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AUTOCATALYSIS AND ALL THAT®
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“The search for the chemistry of life’s origin is a search for potentially primordial

autocatalytic cycles.” (Eschenmoser, 2007a)

Autocatalysis is an immensely popular concept and a term which is frequently encountered in origin of
life literature. Much of this interest and the activity related to it lies in the realm of theory and
computation, particularly with reference to complex systems and the origins of homochirality. Some
controversial aspects of the latter subject have recently been discussed by Blackmond (2009). However,
autocatalysis is both real and important. It is encountered in such familiar phenomena as the maintenance
of a flame or the occurrence of an explosion. We are, in fact, surrounded by examples of autocatalysis in
everyday life. However, the subject has been the focus of an unusual degree of interest in the area of

origin of life research.

Autocatalytic copying of template information has been explored with polynucleotides, several kinds of
polynucleotide analogues and even with polypeptides, at various information levels and with varying
degrees of success. For all these cases the role of molecular complex formation under the directing
influence of hydrogen-bonding and other forms of weak (non-covalent) interactions is familiar and
understood. Even small-molecule autocatalytic replicators, such as those studied by Rebek and colleagues,
work on the basis of the same principles and contain a binding region which operates as a template
(Tjivikua et al., 1990; Wintner and Rebek, 1996 and references therein). These phenomena have been
modeled experimentally. In contrast, another - largely hypothetical - example of autocatalysis has seen

something of a resurgence of interest recently.

* Dedicated to Professor Dr. Albert Eschenmoser, on the occasion of his 85™ birthday.
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While the general phenomenon of catalysis by small molecules is a familiar phenomenon in organic
chemistry, there appear to be only a few examples known of autocatalytic reactions involving small
molecules of possible prebiotic interest. Complex systems such as the Belousov-Zhabotinsky reaction
(Noyes, 1990) are therefore not considered here, although it is frequently mentioned as an example of
self-organizing autocatalysis of relevance to origins of life (see, for example, Lazcano, 2010). An
example of a very simple autocatalytic reaction with interesting morphological properties of potential
prebiological relevance has been based on the formation of fatty acid micelles. The micelles were
generated via the hydrolysis of a fatty acid ester and catalysis of the reaction was shown to result from the
uptake of ester into the micelles (Bachmann et al., 1992). Weber has also inferred autocatalysis in the
reaction of triose sugars with ammonia (Weber, 2007).

The most well-known example of an autocatalytic reaction of possible prebiotic interest, however, is the
familiar formose reaction. First described by Butlerow (1861), the mechanism of this base-catalyzed
autocatalytic condensation of formaldehyde was clarified by Breslow (1959). A series of publications by
Weiss, Socha and co-workers (Socha et al., 1980 and references therein) examined a number of aspects of
the reaction. However, a claim that the occurrence of the formose reaction depends on the presence of
impurities (presumably traces of carbohydrate) was reinvestigated by Schwartz and de Graaf (1993), who
concluded that this view was not correct. The autocatalytic reaction does not require strongly basic
conditions and is catalyzed by a number of minerals (Gable and Ponnamperuma, 1967; Reid and Orgel,
1967; Cairns-Smith et al. 1972; Schwartz and de Graaf, 1993). However, this exponentially expanding
reaction system is always destructive if allowed to continue.

The initial supply of formaldehyde is consumed and converted to a highly complex mixture of products.
Perhaps fortunately for biology, the formose reaction is an exceptional example of autocatalysis, since all
products of the reaction system can interact with the starting material to contribute to its ultimate
destruction. The reaction is frequently described as a possible prebiotic source of carbohydrate, but due
to the usual results obtained, this would not seem to be a valid suggestion.

Successful approaches to carbohydrate synthesis from formaldehyde have avoided the autocatalytic
reaction itself by the use of conditions which suppress it, as in the first such demonstration by
Eschenmoser and colleagues, which utilized glycolaldehyde phosphate as a starting material. In the
presence of formaldehyde and under basic conditions, aldopentose diphosphates were preferentially
synthesized, including 33% of ribose-diphosphate (Muller et al., 1990). Recent examples of synthetic
strategies which also avoid autocatalysis include the application of high concentrations of borate (Ricardo
et al., 2004), of silicate (Lambert et al., 2010) and possibly also the earlier use of magnesium and lead

hydroxides as catalysts (Zubay, 1998).
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A rather different proposal concerning the possible occurrence of autocatalysis by small molecules seems
first to have been muted more than fifty years ago. The concept described as “reflexive catalysis” appears,
at first glance, to be fairly simple (Allen, 1957; Calvin 1969). In outline, it involves the idea that the
product of a synthetic reaction chain might exert a catalytic influence on an earlier reaction in the chain
and thereby catalyze its own formation.

The suggestion is that the reaction chain producing the catalyst would consequently “out-compete” other
reaction chains. The concept therefore implicitly infers the emergence of exponential growth. Such an
idea is appealing, but we may ask how common such effects actually are. The short answer seems to be
that they are not encountered very frequently. Even in the realm of template-directed autocatalysis, using
carefully designed systems, exponential growth is difficult to achieve (Kiedrowski, 1993).

The idea of autocatalysis via a metabolic cycle is a rejuvenated version of reflexive catalysis. In a review
entitled “The implausibility of Metabolic Cycles on the Prebiotic Earth” Leslie Orgel - with characteristic
succinctness - remarked: “Lack of specificity rather than inadequate efficiency may be the predominant
barrier to the existence of complex autocatalytic cycles of almost any kind.” (Orgel, posthumous, 2008).
Nevertheless, the subject of autocatalytic networks seems not to have lost its appeal. What apparently was
a first version of the idea can be found in Ycas (1955) and has been revived once more by Shapiro (2006).
It is not clear what, if any, evidence exists which would underpin such a process. Experimental modeling
of ideas by the sometimes tedious route of the careful synthesis of candidate compounds and the directed
testing of specific molecular interactions, as has been employed with remarkable success by Albert
Eschenmoser (see 2007a and 2007b for some general discussion of principles) has produced spectacular
results (for example, Bolli et al., 1997). In contrast, vague invocations of the importance of self-
organizing networks have thus far offered little in the way of directions for future research. It is probably
no accident that biology makes no use of small molecule autocatalysis, but of specific interactions driven
by several kinds of weak bonding. This phenomenon includes, of course, the binding sites and activities

of enzymes.
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