[bookmark: _Hlk222725561][bookmark: _Hlk211758704][bookmark: _Hlk222948411][bookmark: _Hlk211757162]The emergence of homochirality 
[bookmark: _Hlk222873011]Every time you ride in a car, you experience the advantages of homochirality. A car is chiral: it has handedness and is not superimposable on its mirror image. The reflection of a car with LH steering is a car with RH steering. Cars with LH and RH steering are genuinely different objects with different properties and behaviors. 
Imagine driving on the Atlanta connector at rush hour in cars with mixed RH and LH steering. In a 50:50 LH/RH mixture (racemic), driver responses and traffic flow would be even worse than in our homochiral LH steering system (in the US). The disadvantages of racemic steering can be seen in eastern Russia, where mixed RH and LH steering creates heterogeneous interaction geometries, reducing coordination and safety (1).
[bookmark: _Hlk222897544]RH and LH steering demonstrate the network effect. For a car in isolation, there is no advantage to either configuration: a lone car in the desert functions equally well with RH and LH steering. The advantages of homochirality emerge when cars interact.
RH and LH steering illustrate chirality linkage, in which one chiral subsystem constrains others. Left-hand steering constrains driver position, sightlines, dashboard layout and headlight directionality.
Molecules
[bookmark: _Hlk222735462][bookmark: _Hlk222899327][bookmark: _Hlk223035103]What Russia experiences with cars Louis Pasteur saw with molecules. In 1848 he discovered that a racemic mixture of molecules can spontaneously unmix and separate into homochiral assemblies (2). He demonstrated that chirality can direct molecular assembly; like cars, homochiral molecules can interact more favorably than racemic molecules. This differential interaction is powerful enough to unmix racemic mixtures into homochiral assemblies.
[bookmark: _Hlk222898263]Polymers
Chirality is especially impactful on the level of polymers. A racemic polymer, with mixed chirality of each building block, is an ensemble of many distinct molecules, each with different properties. A racemic decapeptide comprises 210=1,024 chemically distinct molecules called stereochemical isomers; a racemic 100-mer protein comprises ∼1030 distinct molecules. 
[bookmark: _Hlk222869355]Homochiral polymers differ fundamentally from racemic polymers. Synthetic homochiral polymers like L-polypropylene can form well-ordered assemblies that are semicrystalline with well-defined melting points and high strength (3-5). The racemic versions form amorphous assemblies that are sticky and mechanically weak. 
Biopolymers
[bookmark: _Hlk223032334]Biochemistry is homochiral. Biopolymers are made exclusively with L-amino acids (proteins) and D-sugars (nucleic acids). Biochemistry is impossible without homochirality. Racemic biopolymers are intrinsically polymorphic and unable to fold to structurally determinate states, and do not form regular protein secondary structures (α-helices, β-sheets) or nucleic-acid helices (A- or B-form). Without homochirality there could be no genotype–phenotype relationship. No two biopolymers would be identical.
Where did homochirality come? 
[bookmark: _Hlk222869810][bookmark: _Hlk223034598]The origin of homochirality has been considered a puzzle. Some models invoke circularly polarized light (6) or chirality-induced spin selectivity (CISS) on mineral surfaces (7). These models are inconsistent with observation: abiotic molecules are racemic (e.g., Bennu (8)). They are also teleological, selecting chirality before it affects the properties of networked molecules and polymers.
[bookmark: _Hlk211759626]In a non-teleological model that incorporates known molecular behavior, homochirality in biochemistry is a real-time product of chemical evolution. Chemical evolution selects on the basis of chemical properties. The properties of homochiral molecules differ from those of racemic molecules. 
From polymer chemistry, homochiral systems interact productively and assemble readily, whereas racemic systems do not (3-5). From peptide chemistry, short homochiral peptides readily assemble (9). If a racemic mixture of building blocks condenses to form short oligomers, a substantial fraction will be homochiral and will have proficiency for assembly. Assembly, in turn, confers persistence under hydrolytic stress and enables catalytic function (10-13). Therefore, by known mechanisms, homochiral oligomers accumulate over racemic counterparts. In this framework, homochirality emerges by selection for assembly.
[bookmark: _Hlk222870471]Why L-amino acids and not D-amino acids. 
[bookmark: _Hlk223034719][bookmark: _Hlk222946398]The basis of LH and RH steering is contingent on capricious nucleation factors that are not relevant to modern cars (14). LH and RH steering trace to colonial network propagation, right-handed access to swords, Napoleon’s left-handedness, and Henry Ford’s manufacturing decisions. The steering-side “winner” in any given country is contingent and arbitrary; it does not arise from superior performance or inevitability. However, once a network convention is established, it locks in regardless of its origins.
[bookmark: _Hlk223034817][bookmark: _Hlk222947010][bookmark: _Hlk222946904]Homochirality is necessary for biochemistry; the absolute chirality is contingent. The absolute stereochemistry in biochemistry (L vs D for amino acids; D vs L for sugars) is likely contingent and arbitrary like LH and RH steering are contingent and arbitrary. 
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