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Co-Evolutionary Epistasis & Four-Mutation Escape Barriers
in blaNDM-1 and GyrB

Direct-coupling mutational analysis and evolutionary escape simulations across
carbapenemase (blaNDM-1) and DNA gyrase (GyrB) interfaces contrast rapid
two-step active-site resistance (-0.32 kcal/mol) against frustrated allosteric
pockets locked by a +14.70 kcal/mol four-mutation barrier.

Antimicrobial resistance mutations in active-site pockets often incur structural

stability costs that require compensatory epistatic substitutions elsewhere in the
protein. Applying APC-corrected Potts direct-coupling analysis and Monte Carlo
mutational escape simulations to carbapenemase (blaNDM-1) and DNA gyrase (GyrB)
interfaces suggests that while orthosteric inhibitors succumb to two-step

compensatory escape (net energy change = -0.32 kcal/mol), allosteric pockets
anchored to frustrated residue networks impose a +14.70 kcal/mol thermodynamic
barrier requiring four simultaneous mutations to escape.

* Contrasts two-step orthosteric drug escape (-0.32 kcal/mol) against frustrated
alosteric hubs (+14.70 kcal/mol)

* Maps strongly coupled Potts residue pairs (JJ_ij| = 2.845) in the GyrB ATPase lid
and blaNDM-1 active site

* 100,000-step Metropolis-Hastings MCMC trajectories confirm a 4-mutation
evolutionary dead end

* Defines quantitative biophysical criteriafor designing resistance-resilient
antibacterial ligands

Study Scope & Analytical Context

Antimicrobial resistance and host-pathogen immune evasion rarely proceed through
isolated, additive point substitutions. Instead, pathogens navigate rugged fitness
landscapes via compensatory epistatic networks : a primary resistance mutation
(Mutation A) perturbs an orthosteric drug pocket at the cost of thermodynamic

stability, while a secondary coupled mutation (Mutation B) restores native folding
energy and catalytic turnover. To model and block these evolutionary trajectories,

we implemented Co-Evolutionary Epistasis Analysis (genomic analysis, Co-Evolutionary
Epistasis) inside crvscience-labs as the first downstream synthesis node of our

Directed Acyclic Meta-Pipeline (DAG), directly ingesting host clade topologies from
Phylogenetic Divergence Analysis ( coi-barcode-cluster / phylo-audit ), the

mobilized 20.22 kb blaNDM-1 integrative conjugative element ( GI-ICE-PAE-01) from
Horizontal Gene Transfer Analysis ( hgt-scan ), the marine Streptomyces

self-resistance gyrB natural product scaffold ( BGC-NRPS-SCSI064-02 ) from
Biosynthetic Gene Cluster Analysis ( bgc-mine ), and pangenome variation paths from
Pangenome Structural Analysis ( pan-cryptic ).
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Stage 1: Event-Based Cophylogenetic Reconciliation & Episodic
Diversifying Selection

In Stage 1, genomic analysis harmonizes the host Gammaproteobacteria phylogenetic
tree with the mobile carbapenemase and effector tree inherited from Horizontal Gene
Transfer Analysis. Using event-based cophylogenetic reconciliation modeling (
eMPRESS / Amalgamated Likelihood Estimation ALE ), the engine resolves 9
cospeciation events, 3 duplications, 4 horizontal host-switching events (including

the Acinetobacter baumannii to Pseudomonas aeruginosa tRNA-Gly transfer), and 2
lineage losses at a total reconciliation cost of 19.4 (permutation p = 0.0004).
Codon-level branch-site selection testing ( HyPhy MEME and BUSTED ) across the
aligned interface identifies 14 surface and active-site rim codons experiencing
reciprocal episodic diversifying selection (omega + = 3.84).

Stage 2: APC-Corrected Mutual Information & Potts Model Epistatic
Landscapes

To separate true physical and thermodynamic epistasis from background phylogenetic
co-inheritance, Stage 2 computes positional Shannon entropy ( H 1), joint pairwise
entropy (Hi,j ), and raw Mutual Information (Ml i,j=Hi+Hj&minus, Hi,j),
applying the Average Product Correction (APC) :

Ml i,j APC=MIi,j&minus; (Mli,* xMI* j) /Ml al

The engine then parameterizes a global statistical mechanics Potts Hamiltonian E
(sigma) = &minus;&sum; hi (sigmai ) &minus; &sum; Ji,j (sigmai , sigmaj ) to
quantify direct coupling strength (| Ji,j |) and local energetic frustration ( Fi

). As shown in the telemetry table below, the active-site rim pair Met154-L eu209
exhibits high permissive co-variation ( M1 i,j APC = 1.0504 bits, Ji,j = 1.7339,
frustration index = +1.64), enabling clinical evolution from NDM-1 to NDM-4/NDM-5.
Conversely, the allosteric beta-hairpin clamp pair Trp93-Asp223 and the DNA gyrase
ATP-lid hinge Arg136-Thr165 are deeply conserved and maximally frustrated (Fi =
&minus;2.92 and & minus;2.68, | Ji,j | = 2.845 and 2.612), meaning any point
substitution severely destabilizes the catalytic scaffold.

| Pair ID | | Residuei | | Residuej | | Raw MI (bits) | | APC M1 (bits) | | Potts
Coupling J_ij | | Distance () | | Frustration Index | | Epistatic Role |

| POTTS-NDM-L3-01 | | Met154 (blaNDM-1 L7 Rim) | | Leu209 (Core Packing) | | 1.5794
|11.0504 || 1.7339 || 4.12 || 1.64 | | Permissive Compensatory Escape Pair |

| POTTS-NDM-ALLO-02 | | Trp93 (Allosteric Clamp) | | Asp223 (Zn2+ Shell Bridge) | |
0.1420]]0.0980 | | 2.8450 | | 3.48 | | -2.92 | | Frustrated Allosteric Dead-End
Hub |

| POTTS-GYRB-BGC02-03 | | GyrB-Argl36 (ATP-Lid) | | GyrB-Thr165 (Hinge Pivot) | |
0.1840]]0.1260 || 2.6120 | | 3.74 | | -2.68 | | Natural Product Target Hub
(Chained from BGC Mining) |
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Stage 3 & Stage 4: Metropolis-Hastings Escape MCMC & Evolution-Proof
Target Design

In Stage 3, genomic analysis simulates 100,000-step Metropolis-Hastings MCMC
mutational trajectories across the Potts energy |andscape under selective drug

pressure. When an inhibitor targets the conventional orthosteric rim, the pathogen
escapesin just 420 MCMC steps:. the primary Met154L eu mutation incurs a modest +2.35
kcal/mol folding penalty while reducing drug binding 38.5-fold, and the secondary

L eu209Phe mutation restores net thermodynamic stability (Delta E net = & minus;0.32
kcal/mol, retaining 96.4% fitness ). In contrast, docking ligands into the

frustrated Trp93-Asp223 allosteric pocket of blaNDM-1 or cross-docking Biosynthetic
Gene Cluster Analysis's marine Streptomyces hybrid NRPS-PK S scaffold (
BGC-NRPS-SCSI064-02 ) into the frustrated Arg136-Thr165 hinge of GyrB confronts the
pathogen with an insurmountable +14.70 to +16.25 kcal/mol thermodynamic wall
requiring 4 to 5 simultaneous mutations to escape.

| Dossier / Tragjectory ID | | Target Complex | | Pocket Volume () | | Single-Mutant
DeltakE (kcal/moal) | | Path DeltakE_net (kcal/mol) | | Min Simultaneous Muts | | MCMC
Steps to Escape | | GNINA Affinity Score | | Evolutionary Verdict |

| MCMC-ESC-ORTHO-01 | | blaNDM-1 Orthosteric Active-Site Rim || 310.2 | | 2.35 | |
-0.32||2]]420|| 7.45|| Vulnerable (2-Step Compensatory Escape) |

| DEADEND-NDM1-ALLO-01 | | blaNDM-1 Trp93-Asp223 Allosteric Clamp | | 392.4 | | 6.40
||14.70|]4 || 100000 | | 9.14 | | Evolution-Proof Dead-End Hub |

| DEADEND-GY RB-SCSI064-02 | | GyrB Argl36-Thr165 Hinge (BGC Mining BGC-NRPS-02) | |
446.8116.85]]16.25|| 5] ] 100000 | | 9.48 | | Evolution-Proof Natural
Product Target |

Discussion & Key Takeaways

Conventional antibiotic lead optimization focuses on maximizing binding affinity (IC
50) against awild-type enzyme, inadvertently allowing pathogens to escape via
single-step mutations at non-essential perimeter residues. Incorporating Potts
co-evolutionary coupling matrices into structure-based drug design directs ligand
contacts toward residues locked in strong anti-cooperative epistatic networks.

Because any single substitution at these coupled hubs destabilizes the catalytic
fold unless three partner mutations co-occur, targeting frustrated allosteric
networks provides a quantitative pathway to extend clinical antibiotic durability.

NCBI RefSeq / GenBank Accession & Coordinate Provenance

All sequence alignments, complexity scans, and haplotype networks in this discovery
are anchored to empirical NCBI RefSeg/GenBank records cached locally in
crvscience-labs/cache/ and archived in the CRV Science Labs Google Drive dataset
repository:

| Accession & Coordinates | | Reference Organism / Cohort | | Target Gene/
Chromosomal Locus | | Span (bp) | | Database Verification |

| NC_002516.2:1-70000 | | Pseudomonas aeruginosa PAQOL | | Host Chromosome & Porin
Interface | | 70000 | | NCBI RefSeq Verified |

CRV Science Labs Discovery Journal -- GPL-3.0 Reproducible Research -- Page 3 of 4



CRV SCIENCE LAB DISCOVERIES JOURNAL | https://crvscience.com/labs/discoveries/host-pathogen-potts-epistasis-blandm1-gyrb-dee

| NC_010410.1:1-20000 | | Acinetobacter baumannii AYE | | blaNDM-1
Metallo-Beta-L actamase Cassette | | 20000 | | NCBI RefSeq Verified |

| NC_003888.3:5510001-5595000 | | Streptomyces coelicolor A3(2) | | gyrBATPase
Self-Resistance Paralog | | 85000 | | NCBI RefSeq Verified |

| NC_016845.1:1-60000 | | Klebsiella pneumoniae HS11286 | | ompK 36 / ESKAPE
Resistance Reference | | 60000 | | NCBI RefSeq Verified |
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