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Abstract

The principal physical limitation of a canonical tetra-stranded genome is electrostatics.
Bringing four negatively charged polymer backbones into close proximity imposes a severe
energetic penalty that cannot be addressed by local bonding alone. In this work, | develop an
electrostatic framework for Q-DNA, extending classical Poisson—-Boltzmann descriptions and
ion-correlation theories to a four-strand geometry. | analyze how multivalent cations,
polyamines, and molecular crowding reshape the electrostatic free-energy landscape and
can induce effective attraction between strands. | predict distinct ionic signatures and identify
environmental regimes in which tetra-stranded architectures become electrostatically
favorable relative to duplex DNA. This analysis establishes electrostatics as the dominant
gatekeeper for the existence of canonical four-stranded genomes.

Keywords: Q-DNA, electrostatics, Poisson—-Boltzmann theory, ion condensation,
multivalent cations, molecular crowding



1. Introduction

1.1 Why charge is the central obstacle
DNA is a strongly charged polyelectrolyte. Even in duplex form, its stability depends critically on
ionic screening. A tetra-stranded genome multiplies this challenge: four phosphate backbones

imply roughly twice the linear charge density of duplex DNA.

| therefore consider electrostatics not as a correction, but as the dominant physical constraint
on Q-DNA.

1.2 Scope of this work
This paper aims to:
1. Extend electrostatic models to tetra-stranded geometries.
2. ldentify the role of nonlinear screening and ion correlations.
3. Define ionic conditions under which four-strand association becomes favorable.

4. Generate testable ionic signatures distinguishing Q-DNA from duplex DNA.



2. Electrostatic Model of a Tetra-Stranded Polymer
2.1 Charge geometry

| model Q-DNA as four parallel or braided charged cylinders with effective line charge density Aq
, embedded in an electrolyte.

Relative to duplex DNA:
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This immediately places Q-DNA outside the weak-coupling regime assumed in linear
electrostatics.
2.2 Poisson—Boltzmann framework

| begin with the nonlinear Poisson—Boltzmann (PB) equation:
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In tetra-stranded geometries:
e electrostatic potentials from different strands overlap strongly,

e linear superposition fails,

e counterion condensation becomes unavoidable.



2.3 Breakdown of mean-field screening

For monovalent salts, PB theory predicts strong repulsion between strands. However, at high
charge density:

e jon—ion correlations
e discrete ion effects
e charge inversion

become relevant, invalidating pure mean-field assumptions.



3. Counterion Condensation and lon Correlations

3.1 Manning condensation revisited

Manning theory predicts counterion condensation when:
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where [ g is the Bjerrum length and b the

charge spacing.

For Q-DNA, §Q > €p, placing the system

deep in the condensation regime.

3.2 Multivalent cations as stabilizing agents
Multivalent cations (Mg*, Ca*, spermidine®, spermine*):
e |ocalize strongly between strands,
e generate correlation-induced attraction,
e can overcome mean-field repulsion.

| predict that Q-DNA stability requires multivalent ions; monovalent salts alone are
insufficient.



3.3 lon-bridging and strand cohesion
At sufficiently high multivalent ion concentrations:
e ions act as transient bridges,
e celectrostatic repulsion becomes effectively attractive,
e tetra-strand cohesion emerges.

This mechanism parallels DNA condensation phenomena observed experimentally.



4. Solvent Effects and Molecular Crowding

4.1 Dielectric environment
The effective dielectric constant in confined geometries is reduced relative to bulk water,
enhancing electrostatic interactions and ion correlations.
4.2 Crowding and excluded volume

Crowding agents:

e reduce available solvent volume,

e suppress strand separation,

e enhance effective ion-mediated attraction.

Crowding therefore shifts electrostatic phase boundaries in favor of Q-DNA.

4.3 Polyamines as electrostatic regulators
Biological polyamines (spermidine, spermine):
e combine charge screening and bridging,
e stabilize multistranded nucleic acid assemblies,

e are predicted to be especially effective for Q-DNA.



5. Electrostatic Stability Regimes

5.1 Electrostatic free-energy balance
The electrostatic contribution to free energy can be expressed as:

The electrostatic contribution to free energy can be expressed as:

AGeleczAGrepulsion+AGcondensation+AGcorrelation

Only when the latter two terms dominate does Q-DNA become favorable.

5.2 Phase diagram in ionic space
| predict distinct regimes:
e monovalent-dominated: duplex favored
e mixed mono/divalent: metastable Q-states

e multivalent-rich: canonical Q-DNA possible



6. Testable Predictions
Prediction 1 — lonic fingerprints

Q-DNA exhibits distinct ion density profiles, with multivalent cations concentrated in
inter-strand regions.

Prediction 2 — Charge inversion signatures

At high multivalent ion concentrations, effective over-screening may occur, detectable via
electrophoretic mobility reversal.

Prediction 3 — Crowding-enhanced stability
Crowding agents expand the electrostatic stability window of Q-DNA.
Prediction 4 — Nonlinear salt dependence

Q-DNA stability shows nonlinear dependence on salt concentration, unlike duplex DNA.



7. Discussion

7.1 Why electrostatics likely excluded Q-DNA from extant biology
The ionic environments of modern cells favor duplex DNA. The electrostatic burden of
tetra-stranded genomes likely outweighed any potential benefits under standard conditions.
7.2 Why electrostatics does not forbid Q-DNA
Electrostatics is conditional, not absolute. Alternative ionic regimes, solvents, or synthetic
environments can invert stability hierarchies.
7.3 Implications for synthetic genetics and astrobiology

Engineered ionic environments or extraterrestrial chemistries could naturally stabilize
tetra-stranded genetic systems.



8. Conclusion

| have shown that electrostatics is the dominant constraint governing the feasibility of
tetra-stranded genomes. By extending Poisson—Boltzmann theory and ion-correlation concepts
to four-strand geometries, | identify ionic regimes in which Q-DNA becomes electrostatically
favorable. This work provides clear, testable predictions and defines electrostatic conditions that

must be met for any canonical tetra-stranded hereditary system.
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Figure 1 — Electrostatic Overlap in Duplex vs Tetra-Stranded DNA
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