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Extended Data Fig. 3 | Correlations between physicochemical descriptors 
and ΔpKi/pEC50 (log M). a, Change in affinity or potency (ΔpActivity = 
pActivity(analog) − pActivity(parent), where pActivity is pKi, pIC50 or pEC50) 
plotted against ΔcLogP (analog − parent) for all analog–parent pairs (n = 220). 
Diagonal isoclines indicate ΔLipE values of 0, 0.5, 1.0 and 1.5, where LipE = 
pActivity − cLogP; a point above a given isocline has a larger gain in lipophilic 
efficiency than the indicated value. b, ΔpKi or pEC50 (analog − parent)  
against ΔcLogP for all analog–parent pairs with ≥3× rounded potency/affinity 
improvement; ≥10× improvements are highlighted in red. c, Scatter plot of 
ΔpKi or pEC50 (log M) versus ΔLE (analog − parent), where LE = 1.37 × pKi or 
pEC50/Nheavy (n = 220 analog–parent pairs). Pearson product–moment and 
Spearman rank correlations were assessed using two-sided tests (R = 0.970, 
P = 3.62 × 10 − 136; ρ = 0.977, P = 1.91 × 10 − 148). d, Scatter plot of ΔpKi or pEC50 

(log M) versus ΔLipE (analog − parent), where LipE = pKi or pEC50 − cLogP 
(n = 220 analog–parent pairs). Pearson product–moment and Spearman rank 
correlations were assessed using two-sided tests (R = 0.895, P = 2.71 × 10 − 78; 
ρ = 0.854, P = 6.68 × 10 − 64). e, Binding free-energy change versus heavy-atom 
change for improved analogs. The y-axis shows ΔΔG (kcal/mol), computed 
from the affinity metric (Ki/IC50/EC50) as ΔG = RT ln(K) (298 K) and ΔΔG = ΔG_
analog − ΔG_parent; negative ΔΔG indicates improved binding. The x-axis is ΔN 
(analog − parent; heavy-atom count difference). Points with rounded fold ≥10 
are highlighted in red; rounded 3–9 are shown in blue. f, Affinity or potency 
gains versus changes in lipophilic efficiency. Scatter plot of ΔpKi or pEC50 
(analog − parent) against ΔLipE (analog − parent) for all analog–parent pairs 
with ≥3× rounded potency/affinity improvement; ≥10× improvements are 
highlighted in red.



Extended Data Fig. 4 | Structural basis and variability of potency changes 
induced by single-atom modifications in Mac1 inhibitors. a, Chemical 
structure of the ‘3453 parent and overlay of X-ray crystal structures of 12 
analogs. b, Alignment of ‘0676 (21 μM) and ‘9249 (53 μM) with the ‘3453 parent, 
showing the different binding poses of the ortho-chloro and ortho-methyl 
analogs. c, Comparison of ‘6343 (2.1 μM), ‘1304 (1.9 μM) and ‘0676 (21 μM) 
shows that repositioning the aryl chloride disrupts packing with I131 and  
F132, reducing potency. d, Para-methyl (‘9870, 7.6 μM) and para-chloro (‘6343, 
2.1 μM) substitutions have different effects despite similar sterics. The fluoro 
analog ‘6404 (5.5 μM) binds more weakly than the chloro analog ‘6343, 

consistent with weaker non-covalent interactions. e, Nitrogen substitutions 
(C → N) in ‘3169, ‘6627 and ‘8675 have different effects relative to their shared 
parent (8.9 μM): ‘8675 (meta-N, 4.5 μM) improves potency by approximately 
twofold, whereas ‘6627 (8.7 μM) and ‘3169 (10 μM) show little or no improvement. 
f, Overlay of the X-ray crystal structures of 12 ligand-bound complexes from  
the ‘3453 series, showing that single-atom modifications can cause substantial 
ligand movement or multiple binding poses. g, Examples of binding-pose 
shifts: ‘9249, ‘3176 and ‘3194 adopt markedly different poses relative to the 
‘3453 parent, and two conformations are observed for ‘3194.
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Extended Data Fig. 5 | Single-atom substitutions frequently worsen PK 
properties. a, Observed percentages of single-atom substitutions with ≥3-fold 
decreases in PK properties. Open bars and points show observed percentages; 
black error bars show two-sided 95% confidence intervals estimated by 
percentile bootstrap (10,000 resamples). Exact numbers of measured analogs 
(Cl, F, N, CH3 and OH, in that order) were: microsomal stability, n = 47, 35, 43, 61 
and 32; permeability, n = 47, 35, 43, 61 and 32; hERG IC50, n = 36, 28, 26, 52 and 17; 
plasma stability, n = 47, 35, 43, 61 and 32; fraction unbound, n = 43, 31, 39, 56 and 
28; and solubility, n = 46, 35, 43, 60 and 32. b, Counts of analogs with measured 
PK parameters and >3-fold or >10-fold losses.



Extended Data Table 1 | Data collection and refinement statistics (molecular replacement)

*Values in parentheses are for the highest-resolution shell.
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Extended Data Table 2 | Data collection and refinement statistics (molecular replacement)

*Values in parentheses are for the highest-resolution shell.



Extended Data Table 3 | Data collection and refinement statistics (molecular replacement)

*Values in parentheses are for the highest-resolution shell.
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Extended Data Table 4 | Data collection and refinement statistics (molecular replacement)

*Values in parentheses are for the highest-resolution shell.



Extended Data Table 5 | Cryo-EM data collection, refinement and validation statistics

Dashes indicate values that were not reported.
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All primary data are available through the manuscript, Extended Data, Supplementary Information and Source Data. Cryo-EM structures/maps: PDB 9PLO/EMD-71719 and PDB 9PLN/EMD-71718.
Mac1 structures and structure factors: PDB 14AB, 7IIW, 7IIX, 7IIY, 7IIZ, 7IJ0, 7IJ1, 7IJ2, 7IJ3, 7IJ4, 7IJ5, 7IJ6, 7IJ7, 7IJ8, 7IJ9, 7IJA, 7IJB, 7IJC, 7IJD, 7IJE, 7IJF, 7IJG, 7IJH, 7IJI, 7IJJ, 7IJK, 7IJL,
14AM, 14AN, 14AO, 14AP and 7IJM. ChEMBL database version 34 is available at https://doi.org/10.6019/CHEMBL.database.34. Compounds and catalogue identifiers are listed in Supplementary
Table 1.

ALS beamline 8.3.1: Blu-Ice 5.

Confirmed software and version details are listed on appended page 6.



We synthesized 257 analogs of 18 parent compounds. Sample sizes were not predetermined by statistical methods but were driven by compound availability and
feasibility. For mouse studies, no formal a priori power calculation was performed; group sizes followed prior assay experience and literature precedent.

Fig. 5b comprises three independent experiments, each with two technical replicates. Mouse behavioral experiments were performed in two independent
cohorts.

Mice were randomly assigned to treatment and control groups as described in the Methods.

For mouse experiments, behavioral assessment was performed by an experimenter different from the injector; behavioral investigators were therefore blinded to
treatment.



Sf9: Expression Systems 94-001S; Hi5: Expression Systems 94-002S; HEK293: ATCC CRL-1573; HEK293T: ATCC CRL-3216.

All cell lines were authenticated by their respective suppliers.

The cell lines were not tested for mycoplasma contamination by the authors.



Animals and other organisms
Policy information about studies involving animals and other organisms

Laboratory animals
Male C57BL/6J mice, 7-8 weeks old, obtained from The Jackson Laboratory (JAX strain #000664).

Housing conditions
Five mice per cage; standard 12:12-hour light-dark cycle; 20.7 C (69.3 F); 58% humidity.

Ethics oversight
University of California, San Francisco Institutional Animal Care and Use Committee (IACUC), protocol #AN208219.

Randomization
Animals were randomly assigned to treatment and control groups.

Blinding
The experimenter assessing behavior was different from the experimenter administering injections and was blinded to
treatment.

Replication
Behavioral experiments were conducted in two independent cohorts.

Wild animals
Not applicable.

Field-collected samples
Not applicable.

The corresponding information has also been added to the manuscript Methods and Fig. 5 legend.
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Antibodies
Policy information about antibodies used in the study

Antibody/reagent
Anti-His6-Eu3+ cryptate, used as the HTRF donor reagent.

Supplier
PerkinElmer.

Catalogue number
AD0402.

Application
Mac1 HTRF displacement assay for detection of His6-tagged protein.

Dilution
1:20,000.

Validation
Validated by the manufacturer for HTRF detection of His6-tagged proteins.

Supplier, catalogue number, application, dilution and manufacturer validation are also stated in the author response.
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Software and code details
Confirmed software and instrument-software versions

X-ray data collection

Blu-Ice 5 at ALS beamline 8.3.1.

X-ray processing

XDS, dated 19 Jan 2025, BUILT=20250430; Aimless 0.8.2.

Density/model analysis

PanDDA 0.2.14; COOT 0.8.9.2; phenix.refine 1.21.2_5419.

Structural visualization

PyMOL 3.1.8; ChimeraX 1.8.

Cryo-EM processing

cryoSPARC 4.5.3.

Mac1 instruments

Echo 650 Liquid Handler 3.1.0; EnVision 2105-0010 software 1.14.3049.1193.

Plate-reader analysis

SoftMax Pro 7.

Statistical/data analysis

GraphPad Prism 9.0, 10.0 and 10.0.2; Microsoft Excel 16.99.2.

FEP calculations

Schrodinger FEP+ 2025-2 with the OPLS4 force field.

Cheminformatics/analysis

Corina 3.60; Omega 3.0.1; ChemAxon JChem 21.13; RDKit 2020.09.1; Python 2.7 and 3.7; R 4.2.0 (ggplot2).
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