Supplementary
S1 — The HLA hit is robust to sample size and to the grouping label
The main-text HLA spectrum rests on the small HLA-B allele set of the calibration atlas, inviting the concern that its four-corner recovery is a small-sample coincidence. We addressed this directly by expanding HLA-B from IPD-IMGT/HLA (4,138 complete, 2-field-distinct α1/α2 sequences, MAFFT-aligned to the same 341 mature-position coordinate frame as the atlas) and re-running the conservation–divergence null analysis under two orthogonal manipulations.
First, holding the grouping fixed, we walked a sequence-weighting ladder — uniform, Henikoff position-based, 98%-identity de-duplication, real AlleleFrequencies.net population-frequency weighting, and supertype-consensus collapse. All five schemes returned null_explains in [1.00, 1.07], matching the other cross-species families and confirming the at-scale recovery is not a weighting or pseudoreplication artifact.
Second, and directly relevant to the circularity argument, we compared two labels on an identical set of 63 HLA-B alleles carrying measured eluted-peptide motifs (MHC Motif Atlas, ≥20 nine-mers per allele). The independent label — the P2 anchor-residue chemistry read from the eluted peptides, not derived from the sequence columns under test — gives null_explains = 0.957 (95% bootstrap CI over positions 0.881–1.058): a hit at N = 63. The circular label — the sequence-defined pocket supertype — gives 0.766 (CI 0.689–0.834) on the same alleles, reproducing the anomalous sub-null signature. A trivial-convergence control (subsampling the circular-label set from 5 to 240 alleles per group, three seeds) shows the circular anomaly relaxes toward 1.0 only as N grows (range 0.86–1.18, never approaching the 0.78 of the atlas panel), whereas the independent label is already at the null at small N. The two manipulations thus isolate two separable contributors to a spuriously low null_explains — a circular grouping label and small sample size — and show that removing either one restores the hit.
Scope. The independent (non-circular) label exists only for assayed alleles (63 HLA-B here); this is a legitimate expansion of the independent-label set, not a thousands-allele independent analysis — the 4,138-allele arm necessarily uses the sequence-defined label and serves only as the sample-size / weighting-robustness control. These runs use the permutation-null null_explains statistic, which corroborates the HLA hit's robustness but does not replace the main-text HLA spectrum or its ρ and recall figures. frac_above_null is sample-size-dependent and is therefore not compared across N; null_explains with a bootstrap CI over positions is the reported statistic.
Data and code. All master tables, alignments, pre-registration files, and figure-generation code are provided as supplementary datasets (see companion data manifest). Supplementary §S1 data: hlaB_independent_label.npz (63 assayed alleles + independent motif labels), independent_vs_circular_label.csv, persite_independent_P2motif.csv, rung_summary_final.csv and regression_criterion_bootstrap.csv (five-tier weighting ladder + bootstrap CIs). Sources: MHC Motif Atlas class I eluted peptides (nine-mers, ≥20/allele); IPD-IMGT/HLA B_prot (Latest).

