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1 | INTRODUCTION

| George D.Rose*® |

Loren Dean Williams '+

Abstract

The deep entanglement of biomolecular structure and function with aqueous
systems supports the view that water actively sculpted both molecules and
processes during the origins of life and continues to constrain evolution
today. Nature’s rules of biochemistry and biophysics have survived for
nearly 4 billion years. The in vivo roles of water, the architectures of biopoly-
mer backbones and side chains, the structure and function of ribose, ATP,
the translation system, the genetic code, and certain inorganic cations per-
sist unchanged. Hydrogen bonding and the hydrophobic effect predate life
on Earth altogether. Here we examine fundamental forces that established,
shaped, and continue to constrain biochemistry and biophysics. The results
support a model in which life emerged through water-based selection
among diverse molecules and molecular ensembles, with molecular fitness
defined by behaviors in and interactions with water. Life is thus composed
of molecules that cooperate with, resist, and exploit the unique properties of
water. Biological molecules employ chemical strategies that enable selec-
tive and controlled persistence in aqueous environments, a phenomenon
we classify as recalcitrance. Molecular assembly reduces conformational
heterogeneity, constrains dynamics, and sterically excludes reactive agents,
including water and hydrolytic enzymes. By this mechanism, lifetimes of
folded proteins, structured RNAs, assembled phospholipids, and polysac-
charides are mediated by their organizational states.

KEYWORDS
biological polymers, chemical evolution, hydrogen bonding, hydrophobic effect, origins of life,
prebiotic chemistry, wet-dry cycles

possibilities and imposed powerful constraints. The
molecular architectures that emerged and persisted,

Water and life are fully entangled. While it might appear
that water’s properties are finely tuned to support life,
the reverse is true: water predated life, and life
emerged and evolved in response to water's unique
physical and chemical characteristics. The causality
runs from water to biochemistry, not the reverse.

Here we suggest that water shaped the chemical
landscape on which life and its origins can be under-
stood. During life’s emergence, water enabled diverse

including phosphodiesters, peptides, and amphiphiles,
are responses to water’'s physicochemical imperatives.

Only certain molecular species and reaction net-
works could emerge and evolve in the context of
water. Consequently, biology is composed of mole-
cules that exploit, accommodate, and resist water’s
unique properties. These roles are not frozen acci-
dents but instead reflect the results of chemical evo-
lution. Dehydration—condensation, hydrolysis, the
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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.

hydrophobic effect, amphoterism, and aqueous ion
chemistry were not impediments that evolution over-
came but channels that guided chemical evolution
from the onset.

Some models of prebiotic chemistry treat water as a
passive medium or as a problem to be solved
(Benner, 2014; Orgel, 1998; Powner et al., 2009;
Shapiro, 1986). We argue the inverse: Water acted on
and selected organic molecules. Naturally occurring
processes, such as wet/dry cycling, created and
selected polymers under conditions where water’s
alternating presence and absence imposed competing
pressures. The backbone chemistries that arose from
this selection have persisted for 3.5 billion years, not
because they were optimal, but because they repre-
sented immediate responses to water's chemical
imperatives in the lead up to life. In the following sec-
tions, we examine how water (Figure 1) governed
molecular behavior, guided biological folding and
assembly, and constrained evolutionary possibilities.

Water established, shaped, and continues to govern
biochemistry and biophysics.

The roles of water at the core of biochemistry have
remained invariant across the tree of life, from the last
universal common ancestor to the present, and from
bacteria to archaea and eukarya. For nearly 4 billion
years, water has been the dominant physical medium
of biology—the primary bulk phase in which biochemi-
cal reactions occur, and is the major constituent of liv-
ing matter by mass (Ball, 2017; Frenkel-Pinter
et al., 2021; Milo & Phillips, 2015). All of biology
depends on the aqueous coordination of metal cations
such as Na™, K™, Mg?*, Ca®?*, and Zn?", whose hydra-
tion shells determine effective size, charge distribution,
and reactivity (Lippard & Berg, 1994). Nowhere do we
find biology that forms peptide, phosphodiester, or gly-
cosidic bonds by mechanisms other than dehydration
condensation (Frenkel-Pinter et al., 2021; Nelson
et al., 2021). Everywhere in biology, energy transduc-
tion depends on water as a nucleophile—ATP
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FIGURE 2 A water molecule has two bonding orbitals and two
non-bonding orbitals.

hydrolysis, GTP hydrolysis, and phosphoryl transfer all
exploit water’'s reactivity to break high-energy bonds
(Nelson et al., 2021). Everywhere in biology we find
membranes stabilized by the hydrophobic effect
(Nelson et al., 2021). 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.

Water, through the hydrophobic effect, uniquely
drives protein folding (Baldwin & Rose, 2016; Rose
et al., 2006), and nucleic acid assembly. Biopolymers
spontaneously adopt highly ordered conformations with
low configurational entropy. Water stabilizes specific
states while excluding others. Enzymes contain well-
defined hydrophobic interiors, hydrophilic exteriors, and
catalytic clefts that exclude or specifically localize water
(Fersht, 1985; Kauzmann, 1959; Lee et al.,, 2007).
Water stabilizes transition states in enzymatic reactions
by organizing electrostatic fields, mediating proton
transfer, and forming transient hydrogen bonds
(Ball, 2008). Water has endowed the Earth with dis-
solved salts and electrolytes (Wright, 2007), compart-
mentalization (Menon et al, 2017), and phase
separation (Hatters, 2023). Water’'s context-dependent
effects include on-water versus in-water catalysis
(Butler & Coyne, 2010) and a distinction between dilute
solutions and high-solids/low-water matrices (Slade
etal.,, 1991).

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 H, and CO (Ceccarelli, 2020; Omont, 2007). It is
deeply embedded in chemistry, biology, ecology, cul-
ture, and the economy. This everyday familiarity
obscures physical and chemical properties that are pro-
foundly unusual—unlike those of any other known
substance.
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FIGURE 3 Ina water—water hydrogen bond, a hydrogen nucleus
from one water molecule is donated to an sp® lone pair on the oxygen
atom of a neighboring water molecule, along the axis of the O-H
covalent bond. The polar O—H bond withdraws electron density from
the hydrogen atom, exposing the back of the proton to HB acceptor.

2 | MOLECULAR WATER

The unusual properties of liquid water originate in the
structure of the water molecule (Figure 2), which drives
formation of dense and extended hydrogen bonding
networks in condensed phases (Figure 1). Water is
small and polar with C,y symmetry, meaning it has a
single two-fold rotation axis and two perpendicular mir-
rors. The pseudo-symmetry of a water molecule is Ty
(tetrahedral), and this point symmetry conforms to the
space pseudo-symmetry of solid and liquid water.
The local symmetry of an individual water molecule
aligns with the symmetry of its surroundings in the con-
densed state, allowing each water molecule to integrate
seamlessly into liquid and solid structures (Figure 1).
This match in symmetries allows the basic structure of
the condensed phase to be maintained during rotations
of water molecules. Before and after rotation, an indi-
vidual water molecule (Figure 2) can maintain four
hydrogen bonds. The interplay of cooperative intermo-
lecular forces, geometric complementarity, and bonding
multiplicity endows water with the remarkable capacity
to form dense and dynamic three-dimensional networks
of hydrogen bonds.
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Molecules
per mL (x 10%2)°

TABLE 1 Hydrogen bond density in liquids and minerals.?
Liquid

Water (lig) (Guardia et al., 2015) 3.34
Hydrogen fluoride (Orabi & Faraldo-Gémez, 2020) 2.98
Formamide (Ozkanlar, 2018) 1.51
Ammonia (Krishnamoorthy et al., 2022) 2.41
Hydrogen sulfide (Sarkar & Bandyopadhyay, 2019) 1.6

Formic acid (Senthilkumar et al., 2006) 1.60
Glycerol 0.84
Methanol (Bellissima et al., 2016) 1.49

Mineral (Klein & Dutrow, 2007)°

Water (solid) 3.07
Epsomite MgSO,4-7H,0 0.41
Gibbsite Al(OH)3 1.87
Mirabilite Na;SO4-10H,0 0.28
Brucite Mg(OH), 2.47
Gypsum CaS0,4-2H,0 0.81
Boehmite.AIO(OH) 3.02
Goethite FeO(OH) 2.89
Kaolinite Al,Si;05(0H), 0.61
Natrolite NayAl,Si3019-2H,0 0.52

H-bond density
per mL (x 10%2)

Unique H-bonds
per molecule

2.0 6.68
1.1 3.28
1.7 2.65
0.75 1.81
0.8 1.28
1.0 1.60
1.75 1.47
0.85 1.27
2.0 6.13
14 5.75
3 5.61
20 5.57
2 4.94
4 3.25
1 3.02
1 2.89
4 243
4 2.07

2This table indicates the number of ideal hydrogen bonds at low temperature. For all substances, the extent of ideality of hydrogen bonds decreases with

temperature.

®A molecule is indicated by a formula unit (e.g., MgSQO,-7H,0 is counted as one molecule).

®lce is considered to be a mineral.

21 | Hydrogen-bonding

Hydrogen bonds are attractive forces between
deshielded hydrogen atoms and basic lone pairs of
electrons (Figure 3). Hydrogen is unique in that it forms
polar covalent bonds with electronegative atoms using
its 1s electron, thereby exposing its nucleus
(Pimentel & Mcclellan, 1971). The resulting deshielded,
cationic face of the proton attracts the partial negative
charge of a lone pair on an adjacent molecule. Other
atoms that form covalent bonds with electronegative
elements possess inner-shell nonbonding electrons
that shield their nuclei and preclude comparable
interactions.

A hydrogen bond is primarily electrostatic. However,
partial covalency in hydrogen bonding arises from
orbital overlap, which becomes more significant as the
hydrogen bond angle approaches linearity and
the length decreases (logansen, 1999). The balance of
electrostatic and covalent contributions to hydrogen
bonding has yet to be fully resolved (Jeffrey &
Saenger, 2012).

Even a single hydrogen bond can tip the scales of
folding thermodynamics. Hydrogen bond enthalpy
values in the vapor phase range from —5.7 kcal/mol
between water molecules to as much as —20 kcal/mol
when one partner is charged (fig. 1 in Rose &

Wolfenden (1993)). Typical values in biological sys-
tems, such as those within protein secondary structure
or between paired nucleobases, are at the lower end of
this range, around -5 kcal/mol. The enthalpy of an
intramolecular peptide hydrogen bond is slightly more
favorable than that of an intermolecular hydrogen bond
with water, by around 1.0 kcal/mol at physiological tem-
perature (Scholtz et al., 1991). However, these small
energy increments are sufficient to shape thermody-
namic landscapes of biological systems.

The exact geometry of hydrogen bonding (i.e., dis-
tance and angle dependence) is understood from highly
accurate small-molecule crystal structures (Taylor
et al., 1983) or from large databases of macromolecular
structures and simulations (Baker & Hubbard, 1984;
Hagler et al., 1974; Hagler & Lifson, 1974; Jeffrey &
Saenger, 2012; Stickle et al., 1992).

2.2 | Hydrogen bond networks

Hydrogen bonds are, of course, ubiquitous in organic
systems and minerals. However, the density of hydro-
gen bonds in liquid and solid water is unmatched by
any other known substance (Table 1). No other mole-
cule achieves such a high number of cooperative cohe-
sive interactions per unit volume, making water
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uniquely capable of forming continuous, three-
dimensional hydrogen-bond networks. At this density,
bonding interactions among molecules are effectively
continuous, confering solid and liquid water with a high
level of structural connectivity. A combination of
high hydrogen-bond density and dynamic rearrange-
ment enables water to mediate chemical interactions.
Dense, geometrically optimized, dynamic, and cooper-
ative hydrogen-bond networks underlie water’'s unusual
dielectric constant, density, heat capacity, pH buffering
capacity, nucleophile and electrophile activation, and
the hydrophobic effect (Ball, 2017; Brack, 1993; Brini
etal., 2017; Finney, 2004).

Dielectric effects. Water has a remarkably high
dielectric constant and an exceptional ability to dissolve
charged and polar molecules. At room temperature, the
dielectric constant of water is approximately 80, greatly
attenuating electrostatic interactions, allowing salts and
other electrolytes to dissociate and remain solvated. A
tin spoon filled with table salt (NaCl) over a Bunsen
burner will melt before the salt. Empty the spoon into a
glass of water, and the ions separate readily. The
weakening of Coulombic forces by water lowers
the energetic penalty for close like-charges, for exam-
ple, between anionic phosphates in nucleic acids. Delo-
calized counterions accumulate and partially neutralize
highly charged macromolecules, reducing the effective
electrostatic potential and stabilizing the system (Lipfert
et al., 2014; Manning, 2002). This phenomenon makes
the folding of nucleic acids possible while maintaining
repulsion, allowing strand separation and unfolding.

Density. Water is one of the few substances that
expands upon freezing. The molar volume of liquid
water is about 8% less than that of ice, reaching a mini-
mum at 4°C and increasing only slightly with rising tem-
perature. The probability and lifetime of ideal
tetrahedral hydrogen-bonded configurations increase
as the temperature decreases from 4 to 0°C. Such con-
figurations occupy a larger volume (lower density) than
at higher temperatures, where non-ideal hydrogen
bonding can favor molecular compaction. This charac-
teristic, together with water’s high heat capacity, insu-
lates aquatic habitats and preserves the liquid state
even when ambient temperatures fall below freezing,
allowing life to persist in extreme conditions.

Among the many striking behaviors of water is the
regelation of ice, demonstrated in Faraday’s classic
experiment (Faraday, 1860). A taut wire, weighted at
both ends, gradually passes through a block of ice—
while the block itself remains intact. The pressure
exerted by the wire lowers the melting point of the ice
directly beneath it, causing localized melting; as the
wire advances, the water refreezes behind it. Unlike
most substances, the solid—liquid equilibrium line of
water slopes negatively in a pressure—temperature
phase diagram, meaning that the application of pres-
sure lowers the melting point of ice instead of raising it
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(as would be the case for most solids). This phenome-
non is what allows glaciers to slide over bedrock (Alley
etal., 2019).

Heat capacity. Liquid water has a high specific heat
capacity, meaning that large quantities of absorbed
energy produce only small changes in temperature.
Much of this energy is taken up by rearrangements
within the hydrogen-bond network before appearing as
translational, rotational, or vibrational motion (Brewer &
Peltzer, 2019). As such, water buffers thermal fluctua-
tions across multiple scales. At the cellular level, water
serves as an energy buffer, absorbing or releasing heat
while maintaining a relatively constant temperature.
Water moderates temperature changes at the level of
ecosystems, stabilizing aquatic environments. On a
planetary scale, the heat capacity of seawater absorbs
seasonal heat variations, moderating weather and
climate.

Amphoterism. Water is amphoteric, meaning it can
act as both a proton donor and a proton acceptor. It
undergoes autoprotolysis to produce hydronium and
hydroxide ions, establishing the neutral point of the pH
scale and participating in proton-dependent reactions.
Proton mobility through hydrogen-bonded networks
occurs via Grotthuss shuttling (Knight & Voth, 2012),
which enables rapid proton transport in channels and
proton-coupled energy transduction, thereby tightly link-
ing water structure to bioenergetics (Hassanali
et al., 2013). Amphoterism is fundamental to enzyme
catalysis, proton transport, and metabolic reactions that
depend on precise control of proton flux.

Reactivity. Water governs both the kinetics and
equilibria of biological reactions and defines much of
life’s reactivity landscape. Most biological molecules
are synthesized by condensation—dehydration reac-
tions and degraded by hydrolysis (Frenkel-Pinter
et al., 2021). In hydrolysis, water (or hydroxide derived
from it) acts as a nucleophile that attacks electrophilic
centers such as carbonyl or phosphate groups. In con-
densation, the reverse process, bond formation is
accompanied by the release of water. Water solvates
nucleophiles, electrophiles, and charged intermediates,
lowering activation barriers and rendering otherwise
inaccessible reactions accessible (Phan & Mayr, 2005).
In sum, the combined nucleophilic, amphoteric, and
solvation properties of water make it the dominant reac-
tive species and the principal agent of chemical trans-
formation in biology.

Specificity versus stability. Folded and assembled
states of biopolymers tend to minimize unsatisfied
donors and acceptors and maximize intramolecular
hydrogen bonds, within a-helices, B-sheets, and base
pairs (Rose, 2021; Von Hippel & Berg, 1986). Yet, in
water, intramolecular hydrogen bonds generally do not
contribute much to the favorable free energy of the
folded state. If intramolecular hydrogen bonds are dis-
rupted by partial unfolding, they are simply replaced by
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water-biopolymer hydrogen bonds. However, an unsa-
tisfied hydrogen bond donor or acceptor within a folded
or assembled biopolymer confers a net gain in hydro-
gen bonding during unfolding, and can be strongly
destabilizing, by much as +5 kcal/mol.

Yet molecular recognition often depends on
accessibility of hydrogen-bonding groups in ligand
binding sites of proteins or complementary strand rec-
ognition through base pairing. The delicate balance
between satisfying hydrogen bonds for stability and
allowing specific patterns of unsatisfied or exposed
groups for recognition is driven by the unique
strength, directionality, and reversibility of hydrogen
bonds in water.

23 |
and dry

Hydrolysis and condensation—wet

Considering its properties, water appears to present a
paradox at the heart of biochemistry. Water spontane-
ously degrades biopolymers by hydrolysis yet contrib-
utes to their persistence by stabilizing folds and
assemblies that resist hydrolysis.

The polymerization of building blocks to form DNA,
RNA, polypeptides, or polysaccharides is thermody-
namically unfavorable in aqueous media
(Lindahl, 1993; Martin, 1998; Peller, 1976; Ross &
Deamer, 2016; Westheimer, 1987; Wolfenden, 2006;
Wolfenden et al., 1998). All universal biopolymers
spontaneously hydrolyze in water. This inherent chemi-
cal instability of biopolymers has been termed the
“water problem” (Benner, 2014; Orgel, 1998; Powner
et al., 2009; Shapiro, 1986). Numerous models have
been proposed to explain how monomers could form
biopolymers spontaneously during the chemical phase
of the origins of life. These models include chemical
activation of building blocks (Ferris, 2006; Hill &
Orgel, 2002; Prywes et al, 2016; Rabinowitz
et al., 1969; Steinman et al., 1964), polymerization on
mineral surfaces (Erastova et al., 2017; Hazen &
Sverjensky, 2010; Orgel, 1998; Wachtershauser,
1988), polymerization in hydrothermal environments
(Imai et al.,, 1999), and polymerization via energy-
dissipative cycling reactions (Sutherland, 2017).

An alternative model, which we favor, assumes that
both driving forces and kinetics of hydrolysis and con-
densation are  state-dependent (Deamer &
Weber, 2010; Ross & Deamer, 2016, 2019). In this
view, the thermodynamic driving force is governed by
the chemical potential of water, which can vary widely
across conditions. The driving force for hydrolysis or
condensation reactions in dilute solutions can be
roughly estimated based on water activity (Deamer &
Weber, 2010; Ross & Deamer, 2016, 2019) (Table 2).
This table is based on a condensation dehydration
reaction given by:

Np+N= Np.1+H,0. (1)

In Equation (1), N is a monomeric building block, N, is
a polymer of length p, and N, is a polymer of length
p + 1, formed by the loss of water in a condensation—
dehydration reaction. The driving force for the reverse
reaction, the hydrolysis of N,,4 back to N, and N, is
given by Equation (2), where ay, is the activity of poly-
mer Np, ay is the activity of building block N, ay, , is the
activity of polymer N, 1, and a, is the activity of water.
Equation (3) resolves concentrations and activity coeffi-
cients, y, which indicate deviation from ideal behavior.
In ideal solutions, each activity coefficient one. A net y
correction, modifies the concentration reaction quotient,
as displayed in Equation (4).

N1

AG=AG°+RTIn aw (2)

aNp*aN

YNy [NP+1 ]

AG=AG°+RTIn
YN, [Np] *yn([N]

ywlH20]  (3)

AG=AG°+RTINQ+ RTInMVW (4)
N, *VYN

During evaporation of an aqueous solution, water
activity decreases, building block activities increase,
and the solution becomes increasingly non-ideal
(Barbosa-Cénovas et al., 2020; Held et al., 2011;
Mauer et al., 2000). Equation (2) predicts that the free
energy of condensation would decrease as a solution
of building blocks is concentrated. As an exercise of
this concept, we present Table 2, which estimates
changes in free energies of condensation as water
activity decreases 100-fold and solute concentration
increases. Dry state y corrections are conceptual
approximations in alignment with estimates of the
impact cavity size and molecular packing from Ross
and Deamer (2016).

However, food chemists and others have investi-
gated dried systems that contain residual water, and
have concluded that water activity does not accurately
account for all observed behaviors in the dry realm
(Slade et al., 1991). Here we use the term high-solids/
low-water matrix to refer to a condensed phase domi-
nated by solutes or solids, containing residual water,
with restricted water mobility, and complex, multistate
hydration. A high-solids/low-water matrix corresponds
to a dry state in wet-dry cycling reactions. Equation (2)
cannot be wused to quantitatively predict the
driving force of condensation in the dry state; it does
not apply to high-solids/low-water matrices. However,
experimentally, it is observed amino acids do condense
spontaneously to form peptides at reasonable rates in
high-solids/low-water matrices (Forsythe et al., 2015;
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TABLE 2 Estimated contributions to Gibbs free energy (AG) during wet—dry cycling.

Contribution to AG AG = AG°+ RTInQ + y correction
Polysaccharide, Nucleic acid,

RT In Q RT InQ y correction Protein, Amide glycoside phosphate ester

kcal mol " kcal mol " kcal mol ! AG°=2.19 kcal mol ! AG°=3.80 kcalmol ' AG°= 3.29 kcal mol "
T,°C  (Wet)® (Dry)® (Dry)°© Wet Dry Wet Dry Wet Dry
25 3.7 -1.0 -0.8 5.9 04 7.5 2.0 7.0 1.5
50 41 —-11 -0.9 6.3 0.2 7.9 1.8 7.4 1.3
75 4.4 -1.2 -1.0 6.6 0.1 8.2 1.7 7.7 1.2
100 4.6 —-1.2 —1.0 6.8 —-0.1 8.4 1.5 7.9 1.0

Note: (Table adapted from Ross & Deamer, 2016). Standard biochemical Gibbs energies, taken from (Table 13—4 in Nelson et al., 2021)) based on the reactions:
glycylglycine + H,O — 2 glycine, lactose + H,O — glucose + galactose, glucose-6-phosphate + H,O — glucose + P;.

2Q s the reactant quotient. Wet state: [H,0] = 55.0 M, [Np] = [Np4] = [N] = 0.10 M.

®Dry state: [Ho0] = 0.55 M, [N,] = [Np4] = [N] = 3.00 M
°Dry state y corrections: y,, ~ 0.5, YN, 2VN,., B YNR 2. 0

p+1

Frenkel-Pinter et al., 2022; Matange, Rajaei, et al.,
2025). Therefore, in high-solids/low-water matrices,
thermodynamic driving forces and kinetic accessibility
leads to condensation even though dynamics and
conformational transitions are suppressed (Slade
et al., 1991).

In sum, the “water problem” of spontaneous hydro-
lysis applies in one set of conditions but not others.
Wet-dry cycling causes oscillations from dilute aqueous
solution to high-solids/low-water matrix and can drive
oscillations in hydrolysis and condensation. The behav-
ior and properties of water are not fixed but are emer-
gent and contingent on chemical and physical
environment. Net synthesis would prevail during wet-
dry cycling if the time constant of the wet phase is short
and the rates of hydrolysis are slow. We propose that
the dynamic balance between condensation and hydro-
lysis characteristic of biochemistry emerged from selec-
tion acting on chemical systems during the origins of
life. Under this scenario, condensation products that
withstood hydrolytic stress during recurrent wet—dry
cycling on the Hadean Earth were selectively preserved
and propagated.

The diverse chemical feedstocks characteristic of
the Hadean Earth (Cody et al., 2000; Ehrenfreund &
Sephton, 2006; Glavin et al., 2025; Parker et al., 2011;
Zahnle et al., 2020) would have been continuously sub-
jected to wet—dry cycling on land surfaces. From the
Early Hadean Eon (~4.5-4.0 Ga) to the present day,
atmospheric water activity has varied with the diurnal
period, alternating between condensation and evapora-
tion across terrestrial surfaces. Oceanic islands and
other landforms that dotted the oceans throughout
Earth’s  history, including during the Hadean
(Korenaga, 2021), were regularly exposed to diurnal
wet—dry cycles. More localized settings capable of such
cycling include hot springs, evaporative pools replen-
ished by precipitation, geyser splash zones on sur-
rounding hot rocks, recurring tidal pools, and

combinations of these environments
et al., 2019; Damer & Deamer, 2015, 2020).

(Campbell

24 | Metal cations

The metal palette of biochemistry was determined in
part by competition between water and silicate lattices
for cations. Silicates dominate Earth’s mantle and crust
and sequester a subset of metals, rendering them una-
vailable to biology (Goldschmidt, 1954). APR*, Ti*",
Zr**, and the rare earth elements are strongly lithophilic
and are locked into silicate minerals. Na*™ and K" are
only weakly incorporated into silicates and therefore
remain soluble in water. Mg?" and Ca?" partition into
silicates and carbonates yet remain moderately soluble
and are mobilized by weathering. Together, these four
metals account for >99% of all metal cations in biology
(Milo & Phillips, 2015).

Metal cation solubility in water reflects a balance
between hydration enthalpy, the enthalpy change when
water molecules coordinate a cation, and lattice enthalpy,
the enthalpy change required to dissociate metals from a
solid (Weller et al., 2025). lons whose hydration
enthalpies exceed their lattice enthalpies are water-
soluble. This balance predicts the observation that mono-
valent and divalent cations dominate biochemical sys-
tems, whereas many highly charged or highly polarizing
cations form stable mineral phases with large lattice
enthalpies and are absent from biology.

Biochemical metal cations can be fully hydrated as
[M(H,0),]™" or partially hydrated as [M(H20),L,]°". In
cells, hydrated metal cations, especially K, accumu-
late in dynamic, disordered layers near DNA, RNA, and
membranes. This counterion condensation reduces the
effective negative charge (Manning, 2002) and enables
formation of DNA duplexes, folded RNAs, and mem-
branes. In other environments, biochemical ligands dis-
place water from the first coordination shell. Large
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folded RNAs are stabilized by Mg®" ions, in which
some first-shell water molecules are replaced by phos-
phate oxygens through inner-sphere coordination
(Hsiao & Williams, 2009). Metal cations form bridges
between uncharged ligands, as in zinc fingers in
proteins (Krishna et al., 2003), or between charged
groups, as in magnesium clamps in RNA (Hsiao &
Williams, 2009).

The exchange of first-shell water molecules with
biomolecular ligands underlies much of metal selectivity
and biological tuning of metal reactivity (Dudev &
Lim, 2014). For Group 1 and 2 cations, ionic radius and
charge density govern hydration structure and energet-
ics. Mg?*, with its small radius, high charge density,
and closed-shell electronic configuration, behaves as a
hard Lewis acid and forms a rigid, octahedral first
hydration shell with a large hydration enthalpy. The
geometry is dictated by Mg?"—O interactions and pack-
ing within the first coordination shell (Bowman
etal., 2012). Ca®" adopts a higher coordination number
(typically 78 vs. 6 for Mg®") with a more flexible and
less constrained geometry. Interactions of water with
transition-metal cations acquire partial covalent charac-
ter through o-donation from water lone pairs into metal
d orbitals, leading to variable coordination numbers and
geometries governed by ligand-field effects, including
Jahn-Teller distortions. First-shell water molecules of
biological metal cations exchange with water molecules
of bulk water, generally on timescales from nanosec-
onds to microseconds, depending on the metal
(Bleuzen et al.,, 1997; Helm & Merbach, 2005).
Exchange of Mg?" first-shell water is slow (residence
time ~107° s) relative to Ca®" (~10~° s) because of its
higher charge density.

Cations dominate over anions in biochemical func-
tions in part because they are more strongly hydrated.
lon—dipole interactions between cations and the §~ oxy-
gen of water are generally stronger than those between
anions and the §* hydrogens. Anions are typically larger
and have lower charge densities than comparable cat-
ions, which reduces their hydration enthalpies.

In sum, by governing both the availability and coor-
dination behavior of metal ions, water defined the metal
chemistry of the prebiotic environment and has pre-
served it in modern biochemistry.

3 | FOLDING

During the origins of life, water was the primary selec-
tive agent of chemical evolution, determining the metal
cations, small organic species, and polymers of bio-
chemistry. In this manner, water selected for soluble
ions and folding-competent polymers. In this section we
explain how water selected polymers with sophisticated
folding proficiencies. Biopolymer folding arises from
complementarity that can be cohesive (between like) or

adhesive (between unlike) species and can be intermo-
lecular or intramolecular. Folding can be driven in part
by the hydrophobic effect and is modulated by
Hofmeister-like ions (Von Hippel & Schleich, 1969) and
osmolytes (Bolen & Rose, 2008).

3.1 | The hydrophobic effect

At first glance, the spontaneous demixing of oil and
water appear to violate the second law of thermody-
namics. This apparent paradox highlights the necessity
to account for all entropic and enthalpic effects, includ-
ing solvent entropy, during biopolymer folding in aque-
ous environments.

Walter Kauzmann (1959) and Tanford (1980) laid
the groundwork for much of contemporary thinking
about the hydrophobic effect. Kauzmann emphasized
the thermodynamic driving force for transferring hydro-
carbons from water to organic solvents, highlighting the
unfavorable interactions between water and nonpolar
solutes (tab. Il in Kauzmann (1959)). Tanford (1962),
by contrast, proposed that protein folding is largely
driven by the expulsion of water from hydrophobic side
chains. Many explanations for the hydrophobic effect
have been proposed (Creighton, 1993; Dill, 1990;
Graziano, 2015; Kauzmann, 1959; Lee, 1991;
Tanford, 1980), though a complete mechanistic picture
remains an active area of inquiry. What is clear is that
the hydrophobic effect can play a major role in the fold-
ing of proteins (Anfinsen, 1973) by engendering
solvent-sequestered interiors that shift the unfolded =
folded equilibrium to the right.

3.2 | Recalcitrance: The protective
blanket of folding

Universal biopolymers manipulate hydrolysis through
folding, supporting models in which water was the pri-
mary selective agent during their emergence. By driv-
ing both folding and hydrolysis, water indirectly controls
the thermodynamic and kinetic landscape of polymer
degradation, a property known as recalcitrance. Recal-
citrance was first identified by saccharide chemists
(Beckham et al., 2011) and later recognized as a gen-
eral property of all universal biopolymers (Edri
et al, 2023; Guth-Metzler et al.,, 2023; Matange,
Marland, et al., 2025).

Recalcitrance is protection against hydrolysis that
arises from folding-reduced conformational heteroge-
neity, folding-constrained molecular dynamics, and
folding-reduced steric access of reactive agents,
including water, radicals, and hydrolytic enzymes (Edri
et al, 2023; Guth-Metzler et al., 2023; Matange,
Marland, et al., 2025). Tertiary and secondary structure
formation shields the protein backbone from solvent.
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FIGURE 4 The fates of biological molecules in aqueous media
are modulated by folding. This reaction free energy surface illustrates
how both the activation and reaction free energies for hydrolysis are
coupled to assembly. A given biological molecule can participate in a
variety of folded states, each associated with a distinct hydrolysis free
energy landscape.

Over 80% of the solvent-accessible backbone surface
of polyalanine is lost for central residues upon forma-
tion of an a-helix (Marqusee et al., 1989). B-sheet for-
mation also reduces solvent-accessible surface area
(Yan et al., 2007; Zhang et al., 1994).

RNA is also protected from hydrolysis through
folding (Guth-Metzler et al., 2023), even though the
folded RNA backbone often remains solvent-
exposed. This distinction highlights the importance of
dynamics in determining reactivity. Single-stranded
RNAs are more reactive because high conformational
dynamics increase the probability of occupying transi-
tion states. In contrast, more static RNAs, such as
folded tRNAs and rRNAs, are less reactive because
conformational rigidity decreases that probability. In
addition, juxtaposed RNA helices can provide shield-
ing from solvent access by sharing counterions
(Murthy & Rose, 2000), which further confers resis-
tance to hydrolysis. Extremes on the free-energy
landscape include amyloids and cellulose, which
occupy deeply trapped, thermodynamically stable
states, whereas globular proteins and folded RNAs
reside in shallower wells.

The hydrolytic lifetimes of proteins, RNAs, polysac-
charides, and even phospholipids are governed by their
folding states. Reaction free-energy landscapes are
directly coupled to folding free-energy landscapes,
enabling modulation of lifetimes and chemical stabilities
via non-covalent molecular interactions. A given type of
biopolymer can occupy many types of folded states,
corresponding to many distinct topographies of the
reaction free-energy surface (Figure 4). The entire
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reaction free-energy surface, including both catalytic
activation and reaction free energies, is coupled to bio-
polymer folding. The simultaneous control of folding
and reactive landscapes by water is strong evidence
that biopolymers emerged via water-driven chemical
evolution.

3.3 | Divergence and convergence

In organismal biology, mutualisms are characterized by
distinct and complementary proficiencies. Molecular
mutualisms in biochemistry also demonstrate comple-
mentarity of proficiencies (Lanier et al., 2017). RNA and
proteins are related by distinct physical and chemical
asymmetries. These two biopolymers present funda-
mentally different faces to the environment. The poly-
peptide backbone is conformationally constrained
(Ramakrishnan & Ramachandran, 1965), electrostati-
cally neutral, and balanced in hydrogen-bond donors
and acceptors. Protein secondary structures internally
satisfy backbone hydrogen-bond donors and acceptors
(Nelson et al., 2021), and side chains largely shield the
peptide backbone from solvent. Proteins can form glob-
ular structures that exclude water.

By contrast, the RNA backbone is conformationally
flexible (Hsiao et al., 2006), polyanionic, and dominated
by hydrogen-bond acceptors (Hershkovitz et al., 2003;
Murthy et al., 1999). The side chains (nucleobases) do
not shield the RNA backbone from solvent. The polya-
nionic phosphodiester backbone lies on the exterior of
secondary elements, is highly hydrated, and interacts
with stabilizing counterions such as K and Mg?*. RNA
folds into globular structures permeated by water
and ions.

In spite of these distinctions, the three-dimensional
architecture of both polymers obeys common geometric
imperatives. The topography of both folded proteins
and structured RNAs consists of linear segments
(e.g., helices) connected by turns and loops that
reverse the overall direction of the backbone chain
(Brion & Westhof, 1997; Rose et al., 1985). In both
polymers, tight turns form cross strand hydrogen bonds
(Figure 5) that bring the strands into proximity.

In hierarchical systems such as biopolymers
(Brion & Westhof, 1997; Rose, 1979), local order (sec-
ondary structure) arises first, converting chains into
series of rigid rods. Compactness then requires hinge
points—tight, solvent-exposed turns and loops—that
reverse direction while preserving local order
(Rose, 2025). Their necessity follows from the quasi-
independence of secondary and tertiary structure for-
mation. The architectural convergence of protein and
RNA thus reflects geometry and hierarchy: a long chain
that folds hierarchically into a compact particle must
incorporate localized reversals connecting its ordered

ASUADIT suowwo)) Ianea1) d[qedtdde ayy £q paUIdA0S 18 SIONIR Y 3N JO SI[NI J0] A1RIQIT AUIUQ A[IAN UO (SUONIPUOD-PUB-SWLIA)/WOY KJ[1av" AIRIQI[dUI[U0//:sdNY) SUONIPUOD) PUE SWLIRT, A} 39S [9702/90/90] U0 Areiqi auruQ A9[1p ‘7€S0L 01d/z001° 01/10p/wod Ko[1av K1eiqi[auruo//:sdny woij papeoumo( ‘S ‘9z0T ‘X968691 1



DIGIACOMO ET AL.

03 | WILEY_§BHaey

segments. This hierarchical organization distinguishes
folding from winding.

Tight turns and hairpins are the minimal, stereoche-
mically regular devices for accomplishing these rever-
sals while keeping local order (helices) intact (Rose
et al., 1985). Hence, both proteins and RNAs employ
frequent turns to bring linear segments into proximity
and achieve globularity. These turns typically occur
near the periphery of the folded structure (Kuntz, 1972),
where they interact extensively with water and, in the
case of RNA, with ions. Thus, although proteins are dis-
tinguished from RNAs by chemical asymmetries, both
rely on tight, solvent-exposed turns to achieve
globularity.

A characteristic property of biopolymers is the
propensity of subtle chemical changes to cause pro-
found differences in structure, assembly, and func-
tion. Frequent prolines in a polypeptide inhibit the
formation of a-helices or B-sheets, biasing the struc-
ture toward non-catalytic collagen-type assemblies
(Shoulders & Raines, 2009). Conversion of polyala-
nine to polyglycine converts a-helices to intrinsically
disordered segments (Radivojac et al., 2007). RNA
and DNA backbones differ by a single atom, but that
difference changes the assembly states, helical form,
hydrolytic lifetime, and catalytic potential (Nelson
et al., 2021). If the anomeric linkage of polyglucose is
changed from B(1,4) to a(1,4), the assembly state,
hydrolytic lifetime, and function change dramatically.
This minor chemical change converts cellulose
(Habibi et al., 2010) to amylose (Fittolani et al., 2020;
Roach et al., 2012). In each case, the functional con-
sequences of these subtle chemical changes are ulti-
mately expressed through altered interactions with
water.

) a B-hairpin

FIGURE 5 Acute strand
reversals of biopolymers. (a) An RNA
GNRA tetraloop. (b) A protein B-turn
in a B-hairpin.

4 | CONCLUSION

Thales of Miletus, a pre-Socratic philosopher in the 7th
century BCE, proposed that all nature originates from
water (Kirk et al., 1983). In modern times, Lawrence
Henderson was among the first to fully recognize the
centrality of water as both a biological medium and a
biochemical reactant and product (Henderson, 1913).
Today, water is understood as an active and dynamic
medium that governs broadly molecular behavior. It
serves simultaneously as solvent, reaction substrate,
reaction product, and energy currency, mediating the
transfer of energy from the environment to organic mol-
ecules and among organic molecules.

The specific roles of water in biochemistry and its
profound entanglement with both organic and inorganic
species in modern biological systems suggest that pre-
biotic chemical evolution developed with water as a
master molecule. Prior to the origins of life, Earth’s land
and oceans experienced day—night cycles, weather,
and seasonal and climatic rhythms, as well as varia-
tions across latitude and local geography. A diverse
ensemble of molecules and molecular assemblies pre-
dicted for the ancient Earth (Cody et al., 2000;
Ehrenfreund & Sephton, 2006; Glavin et al., 2025;
Parker et al.,, 2011; Wogan et al.,, 2024; Zahnle
et al., 2020) was subject to the full range of physical
and chemical behaviors expressed by water. We
suggest that temporally and spatially variable environ-
mental conditions promoted exploration of the state-
dependent properties of water and continuous sampling
of water-based chemistries. Molecules that could coop-
erate with, resist, or exploit the properties of water were
selected and sculpted. Water served as a primary
agent of selection, establishing a chemical framework
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for life’s processes: polymerization, reactivity and recy-
cling, assembly, recalcitrance and catalysis, and ulti-
mately replication and Darwinian evolution. Our model
of water as the master molecule suggests new experi-
mental avenues for understanding life’s emergence
(Forsythe et al., 2015; Matange, Rajaei, et al., 2025;
Ross & Deamer, 2016; Yu et al., 2016).
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