[bookmark: _Hlk203639071][bookmark: _Hlk203631751]Water

[bookmark: _Hlk213677872][bookmark: _Hlk212934177][bookmark: _Hlk207827990][bookmark: _Hlk213687878][bookmark: _Hlk213786426][bookmark: _Hlk201000070][bookmark: _Hlk201489764][bookmark: _Hlk200938704][bookmark: _Hlk200938491][bookmark: _Hlk200939235][bookmark: _Hlk188421444][image: ]Water established, shaped, and continues to constrain biochemistry and biophysics. Water is at once commonplace and strange. It is everywhere in daily life, condensing on cold beer cans, forming clouds, rain, lakes, and oceans, and sustaining all known life. It covers most of Earth’s surface. Water is the third most abundant molecule in the universe, after H₂ and CO (1, 2). It is deeply embedded in chemistry, biology, ecology, culture and the economy. This everyday familiarity obscures physical and chemical properties that are profoundly unusual— unlike those of any other known substance.
[bookmark: _Hlk213573922][bookmark: _Hlk213785264][bookmark: _Hlk213785681]The role of water in core of biochemistry has remained invariant across the tree of life, from the last universal common ancestor (LUCA) to the present, and from bacteria to archaea and eukarya. For nearly four billion years, water has been the dominant physical medium of biology - the primary bulk phase in which biochemical reactions occur, constituting the major constituent of living matter by mass (3-5). All of biology depends on the aqueous coordination of metal cations such as Na⁺, K⁺, Mg²⁺, Ca²⁺, and Zn²⁺, whose hydration shells determine effective size, charge distribution, and reactivity (6). Nowhere do we find biology that forms peptide, phosphodiester, or glycosidic bonds by mechanisms other than dehydration condensation (3, 7). Everywhere in biology, energy transduction depends on water as a nucleophile—ATP hydrolysis, GTP hydrolysis, and phosphoryl transfer all exploit water's reactivity to break high-energy bonds (7). Everywhere in biology we find membranes stabilized by the hydrophobic effect (7). Nowhere in biology do we find buffering, acid–base homeostasis, or redox equilibria independent of water’s amphoteric, dielectric, and hydration properties, which define proton mobility, pH and pKa scales, and redox reference potentials.A water molecule has two bonding orbitals and two non-bonding orbitals.

Water, through the hydrophobic effect, uniquely drives protein folding (8, 9), and drives nucleic acid and membrane assembly. Biopolymers spontaneously adopt highly ordered conformations with low configurational entropy, as hydrophobic interactions stabilize specific states while excluding others. Enzymes contain well-defined hydrophobic interiors, hydrophilic exteriors, and catalytic clefts that exclude or specifically localize water (10, 11). Water stabilizes transition states in enzymatic reactions by organizing electrostatic fields, mediating proton transfer, and forming transient hydrogen bonds (12). Water has endowed the Earth with dissolved salts and electrolytes (13), compartmentalization (14), and phase separation (15). Water's context-dependent effects include on-water versus in-water catalysis (16) and the contrast between dilute solutions and high-solids/low-water matrices (17)
[image: ]These diverse phenomena, taken together, suggest that water defines the chemical landscapes within which life and its origins can be understood. The profound entanglement of life with water means that its properties imposed not only diverse possibilities but powerful constraints during life’s emergence. While it might appear that the properties of water are finely tuned to support life, in fact water predated life, and life emerged and evolved in response to water’s physical and chemical characteristics. The causality runs from water to biochemistry, not the reverse: only certain molecular species and reaction networks could persist and evolve within it. Consequently, biology is composed of molecules that exploit, cooperate with, and resist water’s unique properties. These roles are not evolutionary accidents that became frozen in place—they reflect the physicochemical landscape established by water from the beginning. Dehydration–condensation, hydrolysis, the hydrophobic effect, amphoterism, and aqueous ion chemistry were not “chosen” by evolution but defined the stage upon which evolution could initiate and progress. Biopolymers are universally formed by condensation dehydration reactions, which release water (Figure 1) to link well-defined and modest sets of monomers. In the condensed state (solid or liquid) a water molecule, with pseudo-tetrahedral point symmetry forms cohesive interactions (hydrogen bonds) with other water molecules in pseudo-tetrahedral space symmetry.
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AI-generated content may be incorrect.]Proteins are formed by condensation of twenty types of amino acids. Polynucleotides are formed by condensation of four types of nucleotides. Cellulose, the most abundant polymer in the biosphere, is formed by condensation of one type of monomer – glucose (18). Complex cell-surface polysaccharides contain fewer than twenty different monosaccharides (19). Here we will limit our discussion of polysaccharide to polyglucose, encompassing cellulose, glycogen, amylose, amylopectin, and chitin (acetylated glucose). Net reactions for biopolymer formation by condensation dehydration and biopolymer degradation by hydrolysis. a) Protein. b) RNA. c) Polysaccharide. All biopolymers are chiral and directional with distinctive ends. Chiral centers (stars, shown in polymers only) and strand directionalities (arrows) are indicated. Blue boxes indicate (in toto) the atoms involved in the synthesis/degradation reactions.
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AI-generated content may be incorrect.]Universal biopolymers manipulate hydrolysis through folding, supporting models in which water was the primary selective agent during their emergence. By driving both folding and hydrolysis, water indirectly controls the thermodynamic and kinetic landscape of polymer degradation, a property known as recalcitrance. Recalcitrance was first identified by saccharide chemists (20) and later recognized as a general property of all universal biopolymers (21-23)The fates of biological molecules in aqueous media are modulated by folding. This reaction free energy surface illustrates how assembly influences both the activation and reaction free energies for hydrolysis are coupled to folding. A given biological molecule can participate in a variety folded states, each associated with a distinct hydrolysis free energy landscape.

[bookmark: _Hlk53693555][bookmark: _Hlk53696090]Water defines the chemistry of biology and is the dominant chemical actor in the connected chemical reactions that maintain the cellular living state, i.e., in metabolism. Water is chemically involved in a plurality of biochemical transformations. The ability to chemically produce and/or consume water is the unifying theme of organic and inorganic molecules of biology. Essentially all biological molecules, large and small, are products of or substrates for biochemical reactions that transform water.Chemical transformations of water by the citric acid cycle. Eight enzymes (green text) catalyze a series of reactions that consume three water molecules, produce one water molecule, protonate three water molecules, and convert an acetyl group to two carbon dioxide molecules. The series of reactions produces three NADH, an FADH2, and a GTP. Unprotonated water molecules are indicated by red spheres. Protonated water molecules are blue. Water molecules that are mechanistically involved in the reactions are green.
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