Supplementary Material S8 AlphaFold2 confidence assessment and structural benchmarking of generated NLR candidates
S8.1 Sequence sets and experimental benchmarks
AlphaFold2 analyses were performed on translated protein sequences from four groups: 100 generated NLR candidates, 213 natural Alnus glutinosa NLR reference proteins, 100 length-matched random controls, and four experimentally determined NLR benchmarks. Protein sequences were obtained using the ORF prediction and translation procedure described in Section 2.7, and only sequences satisfying the predefined ORF and translation criteria were retained. The natural reference group comprised the 213 NLR-related proteins identified from the 362 quality-filtered A. glutinosa reference loci, with one representative protein retained per locus. Random-control proteins were matched to the generated candidates by protein-length distribution and were processed using the same filtering procedure.
Four plant NLRs with experimentally determined cryo-EM structures were used as structural benchmarks: ZAR1, ROQ1, Sr35, and RPP1. These proteins represent established CC-NLR and TIR-NLR architectures. Their amino-acid sequences were predicted using the same AlphaFold2 settings applied to the Generated, Natural reference, and Random groups. Comparisons with experimental PDB coordinates were restricted to residues resolved in the selected experimental chains.
S8.2 AlphaFold2 prediction and confidence assessment
Protein structures were predicted using ColabFold v1.5.5 with AlphaFold2-ptm weights. Multiple-sequence alignments were generated using MMseqs2 15-6f452 against UniRef30 2302 and the corresponding environmental sequence databases. Five models were generated with three recycles and one model seed or seeds for each protein. Structural templates were disabled to prevent the experimentally determined benchmark structures from being used during prediction. All proteins were predicted as monomers, and the top-ranked model was selected according to the ColabFold ranking confidence.
Per-residue predicted local distance difference test scores were extracted from the B-factor field of the top-ranked model. Full-length pLDDT was calculated as the mean across all modelled residues, and the proportion of residues with pLDDT ≥ 70 was calculated for each protein. Predicted TM score and predicted aligned error were obtained from the corresponding AlphaFold2 score and PAE files. For the experimental benchmark group, the four protein-level mean pLDDT values were summarized as the group mean ± sample SD. Domain boundaries for CC or TIR, NB-ARC, LRR, and interdomain linker regions were assigned using NLR-Annotator v2.1b and InterProScan 5.65-97.0. Domain-level pLDDT was calculated only for proteins containing the corresponding detected domain.
S8.3 Comparison with experimentally determined structures
The top-ranked AlphaFold2 model of each experimental benchmark was aligned with the corresponding experimental PDB chain using US-align version 20241005. ZAR1 was compared with chain C of 6J5T, ROQ1 with chain A of 7JLU, Sr35 with chain A of 7XC2, and RPP1 with chain B of 7DFV. Comparisons were restricted to experimentally resolved residues and included TM score, Cα RMSD, aligned-residue coverage, and the number of aligned residues. TM scores were normalized by the number of resolved residues in the experimental reference chain. Because the experimental structures represent activated oligomeric states whereas the AlphaFold2 models were predicted as monomers, structural comparisons were interpreted at the single-chain and domain levels.
Each Generated, Natural reference, and Random model was also aligned against all four experimental NLR benchmarks. For each predicted model, the benchmark producing the highest TM score was retained as the best structural match. The corresponding Cα RMSD and alignment coverage were recorded. NB-ARC domains were additionally aligned separately to reduce confounding from differences in LRR length and interdomain orientation. Full-length TM scores were calculated for 213 natural reference proteins, 100 generated candidates, and 100 random controls. NB-ARC TM scores were calculated for 213 natural reference proteins, 25 generated candidates, and 2 random controls.
One protein sequence was treated as one independent observation, and repeated protomers from the same experimental resistosome were not counted as independent samples. Group pLDDT results are reported as mean ± SD, whereas structural-alignment metrics are reported as medians with interquartile ranges corresponding to the 25th and 75th percentiles. The four experimental benchmarks were summarized descriptively because of their small sample size. The Random-control NB-ARC results were also interpreted descriptively because only two sequences contained a valid NB-ARC-like region.
Table S8.1. AlphaFold2 confidence and structural agreement of experimentally determined NLR benchmarks with their cryo-EM structures.
	Experimental NLR (PDB chain)
	Experimental state
	Mean pLDDT
	TM score*
	Cα RMSD (Å)
	Coverage (%)

	ZAR1 (6J5T, chain C)
	Activated pentamer
	83.6
	0.91
	1.4
	96

	ROQ1 (7JLU, chain A)
	Activated with XopQ
	79.9
	0.88
	1.9
	93

	Sr35 (7XC2, chain A)
	Activated with AvrSr35
	76.3
	0.89
	1.7
	94

	RPP1 (7DFV, chain B)
	Activated tetramer core
	72.2
	0.86
	2.3
	89


Note: All four experimental NLR benchmarks were predicted using the same AlphaFold2 settings applied to the Natural reference, Generated, and Random groups in Tables S8.2 and S8.3. Mean pLDDT was calculated across all residues in the top-ranked model for each protein. TM score, Cα RMSD, and coverage were calculated by aligning each predicted model with the corresponding experimentally resolved PDB chain using the structural-alignment procedure described in Section S8.3. TM scores were normalized by the number of experimentally resolved residues in the selected PDB chain. Coverage was calculated as the number of structurally aligned residue pairs divided by the number of resolved Cα residues in the experimental chain. The selected ZAR1, ROQ1, Sr35, and RPP1 chains contained 808, 726, 858, and 520 resolved residues, respectively. Comparisons were performed at the single-chain level and do not imply that the activated oligomeric assemblies were reconstructed by AlphaFold2. pTM was summarized at the group level in Table S8.2 and was therefore not repeated here.
The four experimentally determined NLR benchmarks showed mean pLDDT values from 72.2 to 83.6, indicating moderate to high local confidence across the AlphaFold2 models. All four predictions showed strong agreement with their corresponding experimentally resolved PDB chains, with TM scores from 0.86 to 0.91, Cα RMSD values from 1.4 to 2.3 Å, and alignment coverage from 89% to 96%. ZAR1 showed the closest agreement, with the highest TM score of 0.91, the lowest Cα RMSD of 1.4 Å, and 96% coverage. RPP1 showed the lowest mean pLDDT and structural agreement among the four benchmarks but still achieved a TM score of 0.86 and 89% coverage over the experimentally resolved tetramer-core region. These results confirm that the AlphaFold2 and structural-alignment workflow recovered the established single-chain folds of experimentally characterised NLR proteins. They do not demonstrate reconstruction of the activated oligomeric assemblies or experimental biological activity.
Table S8.2  AlphaFold2 confidence metrics across sequence groups 
	Group
	Effective n
	Full-length pLDDT (mean ± SD)
	Residues with pLDDT ≥ 70 (%)
	pTM (mean ± SD)
	Mean PAE (Å)

	Experimental NLR benchmarks
	4
	78 ± 5.2
	69 ± 5.8
	0.71 ± 0.07
	12.0 ± 2.3

	Natural NLR reference
	213
	80 ±4.9
	72 ± 5.6
	0.74 ± 0.06
	11.0 ± 2.2

	Generated NLR candidates
	100
	51 ± 9.6
	30 ± 6.2
	0.48 ± 0.07
	19.0 ± 2.9

	Random control
	100
	31 ± 5.7
	8 ± 3.5
	0.30 ± 0.05
	24.0 ± 2.2


Note: Effective n denotes the number of independent protein sequences that passed the predefined ORF, translation, and quality filtering criteria. Full-length pLDDT was calculated as the mean per-residue confidence score for each predicted model. The percentage of residues with pLDDT ≥ 70 was calculated for each model and summarized across the group. pTM values were obtained from the AlphaFold2 prediction outputs. Mean PAE was calculated as the mean predicted aligned error across all residue pairs in each model. Values are reported as mean ± SD across proteins. The experimental benchmark group contained four independent NLR proteins and was summarized descriptively; repeated chains or protomers from the same experimental assembly were not treated as independent observations.
The Natural NLR reference group showed confidence metrics similar to those of the experimentally benchmarked NLR proteins, with mean full-length pLDDT values of 80 and 78, respectively, and comparable proportions of residues with pLDDT ≥ 70. The Generated group showed intermediate confidence, with a mean pLDDT of 51, 30% of residues meeting the pLDDT ≥ 70 threshold, a mean pTM of 0.48, and a mean PAE of 19.0 Å. The Random control showed the lowest local and global confidence, with a mean pLDDT of 31, only 8% of residues with pLDDT ≥ 70, a mean pTM of 0.30, and a mean PAE of 24.0 Å. These results indicate that the generated sequences had greater predicted structural plausibility than the random controls, although their confidence remained below that of natural and experimentally benchmarked NLR proteins. The results represent computational confidence measures and do not establish experimentally confirmed protein folding or biological activity.
Table S8.3 Domain-level confidence and structural similarity to experimental NLR benchmarks 
	Group
	CC/TIR pLDDT (mean ± SD)
	NB-ARC pLDDT (mean ± SD)
	LRR pLDDT (mean ± SD)
	Linker pLDDT (mean ± SD)
	Best full-length TM score (median, IQR)
	Best NB-ARC TM score (median, IQR)

	Natural NLR reference
	86.49 ± 4.1 (n = 198)
	89.12 ± 3.4 (n = 213)
	72.26 ± 5.6
(n = 209)
	52.48 ± 6.8
(n = 207)
	0.68 (0.55–0.80)
	0.85 (0.78–0.90)

	Generated NLR candidates
	56.63 ± 8.7 (n = 21)
	66.34 ± 7.9 (n = 25)
	43.87 ± 8.1
(n = 23)
	36.38 ± 7.4
(n = 24)
	0.54 (0.42–0.65)
	0.65 (0.55–0.73)

	Random control
	NA
	33.46 ± 5.9 (n = 2)
	NA
	NA
	0.28 (0.20–0.35)
	0.29 (0.24–0.34)


Note: Domain-level pLDDT values are reported as mean ± SD across proteins containing the corresponding detected domain, with effective sample sizes shown in parentheses. CC/TIR denotes the detected N-terminal signalling domain, comprising either a CC or TIR domain according to the NLR class. Linker pLDDT was calculated over residues located between annotated NLR domains. Domain boundaries were assigned using the predefined annotation criteria described in Section S8.2. Each AlphaFold2 model was aligned against the four experimentally determined NLR benchmarks, and the highest TM score was retained as the best structural match. Best full-length TM scores were calculated for 213 natural reference proteins, 100 generated candidates, and 100 random controls. Best NB-ARC TM scores were calculated for 213 natural reference proteins, 25 generated candidates, and 2 random controls. TM scores are reported as medians with interquartile ranges, corresponding to the 25th and 75th percentiles. The Random control NB-ARC pLDDT and NB-ARC TM results were based on only two sequences and were interpreted descriptively. NA indicates that no valid domain-level estimate was available because the corresponding domain was not detected under the predefined criteria.
Natural NLR reference proteins showed the highest domain-level confidence, particularly in the NB-ARC and CC/TIR regions, with mean pLDDT values of 89.12 and 86.49, respectively. Confidence was lower in the LRR and linker regions, with mean pLDDT values of 72.26 and 52.48. Generated candidates showed intermediate confidence across all detected domains, with the NB-ARC region achieving the highest mean pLDDT of 66.34. Their median best full-length and NB-ARC TM scores were 0.54 and 0.65, respectively, compared with 0.68 and 0.85 for the natural reference group, indicating that structural agreement was stronger for the conserved NB-ARC core than for the complete multidomain architecture. Random controls showed the lowest structural agreement, with a median best full-length TM score of 0.28. Only two random sequences contained an assigned NB-ARC-like region, and their low pLDDT and TM values were interpreted descriptively. Overall, the generated candidates showed greater predicted NLR-like structural plausibility than the random controls, although their confidence and structural similarity remained below those of natural NLR proteins. These computational results do not establish experimentally confirmed folding or biological activity.


