
Additional file 1: Supplementary Methods and Figures
Study design and analysis scope
Cohort definition and mechanism screening preceded structural representation assessment, exact disruption-model scoring, sequence-based coverage evaluation and the prospectively specified phenotype-information test. Disease labels informed representation balance before phenotype testing. Inputs and statistical rules were fixed before the phenotype-information test.
The structural disruption, sequence-interface coverage and phenotype-information evaluations address distinct quantities. WT interface probabilities describe interface propensity, while mutant-specific disruption requires a model of the substitution. Wider sequence coverage preserved the structural findings and provided no robust global incremental phenotype information under the prespecified criterion.
Cohort, identifiers and interaction resources
ClinVar assertions and their variant provenance were retained as database evidence, distinct from experimental functional measurements [1]. Pathogenicity classification and gene-disease validity were treated as separate evidential concepts [2,3]. Gene symbols were reconciled with HGNC, canonical protein identities with UniProt, and disease terms with the retained MONDO normalization and OMIM-linked identifiers [4,5,6]. MONDO parent-child collapse and multilabel retention followed the frozen normalization, without adopting a new ontology release [7]. Physical BioGRID and IntAct records were distinguished from predicted interaction evidence [8,9]. HuRI provided contextual evidence; the analyzed interaction edges came from the resources specified above [10].
The 137-gene strict cohort required ≥2 disease groups with ≥10 qualifying variants each. Five confirmed incompatible genes were excluded, leaving 132 classified as not known to be incompatible; unresolved mechanisms retained their original status. The interaction-qualified intersection contained 128 genes, and the structure-ready subset contained 42. The broader sequence audit used U2=132 and reported U1=42 separately. The 128-gene intersection was an intermediate eligibility set, distinct from the broader sequence-evaluation universe.
Structural mapping and label provenance
Experimental PDB biological assemblies and SIFTS coordinate mappings supplied observed residue context [11,12]. A residue received a contact label when an observed heavy atom lay within 5 Å of the represented partner in a retained assembly. Labels from repeated assemblies were combined by taking the union for each canonical residue × query-partner pair. Missing or unobserved residues were excluded from contact validation rather than labeled negative. PIONEER predicted interface evidence was retained separately from the experimental-contact truth labels [13].
Exact disruption model and offline implementation
MutPred-PPI v1.0.0 was fixed at commit a6e2f47e18a3af5dbbc4d8accce8ab177049c56c [14]. ProtT5 used Rostlab/prot_t5_xl_half_uniref50-enc, revision 94a6abc029ae13029317b140b7424e012bf8dfbf; weight SHA256 7f51ba885541c7dc569d46b796af57cc7a2ba7945107dced4f19d1b5ec091157 [15]. The maximum absolute error for official-example scores was 3.85×10⁻⁶ (tolerance 10⁻⁴). The 20-row cache comparison reproduced embeddings with zero recorded difference (tolerance 10⁻⁶). The 100-row pilot returned finite outputs. Full inference produced 10,499 unique prediction units mapping to 10,917 successful frozen rows. Of 233 failures, 182 lacked a structural residue, 27 had reference mismatches and 24 had chain problems. Outputs and failures were retained for all 11,150 input rows.
Row-level scoreability was 97.91% among submitted structural rows, which represented a subset of all available disease variants × credible partners. Frozen disruption outputs were remapped to the common variant universe without rerunning the model. Unavailable pairs remained missing rather than receiving a score of zero.
Exact sequence encoders and input contracts
SPPIDER-seq used the official v2.0-manuscript release and its original prediction head [16]. ESM2 facebook/esm2_t33_650M_UR50D revision 08e4846e537177426273712802403f7ba8261b6c had weight SHA256 a08adabb949fa67ad3c14b509d04fd60368b35007b0095e3358f81200c4f4db0 [17]. The primary receptor head SHA256 was de00e13dd1edbe7a4eb76e3cbf298ba65abe2ef44cd85d9ce12dff5b5e01c113. Receptor and peptide outputs were stored separately. Inference used windows of 1,024 tokens, including special tokens, with stride 512. Merging preserved coverage of both sequence endpoints and internal residues. Full query and partner sequences were preserved.
X-PAIR 0.1.0 used the bundled pretrained checkpoint, SHA256 d8c50d03cd6107d2b411d7095a34243ec1b31e6b7cc1d590329c9328c1e8df72 [18]. Ankh-large ElnaggarLab/ankh-large revision 74b371dbfa3ee0a05d32ae74df0c2e0b82d6b9a6 had weight SHA256 517b6e8b279dedcb477af240b35c46bd6eb3307723eb281e60d4b2c8a87b889b [19]. Both proteins in each interaction pair were required to be 50-2,000 residues long. Unsupported proteins were retained as unsupported without truncation. Interaction-existence predictions did not filter interface outputs. The raw official six-decimal track was cached before CLI presentation rounding to three decimals. Rerun checks confirmed identical cached probabilities at the official export precision; equivalence of the underlying tensors was not assessed.
Offline loading used fixed local encoder paths with local_files_only enabled. Official neural-head inference was unchanged. WT encoder embeddings and full residue tracks were keyed by protein/model identity and reused across variants. The benchmark attempted a frozen plan of 15,942 distinct gene-partner pairs with 7,300 canonical sequences. Query and partner absence accounted for 243 and 228 failures respectively in each sequence arm. X-PAIR additionally had 2,377 length-unsupported pairs.
Common denominators and coverage balance
U2 comprised 132 genes, 9,978 common-primary variant rows and 1,109,989 variant-partner rows. U1 comprised 42 genes and 3,170 common-primary variant rows. C4 was the fraction of these variants with valid features for ≥3 distinct credible partners. The gene threshold was C4≥0.70. Variant-level availability and pair-level inference success are different quantities. Balance used the frozen full retained disease-group memberships, including explicit multilabel records, and required C4≥0.70, MINOR_IMBALANCE, at least two unambiguous retained groups of ≥10 variants each and ≥3 valid partner dimensions. The unique-residue statistical cohort was defined separately using its prespecified eligibility criteria.
Severe imbalance was defined by minimum disease-group coverage<0.50 or coverage range≥0.50. Material imbalance was defined by range≥0.20 or straddling the 0.70 coverage threshold; remaining cases were minor. The completed balance table retains the exact eligibility flags and group counts. These frozen flags determined balanced status using both disease-group coverage and overall gene coverage. Tables S2-S5 retain both U1 and U2 where applicable.
Internal contact validation and partner controls
Only observed experimental biological-assembly contacts were used as structural labels. Micro metrics pooled eligible residue-pair units, while macro metrics averaged query-protein estimates. Query proteins were resampled 1,000 times, retaining complete residue/pair clusters, with seed 20261003. AUROC and AUPRC were unavailable for one-class protein samples. These metrics have different interpretations under imbalanced contact labels [20,21]. Unknown training-data overlap limited interpretation to internal structural validity, with independent held-out performance remaining unestablished [22,23].
Partner specificity summarized Pearson and Spearman similarity across full predicted partner tracks within each gene, alongside across-partner residue variance and the fraction of residues with population SD≥0.05. Approximate reported medians of per-gene pairwise Spearman summaries were 0.926 for SPPIDER and 0.745 for X-PAIR. These summaries describe partner-track similarity; phenotype information was evaluated separately. Shuffle controls used 20 deterministic lexicographically selected eligible genes and three partners each per model. Replacement proteins were length matched under the frozen rule and excluded the query and credible partners. All 60 controls per method are shown without significance-based selection.
Residue registry and denominator reconciliation
The starting shared balanced genes were COL3A1, COL4A1, COL4A3, FGFR2, GUCY2D, KCNQ2, LHCGR, MEN1, MFN2, MMUT, PTEN, RHO, RPGR, RS1 and TUBA1A. All 1,034 unique residues were retained in the registry. The exclusive classes were 680 single-disease, 39 cross-disease and 315 multilabel/ambiguous. Cross-disease-linked flags were broader than the exclusive cross-disease class, because multilabel residues could also link multiple diseases. The discordance percentages use the broader cross-disease-linked definition.
Primary eligibility required safe single-disease rows, ≥10 unique residues per retained group, ≥2 groups and ≥3 common partners with valid full tracks in both methods. Exact accession/WT matching and EXACT_CANONICAL or SAFE_ISOFORM_REMAP status were required. All substitutions at a residue were assigned to the same analysis unit. ClinVar submissions, review stars and repeated RCV assertions did not add weight. A pre-association QC amendment corrected the count of distinct amino-acid substitutions while retaining Variation-ID counts separately. The amendment changed no row, label, partner or gene membership.
Frozen specification and chronological integrity
The final analysis specification SHA256 was d657fab6b24f9aa757f9773bb1e9e0bd5d850e743eab6bdf819f126326ced9c3. Its immutable input-list SHA256 was 7e809146f191b2c8a4404c56c3d8281315257ea5c1658247c30efd2af3076a42. The cohort-freeze step created matrices and counts before association. All 346 frozen checks passed before association and during completed integrity verification: 124 original inputs, 79 representation-delivery entries and 143 preregistration inputs. X-PAIR was primary and SPPIDER confirmatory without fusion or later switching.
Feature transforms and PERMANOVA
Named partner matrices retained lexicographically ordered frozen identities. For each gene, population means and standard deviations were estimated across all frozen primary rows without labels; exactly constant columns became zero. Raw vectors were sorted descending before independent standardization of each rank column. Sorting preserved the raw score multiset before standardization, which could subsequently change the transformed values. The endpoint was ΔR²=R²_named−R²_sorted.
One-factor PERMANOVA partitioned squared Euclidean distances into between-group and total sums of squares [24]. R²=SS_between/SS_total and pseudo-F=(SS_between/(g−1))/(SS_within/(n−g)). Zero-total-distance matrices were unevaluable, and each gene was analyzed separately. Coordinate sums of squares were calculated independently and reconciled with stored Gram-matrix output in the completed statistical integrity audit. The frozen test compares feature geometries operationally; it does not estimate a covariate-adjusted causal effect.
Paired permutation and multiplicity
The seed for each gene was derived from the first 16 hexadecimal characters of SHA256('PHASE2P1|20261004|GENE'), modulo 2³², using NumPy PCG64. Each primary gene used B=10,000 unique group-size-preserving alternatives, sampled without replacement and excluding the observed assignment. Identical assignments were shared across four representations. Labeled P used pseudo-F, and Δ P used the paired Δ null. Both P values used plus-one counting with ties included [25].
Four ten-gene Benjamini-Hochberg families remained separate, with a frozen q≤0.05 reporting threshold [26]. Significance of the Δ contrast, significance of the labeled association and satisfaction of the global rule were evaluated separately. The observed results did not change any family, cohort, partner or metric.
Gene bootstrap and global criterion
The ten genes were the resampling units and received equal weight. The global median 95% CI used 10,000 percentile bootstrap resamples, PCG64 seed 20261005. Q1/Q3 used linear interpolation. Condition A required median ΔR²>0 and a CI strictly above zero. Condition B required positive ΔR² values in ≥70% of all phenotype-ready genes, retaining unevaluable/zero genes in that denominator. The one-sided exact sign test excluded zero ΔR² values from its own denominator. No zero ΔR² values occurred. The observed CI included zero, so Condition A was not satisfied; eight positive genes satisfied Condition B. The combined criterion was not met.
Sensitivities, baselines and separate extension
Restricted strata combined fixed normalized-position quintiles [0,.2,.4,.6,.8,1], domain membership (IN_DOMAIN/NO_DOMAIN/DOMAIN_UNKNOWN) and monomer SASA bins≤1 Å², >1 Å² or unknown. Position 1 entered the final quintile. Labels were exchanged only within strata, with gene seed+1 modulo 2³². Fewer than 1,000 alternative assignments would be uninformative without merging bins. GUCY2D and LHCGR had 1,763 and 3,149 alternatives exhaustively evaluated; other primary genes used 10,000. All nominal Δ statuses agreed with unrestricted tests.
Correlation distance used the prespecified correction for the frozen labeled/sorted profiles. Only KCNQ2, MEN1 and TUBA1A were evaluable; four genes had zero-distance sorted profiles and three failed the sensitivity’s dimension criterion. Unavailable sensitivity results were retained as missing, separate from zero ΔR² values. Raw and poststandardization-sort comparisons remained secondary.
Position, frozen UniProt domain proxies, generic interface and generic 3D baselines were compared on matched complete-case rows, requiring ≥10 residues per disease and ≥2 groups. Position used normalized coordinates without duplicating a collinear dimension. Missing annotations were not imputed. Median paired increments were calculated from row-matched contrasts and differ from differences between marginal medians. The frozen baseline used UniProt domain proxies because formal Pfam/InterPro domain annotations were unavailable.
The secondary SPPIDER-only eight-gene extension, evaluated outside the shared cohort, contained COL7A1, DYNC1H1, MYO7A, NF1, RYR1, SCN1A, USH2A and VWF. Seven genes, comprising 702 residues, were evaluable; NF1 failed the frozen sample-size criterion. Five ΔR² values were positive, and no separately corrected labeled or Δ result met q<0.05. Extension observations were not pooled into the primary median, bootstrap or FDR.
Secondary prediction and information ceiling
The prespecified secondary nearest-centroid comparison used repeated stratified five-fold splits for ten repeats, with PCG64 seed 20261006. All rows of one residue remained together, and scaling was fitted within training folds only. Class probabilities used normalized exp(−squared centroid distance), with temperature 1, stable log-sum-exp and a floor of 10⁻¹⁵. The analysis used no calibration, tuning or complex classifier. These summaries describe secondary predictive performance within the study cohort; clinical performance was not evaluated.
DiscordantResidueRate was the number of residues linked to ≥2 retained groups divided by all phenotype-annotated residues. For the ceiling, each distinct Variation ID received one unit of mass, fractionally divided across its retained disease labels. We then summed the largest label mass at each residue and divided by total annotated mass. A macro residue ceiling was also retained. These quantities use broader registry denominators than primary ΔR² and contain no interface scores. Their relationship with ΔR² was not tested.
Software, resource accounting and reporting
The completed association run recorded NumPy 2.2.6, pandas 3.0.6, SciPy 1.15.3 and scikit-learn 1.7.2. SciPy provided numerical algorithms for the completed analyses [27]. Stored null arrays, exact assignments and output manifests permit inspection of the completed tests. Recovery reused valid outputs and caches while preserving the original observations.
SPPIDER recorded 7.15086 CPU hours, peak RAM of 4.09 GB and an embedding cache of 28.26 GB. X-PAIR recorded 5.91839 CPU hours, batch wall time of 8.52977 hours, peak RAM of 8.42 GB and an embedding cache of 21.74 GB. Its measured forward median was 0.0538798 seconds per pair; amortized batch wall proxies were reported separately. Metal Performance Shaders (MPS) busy GPU hours and peak VRAM were not recorded and could not be inferred from elapsed time. The original generation cost of reused structural/disruption baselines was not reconstructed. These measurements document resource use under the recorded conditions; hardware and measurement scopes differ between methods.
Supplementary table organization
Additional file 2: Supplementary Tables and full-precision results preserves Tables S1-S9 (method contracts, coverage, gene coverage, disease balance, representation classifications, failures, internal contact validation, length constraints and resources). Tables P1-P6 retain primary, confirmatory, baseline, restricted, training-overlap and secondary prediction results. MainTable2, ResidueContext, Extension and TableIndex provide the primary presentation and supporting provenance. NA remains explicit and is not converted to zero.
Applying the evaluation framework
Define an analysis unit that matches the representation. Freeze the candidate universe, partner provenance and disease mapping, then retain exact outputs and technical failures. Specify completeness and group-balance criteria before testing. Fix the labeled-versus-sorted control, statistic, multiplicity families and global criterion before evaluating phenotype information. Retain unavailable sensitivities and negative findings. Report each additional representation separately with its own provenance alongside the preceding results. The thresholds used here are application-specific prespecified criteria.
Expanded supplementary table index
The workbook additionally includes cohort derivation, ontology parent-child collapse, PPI evidence provenance, MutPred gene coverage, full residue registry, correlation-distance sensitivity and training-overlap audit. These tables retain the frozen source values and their provenance.
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Figure S1. Internal structural validity, partner-track similarity and pair availability. a, Macro AUROC and AUPRC with 95% CIs from 1,000 whole-query-protein bootstrap resamples. X-PAIR comprises 67 query proteins and 51,928 residue-pair units; SPPIDER-seq comprises 80 and 63,687. Training overlap is unknown for both models, so these are internal estimates. b, Approximate median within-gene partner-track Spearman summaries, 0.926 for SPPIDER-seq and 0.745 for X-PAIR; higher similarity denotes less track variation. c, All 15,942 planned pairs per model, with 15,471 SPPIDER-seq and 13,094 X-PAIR scores. Hatching denotes 2,377 X-PAIR length-unsupported pairs; each model has 471 other sequence-availability failures. Panels b and c are descriptive without inferential intervals and do not establish phenotype discrimination.
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Figure S2. Paired permutation-null example. COL3A1 was selected alphabetically for display from the completed test. The histogram includes all 10,000 unique group-size-preserving alternative assignments and excludes the observed labels. A solid blue line marks observed ΔR², and a dashed gray line marks zero. One-sided plus-one P counts null ΔR² values at least as large as the observed value. Selection was independent of significance. Source: saved COL3A1 paired permutation arrays.
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Figure S3. Restricted permutation sensitivity. Unrestricted and restricted paired-contrast P values are shown for all ten genes; segments connect estimates for the same gene. The dashed line marks nominal P=0.05 rather than an FDR threshold. GUCY2D and LHCGR use all 1,763 and 3,149 alternatives; other genes use 10,000. Restricted strata were fixed before association testing. Nominal Δ status agrees in 10/10 genes, consistent with the primary conclusion. No inferential interval is attached to permutation P. Source: restricted result table.
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Figure S4. Sequence length audit. a, X-PAIR length-supported partner counts against query length. b, SPPIDER scored partner counts with windowed full-sequence inference. Every gene with a known query length is shown; genes without canonical sequence length are unavailable, not zero-length proteins. The dashed 2,000-aa boundary marks X-PAIR’s upper contract limit, which also applies to partners. Counts are descriptive; no inferential intervals are shown. Sources: length constraint and long-sequence audits.
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Figure S5. Per-gene common-denominator coverage. All 132 genes in alphabetical order, split into four panels for legibility. Columns show MutPred-PPI, structural binary, structural distance, SPPIDER and X-PAIR C4 fractions. C4 is the proportion of frozen common-primary variants with ≥3 valid credible partners. The stepped neutral color scale is fixed 0-1; white denotes unavailable values, not zero coverage. Every gene and all five methods are retained. Values are frozen coverage fractions without inferential intervals. Source: gene-level coverage table.
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Figure S6. Deterministic partner replacement controls. a, Spearman correlation between true-partner and replacement-partner tracks for all 60 controls per sequence model. b, Mean absolute track differences for the same controls. SPPIDER-seq uses ochre circles and X-PAIR blue squares. Controls use 20 deterministic eligible genes and three partners each. The numerical index denotes plotting order rather than a biological ranking. Replacement selection was phenotype-blind. No association test or uncertainty interval is added. Source: frozen shuffled-partner control table.
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Figure S7. Computational resource accounting. Recorded CPU hours, peak RAM and embedding cache size for the two sequence arms. Decimal GB uses 10⁹ bytes. Values retain original measurement scopes: SPPIDER includes encoder and cache input/output; X-PAIR batch-wall and measured-forward timings are separately recorded in Table S9. Busy GPU hours and peak VRAM were not profiled. Points show single recorded resource measurements without inferential intervals. The measurements do not support a speed comparison under equal hardware conditions. Source: computational resource table.
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Figure S8. Different complete-case gene sets prevent global ranking. Dots show equal-weight median paired X-PAIR-minus-baseline R² contrasts on each baseline’s row-matched evaluable set. POSITION n=10, GENERIC_INTERFACE n=5, GENERIC3D n=4 and DOMAIN_PROXY n=2 are explicitly labeled. The zero reference separates positive and negative contrasts. These are descriptive medians; confidence intervals were not prespecified. The differing complete-case gene sets limit comparisons to the matched baseline analyses.
Data and code availability
The source data and annotation resources used in this study were obtained from the resources described in the Methods and Additional file 1, including ClinVar, BioGRID, IntAct, PDB/SIFTS, UniProt, HGNC and MONDO. Derived datasets, frozen analysis outputs, source manifests, saved permutation and bootstrap results, and figure source data are available in the versioned Zenodo software and derived-data archive (version 1.0.0; https://doi.org/10.5281/zenodo.23435673). The additional files provide supplementary methods, figures and full-precision tables. Analysis code is available at https://github.com/seefreewind/allelic-heterogeneity-partner-representations. The ClinVar variant-summary snapshot is dated 3 September 2026; the RCV XML internal release date is 29 August 2026. Exact software/model versions and hashes are recorded in Additional file 1 and the archive manifests. Third-party pretrained weights, full encoder caches, training datasets and database copies subject to provider licences are not redistributed and should be obtained from their original providers under the applicable licences. The frozen phenotype specification SHA256 is d657fab6b24f9aa757f9773bb1e9e0bd5d850e743eab6bdf819f126326ced9c3. The versioned archive is cited as [28].
AI use details
DeepSeek V4 was used for code-writing assistance, and ChatGPT 5.6 for text translation, language polishing and formatting, as reported by the authors. Project records additionally document Codex assistance with code development and debugging, data-processing and statistical implementation, figure-generation code, consistency checks, citation discovery and reference preparation, manuscript synthesis, prose drafting and restructuring, and figure/table presentation. Exact historical Codex model versions and independently retrievable version records for the author-reported tools were not retained in the project. The authors remain responsible for reviewing the manuscript and for the accuracy and integrity of its content. No AI system is an author.
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