ITRG: Enables Controllable Biomolecular Complex Ensemble Generation through Interface Trajectory Conditioning and Repulsive Guidance
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Supplementary Methods

Supplementary Method 1
Contact-mode clustering, contact-shift analysis and steric/interface-distance diagnostics
For each generated structure, the binary contact matrix was flattened into a contact fingerprint. Pairwise contact fingerprints were compared using Jaccard distance:
 ,
where  and  denote binary contact fingerprints. Contact-mode clusters were then constructed using a greedy representative-based procedure. The first generated structure was initialized as the representative of the first cluster. For each subsequent structure with contact fingerprint , its Jaccard distance to all existing cluster representatives was calculated. The structure was assigned to the nearest cluster if the minimum distance was no greater than 0.30; otherwise, a new cluster was created and  was used as its representative fingerprint.
,
where  denotes the representative fingerprint of cluster .   is the contact-mode cluster of .
For each cluster , occupancy was calculated as:
,
where is the number of structures assigned to cluster  and  is the total number of generated structures in the ensemble. Occupancy entropy was calculated as: 
 ,
The effective cluster count was defined as:
 , 
corresponding to the number of clusters accounting for at least 5% of the ensemble.

To quantify contact redistribution between baseline and β-perturbed ensembles, contact-shift analysis was performed using contact-probability thresholds. For a given threshold , active contact sets were defined as:
,
,
where   and  denote the baseline and -perturbed contact probabilities for protein residue  and partner-side interaction unit , respectively. Newly emerged contacts  were defined as contacts that were inactive in the baseline ensemble but active in the -perturbed ensemble; Lost contacts  were defined as contacts that were active in the baseline ensemble but inactive in the β-perturbed ensemble. The active contact union  was defined as:
,
The new-contact emergence rate and lost-contact rate were calculated relative to both the active union and the corresponding condition-specific active set:
,
,
,
,
Thus, newly emerged and lost contacts were defined by threshold-crossing changes in contact activity, rather than simply by the sign of . 
Contact-map precision, recall and F1 score were calculated at each contact-probability threshold . The shared active contacts were defined as . Precision was calculated as the fraction of -perturbed active contacts that were also active in the baseline ensemble , whereas recall was calculated as the fraction of baseline active contacts retained in the -perturbed ensemble:
,
,
,
Top-ranked contact overlap was calculated independently of the threshold-based active contact sets. Baseline and -perturbed contact probability maps were flattened, and the top K contact entries with the highest probabilities were selected from each ensemble:
,
,
,
In the reported contact-shift summaries,  was set to 20. Precision, recall and F1 quantify preservation of threshold-defined active contact regions, whereas top-ranked contact overlap quantifies whether the highest-probability contact entries are preserved between baseline and -perturbed ensembles.

Steric/interface-distance diagnostics were calculated from protein-partner heavy-atom distances. Clash count was defined as the number of protein-partner heavy-atom pairs below 2.0 Å, severe clash count as the number of pairs below 1.5 Å, and minimum interface distance as the minimum protein-partner heavy-atom distance in each generated structure.


Supplementary Method 2
Contact-guided MCMC sampling of pair features
To generate diverse yet contact-consistent Boltz-2 pair-feature inputs, we introduced a contact-guided MCMC sampling strategy in the pair-feature space. Rather than perturbing the full pair representation globally, the procedure restricts stochastic updates to contact-associated pair-feature entries defined by the interface matrix, allowing local feature-space exploration around the β-perturbed anchor state. The retained sampled pair-feature states were then independently used for downstream Boltz-2 conformational ensemble generation.

Starting from the anchor pair feature , we performed Markov chain Monte Carlo (MCMC) sampling in the pair-feature space to generate a sequence of interface-guided feature states. Given a binary contact matrix , the matrix was first symmetrized and expanded along the feature-channel dimension to obtain an interface mask . The pair-feature state at MCMC step  was represented as
 ,
where  denotes the accumulated feature perturbation () and denotes element-wise masking.

At each MCMC step, an active interface pair was randomly selected, and a local block mask  was constructed around this pair. In this work, the local block radius was set to 2, corresponding to a local neighborhood of pair-feature entries around the selected contact. A Gaussian proposal was then generated only within this masked local block:
,
where the proposal noise scale was set to  . To maintain stable perturbations in the pair-feature space, the proposed perturbation was symmetrized and clipped to the range :
.
The corresponding proposed pair feature was then computed as
.
The MCMC energy was defined as a weighted combination of an anchor-restraint term and an optional fast scoring term:
,

The anchor-restraint term  penalized squared deviations within the contact-associated pair-feature entries, thereby preventing the sampled feature states from drifting excessively away from the anchor pair feature . Unless otherwise specified, we used . The optional fast scoring term was disabled in the default setting by setting , but the framework allows user-defined fast scoring functions to further guide sampling.
The proposed update was accepted according to the Metropolis-Hastings probability:
 .
If a uniformly sampled random number  satisfied  the proposal was accepted and ; otherwise, the previous state was retained. In the default implementation, each chain was run for 100 MCMC steps, with the first 20 steps discarded as burn-in. Samples were then retained every 5 steps by thinning. The retained pair-feature states, denoted as  , were subsequently used as contact-guided pair-feature inputs for downstream Boltz-2-based conformational ensemble generation.

Supplementary Method 3
Ligand conformer-distance calculation
Ligand conformer diversity was quantified using an internal-distance descriptor rather than ligand RMSD. For each generated protein-ligand complex, matched ligand heavy atoms were extracted from the specified ligand chain after excluding hydrogen atoms. 
For a ligand containing L heavy atoms with coordinates , all pairwise intraligand distances were first calculated:
 ,
The upper triangle of the intraligand distance matrix was then flattened into a vector:
 ,
with dimensionality
 ,
the internal-distance vector was normalized by :
 ,
The conformer distance between two generated ligands  and  was defined as the Euclidean distance between their normalized internal-distance descriptors:
 ,
This descriptor depends only on ligand-internal atom-atom distances and is therefore invariant to global translation and rotation of the ligand. It captures ligand-internal conformational variation rather than protein-aligned ligand pose displacement. For each generated ensemble, global conformer diversity was reported as the mean of  over all ligand pairs, whereas nearest-neighbor conformer diversity was calculated as the mean minimum conformer distance from each ligand to its closest neighbor in the ensemble:
 ,
Here,  denotes the number of generated complexes in the ensemble.  measures local de-duplication by quantifying how far each generated conformer is from its nearest neighbor.
Supplementary Method 4
Dynamic-shell environment descriptor for binding-environment diversity
To quantify and guide binding-environment diversity, we constructed a dynamic-shell environment descriptor  that summarizes the local protein environment surrounding the ligand. The descriptor was computed from the current coordinates of each generated protein-ligand complex and was therefore updated dynamically during sampling. Interface protein atoms were used as the candidate environment pool, and ligand atoms were used to define the local environment centre. Three ligand-centred radial shells with radii of 3.0, 4.5 and 6.0 Å were used to summarize local protein density, distance statistics and chemically informed contact features. The environment descriptor is computed from protein-ligand distances, dynamic radial gates, shell-level statistics and atom-type-aware contact features.
For a generated complex , let  denote the coordinate of the -th candidate interface protein atom and  denote the coordinate of the -th ligand atom. The protein-ligand distance matrix was first computed as
,
For each candidate protein atom, a differentiable soft-nearest distance to the ligand was computed as
,
where  is the soft-min temperature. In this study, .  is the total number of ligand atoms.
Three ligand-centred cumulative radial gates were then constructed at radii
,
For shell , the cumulative gate was defined as
,
where  denotes the sigmoid function and  controls the smoothness of radial shell assignment. In this study, .
The cumulative gates were converted into three non-overlapping ring-shell weights:
,
,
,
Thus, the three shells approximately corresponded to protein atoms located within 0-3.0 Å, 3.0-4.5 Å and 4.5-6.0 Å from the ligand, while remaining differentiable with respect to atomic coordinates.
For each shell, we first computed shell density:
,
We then computed shell-wise mean distance:
,
and shell-wise distance dispersion:
,
where  was used for numerical stability,  is the total number of candidate interface protein atoms.
To encode the chemical composition of the local protein environment, we used protein atom-type one-hot features. Let  denote the one-hot indicator for protein atom  belonging to protein atom-type channel . The protein atom-type composition within each shell was computed as
,
To further encode chemically informed protein-ligand contact patterns, smooth pair-type contact gates were computed from the full protein-ligand distance matrix:
,
where  is the contact-sharpening exponent. In this study,   .
 Let  denote the one-hot indicator for ligand atom  belonging to ligand atom-type channel . The shell-wise protein-ligand pair-type contact descriptor was computed as
,
Finally, ligand-type-resolved nearest-environment features were computed to describe how each ligand atom type was positioned relative to the surrounding protein environment. For ligand atom-type channel . The type-resolved soft-nearest distance from protein atom  to ligand atoms of type  was
,
The shell-wise ligand-type-resolved nearest-environment feature was then computed as
,
The final dynamic-shell environment descriptor was obtained by concatenating all enabled feature groups:
,
where is the dimensionality of the concatenated descriptor. The normalization by  was used to reduce descriptor-size dependence. Here, the shell index  is retained in the descriptor. For scalar shell-level features, values from the three shells are concatenated as length-K vectors. For atom-type-dependent features, the shell and atom-type dimensions are flattened before concatenation.
The binding-environment distance between two generated complexes  and  was defined as the L1 distance between their normalized descriptors:
,
This distance was used as the environment-diversity metric and as the descriptor distance for environment-guided repulsive sampling.


Supplementary Table

	[bookmark: _Hlk230879829]Supplementary Table S1. Intra-block ensemble consistency and representative diagnostics. Each MCMC block contains 100 predicted conformations. Mean pairwise ligand RMSD (Å) and mean pairwise contact overlap summarize intra-block conformational and contact-level consistency. Clash-outlier ratio reports the fraction of clash outliers within each block. Representative-level diagnostics include the selected representative global index, protein-ligand contact number, total interface patch size and clash count. These metrics support the representative-based inter-block trajectory analysis shown in Fig. 3 and the quality-control visualization in Supplementary Fig. S5.

	Case
	Block
	Mean pairwise ligand RMSD 
	Mean pairwise contact overlap
	Clash-outlier ratio
	Rep. global index
	Rep. contacts
	Rep. patch size
	Rep. clashes

	7UX8
	0
	1.039
	0.490
	0.000
	49
	7
	8
	0

	7UX8
	1
	1.048
	0.500
	0.000
	131
	10
	11
	0

	7UX8
	2
	0.998
	0.511
	0.000
	229
	10
	11
	0

	7UX8
	3
	0.968
	0.495
	0.000
	310
	10
	11
	0

	7UX8
	4
	1.006
	0.509
	0.000
	478
	11
	12
	0

	7UX8
	5
	1.007
	0.508
	0.000
	501
	12
	13
	0

	7UX8
	6
	1.008
	0.504
	0.000
	626
	11
	12
	0

	7UX8
	7
	0.975
	0.510
	0.000
	702
	10
	11
	0

	7UX8
	8
	1.021
	0.488
	0.000
	806
	12
	13
	0

	7UX8
	9
	1.017
	0.526
	0.000
	928
	9
	10
	0 

	4W53
	0
	0.035
	0.192
	0.000
	45
	5
	6
	0

	4W53
	1
	0.030
	0.164
	0.000
	135
	5
	6
	0

	4W53
	2
	0.032
	0.187
	0.000
	203
	8
	9
	0

	4W53
	3
	0.032
	0.194
	0.000
	334
	6
	7
	0

	4W53
	4
	0.021
	0.182
	0.000
	400
	7
	8
	0

	4W53
	5
	0.040
	0.164
	0.000
	593
	5
	6
	0

	4W53
	6
	0.029
	0.227
	0.000
	645
	5
	6
	0

	4W53
	7
	0.027
	0.170
	0.000
	713
	7
	8
	0

	4W53
	8
	0.027
	0.177
	0.000
	824
	5
	6
	0

	4W53
	9
	0.025
	0.215
	0.000
	970
	6
	7
	0 




	Supplementary Table S2. Summary statistics used for baseline-normalized diversity gains in Fig. 4a.

	Case
	Method
	Conf. mean
	Conf. NN mean
	Pose mean
	Pose NN mean
	Env. mean
	Env. NN mean

	7UX8
	Baseline
	0.31798
	0.07921
	8.65175
	1.32512
	0.10829
	0.02152

	7UX8
	Conformer-guided
	0.61172
	0.18583
	8.75092
	1.37894
	0.11001
	0.02573

	7UX8
	Pose-guided
	0.52003
	0.15487
	8.78673
	1.74954
	0.11666
	0.03639

	7UX8
	Environment-guided
	0.44711
	0.14481
	8.87585
	1.29155
	0.74955
	0.06685

	4W53
	Baseline
	0.00462
	0.00129
	11.00104
	0.49707
	0.01947
	0.00477

	4W53
	Conformer-guided
	0.38179
	0.07422
	11.01444
	0.59147
	0.02730
	0.00946

	4W53
	Pose-guided
	0.06821
	0.02125
	11.57857
	1.76474
	0.10163
	0.03259

	4W53
	Environment-guided
	0.22329
	0.04100
	11.22050
	0.77217
	2.29992
	0.02695

	Note: Conf. mean = mean pairwise distance between ligand internal-distance descriptors; Conf. NN mean = mean nearest-neighbor distance in conformer descriptor space; Pose mean = mean pairwise ligand RMSD after protein alignment; Pose NN mean = mean nearest-neighbor ligand RMSD after protein alignment; Env. mean = mean pairwise distance between chemically informed protein-environment descriptors around the ligand; Env. NN mean = mean nearest-neighbor distance in environment-descriptor space. Mean values reflect global pairwise spread, whereas NN mean values reflect local separation and near-duplicate reduction. Larger values indicate greater diversity or fewer near-duplicate samples. NN denotes nearest-neighbor.





	Supplementary Table S3. Summary of ligand-protein minimum heavy-atom distance and clash analysis.

	Case
	Method
	n
	Lowest dmin (Å)
	Median dmin (Å)
	Clash n
	Max clash pairs

	7UX8
	Baseline
	100
	2.417
	2.539
	0 
	0

	7UX8
	Conformer-guided
	100
	2.443
	2.540
	0 
	0

	7UX8
	Pose-guided
	100
	2.426
	2.584
	0 
	0

	7UX8
	Environment-guided
	100
	1.603
	2.514
	2 
	1

	4W53
	Baseline
	100
	3.259
	3.425
	0 
	0

	4W53
	Conformer-guided
	100
	3.300
	3.418
	0 
	0

	4W53
	Pose-guided
	100
	2.582
	2.710
	0 
	0

	4W53
	Environment-guided
	100
	1.110
	3.810
	9 
	1

	Note: dmin denotes the minimum distance between any ligand heavy atom and any protein heavy atom in each generated complex. Lowest dmin indicates the smallest dmin observed within each group, whereas median dmin summarizes the central tendency of the distance distribution. Clash n denotes the number of generated complexes containing at least one ligand-protein heavy-atom pair closer than 2.0 Å. Max clash pairs denotes the maximum number of heavy-atom clash pairs observed in a single generated complex within each group.





	Supplementary Table S4.  Global Δ contact probability summary for β = −2 protein-nucleic-acid perturbation. The table summarizes total, nucleobase-resolved and backbone-resolved Δ contact probability maps for the protein-DNA complex 1TGH and the protein-RNA complex 2ERR. Max ΔP and Min ΔP indicate the largest contact-probability increase and decrease relative to the baseline ensemble, respectively. Matrix positions are reported as one-based protein-residue and nucleic-acid-residue indices. Entries with |ΔP| ≥ 0.10 and the corresponding percentages quantify the fraction of contact-map positions showing detectable perturbation-induced redistribution. ΔP denotes the contact probability difference between the  perturbed ensemble and the baseline ensemble.

	System
	Channel
	Max ΔP
	Max ΔP position
	Min ΔP
	Min ΔP position
	Entries with |ΔP| ≥ 0.10
	Percentage with |ΔP| ≥ 0.10 (%)

	1TGH DNA
	Total
	0.933
	(15, 7)
	-0.933
	(12, 7)
	85
	3.83

	1TGH DNA
	Base
	0.933
	(15, 7)
	-0.933
	(13, 6)
	33
	1.49

	1TGH DNA
	Backbone
	1.000
	(134, 3)
	-0.933
	(12, 7)
	72
	3.24

	2ERR RNA
	Total
	0.800
	(71, 1)
	-1.000
	(31, 6)
	81
	10.62

	2ERR RNA
	Base
	0.767
	(71, 1)
	-1.000
	(31, 6)
	71
	9.31

	2ERR RNA
	Backbone
	0.400
	(69, 2)
	-1.000
	(33, 5)
	39
	5.11




	Supplementary Table S5. Compact summary of β = −2 protein-peptide perturbation analysis of 1BBZ. The table summarizes the key global contact-map statistics, and ensemble-level quality-control metrics for the protein-peptide complex 1BBZ. The peptide was treated as a single interacting partner using the same total-interface protocol applied to protein-small-molecule complexes. The total number of contact-map entries was 580, calculated as 58 protein residues × 10 peptide residues. ΔP denotes the difference in contact probability between the  perturbed ensemble and the baseline ensemble. For Δ contact-map metrics, the baseline ensemble was used as the reference for calculating ; these values summarize baseline-to-perturbed changes rather than separate baseline-only statistics.

	Section
	Metric
	Baseline
	β = −2

	Global contact map
	Non-zero contact entries
	29 / 580 (5.00%)
	192 / 580 (33.10%)

	Global contact map
	High-probability contacts and maximum probability
	26 entries with P ≥ 0.50; max P = 1.000
	0 entries with P ≥ 0.50; max P = 0.400

	Global Δ contact map
	Detectably redistributed entries
	Baseline reference for ΔP calculation
	97 / 580 (16.72%) with |ΔP| ≥ 0.10; 68 gains and 29 losses

	Global Δ contact map
	ΔP extrema
	Baseline reference for ΔP calculation
	Max ΔP = 0.400; min ΔP = −0.967

	Quality control
	Ensemble diversity and steric/interface-distance diagnostics
	1 cluster; effective cluster number = 1.00; mean minimum distance = 2.460 Å; clashes = 0
	24 clusters; top 10 shown in Fig. S11a; effective cluster number = 21.96; mean minimum distance = 2.552 Å; clashes = 0





	Supplementary Table S6. Parameter settings for repulsion-guided Boltz-2 sampling.

	Mode
	Diversity descriptor
	Diversity margin
	Guidance interval
	Guidance weight schedule

	Conformer-guided
	Ligand internal-distance descriptor
	0.50
	Every 5 diffusion steps
	0.8 / 0.4 / 0.0

	Pose-guided
	Protein-aligned ligand RMSD
	3.0 Å
	Every 2 diffusion steps
	0.8 / 0.4 / 0.2

	Environment-guided
	Dynamic-shell binding-environment descriptor
	0.80
	Every 2 diffusion steps
	0.8 / 0.5 / 0.2

	Note: The diversity margin defines the flat-bottom threshold below which repulsive energy is applied between two generated samples. Guidance interval denotes how frequently the repulsive potential was applied during diffusion sampling. Guidance weights were scheduled over normalized diffusion time, with stronger weights applied during earlier sampling stages and weaker weights during later refinement.




Supplementary Figure

[image: ]
Supplementary Fig. S1. Ensemble-level interface-contact redistribution in 7UX8 under β = −1.  a, Baseline residue-level protein-ligand contact profile calculated from the Boltz-2 baseline ensemble. b, Residue-level contact profile of the perturbed ensemble generated with . c, Δ-contact profile showing the difference between the perturbed and baseline ensembles. Positive values indicate increased contact probability after perturbation, whereas negative values indicate reduced contact probability. d, Threshold-dependent contact-shift metrics, including Jaccard similarity, F1 score, top-k overlap, new-contact rate, and lost-contact rate across different contact-probability thresholds. e, Summary of contact-mode diversity and interface quality. The upper subpanel compares the effective number of contact clusters and occupancy entropy between baseline and perturbed ensembles. The lower subpanel compares mean clash counts, severe clash counts, minimum interface distance, and the fraction of structures with any steric clash. Each ensemble contains 100 generated conformations.
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Supplementary Fig. S2. Ensemble-level interface-contact redistribution in 7UX8 under β = −2.  a, Baseline residue-level protein-ligand contact profile calculated from the Boltz-2 baseline ensemble. b, Residue-level contact profile of the perturbed ensemble generated with . c, Δ-contact profile showing the difference between the perturbed and baseline ensembles. Positive values indicate increased contact probability after perturbation, whereas negative values indicate reduced contact probability. d, Threshold-dependent contact-shift metrics, including Jaccard similarity, F1 score, top-k overlap, new-contact rate, and lost-contact rate across different contact-probability thresholds. e, Summary of contact-mode diversity and interface quality. The upper subpanel compares the effective number of contact clusters and occupancy entropy between baseline and perturbed ensembles. The lower subpanel compares mean clash counts, severe clash counts, minimum interface distance, and the fraction of structures with any steric clash. Each ensemble contains 100 generated conformations.
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Supplementary Fig. S3. Ensemble-level interface-contact redistribution in 4W53 under β = −1.  a, Baseline residue-level protein-ligand contact profile calculated from the Boltz-2 baseline ensemble. b, Residue-level contact profile of the perturbed ensemble generated with . c, Δ-contact profile showing the difference between the perturbed and baseline ensembles. Positive values indicate increased contact probability after perturbation, whereas negative values indicate reduced contact probability. d, Threshold-dependent contact-shift metrics, including Jaccard similarity, F1 score, top-k overlap, new-contact rate, and lost-contact rate across different contact-probability thresholds. e, Summary of contact-mode diversity and interface quality. The upper subpanel compares the effective number of contact clusters and occupancy entropy between baseline and perturbed ensembles. The lower subpanel compares mean clash counts, severe clash counts, minimum interface distance, and the fraction of structures with any steric clash. Each ensemble contains 100 generated conformations.
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Supplementary Fig. S4. Ensemble-level interface-contact redistribution in 4W53 under β = −2.  a, Baseline residue-level protein-ligand contact profile calculated from the Boltz-2 baseline ensemble. b, Residue-level contact profile of the perturbed ensemble generated with . c, Δ-contact profile showing the difference between the perturbed and baseline ensembles. Positive values indicate increased contact probability after perturbation, whereas negative values indicate reduced contact probability. d, Threshold-dependent contact-shift metrics, including Jaccard similarity, F1 score, top-k overlap, new-contact rate, and lost-contact rate across different contact-probability thresholds. e, Summary of contact-mode diversity and interface quality. The upper subpanel compares the effective number of contact clusters and occupancy entropy between baseline and perturbed ensembles. The lower subpanel compares mean clash counts, severe clash counts, minimum interface distance, and the fraction of structures with any steric clash. Each ensemble contains 100 generated conformations.
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Supplementary Fig. S5. Intra-block ensemble consistency and representative quality assessment. Each MCMC block contained 100 predicted conformations. We evaluated intra-block ensemble consistency and representative-level interface quality to support the representative-based inter-block trajectory analysis in Fig. 3.  a-c, Block-level auxiliary metrics for 7UX8, including mean pairwise ligand RMSD, mean pairwise contact overlap and clash-outlier ratio within each block. d-f, Corresponding block-level auxiliary metrics for 4W53. g-i, Representative-level diagnostics for 7UX8, including contact number, total interface patch size and clash count of the selected representative structure in each block. j-l, Corresponding representative-level diagnostics for 4W53. These analyses provide quality-control support for interpreting the inter-block trajectory metrics shown in Fig. 3.    
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[bookmark: _Hlk230952304]Supplementary Fig. S6. Structural visualization of selected representative protein-ligand interface states. Selected representative structures and ligand-interaction diagrams are shown to provide structural context for the trajectory-level metrics in Fig. 3. a, Anchor representative structure of 7UX8 at block 0, shown in yellow. b, Protein-aligned overlay of 7UX8 block 0 and block 5 representatives. Although the matched heavy-atom RMSD of the ligand chain was small between these two representatives (0.205 Å), the protein-ligand contact topology changed substantially, with a contact overlap of 0.462 and a patch overlap of 0.500 using a 4.5 Å contact cutoff. c, Two-dimensional ligand-interaction diagram of the 7UX8 block 0 anchor representative. d, Two-dimensional ligand-interaction diagram of the 7UX8 block 5 representative, showing redistribution of ligand-contacting residues relative to the anchor. e, Anchor representative structure of 4W53 at block 0, shown in magenta. f, Protein-aligned overlay of 4W53 block 0 and block 2 representatives (orange), showing a contact-switching state with minimal anchor-related contact/patch retention. g, Protein-aligned overlay of 4W53 block 0 and block 3 representatives (green), showing an additional contact-switching state along the sampled trajectory. h, Protein-aligned overlay of 4W53 block 0 and block 8 representatives (gray), showing partial recovery of an anchor-like interface arrangement. These visualizations provide structural context for the distinction between contact redistribution in 7UX8 and contact-switching behavior in 4W53.
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Supplementary Fig. S7. Minimum ligand-protein heavy-atom distance distributions for generated complexes. Minimum distances were calculated between ligand heavy atoms and protein heavy atoms for each generated complex. The dashed line indicates the 2.0 Å cutoff used to define ligand-protein heavy-atom clashes. Distributions are shown for baseline, conformer-guided, pose-guided and environment-guided generations in 7UX8(a) and 4W53(b).
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Supplementary Fig. S8.  Adjacent-block MCMC trajectory metrics for protein-nucleic-acid complexes. a-c, Adjacent-block  MCMC trajectory metrics for the protein-DNA complex 1TGH. a, Representative RMSD between neighboring MCMC blocks. b, Nucleobase contact overlap between neighboring blocks. c, Backbone contact overlap between neighboring blocks. d-f, Corresponding adjacent-block MCMC trajectory metrics for the protein-RNA complex 2ERR. d, Representative RMSD between neighboring MCMC blocks. e, Nucleobase contact overlap between neighboring blocks. f, Backbone contact overlap between neighboring blocks. Adjacent-block metrics quantify local transitions between consecutive MCMC blocks. For each point, the value at transition i→i+1 describes the structural or contact-level change between the representative states of two neighboring blocks. These analyses complement the anchor-referenced trajectories in Fig. 5 by resolving local stepwise transitions along the sampled MCMC path.
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Supplementary Fig. S9. Ensemble-level quality control for β = −2 protein-nucleic-acid perturbation analyses. a,b, Quality-control metrics for the protein-DNA complex 1TGH. a, Mode occupancy distribution of the baseline and  perturbed ensembles, showing up to the top 10 clusters ranked by occupancy for each ensemble. b, Distribution of minimum protein-nucleic-acid interface distances in the baseline and  perturbed ensembles. c,d, Corresponding quality-control metrics for the protein-RNA complex 2ERR. c, Mode occupancy distribution of the baseline and  perturbed ensembles. d, Distribution of minimum protein-nucleic-acid interface distances in the baseline and  perturbed ensembles. Mode occupancy summarizes ensemble diversity across conformational clusters, whereas minimum interface distance provides a clash-related interface-quality diagnostic. These analyses support the interpretation of the Δ contact probability maps in Fig. 5 and indicate that the observed contact redistribution was not solely attributable to low-quality or clash-dominated conformational states.
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Supplementary Fig. S10. Adjacent-block MCMC trajectory metrics for the protein-peptide complex 1BBZ. a-c, Adjacent-block  MCMC trajectory metrics for 1BBZ. a, Representative RMSD between neighboring MCMC blocks. b, Contact overlap between neighboring blocks. c, Patch overlap between neighboring blocks. Adjacent-block metrics quantify local transitions between consecutive MCMC blocks; The x-axis labels denote adjacent block transitions, and each value describes the structural or interface change between the two neighboring representative states. These analyses complement the anchor-referenced trajectory metrics in Fig. 6 by resolving local stepwise transitions along the sampled protein-peptide MCMC path. 



[image: ]
Supplementary Fig. S11. Ensemble-level quality control for β = −2 protein-peptide perturbation analysis. a,b, Quality-control metrics for the protein-peptide complex 1BBZ. a, Mode occupancy distribution of the baseline and  perturbed ensembles, showing up to the top 10 clusters ranked by occupancy for each ensemble. b, Distribution of minimum protein-peptide interface distances in the baseline and  perturbed ensembles. Mode occupancy summarizes ensemble diversity across conformational clusters, whereas minimum interface distance provides a clash-related interface-quality diagnostic. These analyses support the interpretation of the Δ contact probability map in Fig. 6 and indicate that the observed protein-peptide contact redistribution was not solely attributable to low-quality or clash-dominated conformational states. Quantitative summaries are provided in Supplementary Table S5.
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