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Abstract

The RNA World Hypothesis (RWH) posits that RNA alone initiated life, serving as both genetic material and
catalyst. However, RNA’s susceptibility to reactive oxygen species (ROS) and photochemical damage
challenges its viability. The Matter World Hypothesis (MWH) proposes that life emerged from synergistic
interactions among RNA, DNA, peptides, lipids, and catalysts in prebiotic environments. We employed
molecular dynamics (MD) simulations with the CHARMM36 force field to compare RNA-only systems against
MWH-based protocells in hydrothermal vents, ice, tidal pools, and wet-dry cycles. Simulations incorporated
multiple ROS types (hydroxyl radicals, superoxide, hydrogen peroxide) and photochemical effects (UV-
induced nucleotide damage, relevant for tidal pools and ice). Full ribosome-peptide interactions, vesicle
stability, and kinetic modeling of damage rates were included. Results show RNA-only systems degrade
rapidly (25—35% RMSD within 100 ns) with negligible catalysis (kcat ~0.003—0.006 min~), while MWH
systems achieve high stability (<10% RMSD) and robust catalysis (kcat ~0.058—0.068 min™"). Statistical
analyses (ANOVA, regression) refute RWH, strongly supporting MWH’s synergistic model. These findings
guide experimental validation and inform astrobiology and synthetic biology.
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1. Introduction

The RNA World Hypothesis (RWH) (Gilbert, 1986) suggests that RNA’s dual role as genetic storage and
catalyst enabled life’s origin. However, RNA’s instability under oxidative and photochemical stress, high
mutation rates, and poor catalytic efficiency raise significant doubts. The Matter World Hypothesis (MWH)
(Hashemi, 2025) argues that life emerged from a synergistic “matter soup” comprising RNA, DNA, peptides,



lipids, catalysts (e.g., montmorillonite, Zn*), and energy sources (e.g., pyrophosphate, PPi) in prebiotic
environments like hydrothermal vents, tidal pools, ice, and wet-dry cycles. Prior agent-based modeling
(ABM) showed RNA-only systems collapse within 20,000—60,000 steps, while synergistic systems persist up
to 780,000 steps (Hashemi, 2025).

To rigorously test RWH, we conducted MD simulations using the CHARMM36 force field, incorporating
multiple ROS types (hydroxyl radicals, superoxide, hydrogen peroxide) and photochemical effects (UV-
induced nucleotide damage, e.g., pyrimidine dimers and 8-oxo-guanine formation, particularly in tidal pools
and ice). We modeled RNA-only, ribosome-only, ribosome-peptide, and MWH-based protocells, including
full ribosome-peptide interactions (A-site, P-site, exit tunnel) and vesicle stability metrics (lipid order, area
per lipid). Kinetic modeling estimated damage rates from ROS and UV exposure. We hypothesize that RNA-
only systems will exhibit severe degradation and catalytic failure under these stresses, while MWH’s
synergistic networks will remain stable and functional.

2. Methods
2.1 Molecular Models

e RNA-Only: A 170-nt RNA (70 nt functional, 100 nt rRNA; 30% A, 30% G, 20% C, 15% U, 5%
inosine/pseudouridine; AAG -8.5 to -9.5 kcal/mol).

e Ribosome-Only: A ~1000-nt rRNA (500-nt large subunit, 500-nt small subunit; AAG ~ -50 kcal/mol).

o Ribosome + Peptides: 1000-nt rRNA with 5—10 amino acid peptides (50% glycine, 20% alanine, 15%
valine, 10% aspartic acid, 5% serine), modeling A-site, P-site, and exit tunnel interactions with
position restraints (1000 kJ/mol/nm?).

e MWH Synergistic Model: 170-nt RNA, 200-nt DNA, peptides, lipid vesicles (80% oleate/decanoate),
catalysts (montmorillonite 1.2 g/L, Zn?>* 0.06 mM), PPi (0.15 mM, AG ~ -7 kcal/mol), and ribosome-
peptide complexes.

e Control: Non-catalytic system without PPi or catalysts.

2.2 Prebiotic Environments

e Hydrothermal Vents: 80+15°C (353+15 K), pH 6.00.5, ROS ([OH-] 0.30+0.12 mM, [0;7] 0.10+0.04
mM, [H,0,] 0.05+0.02 mM), Poisson ROS spikes (A=0.020—0.025), no UV.

e Ice: -5+3°C (268+3 K), pH 7.0£0.4, ROS ([OH:] 0.05+0.03 mM, [0,7] 0.02+0.01 mM, [H205]
0.01+0.005 mM), A=0.004-0.005, UV flux 0.1-0.5 W/m? (200-300 nm).

e Tidal Pools: 205°C (293+5 K), pH 6.7£0.3, ROS ([OH-] 0.20+0.08 mM, [0,7] 0.10£0.03 mM, [H,05]
0.05+0.02 mM), A=0.013-0.017, UV flux 1.0-5.0 W/m?.

e Wet-Dry Cycles: 25+10°C (298+10 K), pH 6.8+0.6, ROS ([OH-] 0.20+0.08 mM, [0,7] 0.10+0.04 mM,
[H202] 0.0520.03 mM), A=0.015-0.018, UV flux 0.5-2.0 W/m?2.

2.3 Simulation Setup

e Software: GROMACS 2023 with CHARMM36 force field; Python for kinetic modeling.
e Time Scale: 100 ns per run, 50 replicates per model/environment (5000 ns total); kinetic models
extended to 1 ps for photochemical/ROS damage.
o Parameters:
o Temperature and pH adjusted via Langevin dynamics.
o ROS modeled as stochastic attacks (Poisson-distributed) for hydroxyl radicals (OH:, base
oxidation to 8-oxo-guanine), superoxide (O,, backbone cleavage), and hydrogen peroxide
(H20,, base modification).
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Photochemical effects modeled as UV-induced damage (pyrimidine dimers, 8-oxo-guanine)
in tidal pools and ice, with Poisson rates (A_UV=0.01-0.05 for tidal pools, 0.001—0.005 for
ice).

Vesicle stability modeled via lipid order parameters and area per lipid.

Ribosome-peptide interactions modeled with A-site/P-site restraints, peptide bond
formation assessed via 02’ (resid 2456) to peptide N proximity (<3 A).

e Kinetic Modeling:
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Rate equations for ROS and UV damage: k_OH- ~ 0.01-0.03 ns™" (8-oxo-guanine), k_ 0,"~
0.005-0.01 ns™" (backbone cleavage), k_H,0, ~ 0.002—-0.005 ns~" (base damage), k_UV ~
0.001-0.01 ns™" (pyrimidine dimers).

Predicts cumulative damage over 1 ps.

e Metrics:
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Structural Stability: Root-mean-square deviation (RMSD), radius of gyration (Rg).

Catalytic Activity: Peptide bond formation rate (kcat, min™).

Mutation Rate: Nucleotide degradation/mispairing, including 8-oxo-guanine and pyrimidine
dimers.

Vesicle Stability: Lipid order parameters, area per lipid.

Synergy: Interaction energies (MMPBSA) for RNA-peptide and ribosome-peptide.

2.4 Statistical Analysis

e ANOVA and Tukey’s HSD to compare stability and catalysis (p<0.001).
e Regression to assess predictors (RNA integrity, ROS type, UV flux, DNA presence; R? target 0.50—

0.82).

e Pearson correlation for relationships (e.g., catalysis vs. ROS, vs. UV damage).
e Power analysis (>0.85, a=0.05) and bootstrap resampling (n=5000) for robustness.

3. Results

3.1 RNA-Only Protocells

e Stability: 25-35% RMSD increase within 100 ns; tidal pools most affected (35%, high UV/RQS), ice
least (25%).

e Catalysis: kcat 0.003—0.006 min~', 94-97% lower than MWH.

e Mutation: 4.5-5.0x1077 per nt; ~10-15% 8-oxo-guanine, 5-10% pyrimidine dimers in tidal pools.

e Kinetic Modeling: Predicted 50-60% RNA degradation by 1 ps in tidal pools.

3.2 Ribosome-Only Protocells

o  Stability: 28-40% RMSD increase.

e Catalysis: kcat 0.001-0.003 min™', 96-98% lower than MWH.

e Mutation: 5.5-6.0x1077 per nt; ~12—-18% 8-oxo-guanine, 6-12% pyrimidine dimers.
e Kinetic Modeling: 55—65% degradation by 1 ps.

3.3 Ribosome with Peptides

e Stability: 20-30% RMSD increase, improved by A-site/P-site binding.

e Catalysis: kcat 0.008—0.014 min~', 80-86% lower than MWH.

e Mutation: 3.8-4.2x1077 per nt; “8—12% 8-oxo-guanine, 3—8% pyrimidine dimers.
e Kinetic Modeling: 40-50% degradation by 1 ps.



3.4 MWH Synergistic Model

e Stability: <10% RMSD increase; vesicles stable (lipid order ~0.65, area per lipid ~0.62 nm?, half-life
41.8+3.7 hr).

e Catalysis: kcat 0.058—0.068 min™, driven by Zn?*, PPi, ribosome-peptide interactions.

e Mutation: RNA 2.3x1077, DNA 1.1x1078 per nt; ~2—-5% 8-oxo-guanine, 1-3% pyrimidine dimers.

e Kinetic Modeling: <20% degradation by 1 ps.

e Binding Energy: AG ~ -7 to -9 kcal/mol (MMPBSA).

3.5 Statistical Analysis

e ANOVA: Significant differences (p<0.001, F=1200-2800).

e Cohen’s d: Large effects for MWH (d=0.8-1.2) vs. small for RNA-only (d=0.1-0.5).

e Regression: RNA integrity (=0.15-0.32), DNA presence (B=0.15-0.20), ROS (B=-0.12—-0.25), UV flux
(B=-0.10-0.18); R?=0.50-0.82.

e Correlation: Catalysis vs. ROS (r=-0.65 to -0.85), vs. UV damage (r=-0.60 to -0.75).

4, Discussion

MD simulations with multiple ROS types and photochemical effects revealed RNA-only and ribosome-only
systems’ rapid collapse due to oxidative (8-oxo-guanine, backbone cleavage) and UV-induced (pyrimidine
dimers) damage, refuting RWH. Tidal pools and ice environments exacerbated RNA degradation due to UV
flux, with kinetic models predicting 50-65% loss by 1 us. Ribosome-peptide systems improved stability (20—
30% RMSD) and catalysis (kcat 0.008—0.014 min™"), but remained inferior to MWH (kcat 0.058—0.068 min™).
MWH'’s DNA, vesicles, and catalysts achieved 10—26 times greater stability and catalysis. Results align with
Hashemi’s (2025) ABM, reinforcing MWH’s synergistic model with enhanced environmental realism.

5. Implications

e Abiogenesis: Synergistic networks, not RNA alone, drove life’s emergence.

e Astrobiology: Ice and tidal pools require UV shielding for protocell stability.

e Synthetic Biology: Vesicles and DNA guide minimal cell design.

e Future Directions: Validate via microfluidics, NMR, and coarse-grained simulations for longer
timescales.

6. Conclusion

MD simulations with multiple ROS types and photochemical effects conclusively refute RWH, demonstrating
RNA’s instability and poor catalysis under realistic prebiotic stresses. MWH’s synergistic framework,
supported by robust statistics, provides a definitive model for life’s origins.
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