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Abstract

Human trypanosomiases, including Chagas disease and human African try-
panosomiasis, remain major neglected tropical diseases with limited therapeu-
tic options and substantial treatment-associated toxicity. In trypanosomatids,
glycolytic enzymes are compartmentalised within glycosomes, peroxisome-like
organelles whose biogenesis depends on the essential interaction between the per-
oxins PEX5 and PEX14. Interference with this protein–protein interface therefore
represents a promising strategy for developing new trypanocidal agents. Here,
molecular docking, MD simulations, and MM–PBSA calculations were used to
examine the PEX5–PEX14 interaction and small-molecule binding to the PEX14
recognition groove. The PEX5–PEX14 complex was stabilised by contacts cen-
tred on the canonical Wxxx(F/Y) motif of PEX5, particularly Trp60 and Tyr64,
with additional contributions from a secondary non-canonical PEX5 region.
Hydrogen bonds, salt bridges, π–cation contacts, and T-shaped aromatic inter-
actions involving PEX14 residues Phe12, Phe29, Lys33, and Thr21 were key
contributors to complex stability. The reported inhibitor ET7 reproduced cen-
tral features of the native PEX5 recognition motif and remained associated with
the PEX14 groove throughout the simulations. SuFEx-functionalised naphtho-
quinones from a previously reported series were then assessed as potential PEX14
ligands. While the initial sulfonyl fluoride derivative associated only transiently
with the groove, SuFEx derivatisation at the sulfonyl centre to introduce an addi-
tional aromatic substituent increased residence time and gave more favourable
MM–PBSA binding free energies. These results identify aromatic and electro-
static contacts as major determinants of ligand stabilisation within the PEX14
groove and support SuFEx-derived naphthoquinones as promising scaffolds for
inhibitors targeting glycosomal protein import in Trypanosoma species.

Keywords: PEX5–PEX14, Protein–protein interaction, Protein–ligand interaction,
Molecular docking, Molecular dynamics, SuFEx-functionalised naphthoquinones
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1 PEX5-PEX14 Analysis

1.1 RMSD

 

Fig. S1 RMSD of the three simulations of the PEX5-PEX14 protein-protein interaction (PBD code:
8GI0). Run1 (red), Run2 (green) and Run3 (blue).
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1.2 Protein-protein Interactions

 

Fig. S2 Amino acid residues involved in PEX5–PEX14 interactions during a 500 ns molecular
dynamics simulation.
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1.3 Hydrogen Bonds

 

 

 

Fig. S3 Time series of selected high-frequency hydrogen bond interactions observed across three
independent 500 ns molecular dynamics simulations. Run1 (red), Run2 (green) and Run3 (blue).
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2 Ligand-PEX14

2.1 Molecular Docking

 

Fig. S4 A-G, Molecular docking poses with corresponding binding scores (kcal mol−1). E, High-
lighted hydrogen bond interaction.
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Fig. S5 A–I, Molecular docking poses of the 3L ligand with the corresponding binding scores
(kcal mol−1). Dashed blue lines indicate hydrogen-bond interactions.
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Fig. S6 A–I, Molecular docking poses of the 3L-OAr ligand with the corresponding binding scores
(kcal mol−1). Dashed blue lines indicate hydrogen-bond interactions.
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2.2 Molecular dynamics analysis of the ligand–PEX14
complex (RMSD)

 

Fig. S7 RMSD of the three simulations of the ET7-PEX14 interaction. Run1 (red), Run2 (green)
and Run3 (blue). The increase at ∼360 ns reflects the ligand exiting the PEX14 binding groove and
subsequently dissociating from the protein.
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Fig. S8 RMSD of the three simulations of the 3L-PEX14 interaction. Run1 (red), Run2 (green) and
Run3 (blue).
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Fig. S9 RMSD of the three simulations of the 3L-OAr-PEX14 interaction. Run1 (red), Run2 (green)
and Run3 (blue).
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2.3 Ligand Density Distribution on the PEX14 Surface

 

Fig. S10 Ligand trajectories mapped over 500 ns of molecular dynamics simulations: (A) ET7 ligand
trajectory, (B) 3L ligand trajectory, and (C) 3L-OAr ligand trajectory.
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2.4 Hydrogen Bond Analysis of PEX14 and ET7 inhibitor

 

 

 

Fig. S11 Time series of selected high-frequency hydrogen bond interactions observed across three
independent 500 ns molecular dynamics simulations. Run1 (red), Run2 (green) and Run3 (blue).
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2.5 Hydrogen Bond Analysis of PEX14 and 3L inhibitor

 

 

  

Fig. S12 Time series of selected high-frequency hydrogen bond interactions observed across three
independent 500 ns molecular dynamics simulations. Run1 (red), Run2 (green) and Run3 (blue).
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2.6 Hydrogen Bond Analysis of PEX14 and 3LARS inhibitor

 

 

  

Fig. S13 Time series of selected high-frequency hydrogen bond interactions observed across three
independent 500 ns molecular dynamics simulations. Run 1 is shown in red, Run 2 in green, and Run
3 in blue.
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2.7 MM-PBSA and percentage of Iterations

The T-shaped π interactions were quantified using geometric criteria based on distance
and angular thresholds, defined between ring centers of mass and relative aromatic
plane orientations, with interactions considered present when distances were ≤ 5, Å
and angles ≤ 90◦.

Table S1 MM-PBSA binding free energy and percentages of T-shaped π and π–cation
interactions obtained from three independent 500 ns molecular dynamics simulations of the
PEX5–PEX14 complex.

Simulation ∆G % T-shape % T-shape % π-cation
run (kcal mol−1) (TYR90face–Phe29edge) (Try64face–Phe12edge) (Trp60-Lys33)

1 -16.71 93.52 99.86 80.96
2 -17.12 96.78 99.72 83.08
3 -15.84 85.92 99.94 86.68

Table S2 MM-PBSA binding free energy and percentages of T-shaped π and π–cation
interactions obtained from three independent 500 ns molecular dynamics simulations of the
PEX14–ET7 inhibitor complex.

Simulation ∆G % T-shape % T-shape % π-cation
run (kcal mol−1) (Phe29face–ET7edge) (ET7face–Phe12edge) (ET7-Lys33)

1 -5.46 23.86 21.16 23.84
2 -6.81 43.64 40.48 16.88
3 -4.09 36.20 34.46 39.22

Table S3 MM-PBSA
binding free energy obtained
from three independent 500
ns molecular dynamics
simulations of the PEX14–3L
inhibitor complex.

Simulation ∆G
run (kcal mol−1)

1 -3.08
2 0.86
3 -2.07
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Table S4 MM-PBSA binding free energy and percentages of T-shaped π
and π–cation interactions obtained from three independent 500 ns
molecular dynamics simulations of the PEX14–3L-OAr inhibitor complex.

Simulation ∆G % T-shape % π-cation
number (kcal mol−1) (3L-OArface–Phe12edge) (3L-OAr-Lys33)

run 1 -3.23 18.88 1.66
run 2 -5.37 0.74 13.80
run 3 -3.53 17.18 11.00

3 Ligand coordinates

3.1 ET7 inhibitor

Optimized geometry of the ET7 ligand obtained at the ωB97X-D3/def2-SVP level of
theory

 

Structure of ET7 ligand.

C 158.47100 109.68400 222.18900
C 159.45000 110.59400 222.93300
N 160.54900 111.05000 222.01200
C 161.75000 110.42900 222.15600
O 161.81900 109.55200 223.01700
C 162.88800 110.68900 221.38300
C 164.07500 110.82200 222.11000
C 162.91000 110.82400 220.00200
C 165.27600 111.08300 221.44000
C 165.29900 111.21900 220.05600
C 164.10900 111.08800 219.33500
S 161.49300 110.70200 218.95300
C 160.58300 111.98000 219.73400
C 160.21600 113.03400 218.87300
C 160.25000 112.00500 221.08500
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C 159.47800 114.12800 219.35900
C 159.15400 114.13800 220.72200
C 159.52800 113.10100 221.57200
N 159.07800 115.20600 218.62600
C 158.83200 115.19000 217.28600
O 158.91400 114.22300 216.53500
C 158.40600 116.54100 216.70000
C 159.48200 117.12200 216.01200
C 160.52400 117.71400 216.73200
C 161.59600 118.28900 216.04100
C 161.62200 118.27100 214.64300
F 162.66000 118.82700 213.98600
C 160.58800 117.67600 213.92300
C 159.51500 117.10100 214.61200
H 164.11800 111.19100 218.26000
H 166.23000 111.42400 219.54900
H 166.19600 111.18100 221.99800
H 164.06400 110.72300 223.18500
H 158.91600 111.46200 223.31900
H 159.88300 110.05200 223.77400
H 158.03000 110.22900 221.35400
H 159.00200 108.81000 221.81100
H 158.71000 116.63900 214.06000
H 160.62000 117.66200 212.84400
H 162.40600 118.74800 216.58700
H 160.49700 117.72500 217.81200
H 157.57300 116.39200 216.01300
H 158.09100 117.20300 217.50600
H 158.97200 115.95100 219.04100
H 158.59900 114.98000 221.10900
H 159.25600 113.14800 222.61600
H 160.50200 113.00500 217.83200
H 157.68300 109.36400 222.87000

3.2 3L inhibitor

Optimized geometry of the 3L ligand obtained at the ωB97X-D3/def2-SVP level of
theory
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Structure of 3L ligand

C 158.65900 110.39300 214.78400
C 158.77700 111.23700 215.89700
C 159.60400 110.83900 216.96400
C 160.29100 109.61800 216.88700
C 160.15700 108.78900 215.77300
C 159.33600 109.17900 214.72200
C 159.73000 111.68200 218.20100
C 161.19800 109.16200 217.98700
C 160.66600 111.24400 219.24800
C 161.34500 110.08200 219.16900
O 161.79300 108.11500 217.94200
O 159.07600 112.69600 218.34100
C 158.04700 112.52500 215.89000
C 158.38900 113.53800 215.09000
S 157.58500 115.08200 215.24300
F 158.88000 116.03300 215.21700
O 157.04400 115.20700 216.56900
O 156.82900 115.39700 214.06200
O 162.19600 109.59900 220.07400
C 163.22200 110.40800 220.53300
C 163.30000 110.69600 221.89200
C 164.31200 111.54100 222.34500
C 165.22900 112.08400 221.44600
C 165.13200 111.78700 220.08700
C 164.12400 110.94500 219.62100
H 158.03000 110.69100 213.95800
H 160.68800 107.85000 215.72800
H 159.22400 108.54100 213.85800
H 160.81500 111.87600 220.11100
H 157.20700 112.65000 216.55700
H 159.16200 113.40300 214.34800
H 162.58800 110.27200 222.58500
H 164.38600 111.77600 223.39700
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H 166.01400 112.73400 221.80200
H 165.84100 112.21200 219.39200
H 164.04500 110.71300 218.56900

3.3 3L-OAr inhibitor

Optimized geometry of the 3L-OAr ligand obtained at the ωB97X-D3/def2-SVP level
of theory

 

Structure of 3L-OAr ligand

C 158.70700 112.68900 216.77200
C 158.69100 111.30200 217.00300
C 158.21400 113.19700 215.56000
C 157.69000 112.34300 214.58900
C 157.66000 110.97300 214.82200
C 158.16100 110.46000 216.01600
C 158.23700 114.66200 215.26600
C 159.19800 113.63600 217.82600
C 159.28000 115.06500 217.49500
C 158.83000 115.55700 216.32300
O 157.81600 115.12400 214.23500
O 159.51100 113.23800 218.93300
C 159.23800 110.69300 218.23800
C 160.14000 109.71200 218.21600
S 160.80500 109.09800 219.72800
O 162.04200 108.39900 219.49000
O 159.71500 108.50600 220.47200
O 161.28100 110.46700 220.48600
C 162.63000 110.78700 220.52200
C 163.33300 110.51100 221.69200
C 164.68000 110.85900 221.76500
C 165.31100 111.46400 220.67800
C 164.59100 111.72800 219.51200
C 163.24100 111.39200 219.42600
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O 158.84000 116.83500 215.94500
C 160.03000 117.40000 215.51600
C 160.33700 117.37200 214.16000
C 161.51500 117.97400 213.72200
C 162.36800 118.59400 214.63600
C 162.04100 118.61600 215.99100
C 160.86500 118.01800 216.44100
H 159.71200 115.75900 218.20100
H 160.59800 118.02900 217.48700
H 163.28200 119.05700 214.29300
H 162.70000 119.09800 216.69800
H 159.66700 116.88900 213.46400
H 161.77000 117.96200 212.67300
H 157.31000 112.74700 213.66200
H 157.24800 110.30800 214.07800
H 158.13600 109.39200 216.17400
H 158.90700 111.04200 219.20500
H 160.46200 109.29500 217.27300
H 162.83300 110.03500 222.52300
H 165.08600 112.19500 218.67300
H 162.67000 111.59200 218.53200
H 165.24100 110.66100 222.66600
H 166.35600 111.72800 220.73900
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