	1. Abstract
    Kleptoplasty of Elysia chlorotica rely on the chloroplast &
inner protein of its prey Vaucheria litorea. This study modeled a mammalian candidate protein of Dipodomys spectabilis against the psbA reference from V. litorea to examine the feasibility of mammalian photosynthesis. Prediction models like AlphaFold provide static structures, but not the dynamic ensembles of conformations; therefore, validation through molecular dynamics (MD) is essential. To fill the lack of reproducible pipelines to systematically design and verify D. spectabilis protein modifications for cross-species integration, this study uses V. litorea psbA as a reference to computationally generate mutated mammalian protein and evaluate stability for potential kleptoplasty. 
RQ: Can mutations at surface-exposed or interface-adjacent residues (selected via MSA and manual model editing) improve mammalian protein stability while interacting with photosynthetic protein? 
H1: Such mutations will reduce RMSD, decrease energy fluctuations, and enhance cluster convergence. 
H2: Non-additive effects (e.g. epistasis) may emerge from combined mutations, which will differentiate prediction models. 

2. Methods and Procedure
2.1 Selecting mammalian protein 
- E. chlorotica genome .fna total 9989 records identified.
- Blastp (taxon: Mammalia) identified mammalian homolog candidates to V. litorea psbA: Dipodomys spectabilis D1-like protein. Fig 1, 2

       2.2 Structure Prediction, Alignment, and Solvent Accessibility
-Fig 3 Modeling: Two models were generated with SWISS-MODEL; Mammalian proteins’ terminal X residues were removed & rebuilt.
-Fig4 SASA. Solvent accessibility was computed; residues were classified as exposed ‘e’ or buried using the mean SASA of 101.5072 as a relative threshold for initial screening. 
-Fig 5 PyMOL Alignment: superposition yielded an RMSD of 0.114Å between models, indicating strong fold similarity. 

        2.3 Mutation Design Rules & Categories
-rules: Mutation priority (i) sequence differences from MSA (ii) solvent exposure(e), (iii) proximity to functional/interface regions, (iv) physiochemical complementarity (charge / hydrophobicity / length) 
-categories (a) Substitution: Sequence-divergent sites  evaluated for ΔΔG (Foldx) (b) Remodeling: sequence-identical but low-SASA (b) sites  targeted for local structural reshaping (Backrup / Remodel / Modeller) (future work)


     4. Discussion
     4.1 Interpretation
- RQ & H1 supported: In water pre-screening, After showed consistent improvement in RMSD, energy, and clustering  indicates structural stabilization. 
-Non-additivity (H2): Prediction tools disagreed (single vs. combined)  suggests mutation interactions (epistasis). Justifies cross-validation + MD focus. 

    4.2 Limitations
- D1 is a membrane protein, but only tested in water  membrane-specific physics not captured. 
- No replicates / long timescales (single PC limit)  lowers statistical reliability.
- Prediced (XP_) sequence: standard tools (e.g., ConSurf) limited  used SASA / domain analysis instead.
- Category (b) (identical sequence but buried SASA) must be solved by local remodeling, not substitutions. 

    4.3 Next Steps
- Membrane model (semi-isotropic)
- Long timescales: ex. 50-100 ns x 2-3 replicates
- Remodeling candidates (Category b)

	        2.4 Stability Prediction (ΔΔG)
    Twelve mutations were assessed using mCMS-Stability and DynaMut 2. Only the combined DynaMut 2 result indicated stabilization (+1.24), whereas other variants were predicted as destabilizing by mCSM (ΔΔG <0), highlighting a discrepancy suggestive of non-additive effects (e.g. epistasis). 

       2.5 MD Simulation (Aqueous Pre-Screening)
- Pipeline: GROMACS: pdb2gmxeditconfsolvategenionEMNVT (300k)NPT (1 bar)Production
- Pressure coupling: Initial equilibration used Parrinello Rahman, τp = 10ps. 
- Analysis metrics. Backbone RMSD, total energy fluctuations, and clustering (mean RMSD)
-SEQRES missing error: resolved by regenerating SEQRES records from ATOM sequence with Biopython, then re-running the workflow.
- Rotamers: chose conformations with minimal strain and no visual clashes, followed by EM and short NUT/NPT runs to minimize steric conflicts. 
- Why water MD first?: Quick pre-screen: checking the model does not fall apart and fix setup issues. 
- Next step is the realistic membrane test (lipid bilayer with semi-isotopic pressure X, Y / Z handled separately)

3. Results
3.1 Mutational stability 
- mCSM-Stability (12 singles): all ΔΔG < 0  destabilizing trend.
- DynaMut2 (12 combined): ΔΔG ≈ +1.24  stabilizing.
- Interpretation: singles vs. combo disagree  possibly non-additive effects.
3.2 MD in water – Before & After (structure)
- Backbone RMSD: 0.35  0.28 nm (≈ -20%).
- Energy fluctuations (production): ↓ ~30%.
- Cluster mean RMSD: 0.047  0.037nm (≈ -21%).
- Summary: the After model is more stable and more converged under the same conditions.
3.3 Run diagnostics (production, 1ns)
-Pressure vs time: mean ≈ 1.28 bar, Err.Est 0.42 bar, RMSD 61.4 bar; big spikes are normal for small boxes, but the average sits near 1 bar. (Context: early NPT 0-0.876 ns had mean ≈ 20.34 bar  not equilibrated; after turning τp, production mean ~1.28 bar.)
-Temperature vs time: centered near 300 K with small noise. 
- Total energy vs time: no monotonic drift  simulation behaves as expected for NPT. 






	
	



