Table 1S. Top predictive features across the nine VIM-2 fitness phenotypes. The table summarizes the highest-ranked predictors from the frozen Step 7 permutation-importance analysis, together with native model importance and feature-group assignment. The main-text table is restricted to the leading predictors for each phenotype, while the complete feature-ranking outputs are retained for supplementary analysis. Feature importance is interpreted as predictive contribution rather than causal effect.

	Phenotype
	Rank
	Feature
	Feature category
	Permutation importance
	Native importance
	Stability
	Biological interpretation

	MEM 0.031 μg/mL, 37°C
	1
	SASA
	Solvent exposure
	0.269
	0.247
	Strong and stable
	Solvent-accessible surface area describing the local structural exposure of the mutated residue.

	
	2
	BLOSUM62
	Evolutionary constraint
	0.066
	0.054
	Strong and stable
	Evolutionary substitution score capturing the plausibility of the specific amino-acid replacement.

	
	3
	Distance to metal site
	Catalytic structural context
	0.042
	0.083
	Strong and stable
	Spatial proximity of the mutation to the metalloenzyme metal center.

	CTX 0.5 μg/mL, 37°C
	1
	SASA
	Solvent exposure
	0.221
	0.196
	Strong and stable
	Solvent-accessible surface area describing the local structural exposure of the mutated residue.

	
	2
	BLOSUM62
	Evolutionary constraint
	0.070
	0.058
	Strong and stable
	Evolutionary substitution score capturing the plausibility of the specific amino-acid replacement.

	
	3
	Distance to metal site
	Catalytic structural context
	0.053
	0.097
	Consistent support
	Spatial proximity of the mutation to the metalloenzyme metal center.

	AMP 128 μg/mL, 25°C
	1
	SASA
	Solvent exposure
	0.235
	0.218
	Strong and stable
	Solvent-accessible surface area describing the local structural exposure of the mutated residue.

	
	2
	BLOSUM62
	Evolutionary constraint
	0.055
	0.048
	Strong and stable
	Evolutionary substitution score capturing the plausibility of the specific amino-acid replacement.

	
	3
	Distance to metal site
	Catalytic structural context
	0.043
	0.087
	Strong and stable
	Spatial proximity of the mutation to the metalloenzyme metal center.

	AMP 128 μg/mL, 37°C
	1
	SASA
	Solvent exposure
	0.280
	0.247
	Strong and stable
	Solvent-accessible surface area describing the local structural exposure of the mutated residue.

	
	2
	BLOSUM62
	Evolutionary constraint
	0.078
	0.060
	Strong and stable
	Evolutionary substitution score capturing the plausibility of the specific amino-acid replacement.

	
	3
	Distance to metal site
	Catalytic structural context
	0.048
	0.087
	Strong and stable
	Spatial proximity of the mutation to the metalloenzyme metal center.

	AMP 16 μg/mL, 25°C
	1
	SASA
	Solvent exposure
	0.189
	0.168
	Strong and stable
	Solvent-accessible surface area describing the local structural exposure of the mutated residue.

	
	2
	Distance to metal site
	Catalytic structural context
	0.068
	0.116
	Consistent support
	Spatial proximity of the mutation to the metalloenzyme metal center.

	
	3
	BLOSUM62
	Evolutionary constraint
	0.050
	0.047
	Strong and stable
	Evolutionary substitution score capturing the plausibility of the specific amino-acid replacement.

	AMP 16 μg/mL, 37°C
	1
	SASA
	Solvent exposure
	0.231
	0.198
	Strong and stable
	Solvent-accessible surface area describing the local structural exposure of the mutated residue.

	
	2
	BLOSUM62
	Evolutionary constraint
	0.064
	0.056
	Strong and stable
	Evolutionary substitution score capturing the plausibility of the specific amino-acid replacement.

	
	3
	Distance to metal site
	Catalytic structural context
	0.048
	0.095
	Strong and stable
	Spatial proximity of the mutation to the metalloenzyme metal center.

	AMP 2 μg/mL, 25°C
	1
	Distance to metal site
	Catalytic structural context
	0.027
	0.096
	Consistent support
	Spatial proximity of the mutation to the metalloenzyme metal center.

	
	2
	WT_AA_H
	Wild-type amino-acid identity
	0.024
	0.026
	Consistent support
	Encodes the identity of the wild-type histidine residue and captures sequence-level residue context.

	
	3
	Sequence position
	Positional context
	0.019
	0.054
	Strong and stable
	Captures position-specific patterns associated with regional sequence or structural context.

	AMP 2 μg/mL, 37°C
	1
	SASA
	Solvent exposure
	0.113
	0.136
	Strong and stable
	Solvent-accessible surface area describing the local structural exposure of the mutated residue.

	
	2
	Distance to metal site
	Catalytic structural context
	0.082
	0.155
	Strong and stable
	Spatial proximity of the mutation to the metalloenzyme metal center.

	
	3
	Hydrophobicity change
	Physicochemical substitution
	0.047
	0.067
	Consistent support
	Change in local hydrophobic character associated with the amino-acid substitution.

	CTX 4 μg/mL, 37°C
	1
	SASA
	Solvent exposure
	0.252
	0.232
	Strong and stable
	Solvent-accessible surface area describing the local structural exposure of the mutated residue.

	
	2
	BLOSUM62
	Evolutionary constraint
	0.063
	0.053
	Strong and stable
	Evolutionary substitution score capturing the plausibility of the specific amino-acid replacement.

	
	3
	Distance to active-site pocket
	Active-site structural context
	0.038
	0.078
	Strong and stable
	Spatial proximity of the mutation to the functionally relevant active-site pocket.



Note: Feature importance values are derived from the frozen Step 7 analysis using the final selected architecture for each phenotype. Permutation importance represents the mean reduction in predictive performance associated with permutation of the feature, whereas native importance represents the model-derived importance measure. Stability categories follow the Step 7 evidence grading. Biological interpretations are descriptive and should not be interpreted as evidence of causality.



