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[bookmark: _Toc239353867]S1. Candidate generation and applicability
For scaffold-tuner, the generation unit was parent compound × directed transformation task, as each of the eight descriptor-direction modes was run separately. For the other methods, the generation unit was the parent compound. This prevents the eight scaffold-tuner mode calls from being pooled into an artificially large parent-level candidate count.

Supplementary Table S1. Candidate-generation and applicability summary.
	Method
	Generation unit
	Retained candidates
	Units with candidates
	Expected units
	Mean candidates/unit
	Median candidates/unit
	Max candidates/unit
	Applicable parents
	Applicability (%)

	scaffold-tuner
	parent × task
	34499
	4628
	8000
	4.31
	5.0
	30
	1000
	100.0

	Random local editing
	parent
	30248
	1000
	1000
	30.25
	30.0
	50
	1000
	100.0

	CReM
	parent
	24992
	860
	1000
	24.99
	20.5
	100
	1000
	100.0

	REINVENT4 Mol2Mol
	parent
	61388
	929
	1000
	61.39
	65.0
	97
	929
	92.9
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Parent compound success was evaluated when only the first k candidates per parent compound were considered (k = 1, 5, 10, 20, 50, or 100). Candidates were randomly ordered within each parent. The procedure was repeated 20 times using seeds 42–61, and the table reports the mean and standard deviation across repeats, averaged over the eight descriptor-modification tasks.

Supplementary Table S2. Mean parent compound success rate (%) under limited candidate budgets. Values are mean ± SD across 20 random orderings.
	Method
	k=1
	k=5
	k=10
	k=20
	k=50
	k=100

	scaffold-tuner
	42.32 ± 0.22
	47.55 ± 0.05
	47.96 ± 0.03
	48.07 ± 0.01
	48.08 ± 0.00
	48.08 ± 0.00

	Random local editing
	13.80 ± 0.32
	40.00 ± 0.33
	52.39 ± 0.39
	64.08 ± 0.22
	70.12 ± 0.00
	70.12 ± 0.00

	CReM
	15.59 ± 0.36
	34.02 ± 0.26
	38.44 ± 0.26
	40.80 ± 0.17
	42.39 ± 0.06
	42.60 ± 0.00

	REINVENT4 Mol2Mol
	17.15 ± 0.38
	50.02 ± 0.35
	65.02 ± 0.31
	75.93 ± 0.29
	84.21 ± 0.17
	85.66 ± 0.00
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Candidate-level values were reduced to one value per parent compound and method by taking the median ΔQED and median ΔSA Score among retained candidates from each parent compound. Statistical comparisons used only parent compounds with complete values for all four methods. A Friedman test was used as the omnibus paired non-parametric comparison; pairwise Wilcoxon signed-rank tests were then adjusted using the Holm procedure. Positive ΔSA indicates a higher (less favorable) SA Score relative to the parent compound, whereas negative values indicate a lower (more favorable) score.

Supplementary Table S3a. Parent compound-level descriptive statistics for ΔQED and ΔSA Score.
	Method
	n parents
	Median ΔQED
	Mean ΔQED
	SD ΔQED
	Median ΔSA
	Mean ΔSA
	SD ΔSA

	scaffold-tuner
	818
	-0.0608
	-0.0393
	0.0935
	0.1098
	0.1088
	0.1942

	Random local editing
	1000
	-0.0262
	-0.0309
	0.0327
	0.2684
	0.2957
	0.1230

	CReM
	860
	-0.0217
	-0.0078
	0.0644
	0.0730
	0.0537
	0.1297

	REINVENT4 Mol2Mol
	929
	0.0001
	0.0112
	0.0843
	0.0066
	-0.0099
	0.2141



Supplementary Table S3b. Friedman tests for parent compound-level ΔQED and ΔSA Score.
	Metric
	Complete parents
	Friedman statistic
	P value

	Delta QED
	678
	384.097
	6.162e-83

	Delta SA Score
	678
	1151.903
	1.998e-249



Supplementary Table S3c. Pairwise Wilcoxon signed-rank tests with Holm adjustment.
	Metric
	Method 1
	Method 2
	Wilcoxon statistic
	Raw P
	Holm-adjusted P
	Significant

	Delta QED
	scaffold-tuner
	Random local editing
	72693.0
	9.562e-17
	1.912e-16
	True

	Delta QED
	scaffold-tuner
	CReM
	38526.0
	1.092e-50
	5.460e-50
	True

	Delta QED
	scaffold-tuner
	REINVENT4 Mol2Mol
	38411.0
	7.772e-51
	4.663e-50
	True

	Delta QED
	Random local editing
	CReM
	66448.0
	2.340e-21
	7.020e-21
	True

	Delta QED
	Random local editing
	REINVENT4 Mol2Mol
	53422.0
	1.233e-33
	4.931e-33
	True

	Delta QED
	CReM
	REINVENT4 Mol2Mol
	87098.0
	5.566e-08
	5.566e-08
	True

	Delta SA Score
	scaffold-tuner
	Random local editing
	18991.0
	3.833e-79
	1.533e-78
	True

	Delta SA Score
	scaffold-tuner
	CReM
	69350.0
	7.201e-19
	7.201e-19
	True

	Delta SA Score
	scaffold-tuner
	REINVENT4 Mol2Mol
	41437.0
	3.053e-47
	9.159e-47
	True

	Delta SA Score
	Random local editing
	CReM
	0.0
	1.114e-112
	6.686e-112
	True

	Delta SA Score
	Random local editing
	REINVENT4 Mol2Mol
	3251.0
	1.637e-106
	8.184e-106
	True

	Delta SA Score
	CReM
	REINVENT4 Mol2Mol
	53888.0
	3.731e-33
	7.461e-33
	True
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Supplementary Figure S1. Distribution of parent compound-level median ΔQED across methods. Outliers are not displayed in the boxplot.
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Supplementary Figure S2. Distribution of parent compound-level median ΔSA Score across methods. Outliers are not displayed in the boxplot.
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Only candidates from the common REINVENT4-applicable parent compound subset that achieved the exact target descriptor change (Δ = +1 or −1) were included. Similarity was quantified as Tanimoto similarity to the parent using Morgan fingerprints (radius = 2, 2048 bits). Murcko scaffold retention indicates the percentage of exact-success candidates retaining the parent compound Murcko scaffold.

Supplementary Table S4. Locality of exact-success edits. Each cell reports median Tanimoto similarity / Murcko scaffold retention (%).
	Task
	scaffold-tuner
	Random
	CReM
	REINVENT4

	HBD increase
	0.725 / 59.9
	0.727 / 88.7
	0.754 / 91.0
	0.500 / 34.3

	HBD decrease
	0.736 / 99.9
	0.714 / 86.8
	0.740 / 88.1
	0.500 / 35.8

	HBA increase
	0.750 / 99.9
	0.718 / 74.6
	0.755 / 90.9
	0.516 / 32.6

	HBA decrease
	0.743 / 79.9
	0.707 / 63.0
	0.750 / 87.5
	0.512 / 31.9

	RotB increase
	0.673 / 100.0
	0.755 / 91.4
	0.757 / 86.5
	0.525 / 32.0

	RotB decrease
	0.722 / 83.5
	0.744 / 77.6
	0.722 / 62.9
	0.518 / 34.3

	AR increase
	0.696 / 0.0
	0.434 / 0.0
	NA
	0.525 / 0.0

	AR decrease
	NA
	0.509 / 0.0
	NA
	0.507 / 0.0
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Selective success required an exact ±1 change in the target descriptor while all three other evaluated descriptors remained unchanged. Collateral change among exact-success candidates was summarized by the percentage with zero change in the three non-target descriptors and by the median collateral-change score, defined as the sum of the absolute changes in those three descriptors.

Supplementary Table S5a. Selective parent compound success rate (%).
	Task
	scaffold-tuner
	Random
	CReM
	REINVENT4

	HBD increase
	1.2
	59.1
	28.1
	35.7

	HBD decrease
	0.4
	43.6
	28.2
	38.3

	HBA increase
	15.2
	94.9
	53.1
	60.3

	HBA decrease
	19.8
	57.9
	20.8
	50.1

	RotB increase
	15.2
	66.3
	79.8
	73.4

	RotB decrease
	8.2
	22.4
	14.1
	52.7

	AR increase
	0.3
	0.3
	0.0
	37.1

	AR decrease
	0.0
	52.2
	0.0
	19.4



Supplementary Table S5b. Collateral descriptor changes among exact-success candidates. Each cell reports zero-collateral candidates (%) / median collateral-change score.
	Task
	scaffold-tuner
	Random
	CReM
	REINVENT4

	HBD increase
	0.7 / 3.0
	9.2 / 1.0
	12.8 / 2.0
	8.1 / 2.0

	HBD decrease
	0.5 / 2.0
	35.1 / 1.0
	10.4 / 1.0
	7.8 / 2.0

	HBA increase
	3.9 / 2.0
	25.2 / 1.0
	11.6 / 2.0
	12.3 / 2.0

	HBA decrease
	6.6 / 1.0
	37.8 / 1.0
	19.0 / 1.0
	14.2 / 2.0

	RotB increase
	96.1 / 0.0
	45.1 / 1.0
	39.3 / 1.0
	18.7 / 1.0

	RotB decrease
	11.2 / 2.0
	31.1 / 1.0
	38.5 / 1.0
	20.0 / 1.0

	AR increase
	0.1 / 3.0
	27.3 / 1.0
	NA
	7.1 / 2.0

	AR decrease
	NA
	74.4 / 0.0
	NA
	8.2 / 2.0
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REINVENT4 Mol2Mol was applicable to 929 of the 1,000 parent compounds. The primary cross-method comparison therefore used the common 929-parent subset. This sensitivity analysis compares task-level parent compound success rates calculated using all 1,000 parent compounds with those obtained using the common subset.

Supplementary Table S6. Sensitivity of parent success rates to denominator choice.
	Method
	Task
	All 1,000 (%)
	Common 929 (%)
	Difference (pp)

	CReM
	AR decrease
	0.3
	0.0
	-0.3

	CReM
	AR increase
	0.0
	0.0
	+0.0

	CReM
	HBA decrease
	42.5
	43.2
	+0.7

	CReM
	HBA increase
	72.5
	74.2
	+1.7

	CReM
	HBD decrease
	43.3
	43.7
	+0.4

	CReM
	HBD increase
	67.5
	69.2
	+1.7

	CReM
	RotB decrease
	26.2
	26.8
	+0.6

	CReM
	RotB increase
	82.6
	83.7
	+1.1

	REINVENT4 Mol2Mol
	AR decrease
	50.1
	53.9
	+3.8

	REINVENT4 Mol2Mol
	AR increase
	88.0
	94.7
	+6.7

	REINVENT4 Mol2Mol
	HBA decrease
	82.4
	88.7
	+6.3

	REINVENT4 Mol2Mol
	HBA increase
	90.9
	97.8
	+6.9

	REINVENT4 Mol2Mol
	HBD decrease
	68.0
	73.2
	+5.2

	REINVENT4 Mol2Mol
	HBD increase
	87.6
	94.3
	+6.7

	REINVENT4 Mol2Mol
	RotB decrease
	78.5
	84.5
	+6.0

	REINVENT4 Mol2Mol
	RotB increase
	91.1
	98.1
	+7.0

	Random local editing
	AR decrease
	62.1
	62.9
	+0.8

	Random local editing
	AR increase
	1.1
	1.1
	-0.0

	Random local editing
	HBA decrease
	85.7
	85.6
	-0.1

	Random local editing
	HBA increase
	100.0
	100.0
	+0.0

	Random local editing
	HBD decrease
	73.3
	73.3
	+0.0

	Random local editing
	HBD increase
	100.0
	100.0
	+0.0

	Random local editing
	RotB decrease
	53.8
	53.3
	-0.5

	Random local editing
	RotB increase
	85.3
	84.8
	-0.5

	scaffold-tuner
	AR decrease
	0.0
	0.0
	+0.0

	scaffold-tuner
	AR increase
	68.2
	69.8
	+1.6

	scaffold-tuner
	HBA decrease
	58.9
	59.8
	+0.9

	scaffold-tuner
	HBA increase
	67.9
	69.8
	+1.9

	scaffold-tuner
	HBD decrease
	48.1
	49.0
	+0.9

	scaffold-tuner
	HBD increase
	68.1
	69.8
	+1.7

	scaffold-tuner
	RotB decrease
	50.6
	51.3
	+0.7

	scaffold-tuner
	RotB increase
	15.0
	15.2
	+0.2



Abbreviations: HBD, hydrogen-bond donors; HBA, hydrogen-bond acceptors; RotB, rotatable bonds; AR, aromatic rings; QED, quantitative estimate of drug-likeness; SA Score, synthetic accessibility score.
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