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Text S1. Materials and methods
1. Fragment Deconstruction

The fragment deconstruction analysis starts from a protein-ligand complex in PDB format. Firstly, an
energy minimization was performed using Amber 16 to optimize the interaction between protein and
ligand [1]. The, ligand structure binding in the pocket is deconstructed into fragments according to the
retrosynthetic analysis by using DAIM software [2]. Single bond is broken and hydrogen is used to link

with heavy atom to make the total charge value of each ‘piece’ integer.
2. Core Fragment Identification.

After fragment deconstruction, the binding free energy (AG) is calculated for each protein—fragment
structure using the combination of the MM_PBSA method [3] for the enthalpy and an empirical method
for the entropy [4] (Equation 1). Then, ligand efficiency (LE) which is defined as absolute value of AG
divided by the heavy atom count (HAC) is obtained. All fragments deconstructed from original ligand is
sorted based on LE. Fragment with highest LE value is generally identified as core fragment that
theoretically has a highly conserved binding conformation and efficient contribution to the entire binding
affinity.

AGhind = AEgas + AGgo1 — TAS = AEping— T (ASsol + Asconf) (1)

3. Dynamic Fragment Growing.

Dynamic fragment growing begins with the protein-core fragment complex structure. At first, energy
minimization and molecular dynamics (MD) simulation are performed on protein-core fragment complex
using AMBER16 package. Topology and coordinate files is created in the tleap module based on the
Amber ff14SB force field [5] and general AMBER force field (GAFF) [6]. The complex system is solvated
in an octahedron box of TIP3P water, with at least 10 A between the solute and each box edge [7]. Counter
ions, Na+ or Cl—, is added to neutralize the net charges of the system. The energy minimization was
achieved through three stages: (i) only water molecules and ions are allowed to move, (ii) backbone atoms
of protein are restrained and the remaining atoms are allowed to move, (iii) all atoms in the system could
move freely. In each stage, 1000 steepest descent steps and 1000 conjugated gradient steps with a
convergence criterion of 0.1 kcal mol~t A2 were carried out in a vacuum. The MD simulation process
using explicit-solvent particle mesh Ewald (PME) model is achieved through two stages: (i) the system is
heated from O to 300K over 500 ps in the NVT ensemble with restraints on the solute (ii) 0.5 ns of MD in
the NTP (T = 300 K and P = 1 atm) ensemble is carried out four times successively (4 x 0.5ns = 2ns),

saving the structure every 2 ps

Subsequently, RMSD-based clustering is performed on complex structures extracted from entire
merged MD trajectories using the cpptraj module in AMBER16. The RMSD cutoff for the neighboring

cluster is set as 0.5 A. A complex structure is randomly picked from each of the top five clusters with the



largest number of conformations, thereby obtaining an ensemble of protein-core fragment complex

conformations with large structural difference.

Finally, based on typical protein-core fragment complex structure, new fragment in selected fragment
library is linked to the junction of core fragment placed in the binding site using AutoGrow?2.0 [8]. The

orientation of growing fragment was optimized with minimum steric clashes (overlap volume < 4 A3) to

the surrounding residues. For generated protein-ligand complex structure, energy minimization is
performed using the Sander module of Amber16, and binding free energy (AG) is calculated using the
combination of the MM_PBSA method [3] for the enthalpy and an empirical method for the entropy [4]
(Equation 1). Among a set of complex conformations containing the same ligand, the conformation with

the lowest AG value is used the ultimate complex structure for subsequent ligand comparisons.
4. Molecular Property Evaluation

At the step of comparing generated ligands, a series of molecular properties are predicted for each
ligand, including binding affinity, physicochemical properties, drug-likeness, pesticide-likeness and
synthetic accessibility. Binding affinity is predicted through binding free energy calculation using the
combination of the MM_PBSA method [3] for the enthalpy and an empirical method for the entropy [4]
(Equation 1). The physicochemical properties are calculated using Mordred software [9], covering
molecular weight (MW), hydrogen bond receptor (HBA), hydrogen bond donor (HBD), water partition
coefficient (LogP), and so on. The drug-likeness is evaluated according to physicochemical properties,
using qualitative Lipinski’s rule of five [10], Ghose’s rule [11], as well as the quantitative QED score [12].
The pesticide-likeness was evaluated according to a qualitative rule called Hao’s rule [13]. In addition, the

synthetic accessibility score is evaluated using RDKit [14].



Text S2. Description of validation protocol for ACFIS 2.0

1. Dataset preparation

As mentioned in the main text, a series of compounds that have been reported with experimental
binding affinities or biological activity were collected as test set for the performance validation of ACFIS
2.0. A total of 122 compounds was selected as test objects after literature investigation. Each compound in

the test set was required to meet the following restrictions:
1) There is available experimental data on its binding affinity or biological activity.

2) The qualitative conclusion on its affinity or activity could be drawn (e.g. Compound A showed
high affinity for X protein, while Compound B exhibited low affinity for X protein) based on the

responding reference.
3) The crystal structure of its protein-ligand complex (at least its receptor protein) is available.
4) The core fragment in the compound could be identified based on the responding reference.

Targeting a specific protein, a pair of compounds were generally collected, in which one had high
affinity/ activity and the other one showed relatively low affinity/ activity. The case in which the tested
compound exhibited relatively high affinity/ activity was classified into the positive sample group,
otherwise it is classified as a negative sample group. Overall, the test set was composed of 61 positive

samples and 61 negative samples. The data of 122 cases were provided in Table S1.
2. Calculation for each case using ACFIS 2.0

For each case/ sample, a calculation task in CAND_GEN mode was designed to evaluate the
predictive performance of ACFIS 2.0. The inputs of a task consisted of a corresponding core fragment-
receptor protein complex structure (obtained by deconstructing the protein-ligand complex reported in
PDBbind database) and the fragment library built specifically for performance testing (see Figure S3). For
each task, ACFIS 2.0 outputted a list of all generated ligands, in which the ligands were sorted by their
predicted binding affinities from strong to weak (by their predicted binding free energies from low and

high). In this list, the tested compound and its paired compound were designedly contained.
3. Performance evaluation for ACFIS 2.0

In each calculation task (mentioned above), ACFIS 2.0 was expected to reasonably sort all generated
ligands and assign the tested compound with an appropriate rank. In principle, the tested compounds that
had been experimentally measured to have high affinity or activity should be at the top of the list, while
those with low experimental affinity/ activity should be ranked after its paired compound with higher

affinity/ activity.

For positive samples, the top 20% was manually set as the ranking threshold. If a test compound ranks

in the top 20% of the outputted complete list, it is computationally considered to have high affinity/



activity, and the corresponding case is predicted as positive. Otherwise, the corresponding case is predicted

as negative.

For negative samples, if a test compound ranks after its paired compound in the outputted list, the

corresponding case is predicted as negative. Otherwise, the corresponding case is predicted as positive.

After all testing tasks were completed, calculation results were compared with experimental findings.
According to our statistics, 55 was true positive (TP), 8 was false positive (FP), 6 was false negative (FN),

and 53 was true negative (TN). Here are the definitions of these elements:
1) TP refers to the number of positive samples correctly predicted as positive.
2) FP refers to the number of negative samples incorrectly predicted as positive.
3) FN refers to the number of positive samples incorrectly predicted as negative.
4) TN refers to the number of negative samples incorrectly predicted as negative.

At last, the accuracy, precision, sensitivity, specificity, and negative positive value (NPV) of ACFIS

2.0 in this performance testing were measured.
Accuracy = (TP+TN)/(TP+FP+FN+TN) = 0.885
Precision = TP/(TP+FP) = 0.873
Sensitivity = TP/(TP+FN) = 0.901
Specificity = TN/(FP+TN) = 0.868

NPV = TN/(TN+FN) = 0.898
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Figure S1. The performance of ACFIS (old version) when using the same test set as ACFIS 2.0
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Table S1. The test set of 122 cases used for performance validation and the predictive results of ACFIS 2.0/ ACFIS for these cases
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50=1. - . .
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()
N -
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7 N mlett.1c00 Y/
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cs.jmedch
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N N
O// N
BPTF _NH _ \Nﬁ b
o] N _NH
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. N c cs.jmedch N
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0~ "N cl
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DYRK2 . 10.1038/s )
108 /LN/\ NN NG N/> |C5°:1'4.1 l.JM TEV 41467- Negative /N 27 Negative True 90 Negative True
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30581-4 ’
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109 /S/,\ o I | (High Activity) Positive Y YO 9 Positive True 31 Negative False
Acetohydr g N N N O NYN
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114 plC50 =5.92 Negative 76 Negative True 92 Negative True
(Low Activity)
115 | Nicotinic Ki =2.2 nM 3C79 Positive 6 Positive True 15 Positive True
acetylchol (High Activity) 10.1073/p cl
ine nas.08021 I
Receptors Ki 100 M 97105
i=100n . . .
116 (Low Activity) Negative 13 Negative True 6 Positive False
117 IC.5° :8'61. HM - Positive 17 Positive True 25 Negative False
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Table S2. Comparison of ACFIS2 with other computational tools for FBDD in key features.

FBDD Step Tool Form Functionality Input Output
Fragment SEED Software Fragment docking Protein structure Suggested core
screening fragment
Fragment-to- FragPELE Software (comma  Fragment growing Protein-ligand Protein—suggested
Lead nd line operation) complex file ligand complex file
DeepFrag Browser app (http  Fragment growing Receptor and Suggested-
s://durrantlab.pitt. ligand structure fragments table
edu/deepfrag/) file
Delinker Software (comma  Fragment linking Fragment Generated
nd line operation) (SMILES) and molecules
receptor structure  (SMILES)
file
SyntaLinker  Software (comma  Fragment linking Fragment file Generated
nd line operation) molecules
Autogrow Software Fragment growing Fragment file Generated
molecules
LigBuilder Software (comma  Fragment growing / Receptor structure  Suggested-ligand
2 nd line operation)  linking / mutation file file
Fragment ACFIS 2.0 Web server (http:/  Fragment hit Protein-ligand Protein-suggested
screening + /chemyang.ccnu.e  identification + complex file ligand / core

Fragment-to
Lead

du.cn/ccb/server/
ACFIS2/)

Fragment growing

fragment complex
file and ligand file
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