly interested in the synthe-
tases which, with the tRNA's, form the parf of the adaptor '

system. that '"chooses" the amino acids to be assigned to parti-

cular codons.
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IV.4.1 Self-Coding System: A Simple

Abstraction of the Geneticé Code ‘ -

Consider the following'system:

~descriptors ¢ = (g;5 82)
codons v (0,1)
aminoacids (A,B)
synthetases ) E = (el, e2)
where e, and e, are defined by particular seqﬁences of amir

acids and cause the assignments [0+A] ‘and [1+B] respectivel
or [0»B] and [1+A]. We call the system "self-coding" if the"
underlying constructing mechanism acting on- gl and g, and

making use of’ ey and e, as synthetases produces only e, .

.and é2 . Of course the model can be eésily'extended to in-

clude any number of codons and_aminoacids (prbvided'they,can
form a code), and any number of e's and also g's which code

for polypeptide sequences whose tesulting structures cam; in

principle, have any needed biological function.

Example:

gy = 000100

8, = 001010

and

e, = AAABAA

e, = AABABA

bwhere ey and e, are responsible fér the assignments [0~A]

and [1+B] respectively, and g and g code respectively for
' . 1 2 |

el and. e2. )



It is of some interest to model also the. fact that not .a]

-

‘aminoacid substitutions within an enzyme affect itS'function,

I shall 51mply say that no’substitutions are allowed in the
underlined part w1thout changing the function prev1ously ass1g
to the sequence.’ Qne can theiefore define a set oi synthetase
S (N—zc) 'which‘includes all syﬁthetases~which cause the aésigh—
ment tN+z]. Achording to thevexample above S(O+A) and. S(1
would include respectively xAABxx and XxxABA, . where x = A
in the presence o

or B. These synthetases, b6f g1 and' 8o would invariably ca
the prodﬁction'df ey and ey o Thus, by mf definition, only
gl,‘gz' énd 'el, e, form a self—codiﬁg'system.

Withih this scheme two tYpes of mutations are pogsibie:
neutrai and lethal. 1If for instance ‘gi mutates to gy = 100
g4 and g5 code respectively for e3 = BAABAA and for e, »
still a self-coding system. However, a mutation of g, to g,
010100 causes the production of e, = ABABAA which cannot'pex
form the needed function [O0-+A]. Aftgr the decay of e, the
system would lose its ability to code for itsélf. It would;bé
verf interesting to examine the evolution of systems Which in-

clude biological functions other than translation, but we are

always faced with the problem that functions must be assigned

ad hoc to any new sequence that is formed; they would therefore

evolve along pathways designed by us.

1 By assuming appropriate sequences of amino acids.
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IV(A.? The Competition Game
I would like to understandlhow a code 1is obtéined.ffom a

system which allows all possible assignments.. Here is a simpl

'game which illustrates the problem

Let

g, = 000100 ; . . | .
g, = 001010 | | .
e, = AAABAA  [o+A]l’

e, = AABABA [1+B]

aﬁd

‘g5 = 010100 _

g, = 110011

é3 = BABABB [0+B]

e, = AABBAA [1+A]

be twd»self—coding sys;ems. We start with G (gi,gz,g3,g4)

and proceed according fo theée rules:

1. G reméins unchanged.

2. The first polypeptides are produced by random genefation qf
sequences. |

3. If synthetaées are formed they specify the next assignments
according to their functions.

4. In the absence of synthetasés or when their functions ;ompe
random assignments ére made.

5. 'Only the last set of synthetases produced (if any) causes t

new assignments.

1 It is perhaps opportune to emphasize again that these rules
not intended to simulate a primitive environment bur rather
provide one with ‘a clear and fast evolving example of how a
code can be "locked in" by the internal logics of the system




. Examples of tables IV:1la,b . :_.,;

2

By random assignments-the.firét o v bolypegfideé}aré'i'
produced. Let Ehese Ee (téble IV.la): .
BBBBBA gAAéAA. AAABBB - BBABAA .

On the basis of our éefinitioﬂ they'have the folloWing fpnctidr
none = ,. S 0+B |, - 0+A ,’ Co none.v ”
_respee;iQelya ‘We see that the synthetases present onfy éauée
randbm-assignmgnts ([0+Bl ;nd IO+A] compete). |

Again at random then, the next pool of polypeptides is produced

ABABAA AA#BBB AABABB . ABBBAB
qu the fﬁnction [1+A] is preéent without competitors, so fdr
the next pool A‘ is assigned whenever the g's have a "1" ,
otherwise a random assignment is made. |

The game proceeds along the same lines until either e,

or e and e are produced, in which case the result is

£2 3 570 T4
"frozen in". The resulting code is {[0+A] , [1+B]} , i.e.
IV.1lb the resulting code is {[0+B]., [i*A]} . A summary for 1
trials is'shown in table IV.2 and the computer program can‘be
féund in the appendix.

If the particular set of polypeptides produced with

each generatiom 1is considered to define a state of a stochast:

automaton, one can, in principle calculate the probability of

reaching a code after any chosen number of generations.

Unfortunately, even for such a simple system, this requires

calculating different probabilities for a very large number

of pathways through the states of the automaton. For this

game the number °of pathways 1is (224

“

n o
y" , where n is the number




TABLES - IV.la, b -

Typical runs of the computer game. -
x - ’Games are represented- by seqpences of 0's and lis
—(édaoné), and.polypepfides are fepfesgnted by sequencés of .Afs
and B'é5 The genes are fiXed‘and belong to the twovpogsible
self-coding sysfems. The.polypeptidesvare pr§5ﬁced accotding
to rules specified in the text, and their functions (if any) |
afe listed after each_séquencé. |

Codes {[OfA] » [1»B]} and {[0+3] ,‘[1+A]} are chosen

respectively in tables IV.la and b .
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TABLE IV.2 ST R
Summary for the results of 100 ruhs. Only thé-part of:thé

sequence that is crucial to‘the'functiOn is listed. ™

SUMMARY

,
FUNCTION SEQUENCE
0-+A - xAABxx.
0+B | BA XA X m
1+A‘ xxBBA;-'
1-B | XXxXABA
.CODE 1 = (0+A , 1+B)
CODE 2 = (1+A , 0-+B)
| -

In 100 trials CODE 1 was reached 58 times with an average

of 8 generationé.
CODE 2 was reached 42 times‘with‘én average

of 8 generations.



B

of.generations;

'thicg that, at .the end of each game,‘the ﬁarts'of the seg-
;quences Whiéﬁ are not Crupial to the functions of the e's.are
frozen in as well, and that those descrlptors which could have
coded for the other set of synthetases codes for a set functlon
less polypeptldes. In éenelal we may say that when a self-
consistent set of synthetaseq is formed, the’descriptor; whieh
are mnot- needed for the set, code for definite polypeptide sfruc
_tures; they have-acquired "genetic‘information" whether or not
‘these structﬁres serve any purpose at first. FIt is easy to
ehvisioﬁ how competition between systems of this type, allow1ny
for mutations 1n the descrlptlon would eventually favour the
appearanCe of structures which have surviVal value, within tHe

polypéptides which do not belong to the 'self-consistent set of

synthetases.

iV.S Observations on the Model

Although the game of section IV.4.2 is rather tri?ial, it

-

allows a number.of observatibus_that‘should hold for any model

which has the same general features described in the introduc-~

tory remarks of section IV.4 (Fluctuation Model).



 ;£
"EV‘S.l' Self—Coﬁstraining ABilityb
Tab1e IVw? shows that“code 1 was reéched with én average df

9 generationé,‘code.Z with an average. of 8.geﬁérations. 'Tﬁese

results differ from Whaf would have been expected if each gene-

ration had been picked at fandom. The probabilit}'of.finding

one or the other .coding set in thé absence of constrainﬁs woﬁld
1 1 oa |

1 1
have been —F + — . —_
26 264, 212 .25

s thus with a mean number of

32 generations.

Another way to see what is happénihg, is to iﬁagine that
the pool of polypeptides is a black box! the synthetaséffﬁnctio
are the outputs.and the descriptors are the inputs. ‘Let us.intr
. duce descriptors:which do not form a SElf-codingvsfstem with any
of the needed synthctases: we get a "good" output (say [0+A] s
,[;+B]),_ opﬁphe 3%F¢age, every 32 "bad" ones, but it doesn't
sta&. If ﬁe introduce instead desc:iptprs which form a self-
coding system with the needed synthetases, not only_will a good
output stay on when feached; but it will be reached faster.

Why shoula this feéult be general? Becadsg in the presence

of its own descriptor a synthetase will increase the chance that

an identical synthetase will be produced again. Note that the

production of an identical synthetase is guaranteed, by defini-

tion, when the whole set is self-coding; it is merely increased

when only part of the self-coding set is present. This is due

to the logical nature of self-coding rather than to any parti-

cular kind of chemical kinetics considered.

The probability of finding the crucial parts of the sequences

belonging to either one or the other coding set.
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IV.5.2 Comparisdn with -

's Assumbtions

Eigen
In our models we may speak of genetic information and its

survival value only after a code has been. reached, Particular

- genes (descriptors) would_ﬁe chosen only for the survival value
they impart to the Whole.syétem they belong to, and ﬁot”bécausé
they were the'victOrg of a struggle‘for survivél among'similé¥
genes. In fact the system mﬁst'bc free to vary both its gene
-population an&'its polypeptide populatioﬁ quite freel& in order
t§ find self—cdnsistency. If some members of these populations
weré significantly more stable’thah.othérs and:had been chosen
 Because of this fact, the ptobabilify of reaching a code
would be greatly decreased. This is because theiﬁeeded-poly—. .
peptides and polynucleotides would have to be both optimally
stable_gs "individuals" and, at the same.time, members of a
self-coding system. The fluctuation model is in contrast with
Eigen's concept of fifness at the molecular level (section
I1I.3.1) if this is to be viewed as é major reason for
prebiological evolution. A property such as an "optimal
combination of feduplication rate, accuracy and life time"
would'uhdoubtedly play a role in selecting broad classe of
molecules, but, for the feason I gave aBovn, if particular
sequences of nuﬁleotides.or amino acids were.chpsen as "fittest

individuals", survival of the fittest would prevent evolution

rather than explaining it.
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IV.5.3 The Linguistic Structure
of the Model’

‘Descriptors and polypeptides constitute the‘geno~‘and

-~

'phenotype of the system; the adaptofs are reéponsiblé'for the

classification process, The presence of a ciaésification pro?
cess makes it possible to obtain equivalent‘élternative cddes
(section III.l.S}.

Iﬁ fhe next éection I discuss to what extent the'above
linguistic>s£ructufe cén be ret;ined in:the model, and still

allow for a preferential choice of some codes.

IV.6 Bias Towards a

~Particular Code

IV.6.1 Logical Bias

It became clear while playing these games that different
codes are not equally likely. This is eas&uto see in an extreme
case: Consider .g = 000 .
It could code for e; = AAA or fgr e, =.BBB depending on
which code wins ét the;end. Suppose ﬁéw that thé fﬁnction of
AAA is [0+A] while that of BBB ‘is' [1+A]. The two function:
hgve an equal initial chance~of'appéaring but, after that, AAA
caﬁ guarantee its owﬁ survival whereas BBB cannot. 1In the lon;
fun this self—perpéfuatiﬁg tendency of [0+A] would make<it§
inclusion in é final code more likely. The nature of this bia;
is lOgicallrathe; than chemical and, since it is due to the par-

ticular composition of amino acid sequences in crucial adaptor



sites, it ap#ears even When’such;seqﬁences are ;il‘assumed to
be of equal iéngth; But al;hough one Wbuld not expect large
discrépancies between adaptors of similar fﬁnctions, the ndmbe;
of amino écidS’which must -be strictly specified may be differ-
ent for different adaptors.’ Examples of this t&pe of weighting

in favour of one code are shown in taBles IV.3a,b.

The effect of logical bias

Would’the above effect play an importgnt role or a negligib.
one in the selection of a partiéular code? It is cléarly a smail
nﬁmber effect?.ﬁut prgcisely because of this, in a'pictureﬁof
‘the origin of the code where the first few functional assignment:
to appear play a madjor rolg; logical Bias may.be important. |
‘For instance, I think that these considerations appl§ to Woese's
modgl-(section ITI.2.4), which will consider in greater detéil
in Chapter V. | |

Iﬁ the picture proposed instead by Bedian (introductioh to
sectiqp IV.3), the éystem would be much less sensitive to logical
bias: since cdmpetition is assumed to take place among a mixture
of éomplete sets of adaptors for all codes, any<paf£icu1ar order

in\which adaptors may have been produced within the system, no

longer plays a role.
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TABLES IV.3a,b

‘Logidal weighting in favour of a code. The amino acid

'sequence which must be specified is different for different

adaptors. Codes which allow more randomness are favoured.

| a)  FUNCTION  SEQUENCE
0-+A AAABA%
0-3B BAfox
“1-A YXBBAY
1->B  \ABABA
Code 1 = (0+A , 1+B)

il

Code 2 (1-A » 0-+B)

In 100 trials Code 1 was reached 11 times

Code 2 was reached 89 times

b) FUNCTION SEQUENCE
0vA AAABAA
0B  Bsxx
1+4 ' Xx BBAx
1+ . AABABA

Code 1 = (0+A , 1-+B)
Code 2 = (1+A , .0+B)

In 100 trials Code 1 was reached 4 times

Code 2 was reached 96 fimes
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;.'. ) . | : o - IV.6.2 Chemical Bias

The fluctuation model has.difficulty accomodating a
mechanism whmféby codon could directly'afféct (sterechemically)

the placement of amino acids in a polypeptide sequenée. This is

beba;se it assumes the ekisten;e of a polypeptide const:ucting
maéhinery which makes use of adaptors. It is however céhsistent
‘with stereochemical affinitieslbetween anticodons = and amino acids. In the
system thus epvisioned polypeptides would be produced with, at
‘best, a "facilitator" funcgion; latef they'would evolve into
.adaptofs'and assign the apprépriatenamino acids even without
p;acing them in proximity of the anticodons, as the present day
'system'seehs to do (section II.4.2).

However,_for a code to be reached in general,.thé édaptor
fuﬂctioﬂ must be assumed to be "stronger"; i.e. even if the
assignment [1+A]Joccurred by‘stereochemical pfeferenpe, the
.appearance of an adaptor for [1~B] ﬁould'cause the latter
assignment to be made. The necessity fér this will hopefqlly be

made cledr in section IV.6.3.

Modeling chemical bias

Chemical bias can be introduced.in the computer games simﬁl
by imposing the condition that, irn the absgnce of adaptors, assignments wiil
be made not at random but with weighed'probability. For instanc
when [1+A] was chosen 75% of the time in the absence of adap-—
tors for [1+A} or [1-B] , code {[1+A] , [0+B]) was reached

71 times in 100 trials.




“ Ti;
Incréasing thé Chémical bias towa:ds.a certain assignméﬁt
is foundhgo increase the—likeliﬁood that it will be iﬂclﬁded‘in
. . . \ ’ :
thg'final‘code, butvdfvéourse one cén'never»guaranteg such qutf
come iOO% if one assumes, as I Havé, that a‘cohpeting adapfof

cah take over if produced by chance.

IV.6.3 Unlikély Structures
Vs..Unlikely Laws
Thg model in this chapter ‘was .designed to prapose-and illu
tr;te the féllowiﬁg points: | ’
1. The pérsistence of a'code is dﬁe‘to the logical sé}f—gqnsiste
" of the system rather .than td an energy minimum.
2. Chemical“affinities may well have contributéd or even have
had a major role in detérmining which aSsignments becamne
"'part of today's code, however, at least in principle, tHey
were not needed.

What y§§;néeded was the ability to make arbitrary choices (linga:istic

structure). Consider for example a system of éhree'codons (0,1
and three aminoa;iés (A;B,C). Without ambiguities only é.codes
are possible (the numbef'of different orderings of three element
Chemical affinities instead have no '"need" to make self-consist
choices.. Theybmight well be.F{[O+A] s [lfA] s [2+C]} or {[0~]
[1+B] , [2+A]} or ény-other. Indeed, they might e§en»coincide

with a self-consistent set but that would be an accident. State

in another way: competing choices of assignments can be eliminate

(i.e. self~consistency reached) if and dn;v if the assignments

are arbitrary (i.e. adaptor functions can take over).
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Givéq eﬁéugh'tiﬁé any stfucture wthh i% alloﬁed by the

.laws of physics ban‘be'éssemblcd by chance, althougﬁ "enough :

“time" may well be inconceivably loﬁg. But to state thét the |,

structure of the genetic code was entirely predetermined by the

laws of chemistry, is to shift from the unlikelihood of a par-—
ticular structﬁre'to the unlikelihoéd of a ﬁarticular setfoflla
and while nature has:time to search for structures under existi
laws, it has no péséibility.of Séarching for léWS.’

I wish to re~empha$ize, hoyever, that even within an essen
tially stochastic model like the one I haveypresented, some
chemical.affinities may have played -an essential part in deter—
mining the choice of a code and possibly, if my intuition is
correct, how long it took for the code to come abou£ (t@e compu
games were too fast to shqw any signifFicant effects)f In this
sénse gﬁ is certainly worthwhilc to look for a chemical basis t
the origin of fhe code and, as. I have emphasised, this is
quite compatible with an accidental origin of needed adaptor
functiouns.

The analogy with_natural languages is useful at this point:
The origin of language must certainly be sought inAprimitivé
sounds which conveyed emotional states, or imitated natural
" noises. Yet we speak of language onIy‘when sounds are recognized
.to have symbolic value, i.e: the assignment of objects to words
is eSsentially arbitrary. While the sjmbolicjvalue of words
is made obvious by the existence of several lahgﬁages, the

symbolic relationship btween codons and amino acids has generally
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onl& béen inferréd from the éxistence of adéptors and from
the assumptién that alternative adaptors, could have cause&
assignments which are nof found in today's code. On one hand
;i have weakened this assumption by eﬁphaéizing that chemicél
biases céuld have played an essential role in the final choice
of the code in spite of the prescnée of.adaptors; on the other
.hand,‘the final self-consitency of a coding system can only be
'explaihed.by the presgncé of adaptors.
Far from being contrédictory,'ﬁnatural" Biasesbandfaﬂﬁjrmﬁ
: " of ' . '
‘are interwoven_aspectg natural languages as well as of the
genetic code; thus any theory that seeks to solve the problem
of its origin must deai specifically with the interrelationhip

of both these aspects.

-

-
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V. THE NEED FOR "MORE REALISTTC ASSUMPITONS

V.1 The Assumption of Relative Conétancy

of the‘Descriptor Population

Consider again the competition same (scctfoﬁ VT.4.2):
1. The set 6f deécriptors was assqmed to beloné to a
éelf—coding'system.
2. The first set of polypevtides was produced at Tandom,
Evefy new Se£ was produced by the pfévious one By
écting on the descriptors.

3. The descriptors were thus assumed to either stay in

the system or be reproduced perfectly by some non-

i enzymic mechanism.

:{i‘
Clearly I chosé the best of both worlds. Of course by assum-
ing that the set of déscriptors belonged to a self~cbding
éystem‘I already assumed the problem half-solved. By imposing
further that theyista§ around, I cotld use them as constraints

to find the needed set o6f sythetases | faster than I could

have otherwise.

The next obvious step is to start from a random
set of.desc:ipyors as well. 6ue has then the choice of allow-
ing them to vary faster, slower, or at.the same rate as the
set of Fpolypentides. |

-If there are L seﬁs of descriptors and L sets of

oolypeptiies . and only one self-coding system, the chance of



flndlng it would be > if the deqczlptors varied at’ a faster or

equal rate, and be somewhere bctwoen %- and -4% 'otherwise, Thi
"L <. .‘..

latter case was 1llustrated in the examplées of chaptier IV and

restated above; the former can be seen readily if one considers

that, even if one is fortunate enough to flnd a correct descrlp-

~— -

tor set and to start . constructlng the correct set of’ synthetase
one loses the correct descrlptor set when or before the set of

synthetases 1s completed

Of course the opposifte extreme is just as bad: if the descr

‘tor set never changes no -search for a self-coding system is possi

either the descrlptors belong to the self-coding system from the

very beglnning or they never will. With these problems in mind,

There is another important reason why the descriptor

~popu1at?@ hould change slowly: ! For instance a proto-

=
- ;Lgﬁh

organism which finds itself with a genetic system must main-

tain it long enough for this system to provide seledtife
advantage. .Until the PrOUJ—organism can use the system to
record and retrieve its successful mutations for its‘own
survival, 'a genetic system alone has no logical or physical‘

"need" to maintain itself.

To restate the problem'in terms of the models of

chapter IV:

let 1100 0101

AABB - - BABA

be a self-coding system where AABB and- BABA provide

respectively the functions 1T >Aland[ O > B]
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Then the next generation of gynrhetases will also be

AABB ~ BABA

rathér than, say, BBAA o? any other, becausé of logical‘

feasoas (internal){ if the aescriptors are keﬁt in. the s&stem

long enough. Bﬁt the descriptors can bé‘kept around only

by exﬁernal reasons:

1. enzymes'are-produced, which can insure_the error—free
réprdduction of the descriptqrs (but this can only hap—.

_ pén after the onset of.a code'ana after some gelection),

2. or, as implied:at.the beginniﬁg'of this chapter, resis-
tgncé to decay and/or reproduction with low mutatioﬁ
rate are chemicai characteristics of.the descripto;

population.

P
AT
=

Of coudrée one can always postulate that."everything" happened
at once, but this is exactly what I am trying to avoid as mucl

as possible. ©Now I can restate one of my basic assumptions

of chapter IV: The poﬁuldtion of &escriptofs is sufficiently

stable, because of its own chemical nature, to remain un-

changed for a period before and after the_onset of a code.

Experiments and theories aimed at making the above assump

quantitative would contribute greatly to the solution of the

. coding problem.



V.2 The Problem of Sélecting the - o . e

"Correct" Genes

Imagine two urns+ one full of all possible genes, the
..ather one full of all possible polypeptides. One might think qf
the p;oblem of finding a genetic code as analogoué to a game of
chance in which genes and polypeptides are picked from their
respective urns iﬁ no particular order; and théy aré cheékéd
each time to see if; together, they form‘a ;elf—codigg syétem
(let's.cal} them in this case-corfect geﬁes and correct enzymes,
‘The stébility assumﬁtion I restated in the last section implies
that finding a code by chance is not analogous to the above
picture, rather it is a little.easier; if éeverai polypeptides
arg teqted for each_gene,.once the correct genes have been fbuéd
the correct enzymes are found more readily.

But the disturbing fact remaing thaththere is no "edu-
cated pathway" to the selection of the correct gemnes. -in trying
to explain hoﬁ a complex sysfem came about I said that half of
it came about by ﬁurg chance and the ﬁther half could have been
helped along by the first half. - hardly an improvement.. |

Simple'systems ﬁight originate from fortuitous interactions
among_their parts (when the existence of these parts is indepen-
dent of the_existence of the syétem), but complex systems evolve
from simpler systems. Somé partsvand functions may Bé modified,

added or eliminated, and some relationships between old parts

and functions and new ones can generally be recognized.

- -



Can these con31derat10ns be applled to the genetlc system'.7
The'error catastrophe approach (section III 2. 3) is one example
the‘old functions ‘are the same as thehnew onee, except a bit mo
error prone. Have functions and parts heen added'or modifieé
more drastically for the genetic code? In.thé'next.seetion‘II:

suggest that they have.

V.3 Recognition of Structure and the

Evolution of Codon—Amino Acid

Assignments

In chapter IV T made the assumption that given a funcétion
of the type, say, 1-+B there existed a polypeptide structure
whlch, Wlthln the adaptor system, was responsibie for the

assignment of amino acid B to codon 1 . 1 _.associated such

structures with synthetases and defined them‘by assigning (ad 'h

-

a particular sequence of amino acids to each one.

1 and 0 were of course symbolic simplification for 64 codo
;riplefs, A and B for 21 amino acids. I recegnized the fact_the
in the poStulatea sequenees all positibns vere not'equally cruc
in the pehformenee of the function, but I did not consider anot!
very impGrtant,principIe of a structure fqnction relationship.

will state it as follows: Recognition of a structure occurs via

recognition of a finite number of properties associated with th:

structure, and the most primiﬁive recognition can distinguish tl




‘least detailed pfoperties. We only need to recognize a trunk an
brancheés in order to recognize a trec, i{ we add the shape of th

leaves we can also tell a maple from an oak.

V.3.1 Amino Acid RecognitionA
Transl_léted at t.he molecular level, 'the,above‘ principle implies
that amino mﬁds.are.recognized via specific prdéertieé (for instan(
polarit&, type of side»chains, presence of specific atoms, etc.),
and that different parts of the synthetase will recognizé
(measure) different quéntities although some overlap will cer-

. taihly H}}possible for some cases. But different properties

TR
i .

will requaire the specificatidn of different numbers of crucial-
positions (wheﬁher or not overlaphtug); s0, withih a sygtem of
randomly produced polypeptides, strﬁctures which could recog-
nize all needed properties together would be mUch.moré fare
than, say, those which could recognize only one. Invotﬁer
words, it is most likely that distinction between classgs of
amino acids had to precede distinction between the amino acids
themseives, provided that distinction among classes was suffi-

cient to form stable systems.
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'V.3f2 .Codon Recdgnition
Recognipion of the codon to be associated to a particular
class of amino acidé presents a special problem. Abstractly
one can think of the 64 codons as separate objects and apply
to them thec same considerations made above. .There a%e géod
reasons to bélieve ﬁhat'the reading frame may always ﬁavc
consisted at 3 nucleotides (Crick,l968 j'Eigen, 1971 ), in whicl

case it can be envisionéd how a "reading molecule" might find

it easier to recognize only the middle nucleotide than the

first two together, or all three: The trouble is that the
codon is really recognized by base-pairing with the anticodon.

At this point however one can either apply the codon-recognition
, g~ _

=

considerapidns to the anticedon or _something similar to the

amino acid-recognition considerations, to the entire tRNA struc-—

~ture. The former approach lacks the support of experimental

evidenceléﬁection II.&iZ).but can perhaps be postulated for
primitive systems. Thé latter seems to agree with ghe way the
sYnthetasé is kdown to intgrgct'with the tRNA, but it cannot
explain the different role played by the second; first and
third nucleotide iﬁ'the triplet, in determining the properties
of the amino acids.

In spite of these unsolve& quesfions, the possibility of
relating parts of the triplet with classes of amino.acids has

some very interesting consequences, as I will try to illustrate

below.
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V.3.3 Partly Self-Coding Systems

Consider the following system:

nucleotides: _ (1,0)
codons : (o0, 001, 010, 011, 100, 101, llO,'lll) f
amino acids: ,(a,b,c;d;e,f,g,h);

Iganing the problems expressed in sectian V.3.2,1I assume now
- that the adaptor system never changed the_size of éhe feading‘
‘ffamé, but could»onlyvread*‘xOx. and xlx - at first; then

00x , 10x , O0lx and lli, and finally.the whole tripleté.

The amino acids could be lumped into classes as follows:

ab cd ~ e £ g h

N N [N "

o B Y 8
N —

A B .
In analogy with the ﬁbdel:of chapter IV I assume further that
for every possible_assignment there is a set of synthe;ases»
that is responsible for that function. I will iﬁdiéate such a
‘set with S(N—+x).  For insfanCe S(xbx+A5 stands for the set
oflsynthetases which cause the assignment [»0x—~>A]

Formélly, so far,,nothing‘appears to be very Aif{erent from
what I did in se&tion IV.4.1. But a closer look is ﬁeeaed at
this ;u)int. Surely it ié possible to imagine that, given a certain
function, a spepific étructure will either perform it or not, -
and that geﬁeraily-there will be more than one structure whi@h
can perform a dertain fuﬁction. To say, as I did in scétion

IV.4.1, that only a specific part of that structure is what is

necessary for the function, assumes ‘a highly idealized situation

-




'But enables éne fo.specify the whole set of ;tructures which can
perform the function. The important point is that at least part
of the structure can be specified, and thus be‘jﬁdggd fit or nét
fit to do what is neédea.

The situation is different now. lThe synthetasés bélonging
to thevset S(x0x+A), in the presence of any descriptor, cannot
sPécify any structure, and not even part of a structure; They
.could, say; specify "AB", -which represents classes ay, ad, BY,
and B8, thus -any othhe following amino acia sequenbeé: ae, af,
bf, ag, ah, bg, bh, ce, cf, de, df, cg, ch, dg, dh.

I have assumed so far that, dﬁe to folding, theré exists
a one tglohé ﬁapping between seqdenéés‘of émiﬁo.acids and polype

structures. In turn, these structures may or may not perform nee

-

function. For instance , a sequence aegbe may or may not form a
structure with a needed function, but ABAA specifies several
structure, because it represents a class of sequences; and the

functions these structures perform are not necessarily related

with each other.

I call the set of all polypeptides restricted by a conditio
ABA... ~a "word" and I will represent it as wi(N+x, M+y),
where 1 dindicates the descriptor By - For instance‘the

descriptor
g, = 100 011'001 100

in the presence of S(X0x2>A) and S(Xli+B), pfoduces the word



e'Wi(#OX44 ;'ﬁl%+3y:=JABAA“

' which»repreSentS'4ﬁ,pblypeftide54 I% We_afe lookiﬂg;for a'spe—:
‘cifie fﬁnétiené'say IXCX4A]{_the_beéf we can hofe'fpr iseéhat‘
at'least'some'of those polypeptides Wiil ﬁe.agle‘to perform it.

I aefine.the set of theee'ﬁqupeptidee as ei(N4z). | '

Tﬁen | - |

el(X'OX-f-'A) = S(XOMA)HW. (30 %A, vxl&B), _

.thaﬁ.is, e (x0x+A) represents the set of- polypeptides whlch
perform the function [x0x+A], and are produced by functions [xOx4A:
‘and [xlx+B] actlng on ‘the_ template gq- Many synthetasee_could
jperform the same functlon,.but only those belonglng to. ey (xOx+A)
are self~eoding in the presence_of gl! Analogously, if an‘appropf:
82 exists; | |

,e (xlX+B) = S(X1X+B)f\w CXOX+A XiK+B).

A typlcal self-coding . system which could be formed by these ele—-

ments would be of the type
g1 . By
{e.} l {e,} - {e } \ e, }
e 1 27 - Ry 27 -
N e N
See also figure V.la .
One could even envision a syetem (fig,AV;lb)_

Bk
{e ) L.‘ {eé}

F-

where'Both {el}.-and {ez} are subéete_bf the same word, i.e.

e; ("0"+A) S (x0x+AY ) w, (x0x>A, x1x>B)

e, (X1X+B) S(X1X+B)!\ Wk(xOXfA, xlka).'
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Partly self-coding systems

?(x1x+B) 

eé(klx+B)

) B ' wz(xOx+A, x1x3B)

a)
S{x0x+A)
'el(xOx+A)-
Wl(x0X+A, x1x+B
&7
b) A Bk

S (x0x—+A)

(x0x+A,x1x>B)

k

S(x1x—+B)



The important p9int‘is that such systems in geﬁéral'could only-

;be-parfly'éélfdcoding, ive. any ﬁeeaed {ei}.could ghly be a ﬁart
-of one_br.more {wk} sets prbdﬁcéd. The ﬁroducfionvof‘somc,uso_
‘1és§ polypepfides éannot be avoided;
An expiicit éxample might be helpfqi:
‘In the presence of fuucti§h§ [xbx&A] and [x1x-B], gene .
| .gl =VlQi QOl:OlO produces a set AAB of polypeptides. This éag

divided into subsets in terms of clasSes'a,_B, Y, §&:

aay

oad.

aBy

aBS

Bay

Bad

BBY

[

7

BBS
which finally reprcsents 64 pol&peptidé structures, étarting with
aae - |
aaf
aag
aah
abe
an

(58 polypeptides)

~




:I havé called this se£ L (ka+A, xleB);
.Wé may.now lisf all the polypeptides which caﬁse the éésigﬁmé
[xOx A]; i.e. the set S(xOx+A):-Suppose they are
eaf |
gbf
aag
“hah

abe

then only "aag" and "abe" belong to both wi(xOx%A,xlx+B) and

" " 1

aag" and ",

S(xOx A), thus the set~e1(x0x+A) consists only of abe
If there is no member of S(x1x=+B) among the members. of.
wl(xOx+A, xlx+B).another gene is needed (example of fig, V-la). If

instead some members of wl(x0x+A, x1x»B) belong also to S{x1lx=+B),

.

-
x5

say "abf",:"then a second gene is not needed.

V.3.4  Different Levels of Partial
Sélf—Coding. Transigions
Betweeh Levels
In anaiogy with the definition of S (x0x=+A) and S(xlx+B);
one can define fof insténce S(OOx&u) and S(10x+8),_etc;
Clearly |
S (OOX+a)‘ C S(x0x-+4A),

S (10x+B)  S(X0x—+A)



and

wl(OOX+a; iOX+B,‘ XlX#B)}Z,wl(xQx+A, xik+B)

As befofe, one needs sets]oflsélf—coding structures such as
{ell}‘= S(OOX+a)fW wi(00x+a ,'10x+3 , X1x-+B)

and | | |

{glz} = §(10x>g) M wl(boxia » 10x>g , X1x+3B)

where both {éll} agd {612} are subsets of el(xOx+A) and thé

meaning_of'the second indexes 1is defined by the ekpressiohs'on
the right. Again there is the possibility'that such sets could

be empty. If this is the case'one must w;it for a gk'for which

{ekl} .énd {ékz} are not empty, Sut even then,evolution into a

system<0f higher discriminating ability is not an obvious result
i! = B
as I shall try to illustrate below.

Consider s for simplicity, one set {ek2} » and define

the ratio

numﬁer of structures belonging to {ekl}

p(k/k) = 14 .
number of structures belonging to {ek}

g
i’

- 'Given some gene g, the distribution of polypeptides belonging

to wk(xOX+A, xlx+B)'will_be different,i.e. include more types of
polypeptides, than that of wk(00x+a, 10x+8, x1x+B). For instance

assignment [1l0x+a] would be excluded from the latter but not



:..iag_

from the former. If the set {ekﬂ} is not -empty, when its members

‘appear - 1.e. when- p(k2/k) # O - the distribution of polypeptides

in WPkXOX;A, k1x+35'ié shifted towards that of wk(00+a, 108,

x1lx +B), therefore fewer types of polypeptides are produced. Amonj

these there will be either fewer or more members of {eki} and
J ’

as a consequence, p(k2/k) will either decrease or increase
(fig. V-2a). For reaching a level of higher discriminating

ability this feedback loop must of course be positive. This

must also .be the case when all éomponents are takén into coﬁsi—-
deration (fig. V-2b).

- In the total picture one must allow for positive feedback

fqr_the assignments belonging to a self-consistent 'set, such

as ﬁpr i%ﬁfance. [00.+a], [10.-8], [01.+y] and [11.+81 ,

and negative feedback for the possible competing assignments.
The problem is to determine that there exists a state of

the system with the needed positive feedback loops. This can-

not be done without introducing more specific assumption and

starting a new major effort.



‘the polypeptide distribution in vy

 FIGURE V-2a,b

Influence diagramS'for p(kl/k), B and Lo As p(k%/k) increses

2 approaches that of the higher

discriminating level, which in turn will either increase or decre

p(ke/k).
a) . ) : S By
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V.4 A Patﬁwav_to-tﬁe.Cenetic‘Cede

In section V.2 -1 mentioned the disturbing fact that there

is no "educated pathway" to the selection.of the necessary genes.

If intermediate states are possible, as.envisbned above'they

:

are characterized by smaller ‘and" smaller sets of polypeptides produced
per gene, dué U)decreasai randomnese 1d cedod amino acid a351°nments.
The corresponding decrease in the load of useless polypeptides
would certainly help in the‘seiection of such systems.

The decreased randomness of eech stage of discriminating'

ability can be thought of as the elimination of certain regions

from the s&arch space. This is due to the fact that once a

choice lik'e.-:, ”.s-ay, [x0x>A] - and k 1x+B] is made at some stage, the.cod&

10. can later be assigned either to a or B bdt not to

[

The importance of this evolution scheme is twofold: a) initial

primitive molecular systems do not need to be very selective in

their search for the genes which belong to a partly self-coding

system (mutations where the x's are indicated, ate ignored until -

the system becomes sensitive to that part of the reading frame):

later the search would be conducted in a space which has alreedy

been restricted; b) competition occurs only among the next possible

set of assignments and not among all possible assignments; which

1 The ob1ect10n raised by Ylas (section III.2.4) that such decrease
might not always be advantageous, willbe dealt with in the next

chapter.



.-wﬁichvfﬁrfher invaiiaated the fluctuatién model of'éhaptef-IV,'whe
i assumed_insteaq that competition occurred"amoﬁg éllvposéible
final assignments. The last'effect coul& pcfhapslaccodnt for tﬁe
chemical structure observed in the;genetic code (section III.1;2).
. In conclusion, this sﬁheme implies.that one sould consider tt
pcssibility of evolutionary stages in which ”living“ systems had
a "fuzzy" genetic memory of‘their own étrugture; i.e. genes could
not be uéed to produce specific poiypeptidgs, but only statistical
distributions of sequences with narrowver distribution of funct%dn.
Such scheme/'follows naturally from the recognifion principle
a#plied"té molecular structure—function'(éection V.3), and recaptu

some .evolutionary continuity within a stochastic approach to the

problem of the origin of the genetic code.

£ o
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VI. CONCLUSIONS AND DIRECTIONS

_FOR FURTHER WORK

VI.1 An Integrative Approach

The major assunption of this work was that the transition
from a pool of polynucleotides and poljpeptides with random
sequences,. could be treated separately from the problems of

a) the replication of polynucleotides, b) the.evolution of a

PR
g

polypepfide constructing machinery. Based on this assumption I
introduced the fluctuation model, and, with illustrative compute

games, Eitried to clarify the merits and limitations of both

stereochemical and stochastic approaches to the problem of the .

or{gin—&% the genetic code. I concluded that some aspects of
Jdz. -

both approaches are complementary and essential to a theory of

the origin of the code. Below I review the major points.

e
way
Al

VI:1.1 The Role of Stereochemistry

The fluctuatiﬁn model éésﬁmed that a systgm of arbitrary
adaptors was necesséry and would in principle be sufficient for
convergence to a code. But it }s also clear that the code reflect
(although does not require) some undgfined "external" chemicél
reason wh, some codon-amino acid assignments may have been
favoured. "Extbghﬂ}” implies that it does.not depend oﬁ the

adaptor system. Oné e.a: nle I can conceive of, for such external



and anticodons..Howcver'there.isvno evidence that this type

of mechanism plays any direct role in today's ﬁarticular'code,‘

~and mechanisms which include direct codon~-amino acid relationst

éegm even more unlikely'fo have had any_infiuence on the finél
form of the code. There is also ﬁo doubt that, in a stiuctural
sense, adaptors, éodons.and amino acids.reqhire hhemicél lawé
and constraints.

There are two main. points I want to'maké. I tﬁink it is
necessary td try to understand'the role of stereochemical affin
aé well. as qf the chemical initial coﬁditions,.in determining‘
thé eaf%; sﬁages of self—organization pf prebiotic péols.'It
may welllbe that withbut these stages of self-organization no
genetic.code.would have ever been reachedf The,aﬁalqu with
naturaiiianguages (Introduction) should again be illuminating.
I also %?1nk that it would be mlsleadlng to try to ”ftnd" the

+ 3 _
code i;!;hese affinities, for, as I pointed out in sectionm IV.6
) : 4

this only raises another. problem of why the laws of chemistry

‘should provide us with a self-consistent set of assigunments.

Self~cpnsistency can be .understood much more readily as a resulf
of‘fhe ﬁresencelof sysféms of adaptors, and it demonstrgtés
that the éystem is now able to overcome some old constraints
(e.g. poorly selective stereochemical affinitie%) by virtue
of some ﬁéwiy acquired ones (e.g. adaptors).

A change to newf'more "powerful" constraints is certainly
ﬁot unique to a genetic system. Af;er all the human primaté
can now travel at 55 miles per hour and fly well above the eagl

What Is peculiar ahout genetic constraints is that they allow



the system to acqu1re structural 1nformat10n about 1tself in -

fact,‘as T 1llusrrated 1n‘9ectlon v, 4._, it ¥s.thése cons tfain
that deflne it. ' The.cpnceptvof ;strhcturhl genetic ihfhrmati
should be kept tlearly distinct frhm the infhraétihn an obServe
may choose to~gain about a system.'The iahtér deﬁends on the -
methods of observation and the néeds'of the gbéerveéf'the forme
depends on the existence of approhriate-cohstraints.%ithin'thé
systemiitself and is ihdependent'of_hhe observer. Pérhapé it

should be called "self—information"

VI.1.2. The Limits of the Stochastic

Approach

,._; “

- ’

5‘ My<approach to the problem of the origin of the genetlc

coée has~been fundamentally stochastic. The model I presented

in 1974, elaborated further in section IV.4 , is very similar

to those’ hsed to model the error catastrophe (sectionm III.2. 3)
‘Thls 1a§" approach, which perhaps should more appropriateiy be
.called."self- correctlon catastrophe" is'fully conéistent with
this work, -and reflects the need to allow for sOme;continuity

in chemical evolution. I am parpicularly aware of that need;:

but for the very»sahe reason I view the phenomenon of the existe
of é threshold fér Self—correction as a second order requiremernt
in the evolution of the needéd Structures and fﬁnctions. Observa
of systems which have evolved,.either in biology of technology,
show that an ancestry can genérally be traced for systems, and
that each ancestor had the structures that it needed for its own

\

stability and survival. In other words, at each stage of evoluti




all structure—fnnction relafions~are, iﬁ some'senSe, stable and
optimal fof the systembunder consideration. Self—correction"
-éhows the transition into a specific stable state‘froﬁ'its unst
.neighborhood. I think we mneed to better understand thevtransiti
from one stable set of structure—fuﬁctiohs to anotﬁer.

Are therevéeneral rules for preéicting the evolution of
systems, i.e. of their internal structures and functions? That
bfitness is not a sufficient criterion should be‘obﬁious when
one consideré tHaf all biologiﬁal systems in exiétence, from tﬂ
simplest to the most complex, are, by definition, equally fit;
Yet We‘éan establish an evolﬁtionafy hierarchy among them. The

questi®# can be stated in a different way: one may view organis:

le

as producing, occasionally, new versions of themselves, version!
th#t are either accepted (fit) or rejected by the environment.

We' need{to say something more about the set of possible version:

A particular version may.have been chosen simply bgcguse it came
about first and not because it was:inherently moré viable. Perhe
this waé'the case with ;hé code.

: i.ag convinced that a statistical approach which ignores

a priori the existence of stable systeﬁs which preceded the gene
code is not likely to give a satisfactory explanation of its
existence. Bug what do I mean b& "satisfactory"é Why would it nc
be a satisfacfory explanation to find that the likelihood of the
genetic system simply ”comiﬁg together" is acceptable, consideri
the age of the earth? One reason is that such a theory would

.not be able to predict anything about the phenomecnon of life



except fof envi?onmeﬁts which are very similar.to‘thé_earth.
Another, more speculative,_drawbaék of pufély ;téchastical mode
is that with them we'miéht miss~£he opportunitr;t;bunderé;and
soﬁe importanﬁ principles which guida_the self—organizétionvof
matter. | |
A good example of‘éelf—organiziné system is providéd, agai
by language: ffom sbundé-to words.and.sintax, to ideas which
‘requiré strings of words held together by the rules df,siﬁﬁax,
to math.éndvcbmputer 1anguageé.'At eagh_lével.the influence of
the preceding level ié‘evidént, yvet entireiy new structures épp
It is eviéent that to understand these structures one~musf unde
“the constraiﬁfs that caused them.
qusideration of the continuity problem fof the gemnetic

co@s ig-2 natural outcome of this view.
4 =T ’

- ez
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" "VI.2 The Continuity Problem for the

Genetic Code

On.thé basis of the recognitioﬁ principle. applied to
'molecﬁlar stfuctufe funtion (section V!3) I proposed that
successive sets of partly self-coding systems preceded theAgenet
code. A theory of the origin of the code sHould first determine
if, and how many:such states are indeed possible; after that,
determiniﬁg the probabilities of transition will probébly be the

the only possible strategy.
- Woese's T.E. _model (section III.2.4) is qualitatively ident

to the evolution model I proposed. The fact that I reached simil




.ff'-: .. : ‘ TmM&m‘ ‘ mmﬁw? \j. f  - ﬁ ":-ffi;fiﬁ£‘“‘

conclusions from a diffefent étarting point (the reéogﬁition
principle as opposed'to the necessitf of minimizing transléti;n
errdrs)vaAds stfength to fﬁe proposal. in addition, I introduc§d
a formalism to deséribe the behaviour of the system,-and pointed
to the difficulty of having.to predict transitions betweén

i

stable states.

From the point of view of the self-information of the system
it is interesting to notice that its vélue,.calculated for
some:convénient unit length of tﬁe genome, 'would increase in
quantum jumps as the-partial éodeslapproaéh.the final genetic

‘code. In other;word, the system aéqui:es information about itself
-in:Small steps. It might be interesfing fo speculate on the

sgnificance 0B the similarities between that process and human

3 ¥ ?%.:
learning.,

Ygéq (seé%ion III.2.4) criticized the assumption thdt a
transitio; towa codé of better discriminating ability would
autéhaticallyﬂbg advantageous. He pointed out that the system
might rely on:%%or discrimination for the production of some
needed en?ymes{ If a transition occurred at this point the long
term beneficial e#fect might be offset'by short term disad&antéggi
dﬁe might argue that the transition would occur for systems
where reliance on poor disérimination has been minimized or
eliminated, but it ié probably fruitless to argue in such general
terms. The facts are fhat evolution in both natural and artificial

"(technical) systems has increased specialization of function and

has brought about finer structural resolution and higher spécificity_



At'anyfraté,_for quantitative predictions Om needs to work
with more specific models, and until reasonable models can be

constructed these arguments will never be fully satisfactory.

VI.3 Directions for Further Work

I have not developed a quantitative model of the origin -
of the'genetic,codé, and I can claim no priority for most of
the arguments I used. However, I think my "integrative,appro#ch"

e

has clarified and exhausted the reasons for the conflict illustrated

! ik :
in the iﬁtrodéztion. Thus a nevw needed perspective has been
. ‘ v '
added,  with several specific problems.

In secti&% IV.2.2 I expressed the idea that some genetic
‘control may have been needed for the onset of a code. This implies’
that the‘establishmént of a control network is another sélf—organiza—
tion phenomenon in Which.a new type pf symbolic (?) beha&iour is

» originated: initiation and ending of reading, turning the genes
“on".and "of£". In other words the first control network has no
"purpose' yntil thé‘genes can be gxpressed into specific enzymes,
or statistical distributions of enzymes. This idea should be
checked against all available informﬁtidn on genetic control. It

might then be possible to simulate the self-organization of some

form of genetic network in the absence of a genetic code.
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To be made moré.Quantitatiye the.évolutioﬁ modél should
include all available data-on recognifion of amino acids by
synthetases. The crucial point is to determine the difference
infstructufe between an eﬁzyme-which can recognize a specific
amino acid, and one which can only recognize one or more qualltles
which characterlze it, in other words, some class of amino acids.
In section V.3 I assumed that the less specific an enzyme has

to be, the more randomness is allowed in its structure (conse-

quently its appearance as a random product is more likely).

Studies in folding theory and structure-function relationships

are needed to~?grify this assumption and to find a quantitative

A
25t

- 35E

relationship between the degree of randomness allowed in the enzyme

and its abllltx to make dlscrlmlnatlons

3 8 |
The %yoluéfbn model also left out rates, energy, details

H

on the polypeptlde constructlng machlnery and on the repllcatlon

of polynucleotides; Finally, it would have to include the effect

'of cellular boundarles and cellular reproductlon, Whlch were

-certainly essential to the evolution of the systems proposed.

- Concomitantly with the addition of all ‘the needed details

iit would be useful to develop a mathematical formalizatidn of

partial self-cdoding, probably alongthe lines of stochastic

automata theory.

In conclusion I hope that this work‘has at least succeeded
in bringing into focus some important aspects of the problem of

the origin of the genetic code. It has certainly succeeded in

4making me realize that I have barely begun.
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