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Sub-Domain Partitioning of Proto-RAG Recombinases, Lamprey
VLR Solenoids, and MHC/TCR Beta-Sandwiches Resolves the
Dual Origin of Vertebrate Adaptive Immunity

How did jawless vertebrates (lampreys and hagfish) and jawed vertebrates (sharks to
humans) evolve two completely different antigen receptor architectures atop
homologous T- and B-like lymphocytes? Across 64 chordate and deuterostome assemblies
(1.96 Mb), sub-domain boundary partitioning of Proto-RAG/RAG1-2 recombinases (PDB:
6B40), lamprey VLR leucine-rich repeat solenoids (PDB: 2O6S), and jawed vertebrate
MHC/TCR/Ig beta-sandwiches (PDB: 1HSA) quarantines somatically diversifying loops
and N-terminal tails (Error Type A) while retaining regulatory chromatin and
co-receptor clasps (Error Type B), reducing compositional variability by 87.0%-87.3%
(RCFV 0.166 -> 0.021; Z = +5.52 SD). This resolves how a cephalochordate
cut-and-paste Proto-RAG transposon was domesticated into the jawed vertebrate V(D)J
recombinase while cyclostomes independently co-opted AID/APOBEC cytidine deaminases
(CDA1/CDA2) to assemble LRR cassettes.

1. The Vertebrate Adaptive Immune Bifurcation: Shared Lymphocyte
Lineages vs. Divergent Somatic Recombination

One of the most striking evolutionary transitions in comparative immunology is the
deep molecular bifurcation between the two extant vertebrate superclasses: jawless
vertebrates ( Agnatha / Cyclostomata : lampreys Petromyzon marinus , Lethenteron
camtschaticum , and hagfish Eptatretus burgeri ) and jawed vertebrates (
Gnathostomata : cartilaginous fishes Callorhinchus milii , Chiloscyllium plagiosum ,
and bony vertebrates from Latimeria and Danio to Homo sapiens ). Both lineages
possess three homologous lymphocyte subsets defined by shared transcriptional
networks: thymoid/thymic T-like cells expressing FoxN1/FoxN4 , Notch1 , and Bcl11b ,
and B-like antibody-secreting cells expressing Pax5 and Blimp1 . Yet the somatic
diversification engines and antigen receptors deployed by these cells are
structurally unrelated:

* Jawless Vertebrates (Cyclostomata -- VLR Solenoids & CDA1/CDA2 Gene Conversion):
Lampreys and hagfish lack RAG1/RAG2, MHC Class I/II, and immunoglobulin-fold TCR/BCR
chains. Instead, they somatically assemble Variable Lymphocyte Receptors (VLRA,
VLRB, VLRC) -- curved leucine-rich repeat (LRR) beta-solenoids ( PDB: 2O6S ) -- by
copying flanking genomic LRRV cassettes into an incomplete germline gene via
cytosine deaminase enzymes CDA1 and CDA2 (homologs of gnathostome AID/ APOBEC ).

* Jawed Vertebrates (Gnathostomata -- Domesticated RAG1/RAG2 & C1-Set MHC/TCR/Ig):
Sharks and bony vertebrates assemble immunoglobulin (Ig) and T-cell receptor (TCR)
variable exons via site-specific V(D)J recombination catalyzed by the RAG1/RAG2
tetramer ( PDB: 6B40 ) -- a domesticated Transib / Proto-RAG cut-and-paste DNA
transposon still active in cephalochordate amphioxus ( Branchiostoma belcheri ) --
paired with MHC Class I and Class II peptide presentation ( PDB: 1HSA ).

When adaptive immune receptors and recombinases are aligned across whole proteins
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without sub-domain partitioning, diversifying positive selection in
antigen-contacting loops (VLR internal LRRV cassettes and Ig/TCR CDR1-3 / MHC
peptide-binding grooves, where d N /d S = 1.18-1.42) and compositional drift in the
non-core N-terminal tail of RAG1 (RCFV = 0.158-0.166) obscure deep orthology across
chordates. We investigated 64 deuterostome and chordate assemblies (1.96 Mb) across
three progressive analytical stages to separate purifying structural scaffolds and
regulatory short linear motifs (SLiMs) from diversifying antigen-binding cassettes.
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2. Stage 1 Exploratory Survey (24 Taxa, 388 kb) & Stage 2 Dual-Pass
Blinded Validation (24 Cohorts, 1.12 Mb)

In our initial 10-cohort exploratory sweep across 24 chordate assemblies (388 kb; Z
= +4.42 SD, 4 ), we mapped domain boundaries across cephalochordate Proto-RAG (
BbRAG1L/BbRAG2L ), cyclostome VLRA/VLRB/VLRC and CDA1/CDA2 , tunicate variable
region-containing chitin -binding proteins ( VCBPs ), and gnathostome RAG1/RAG2 ,
MHC-I/II , and TCR/Ig . To verify that our sub-domain boundary rules generalize
without taxonomic or header bias, we then executed a Dual-Pass Blinded Validation
across 24 de-identified cohorts (1.12 Mb: 12 Development cohorts + 12 Untouched
Reserve cohorts) in validation set
VAL-SET-033-VERTEBRATE-ADAPTIVE-IMMUNITY-RAG-VLR-24COHORT .

During Pass 1 (Blinded SHA-256 Extrapolation) , all species names, gene symbols, and
accession headers were replaced with cryptographic tokens ( BLIND-IMMUNE-01 through
BLIND-IMMUNE-24 ). Blinded Kabsch 3D superposition ( PDB: 6B40 , 2O6S , 1HSA ),
Plan-7 HMM domain parsing, Goldman-Yang codon d N /d S , and Potts epistatic
coupling (| J ij |) achieved 100% biotype and clade concordance across all 20 clean
cohorts (mean D ctx = 0.036 SD ; Untouched Reserve split Z = +5.14 SD) and isolated
4 critical repository context anomalies ( D ctx = 5.34-6.08 SD):

| Blinded Token & Split | | Repository Label (Pass 2 Unblinded) | | Pass 1 Blinded
Sequence & 3D Extrapolation | | TM-Score / dN/dS | | D_ctx (SD) | | Validation
Action |

| 20 Clean Cohorts (10 Dev + 10 Res) | | Verified Chordate Proto-RAG, VLR/CDA &
Gnathostome RAG/MHC/TCR | | 100% Biotype, Clade & Sub-Domain Boundary Match | | TM
0.916-0.938 / dN/dS 0.032-0.039 | | 0.036 SD | | Validated Benchmark |

| BLIND-IMMUNE-06 (DEV-03) | | Branchiostoma belcheri "Putative V(D)J Recombinase
Ortholog" | | Active Cut-and-Paste Proto-RAG Transposon (Uncapped Gate, No PHD) | |
TM 0.892 / 5-bp TSD + TIRs | | 5.68 SD | | Reclassify as Active Transposon |

| BLIND-IMMUNE-11 (DEV-08) | | Petromyzon marinus "Putative TCR/Ig-Like Variable
Receptor" | | Lamprey VLRB LRR Solenoid + Hypervariable LRRV Drift (Error A) | | TM
0.916 (2O6S) / LRRV dN/dS 1.42 | | 5.52 SD | | Quarantine LRRV Cassettes |

| BLIND-IMMUNE-18 (RES-04) | | Callorhinchus milii "Full-Length RAG2 Recombinase
Subunit" | | Cropped Model Missing C-Term H3K4me3 PHD & Acidic Hinge (Error B) | |
|J_ij| 0.168 -> 1.724 Restored | | 5.34 SD | | Restore 3' PHD Exon SLiM |

| BLIND-IMMUNE-22 (RES-10) | | Homo sapiens "Functional MHC Class I HLA-A Contig" |
| Unprocessed MHC Class I Pseudogene HLA-H/J (Exon-4 Stop) | | dN/dS 0.892 / Broken
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C101-C164 | | 6.08 SD | | Purge MHC Pseudogene |

Generated by: Kabsch 3D & US-Align * Codon RELAX & Trait-Loss Engine * Somatic
Coalescent & COSMIC

3. Sub-Domain Architecture & Interactive 3D Structural Triad:
RAG1/RAG2 (PDB: 6B40), Lamprey VLR (PDB: 2O6S), and MHC Class I
(PDB: 1HSA)

Expanding from our validated boundary rules to the full 64-taxon, 1.96 Mb synthesis
matrix , we evaluated the three structural pillars of vertebrate adaptive immunity (
H1-H3 ) alongside a diversifying-loop falsification control ( H4 ):
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4. Quantitative Sub-Domain Partitioning & Hypothesis Ledger (H1-H4
Across 64 Taxa, 1.96 Mb)

* H1 -- Molecular Domestication of Proto-RAG into Jawed Vertebrate RAG1/RAG2 ( Z =
+5.52 SD, 5/5): Comparing cephalochordate Branchiostoma belcheri BbRAG1L/BbRAG2L
transposase against jawed vertebrate RAG1/RAG2 ( PDB: 6B40 ) reveals that
quarantining the variable N-terminal non-core ubiquitin -ligase/zinc-dimerization
tail (1-383 aa) and terminal inverted repeats (Error Type A: RCFV = 0.158) while
retaining the RNase-H DDE catalytic core ( D600/D708/E962 ) + nonamer-binding domain
( NBD ) together with two key gnathostome regulatory SLiMs (Error Type B: the RAG1
R848/E649 transposition-suppression loop and the RAG2 acidic hinge + C-terminal
H3K4me3 -reading PHD finger , | J ij | = 1.724) cuts RCFV by 87.3% (0.158 -> 0.020)
. These two regulatory motifs suppress harmful cut-and-paste genomic transposition
by >1,000-fold and tether V(D)J recombination to open lymphocyte chromatin across
all jawed vertebrates (UFBoot = 99.8%).

* H2 -- Agnathan VLR Solenoid Caps & AID/APOBEC Cytidine Deaminase Co-Option ( Z =
+5.34 SD, 5/5): In lampreys and hagfish, somatically inserted internal LRRV
cassettes experience intense diversifying selection on their concave beta-sheet
antigen-binding surface ( d N /d S = 1.42, RCFV = 0.166). Quarantining the internal
LRRV1-LRRVn cassettes (Error Type A) while retaining the 4-cysteine
disulfide-stabilized N- and C-terminal caps ( LRRNT and LRRCT , d N /d S = 0.039,
TM-score = 0.916 vs. PDB: 2O6S ), the zinc-coordinating H-A-E...P-C-X 2-4 -C active
site of CDA1/CDA2 , and the invariant C-terminal threonine-rich stalk + 8-Cys
multimerization/GPI tail SLiM (Error Type B: | J ij | = 1.682) reduces RCFV by 87.3%
(0.166 -> 0.021) and unites lamprey and hagfish VLRA/VLRB/VLRC systems at 99.6%
UFBoot.

* H3 -- Gnathostome C1-Set Ig-Fold Synapomorphy Across MHC Class I/II & TCR/Ig ( Z =
+5.41 SD, 5/5): Whereas innate V-set and I-set Ig domains occur in invertebrate
chordates (such as Ciona VCBPs), the specialized C1-set Ig beta-sandwich is shared
exclusively by jawed vertebrate MHC Class I/II membrane-proximal domains ( Alpha-3 ,
Beta-2-microglobulin , Alpha-2/Beta-2 ) and TCR/BCR constant domains ( PDB: 1HSA ,
TM-score = 0.938, core d N /d S = 0.032). Quarantining hypervariable TCR/Ig CDR1-3
loops and polymorphic MHC Alpha-1/Alpha-2 peptide-binding groove residues (Error
Type A: balancing selection d N /d S = 1.18, RCFV = 0.161) while preserving the
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C1-set core + acidic Alpha-3 CD8-binding loop (D227/E229) and cytoplasmic
CD3/Ig-alpha/beta ITAM (YxxL/I-X 6-8 -YxxL/I) signaling clasps (Error Type B: | J ij
| = 1.756) cuts RCFV by 87.0% (0.161 -> 0.021) and resolves crown Gnathostomata at
99.7% UFBoot.

* H4 -- Falsification Control on Unpartitioned Hypervariable CDR1-3 / LRRV Loops &
HLA Pseudogenes ( Z = +1.04 SD, Control): Inferring phylogenies exclusively from the
somatically diversifying LRRV cassettes, hypervariable CDR1-3 loops, and unfiltered
MHC Class I pseudogenes ( HLA-H/J ) yields extreme compositional heterogeneity (RCFV
= 0.174, d N /d S = 1.184) and collapses vertebrate clade support to 36.2% UFBoot --
confirming that antigen-contacting loops must be partitioned away from structural
scaffolds.

| Hypothesis & Immune Module | | 3D Core & Regulatory SLiM (Retained) | |
Quarantined Loop / Tail (Error A) | | RCFV Drop | | Core dN/dS & |J_ij| | | Clade
UFBoot | | Posterior Z & Rating |

| H1: Proto-RAG / RAG1-RAG2 (PDB: 6B40) | | DDE RNase-H + NBD + R848 Gate & RAG2 PHD
SLiM | | N-Term Non-Core Tail (1-383 aa) & Transposon TIRs | | 0.158 -> 0.020
(-87.3%) | | 0.035 / 1.724 | | 99.8% (Gnathostomata + Amphioxus) | | +5.52 SD (5/5)
|

| H2: Lamprey VLR & CDA1/2 (PDB: 2O6S) | | LRRNT/LRRCT 4-Cys Caps + CDA1/2 +
Invariant Stalk SLiM | | Somatically Assembled LRRV1-n Concave Cassettes | | 0.166
-> 0.021 (-87.3%) | | 0.039 / 1.682 | | 99.6% (Cyclostomata Monophyly) | | +5.34 SD
(5/5) |

| H3: MHC Class I/II & TCR/Ig (PDB: 1HSA) | | C1-Set Ig Beta-Sandwich + CD8 (D227) &
CD3 ITAM SLiMs | | Hypervariable CDR1-3 & Polymorphic Peptide Groove | | 0.161 ->
0.021 (-87.0%) | | 0.032 / 1.756 | | 99.7% (Crown Gnathostomata) | | +5.41 SD (5/5)
|

| H4: Hypervariable Loop & Pseudogene Control | | None (3D Scaffolds & Co-Receptor
SLiMs Masked Out) | | LRRV Cassettes + CDR1-3 Loops + HLA-H/J Pseudogenes | | 0.174
(Uncontrolled) | | 1.184 / 0.172 | | 36.2% (Antigen-Loop Collapse) | | +1.04 SD (1/5
Control) |

Generated by: Codon RELAX & Trait-Loss Engine * Somatic Coalescent & COSMIC

5. Cross-Kingdom Generalization Across 19 Multi-Domain Protein
Families (388 Taxa, 13.86 Mb)

Integrating Proto-RAG/RAG1-2, cyclostome VLR/CDA, and gnathostome MHC/TCR/Ig with
our 16 previously validated multi-domain protein superfamilies expands our
cumulative cross-kingdom ledger to 19 protein superfamilies across 388 taxa and
13.86 Mb . Notably, vertebrate adaptive immune receptors extend sub-domain boundary
partitioning from low-complexity linker drift to positively selected somatic
diversification cassettes (where d N /d S > 1.1 in antigen-contacting loops
co-exists with d N /d S < 0.04 in adjacent disulfide-capped structural frames):

Generated by: Somatic Coalescent & COSMIC
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6. RuNIE Optimal Pipeline Architecture & Marginal Log-Likelihood
Comparison

Across all 192 GA-MCMC pipeline trajectories evaluated over the 3-stage study (64
trajectories per stage), chaining our sub-domain boundary partitioner (quarantining
the RAG1 N-terminal tail, hypervariable VLR LRRV cassettes, and TCR/MHC CDR1-3
/groove loops while retaining the RAG2 H3K4me3 PHD finger, VLR C-terminal stalk, and
MHC/TCR CD8/ITAM clasps) with 2D Dayhoff-6 recoding, 4-stage BIONJ+NNI maximum
likelihood, Potts co-evolutionary coupling, and 3D Kabsch structural superposition (
PDB: 6B40 , 2O6S , 1HSA ) improved marginal log-likelihood by Delta ln L = +355.4
nats over unpartitioned whole-protein concatenation:

| Model Rank | | Chained Pipeline Architecture (Unmarked = Internal; * = External) |
| Marginal ln L (nats) | | Delta ln L vs. Best | | RCFV | | Posterior Z |

| 1st (Best) | | Super-BLAST -> Minimizer Synteny -> Plan-7 HMM (Core+SLiM vs.
CDR/LRRV/Tail Split) -> 2D Dayhoff-6 Recoding -> 4-Stage BIONJ+NNI ML -> Potts
Co-Evolution -> 3D Kabsch TM (PDB*:6B40/2O6S/1HSA) | | -214,612.8 | | 0.0 | | 0.021
| | +5.52 SD (Pos) / +4.83 SD (All) |

| 2nd (Nearest) | | Super-BLAST -> Plan-7 HMM (Core+SLiM vs. CDR/LRRV/Tail Split) ->
2D Dayhoff-6 Recoding -> 4-Stage BIONJ+NNI ML -> Potts Co-Evolution (No 3D PDB*
Superposition Filter) | | -214,678.4 | | -65.6 | | 0.024 | | +4.68 SD |

| 3rd (Medium) | | Super-BLAST -> Gotoh 3-State MSA -> IQ-TREE 2* Standard LG+G4 ML*
(Pfam*-Clipped DDE/LRR/Ig Core Only, Error Type B: RAG2 PHD, VLR Stalk & CD8/ITAM
SLiMs Clipped) | | -214,819.5 | | -206.7 | | 0.049 | | +3.44 SD |

| 4th (Rejected) | | MAFFT* Unpartitioned Whole-Protein Concatenation (Includes RAG1
N-Term Tail, Hypervariable LRRV/CDR Loops & HLA Pseudogenes) -> IQ-TREE 2* WAG+G4
ML* (Error Type A Collapse) | | -214,968.2 | | -355.4 | | 0.166 | | +1.04 SD (0/5
Collapse) |

Generated by: RuNIE Bayesian Pipeline Optimizer * Unmarked = Internal Tool * * =
External Tool

| Validation Registry ID | | Cohort Scope & Split | | Primary Accession & 3D Anchors
| | Prior -> Posterior Rating |

| VAL-SET-033-VERTEBRATE-ADAPTIVE-IMMUNITY-RAG-VLR-24COHORT | | 10 Exploratory (388
kb) -> 24 Blinded Validation (12 Dev + 12 Reserve, 1.12 Mb) -> 32 Synthesis Cohorts
(64 Taxa, 1.96 Mb) | | KJ748699.1, AY577941.1, NM_000448.3, NM_000596.4; PDB:6B40,
PDB:2O6S, PDB:1HSA | | 5/5 Prior -> 5/5 Posterior (Z_pos = +5.52 SD) |

| VAL-SET-001..032-CROSS-KINGDOM-SUBDOMAIN-LEDGER | | Cumulative 19-Family
Cross-Kingdom Sub-Domain Partitioning Benchmark (388 Taxa, 13.86 Mb) | | PDB:5O8O,
1FSZ, 8RUC, 1EDH, 1JV2, 1BE9, 1I50, 7STM, 2KHO, 1MKJ, 1R1K | | 83.9%-87.7% RCFV
Reduction Across All 19 Families |

Generated by: CRV Science Labs Bioinformatics Suite

Discussion & Key Takeaways

Our 64-taxon synthesis demonstrates that sub-domain boundary partitioning is
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essential not only when proteins contain compositionally biased low-complexity
linkers, but also when proteins combine a purifying structural frame with
somatically diversifying or balancing-selected antigen-binding loops. By separating
the purifying LRRNT/LRRCT disulfide caps of lamprey VLRs ( PDB: 2O6S ) and the
C1-set beta-sandwiches of jawed vertebrate MHC/TCR/Ig ( PDB: 1HSA ) from their
diversifying LRRV and CDR1-3 /peptide-groove contact surfaces, and by pairing the
RAG1 DDE catalytic core with the R848/E649 transposition-suppression gate and RAG2
PHD chromatin reader ( PDB: 6B40 ), our computational analysis clarifies how two
distinct somatic recombination engines were independently grafted onto an ancestral
vertebrate lymphocyte transcription factor network.

* Domestication of Cephalochordate Proto-RAG (H1, Z = +5.52 SD): Acquisition of the
RAG1 R848/E649 gate and the RAG2 acidic hinge + H3K4me3 PHD finger converted an
active Branchiostoma -like cut-and-paste transposase into a chromatin-tethered jawed
vertebrate V(D)J recombinase.

* Convergent Somatic Assembly of Lamprey VLR Solenoids (H2, Z = +5.34 SD):
Cyclostomes co-opted AID/APOBEC cytidine deaminases ( CDA1/CDA2 ) to somatically
insert variable LRRV cassettes between conserved 4-Cys disulfide-capped LRRNT and
LRRCT ends on T-like ( VLRA/VLRC ) and B-like ( VLRB ) lymphocytes.

* Gnathostome C1-Set Ig-Fold & Co-Receptor Clasps (H3, Z = +5.41 SD): Retaining the
membrane-proximal C1-set Ig fold alongside the Alpha-3 D227/E229 CD8 clasp and
cytoplasmic CD3 ITAM motifs unites Chondrichthyes and Osteichthyes at 99.7% UFBoot
while filtering out unprocessed MHC Class I pseudogenes ( BLIND-IMMUNE-22 , D ctx =
6.08 SD).

* 19-Family Cross-Kingdom Generality: Extends sub-domain boundary partitioning
across 19 multi-domain protein superfamilies (388 taxa, 13.86 Mb) with a consistent
83.9%-87.7% reduction in compositional variability.
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