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ABSTRACT

Quantum tunneling — the ability of particles to cross classically forbidden energy barriers — has emerged as an
important mechanistic element in chemistry and biology, spanning from prebiotic reaction pathways and spontaneous mutations
to enzyme catalysis and charge transfer in biomolecular machines. Separately, biomolecular nanomachines (molecular motors
such as ATP synthase, kinesin, myosin and engineered molecular devices) convert chemical free energy into directed mechanical
work at the nanoscale; their operation depends on tight coupling of chemical, mechanical, and sometimes quantum events. This
article synthesizes current understanding of how quantum tunneling contributes to evolutionary chemistry (including origins-of-
life scenarios and mutation mechanisms) and how quantum and classical processes co-operate within biomolecular nanomachines.
The experimental evidence, theoretical frameworks (open quantum systems, tunneling-corrected transition-state theory, kinetic
isotope effects), and emerging direction are highlighted. The cross-talk between tunneling physics and nanoscale machine function
may be consequential.

Keywords- Quantum Tunneling, Evolutionary Chemistry, Biomolecular Nanomachines, Nanoscale Systems, Quantum
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I. INTRODUCTION

Chemical and biological systems at nanometer length scales live at the interface between quantum and classical
physics. Quantum occurence — most notably tunneling of electrons and light nuclei (protons, hydrides) — become non-
negligible when barrier widths and masses are favorable (sub-nanometer distances, hydrogen masses), and when thermal
energies are low relative to barrier heights. In biology, two historically prominent arenas where tunneling has been proposed
and investigated are (i) proton and hydrogen tunneling in nucleic acids producing tautomeric shifts that can lead to point
mutations, and (ii) hydrogen/proton/electron tunneling in enzyme-catalysed reactions, where tunneling can enhance rates
well beyond classical expectations. Separately, biomolecular nanomachines (molecular motors and rotary assemblies)
orchestrate directed motion and force generation via mechanochemical cycles; understanding whether and how tunneling
affects their energy landscapes, gating kinetics, and fidelity is an exciting interdisciplinary frontier.

I1. MECHANISMS AND SCALES OF TUNNELING RELEVANT TO CHEMISTRY AND
BIOLOGY

Quantum tunneling is not a single phenomenon but a set of processes differentiated by particle type (electron vs.
proton vs. heavier nuclei), environment (gas phase, solution, protein matrix), and coupling to dissipative degrees of freedom
(phonons, solvent modes). Electron tunneling is generally fast and long-ranged (tens of A under strong coupling and
favorable pathways), governing redox chains in respiration and photosynthesis. Nuclear (proton/hydrogen) tunneling is
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highly mass-sensitive and typically dominates at sub-nanometer distances, producing measurable kinetic isotope effects
(KIEs) when H is replaced by D or T. The relative importance of tunneling is governed by barrier height/width, effective
mass, temperature, and the degree of coupling to the environment; modern theoretical treatments therefore include both
semiclassical tunneling corrections to transition-state theory and fully quantum open-system approaches that account for
decoherence and dissipation.

III. QUANTUM TUNNELING IN EVOLUTIONARY CHEMISTRY AND ORIGINS-OF-
LIFE CONTEXTS

3.1. Prebiotic chemistry and reaction pathways

In low-temperature or dilute environments—interstellar ices, deep-sea vents, or early Earth niches—classical
thermal activation may be insufficient to drive certain bond-forming/bond-breaking events. Tunneling can enable otherwise
forbidden reactions, reshaping accessible reaction networks and biasing the yields of certain key precursors (e.g.,
hydrogenation of small molecules, tautomerisation events) implicated in prebiotic pathways. Reviews and modeling studies
argue that tunneling increases rates of critical steps and thereby expands the chemical search space available to early
chemistry, potentially altering the probability landscape for formation of RNA precursors and simple metabolic motifs.

3.2. Tautomerism, proton tunneling, and spontaneous mutation

Per-Olov Lowdin's early proposals connected proton tunneling between hydrogen-bonded base pairs to rare
tautomeric states of nucleobases that mispair during replication, thus producing point mutations. Subsequent theoretical and
computational work has supported the plausibility of such tunneling-mediated tautomerization under certain structural and
environmental conditions (e.g., specific hydration patterns, base pair geometries, and protein-mediated perturbations).
Modern open-quantum-system calculations suggest that tunneling probabilities for proton transfer in G—C and A—T pairs can
be non-negligible, but whether tautomer-driven mutation rates match observed spontaneous mutation frequencies requires
careful accounting for replication timing, repair pathways, and competing classical processes. Recent quantitative studies
using open quantum system methods indicate tunneling occupation probabilities that could be large enough to contribute
meaningfully to mutation spectra under some conditions, but the consensus is that tunneling is one of multiple contributing
mechanisms to genomic mutation.

3.3. Evolutionary implications: selection on quantum-sensitive chemistries?

If tunneling modulates the rates or spectra of reactions that were central to chemical evolution (e.g., nucleotide
formation, stereoselective steps), then it follows that selection—broadly construed across chemical networks—could favor
pathways and architectures that exploit or buffer tunneling effects. Two classes of evolutionary implications have been
discussed: (1) direct — where tunneling changes mutation rates or biases that influence genetic variation, and (2) indirect —
where tunneling allows reaction routes that shape the set of accessible chemistries and thus the raw material for emergent
biochemistry. While provocative, empirical demonstration connecting quantum tunneling directly to macro-evolutionary
patterns remains speculative; the strongest claims at present are limited and context-dependent.

One o Three

AT
Sty - 2

R

S

e TN
e
e s

(19
e
y

Ordered
water

-
PO .
ALy e

b

112 Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Stallion Journal for Multidisciplinary Associated Research Studies
ISSN (Online): 2583-3340
Volume-4 Issue-5 || October 2025 || PP. 111-116 https://doi.org/10.55544/sjmars.4.5.16

IV.  TUNNELING IN ENZYME CATALYSIS: EXPERIMENTAL SIGNATURES AND
THEORY

Enzyme-catalysed hydrogen-transfer reactions (hydride, proton, H-atom transfers) frequently show anomalously
large kinetic isotope effects and temperature dependencies inconsistent with purely classical over-the-barrier models. These
observations implicate nuclear tunneling, often coupled to protein dynamics that modulate barrier shape and donor—acceptor
distance. Kinetic isotope effects, Arrhenius curvature, and the success of vibronic/tunneling models in reproducing rate
constants provide strong, convergent evidence for tunneling in many enzymatic systems (e.g., alcohol dehydrogenases,
methylmalonyl-CoA mutase, some C—H activations). Theoretical frameworks range from semiclassical instanton theory and
tunneling corrections to transition-state theory, to path-integral and open quantum systems that explicitly include
environmental decoherence. Protein conformational sampling can gate tunneling by transiently creating narrow, low-barrier
donor—acceptor configurations — a picture consistent with “dynamical” models of catalysis where motion and tunneling are
intertwined.
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V. BIOMOLECULAR NANOMACHINES: ARCHITECTURE, ENERGETICS, AND
KINETICS

Biomolecular nanomachines are multi-domain protein assemblies that convert chemical energy into mechanical
movement with high efficiency and directionality. Classic examples include rotary ATP synthase (FoFi-ATPase), linear
motors (kinesin, dynein, myosin), and processive polymerases. Their operation involves cycles of ligand binding/hydrolysis,
conformational changes, and mechanical stepping on tracks or within membranes. Energetically, operation is often near-
thermodynamic limits and occurs under strong coupling to stochastic thermal forces; kinetics are governed by a sequence of
chemical transitions separated by conformational gating barriers. Reviews synthesize how structural motifs, allosteric
coupling, and energy landscapes are tuned to produce robust function, and how artificial molecular motors can borrow these
design principles.
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VI. INTERSECTION OF TUNNELING AND NANOMACHINE FUNCTION

6.1. When tunneling matters for machines

Two primary ways quantum tunneling can affect nanomachine function are (1) by directly influencing chemical
steps in the mechanochemical cycle (e.g., proton/hydride transfers associated with ATP hydrolysis or proton translocation)
and (2) by altering charge transport or gating events that set the timing or fidelity of conformational transitions. For example,
proton translocation through membrane-embedded channels that fuel rotary motors could involve proton hopping/tunneling
phenomena; hydrogen-transfer steps during ATP hydrolysis might be enhanced by tunneling, subtly altering reaction kinetics
and hence motor stepping rates. Evidence for such effects is indirect but growing: isotope substitution experiments (H—D)
that change motor rates or ATPase kinetics point to nuclear quantum effects in steps tightly coupled to mechanical action.
6.2. Coupling quantum events to classical mechanics: energy landscapes and gating

Nanomachines operate on rugged free-energy surfaces. Quantum tunneling changes effective rates between states
by modifying transition probabilities rather than the macroscopic landscapes directly. Nevertheless, because chemical steps
trigger conformational shifts, even modest quantum enhancements or suppression of specific chemical rates can shift steady-
state flux through mechanochemical cycles, alter stall forces, and change processivity. This coupling suggests that nanoscale
machines might be tunable via isotope substitution, local electrostatics, or environment (viscosity, hydration) that modulate
tunneling propensity — an avenue of both fundamental and technological interest.
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VII. EXPERIMENTAL APPROACHES AND EVIDENCE

Key experimental signatures of tunneling in biological systems include large kinetic isotope effects, non-Arrhenius
temperature dependence of rate constants, and direct spectroscopic or single-molecule observations that correlate structural
gating with reaction rate changes. For enzymes, carefully controlled KIE studies combined with mutation or
pressure/temperature perturbations have been persuasive. For nucleic acids, ultrafast spectroscopies and computational open-
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system models have been used to quantify tunneling probabilities for proton transfer events. For nanomachine function,
single-molecule assays with isotopic labeling and high-resolution cryo-EM structures that reveal donor—acceptor geometries
have provided suggestive evidence but rarely a definitive quantum-only signature; disentangling quantum contributions from
classical conformational heterogeneity remains challenging. Recent advances in ultrafast 2D spectroscopy, cryogenic
electron microscopy, and single-molecule force spectroscopy, combined with isotope probes, present a powerful toolkit to
resolve tunneling contributions in situ.

VIII. THEORETICAL FRAMEWORKS AND COMPUTATIONAL TOOLS

Several theoretical approaches are widely used to quantify tunneling effects in chemical and biological contexts:

e Semi-classical instanton and WKB-based corrections: provide tunneling rate estimates for barrier-crossing events
and are useful when a dominant reaction coordinate is identifiable.

e Path-integral molecular dynamics (PIMD): captures nuclear quantum effects and zero-point motion and can be
coupled to ab initio potentials to model enzymes and small biomolecular systems.

Open quantum system approaches: account for interaction with dissipative environments (protein and solvent
degrees of freedom), decoherence, and thermalization — essential to model DNA tautomerization in cellular-like
environments. Recent work applying open quantum system models to proton transfer in base pairs yields occupation
probabilities and lifetimes more consistent with observed mutation spectra than closed-system models.

Multiscale mechanochemical modeling: integrates quantum-corrected chemical step rates into kinetic networks of
conformational states (Markov state models), enabling prediction of motor behavior at the mesoscale. These hybrid
frameworks are particularly promising for evaluating how microscopic quantum events propagate into macroscopic motor
functions.

IX. APPLICATIONS AND SYNTHETIC ANALOGUES

The understanding of tunneling in nature leads to the creation of artificial molecular machines and catalysts. For
example, it is possible to create devices that work efficiently at lower temperatures or with different selectivity by engineering
proton channels or catalytic sites that make use of tunneling. The synthetic molecular motors imitating the biological
structures may employ tunneling-boosted mechanisms to facilitate timing or decrease dissipation. It is the potential to
increase mutation rates in laboratory evolution through the environmental or isotopic influence of tunneling that has raised
ethical and practical concerns, besides the prospect of controlled evolutionary experimentation. Regions like quantum
bioinformatics & quantum-informed drug design are witnessing the infusion of tunneling-aware models into computational
frameworks.

X. OUTSTANDING QUESTIONS AND FUTURE DIRECTIONS

In spite of remarkable breakthroughs, there are still many unanswered questions:

1. Quantitative correlation to evolution: Aiming at a quantitative connection between tunneling-based chemistry and
actual mutations or the spread of prebiotic products in primitive Earth’s environment.

2. This requires the unification of quantum calculations with population-level models and the mechanisms of
repair/selection.

3. Tunneling vs. dynamics: Movements and changes in the protein’s shape often happen at the same time as the formation
of tunneling sites; therefore, it is necessary to create tests and simulations that highlight these elements separately.
Isotopically labeled, time-resolved structural, and single-molecule kinetic approaches need to be merged.

4. Energy transduction involvement: What is the exact impact of quantum phenomena (like tunneling of electrons or
protons) on the efficiency and speed of molecular machines, either as restrictions or as advantages?

5. The problem can be solved by using multiscale models that link quantum-corrected chemical kinetics to motor-level
predictions.

6. Technological exploitation: Might it be possible for built nanomachines to exploit tunneling (e.g., quantum-assisted
catalysis) purposely while at the same time reducing the effects of decoherence and environmental noise?

7. Anissue of design arises in creating sturdy structures that can tolerate variations akin to those in biological systems.

XI. CONCLUSION

Quantum tunneling plays demonstrable and sometimes profound roles in nanoscale chemistry and biology. In
evolutionary chemistry and prebiotic contexts, tunneling opens reaction pathways and can influence tautomer distributions
that bear on mutation. In enzymology, tunneling manifests clearly in many hydrogen-transfer reactions and is often coupled
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to protein dynamics. For biomolecular nanomachines, tunneling most likely influences specific chemical microsteps
(proton/electron transfers) that gate mechanical transitions; although direct demonstrations of quantum-limited machine
function are nascent, the conceptual interplay between quantum events and classical mechanics provides rich avenues for
both basic science and technological applications. Progress will hinge on rigorous, multiscale modeling married to targeted
experiments that combine isotopic labeling, ultrafast spectroscopy, structural biology, and single-molecule probes.
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