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Supplementary Figure 1. SEAM entropy-based CSM patterns are consistent across genomic DNNs, data modalities,
and species. SEAM entropy-based cluster summary matrices (CSM) generated with SEAM using different genomic DNNs,
with each CSM computed based on a local library (10% mutation rate) corresponding to a unique reference sequence. a, CSM
for the Drosophila enhancer shown in Fig. 2b, generated using the DeepSTARR model with DeepSHAP attribution maps (using
the developmental head) and hierarchical clustering. Cyan rectangles highlight examples of motif-preserving signals that appear
outside of vertical bands, each corresponding to the emergence of a de novo motif for the respective cluster(s). b, CSM for
the human U2SURP exon 9, generated using the SpliceAI model with Saliency attribution maps (using the max prediction at
the acceptor head; see Methods) and K-Means clustering on the UMAP embedding. c, CSM for the human PPIF promoter,
generated using the ChromBPNet model with DeepSHAP attribution maps (using the counts head) and hierarchical clustering.
d, CSM for the final trajectory from the Evolved from Scratch (EFS) sequence 17, generated using the DeepMEL2 model
with DeepSHAP attribution maps (using class 16) and K-Means clustering on the UMAP embedding. e, CSM for the human
PPIF enhancer, generated using the Enformer model with Saliency attribution maps (using all human DNase CD14-positive
profiles; see Methods) and K-Means clustering on the UMAP embedding. CSM clusters for DeepSTARR and ChromBPNet
examples are ordered by ascending DNN prediction. CSM clusters for SpliceAI, DeepMEL2, and Enformer examples are
ordered according to entropy-similarity over positions (using hierarchical clustering) to better visualize entropy-based patterns.
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Supplementary Figure 2. SEAM covariance analysis annotates mutation-sensitive regulatory elements and quantifies
combinatorial logic. a, SEAM entropy-based CSM for the DeepSTARR locus shown in Fig. 2a. b, Covariance matrix of
the CSM, capturing how nucleotide positions co-vary in their entropy profiles across clusters (see “SEAM-based covariance
analysis” in Methods). For covariance analysis, SEAM applies a second, independent hierarchical clustering to the covariance
matrix (here cut into four groups corresponding to four regulatory motifs) to group together nucleotide positions that respond
jointly to sequence perturbation. Inset: covariance patterns also reveal co-occurrence trends between regulatory motifs across
mechanistically-defined clusters. c, CSM with low-entropy regions outlined in black, with the horizontal extent of each region
determined by the nucleotide groups from the covariance-based clustering, and the vertical boundaries defined by an entropy
threshold. d, Low-entropy regions within each black rectangle identified in the CSM are averaged and transformed into an
activity level for each TFBS, forming a binding configuration matrix. Magenta letters at the top of the binding configuration
matrix denote the position of example clusters in Fig. 2a. Some states appear as graded versions of others (e.g., Ohler1 in cluster
2 vs. cluster 6), reflecting contextual modulation of attribution amplitudes. e, The position of regulatory elements in each state
are combined with their activity in that state to highlight active motifs in the cluster-averaged attribution maps. Attribution
maps are cluster-averaged and background separated (see Methods). f, Pairwise epistatic interaction matrix computed using
Möbius inversion (see “SEAM-based epistasis analysis” in Methods), using median DNN predictions corresponding to each
optimal match in the binding configuration matrix. g, Bar plot of higher-order epistatic effects for all combinations of regulatory
elements.
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Supplementary Figure 3. SEAM identifies driver mutations that reprogram regulatory mechanisms. a, Top: CSM
based on percent mismatches to the wild-type (WT) sequence for a locus from the DeepSTARR test set (index 21069), using the
developmental head. Specific single-nucleotide variants (SNVs) in the CSM (middle) are associated with distinct shifts away
from the WT mechanism—visualized by the average of attribution maps in each cluster (bottom)—often through the creation
of poised motifs that modulate enhancer activity. For example, SNVs in clusters A and B reveal alternative binding sites for
the repressor TTK that strongly or moderately repress activity, respectively. Not all driver mutations form de novo motifs; in
cluster D, a substitution at the central position of the AP-1 TFBS increases the overall importance of all nucleotides in the core
motif. b, CSM for a second locus from the DeepSTARR test set (index 22627), analyzed with the housekeeping head. Cluster F
reveals a poised DRE TFBS governed by two driver mutations that are associated with an increase in predicted activity, while
clusters A–E demonstrate fine-scale shifts in the conformation of a central Ohler1 motif, each driven by a distinct SNV.
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