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Free energy calculation systems preparation for more challenging cases 
Preparation of free energy calculation systems is a time-consuming and error-prone process, and 
different systems may require different preparation and present different problems. Challenging 
systems including ions, co-factors, missing side chains and residues, ambiguous water positions, 
etc. Free Energy Calculator is able to set up free energy calculation systems for these cases and 
provide free energy calculation inputs for AMBER, NAMD, CHARMM, and GENESIS. The details 
of generated challenging systems are described below.  
It was estimated that at least one-third of all enzyme-catalyzed reactions require metal ions for 
catalytic activity.1 Serine/threonine protein phosphatases (PPs), including PP1, PP2A, PP2B, PP4, 
PP5, PP6, and PP7, are responsible for the dephosphorylations of phospho-serine/-threonine 
residues.2 A cocrystal structure of okadaic acid and PP1 (PDB: 1JK7) can be used to study the 
interaction between the inhibitor and protein.3 Two metal ions, usually two Mn2+ ions, are located 
in the PP1 active site center, and a water molecule (W1) bridges these two metal ions.4 Okadaic 
acid inactivates the enzyme via binding to its binuclear metal center.4 Therefore, it is crucial to 
keep the metal ions and water molecules. As shown in Figure S1A, CHARMM-GUI is able to 
keep all key elements during the system building. 
Cofactors are crucial to help a protein or enzyme to function appropriately. N-terminal 
acetyltransferase (NAT) catalyzes acetylation through the mechanism in which cofactor acetyl-
CoA binds first.5 The NAT complex catalyzes the transfer of the acetyl group from acetyl-CoA to 
the N-terminal α-amino group of newly synthesized proteins, and the expression of NAT is 
abnormal (increased or decreased) in cancer cells. The Nα-terminal acetyltransferase (Naa50) 
enzyme is one of the members of NAT protein family, and therefore it could be a potential target 
for drug discovery. Inhibitor 4a has a potent binding affinity to Naa50 and the cocrystal structure 
(PDB: 6WFN) can be used for further drug design.6 As shown in Figure S1B, CHARMM-GUI was 
able to keep the cofactor acetyl-CoA in its site and successfully generated the free energy 
calculation system.  
It is very common to find missing residues in crystal structures, especially for the flexible loop or 
side chains. There are many PDB files of Tropomyosin receptor kinases (TRK) in the PDB, but 
most of them have missing residues and need to be added before running molecular dynamics 
simulation. TrkA, TrkB, and TrkC are activated by hormones of the neurotrophin family, including 
nerve growth factor (NGF), brain derived neurotrophic factor (BDNF), neurotrophin 3 (NT3), and 
neurotrophin 4 (NT4).7 PDB: 6PMB is the holo structure of TrkA and ligand 1a, but there are 
missing residues: 485 to 499 (N-terminal missing residues), 549 to 551, and 609 to 613.8 
CHARMM-GUI uses GalxyFill to model the missing residues if users prefer to add the missing 
amino acids. The binding site of TrkA and the added missing residues are shown in Figure S1C. 
Hydrogen bonds are critical interactions determining binding affinity between ligand and protein 
and thus fundamental to any biological process.9 Serine proteases such as trypsin specifically 
recognize substrates containing basic residues prior to the peptide bond cleavage.10 Benzamidine 
is an alkaline inhibitor that blocks proteolytic function and associates with Asp189 in an arginine-
analogous manner. Schiebel et al showed that water molecule W1 is trapped upon ligand 
(Benzamidine or N-amidinopiperidine) binding with suboptimal energetic properties.10 CHARMM-
GUI provides options to keep the crystal water molecules in the PDB files. In this specific case, 
we generated the free energy calculation system by using PDB: 5MNH and kept the crystal 
water molecules (Figure S1D). 



 
Figure S1. (A) PP1 and okadaic acid complex structure. Two Mn2+ ions and W1 water molecules 
are shown in orange and red, respectively. (B) Naa50, cofactor acetyl coenzyme A, and 
compound 4a complex structure. (C) TrkA and ligand 1a complex structure. All missing residues 
of PDB: 6PMB are added and shown in red. (D) Trypsin and benzamidine complex. W1 water 
molecule is shown in red. 
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Table S1. 58 pairs are used for ∆∆G!"#$ calculations  
 Ligand 0 Ligand 1 

1 

 
CAT-13a 

 
CAT-17g 

2 

 
CAT-13a 

 
CAT-17i 

3 

 
CAT-13a 

 
CAT-13m 

4 

 
CAT-13b 

 
CAT-17g 

5 

 
CAT-13c 

 
CAT-17i 

6 

 
CAT-13d 

 
CAT-13h 

7 

 
CAT-13d 

 
CAT-17h 



8 

 
CAT-13d 

 
CAT-17d 

9 

 
CAT-13d 

 
CAT-13b 

10 

 
CAT-13d 

 
CAT-13f 

11 

 
CAT-13d 

 
CAT-17a 

12 

 
CAT-13d 

 
CAT-13i 

13 

 
CAT-13e 

 
CAT-17g 

14 

 
CAT-13e 

 
CAT-17i 



15 

 
CAT-13g 

 
CAT-17g 

16 

 
CAT-13g 

 
CAT-17i 

17 

 
CAT-13h 

 
CAT-17i 

18 

 
CAT-13j 

 
CAT-4o 

19 

 
CAT-13k 

 
CAT-4d 

20 

 
CAT-13k 

 
CAT-4b 

21 

 
CAT-13n 

 
CAT-13k 



22 

 
CAT-13n 

 
CAT-13a 

23 

 
CAT-13n 

 
CAT-4i 

24 

 
CAT-13o 

 
CAT-17i 

25 

 
CAT-13o 

 
CAT-17h 

26 

 
CAT-17b 

 
CAT-13d 

27 

 
CAT-17b 

 
CAT-17e 

28 

 
CAT-17c 

 
CAT-17e 



29 

 
CAT-17f 

 
CAT-17e 

30 

 
CAT-17g 

 
CAT-17c 

31 

 
CAT-17g 

 
CAT-17f 

32 

 
CAT-17g 

 
CAT-13i 

33 

 
CAT-17g 

 
CAT-13c 

34 

 
CAT-17g 

 
CAT-17d 

35 

 
CAT-17i 

 
CAT-13f 



36 

 
CAT-17i 

 
CAT-17a 

37 

 
CAT-24 

 
CAT-17e 

38 

 
CAT-24 

 
CAT-17i 

39 

 
CAT-4a 

 
CAT-4o 

40 

 
CAT-4a 

 
CAT-13k 

41 

 
CAT-4c 

 
CAT-4o 

42 

 
CAT-4i 

 
CAT-13m 



43 

 
CAT-4j 

 
CAT-4o 

44 

 
CAT-4k 

 
CAT-4o 

45 

 
CAT-4l 

 
CAT-13k 

46 

 
CAT-4m 

 
CAT-4c 

47 

 
CAT-4m 

 
CAT-13j 

48 

 
CAT-4m 

 
CAT-4j 

49 

 
CAT-4m 

 
CAT-4n 



50 

 
CAT-4m 

 
CAT-13k 

51 

 
CAT-4m 

 
CAT-13m 

52 

 
CAT-4m 

 
CAT-4l 

53 

 
CAT-4m 

 
CAT-4k 

54 

 
CAT-4m 

 
CAT-4p 

55 

 
CAT-4n 

 
CAT-13k 

56 

 
CAT-4o 

 
CAT-4b 



57 

 
CAT-4o 

 
CAT-4d 

58 

 
CAT-4p 

 
CAT-13k 

 
  



 
Figure S2. Alchemical transformation of CAT-13a to CAT-17g. The softcore region of “scmask1” 
and “scmask2” are highlighted by red and blue dashed rectangles, respectively.  
  

Ligand 0: CAT-13a Ligand 1: CAT-17g 



 
Figure S3. Thermodynamic cycle for relative binding free energy (∆∆G!"#$) calculations. L0 and 
L1 are two different ligands. 
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Figure S4. (A) Four ligands and three alchemical transformations used in T4-lysozyme system. 
(B) Alchemical transformation of toluene to ethylbenzene in the binding site of T4-lysozyme.  
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