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CHEMICAL EVOLUTION OF THE BIOPOLYMERS 

Richard M. Lemmon 

Laboratory of Ch.emical Biodynamics 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

Approxi~ately 3.5 billion. (l0
9

).years ago, the first living cells appeared on our 
P!anet. The1r sub~equent prol1ferat1ons and mutations, leading to the development of 
d~vers~ forms of l1fe, are the results of Darwinian evolution. However, for our pre­
b~ologlcal planet.t~ have acc~mulated the necessary molecular "building blocks" for the 
f1rst cells, Darw1man evolut1on had to be 'preceded by a kind of molecular evolution. 
That necessary-for-life chemistry, as well as the era in which it took place has been 
called "chemical evolution'!, a term introduced by Melvin Calvin in 1953.1 Chemical 
evolutionary studies are concerned with the development of a plausible "scenario" for 
the·appeara~ce of proteins, nucleic acids, carbohydrates, fats, etc., on the prebiological 
E~rth. It 1s the purpose of this report to review our present understanding of how these 
b1opolymers accumulat:ed in an era before there were any living cells. 

Accumulation of the Biomonomers 

For the biopolymers to have appeared, their constituent units, the amino acids, 
nucleic-acid bases, sugars, fatty acids, etc., had to be available. Research· over the 
past two decades has provideq great understanding of the probable ways in which these 
biomonomers appeared on the primitive Earth.2 This research·was given great impetus by 
two particular events. First, in 1924 a Russian biochemist, A. I. Oparin, advanced the 
idea that a reduced atmosphere on the prebiotic Earth (mostly CH4, CO, NHv N2, H20) was 
a key condition for the emergence of life. Second, in 1953 Miller and Urey snowea that 
amino-adds were·easily produced 'in the laboratory when electric discharges (simulating 
lightening storms) were passed through gas mixtures resembling the presumed, reduced 
atmosphere of the early Earth. In the ensuing two decades 1 aboratory experiments under 
plausible primitive Earth conditions have demonstrated the formations, .in addition to 
those of most of the proteinaceous amino acids, of: 

ribose .and deoxyribose (the sugar units of the nucleic acids) 
the nucleic-acid bases (adenine, guanine, cytosine, thymine, uracil) 

.nucleosides (the base-sugar unit~ of the nucleic acids) 
. nucleotides (the base-sugar-phosphate units of the nucleic acids) 
fatty acids (such as acetic and lactic) 
porphyrins {the key organic grouping of heme and chlorophyll) 

. It is surprising and significant that these biologically key com;ounds are formed 
with this facility. It leads us· to believe that our contemporary biology is based on 
these compounds because they were the ones selectively formed on the prebiotic Eart~. 
We may also comment that the production of these compounds should have exceeded_thelr 
destruction· because of adsorption· on the interstices of clay particles, protect1on fr?m 
ultraviolet light by the overlaying waters of lakes and shallow seas, and transportat1on 
by rivers and oceans from locales of synthesi.s to locales of further reaction. In 
addition, it should be pointed out that recent findings of the radioastronomers have 
shown that our surrounding interstellar space is a vast reservoir of biologically_ 
important organic compounds.3 It is quite possible that our planet, as it was ~e1ng 
formed, was accumulating all the necessary biomonomers for the subsequent "chemlcal­
evolutionary" pathways towards life. 

What now pa-rticularly interests .students of chemical evolution, and is tr1e subject 
of this report, are the possible routes by which the primitive Earth's biomonomers were 
joined to become biopolymers. 
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Formation of the Biopolymets 

~et us first cons~der ~he formation of the supremely important biopolymers, the 
pr~te1ns and the nucl~1c ac1ds. For these to be formed from their monomers, the amino 
ac1ds and the nucleot1des, the elements of water must. be removed. Additionally, the 
nucleotides are formed from three units, a base, sugar, and phosphate--again water must 
be removed in order that the nucleotide be formed. These water removals are illustrated 
by the dotted rectangles in the illustration below (taken from ref. 4). 

PROTEINS rrarboxyll 
0 H 0 
II r------, I 11 

H2N-CH-C-:_OH + H.-t-;-CH-CO.H-H :-;-c. H-C-NH-CH-CO H -PI I - - ----' 1 • 2 • o v mer 
R, R:, I R. ~ -, . 

Amino An11no 
1 

dipeptide I 
acid acid · 

NUCLEIC ACIDS (3 stages) .RNA shown- DNA lacks OH on 2' position 

l_adeninel 

t;'Ha 
~C, ,...N~ NH 

~· · ·n '\:u , 2 

• 
HC~ • _!C, • / N~~C,...N~ 

N r I II CH - Polymer r- ., HC~ ,...C, / 
I Hll N N 0 H OH. 

I _....,.. -....... ~c~ / 
I uo·l . _....,..o........_ ,, _....,.. -....... , , !..!--..!....•'/ ........ ~~C H,,,. ___ , ,...C H H C, 0-~=0 

/C H H C, ; OH I OH H \1., i/ H OH 
H ~~t/ H :. __ I_!;O'Ji=o .... c -c . 

f. 
8~enosine'ou ; "!"' [~J. ~=;,=-=----:~-_-_"}l]b 

adenylic acid . J 

dinucleotide (ApAp) 

The necessary ·removal of water during the formation of the biopolymers has been, and is, 
a major problem in the study of chemical evolution. The trouble is that if the chemist 
wishes to remove the elements of water from two organic molecules he will not choose 
water as his solvent. Simple con~iderations of the equilibrium concentrations of 
reactants and products (often expressed as the 11Le Chatel ier pri nci p le 11

) indicates that 
the absence of water will promote the biopolymer formation. In chemical evolution 
research, however, there is a widespread notion that t~e biologically-relevant chemistry 
of the prebiotic Earth took place in aqueous media. This notion is based, first of all, 
on paleontology, which strongly indicates that life arose in the seas. In addition, the 
bottoms of lakes and shallow seas appear the best locales for chemical-evolutionary 
processes. There, the biomonomers would be protected from the destructive effects of 
ultraviolet radiation; in addition, the water would serve as a vehicle to bring reactants 
together. Although there is reason to believe that some key biopolymer formations may 
have taken place at relatively dry environments (as will be discussed below), we shall 
first review the investigations into plausible ways in which the biopolymers might have 
been formed in aqueous environments. 

Formation of Pe tides (A ueous Environment . Some progress has been achieved in 
forming pept1 es 1n ,, ute aqueous so u 10n at room temperature. This has been done by 
using simple high-energy .analogs of the carbodiimides (RN""C:;:NR'_), reagents that have been 
used for some time to promote dehydration condensations in nonaqueous so 1 vents. One 
example is cyanamide, H

2
N-C:N, a known 11 primitive Earth 11 compound, that is, one that 
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appears on ir~~d~a~io~ of1CH?-N~!-H~O ~{xt~~e~ it f1··a tautomer of the. unstable parent 
of the carbodnm1des ser1es (HN=c=NR), and 1t has been used to prepare s1mple di- and 
te~ra-peptid:s.S The carbodi.imide reagent can selectively remove Hand OH from two amino 
ac1ds, even 1n the presence of water, to fonn a peptide bond (the carbod.iimide becoming a 
substituted urea): · . . 

H 0 H 
RlN=C=NR2 + R3yH•COOH + R4~H-COOH-+ RlN-~-NR2 + R3yH-CONHyH-COOH 

~H2 "m2 ~m2 k4 

It has also been shown that such condensations may be promoted by the presence of natural 
clay-mineral surfaces; the increased peptide formation appears to be the result of con­
centration effects on the surfaces. Another interesting result is that dicyanamide shows 
considerable selectivity in dipeptide formation--those peptide bonds that are the most 
coiTIIlOn in contemporary proteins ~. glycine-glycine) are the ones most easily formed 
by dicyanamide, 

Another interesting, 11 chemical-evolutionary 11 way to form peptides in a watery en­
vironment ,has been demonstrated by scientists at the Weizmann Institute in Israel.6 They 
made use.of amino-acid adenylates, whose general formula is: · 

-In these compounds the amino acid is attached to a phosphate group of a nucleotide (in the 
above example, adenylic acid, exactly as it is in transfer RNA). That is, these adeny-. 
lates are just the compounds employed in the protein building processes of contemporary 
living cells. The Israeli group found that in water solution, and in the presence of a 
day mineral (montmorillonite), the adenylates gave polypeptides with up to· approximately 
50 amino acid units. What happens is that the amino-acid NH2 group of one adenyl~te 
attacks the ·acyl group of another, with the simultaneous release of adenylic acid~ to 
give a dipeptide coupled to one adenylic acid. It is .the repetition of this process that 
gi.ves one, ·finally, several polypeptides; these may either be free or attached to one 
adenylic acid grouping. The process is shown below in a sketch adopted from reference 6: 

. . ~N 
<i ~ w+ ~ ·w-}:-" ye t-_N N} . 

H,N....-CH-c NH-CH--C. ' 0-P-O-kt?~ . . . t X g . 0 . 
I . 0 . . . I H H NH:N 

· · ltY.-~Y &J 
NHa-cH--c-~r~ 

. OH OH 

A number of discrete molecular-weight groupings were found; probably this is related to 
some not yet understood feature of the mineral surface • 
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. . Formation of Pol nucl~otides (A ueous Environment . The monomeric unit of the .· 
nucl~1c ac1 s, t e ~uc e~t1des adeny 1c ac~d 1n the example shown earlier in this report) 
cons1sts of a nucle~c-ac1d base (~, aden1ne), a sugar ~~ ribose), and a phosphate 
~roup. The bases and sugars are kn?wn produc~s of chemical-evolutionary experiments, and 
1n the.presence of water the predom1nant chem1cal form of phosphorus is as phosphate. The 
cyanam1de reagents have also been used to form, in dilute aqueous solution at room temper­
ature, the necessary base-sugar and sugar-phosphate bonds. Consequently, the nucl eoti des 
would. have ac~umulated on the prebiological Earth. What .progress has been made in under­
standlng poss1ble routes for their prebiotic polymerizations? 

. T~e fiast research that should be mentioned here is that by Goulian, Kornberg, and 
S1nshe1mer.. They showed that the following transformation will take place: 

aadeoside tripbospbate 
+ 

'"plimer" nucleic acid 

enz;yme (e.c~. 
polymerase) 

Me++ 
newly synthesized 

nucleic acid 

If the "primer" is left out of the reaction mixture, nucleic acid synthesis still occurs, 
but at a slower rate. The nucleoside phosphates (includi.ng triphosphates such as ATP) 
have been synthesized under more or less prebiotic-Earth conditions, and magnesium ion 
has always been abundant. Although the above reaction will not take place at ar.y measur­
able rate in the absence of enzyme, perhaps some day a chemical-evolutionary catalyst 
(such as the proteinoids or microspheres mentioned above) may be found that can be sub­
stitute~ for the enzyme. 

In more typical chemical evolution experiments, Sulston et al. have shown that carbo­
diimides induce in di 1 ute water sol uti on (about 0.01 M in all reactants), at room tempera­
ture, the formation of di- and trinucleotides from mixtures of nucleosides and nucleo­

,.t.i.des.9 The .y.ields_are quite good-~a few percent .. Furthermore, these reactions are aided 
by the presence of synthetic polynucleotides, and the Watson-Crick pairing rules seem to 
apply. For example, the adenosine-adenylic acid condensations are aided by the presence 
of polyuridylic acid, and the guanosine-guanylic acid condensations are aided by poly­
cytidylic acid. Although unnatural (2'-5') as well as the natural (3'-5') sugar linkages 
are formed, this work demonstrates a likely route for polynucleotide, or nucleic acid, 
synthesis on the prebiological Earth. 

It has also been shown that imidazole, the five-membered ring that is present in the 
amino acid, histidine, and in the nucleic-acid Burints, is a catalyst for the oligomeri- · 
zation of the mononucleotide, thymidylic acid.l The same catalyst, which forms in 
chemical-evolution experiments (from HCHO and ammonia), has also been shown to promote 
the formation of peptides from amino acids.ll · · 

The intimate association of the proteins (enzymes) and the nucleic acids in the 
living cells' reproductive processes le:ds to the belief that these biopolymers were 
closely associated together in their syntheses in the prebiotic world. Perhaps th~y 
served as cross-catalysts: polypeptides catalyzing polynucleotide synthesis, and v1ce 
versa. In our laboratory we have recenny developed a system wherein oligopeptides a~d 
oli.gonucleotides appear simultaneously. We were led to this system by the observat1ons 
reported from other laboratories, and cited above, that imidazole is a cataly~t in 
separate peptide- and oligonucleotide-forming systems. We have found small y1elds (a ~· 

_few percent) of both alanine oligomers and adenylic-acid oligomers from an aqueous solu­
tion o.r alanine, ATP, imidazole, and MgC1 2 . The solution was heated for about four hours 
at 60-80° until a thick, clear gel was formed. The presence of the oligomers was esta­
blished by a combination of ion-exchange, paper, and gas-liguid chr~matographies. ~he 
temperature employed, and the need to form the gel, make t~1s expen~nt ~ess th~n 1deal 
from the chemical-evolutionary viewpoint. However, we bel1ev~ that, 1 n t1me, su~ tab 1 e 
surface catalysts will be found so that simultaneous polypept1de and polynucleot1de 
formation may be demonstrated in dilute solution at room temperature. 
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. Fonnation of P tiYesU No~-a4<·te&~s ~nvffon¥en~. 7Here we need to comment that eve 
gran~ing that t .. e f1rst iving ce s.pro a y appeared in the water, key biopolymer: .n 
form1ng steps m1ght have been taken 1n.a relatively non-aqueous environment. Consider 
the.followi~g possi~le scene o~ the ~reb~otic Earth: at high tide, ocean waves deposit 
the~r.solutlon o! d1ssolved am1no ac1ds 1n·pools on a shore where there is geothermal 
act1v1ty. The t1de then recedes, the water evaporates, and the amino acid deposit heats 
up to ~oooc ~r above. The ~mino acids are converted to protein-like polymers. The tide 
come~ 1n ag~1n,. the waves d1ssolve th~ polymers and/or cause them to be adsorbed on clay 
part1cles--1n e1ther case, the sta'ge 1s set for further chemical evolutionary progress. 

In just this way, by heating mixtures of dry amino acids, protein-lik; polymers 
called "proteinoids", have been formed by S. W. Fox and his collaborators. These poly-
mers show many of the properties of biological proteins--fo.r example, peptide (or natural 

• protein) bonds, molecular weights in the thousands, hydrolysis by proteolytic enzymes, 
and .some enzyme-1 ike activity. · The protei noi ds a 1 so show sel ecti viti es with respect to 
which amino acids are predominantly incorporated, and toward the production of favored 
molecular..;weight classes. In addition, they display some interesting self aggregation 
properties; these are described below under 11 Biopolymer Structures and Aggregations ... 

Formation of Pol nucleotides (Non-a ueous Environment . Little work has been done, 
and litt e success attaine , in in ucing t e format1on, under dry conditions, of poly­
nucleotidesfrom the mononucleotides. However, some interesting results have been. 
obtained in work with nucleoside cyclic 2' ,3'-phosphates. First, it has been shown that 
these compounds could have been formed under possible prebiotic conditions; for example, 
the heating of uri dine (1 00° for 24 hrs) with NH4H2Po4 and urea gives a 37% yi e 1 d of the 
uridine cyclic 2• ,3'-phosphate. Second, it has been observed that, on heating (25-85oC) 
in the presence of amine r~talysts' these cyclic phosphates give yields of up to 25% 0~ 
oligomers (mostly dimer). · Perhaps, like the peptides, dry conditions may have contn­
buted to, or even been necessary for; the appearance of the first polynucleotides on the 
J?.reb_toti c. Earth. 

Formation of the Polysaccharides. As in the cases of peptide and polynucleotide 
formations, water must be removed from the monomeric unit (~, glucose) to form the 
polymer (~, starch): 

CH20H 

T~oH t-o 
c-o . r--,H, I \ /OH 

H, I \ ...rOH : /c OH H c" . --Disaccharide -Polymer 
/C OH. H C,L_!f.JO '\1 r/ · H 

HO \ 1 1/ . H C-C 
· c-c ' 1 

1 I H OH 
H OH .· 

Sugar Sugar . 

As yet no "prebioti c-Earth" experiment has demonstrated the formation of polysaccharides 
from sugars in aqueous so 1 uti on. However, as anyone who has prepare~ carame 1 knows, th­

·.sugars polymerize rather easily on application of mild heat. Extens1ve research has been 
done on the variety of polysaccharides that are formed on the mi ~d (~. lOooc) heat treat­

\ ment of glucose and other sugars.l4 With respect t? the m?nome~1c un~ts, the sugars 
• themselves, it is easy to see how they were formed 1n preb1olog1cal t1mes. More than a 
.. century ago the Russi.an chemist Butlerov showed that forma~deh~de (one of the pro~ucts 
formed in 11 primitive Earth 11 atmospheres) condenses easily 1n d1lute aqueous alkall to.a 
complex mixture of sugars. Consequently, the resultant appearance of the polysaccharl des 
o~ the prebiological Earth is easy to visualize. 

Formation of Futs. The fatty (also called aliphatic or carboxyli~) acids is another 
class of biopolymerswhose appearance on the prebio~ogical Earthw~:l1ke~y. It has oeer. 
.demonstrated that a wide variety 9f hydrocarbons, Wl th molecular we1 ghts 1 n the hundreds' 
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.~re for~d.on the.pa~sage of ionizin9 radiati?n. through methane. It has also been shown 
that i onlZ~ ng rad1 a t1 o~ causes the dl rect add1 t1 on of CO to a hydrocarbon to form the 
c?rrespond1ng fatty ac1d (RH +CO ~RCO H) and to amfnes to form amino acids. In·· 
v1ew of these results,.we_should femark her€ that, even in the predominantly-reduced 
atmosphere of the preb1ot1c Earth, the presence of some co

2 
would be expected. 

. It has also been demonstrated that exposure· of methane and water to a semi corona 
~1sch~r~e results in the fonnation of monocarboxylic acids from C to c .lo Products 
1 dent~ fled. were acetic, propi ani c, butyric, isobutyric, va 1 eric, ~so val J~i c, and ; so­
caprolc ac1ds; mass spectroscopic evidence indicated that the c

6
-c

12 
acids were 

predominantly branched-chain. 

. Since the fats are esters of glycerol, it should be mentioned that glycerol is a 
m1nor product of the Butlerov reaction referred to above.16 The synthesis of fatty acids 
and of glycerol under conditions that probably prevailed on the prebiological Earth leads 
us to believe that there was a steady production of fats at that time. 

Biopolymer Structures and Aggregations 

The preceding discussions indicate that there is some understanding of how the bio­
polymers may have accumulated on the prebiological Earth. However, the biopolymers in 
our contempora~ biology have precise structures, or conformations, and they aggregate 
in rather precise ways. Recent research in biochemistry and molecular biology strongly 
supports the notion that these structures and aggregations are the expected result of 
~he intrinsic characteristics of the biopolymers themselves. 

If we think of the successive attaching together of, for example, amino acids under 
prebiological Earth conditions, we see that the end result might be a simple random coil. 
Its only structure (the 11 primary .. structure of the biochemist) would be that of its indi­
vidual constituent amino acids. In contrast, natural proteins, including the enzymes, 
have an ordered three-dimensional structure or conformation •. The principal manifestation 
of this structure is the helical form that the proteins assume; it is an example of · 
11 Secondary 11 structure .• In addition, there is a 11 tertiarl' structure, a regular folding 
of protein helices back upon themselves. 

The helical, secondary structure is held together principally by hydrogen bonds, 
and this structure may be disrupted by a change in external conditions, such as the 
temperature or the pH of the protein'~ solution. ~o~ever, such changes, or ~oss of 
structure, are reversible; a restorat1on of the or1n1nal temperature or pH w11l restore 

·the 'helix. It is also of note that polymerization studies have shown that the rate of 
lengthening of a polypeptide chain increases as soon as a helical configuration is 
reached.l7 In other words, a helical polypeptide acts as a kind of catalyst for. the 
reactions that increase its own chain length. It is also known that we can part1ally 
disrupt and reform a hydrogen-bonded tertiary structure while leaving th~ seco~dary . 

. structure essentially intact. These changes can be followed by change~ 1 n van ?us . 
protein spectra (ultraviolet absorption~ nuclear magnetic resonanc~, c1rcular dlch:o~sm, 
and optical rotatory dispersion). For elaborations of. these. techn1ques for determ1n1~~ 
protein structure the reader is referred to a recent d1scuss1on by Mahler and Cordes. 

The need for precise shapes (conformatio~s) of proteins in. contemp?rary biology is 
most apparent in the mechanisms of enzyme act1ons. The e~zymat1~ pr~te1ns m~s~ have 
precise conformati?ns in order that reactive centers ar~ ~n r.rec1se JUXtapos1t1ons. 
This is necessary 1n order that the substr?te mo~e~ule f1 ts perfectly onto the. 
enzyme's reactive site. Losses of enzymat1c act~vlty.has been well corr~lated w1th 
losses of the particular shapes of enzymes. It 1s qu1te s~re that ?ur ~lfe.would n?t 
be possible without the existence of a high degree of spat1al organ1zat1on 1n protelnS. 

S.ince ou·r biological proteins have an inbuilt tendency to regain a disrupt~d 
conformation, we have reason to believe that an abiogenetically produced, random-coil 
polypeptide, or protein, would do the same thing. The appearance on the prebiological 
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Earth of.proteins with many of the same propert1es, including the conformations, of 
contemporary proteins, appears likely, if not inevitable. 

Much of the same may be said about the nucleic acids. Their conformations are 
necessary for replication, that is to say, for the .transmission of genetic information. 
The nucleic acid change from a random coil to the helical structure may also be foll01ved 
both by spectral changes and by altered behavior during centrifugation.· The random coil­
helix chan9es are reversible; again we are led to the supposition that, on the prebiotic 
Earth, polynucleotides would tend spontaneously to assume the conformations that we find 
essential for contemporary life. 

The living cell is an extraordinarily complicated assemblage of biopolymers and 
metabolites. Merely to say that we can envisage the formation of the biopolymers and 
of many metabolites on the prebiological Earth is a long way from saying that we under­
stand how the first living cell was assembled. Yet there are some intriguing hints. For 
example, the "proteinoids" mentioned above show a surprising tendency to aggregate into 
forms that are curiously similar to the gross morphology of the living cell. This effect 
is manifest when proteinoids are dissolved in warm water, and the solution then allowed 
to cool. When the resultant solution (and suspension) is viewed under the microscope, it 
is seen to contain a great number of sma 11 globules, or "mi crospheres". These are fairly 
uniformly sized, about 2 microns in diameter (in the size range of many living cells). 
They have internal substructure, or compartmentalization, and they hav~ a double-walled 
outer boundary-or membrane. They even show a kind of growth by accret1on from the solu­
tion; followed by the development of spherical protuberances that break off and form new 
microspheres. Many other properties suggestive of living cells have been ob~erved 
(staining characteristics, catalytic activity, and motility). In the format1on and 
morphology of the microspheres we appear to be seeing in organic polymers an intrinsic 
tendency to aggregate and form deta i 1 ed structures. 

_Thj..s.same tenden._c_y is seen between nucleic acids and pro~eins. ~his h~s been . 
dramatically shown in the spontaneous partial reassembly ?f v1~uses (1nclu~1ng a r~turn 
of infectivity} that have been disrupted into their nucle1c ac1d and prote~n.constlt~-. 
ents, 9 Si nee vi ruses are usually considered to. be near the c~nter of th~ 11 v1 ng-non 1 1 Vl ng 
continuum, these results are parti cu1 arly important for chem1 ca 1 evo 1 ut10n. · 

The emergence of 1 ife undoubtedly depended on th~ i ntri ns i c pro~erti es of the bi a­
-po-lymers that caused them to "shape up" and to form orderly aggrega t1 ons. 
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