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1 Methods

1.1  Open flap plm V structure preparation

PIm V crystal structure 4ZL4" was prepared using Maestro Protein Preparation Wizard? by
adding missing side chains using Prime®, adjusting side chain protonation states at pH 7.0,
and minimising heavy atoms with convergence up to 0.30 A. PIm V crystal structure with
inhibitor and water molecules removed was aligned with pIm Il crystal structure 4222 in
Schrodinger Maestro software®. The coordinates of the plm |l non-peptidomimetic amino
quinazolinone inhibitor were copied to plm V crystal structure, and prepared complex was
minimised using Schrodinger Prime®. Further, the amino quinazolinone DR720 that was
experimentally verified to inhibit plm V was aligned with the inhibitor of the prepared
complex, and complex that contains plm V and DR720 coordinates was obtained. This
complex was also minimised using Schrodinger Prime.

Further, the prepared plm V-DR720 complex was subjected to 100 ns molecular dynamics
(MD) simulation to optimise binding site residue and inhibitor position. Restraints were
applied to ligand core and aspartic dyad intermolecular distances to ensure that the ligand
remains bound in the binding site throughout the simulation. Harmonic restraints were
applied to Asp313Cy-DR720 amino group nitrogen, Asp80Cy-DR720 amino group nitrogen,
and Asp80Cy-DR720 pyrimidine nitrogen interatomic distances at 2 A with a force constant
of 25 kcal/mol. MD simulation system setup and parameters used are described in section
1.3.

1.2 High-Throughput Virtual Screening (HTVS)
MolPort in-stock screening compound library of more than 6 million compounds (2020) was
prepared using LigPrep® by desalting the molecules, generating possible tautomers and



ionisation states at pH 7.0 £ 2.0. The stereochemistry of the compounds was retained as
specified in the library. The prepared library was docked in the open flap plm V structure
generated.

Molecular docking was performed using Glide’, with scaling of the van der Waals radii set to
0.9 for protein and ligand heavy atoms, and docking compounds flexibly. The top-scoring
3000 compounds were clustered to 300 representative compounds by calculating the Linear
Fingerprints from Daylight invariant atom types and evaluating compound similarity using
Tanimoto similarity metrics. The top-scoring compound was retained for each cluster. The
top-ranked 300 representative compounds were visually inspected for their ability to form
interaction similar to DR720, with molecules showing internal strains or unsatisfied hydrogen
bond donors being deprioritised. A total of 28 potential plm V binders were selected for
purchase. Docked poses were visualised using PyMOL?.

1.3 Molecular dynamics (MD) simulations

The MD simulation systems were prepared by placing the complex in dodecahedral boxe
with at least 1.5 nm distance to the box walls. The TIP3P water model was used to solvate
the complexes. Sodium and chloride ions were added to neutralise the system and reach
150 mM salt concentration. Forcefields for the inhibitors were based on the general AMBER
force field (GAFF) and were generated using Ambertools®. Amber03 forcefield parameters
were used for protein'®'". The prepared systems were relaxed through an energy
minimisation, which was performed using the steepest descent algorithm with a tolerance of
100 kJ/mol-nm. After minimisation, systems were equilibrated in the NVT and then NPT
ensembles for 5 ns. The MD (leapfrog) integration scheme with an integration time step of
2 fs was employed for equilibration and production runs. The particle mesh Ewald (PME)
approach was used to calculate long-range electrostatic interactions with a cut-off of 0.8 nm.
Both Lennard—Jones and Coulomb interactions were explicitly calculated up to 0.8 nm. The
LINCS algorithm' was applied at each step to preserve the hydrogen bond lengths. NPT
equilibration was performed employing a Berendsen barostat'® with a coupling constant of
2 ps and reference pressure 1.0 bar. Velocity-rescale thermostat' with a coupling constant
of 2 ps and reference temperature 298.0 K was used for equilibration and production
simulations. The production run was performed in the NPT ensemble. The potential energy
minimization and MD simulations were carried out with the software package Gromacs
2021"5"% patched with Plumed 2.7"".

1.4 Collective variables (CVs)

Here inhibitor binding/unbinding process was simulated using Path metadynamics (Path
MetaD) approach, where simulation is biased along a predefined path. The reference path,
consisting of 15 equally spaced frames, was prepared from a preliminary ligand unbinding
simulation using Plumed pathtools, and RMSD-based PathCV was used to describe the
position of a point in configurational space relative to the reference path. Reference path
was created by selecting only coordinates of Ca atoms of B sheets within 15 A from Ser87
and two ligand core atoms (hydrogen bond donor and acceptor interacting with catalytic
dyad). This allowed to reduce the computational cost associated with RMSD calculation and
provided an opportunity to use the same path for all ligands.

The two CVs used in Path MetaD are: s — the progress along the predefined reference path;
and z — the distance orthogonal to the reference path. Introduction of the CV z allows to
explore configurations that differ from the reference path, thus, if reference path provided is
not completely accurate, system is able to deviate from the predefined path and explore
states that are more favourable than the defined ones.

1.5 Metadynamics (metaD)



The Plumed plugin'” was used to carry out metadynamics calculations. The bias was added
to PathCV components s and z, and the respective Gaussian widths were set to 0.1 and
0.001 A. Gaussians were deposited every 1 ps in the well-tempered scheme'® with a bias
factor of 10 and initial Gaussian height set at 3 kJ/mol. A soft harmonic restraining bias was
applied on the z variable at 0.05 A to prevent ligand deviation too far away from the
reference path, while enabling the possibility for the system to explore conformational space
different from the original path. Multiple ligand binding/unbinding events were observed
within each simulation, and converged FES was typically obtained after ~1000 ns long
simulation. Simulation on 1GPU and 6 CPU cores did run at a speed of ~135 ns/day, thus
converged simulation could be obtained after ~1 week of calculations. The simulations were
reweighed'® as a function of selected variables using Plumed driver tool. Trajectories were
analysed using VMD software? and figures were prepared using Pymol® and Matplotlib?’
software.

1.6 Sketch-map

2D projections showing ligand binding modes and their connectivity were generated using
nonlinear dimensionality reduction algorithm sketch-map??®. 2D projections were generated
from interatomic distances between ligand transition state mimetic group centre of mass and
each protein binding site atom that was used in PathMetaD reference path (51 distances).
Only frames where ligand-catalytic site distance was less than 3.0 nm were used in sketch-
map generation (15439 frames for reference system; extracted using Plumed). The workflow
of sketch-map generation followed protocol described elsewhere?*?3, In brief, the
dissimilarities between the frames were computed, and farthest point sampling was used to
select 50 landmark points. Then, the nonlinear sketch-map optimisations were performed
iteratively on landmark points until convergence of the low-dimensional projections. At the
end, the remaining frames of the trajectory were projected on the optimised sketch-map
using out of sample embedding. Mapping of verified inhibitor trajectories on top of reference
map were performed in a similar manner, with an exception that landmark points and
weights of reference map were used. The final 2D configuration space was coloured by the
ligand-catalytic dyad interatomic distance. Sketch-map calculations were performed using
Plumed development version (03.2023). Plumed input files are available via PLUMED-
NEST®' (https://www.plumed-nest.org), the public repository for the Plumed consortium,
using the project plumiD: 23.019.

1.7 Protein expression and purification

Plasmepsin (plm) Il and IV was expressed and purified as described by Beyer et al.”. Briefly,
pET3a plasmid containing plm gene was transformed into BL21(DE3) E. coli strain and
cultured on agar plate containing 100 pg/mL ampicillin overnight at 37 °C. One colony was
inoculated in 25 mL of LB medium containing 100 ug/mL ampicillin and grown overnight at
30 °C, 200 rpm. 10 mL of overnight culture were transferred to 1 L LB medium containing
100 pg/mL ampicillin and incubated at 37 °C, 200 rpm until ODeqo is around 0.6. Protein
expression was induced with 0.3 mM IPTG and incubated for additional 3 h. Bacteria were
harvested by centrifugation (15 min at 6000 g, 4 °C), resuspended in lysis buffer A1 (10 mM
Tris-HCI, pH 8.0, 20 mM MgCl., 5 mM CaClz) and lysed by ultrasonication in ice cold bath.
Inclusion bodies were harvested by centrifugation over 27% sucrose cushion (30 min at
12000 g, 4 °C), washed subsequently with resuspension buffer B1 (10 mM Tris-HCI, pH 8.0,
1 mM EDTA, 1 mM DTT, 100 mM NaCl) and resuspension buffer C1 (50 mM Tris-HCI,

pH 8.0, 5 mM EDTA, 2.5 mM DTT, 0.5% Triton X-100). Inclusion bodies were solubilized in
buffer D (50 mM CAPS, pH 10.5, 8 M urea, 100 mM DTT, 5 mM EDTA), refolded by dialysis
against 5 L refolding buffer (20 mM Tris-HCI, pH 8.0, 100 mM NaCl, 2.5 mM DTT) and
applied to HiTrap Q HP anion exchange column equilibrated with chromatography buffer A
(20 mM Tris-HCI, pH 8.0, 2.5 mM DTT). Fractions containing the protein were concentrated



and added to activation buffer (100 mM sodium acetate, pH 5.0). Mixture was incubated at
room temperature with agitation for 1 h, centrifuged to remove precipitant (5 min at 10000 g,
25 °C) and supernatant was applied to HiLoad 16/600 Superdex 200 pg column equilibrated
in buffer C (20 mM Tris-Cl, pH 8.0, 150 mM NaCl, 4 mM DTT). Collected fractions were
analysed with SDS-PAGE. Protein containing fractions were concentrated and used for
further experiments.

PIm V expression and purification protocol was based on Loymunkong et al.? with several
modifications. BL21(DE3) E. coli cells were transformed with the vector containing pIm V and
ampicillin resistance genes and then grown overnight on agar plates containing 100 pug/mL
ampicillin. One fresh colony was inoculated in 25 mL LB medium containing 100 ug/mL
ampicillin and incubated overnight at 37 °C, 200 rpm. Further, 10 mL of overnight culture
were transferred to 3 L LB medium containing 100 ug/mL ampicillin and grown at 37 °C,
200 rpm until ODesgo was 0.4-0.5, and then temperature was reduced to 16 °C. Cells were
induced with 0.2 mM IPTG when ODgoo was 0.7-0.8, and grown for 20 h. Cells were
harvested by centrifugation (15 min at 7000 g, 4 °C). Pellets were resuspended in buffer A1
(50 mM Tris-Cl, pH 8.5, 0.1% Triton (w/v), 500 mM NaCl, 4 mM DTT) in a ratio 1 g of cells
per 10 mL buffer, and lysed by ultrasonication in ice cold bath. Lysis solution was centrifuged
for 40 min at 30000 g, 4 °C. Supernatant was collected and purified using nickel affinity
HisTrap HP column, with buffer A (60 mM Tris-CI, pH 8.5, 500 mM NaCl, 4 mM DTT) as
equilibration buffer. Protein was eluted with linear gradient (0% to 100% for 40 min) against
buffer B (50 mM Tris-Cl, pH 8.5, 500 mM NacCl, 500 mM Imidazole, 4 mM DTT). Fractions
were collected and analysed by SDS-PAGE gel. Fractions containing plm V were
concentrated to 2 mL or less at 4 °C, and applied to size exclusion chromatography using
HiLoad 16/600 Superdex 200 pg column column equilibrated in Buffer C (50 mM Tris-Cl,
pH 7.5, 300 mM NaCl, 10 mM 2-beta-mercaptoethanol). Flow speed was 0.6 mL/min.
Collected fractions were analysed by SDS-PAGE gel, and fractions containing pim V
monomer were concentrated to around 0.5-1 mg/mL and used for further experiments.

1.8 Enzymatic assay

A fluorescence resonance energy transfer (FRET) assay was performed to evaluate ability of
compounds to inhibit pim I, IV, V and catD. A solution of compounds for testing on white 96
well plate was added to the purified recombinant enzyme plm Il, IV or catD (Sigma, cat.nr.
C8696) in 0.1M NaOAc buffer, pH 4.5, 10% glycerol. Recombinant pIm V reaction buffer was
25 mM Tris, 25 mM MES, pH 6.4, 5mM DTT, 0.005% Tween20. The mixture was incubated
for 30 min at 37 °C. Substrate DABCYL-Glu-Arg-Nle-Phe-Leu-Ser-Phe-Pro-EDANS for

plm 11, IV, catD, and DABCYL-Leu-Asn-Lys-Arg-Leu-Leu-His-Glu-Thr-GIn-EDANS for plm V
(AnaSpec Inc) was then added to reach a final concentration of 5 uM for plm I, IV and catD,
and 10 uM for pIm V. Hydrolysis of the substrate was detected as an increase in
fluorescence (Em 490 nm, Ex 336 nm) at 37 °C. The data points were collected every 1 min
over the period of 15 min (60 min for plm V). For the rate calculation, only linear interval was
used, which was slightly different for each enzyme. Inhibitors, dissolved in DMSO, were
added to reaction to reach 100 uM concentration (4% DMSO in the final solution), and were
tested in duplicate. ICso values were determined for compounds with a higher than 50%
inhibitory effect. Compounds were tested in three repeated triplicate experiments. ICso
values were calculated using software Graph Pad Prism 5.0.

2 Additional data
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Fig. SI1. A Distance (d1) between the centre of mass of the Cy atoms of catalytic dyad
residues (Asp80 and Asp313, COM1) and centre of mass of ligand transition state mimetic
group (COM1). B Torsion @ between the ligand transition mimetic group and flap pocket axis
defined as a vector between Asp80 and Ser87 Ca atoms. C FES of compound MolPort-023-
187-757 binding to plm V reweighed as a function of the ligand core-catalytic dyad distance
d1 and torsion ¢ (ligand alignment with respect to the flap pocket axis). Isosurfaces are
shown for every 1 kcal/mol. The deepest FES basins are indicated as IA and IB, and
corresponding binding modes are shown in main text Fig. 6.

Fig. SI2. Binding modes IE and IF identified along the binding pathway (see Fig. 6 in the
main text for sketch-maps and respective basins). The ligand is shown as green sticks,
selected binding pocket residues and catalytic dyad residues are shown as grey sticks, and
the flap loop is in salmon. Hydrogens are omitted for clarity.

Table SI1. The inhibition potency of commercially obtained HTVS hits against pim Il, IV V
and human cathepsin D.
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Table SI2. The inhibition potency of commercially obtained MolPort-002-904-606 analogues
against plm I, IV V and human cathepsin D.
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Table SI3. The inhibition potency of commercially obtained MolPort-000-124-439 analogues

against pIm I, IV V and human cathepsin D.
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Table Sl4. The inhibition potency of commercially obtained MolPort-046-754-050 analogues

against pIm I, IV V and human cathepsin D.
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