
S1

Support information

Origin of Stronger Binding of Ionic Pair (IP) inhibitor to Aβ42 than 
that of the Equimolar Neutral Counterparts - Synergy Mechanism of IP 
in Disrupting Aβ42 Protofibril and Inhibiting Aβ42 Aggregation under 

Two pH Conditions

Wen Xu, Jinfei Mei, Chuanbo Wang Huijuan Yang, Xiaohong Ma, Wenqi Gao, Sajjad Ahmad, 

Hongqi Ai* 

School of Chemistry and Chemical Engineering, University of Jinan, Jinan 250022, PR China 

*Corresponding Authors Dr. Hongqi Ai (E-mail: chm_ aihq@ujn.edu.cn) 

Table of Contents

1. Materials and Methods.......................................................................................................................S2

1.1 Model building.........................................................................................................................S2

1.2 Simulation protocol..................................................................................................................S3

1.3 MM/PBSA binding free energy calculations and energy decompositions ..............................S3

1.4 Analytical measures .................................................................................................................S4

2. Supporting Figures and Tables ..........................................................................................................S6

2.1 Figures S1-S8 ...................................................................................................................S6-S12

2.2 Tables S1-S5...................................................................................................................S13-S15

Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2023

https://link.springer.com/article/10.1007/s00894-022-05315-4?utm_source=xmol&utm_medium=affiliate&utm_content=meta&utm_campaign=DDCN_1_GL01_metadata#auth-Sajjad-Ahmad
mailto:chm_aihq@ujn.edu.cn


S2

1. Materials and Methods

1.1 Model Building

DAEFRHDSGY(10) EVHHQKLVFF(20) AEDVGSNKGA(30) IIGLMVGGVV(40)IA is the 

amino acid sequence of Aβ42. Three A42 models were used: A42 monomer (AM), A42 

pentamer (AP), and LS-type A42 pentamer protofibril (AF), corresponding to the three 

development stages of A42 aggregation and evolution (Fig. S2). The full-length AβM and AβF were 

obtained from RCSB1 (PDB ID:1IYT2 and 5OQV,3 respectively). The AP structure was obtained 

from previous  laboratory work.4 5OQV is a two-fold LS-type Aβ42 fibril, from which one-fold LS-

type Aβ42 protofibril, composed of five Aβ42 chains (pentamer), is taken as present AβF model. The 

motif of LS-type Aβ42 fibril is characterized by three hydrophobic cores, notably Core1: A2, F4, L34 

and V36, Core2: L17, F19 and I31, and Core3: A30, I32, M35 and V40 as well as salt bridge between 

K28 C-terminal A42 of the A42 to stabilize the motif.3 

To build the above model in an acidic environment, H++ version 4.0 sever5 was used with pH = 

5.5, Salinity = 0.15, and default internal and external dielectric parameters for these models. 

The inhibitor structure of the Neu was built by assembling the Head-Neu (4-(1,3-benzothiazol-2-

yl)aniline, CID: 234475) and Linker-Tail-Neu section (17-amino-3,6,9,12,15-pentaoxaheptadecan-1-

ol, CID: 20554065) from the PubChem6 website. Then the Linker-Tail section were further refined by 

Gauss View. Similarly, Pos and Neg were built on the basis of Neu by using Gauss View to add 

choline and sulfonic acid groups, respectively. The B3LYP/6-31G* technique in Gaussian09 was used 

to optimize all inhibitor compounds.7 The Ligand Reader & Modeler8 module of CHARMM-GUI9 

was employed to produce the force field of the inhibitor molecule.

MGL AutoDock Tools(ADT)10 was employed for molecular docking during the complex's 

construction. Water molecules were eliminated during the docking process, polar hydrogen atoms 

were added, and a computed Gasteiger charge was added. After that, all ligands were docked by 

integrating nonpolar hydrogen atoms, detecting rotatable bonds. The grid box size of 60 × 60 ×60 Å 

was produced and assigned to the middle of binding cavity using x, y and z coordinates for the intent 

searching modality. Other parameters were set to be the default. The Lamarckian genetic algorithm was 

used to compute the various possible conformation of the ligand molecule and macromolecule. 

Eventually, 200 poses were adopted finally after docking. In these poses, three structures with the 

highest conformational probability and the strongest highest binding strength (without result shown) 

were selected as the optimal complexes to perform the following three parallel simulations. In addition, 

the complex model was built with a ratio of Aβ42: ligand = 1:2. That is, one Aβ42 monomer 

corresponds to 2 Neu molecules or 1 IP ((+)BAM1-EG6 and (-)BAM1-EG6) due to Aβ42 is a 
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multiple-target receptor. 

When pH is 5.5, six systems of protonated AβM-IP, AβM-Neu, and AβP-IP, AβP-Neu, AβF-IP 

and AβF-Neu are constructed. In the environment of pH = 7.0, in order to accurately count the effect 

of IP, three parallel computing systems are constructed for the three systems of IP, namely, AβM-

IP1/2/3, AβP-IP1/2/3, AβF-IP1/2/3, respectively. As a result, 15 models for the system with and 

without Neu were created under neutral conditions. The average results of the last three parallel 

systems AβY-IPi (I =1,2,3) (Y=M, P, F) are represented by AβY-Xav. To dissect the roles of the 

anionic and cationic species ((+)BAM1-EG6 and (-)BAM1-EG6) in IP, two (+)BAM1-EG6 and (-

)BAM1-EG6) ions are separately docked to AβM to build three parallel AβM-PPi and AβM-NNi 

models (i=1,2,3) respectively, where PP and NN denote two positive and negative charged BAM1-

EG6. Then six additional models are obtained. The models detail in Table S5. 

1.2 Simulation Protocol 

All systems were built using the CHARMM-GUI website9. In detail, Charmm36 force field11 and 

TIP3 water model 12 were used to solve all the systems. Additional amounts of Na+ were used to 

neutralize the systems13. In all systems, 5000 steepest descent steps are used to minimize energy. The 

system was then equilibrated for 100ps using the taper (NVT) ensemble and then equilibrated for 

100ps to simulate the isobaric isothermal (NPT) ensemble. All systems are run in the NPT set. The 

LINCS algorithm14 was used to constrain hydrogen bond lengths in the model. The bond length of 

water molecule is subject to SETTLE constraint algorithm15, which also allowed integration time step 

is 2 fs. Remote electrostatic interactions were calculated using Particle Mesh Ewald16(PME). Van Der 

Waals (VDW) interactions were calculated using a 1.2 nm cutoff with a Fourier grid spacing of 0.16 

nm. Moreover, the distance between AβY (M, P and F) and the simulated box is 10 Å. The 

Nose−Hoover temperature coupling17 was used to control the temperature and the Langevin piston 

algorithm method18 was applied to describe the barostat,  with coupling times of 0.1 and 1.0ps, 

respectively. All of the abovementioned dynamic simulations were performed at 310K and 1 bar of 

pressure by GROMACS19 version 2020 with periodic conditions applied in all directions. Some 

simulation details are listed in Table S5.

1.3 MM/PBSA binding free energy calculations and energy decompositions

As the most generally used end point approaches in free energy calculations are Molecular 

mechanics (MM) and Poisson Boltzmann surface area (PBSA), we employed MM/PBSA20,21 to 

compute the binding free energies between small molecules and A42 models.



S4

ΔG = ΔEMM + ΔGsol – TΔS                             (1)

ΔEMM = ΔEbonded + ΔEvdw + ΔEcou                                    (2)

ΔGsol = ΔGpolar + ΔGnonpolar                                                   (3)

The ΔG is composed of gas-phase interaction energy (ΔEMM) and solvation free energy (ΔGsol). 

Among them, the influence of entropy change in binding free energy is not negligible.22 ΔEMM 

contains Van Der Waals energy (ΔEvdw), electrostatic interaction energy (ΔEcou) and ΔEbonded; however, 

ΔEbonded values, such as bond, angle and torsion energies, are often regarded as zero due to identical 

conformation of the protein–ligand complex in the single trajectory approach. Furthermore, ΔGsol is 

measured by two energies: the polar energy (ΔGpolar also called ΔGpb) estimated by the continuum 

solvent Poisson–Boltzmann model (PB) and the nonpolar energy (ΔGnonpolar also known as ΔGsa) 

estimated by the solvent accessible surface area. As a result, we used equation (4) to determine the 

binding free energy:

ΔG = ΔEvdw + ΔEcou + ΔGpb + ΔGsa – TΔS                (4)

To gain crucial residues in the protein–ligand interaction, we calculated the average binding free 

energy contribution of each residue, and the per-residual MM/PBSA free energy decomposition was 

also the sum of the Van Der Waals energy (ΔEvdw), electrostatic interaction energy (ΔEcou), polar 

energy (ΔGpb), nonpolar energy (ΔGsa) and entropy change (TΔS). A more integrated script for 

binding energy calculation from https://jerkwin.github.io/2021/03/16/gmx_mmpbsa script updates - 

shielding effect and the entropy contribution/ was employed as in the script not only the ionic strength 

is taken into account  but also the Debye characteristic length is employed for the ΔEcou calculation to 

decay the electrostatic interaction exponentially.23-25

ΔGfit=0.05402(ΔEcou+ΔGpb)+0.14852ΔEvdw+0.05584ΔGnp+0.11351(-TΔSIE)-4.77148            (5)

In order to fit the binding energy more close to the experimental value, a free energy estimator (5) 

proposed by Huang et al.26  was finally used to refine these binding free energies (ΔGfit). The free 

energy estimator was reported to improve correlation coefficient of binding energy from 0.46 (classic 

MM/PBSA) to 0.72 (ΔGfit), and lower the mean absolute error dramatically from 22.52 to 1.59 

kcal/mol for calculating a training set of 84 protein-ligand interactions.

1.4 Analytical measures 

We selected the average conformations of compounds produced from stable MD state to 

investigate the hydrogen bonds and hydrophobic interactions between key residues and inhibitor using 

LigPlot+27 in which the default parameters are employed. That is, Hydrogen bond (H-bond) occurs if 
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D (donor)–A (acceptor) distance is less than 3.5Å and the D–H–A angle larger than 135°. A 

hydrophobic interaction is defined as the distance in the range of 2.9 Å - 3.9Å between any type atom.

Gromacs28,29 tools gmx rms, gmx rmsf, gmx do_dssp, gmx hbond, gmx sasa, gmx rdf, gmx 

mindist were used to calculate root mean square deviation (RMSD), root mean square fluctuation 

(RMSF), secondary structure, hydrogen bond, solvent accessible surface area, radial distribution 

function, minimum distance between groups, respectively. Our in-home script was employed to 

compute the contact number. Kd was obtained by substituting the free energy into the quantitative 

relationship (ΔG = RTlnKd) between dissociation constant and binding free energy. Pymol30 and 

VMD31 are utilized for visualization and analysis purposes.
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 State EquilibriumFAβ   (a)                             (b)                                   (c)                       

                 EGCG                                                EGC                                              Ser                                             Mel

     (e)                             (f)                                     (g)                      (h)

                DA                                                  DA+                                            Fasudil                                           ER                                        

2. Supporting Figures and Tables

Fig. S1: Structural diagram of neutral and charged small molecules. (a)EGCG32 (b)EGC32 (c)Ser33 

(d)Mel33 (e)DA34 (f)DA+34 (g)Fasudil35 (h)ER4, where the Linkers are colored in pink.
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Fig. S2: Three-stage Aβ42 models in the presence or absence of Neu/IP (AβY and AβY-X, Y=M, P 

and F; X=Neu, IP, NN, and PP) and the changes of AβY configurations. The first column shows the 

initial states of AβM, AβP, and AβF, which were marked as AβY(i). The second column shows the 

equilibrated structures of AβM, AβP, and AβF after molecular dynamics simulation. The third column 

shows the equilibrated structures of AβM, AβP, and AβF after introducing Neu. The third, fourth and 

fifth columns are the equilibrated AβY structures from three parallel trajectories in the presence of IP.

NeuNeu                            IP1IP1                           IP2IP2                         IP3IP3      
              

     MD

Y- AβY AβY-Neu AβY-IP1 AβY-IP2 IP3βAA

βY(i)
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Fig. S3: RMSD diagrams for AβY-Neu/IP at pH = 5.5 (a) and AβY-Neu/IP, AβM-PPi/NNi (i=1, 2, 

and 3) (b-f) at pH = 7.0.

Fig. S4: Evolution of SASA of AβM(a), AβP(b) and AβF(c) during the last 100 ns in the presence of 

Neu and IP at pH=7.0.

0 200 400 600
0.0

0.5

1.0

1.5

2.0

2.5

3.0
  AβM 
  AβM-Neu
  AβM-IP1 
  AβM-IP2 
  AβM-IP3

R
M

SD
(n

m
)

Time(ns)

pH=7

(b)

0 300 600 900 1200
0.0

0.5

1.0

1.5

2.0

2.5

3.0
 AβP
 AβP-Neu
 AβP-IP1
 AβP-IP2
 AβP-IP3

Time(ns)

R
M

SD
(n

m
)

pH=7

(c)

0 100 200 300
0.0

0.5

1.0

1.5

2.0

2.5

3.0
 AβF
 AβF-Neu
 AβF-IP1
 AβF-IP2
 AβF-IP3

Time(ns)

R
M

SD
(n

m
)

pH=7

(d)

0 100 200 300
0.0

0.5

1.0

1.5

2.0

2.5

3.0
(e)

 AβM-PP1
 AβM-PP2
 AβM-PP3

Time(ns)

R
M

SD
(n

m
)

pH=7

0 100 200 300
0.0

0.5

1.0

1.5

2.0

2.5

3.0
(f)

 AβM-NN1
 AβM-NN2
 AβM-NN3pH=7

Time(ns)

R
M

SD
(n

m
)

0 200 400 600 800
0.0

0.5

1.0

1.5

2.0

2.5

3.0
 AβM-Neu
 AβM-IP
 AβP
 AβP-Neu
 AβP-IP
 AβF
 AβF-Neu
 AβF-IP

R
M

SD
(n

m
)

Time(ns)

(a)
pH=5.5

0 20 40 60 80 100
30

35

40

45

50

SA
SA

(n
m

 S
-2

N
-1

)

 AβM 
  AβM-Neu 
  AβM-IPav 

0 20 40 60 80 100
120

130

140

150

160

170

180
  AβP 
  AβP-Neu 
  AβP-IPav

(a) (b) (c)

0 20 40 60 80 100
90

100

110

120

130

140
  AβF 
  AβF-Neu 
  AβF-IPav

Time(ns)



S9

Fig. S5: Residue contributions to the binding energy in AβM-Neu (a) and contact map between AβM 

and Neu (b). AβM is shown in gray cartoon, and Neu in purple. 

Fig. S6: Snapshots of AβP in the presence of Neu (a, b) and IP (c) at pH = 7.0. An inset from (c) for a 

Neg embedded in the AβP is displayed in (d).  Another exhibition (e) of AβP-IP with AβP section in 

grey and IP in surface with three different colors to distinguish the three parts of IP. In detail, the head 

and linker are colored in yellow and cyan, respectively, for IP and Neu, and tails of Pos, Neg, and Neg 

in orange, red, and red, respectively
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Fig. S7: Number of residues in the NT (1-16), β1 (17-26) and β2 (31-42) regions in AβM interacting 

to Neu, Pos and Neg, respectively. Subscript av stands for the average of the three parallel systems.
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Initial State
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Initial State
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(c)                                                                       (c1)                             
AβP

Initial State
AβP

 Equilibrium State

(d)                                                                       (d1)         

(h)
AβF

Initial State
(d)

Fig. S8: Number change of water molecules in the first shell (in blue) around a Pos, which is 

embedded in (a, b) or attached over (c, d) AβP/AβF with its charged tail. (a) and (b) stand for the 

changes (5-6 water molecules are lost) at pH=7.0, and (c) and (d) at pH=5.5 (1 water molecule 

change), respectively. In (c-d), AβP/AβF complexes are shown in both the front and back. The 

number of water molecules is calculated using LigPlot+27. In (c-d), no the positively charged tail of 

Pos is embedded in the AβP/AβF but attached to the surface, so a hydrated Pos is chosen randomly 

and displayed.
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Table S1 Secondary structure contents (probability of Coil, Sheet, Helix, Turn and Bend) of 

AβM/AβP/AβF in the presence or absence of Neu/IP/PP/NN.

System Coil Sheet Helix Turn Bend

AβM 0.23 0.03 0.56 0.07 0.10

AβM-Neu 0.30 0.00 0.52 0.14 0.04

AβM-IPav 0.39±0.07 0.00±0.00 0.37±0.14 0.1±0.03 0.13±0.05

AβM-PPav 0.19±0.01 0.00±0.00 0.57±0.02 0.10±0.04 0.12±0.02

AβM-NNav 0.23±0.01 0.02±0.01 0.53±0.02 0.09±0.01 0.12±0.01

AβP 0.42 0.06 0.22 0.12 0.18

AβP-Neu 0.41 0.10 0.18 0.14 0.16

AβP-IPav 0.37±0.03 0.10±0.03 0.22±0.03 0.13±0.01 0.17±0.02

AβF 0.39 0.46 0.02 0.00 0.13

AβF-Neu 0.22 0.66 0.02 0.00 0.11

AβF-IPav 0.31±0.02 0.54±0.01 0.01±0.01 0.01±0.00 0.12±0.01

Table S2 At pH 7.0, the solvent accessible surface area (unit: nMS-2N-1) of AβY in the presence or 

absence of Neu/IP.

System AβM AβM-Neu AβM-IPav AβP AβP-Neu AβP-IPav AβF AβF-Neu AβF-IPav

SASA 42 36 43 135 141 157 106 111 123

Table S3: Number of contact between hydrophobic residues in NT (1-16), β1 (17-26) and β2 region 

(31-42) of AβP and Heads of Neu/ Pos/ Neg. AβP-IPav results was obtained by averaging the values of 

AβP-IP1/2/ 2/3.

System Head NT(1-16) β1(17-26) β2(31-42)
5Pos 4 4 11AβP-IP1 5Neg 5 4 12
5Pos 8 4 7AβP-IP2 5Neg 4 4 6
5Pos 10 7 8AβP-IP3 5Neg 6 5 8
5Pos 7.3 5.0 8.6AβP-IPav 5Neg 5.0 4.3 8.6

AβP-Neu 5Neu 3.5 1.5 5.5



S14

Table S4: Hydrogen bonds (HB) and salt bridges (SB) generated between AβP and IP/Neu with its tail. 

SB-N and HB-N stand for the numbers of SB and HB, respectively. The residues in blue indicate both 

HB and SB are generated on it synchronously. (A) to (E) in parentheses denote the serial number of 

five chains in AβP 

System Tail SB-N SB residues HB-N HB residues

5Pos 3.0 D7(C), D23(A), 
E11(B) 6.0 2D7(C), 2D23(A), E22(A), Y10(C)

AβP-IP1
5Neg 1.0 R5(A) 6.0 S26(A),V40(A),Y10(C), R5(A),

F4(A), E20(C)

5Pos 3.0 D7(C), D23(C), 
E22(A) 4.0 D7(C), D23(C), S8(C), H6(C)

AβP-IP2
5Neg 1.0 K16(A) 2.0 H14(C), S26(C)

5Pos 4.0 D23(A), D23(B), 
E11(A), E11(C) 4.0 D23(A), D23(B), E11(A), K16(C)

AβP-IP3
5Neg 0 ——— 3.0 H13(D), Y10(D), G38(D)

5Pos 3.3 D(60%), E(40%) 4.7 D(57%), E(14%),Y, S, H, K (7%)
AβP-IPav

5Neg 0.7 R, K(50%) 3.7 H, Y, S(18%)
V, E, R, F, G (9%)

AβP-Neu 5Neu 0 ——— 2.0 M(50%), G(50%)

Table S5: Binding free energies (kcal/mol) between AβM and Neu/IP/PP/NN

Complex ΔEvdw ΔEcou ΔGpb ΔGsa -TΔS ΔG ΔGfit Kd(nM)
AβM-Neu -7.4 -2.0 4.7 -1.1 0.2 -5.5 -5.8 5.5*104

AβM-IPav -15.0 -11.7 10.5 -1.3 0.4 -17.1 -7.1 6.16*103

AβM-PPav -31.5 -36.3 53.7 -6.9 19.3 -1.6 -6.7 1.21*104

AβM-NNav -25.1 -3.3 25.5 -5.7 12.9 4.3 -6.1 3.34*104
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Table S6: Simulation details of 29 systems.

pH Simulation 
system Box size(nM3) Simulation time(ns) Total number of atoms

5.5 AβM-Neu 6.62x6.62x6.62 800 29380
5.5 AβM-IP 6.63x6.63x6.63 600 29403
5.5 AβP 8.35x8.35x8.35 500 57205
5.5 AβP-Neu 8.36x8.36x8.36 800 59389
5.5 AβF 6.99x6.99x6.99 300 34829
5.5 AβP-IP 8.36x8.36x8.36 700 59414
5.5 AβF-Neu 7.39x7.39x7.39 300 41121
5.5 AβF-IP 7.39x7.39x7.39 300 41121
7 AβM 6.63x6.63x6.63 600 29397
7 AβM-Neu 6.63x6.63x6.63 600 29335
7 AβM-IP1 5.84x5.84x5.84 700 20052
7 AβM-IP2 5.96x5.96x5.96 400 21374
7 AβM-IP3 6.52x6.52x6.52 600 28004
7 AβM-PP1 6.54x6.54x6.54 100 28004
7 AβM-PP2 6.53x6.53x6.53 300 28080
7 AβM-PP3 6.52x6.52x6.52 300 28083
7 AβM-NN1 6.62x6.62x6.62 300 29291
7 AβM-NN2 6.62x6.62x6.62 300 29335
7 AβM-NN3 6.63x6.63x6.63 300 29369
7 AβP 8.25x8.25x8.25 600 59338
7 AβP-Neu 8.38x8.38x8.38 1200 59338
7 AβP-IP1 8.37x8.37x8.37 1200 59213
7 AβP-IP2 8.38x8.38x8.38 500 59312
7 AβP-IP3 8.36x8.36x8.36 600 59225
7 AβF 7.27x7.27x7.27 100 39188
7 AβF-Neu 7.39x7.38x7.39 200 41022
7 AβF-IP1 7.40x7.40x7.40 300 40972
7 AβF-IP2 7.30x7.30x7.30 200 39363
7 AβF-IP3 7.39x7.38x7.39 300 41113
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