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Abstract

Thermodynamic stability alone is insufficient to establish the feasibility of a hereditary polymer.
Even if a tetra-stranded genetic architecture is energetically favorable under defined conditions,
its biological relevance depends critically on kinetic accessibility. In this work, | develop a
kinetic framework for Q-DNA, a canonical tetra-stranded hereditary polymer, and analyze the
Q<D interconversion problem through the lens of nucleationtheory, free-energy barriers, and
metastability. | show that Q-DNA may occupy regions of parameter space where it is
thermodynamically stable yet kinetically inaccessible, and | define strategies—environmental
and molecular—for overcoming these barriers. This framework yields accessibility—stability
maps that render tetra-stranded heredity experimentally testable and falsifiable.



1. Introduction: Why Kinetics Is the Real Gatekeeper

In molecular biology, thermodynamic possibility does not imply biological realizability.
Many nucleic acid structures are known to be stable in equilibrium yet fail to form or persist due
to kinetic barriers. Duplex DNA itself owes part of its robustness to favorable kinetics of
hybridization and strand exchange.

For Q-DNA, the challenge is sharper:

> A tetra-stranded canonical state must not only exist—it must be reachable and
renewable on biological timescales.

This paper addresses a fundamental question:

Can Q-DNA form, interconvert, and regenerate without being permanently trapped in
non-hereditary states?



2. Conceptual Framework: States, Pathways, and Timescales
2.1 Defining the relevant states
| distinguish three classes of conformational states:
e D-state: duplex-dominant configurations (including duplex with local motifs)
e Q-state: canonical tetra-stranded configurations satisfying Q-DNA axioms

e M-states: metastable intermediates (partial assemblies, mis-registered bundles, kinetic
traps)

The existence of Q-DNA as a hereditary system requires not just that Q-states exist, but that
Q-states are dynamically connected to replicative cycles.

2.2 Free-energy landscape vs kinetic pathways
| emphasize the distinction between:
o free-energy minima (thermodynamic favorability),
e transition pathways (kinetic accessibility).

A Q-state may be the global minimum yet remain biologically irrelevant if separated by barriers
that exceed accessible thermal or assisted fluctuations.



3. Nucleation Theory for Q-DNA Formation

3.1 Why nucleation is unavoidable

Formation of a genome-scale tetra-stranded state cannot occur via continuous deformation of a
duplex polymer alone. It requires cooperative assembly of multiple strands into a coupled
architecture.

| therefore treat Q-DNA formation as a nucleation-and-growth problem, analogous (but not
identical) to crystallization, protein folding, or duplex hybridization.

3.2 Critical nucleus size

Let ( n? ) denote the size (in base units) of a local tetra-stranded nucleus. The free energy of a
nucleus can be written conceptually as:

AG(n) = —nAp+ yn°

where:

e Ay isthe bulk free-energy gain per unit
length,

e v is an effective interfacial penalty
(misalignment, electrostatics, entropy),

e o < 1 captures sublinear scaling of

surface-like costs.

A critical nucleus size ( n* ) exists such that:



e for ( n < n”): nuclei dissolve,

e for (n>n”?): growth becomes favorable.

3.3 Consequences for Q-DNA
Compared to duplex DNA, Q-DNA is expected to have:
e larger ( n* ) (more cooperative assembly),
e higher nucleation barriers,
e stronger dependence on environmental parameters (ions, crowding).

This alone may render spontaneous Q-formation rare without assistance.



4. Propagation and Growth: From Nucleus to Genome-Scale Q

4.1 Propagation modes
Once nucleated, Q-DNA may grow via:
e zipper-like propagation (sequential recruitment of units),
e block assembly (joining of pre-formed tetra-domains),
e templated reconstruction (guided by an existing Q-segment).

Each mode has distinct kinetic signatures and sensitivities.

4.2 Competition with duplex re-annealing
A central kinetic competition exists:
e Q-propagation vs duplex re-hybridization.

If duplex reformation is faster than Q-growth, the system will be kinetically biased toward
D-states even if Q-states are thermodynamically favored.

This introduces a kinetic selection principle independent of equilibrium.



5. Kinetic Traps and Metastability

5.1 Origin of kinetic traps
| identify three generic sources of traps:
1. Mis-registered tetra-assemblies (incorrect strand alignment)
2. Partial bundle locking (local Q-like structure that blocks further growth)
3. Topological frustration (entanglement preventing rearrangement)

These traps correspond to local minima in the free-energy landscape that are not hereditary.

5.2 Metastable Q-like states
Importantly, not all traps are “failures”:
e some metastable states may act as reservoirs,
e others may serve as kinetic precursors under cycling conditions.

The danger lies in deep traps with escape times exceeding biological timescales.



6. Accessibility—Stability Maps

6.1 Two-axis framework

| propose a two-dimensional classification:

e Thermodynamic stability (AG of Q vs D)
e Kinetic accessibility (formation and regeneration timescales)

This yields four regimes:

Regime Stable Accessible Outcome

I X ) ¢ irrelevant

I transient motifs

unreachable

X V|
Il v )¢ theoretical but
4 4

viable Q-DNA
heredity

Only Regime IV supports canonical tetra-stranded heredity.

6.2 What this clarifies
This map makes explicit that:
e thermodynamic papers alone are insufficient,
e mechanical feasibility alone is insufficient,

e Kkinetics is the bottleneck.



7. Strategies to Overcome Kinetic Barriers

7.1 Environmental strategies
| identify generic levers:
e temperature cycling (annealing protocols),
e ionic tuning (multivalent cations, counterion condensation),
e molecular crowding (entropy-driven assembly).

These are already standard tools in nucleic acid biophysics.

7.2 Molecular assistance (“chaperone logic”)
By analogy with protein folding and ribonucleoproteins, Q-DNA may require:
e transient strand-guiding agents,
e topology-resolving factors,
e energy-driven remodeling steps.

This does not weaken Q-DNA,; it specifies its biological operating requirements.



8. Experimental Predictions (Falsifiable)

Prediction P1 — Hysteresis under cycling

Q<D transitions will show hysteresis under temperature or ionic cycling if kinetic barriers are
significant.

Prediction P2 — Rate dependence
Formation probability will depend strongly on ramp rate (force, temperature, salt).
Prediction P3 — Assisted formation

Addition of chaperone-like agents will shift systems from Regime Ill to Regime IV in
accessibility—stability space.

Prediction P4 — Long-lived metastable intermediates

Time-resolved experiments should detect persistent non-duplex, non-canonical intermediates
during Q-formation attempts.



9. Discussion

9.1 Why kinetics may be the decisive filter
Many hypothetical genetic systems fail not because they are unstable, but because they cannot
be assembled or regenerated reliably. Duplex DNA’s success may be as much kinetic as

thermodynamic.

Q-DNA must pass the same filter.

9.2 Relation to replication and evolution
Slow or rare nucleation implies:
e slower replication cycles,
e possible inheritance via templated regeneration rather than spontaneous folding,
e strong selection pressure for kinetic facilitators.

This naturally links Q-DNA to synthetic or non-terrestrial life scenarios, where timescales
and environments differ.

9.3 What would falsify Q-DNA kinetically
Q-DNA would be strongly disfavored if:
e all realistic pathways fall into Regime IlI (stable but inaccessible),
e Kinetic traps dominate irreversibly,

e no plausible assisted pathway exists.

This would be a clean negative result, not a failure of theory.



10. Conclusion

I have shown that the feasibility of a canonical tetra-stranded hereditary polymer hinges on
kinetic accessibility, not thermodynamic stability alone. By framing Q<D interconversion as a
nucleation, propagation, and trapping problem, | provide explicit criteria, maps, and strategies
that render Q-DNA kinetically testable. This work establishes kinetics as a central axis on which

tetra-stranded heredity must stand—or fall.
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Figure 1. Free-energy landscape of Q—D interconversion
Energy vs reaction coordinate showing D, Q, and metastable states.
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Figure 2. Nucleation barrier and critical nucleus size
AG(n) vs nucleus size with marked ( n* ).
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Figure 3. Accessibility—Stability phase map
Four-regime diagram (stable vs accessible).
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