[bookmark: _Hlk221697020][bookmark: _Hlk222261959]Macromolecules, Polymers and Biopolymers
[bookmark: _Hlk222359943][bookmark: _Hlk222361502][not final] The origins of life is equivalent to the origins of biopolymers. Understanding the origins of life requires an understanding of biopolymers. Cartoons like the central dogma and RNA information/catalysis are not especially helpful in this effort. We need to understand distinctions between macromolecules and polymers and between abiotic, synthetic and biological polymers. We need to understand the essential and wholistic nature and fantastical properties of biopolymers.
[bookmark: _Hlk222360258][bookmark: _Hlk222260625][bookmark: _Hlk222259947][bookmark: _Hlk222261370][bookmark: _Hlk222260635]Macromolecules. A macromolecule is a large molecule composed of chemical elements that are not necessarily repeating. Kerogens (1) are complex mixtures of macromolecules derived from biological systems that have been deposited in sediments and transformed through diagenesis. Melanoidins (2) are complex mixtures of macromolecules formed by condensation reactions between sugars and amino acids. Tholins (3) contain macromolecules produced by irradiation of mixtures of N₂, CH₄, CO, and CO₂. Kerogen and melanoidins are biologically sourced. Tholins are abiotic and are found on Titan and elsewhere in the solar system. Macromolecules cannot form specific assemblies.
[bookmark: _Hlk222360357][bookmark: _Hlk222258828][bookmark: _Hlk222434000][bookmark: _Hlk222434079][bookmark: _Hlk222434378][bookmark: _Hlk222434867][bookmark: _Hlk222435313][bookmark: _Hlk222435602][bookmark: _Hlk222448965]Polymers: A polymer s a large molecule composed of repeating structural units (called monomers, residues, or building blocks) connected by repetitive covalent bonds (4). Polymers have backbones and repeat chemistry. Polymers can be linear or branched and can be very large, with molecular weights of millions of Daltons. Polypropylene (5), nylon (6), and Teflon (7) are synthetic polymers. Minerals like silica (8), with (-O-Si-O-Si)n repeats, can be considered a abiotic inorganic polymers in three-dimensional networks. There are very few examples of abiotic non-synthetic linear polymers on Earth. To our knowledge sulfur (9), selenium (10), and tellurium (11) are the only abiotic polymers detected on extant Earth. 
[bookmark: _Hlk222452826]Abiotic polyphosphate can be generated under high-temperature and dehydrating conditions and has been observed in the laboratory and inferred in geochemical contexts (12). However, there is no clear evidence that polyphosphate exists as a persistent species or has accumulated as a significant abiotic polymer in natural environments on Earth  (13).
Hi Loren 
Good to hear from you!  So last year (more specifically Oct 2024-Oct 2025) was a year I'd love to forget.  Tough 12 months but I'm doing better now.   How are things for you?

 So that's a good question- I did hear once of attempts to make glycol-phosphate polymers (ref below).  They can be formed but never saw any practical applications if I remember correctly.  

So for polyphosphates the largest that have been observed geologically and are presumed abiotic are (linear) triphosphate or (cyclic) tetrametaphosphate (refs below).  Nothing bigger.  In my opinion, the conditions that are required for polyphosphate formation—hot, dry, without an excess of divalent cations—may push instead to cyclization instead of linear polymers.  There's probably a sweet spot, environmentally, that could permit linear polyphosphate formation, but it's likely not common.

Biologic polyphosphates are pretty common, and I think get close to 100 phosphate units.  Kornberg did much of the work there, with his students continuing. 

Hope that helps!
Matt



[bookmark: _Hlk222360534]Biopolymers: The universal biopolymers of life are RNA, DNA, polypeptide and polysaccharide. Biopolymers are composed of homochiral monomers, and contain C, H O, and N (and sometimes P), are linear and directional, and are made by condensation dehydration reactions that are unfavorable in water but are driven in vivo by hydrolysis of ATP, GTP or UTP. 
[image: A diagram of different types of molecules

AI-generated content may be incorrect.]Biopolymers have the following properties: 
(i) [bookmark: _Hlk171948082]Complementarity. Complementarity is a structural and chemical matching between molecular surfaces that enables specific, noncovalent association (14). Cohesive (self) complementarity is seen in a-helices, b-sheets, base pairs and cellulose. Adhesive (non-self) complementarity is seen in RNA-protein complexes, DNA protein complexes, etc.
(ii) Homochirality. Homochirality is necessary for complementarity. A racemic polypeptide of 100 amino acids is a mixture of 2100 different molecules. Diverse ensembles cannot assemble specifically.
(iii) [bookmark: _Hlk222340042]Recalcitrance: One of the most astounding proficiencies of biopolymers is their ability to manipulate their own kinetic trapping (15-17). Unfolded mRNA hydrolyzes quickly, whereas folded rRNA and tRNA hydrolyze slowly. Glycosidic bonds between glucoses hydrolyze far more slowly in cellulose (assembled) than in glycogen (not assembled). Polypeptide follows the same pattern. Protein fibers and amyloids are most resistant to hydrolysis. Recalcitrance is based on complementarity – assemblies, built on complementarity, resist chemical transformations.
(iv) Mutualisms. A cell is a consortia of biopolymers in mutualism relationships (18). Protein is made by RNA in the ribosome. RNA is made by protein in RNA polymerase. Amino acids are consumed to made nucleotides. Nucleotides are consumed to make amino acids. Biochemistry is an irreducible biopolymer network.
(v) Function switching: A general characteristic of universal biopolymers is the capacity to fundamentally remodel structural and functional landscapes via extremely subtle chemical changes (15). Removing one atom of the RNA backbone to form the DNA backbone changes assembly states, helical form, hydrolytic lifetime, and catalytic proficiency. Changing the anomeric linkage of polyglucose from a(1,4) to b(1,4) changes the assembly state, hydrolytic lifetime, and functions. Conversion of polyalanine to polyglycine converts -helix to intrinsic disorder.
(vi) Coding: Coding is the specification of building block sequences within biopolymers (19). 
(vii) Emergence. The properties of biopolymers cannot be predicted from the properties of building blocks (15).
[bookmark: _Hlk221694982]Biopolymers are in a special chemical space that is very remote from known abiotic chemical systems. Biopolymers appear to be beyond the creative capacity of abiotic chemistry and beyond our ability to engineer or comprehend. For example we cannot predict protein or RNA folding from first principles. Machine-learning tools such as AlphaFold are not first-principles solutions; they interpolate within the historical record of evolved biopolymers. They are based on pattern recognition, not fundamental physical derivation.
[bookmark: _Hlk222360676]The Origins of Life. There are two broad classes of OOL models that are relevant here. In one broad class, one or more biopolymers arose via fortuitous chemical processes and initiated Darwinian evolution. In a second broad class of models, biopolymers are the product of intense and prolonged chemical co-evolution. In this model, a broad array of ancestral proto-biopolymers is now extinct. 
In our view the first model is a just-so story of vanishingly low probability. This model is characterized by survivorship bias, teleology, discontinuity and chicken/egg fallacies. The second model requires a process of chemical evolution about which we know very little. We cannot use chemical evolutionary processes in the lab to generate molecules with the properties approaching biopolymers. 
Darwinian evolution presupposes biopolymers—it cannot begin without replicating systems capable of heredity and variation. The central problem of the origins of life is not the origin of replication per se. It is the origin of biopolymeric matter with the properties and relationships required for replication. We are faced with an explanatory gap: Darwinian evolution explains the refinement of biopolymers but not their origins. One can propose a non-Darwinian chemical evolutionary processes that operated before the emergence of template-directed replication, but must validate that proposal via experiment. Efforts to accomplish this are ongoing in multiple laboratories.
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