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A systematic review of catalytic activities in thermal 
proteinoids and microspheres aggregated therefrom 
yields some new inferences on the origins and evolu- 
tion of metabolism. Experiments suggest that, instead 
of being inert, protocells were already biochemically 
and cytophysically competent. The emergence and re- 
finement of metabolism ab initio is thus partly traced 
conceptually. When the principle of molecular self- 
instruction, as of amino acids in peptide synthesis, 
is taken into account as a concomitant of natural 
selection, an expanded theory of organismic evolu- 
tion, including saltations, emerges. 

In the stepwise evolutionary emergence of life on this 
planet, new microstructures arose spontaneously. Ex- 
periments in the production of proteinoid micro- 
spheres suggest that the transition from appropriate 
inanimate matter to organized cell-like structures, i.e., 
protocells, occurred easily and often [1-3]. 
This view brings into focus the question of which 
came first: cellular structures or cellular functions. 
Prior to collection of data from proteinoids and 
proteinoid microspheres, popular assumption placed 
the emphases on structure first; the protocell or its 
equivalent was thought of as a static entity composed 
of disorderly polymers (e.g., [4]). Such a view is related 
to the yet earlier vitalistic concept that only living 
things could synthesize organic compounds [5]. It is 
in the era of organic chemistry that we have learned 
that many biological activities are rooted in carbon 
compounds that can be separated from cells. 
The functions that are intrinsic to proteinoid micro- 
spheres are now known to be numerous. The reports 
are somewhat scattered in the literature; they are 
partly assembled in textbooks (e.g., [1, 2, 6-8]). The 
catalytic functions of microspheres are reviewed here 
in a systematic fashion. In addition to catalytic activi- 
ties, the proteinoid microspheres have proliferative 

activity, selective membranes, infrastructure, what ap- 
pears to be some protobehavioral properties [9, 10], 
etc. The accumulated data indicate that the micro- 
spheres are dynamic, not static. Accordingly, the pro- 
tocells on Earth were already dynamic. 
The assumption that the first organisms were static 
was prevalent at the time that the principal structural 
models for protocells were coacervate droplets made 
from polymers such as gum arabic and gelatin, them- 
selves inactive. Studies of coacervate droplets made 
from biopolymers were instructive by providing in- 
sight into principles of organization of cells as we 
know them, and into related phenomena. This was 
not, however, relevant to the protobiogenetic ques- 
tion; catalytic activity in such droplets was studied 
only when it, too, was introduced by inclusion Of 
contemporary enzymes in the droplets [11]. A more 
relevant approach was that of Herrera [12], who as- 
sembled models of protocells from small compounds 
rather than from biopolymers. Herrera's work was 
however done at a time that was mostly too early 
for a systematic technological examination of the ques- 
tion of enzymic activity. This question could be ap- 
proached with proteinoids and microspheres because 
the proteinoids arise from smaller molecules, amino 
acids, under geologically relevant conditions [13]. The 
conversion to polymers of sets of amino acids ob- 
tained from lunar samples or from meteorites [14], 
and then to microspheres from those polymers, has 
been shown by Rohlfing [15]. 

Catalytic Activities in Proteinoids 

The various kinds of catalytic activity that have been 
found in various preparations of proteinoid are listed 
in Table 1. These activities have been recorded from 
various laboratories. Activities are both catabolic and 
anabolic, the latter with ATP. The catabolic activities 
include esterolysis, phosphatolysis, decarboxylation, 
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Table l. Enzymic and related activities in thermal copolyamino 
acids 

Activity Ref. 

Esterolysis [16 19] 
Phosphatolysis [20, 21] 
Decarboxylation [22 24] 
Amination [25] 
Deamination [26] 
Oxidation [22, 27] 
Photochemical decarboxylation [28, 29] 
Hormonal (MSH) [30, 31] 
Peptide synthesis [9, 32-34] 
Internucleotide synthesis [35] 
Loss of activities by heating, DFP [17, 19] 
Enzyme inhibition by polymers [36] 
Effects on growth [37-39] 

amination, deamination, and oxidoreduction. The 
anabolic activities include syntheses of peptide and 
internucleotide bonds. In addition, proteinoids have 
been shown to possess hormonal [30, 31], photochem- 
ical [28, 29], and enzyme inhibitory activities [36], 
and effects on growth of bacteria [37], plants [38] 
and animals [39], as well as simulated protobehavioral 
functions [10]. 
Although many proteinoids have been found, in a 
number of laboratories, to have catalytic activities 
for conversion of substrates, these activities can be 
only a minor fraction of those known to occur in 
modern cells. The results to date suggest that the 
more basic proteinoids are more often catalytic than 
are the acidic proteinoids. 

Meaning of Self-Instruction of Amir~o Acids 
to Catalytic Activities in Proteinoids 

The presence of measurable catalytic and other activ- 
ities in proteinoids is rooted in the self-instructing 
power of amino acids [6]. On the basis of self-instruc- 
tion, it is possible to rationalize the existence of many 
copies of a single catalytic macromolecule in any one 
generation of macromolecules. We thereby under- 
stand much more catalytic activity for a given sub- 
strate than one could expect in a "random polymer" 
(cf. [40, 411). 
The mechanism of self-instructing has been partly 
explained by the function of pyroglutamic acid as 
an N ~ C polymerization initiator [42]. The principle 
of self-instruction of amino acids is evident also in 
Lipmann's nonribosomal synthesis ,of antibiotic poly- 
peptides [43, 44], and in an earlier report of selective 
synthesis of peptide anilides by enzymes [45], when 
the determinant effect of the amino acids on protease 
specificity [46] is recognized. 

Inhibitors of Enzymes 

A number of thermal polyamino acids have been 
found to be inhibitors of modern enzymes [36] ; speci- 
ficities have been observed. This kind of result has 
led to a detailed study of requirements for copoly- 
amino acid inhibitors of glyoxalase I, because of its 
proposed relationship to the cancer process [47]. Inas- 
much as inhibitors have been found for a number 
of modern enzymes, the concept of proteinoid inhibi- 
tors for protoenzymes is a plausible one. On this 
basis, control mechanisms were present at the outset 
of cellular evolution. 
The proteinoids provide the variegation and variety 
necessary for enzymes, protoenzymes, or inhibitors 
[1, 36]. One or more of the proteinoids has been 
found to meet the salient requirements of enzymes 
such as Michaelis-Menten kinetics, pH-activity cur- 
ves, etc. [48]. 

Assembly Mechanisms 

Proteinoid microspheres (simulated protocells) form 
with great ease from almost all of the wide variety 
of thermal copolyamino acids [1] that have been 
studied. 
The mechanism of assembly has been proposed as 
partly one of intermeshing of branched macromolecu- 
les [9]. Intermeshing is visualized because acidic 
proteinoids have been shown to have one branch for 
each eleven residues in the mainchain [49]. This degree 
of branching is comparable to that of amylopectin 
[50] or gelatin (collagen) [51]. Amylopectin yields gels 
[50] while acidic proteinoid and gelatin each yield 
microspherical structures [52]. 
In a number of ways, the most interesting micro- 
spheres are those composed of both acidic proteinoid 
and more basic (lysine-rich) proteinoid. In this kind 
of assembly, interaction between polyanion and poly- 
cation, as well as intermeshing, must be involved. The 
presence of both kinds of proteinoid in the same 
proteinoid microsphere has been established [53]. The 
production of polycationic-polyanionic microspheres 
by mixing the two types of polymer was first described 
in 1963 [54]. The simultaneous production of both 
polymers from a single matrix was later discovered 
and described in 1975 [55]. However prepared, the 
mixed microspheres are stable at high pH or high 
temperature in aqueous solution [54, 55] 
A key question in assembly of microspheres of any 
type is that of whether the catalytic functions of the 
proteinoid are incorporated into microspheres assem- 
bled therefrom. Theoretically, incorporation of activ- 
ity should be anticipated unless conditions of warm- 
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ing were to inactivate proteinoid. Thermal inactivation 
of catalytically active proteinoids has been observed 
[171, but it need not be total. Moreover, many 
microspheres, especially the mixed polycationic-po- 
lyanionic type, are made from highly undersaturated 
solutions without warming. Of special interest is the 
finding of enhanced activity in mixed microspheres 
[9]. 

Catalytically Active Microspheres 

All of the catalytically active proteinoids that have 
been assembled into microspheres, and were then test- 
ed for catalytic activity, have been found to have 
that activity (Table 2). The inclusion of two catalyti- 
cally active proteinoids in one microsphere prepara- 
tion can yield synergistic effects. For example, when 
peroxidatic proteinoid was aggregated around un- 
equilibrated, or "immature", seeds of phosphatatic 
proteinoid, the resultant suspension displayed more 
peroxidatic power than found in a suspension of the 
same mass of proteinoid of the peroxidatic type pres- 
ent alone in microspheres. Even though this could 
be a consequence of greater relative surface in smaller 
microspheres, the difference is a real one. In the in- 
verse case in which phosphatatic proteinoid coated 
peroxidatic seeds, no enhancement was observed 
[561. 
Another kind of mutualism is observed when acidic 
proteinoid is complexed with lysine-rich proteinoid 
[9] into phase-separated microparticles. The ability 
of proteinoid to catalyze the formation of peptides 
from free amino acids and ATP is a property of the 
lysine-rich type. While acidic proteinoid is inactive 
in this respect, it enhances the activity of lysine-rich 
proteinoid. Acidic proteinoid has other catalytic 
properties [57]. Lysine-rich proteinoid forms micro- 
spheres of itself in salt water [58] and together the 
two proteinoids interact to form stable, dynamic mi- 
crospheres able to withstand a wide range of pH and 
to catalyze peptide synthesis [9]. 

Table 2. Enzymelike and related activities incorporated into pro- 
teinoid microparticles 

Activities Ref. 

Catabolic catalyses 
Decarboxylative 
Peroxidatic 
Phosphatatic 

Anabolic catalyses 
Polynucleotide-synthetic 
Peptide-synthetic 

Cooperative catalyses 

[22] 
[56] 
[56] 

[351 
[9, 32, 341 

[561 

It is the mixed microspheres that have been shown 
able to synthesize internucleotide as well as peptide 
bonds [32]. Since the modern genetic process requires 
synthesis of both types of bond, internucleotide (nu- 
cleic acids) and peptide (proteins), such microspheres 
may have provided an ideal environment for the devel- 
opment of the genetic code. It is also the mixed 
microspheres that have been shown to resemble primi- 
tive algae upon fossilization [59]. The possibility that 
microfossils are indeed silicified microspheres has re- 
ceived renewed attention recently [60-62]. 

Interpretations 

The number of phenomena that are plausible as pri- 
mordial functions in the absence of prior nucleic acids 
is especially worthy of note. The explanation for this 
fact is visualized as manifest by a stage of evolution 
in which the self-instructing of amino acids could 
have played a role subsequently assumed by genetics 
coded in nucleic acids. Polynucleotides would, in- 
stead, have appeared in such a protocellular matrix 
(cf. [63]). Since the polyamino acids have order trans- 
mitted by their own instructions, the chicken-egg 
question of nucleic acids-or-proteins first is resolved 
[61. 
In this context, several aspects of the theory of evolu- 
tion of metabolism come into purview: 
1. The most fundamental matrix for metabolism is that 
of variegated copolyamino acids: proteins contempo- 
raneously, and proteinoids in the primordial context. 
The various sidechains: carboxyl, amino, guanidino, 
imidazolyl, sulfhydryl, disulfide, alcoholic, phenolic, 
alkyl, and benzenoid provide the raw groups for con- 
temporary enzymic function. That simple list does 
not represent the variety possible, however. The full 
scope is represented by the plethora of interactions 
of different assemblages of these groups within indi- 
vidual macromolecules. Evolutionary fine-tuning 
would have been possible with different numbers of 
reactive groups and even with varied intergroup dis- 
tances within individual copolyamino acids. 
The above roster of individual reactive groups of dif- 
ferent amino acids is one we can assign to proteins 
with much certainty. We of course do not know what 
the roster was for the original terrestrial proteinoids. 
While it seems likely that they were fewer in number, 
they may have been more than ten [64]. The principle 
of geometrical magnification of types of macromole- 
cular bioactivity should in any event have applied 
to yield a very large number of types of whichever 
groups were present. 
2. As a consequence of the astronomical number of 
variations in copolyamino acids and their deploy- 
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Fig. 1. Stepwise emergence of living organisms, as modelled in the laboratory 

ments of reactive sidechains, a plethora of protoen- 
zymes wouldhave existed. It is not necessary to answer 
a question of how a specific enzyme structure would 
have arisen for a specific function. A more appro- 
priate question is how and why there occurred natural 
selection from so many candidates for the functions 
that we study in contemporary organisms. 
3. The fact that thermally copolymerized amino acids 
yield polymers of which some (lysine-rich) proteinoids 
combine with others to yield cellular structures that 
can make their own peptides helps to provide a connect- 
ed flowsheet of  organic evolution (Fig. 1). The evolu- 
tionary transition from a geothermal synthesis of pep- 
tides to a physiological-type of peptide synthesis using 
ATP in the presence of water thus would have oc- 
curred especially through a lysine-rich proteinoid. This 
result helps to provide inferences on the evolutionary 
development of protein biosynthesis prior to an era 
of coding. 
The question of how large are the peptides that arise 
in this fashion is being explored. As experiments on 
origins become more constitutionally biochemical and 
less environmentally geochemical, however, our think- 
ing must itself become more biochemical than that 
which has characterized most publications in the "ori- 
gin-of-life" area. We undoubtedly need now to think 
in biochemical terms such as priming and pumping. 
Proteinoids participating in evolution could also func- 
tion as polyamino acid primers. In this context, pump- 
ing means repeated availability of intermediates such 
as ATP. It is through such biochemical devices that 

we can visualize how the concentrated materials of 
prebiotic simulation experiments evolved to the dilute 
concentrations on which the modern cell's biochemi- 
cal processes are constructed [65]. 
4. The first cells already had a high level of biochemical 
competence. The popular view is exemplified by the 
1957 statement of A.I. Oparin [4], who said, "All that 
we can expect (are) .... organic polymers in the shape 
ofpolypeptides and polynucleotides, assemblages hav- 
ing, as yet, no orderly arrangement of amino acid 
and nucleotide residues adapted to the performance 
of particular functions. 
These polymers were, nevertheless, able to form mul- 
timolecular systems .... only by the prolonged evolu- 
tion of these systems .... (arose): metabolism, pro- 
teins, nucleic acids and other substances .... which 
characterise the contemporary living organism" 
Although Oparin has shared [11] some of the newer 
view from experiments performed since 1957, the 
above quotation represents rather widespread per- 
sistent thinking as well as Oparin's earlier perspective. 
The newer view emerged, as it only could, from expe- 
riments performed with polymers produced under 
prebiotic geothermal conditions. It is these experi- 
ments that showed that proteinoids already had ar- 
rays of biological activities. This perspective could 
not have been derived from experiments employing 
evolved polymers. 
None of these comments are to deny that much of 
metabolism developed during evolution. That evolu- 
tion could proceed, however, because protometabo- 
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]ism existed. Pathways could have lengthened when 
two proteinoids were in juxtaposition in solution, 
e.g,, 
oxaloacetic acid basic proleinoid pyruvic acid 
acid proteinoid acetic acid + COz [57]. 

A more lasting form of evolution would have been 
combinations of proteinoids within a single evolving 
protocell [56]. 
5. Proteinoids of different catalytic activities can link 
in the same population of proteinoid microspheres [56]. 
The microspheres made from combined proteinoids 
have enhanced catalytic activities and a larger number 
of activities. We can consequently visualize that, by 
this process buttressed by phenomena of microsphere 
conjugation and microsphere division [1], metabolic 
pathways could have been lengthened. Lengthened 
pathways could have been inherited through repro- 
duction of the microspheres having linked catalytic 
abilities. The lengthened pathways, however, could 
have become fixed in the evolutionary development 
only when they were rooted in polyamino acids syn- 
thesized by the evolving protocells themselves. The 
onset of genetics coded through nucleic acids synthe- 
sized, transcribed, translated, etc. through polyamino 
acids [66], and in turn made by an ATP:lysine-rich 
polyamino acid mechanism [9], would have provided 
a more secure, more efficient inheritance of biochemi- 
cal pathways. 
This explanation differs from that of the reverse evo- 
lution of biochemical steps [67], That explanation re- 
quires mutation in the context of already coded gene- 
tics; it leaves unspecified the origin of the coding 
mechanism. The present explanations derived from 
experiments and the earlier suggestion [67] are not 
mutually exclusive. The present one is to be under- 
stood as a mechanism of lengthening of metabolism 
in a stage of evolution prior to the onset of coding 
of protein biosynthesis in nucleic acids. The 
proteinoid answers, which emerged from the special 
kind of constructionistic investigation demanded by 
the basic question [68], thus permits an explanation 
for the evolution of biochemical pathways ab initio. 
6. The assembly of diverse active proteinoids illustrates 
the potential for variation in evolution. Visualization 
of the opportunities for variation in protocells depen- 
dent upon the assembly of proteinoids of diverse com- 
position [56] has contributed to amplified thinking 
about Darwin's theory of natural selection. The fact 
that each copolyamino acid is ordered by its matrix 
of amino acids signifies that natural selection from 
proteinoid microspheres on the primitive Earth did 
not have to occur from units assembled from statisti- 
cally random arrays of precursor macromolecules. An 
amplified definition of evolution of organisms is a 
conceptual consequence. It states that the evolution 

to and of organisms has consisted of natural internally 
directed assembly processes interdigitated with natural 
selection of the products [69]. The to-and-of proviso 
relates to the assumption that processes yielding the 
first organism would not be greatly different from 
those by which more evolved organisms are gener- 
ated. 
The concept that nature experimented in the assembly 
of several interacting components into single struc- 
tures furthermore provides the possibility for deeper 
understanding of the processes of macroevolution. 
The origin of the protocell, as modelled by the 
proteinoid microsphere, can be viewed as a prime 
example of saltative assembly [69]; the product ap- 
pears to be "discontinuously" different from the 
components of the amino acid matrix (cf. [70], p. 176). 
When extrapolated into the origin of assembly of 
organelles [69], the selective quality of stereomolecu- 
lar interactions eventuating in the prime example of 
assembly of a protocell [6, 71] helps to explain what 
has looked to some like design and direction in Dar- 
winian evolution [70]. 
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