[bookmark: _Hlk180178077][bookmark: _Hlk180737771][bookmark: _Hlk172583673][bookmark: _Hlk173786168][bookmark: _Hlk170566240][bookmark: _Hlk167524196][bookmark: _Hlk170571860][bookmark: _Toc171067215][bookmark: _Hlk218415576]Biopolymers
[bookmark: _Hlk181784658][bookmark: _Hlk180738264][bookmark: _Hlk180738738]Biopolymer sequence evolution occurs by reasonably well-understood Darwinian processes. Here we address a different issue, which is the evolution of backbones of polypeptide, polynucleotide, and polyglycan. We separate the big question of biopolymer backbone evolution into two distinct sub-questions. (i) Do the properties and behaviors of backbones suggest they were created by evolutionary processes? (ii) Are there reasonable and defensible mechanistic models of those evolutionary processes? Over some years we and others (1-3) have worked to understand the possibilities and potential of evolutionary creation of biopolymer backbones. 
[bookmark: _Hlk187224218][bookmark: _Hlk187224392][bookmark: _Hlk187224448][bookmark: _Hlk187195136][bookmark: _Hlk170601251][bookmark: _Hlk181786365]Products of evolution have distinctive and recognizable properties and behaviors, which we call footprints of evolution. Distinctions between evolutionary and non-evolutionary products apply across scale. Organisms, organs, organelles, molecular assemblies, and biological molecules are distinguishable from products of non-evolutionary physical, chemical, or geological processes. Recognizing biopolymer backbones as products of evolution provides a basis for understanding their current behaviors and their origins. The distinction between evolutionary and non-evolutionary molecular products can assist with NASA efforts to observe biosignatures beyond our planet. We start by enumerating the characteristics of known products of evolution, the brain and the ribosome, and compare those characteristics to those of biopolymer backbones. 
The brain is a product of evolution. The brain has function – to integrate and store information and to organize organismal actions and responses through transmission of electrical and chemical signals. The brain is fragile. The human brain is composed of nearly 90 billion neurons with precise spatial organization and functions.(4) The structure of the human brain is slowly being unraveled, allowing us to understand its functions.(5) 
The ribosome is a product of evolution. The ribosome has function - to read mRNA and synthesize coded protein. The ribosome is fragile. The structure of the ribosome is directly related to its functions.(6-8) The ribosome is a molecular machine of hundreds of thousands of atoms in precise locations in 3D space,(9) comprising a peptidyl transferase center, a decoding center, and a polypeptide exit tunnel.  
[bookmark: _Hlk173969121][bookmark: _Hlk174021810][bookmark: _Toc170746114][bookmark: _Hlk170603665][bookmark: _Hlk180259900][bookmark: _Hlk180260307]The brain and the ribosome are imprinted with footprints of evolution. These footprints provide evidence of evolutionary origins and information on evolutionary histories. Although the scale is molecular, we can ask if analogous information is available within biopolymer backbones. Do biopolymer backbones display footprints of evolution? Yes. Molecular footprints of evolution are defined and explained in detail in the narrative below. Non-evolutionary chemical and physical and geological processes do not leave evolutionary footprints. Interstellar polycyclic aromatic hydrocarbons are not fragile, do not have function, and are not imprinted with footprints of evolution. 
[bookmark: _Toc218398415][bookmark: _Hlk187403385]Molecular Footprints of Evolution 
[bookmark: _Hlk187341944]A function is conventionally described as an activity that contributes to organismal fitness. To understand molecules, we extend that definition to say that molecular function contributes to molecular fitness, which directly or indirectly enables molecular persistence. Biopolymer backbones are so intensely functional that they have persisted on Earth, unchanged, for around 4 billion years. 
Biopolymers are based on long, organic backbones synthesized by condensation-dehydration chemistry via phosphorylated intermediates.(10) Biopolymers are fragile, meaning that they are thermodynamically unstable and kinetically trapped.
Footprints of evolution are found in shared biopolymer properties including; 
(i) [bookmark: _Hlk171948082]Poly-function and Function Switching,
(ii) Complementarity and Self-complementarity,
(iii) Recalcitrance: Intrinsic and Extrinsic Control of Chemical Fragility,
(iv) Molecular Mutualisms,
(v) Emergence. 
[bookmark: _Hlk180103319][bookmark: _Hlk187401755]We believe these concepts, some of which we have invented or appropriated, and some of which are well-developed in the literature, have explanatory power for biochemistry and biophysics in general. Each of these terms is described in detail in the following narrative. 
[bookmark: _Toc218398416][bookmark: _Hlk171960831][bookmark: _Hlk170597749][bookmark: _Hlk171177311][bookmark: _Hlk171977527]Poly-function and Function Switching 
[bookmark: _Hlk174175247][bookmark: _Hlk175233140]What is poly-function? Poly-function is access to broad landscapes of function. Poly-function arises from untold iterations of evolutionary selection, exaptation, reselection, and re-exaptation. For example, ancestors of human metacarpus and phalanges (hands) were recursively selected/exapted for a variety of functions before they were selected for propulsion and stability in water (as fish fins), after which they were selected for terrestrial quadrupedal locomotion, then for climbing, grasping, communication, tactile exploration, etc. This long chain of recursive selection/exaptation leads to poly-function. The function of human hands is simply to be broadly functional. Human hands have utility in boxing, writing, driving, swiping left, etc., functions that extend beyond those specifically selected during evolution. 
[bookmark: _Hlk168350270][bookmark: _Hlk167883212][bookmark: _Hlk172795150][bookmark: _Hlk167541080][bookmark: _Hlk168351607][bookmark: _Hlk167008193][bookmark: _Hlk170801457]Biopolymers, like human hands, are poly-functional (Figures 1 and 2). Polypeptide (Figure 1) can be intrinsically disordered and can form -helical, -sheet and mixed / globular enzymes,(11) and a broad variety of fibers,(12) motors,(13) containers,(14) transporters,(15) sensors,(16) and signals,(17) optical devices,(18-20) adhesives,(21) pores,(22) brushes,(23) and pumps(24). Globular enzymes have insides and outsides - solvent-accessible surfaces and solvent-shielded interiors. The interiors are ideal for functions such as catalysis of organic reactions. Polynucleotide has an expansive array of functions and is informational,(25) catalytic,(26 , 27) and structural.(28) Polysaccharide has a broad array of functions and can form single, double, or triple helices,(29, 30) worm-like chains,(31) cell walls,(32) insoluble fibers that are chemically robust,(33) and soluble dendrites(34) (Figure 2) that can hydrolyze quickly and release chemical energy on demand. Each type of biopolymer backbone is poly-functional. 
[bookmark: _Hlk167630055][bookmark: _Hlk167630091][bookmark: _Hlk175511486][bookmark: OLE_LINK1][bookmark: _Hlk170597708][bookmark: _Hlk167630476][bookmark: _Hlk170685254][bookmark: _Hlk170904259]A general characteristic of biopolymer backbones that contributes to poly-function is the capacity to fundamentally remodel structural and functional landscapes via extremely subtle chemical changes. Insertion of prolines into a polypeptide abolishes the ability to form -helices or -sheets and tips structure toward non-catalytic collagen-type assemblies(35). Conversion of polyalanine to polyglycine converts -helix to intrinsic disorder(36). Removing one atom of the RNA backbone to form the DNA backbone changes assembly states, helical form, hydrolytic lifetime, and catalytic potential(11). Changing the anomeric linkage of polyglucose from (1,4) to (1,4) changes the assembly state, hydrolytic lifetime, and functions. This minor chemical change converts cellulose(33) to amylose.(30) Introducing 10% (1,6) cross-links coverts amylose to glycogen(34). 
[bookmark: _Hlk171010583][bookmark: _Hlk172583867]In sum, biopolymers have poly-function and proficiency to remodel functional landscapes upon subtle chemical change. Chemical species produced by non-evolutionary processes do not have function or poly-function and do not undergo function-switching. Poly-functionality and function switching cannot be explained by mechanisms other than origins by evolution.
[bookmark: _Toc218398417]Complementarity and Self-complementarity 
[bookmark: _Hlk172583897][bookmark: _Hlk167632604]Molecular complementarity within and between biopolymers contributes to fine control of structure and function. The polypeptide backbone is intrinsically self-complementary, as seen in the matched hydrogen bonding donor/acceptor arrays of -helices or -sheets.(10) Polyglucose is self-complementary, as seen in assemblies of amylose(30), cellulose(33), and many other assemblies  (Figure 2). The sidechains of DNA and RNA are complementary as seen in duplex DNA and structural RNAs.(11) 
Biopolymers are hetero-complementary. Proteins can specifically recognize and bind to proteins, DNA or RNA, polyglycans, and small molecules. An example of complementarity of protein and polysaccharide is seen in Figure 3. The broad competence in self- and hetero-complementarity is not seen in non-biological organic polymers and is consistent with co-evolutionary origins.
[bookmark: _Toc218398418]Recalcitrance: Intrinsic and Extrinsic Control of Chemical Fragility
[bookmark: _Hlk171944224][bookmark: _Hlk170977350][bookmark: _Hlk172449247][bookmark: _Hlk187196492][bookmark: _Hlk171008594][bookmark: _Hlk171010329]Evolution produced fragile polymers(37-44) that paradoxically dominate much of the chemistry of the Earth. Biopolymers are large, complex, and fragile (thermodynamically unstable and kinetically trapped). Biopolymers degrade spontaneously in aqueous media.(37-44) The negative free energy of hydrolysis (positive free energy for condensation-dehydration, ) is illustrated in Figure 4. Given sufficient time, DNA, RNA, polypeptide, and polyglycans degrade in water into small monomeric building blocks. Biopolymers persist in part because of kinetic trapping. Building blocks are linked by bonds that have high intrinsic activation energies of hydrolysis, as indicated by  in Figure 4. Kinetically trapped bonds include phosphodiester, peptide, and glycosidic bonds.(37-44) 
[bookmark: _Hlk171289128][bookmark: _Hlk171007792][bookmark: _Hlk171426661][bookmark: _Hlk170978911]One of the most astounding proficiencies of biopolymers is their ability control their own destinies by manipulating kinetic trapping and thermodynamic stability.(45, 46) The extent and type of biopolymer assembly (Figures 1-3) modulates chemical lifetimes in ways that are not predicted by  (Figure 4)(45, 46). To describe this phenomena in general, we appropriated the term recalcitrance and define it as a general tendency of assembly to increase chemical lifetimes (persistence).(45, 46) The term recalcitrance is taken from carbohydrate chemists(33) who use it to describe the resistance of polyglucose in crystalline cellulose to hydrolysis. Polyglucose in crystalline cellulose is completely unreactive, even to enzymes.(47) The activation energies for essentially any chemical transformation of cellulose include the term  (Figure 4C), meaning that the activation energy for a reaction includes the free energy of disassembly. Cellulose recalcitrance is a barrier to biofuel production. 
[bookmark: _Hlk172666335][bookmark: _Hlk171179374][bookmark: _Hlk171297183][bookmark: _Hlk171293667][bookmark: _Hlk171293768]Cellulose is not unique in its recalcitrance. All biopolymers access recalcitrant states. Fibrous proteins and amyloids hydrolyze more slowly and are more persistent than globular domains(48, 49). Disordered linker regions between globular domains hydrolyze more readily than globular domains(50, 51). Assembled collagen is so recalcitrant it has been detected in dinosaur fossils.(52, 53) Single-stranded DNA is more vulnerable to chemical and nucleolytic degradation than double-strand DNA(39, 54, 55). Folded tRNAs and rRNAs are persistent and robust (Figure 3b) while unfolded mRNAs are labile and short-lived.(46) Polyglucose can persist for hundreds of millions of years(56), or not,(34) depending on its assembly state. Biopolymers fall on a continuum; some biopolymers maintain reduced reactivity in assemblies(57-59) while others are essentially unreactive in assemblies.
[bookmark: _Hlk171064606][bookmark: _Hlk111115710][bookmark: _Hlk187320407][bookmark: _Hlk171232655][bookmark: _Hlk171295801][bookmark: _Hlk187223153][bookmark: _Hlk187223085]Goldilocks Recalcitrance.  Nucleic Acids are incredibly sophisticated in that they apear to have the greatest range and control of persistence. Intrinsically, RNA is especially labile,(60) meaning that  (Figure 4) is less for RNA than for other biopolymers. Self-cleavage of RNA involves nucleophilic attack of the 2'-oxygen of the ribose on the adjacent phosphorous atom. The reactivities of 2'-oxygens and the chemical lifetime of RNA are modulated by folding. Using simulation and experiment we validated a Goldilocks model of RNA recalcitrance (Figure 5).(46) As experimental models we used yeast-tRNAPhe, the Tetrahymena ribozyme P4–P6 domain and polyU20 (polyuridylic acid 20-mer). For RNAs that fold, local maxima in lifetime are surrounded by conditions of greater lability. For example, RNAs can resist cleavage under conditions where Mg2+ folds the RNA. Increasing [Mg2+] beyond the folding threshold or decreasing to less than the folding threshold increases rates of cleavage. Goldilocks regions were observed when RNA was ∼95% folded, whereas a control RNA that does not fold, rU20, did not display Goldilocks behavior. Goldilocks recalcitrance explains how lifetime landscapes are modulated by specific characteristics of RNAs and by conditions related to monovalent and divalent cation concentrations, ligand concentrations, water activity, and temperature. RNAs that do not fold, do not access Goldilocks self-protection. Self-cleaving ribozymes are exempt from Goldilocks behavior because their folding increases rates of cleavage. We propose that Goldilocks recalcitrance was a selectable trait of biopolymers during pre-Darwinian evolution.
[bookmark: _Hlk171064924]Hetero-Recalcitrance. Biopolymers can shelter and protect each other. Nucleic acids are recalcitrant when bound by proteins. Mutual recalcitrance is the basis of enzymatic and chemical footprinting of DNA-protein or RNA-protein complexes.(61-63) Because of hetero-recalcitrance, interactions between nucleic acids and proteins can be mapped with reactive chemical probes, including hydroxyl radical, dimethyl sulfate, and lead acetate. Regions of nucleic acids that interact with protein are more recalcitrant (less reactive) than unbound regions. We believe that hetero-recalcitrance was an important mechanism of co-evolution of biopolymers in the evolutionary lead-up to Darwinian processes.
[bookmark: _Hlk172026184][bookmark: _Hlk171331077]Recalcitrance and Evolution. Biological systems display incredible control of chemical reactivities and can manipulate both the activation energies and net free energies of any given reaction, in isolation of all other reactions. Enzymes stabilize transition states and decrease activation energies by . In contrast to enzymes, recalcitrance can decrease a reaction rate in one direction without affecting the rate in the reverse direction (Figure 4). Recalcitrance increases thermodynamic stability and modulates reactivity in one direction only. Cellulose is an extreme but is not an anomalous example of recalcitrance. For this system the assembled state is completely unreactive;  is equivalent to the free energy of assembly. The general proficiency for control of chemical reactivity by biopolymers allows us to recognize them as products of evolution, and not products of non-evolutionary physical, chemical, or geological processes.
[bookmark: _Toc218398419][bookmark: _Toc170746116][bookmark: _Hlk167746337]Mutualisms
 We argue that evolutionary concepts can have significant explanatory utility in chemistry and biochemistry, offering frameworks to understand structures, functions, and origins of molecules. Mutualisms illustrate this power. Formalisms developed by biologists to describe mutualistic relationships at cellular, organismal, and ecosystem levels can also elucidate cooperative interactions among biopolymers and other biological molecules. By viewing molecules as participants in mutualistic networks, we can learn about chemical and biological complexity, and emergence and evolution.(64) 
[bookmark: _Hlk172315191]A mutualism (Figure 6) is a persistent and intimate interaction that benefits partnering species.(65, 66) A mutualism is reciprocal exchange; a species proficient in obtaining certain benefits confers those on a second species, which reciprocates by conferring different benefits on the first species.(67) Mutualisms are everywhere in the biosphere and are fundamentally important in ecology.(68) All species on Earth participate in mutualisms. Mutualisms can increase productivity, abundance, and temporal stability of both mutualists and non-mutualists in food webs.(69) Mutualisms (i) sponsor co-evolution, (ii) foster innovation, (iii) increase fitness, (iv) inspire robustness, (iv) are resilient and resistant to change, and (v) involve partners that are distantly related with contrasting yet complementary proficiencies. 
Mutualisms were previously understood to operate on levels of cells, organisms, ecosystems and even societies and economies. The eukaryotic cell is a culmination of mutualism between simpler prokaryotic cells.(70-72) The majority of land plant families are mycorrhizal. This plant-fungi mutualism is traceable to the origins of land plants.(73) Flowering plants such as the fig (Ficus spp., Moraceae) and insects such as the fig wasp (Agaonidae, Chalcidoidea) form obligate mutual relationships (Figure 6B).(74) The wasp depends on the fig for food and the fig depends on the wasp for pollination. Pollen-bearing female wasps initiate seed production in the fig by delivering pollen. The fig provides each wasp larva with a fig seed, which is consumed by the wasp. 
[bookmark: _Hlk172584082]The formalisms describing mutualisms on levels of cells, organisms, and ecosystems apply equally well to molecules.(64) For example, biopolymers are synthetically interdependent. RNA synthesizes protein in the ribosome and protein synthesizes RNA in polymerases. Mutualisms describe hetero-recalcitrance. By forming assemblies, biopolymers protect each other from chemical assault. Proteins and peptides promote folding and functions of RNA(75-80) and vice versa.(81, 82) Mutualisms describe protein-based pores and pumps in bilayer compartments.(83) A cell can be understood as a consortia of molecules in mutualism relationships; an Amazon Jungle of molecules (described by the interactome). Mutualisms drive co-evolution, thereby resolving 'chicken and egg dilemmas'(84) in the chronology of RNA and protein origins.
Molecular mutualisms can also be manifested as covalent linkages between different classes of biopolymers. For example, polyglycans covalently linked to proteins comprise 50% or more of the total molecular weight of a glycoprotein. Protein glycosylation, which is a result of co-translational or posttranslational modification, affects protein solubility, folding, and aggregation. Lipidation of peptides and proteins with long-chain lipids, which is a common endogenous post-translational modification in today’s biology, has been shown to induce membrane association. Lipidation can modify the biophysical properties of the covalently-linked peptides, including their water solubility, self-aggregation propensity, and thermal stability. 
[bookmark: _Hlk172563844]Molecular Mutualisms in the Origins of Life. In evolutionary models of proposed here, molecular mutualisms predate biopolymers. In these models, mutualisms were important among molecular ancestors of DNA, RNA, protein and polysaccharides, providing mechanisms of biopolymer co-evolution. Mutualisms between molecules in a prebiotic environment would have expanded the chemical landscape and the space for chemical selection. We hypothesize that ancestral mutualisms involved hetero-recalcitrance, chaperoning of folding or solubility, catalysis and auto-catalytic cycles. 
[bookmark: _Hlk181791181][bookmark: _Hlk181789935]We have experimentally confirmed mutualisms between RNA and proto-peptides (polyesters and depsipeptides), which form easily in dry-down reactions. Depsipeptides contain backbone ester linkages in place of some amide bonds, and are proposed to be the ancestors of peptides.(85, 86) Depsipeptides form readily under mild dry-down of mixtures of hydroxy acids and amino acids.(85, 87-91) Ester linkages enable the formation of amide bonds through a process of ester-amide exchange.(85, 88, 89) We have observed that this catalytic conversion of esters to amides is not reversible under the conditions of the experiment due to kinetic trapping. This lack of reversibility suggests a special relationship between activation energies, free energies of reaction, and temperature. Such special relationships are expected from evolutionary processes.Figure 7. Hetero-Recalcitrance and Molecular Mutualism in a model prebiotic system. a) A schematic diagram of a complex of a cationic depsipeptide and an RNA duplex. b) A kinetic model of hetero-recalcitrance in which the rate of hydrolysis of a depsipeptide is reduced by association with RNA. c) An experimental demonstration of hetero-recalcitrance showing that the rate of hydrolysis of a depsipeptide is reduced by association with an RNA duplex. This image shows HPLC traces (270 nm) of intact and cleaved depsipeptides at various time points in the presence or absence of the RNA duplex at 37C. d) Association with cationic depsipeptides increases the stability of the RNA duplex to thermal melding. The RNA duplex is (5’-rCrGrCrUrArArArUrCrG-3’ and 5’-rCrGrArUrUrUrArGrCrG-3’, 2.5 uM strand). The depsipeptides (100 uM) are in buffered solution (10 mM phosphate, 100 mM NaCl, pH 7.0 or 10 mM acetate). Ac acetyl, Aba acetamidobenzoic acid was appended to the N-termini to increase UV absorbance. (adapted from Frenkel-Pinter, Nature Commun, 11, 3137, 2020. Available under a CC-BY 4.0 international license, copyright Loren Williams.).


[bookmark: _Toc218398420]Emergence
[bookmark: _Hlk171177458][bookmark: _Hlk180620358][bookmark: _Hlk170566266][bookmark: _Hlk170799719][bookmark: _Hlk170904858][bookmark: _Hlk187309788]Evolution is creative.(92) To paraphrase Dobzbansky:(93) Evolution is a creative adventure. It is creative in the sense that an artist is creative. It brings about absolute novelties, constellations of genes [and molecules] which did not exist anywhere before. Evolutionary creativity, as artistic creativity, involves a risk of failure, miscreation, which in the biological world means death, extinction. As noted by Maynard Smith, creativity in biology is hierarchical and chronological.(94) As noted by Jacob, biochemical creativity occurred early, before LUCA.(95) Metabolic creativity was next,(96) followed by multicellularity(97). Creativity in neurology is ongoing.(98)
[bookmark: _Hlk180650494][bookmark: _Hlk167631408][bookmark: _Hlk171981477][bookmark: _Hlk188174203]Evolution gives rise to emergence.(99) The products of evolution are always interdependent multi-component systems that exhibit emergence, where system properties differ fundamentally from the properties of isolated system components.(100) Emergence can be envisioned as passage through a metaphorical door; when a system transitions to a new emergent state, new rules materialize. Emergence gives rise to complex functions that are not evident in the isolated parts of the system. The ribosome, the spliceosome, and the mitochondrion are creative inventions of evolution that demonstrate emergence. The ribosome, the spliceosome, and the mitochondrion stand as witness to the power of evolution to foster emergence.
[bookmark: _Hlk171942794][image: ]Figure 8. Biological assemblies are emergent on polymerization. Emergence gives rise to new behaviors. A solution of small molecules will not crystallize or assemble with specific interactions or fold. However, if the small molecules are polymerized, especially in specific sequences, they spontaneously assemble, for example by folding. The colored shapes represent biopolymer building blocks. The gray line represents the biopolymer backbone.
[bookmark: _Hlk181825927][bookmark: _Hlk181938213][bookmark: _Hlk187277387]Each biopolymer is an emergent molecule. The structures, functions and properties of biopolymers are different from those of the monomeric building blocks. Monomeric amino acids do not self-assemble into enzymes, fibers, compartments, or motors (Figure 1). Those assemblies are emergent on polymerization (Figure 8). Similarly, the structures and functions of polysaccharides (Figure 2) cannot be achieved by monomeric sugars, as glucose alone does not form fibers, helices, or dendrites. The same holds true for RNA; monomeric nucleotides in aqueous solutions do not spontaneously form base pairs.(101) Each type of biopolymer behaves differently from its non-polymerized constituents, consistent with predictions of creation through evolution. The emergent properties of biopolymers are evidence for their creation via evolutionary processes. 
[bookmark: _Hlk167718056]It has been said that evolution can give the appearance of design.(102) Evolution creates complexity, functionality and emergent phenomena that naively seem to be designed for purpose.(103) Such appearance does not mean that evolution acts with intentionality or foresight; it does not. Evolution has no more consciousness or intelligence or foresight than do gravity or electromagnetism.(102) 
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