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A B S T R A C T

Targeting protein-protein interactions (PPIs) is a promising strategy in drug development. However, despite the 
considerable progress in the field, targeting PPIs with small molecules remains challenging, requiring novel 
strategies in inhibitor design and subsequent structure-activity relationship (SAR) studies. We have recently 
identified the PEX5-PEX14 PPI as a novel therapeutic target against diseases related to Trypanosoma infections 
and discovered small-molecule inhibitors against PEX14 using structure-based drug discovery (SBDD). The 
current study demonstrates that combining SBDD with quantum mechanical (QM) energy decomposition and 
deconvolution analysis (EDDA) provides an in-depth understanding of SAR in the newly developed PPI inhibitors 
class. We obtained diverse dibenzo[b,e]azepin-6(6H)-one PEX14 inhibitors, which resulted from redesigning the 
central scaffold of one of the previous compound lines and follow-up modifications. The diversification strategy 
yielded compounds obtained by multicomponent reactions (MCRs), from which the Kabachnik-Fields reaction 
products were the most potent tricyclic PEX5-PEX14 PPI inhibitors obtained so far. Overall, the activities of the 
compounds measured with biophysical assays aligned with the QM-derived compound binding energies. Hence, 
using an advanced computational approach, our results pave an alternative way for SAR rationalization of 
compounds against PPI targets.

1. Introduction

Protein complexes, the formation of which occurs through protein- 

protein interactions (PPIs), are of particular significance for cellular 
processes such as inter- and intracellular transport, signal transduction, 
metabolism, growth, proliferation and apoptosis. Modulation of PPIs 
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can affect these processes in both beneficial and detrimental ways, 
making it an attractive strategy for developing new drugs against human 
diseases and designing molecular probes to better understand cellular 
events occurring in living organisms [1–4].

Considerable progress has been made in designing and developing 
new PPI modulators [5,6]. As a result, some PPIs have been successfully 
targeted by small molecules, providing new perspectives for therapies in 
important fields such as oncology [7], virology [8,9], immunology [10,
11], microbiology [12] and neuroregeneration [13]. Some of these 
compounds are now under clinical evaluation, but only a few (lifitegrast 
[14], venetoclax [15], tirofiban [16], carotegrast methyl [17], mar
aviroc and fostemsavir [9]) have entered the market so far [5,18]. 
Despite this remarkable progress, PPIs remain ‘high-hanging fruits’ in 
medicinal chemistry. Their modulation offers an attractive strategy to 
tackle complex biochemical processes, but, for several reasons, they 
remain very challenging to address by small molecules. In particular, 
proteins interact primarily via small and shallow binding pockets that 
are non-uniformly distributed over extended, flat, solvent-exposed sur
faces. This starkly contrasts with ‘more typical’, druggable protein tar
gets such as enzymes and GPCRs, which have deeper and less 
solvent-accessible binding sites for small molecular ligands. Further, 
the binding events in the PPI interface hotspots are usually hydrophobic 
and aromatic, posing a serious challenge for developing compounds 
with optimal pharmacochemical profiles. [1,19]. Consequently, there is 
a need to search for new methods to facilitate PPI inhibitor design and 
help understand their complex structure-activity relationship (SAR).

The PEX5 and PEX14 protein complex formation is essential to gly
cosome biogenesis in the Trypanosomatidae family: they import cyto
solic enzymes into this organelle. We have previously shown that 
disrupting their PPI offers a novel strategy for developing antiparasitic 
agents [20]. The PEX5-PEX14 PPI is an example of a very challenging 
molecular target. PEX5 binds the N-terminal domain (NTD) of PEX14 
with its repeated, helical WxxxF/Y motifs (‘x’ denotes any non-proline 
amino acid, Fig. 1A). In these sequences, the aromatic, hydrophobic W 
and F/Y sidechains are projected along one face of the helix, towards 
their respective Trp and Phe/Tyr binding pockets (hotspots) in the 
PEX14 surface. The Trp hotspot is reasonably deep, while the Phe/Tyr 
pocket is shallow and highly solvent-exposed [21]. An important feature 
of the PEX5-TbPEX14 PPI interface is the occurrence of the π-stacked 
F17 and F34 side chains that form a hydrophobic, aromatic ‘bridge’ 
separating the two binding pockets in the TbPEX14 surface (Fig. 1AB). 
Hence, the nature of this target is highly lipophilic, and only several 
polar amino acid residues may be of use for ligand design (i.e., N13, E16, 
D20, R22, T26, S30, K38) that occur on the rim of the hydrophobic 

hotspots (Fig. 1B) [22].
In our previous efforts to address this challenging molecular target, 

we developed several chemical classes of inhibitors: pyrazolo[4,3-c] 
pyridines 1 obtained by the 3D pharmacophore screening [22]; 2,3,4, 
5-tetrahydrobenzo[f] [1,4]oxazepines 2 designed using the chemically 
advanced template search (CATS) algorithm [23]; and 
oxopiperazine-based mimetics of PEX5 WxxxF motif 3 [24] (Fig. 2A). 
Although these compounds were developed by different structure-based 
drug discovery (SBDD) approaches and belong to distinct chemical 
classes, they all share a common binding mode to PEX14, with aromatic 
rings addressing the hydrophobic Trp and Phe pockets and the central 
core shielding the π-stacked F17 and F34 side chains. Additionally, some 
water-mediated contacts with polar residues in the PEX5-PEX14 PPI 
interface are crucial for compound binding and creating the optimal 
water shell around the ligand-protein complex [25].

Another class of PEX5-PEX14 PPI inhibitors emerged from a high- 
throughput screening (HTS) campaign employing AlphaScreen [27] 
and NMR biophysical assays [28]. These compounds were based on 
benzo[b]pyrido[3,2-f] [1,4]thiazepin-5(6H)-one 4, dibenzo[b,f] [1,4] 
thiazepin-11(10H)-one 5 and dibenzo[b, f] [1,4]oxazepin-11(10H)-one 
6 cores and constituted interesting tricyclic frameworks for targeting the 
two-aromatic hotspot system in the PEX14 surface of the PEX5-PEX14 
PPI (Fig. 2B). The co-crystal structure of inhibitor 5 with TcPEX14 
NTD (PDB accession code: 7QRC, Fig. 3A) showed that the compound 
mimics the positioning of aromatic residues of PEX5 native WxxxF 
motifs in their respective hotspots on the PEX14 surface (Fig. 3B). Thus, 
the terminal benzene ring of the dibenzo[b,f] [1,4]thiazepin-11 
(10H)-one 6-7-6 system in compound 5 is in approximately the same 
spatial orientation as the phenyl group of the Phe residue of the PEX5 
WxxxF motif, while the aromatic moiety attached to the C-7 position of 
the tricyclic system through an acetamide linker overlaps with the 
indole portion of Trp side chain of the WxxxF repeat. A critical feature of 
the tricyclic system in 5 is its bent conformation, which allows for the 
proper positioning of the terminal benzene ring in the Phe hotspot as 
well as for the effective shielding of the diaromatic F16–F33 bridge of 
TcPEX14 by a second aromatic ring.

Importantly, our previous experiences in SBDD targeting the flat 
PEX14-PEX5 PPI interface show that even slight activity improvements 
within the respective compound lines are not readily achievable. 
Moreover, the SAR rationalization is particularly challenging because 
the experimental binding results do not always match expectations 
based on the structural data and docking. We present a hybrid classical 
SBDD-quantum mechanics (QM) approach to address this. We perform 
the design, synthesis, biophysical evaluation and an in-depth, systematic 

Fig. 1. Structural features of the PEX5− PEX14 PPI. A) Binding mode of PEX5 α-helix fragment (green) to HsPEX14 NTD (light gray) derived from an NMR structure 
(PDB accession code: 2W84). The Trp and a Phe hotspots in the PEX14 surface are filled with i and i+4 aromatic amino acid side chains of the PEX5 WxxxF motif, 
respectively. B) The structure of the TbPEX14 NTD was adopted from a protein-ligand co-crystal structure (PDB accession code: 5L87). The parallel-displaced 
π-stacked benzene rings of F17 and F34 side chains separate the Trp and Phe pockets. Polar amino acid side chains on the rim of the PEX5-PEX14 PPI interface 
are shown. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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QM-assisted SAR analysis of novel benzo[b]pyrido[2,3-e]azepin-5(5H)- 
one and dibenzo[b,e]azepin-6(6H)-one inhibitors that result from a -S- 
(or -O-) to -CH2- transition in the middle fragment of the 6-7-6 systems in 
compounds 4–6 and follow-up structural modifications. In this study, we 
combine SBDD with an advanced quantum mechanical Energy Decom
position and Deconvolution Analysis (EDDA), which partitions binding 
interaction energies over several intermolecular forces and factorizes 
each contribution with atomic granularity. The proposed method aims 
at a more detailed compound-protein interaction analysis than the one 
derived from analysis of docking scores, rationalizing the atoms and 
functional groups responsible for forming the ligand-protein complex. 
Consequently, it guides an in-depth SAR rationalization. The base 
premise of our analysis is that structural data on ligand-protein com
plexes results from a delicate balance of physicochemical forces – elec
trostatics, lipophilicity, steric repulsion, charge transfer, etc. – leading to 
a thermodynamic stabilization of the small molecule in the protein’s 
pocket. This effect, driven primarily by a favorable binding enthalpy, is 
decoded using the EDDA algorithm. Importantly, if a good under
standing of the binding drivers is sought, an in-depth decomposition and 
a visual representation of the most relevant atomic participants are 
needed.

2. Results and discussion

2.1. Remodeling of the tricyclic scaffold

We initiated our study by comparing the positioning of the tricyclic 
scaffold of the previously studied compound 5 with that of its newly 
designed -CH2- analog 7 in the PEX5-PEX14 PPI interface [28]. We 
docked compound 7 to TbPEX14 and overlaid the resulting pose with 
that of compound 5 in its cocrystal with TcPEX14 (PDB accession code: 
7QRC, Fig. 4). We observed an overall excellent agreement between 
these two binding poses. To further verify the design of analog 7, we 
experimentally evaluated its capability to disrupt the PEX5-TbPEX14 
PPI. Propitiously, the compound inhibited the complex formation be
tween the PEX5-derived peptide (amino acid sequence: ALSENWAQE
FLA) and TbPEX14, with an EC50 of 95 μM in the AlphaScreen 
proximity-based biophysical assay (Table 1). Propitiously, this corre
sponds to a two-fold activity gain over the previously reported deriva
tive 5 and almost an order of magnitude improvement with respect to 
the oxygen analog 6 [28].

We have also remodeled the terminal part of the tricyclic system in 7. 
This effort was driven by the fact that one of the previously obtained 
active hits, compound 4, contained a pyridine ring instead of a benzene 
ring in the terminal fragment of its 6-7-6 ring system [28]. Therefore, we 

Fig. 2. Previously developed chemical classes of PEX5-PEX14 PPI inhibitors. A) Examples of pyrazolo[4,3-c]pyridine 1, 2,3,4,5-tetrahydrobenzo[f] [1,4]oxazepine 2 
and dibenzo[b,f] [1,4]oxazepin-11(10H)-one 3 derivatives. B) Examples of tricyclic benzo[b]pyrido[3,2-f] [1,4]thiazepin-5(6H)-one 4, dibenzo[b,f] [1,4]thiaze
pin-11(10H)-one 5 and dibenzo[b, f] [1,4]oxazepin-11(10H)-one 6 derivatives. All these compounds belong to the class C (structural mimetics, 3) and class D 
(mechanistic mimetics, 1,2,4–6) of peptidomimetics, according to the classification proposed by Pelay-Gimeno and co-workers [26]. The common binding modes are 
illustrated: the aromatic residues mimic the native binding of PEX5 WxxxF fragments to PEX14 Trp and Phe pockets, and the central core (bold) interacts with the 
solvent-exposed F17 and F34 residues. The potencies of PEX5-TbPEX14 PPI disruption and cytotoxic effects against T. brucei are shown for compounds 1–3. The 
activity data of tricyclic inhibitors 4–6 are shown in Table 1.

Fig. 3. The binding mode of the tricyclic dibenzo[b,f] [1,4]thiazepin-11(10H)-one inhibitor 5. A) The high-resolution co-crystal structure of compound 5 with 
TcPEX14 NTD (PDB accession code: 7QRC). The tricyclic 6-7-6 system of the inhibitor adopts a bent conformation, which allows for addressing the Phe hotspot of 
TcPEX14 and shielding of the diaromatic bridge. B) Comparison of the binding pose of compound 5 at the binding site of TcPEX14 NTD and the PEX5 WxxxF motif 
with HsPEX14 NTD (PDB accession code: 2W84). The inhibitor mimics the spatial orientation of the aromatic residues in native WxxxF motifs. C) Synthetically 
plausible structural modifications of compound 5 for an in-depth SAR study.
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investigated whether a similar modification of the tricyclic scaffold 
applied to compound 7 could affect TbPEX14 binding by improving 
π-stacking interactions. To this end, we synthesized analog 8. However, 
when tested in the AlphaScreen assay, the compound displayed a 
three-fold decrease in potency for disrupting the PEX5-TbPEX14 PPI 
(EC50 = 301 μM), compared to the parent compound 7.

The experimentally measured activities of compounds 5–8 cannot be 
rationalized by analyzing their docking poses to TbPEX14. Therefore, to 
better understand the origins of the pronounced differences in protein 
binding, we performed a quantum mechanical (QM) analysis of binding 
using our Energy Decomposition and Deconvolution Analysis (EDDA). 
EDDA is a QM-based partition scheme, which calculates and factorizes 
binding energies over several components, each of which is associated 
with a specific physicochemical force: electrostatic interactions (ES), 
polarization (POL), charge transfer (CT), lipophilicity or dispersion 
(DISP), steric hindrance or electronic repulsion (REP), and solvation 
contributions (SOLV). All these terms are additive and sum up to the 
interaction or binding energy (INT). Because the binding energy corre
lates with the binding enthalpy, this partitioning identifies the driving 
forces that lead to the binding. Overall, the EDDA calculations for de
rivatives 5–8 (Fig. 5, S1A-E, Table S1) show a good correlation between 
the calculated binding energies and the experimental EC50 values ob
tained from the AlphaScreen assay (Fig. S1A).

We first rationalized the weaker binding of compound 5 with respect 

to 7. In the decomposed energies, we see a stronger capability of 5 to 
engage in electrostatic interactions with TbPEX14 (Fig. 5B). Interest
ingly, despite the larger van der Waals radius of a sulfur atom compared 
to a carbon atom, compound 5 experiences less electronic density 
repulsion than derivative 7 (Fig. 5B), which we attribute to the lack of 
hydrogen atoms removed with the methylene group. The changes in 
lipophilic interactions, dispersion and polarization interactions are also 
of similar magnitude with respect to one another, and of opposite sign, 
leading to a cancellation of effects. The stabilizing effect of electrostatics 
is observed in 5. However, it is overcompensated by the negative sol
vation contributions, which eventually leads to a slightly less favorable 
binding energy of the compound with respect to analog 7 
(Fig. 5B–Table 1).

The EDDA calculations performed for the complexes of compounds 6 
and 7 with TbPEX14 showed the positive impact of the oxygen atom of 
the tricyclic system in the former derivative for the overall electrostatic 
interactions (Fig. 5C). This is particularly interesting because this atom 
is positioned in a lipophilic sub-pocket of the PEX5-PEX14 PPI interface, 
and the protein has an overall negative charge of − 1. This indicates that 
the oxygen is located in a positively charged chemical environment, 
most likely conferred by the R22 and K38 residues. On the other hand, 
because this oxygen is placed in a lipophilic sub-pocket of TbPEX14, the 
overall effect resulting from solvation of this compound is detrimental 
for binding when compared to the -CH2- analog 7 (Fig. 5B). The repul
sion contributions follow the expected trend, as replacing the -CH2- 
group with oxygen negatively affects the overlap of electronic densities 
(Fig. 5B). This density overlap is similarly reflected in the polarization 
contributions of derivatives 6 and 7. Expectedly, the transition from 
-CH2- to -O- negatively influences dispersion contributions (Fig. 5B). 
Overall, the influence of the oxygen atom on the binding of compound 6 
to TbPEX14 is negative (Fig. 5D) because it weakens lipophilic in
teractions and provides a slightly worse shape complementarity to the 
pocket, with respect to analog 7.

When comparing compounds 7 and 8, we would expect the EDDA 
results to be similar to those obtained for compound 6 because of the 
additional electronegative nitrogen atom in its tricyclic core. However, 
the chemical profile of compound 8 in the PEX5-PEX14 PPI interface has 
a slightly negative impact on electrostatic interactions (Fig. 5B). Still, 
electrostatics are strongly attractive, which indicates the positively 
charged environment in which this nitrogen atom is also placed 
(Fig. 5C). The solvation terms are also negatively influenced, just like in 
the case of compound 6 (Fig. 5B). The major differences in the binding 
contributions of 7 and 8 result from polarization, repulsion, and 
dispersion effects. The change in repulsion is negative, which shows less 
contact between electronic densities. On the contrary, the reduced 
contact of electronic densities leads to fewer polarization effects upon 
binding and less dispersion (Fig. 5B). Overall, the transition from CH to 

Fig. 4. Comparison of the binding pose of compound 7 (pink) docked to 
TbPEX14 (green) with the binding mode of compound 5 (blue) derived from its 
co-crystal with TcPEX14 (silver, PDB accession code: 7QRC). A high degree of 
similarity is observed between these two binding poses. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.)

Table 1 
Remodeling of the tricyclic scaffold.

# -X- -Y- TbPEX14 EC50 [μM]a T. brucei EC50 [μM]b HepG2 EC50 [μM]b SIc

5 CH S 230d 5.40 (4.76–6.12) ND –
6 CH O 875d 8.12 (7.41–8.94) ND –
7 CH CH2 94 7.2 (6.5–7.9) >100 >13.8
8 N CH2 301 15 (12–19) >50 >3.6

a EC50 values were calculated as a Hill curve fit to 12-point titration (n = 4), with SD mostly within 20 %.
b EC50 values are shown as mean (n = 4). Values in parentheses are 95 % confidence intervals. ND-not determined.
c The selectivity index is calculated as HepG2 EC50/T. brucei EC50.
d Data taken from ref. [28].
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N in the terminal aromatic ring has a negative impact on the binding of 8 
to TbPEX14, as seen in the total interaction maps (Fig. 5D). Such a 
prediction is only possible because the QM analyses are based on the 
electronic density properties of each chemical group and would have 
likely been missed using classical SBDD methods.

Having a strong experimental and computational indication that the 
newly designed dibenzo[b,e]azepin-6(6H)-one scaffold of compound 7 
can be a valuable source of new PEX5-PEX14 PPI inhibitors, we pro
ceeded with a systematic, in-depth SAR study (Fig. 3C). Using the 
available structural information on the possible ligand-protein in
teractions and considering the synthetic feasibility of the target de
rivatives, we have identified two plausible modification sites in 7: the 
cyclic amide of the middle ring in the 6-7-6 system and the exocyclic 
aniline nitrogen atoms.

2.2. SAR study of the lactam substituents

To analyze the effect of the cyclic amide substitution on PEX5- 
TbPEX14 PPI inhibitory properties, we have synthesized a small subset 
of compounds 9–13 with various aliphatic residues in this position 
(Table 2). In general, we have found that the aliphatic substituents 
attached to the amide nitrogen atom critically impact TbPEX14 binding. 
This was best illustrated by the fact that the activity of the unsubstituted 
derivative 9 dropped nearly fivefold (EC50 = 562 μM), whereas analogs 
10 and 11, with methyl or isopropyl substituents, disrupted the PEX5- 
TbPEX14 PPI with a similar potency as the ethyl derivative 7 (EC50 =

153 μM and 118 μM, respectively). According to our docking results of 7 
to TbPEX14 shown in Fig. 4, the lactam group of the tricyclic core points 
towards the aliphatic part of the R22 side chain in the PEX5-TbPEX14 

Fig. 5. The QM-EDDAs for the interactions of compounds 5–8 with TbPEX14. A) Column plot of the decomposed interaction contribution energies of a reference 
compound 7 with TbPEX14. B) Column plots of differences in the decomposed interaction contribution energies of analogs 5, 6, and 8 with TbPEX14, with respect to 
those of the reference compound 7. C) The ES maps for binding modes of compounds 7 (first), 5 (second), 6 (third), and 8 (last) to TbPEX14. D) The INT maps for 
binding modes of compounds 7 (first), 5 (second), 6 (third), and 8 (last) to TbPEX14. The maps are illustrations of the respective energy contributions of each of the 
ligand atoms. Blue spheres represent attractive interactions, whereas red spheres indicate repulsive atomic contacts. The size of each sphere correlates with the 
strength of the respective interaction. Only the maps showing the most important contributions are shown here. All maps for compounds 5–8 are provided in 
Supplementary Data B (Fig. S1B–E). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2 
SAR of the lactam substituents.

# R TbPEX14 EC50 

[μM]a
T. brucei EC50 

[μM]b
HepG2 EC50 

[μM]b
SIc

7 95 7.2 (6.5–7.9) >100 >13.8

9 562 23 (18–28) >100 >4.3

10 153 9.3 (8.1–10.7) >100 >10.7

11 118 7.2 (5.9–8.5) >100 >13.8

12 234 5.1 (4.4–5.8) 7.6 (6.0–12.5) 1.5

13 – >1000 4.6 (4.2–5.1) >100 >21.7

a EC50 values were calculated as a Hill curve fit to 12-point titration (n = 4), 
with SD mostly within 20 %.

b EC50 values are shown as mean (n = 4). Values in parentheses are 95 % 
confidence intervals.

c The selectivity index is calculated as HepG2 EC50/T. brucei EC50.
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PPI interface. Consequently, the aliphatic substituents attached to this 
exit vector likely form lipophilic contacts with this residue. This expla
nation is further supported by analyzing the structural features of the 
PEX5-PEX14 PPI [21]. Frequently, the i+4 (F) residues of the PEX5 
WxxxF motifs are followed by an L, the aliphatic side chain of which 
points towards the hydrophobic part of R22 of PEX14. This interaction 
seems essential since in the peptide scan of short PEX5-derived se
quences presented in the same publication [21], the replacement of L 
was restricted only to other hydrophobic residues (e.g., I or A). Conse
quently, the aliphatic residues attached to the lactam nitrogen of 7, 10, 
and 11 mimic the placement of an aliphatic side chain in the native 
PEX5-PEX14 PPI (Fig. S2A). We have also attempted to address the polar 
guanidinium part of the R22 side chain and synthesized the ethox
ycarbonylmethyl derivative 12. However, this compound was not su
perior when compared to its close analogs 7, 10 or 11 (EC50 = 234 μM).

One of the attempts to synthesize inhibitor 7 resulted in the forma
tion of the O-regioisomer byproduct that eventually enabled us to obtain 
the O-ethyl derivative 13. Although the binding mode of tricyclic in
hibitors to TbPEX14 excludes the occurrence of steric clashes of deriv
ative 13 with protein residues, this compound did not disrupt PEX5- 
TbPEX14 PPI at concentrations up to 1 mM. Moreover, the QM- 
optimized structure of compound 13 adopts a bent conformation 
required for TbPEX14 binding (Fig. S2B). On the other hand, the cal
culations show that the partial charge on the oxygen atom in compound 
13 is halved upon ethylation when compared to the N-alkyl amide 
analog 7 (− 0.28 vs − 0.54, respectively). Likely, this leads to the depo
larization of the solvent-exposed lactam fragment of inhibitor 13, thus a 
weaker protein binding is observed.

2.3. SAR study of the exocyclic nitrogen substituents

Concluding the results of the tricyclic scaffold manipulation and 
exploring the role of the substituents in the cyclic lactam, we observed a 
strong preference of the PEX5-TbPEX14 PPI interface for lipophilic in
teractions. Further, the presence of functional groups and atoms that 
engage in electrostatic interactions in these inhibitor fragments nega
tively influences the binding. Therefore, the major challenge in 
balancing the hydrophobic character of TbPEX14 ligands lies in the 
correct placement of electrostatics-engaging functional groups. We 
varied residues attached to the exocyclic aniline nitrogen atom with this 
aim. Multiple modifications are possible at this exit vector, and we 
envisioned that they might enhance the ligand hydrophobic contacts 
with TbPEX14 (e.g., through variations of the lipophilic, aromatic sub
stituents targeting the Trp pocket). They also may alter favorable, direct, 
and water-mediated polar interactions with the nearby amino acid side 
chains (i.e., with N13, E16, D20, R22, K38).

2.3.1. SAR of the tertiary amides
We first investigated the effects of substituting the exocyclic amide 

nitrogen in 7 with simple alkyl groups (Table 3), some of them having 
additional terminal, hydrophilic groups to explore possible polar in
teractions with the protein. Although we did not anticipate that this type 
of structural modification would generate steric clashes with the protein 
residues, we observed that, in general, the inhibitory activity of the 
designed compounds 14–16 was significantly diminished (no activity at 
concentrations up to 1 mM for 14 and 15, EC50 = 273 μM for 16). We 
attributed this to the possible interference of the introduced substituents 
with the ligand solvent shell. As seen in all inhibitor-PEX14 cocrystal 
structures obtained so far, the amide hydrogen of the inhibitor located in 
this region of the PEX5-PEX14 PPI interface can participate in important 
water-mediated connections with the polar amino-acid residues neigh
boring the Trp pocket, thus stabilizing the complex [22,25,28]. In 
compounds 14–16, the hydrogen atom of 7 was replaced by alkyls, 
which likely disturbed these interactions, e.g., by promoting a reor
ientation of the exocyclic amide group. However, it should be noted 
that, contrary to derivatives 14 and 15, analog 16 retained some of the 

activity of the unsubstituted parent compound 7.
We performed docking experiments and EDDA calculations for 

compounds 14–16 (Fig. 6, S3A-D and Table S3). Overall, the calculated 
binding energies correlate well with the experimental affinities 
(Fig. S3A). Considering the importance of explicit water molecules used 
in docking, during the computational experiments we postulated that 
introducing the alkyl groups in the exocyclic amide as in derivatives 
14–16 would primarily induce a pronounced change in the binding 
mode of the ligands, followed by subsequent minor rearrangements of 
the water-mediated interactions with protein residues to accommodate 
the introduced residues. Indeed, to still fit the PEX5-PEX14 PPI inter
face, the exocyclic amide residues of these derivatives had to readjust 
and rotate by 180◦ (in compounds 14 and 16) or by 90◦ (in ligand 15), 
with respect to the conformation observed in the binding pose of the 
parent inhibitor 7. This rearrangement led to the disruption of hydrogen 
bonds with water molecules in derivative 15. In the case of compound 
14, one hydrogen bond was broken, whereas the ester analog 16 could 
retain the two hydrogen bonds.

These events and their effects on binding can be followed in the 
respective EDDA maps for each ligand-protein complex. The electronic 
repulsion maps, which indicate close electronic density contacts, show 
that in the complex of compound 14 with TbPEX14, one hydrogen bond 
is formed by the amide carbonyl oxygen and one of the water molecules. 
However, forming this interaction forces the N-methyl substituent to 
point towards the second water molecule (Fig. 6B–I). The total inter
action maps show an overall repulsive interaction, illustrated by the red 
sphere surrounding the methyl group (Fig. 6C). Consequently, and 
contrary to the reference compound 7, the ligand-protein electrostatic 
interactions are repulsive (Fig. 6A). Though the solvation terms some
what compensate the electrostatic destabilization, the increase in elec
tronic density repulsion with the solvation sphere of the complex 
explains well the loss of binding of ligand 14 (Fig. 6B).

The electronic repulsion maps of the 2-hydroxyethyl analog 15 
indicate several strong, close contacts scattered all over the ligand- 
protein interaction surface. This observation seems odd at first 
because the local binding mode of the tricyclic 6-7-6 system and the 
fluorophenyl group remains somewhat conserved between compounds 
7, 14, and 15. However, all interaction maps are normalized with 
respect to the strongest atomic contact for each interaction. 

Table 3 
SAR of the tertiary amides.

# R TbPEX14 EC50 

[μM]a
T. brucei EC50 

[μM]b
HepG2 EC50 

[μM]b
SIc

7 95 7.2 (6.5–7.9) >100 >13.8

14 >1000 32 (27–37) >100 >3.1

15 >1000 >100 >100 –

16 273 5.3 (4.8–5.8) >100 >18.9

a EC50 values were calculated as a Hill curve fit to 12-point titration (n = 4), 
with SD mostly within 20 %.

b EC50 values are shown as mean (n = 4). Values in parentheses are 95 % 
confidence intervals.

c The selectivity index is calculated as HepG2 EC50/T. brucei EC50.
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Consequently, if ligand-protein interactions are drastically weakened, 
this may lead to a pattern where all signals are more intense despite no 
significant changes in the binding pose. Such an illustration artefact is 
observed for compound 15, its binding mode analysis, and all the 
respective maps (Fig. 6B and C). This is also reflected in a lower elec
tronic repulsion contribution for the binding of compound 15 to PEX14 
with respect to the interactions with compounds 7, 14, and 16. This 
indicates a decrease in the protein-ligand interaction surface. Overall, 
the binding pose of this inhibitor shows a significant deterioration of 
electrostatics and polarization interactions. Despite the larger surface 
area of compound 15 compared to other derivatives discussed, the 
ligand-protein interaction surface is negatively affected because of the 
unfavorable positioning of the exocyclic amide group on the protein 
surface. Finally, the solvation contributions indicate that, compared to 
compound 7, analog 15 is better stabilized in an aqueous solution than 
in the protein pocket (Fig. 6A). This is seen in the respective EDDA plots 
and is most likely caused by an inadequate binding pose.

We then set out to rationalize the observation that the ethox
ycarbonylmethyl analog 16 disrupts the PEX5-TbPEX14 PPI, albeit two- 
fold weaker than compound 7. This seemed counterintuitive, especially 
given the computational results for the structurally similar, inactive 

alcohol 15. However, the docking pose of compound 16 shows the 
capability of the carbonyl oxygen of its ester moiety to form a hydrogen 
bond with one of the explicit solvation waters preserved in our docking 
protocol. At the same time, the other water molecule is H-bonded by the 
exocyclic carbonyl oxygen. Both these interactions can be followed in 
the total interaction maps (Fig. 6C). The electronic repulsion maps can 
explain the lower affinity of derivative 16 compared to the parent 
compound 7. The latter show that, to establish the hydrogen bond be
tween the carboxylic ester and the solvation water, the methylene linker 
to the carboxamide must be oriented near the solvation water. The total 
interaction maps (Fig. 6C–III) show that this interaction is repulsive and 
destabilizes the ligand-protein complex. The above effects are reflected 
in the respective energy contributions in the column plot. Although 
compound 16 can form hydrogen bonds with two solvation waters, these 
interactions are weaker than in compound 7 because of the destabilizing 
electrostatic contributions.

2.3.2. SAR of the substituents in the benzylic position
The available structures of TbPEX14 show the presence of hydro

philic N13 and K38 side chains opposing each other at the rim of the Trp 
hotspot. Thus, another set of compounds, 17–26, was prepared to 

Fig. 6. The QM-EDDAs for the interactions of compounds 14–16 with TbPEX14. A) Differences in the interaction contributions of analogs 14–16 with TbPEX14, with 
respect to compound 7. B) The REP maps for binding modes of compounds 14 (first), 15 (second) and 16 (last) to TbPEX14. The number of interaction points and 
their strength seem larger for compound 15. This is an artefact of the representation, as the atomic contribution for each EDDA term is normalized to the strongest 
interaction recorded for each molecule. C) The INT maps for binding modes of compounds 14 (first), 15 (second) and 16 (last) to TbPEX14. Only the maps showing 
the most important contributions are shown here. All maps for compounds 14–16 are provided in Supplementary Data B (Fig. S3B–D).
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address these amino acids by installing various polar residues at the 
benzylic position of the arylacetamide moiety (Table 4). The mandelate 
derivative 17, its acetoxy-analog 18, and the formamide 19 were 
designed to provide polar interactions with the N13 residue or interact 
with the solvation waters while maintaining a low-energy ligand 
conformation. To our disappointment, these compounds provided lower 
levels of PEX5-TbPEX14 PPI inhibition compared to 7 (EC50 = 167 μM, 
156 μM and 152 μM, respectively). The respective -CH2- homologs of 17 
and 18, derivatives 20 and 21, were roughly twice less potent (EC50 =

337 μM and 303 μM, respectively) as compound 7, just as the carboxylic 
acid 22 and carboxylate ester 23 (EC50 = 334 μM and 348 μM, respec
tively). We have also attempted to improve the activity of 17 and 19 by 
reducing the number of rotatable bonds. To this end, we synthesized the 
respective oxazolidine-2,4-dione 24 and imidazolidine-2,4-dione 25 

derivatives. These modifications did not lead to an enhancement of the 
compounds’ activity over the parent molecules. Compound 24 did not 
disrupt the PEX5-TbPEX14 PPI at concentrations up to 1 mM, whereas 
derivative 25 was roughly twice less potent as the parent 19 (EC50 =

361 μM). The last compound from this series was obtained by trans
forming the benzylic -CH2- to a carbonyl group in the benzylic position. 
The resulting phenylglyoxylate 26 was twice as potent in disrupting the 
PEX5-TbPEX14 PPI as its –OH analog 17 and slightly more active than 
compound 7 (EC50 = 79 μM). The distance between the inserted 
carbonyl oxygen of the compound and the hydrophilic protein appears 
too large for forming contacts with protein residues. Therefore, it is 
more likely that it contributes to the formation of a more favorable water 
network.

Table 4 
SAR of the substituents in the benzylic position.

# R TbPEX14 EC50 [μM]a T. brucei EC50 [μM]b HepG2 EC50 [μM]b SIc

7 94 7.2 (6.5–7.9) >100 >13.8

17 167 13 (11–15) >100 >7.7

18 156 14 (12–16) >100 >7.1

19 152 16 (13–17) >100 >6.2

20 337 57 (49–66) >100 >1.8

21 303 12 (10–15) 15 (10–21) 1.2

22 334 >100 >100 –

23 348 14 (13–15) >100 >7.1

24 >1000 31 (28–33) >100 >3.2

25 361 33 (22–47) >100 >3.3

26 79 6.0 (5.0–6.9) >100 >16.7

a EC50 values were calculated as a Hill curve fit to 12-point titration (n = 4), with SD mostly within 20 %.
b EC50 values are shown as mean (n = 4). Values in parentheses are 95 % confidence intervals.
c The selectivity index is calculated as HepG2 EC50/T. brucei EC50.
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2.3.3. SAR of the MCR scaffolds
Our other design strategy took advantage of the fact that the 

exocyclic aniline may serve as a convenient exit vector for the deriva
tization of the dibenzo[b,e]azepin-6(6H)-one inhibitors by multicom
ponent reaction (MCR) chemistry. Some MCRs have been known to be 
very useful in drug discovery since they can deliver drug-like com
pounds with unique structures using a relatively straightforward 
chemistry [29]. Here, we utilized Petasis, Ugi, and Kabachnik-Fields 
MCRs, which constitute powerful tools to implement various amino 
acid, amino alcohol, amino amide and amino phosphonate scaffolds in a 
one-pot condensation of simple reagents. Particularly, we employed 
these MCRs to decorate the aniline with residues, in which various aryl 
and arylalkenyl moieties addressing the lipophilic Trp pocket were 
attached to the same carbon atom as the polar hydroxymethyl, 
carboxylate, carboxamide or phosphonate groups pointing towards the 
hydrophilic amino acid side chains present in the vicinity of this hotspot 
(Table 5).

The previously investigated compounds 7–25 addressed the Trp 
pocket of TbPEX14 with a single benzene ring delivered into this hy
drophobic cavity via an acetamide linker (Tables 1–4). We have shown 
here and in our previous reports (Fig. 3B) [22,25,28] that such posi
tioning of the benzene ring aligns well with the native binding of PEX5 
tryptophan side chain to the PEX14 Trp pocket and that it can result in 
potent PEX5-PEX14 PPI inhibitors. However, we were also interested in 
seeing whether we could address this pocket with biaromatic ring sys
tems, just as it is observed in the structure of the PEX5-PEX14 PPI 
(Fig. 1A). To this end, we obtained the MCR products 27, and 29 with 
either benzofuran or indole moieties attached to the quaternary carbon 
atom, which links them to the aniline nitrogen (Table 5). The 
benzofuran-containing Petasis product 27 displayed only weak activity 
in disrupting the PEX5-PEX14 PPI (EC50 = 409 μM), while its phos
phonate analog 28, derived from the Kabachnik-Fields reaction, was 
roughly twice as potent (EC50 = 247 μM). Propitiously, the indole analog 
29 of benzofuran 28 conferred a further gain in activity (EC50 = 85 μM). 

Table 5 
SAR of the MCR scaffolds.

# R TbPEX14 
EC50 [μM]a

T. brucei EC50 

[μM]b
HepG2 EC50 

[μM]b
SIc # R TbPEX14 

EC50 [μM]a
T. brucei EC50 

[μM]b
HepG2 EC50 

[μM]b
SIc

27 409 16 (15–17) 58 (51–66) 3.6 36 158 27 (23–30) >100 >3.7

28 247 6.4 (5.6–7.2) 59 (45–77) 9.2 37 29 10 (8–12) 50 (42–57) 5.0

29 85 7.0 (5.8–8.3) >100 14.3 38 28 8.6 (7.2–10.1) 6.3 
(5.8–6.8)

<1.0

30 237 43 (38–48) >100 >2.3 39 24 7.2 (6.3–8.1) 16 (14–17) 2.2

31 158 5.2 (4.6–5.9) 40 (34–48) 7.7 40 70 3.3 (3.0–3.6) 10 (9–11) 3.0

32 144 3.4 (3.1–3.7) >100 >29.4 41 112 3.1 (2.9–3.3) 14 (12–16) 4.5

33 >1000 >100 >100 – 42 178 3.7 (3.5–4.0) >100 >27.0

34 116 25 (21–29) 28 (19–40) 1.1 43 >1000 3.6 (3.3–3.9) 18 (16–21) 5.0

35 98 12 (9–14) 58 (43–68) 4.8 ​ ​ ​ ​ ​ ​

a EC50 values were calculated as a Hill curve fit to 12-point titration (n = 4), with SD mostly within 20 %.
b EC50 values are shown as mean (n = 4). Values in parentheses are 95 % confidence intervals.
c The selectivity index is calculated as HepG2 EC50/T. brucei EC50.
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Interestingly, the QM-EDDA calculations (Fig. 7, S4A-F, Table S4) 
indicated that, although the benzofuran oxygen atom in compound 28 
provides an electrostatic stabilization of the inhibitor-protein complex, 
this effect is cancelled out in the total interaction maps (Fig. 7B and D). 
This is reflected in the neutral contribution of this oxygen to the 
ligand-protein interaction energy, resulting from the cancellation of 
favorable electrostatics by the solvation effects (Fig. 7A and D). We 
attribute this to electrostatic shielding from the protein environment in 
which the ligand is embedded and to the benzofuran oxygen weak 
hydrogen bond acceptor character (Fig. S4E). On the contrary, the 

contribution from the indole NH group in compound 29 remains 
favorable in the INT maps (Fig. 7D). Similar to compound 28, there is an 
interplay between electrostatics and solvation. However, the solvent 
stabilization by the indole ring in the protein pocket is favorable in the 
case of analog 29. This is because the indole NH is a better hydrogen 
bond donor than the benzofuran oxygen is an acceptor (Fig. S4E). The 
EDDA calculations also show the significant contributions of the phos
phonate groups for binding ligands 28 and 29 to TbPEX14. First, the 
oxygen atoms of these functional groups form hydrogen bonds with the 
important solvation waters, which makes them the main electrostatic 
anchors of the ligands to the protein. Interestingly, the phosphorous 
atom also provides a significant energetic contribution (Fig. 7D). This 
atom primarily affects the solvation and polarization stabilization. Still, 
it also supplies and supports the electrostatic interactions of the oxygen 
atoms of the phosphonate group by donating its electronic density.

Other indole derivatives obtained, the C-3 regioisomer 30 and the 5- 
fluoro derivative 31, were markedly weaker than the parent compound 
29 (EC50 = 238 μM and 157 μM, respectively). Similar results were 
recorded for the Ugi product 32 (EC50 = 144 μM). To further highlight 
the importance of the presence of the diaromatic system in this series of 
PEX5-PEX14 PPI inhibitors, we have synthesized a monoaromatic ring 

Fig. 7. The QM-EDDAs for the interactions of compounds 28 and 29 with 
TbPEX14. A) The respective EDDA results for compounds 28 and 29. B) The 
relative EDDA of compounds 28 and 29 shows the fine differences in binding 
contributions. C) The ES maps for binding modes of compounds 28 (left) and 29 
(right) to TbPEX14. D) The INT maps for binding modes of compounds 28 (left) 
and 29 (right) to TbPEX14. Only the maps showing the most important con
tributions are shown here. All maps for compounds 28 and 29 are provided in 
Supplementary Data B (Figures SB-D).

Fig. 8. The QM-EDDA for the interactions of compound 37 with TbPEX14. A) 
The EDDA results for compound 37. B) The relative EDDA of compounds 37 and 
29, showing the differences in binding contributions. C) The ES (left) and the 
INT (right) maps of compound 37. Only the maps showing the most important 
contributions are shown here. All maps for compound 37 are provided in 
Supplementary Data B (Fig. S4B–D).
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derivative 33 of inhibitor 29. This control compound was inactive at 
concentrations up to 1 mM, most likely due to its inability to efficiently 
fill the Trp pocket.

Another subset of compounds, the vinylbenzene derivatives 34–43, 
was designed to preserve a general atomic distribution and the shape of 
the benzofuran and indole systems, while achieving partial conforma
tional flexibility by deleting the bridging heteroatom (Table 5). Propi
tiously, a vinylbenzene derivative 34 derived from Petasis MCR 
displayed an almost 4-fold gain in the potency of inhibiting the PEX5- 
TbPEX14 PPI (EC50 = 116 μM), when compared to the parent benzo
furan 27. Other Petasis products, the bis(hydroxymethyl) 35 and 
carboxylate 36 derivatives, did not confer further affinity enhancement, 
displaying comparable activity to compound 34 (EC50 = 88 μM and 158 
μM, respectively). We observed a remarkable improvement within the 
phosphonate series, with almost an order of magnitude gain of activity 
of vinylbenzene 37 (EC50 = 29 μM) with respect to its benzofuran analog 
28 and a three-fold increase in potency compared to its indole coun
terpart 29. To rationalize the beneficial effect of transitioning from 

condensed aromatic ring systems to vinylbenzene, we compared the 
QM-EDDA results for the ligand-protein complexes of compounds 28 
and 29 with those obtained for 37 (Fig. 8). We observed an excellent 
correlation between the activity of those compounds in the AlphaScreen 
assay and the theoretical calculations (Fig. S4A). A thorough analysis of 
the computational results indicated slight differences between the 
binding poses of the biaromatic and vinylbenzene ligands and confirmed 
the expected gain in flexibility of the latter in the Trp pocket of TbPEX14. 
Consequently, the vinylbenzene group of compound 37 can reach 
slightly deeper into this cavity (Fig. S4F). This translates into optimized 
interactions, as seen in the decomposed energy values and the corre
sponding maps (Table S4 and Fig. 8, S4B-D). The electrostatic in
teractions with the protein are closer to those observed in compound 28, 
while the solvation destabilization is similar to that recorded for com
pound 29 (Table S4). Although compound 37 has fewer atoms than 
compounds 28 and 29, which is reflected in the repulsion and polari
zation contributions (Fig. 8B), it offers dispersion interactions with the 
protein resembling those of the other two ligands (Table S4). Overall, 
compound 37 can be seen as taking advantage of the best features of 28 
and 29. We have also conducted a preliminary analysis of the influence 
of phenyl substitution pattern in 37. Here, we observed that para-F and 
Me substituents are tolerated, albeit the respective 38 and 39 derivatives 
did not confer superior activity than the parent compound (EC50 = 28 
μM and 25 μM, respectively). Besides this, the meta-F and Me counter
parts 40 and 41 (EC50 = 70 μM and 112 μM, respectively) were less 
potent in inhibiting the PEX5-TbPEX14 PPI. We have also synthesized 
compound 42, a vinylbenzene analog of the indole derivative 32. This 
compound did not confer improvement in activity.

Finally, to verify whether the introduction of the vinylbenzene would 
also benefit the carboxamide series, we synthesized compound 43, a 
carboxamide analog of the MCR product 37. Interestingly, this deriva
tive showed a complete lack of PEX5-TbPEX14 PPI inhibition. The 
docking poses of compounds 43 and 37 are conserved regarding the 
arrangements of their tricyclic cores on the TbPEX14 surface and the 
positions of the benzene rings in the Trp hotspot (Fig. 9A). However, 
they differ in the arrangements of the moieties projecting the benzene 
rings into the Trp pocket. Although the carboxamide group of compound 
43 forms important interactions with the two solvation waters, the 
overall positioning of this acrylamide fragment should be less favorable, 
according to the AlphaScreen data.

To best understand the effects leading to the loss of activity of 
compound 43, we ran EDDA calculations for its complex with TbPEX14 
and compared the results with those obtained for analog 37 (Fig. 9BC, S5 
and Table 5). The computations show a 4.1 kcal/mol difference in the 
binding energies of these compounds (Tables S4 and S5). Although 
EDDA disregards entropic contributions, this high value accurately re
flects the loss of experimentally evaluated activity of compound 43. A 
closer look at the total interaction maps (Fig. 9C) reveals a strong 
interaction of the exocyclic amide oxygen in 43 with the solvation water 
over a distance of approximately 1.5 Å. On the other hand, the distance 
between the hydrogen bond of the NH proton of this same amide group 
and the second water molecule is larger than 3.3 Å, which results in a 
much weaker interaction. On the contrary, the phosphonate group in 
compound 37 projects hydrogen bond-forming atoms at more suitable 
distances from the solvation water molecules (1.8 and 2.1 Å). This en
sures a more balanced binding mode, where two equally strong 
hydrogen bonds are formed instead of only one. Further, the binding 
mode of compound 37 places less strain on other ligand atoms in the 
proximity of the phosphonate functional group. We reason that the 
imbalance in the interaction pattern of compound 43 with the neigh
boring water leads to slight deviations in the binding mode of this ligand 
to TbPEX14. This, together with the very close distance between the 
exocyclic amide oxygen and the solvation water molecule, is reflected by 
an almost 30 kcal/mol increase in electronic density repulsion (Fig. 9B). 
This effect alone justifies the dominance of the interaction between the 
amide oxygen atom and the solvation water in the total interaction maps 

Fig. 9. The QM-EDDA for the interactions of compounds 43 with TbPEX14 
NTD. A) Comparison of the binding poses of compounds 37 (magenta) and 43 
(blue) to TbPEX14 NTD. Important hydrogen bonds are marked with the sol
vation waters (yellow and green, for compounds 37 and 43, respectively). The 
distances between the respective hydrogen bond donors and acceptors are given 
in Å. B) The relative EDDA of compounds 43 and 37, showing the differences in 
binding contributions. C) The REP (left) and the INT (right) maps of compound 
43. Only the maps showing the most important contributions are shown here. 
All maps for compound 43 are provided in Supplementary Data B (Fig. S5). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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(Fig. 9C). Differences between other EDDA binding contributions of 
compounds 43 and 37 to TbPEX14 are affected by how the benzene 
functional groups of these analogs are projected into the Trp hotspot of 
TbPEX14. Here, we see a steep increase in electrostatics, reflecting the 
weakening of an important interaction with one of the solvation waters 
and a strong solvation stabilization. The latter reflects a less polar ligand 

surface area for compound 43, which is, in this case, better stabilized in 
the PEX5-TbPEX14 PPI interface. Overall, the calculations performed on 
the docked poses of compounds 37 and 43 rationalize their relative af
finities to TbPEX14 mostly by the capabilities of each molecule to 
effectively capture the water-mediated interactions with the protein.

Fig. 10. Evaluation of binding of compounds 7 and 37 to TbPEX14 NTD by 1H–15N heteronuclear single quantum coherence (HSQC) NMR spectroscopy. A) 1H–15N 
HSQC spectrum of 200 μM TbPEX14 NTD (black), overlaid with the spectrum recorded in the presence of 100 μM of 7 (green). B) 1H, 15N HSQC spectrum of 200 μM 
TbPEX14 NTD (black), overlaid with the spectrum recorded in the presence of 100 μM of 37 (green). Important residues on the PEX5-TbPEX14 PPI interface are 
labeled. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Scheme 1. i. SOCl2, MeOH, 92 %; ii.1. o-Fluoronitrobenzene, NaH, DMF; 2. HClaq; 79 %; iii.1. NaOHaq, 1,4-dioxane; 2. HClaq; iv. 1. K2CO3, DMF; 2. HClaq; (iii-iv: 70 
%); v. Fe, AcOH; 97 %; vi. HNO3, AcOH; 57 %; vii. SnCl2, EtOH; quant.; viii. 1. EtBr, NaH, DMF; 2. NH4Cl; 99 %; ix. HNO3, AcOH; 25 %; x. EtBr, TBAB, Na2CO3, K2CO3, 
DMF; 91 % (56) + 9 % (57); xi. SnCl2, EtOH; quant.; xii. SnCl2, EtOH; 56 %.

M. Nowacki et al.                                                                                                                                                                                                                               European Journal of Medicinal Chemistry 298 (2025) 117979 

12 



2.4. NMR validation experiment

Fig. 4 shows the capability of our in silico protocol to accurately 
predict the binding pose of carboxamide derivative 7 to PEX14, which 
was nearly identical to that of analog 5 in its cocrystal with the protein. 
Further, the AlphaScreen assay results show disruption of the PEX5- 
TbPEX14 PPI by the synthesized compounds, and that the magnitude of 
this activity can be correlated with the respective EDDA results. To 
obtain further experimental proof that the PEX5-TbPEX14 PPI inhibition 
is a direct result of the reversible binding of the compounds to TbPEX14 
NTD, we performed 1H, 15N 2D heteronuclear single-quantum coherence 
correlation NMR experiments (Fig. 10). For this assay, we selected 
compounds 7 and 37, as they not only significantly differ in their 
AlphaScreen activity but also display quite pronounced differences in 
their chemical structures. The results show that in both cases, the 
application of a compound causes changes in the chemical shifts of the 
NMR signal resonances of the protein, confirming binding. Further, 
compound 7 interacts with TbPEX14 NTD in fast exchange binding 

kinetics on the NMR chemical shift time scale (Fig. 10A), whereas 
compound 37 causes more significant changes in the NMR spectra (most 
peaks show larger chemical shift perturbations and some, i.e., V23 and 
R22 disappear from the spectrum, indicating intermediate exchange, 
Fig. 10B). This likely reflects its higher affinity for TbPEX14 NTD and 
follows the activity trend observed in the AlphaScreen assays. Impor
tantly, both NMR experiments show that affected resonances of the 
TbPEX14 NTD spectrum can be attributed to residues in proximity to the 
binding site for the PEX5 WxxxF motif. This indicates that compounds 7 
and 37 bind the protein at the expected binding site based on the in silico 
experiments.

2.5. Cellular activity of tricyclic PEX5-TbPEX14 PPI inhibitors

We also determined whether the investigated compounds exhibit in 
vitro cellular activity. We tested all inhibitors against T. b. brucei 
bloodstream from protists as model organisms, relying on peroxisomal 
import of important cytosolic enzymes. We determined the TbPEX14 
ligand cytotoxicity in HepG2 cells (Tables 1–5). The compounds dis
played varied levels of trypanocidal activities, some having low- 
micromolar IC50 values, comparable to those observed for some PEX5- 
TbPEX14 PPI inhibitors previously studied. [22–24,28]. In line with our 
previous findings, the EC50 values of the compounds for the cell-based 
activities (EC50) are lower than the ones for the PEX5-TbPEX14 PPI in
hibition. This results from disrupting the PEX5-TbPEX14 complex for
mation, which impairs the compartmentation of glycolytic enzymes 
inside glycosomes. These enzymes lack feedback regulation; thus, their 

Scheme 2. i. p-FC6H4CH2CO2H, EDC⋅HCl, Et3N, DMAP, DCM; 77 % (from 44); ii. p-FC6H4CH2CO2H, EDC⋅HCl, Et3N, DMAP, DCM; 81 % (from 45); iii. MeI, K2CO3, 
TBAB, DMF; 45 %; iv. i-PrBr, KI, TBAB, K2CO3, DMF; 60 %; v. BrCH2CO2Et, Cs2CO3, DMF; 71 %; vi. MeI, 50 % NaOHaq, TBAB, 1,4-dioxane; 59 % (from 7).

Scheme 3. i. p-FC6H4CH2CO2H, EDC⋅HCl, DMAP, DCM; 85 %.

Scheme 4. i. BrCH2CO2Et, AcONa, EtOH; 42 %; ii. (HOCHCH2O)2, AcOH, Na2SO4, THF; then NaBH(OAc)3; 84 %; iii. p-FC6H4CH2CO2H, EDC⋅HCl, DCM; 55 % (from 
58); iv. 1. p-FC6H4CH2CO2H, EDC⋅HCl, Et3N, DMAP, DCM; 2. NaOHaq, 1,4-dioxane, 12 % (from 59, over 2 steps).

Scheme 5. i. 1. LDA, THF; 2. BrCH2CO2Et; 3. HClaq; 22 %; ii. EDC⋅HCl, DCM; 84 % (from 60); iii. EDC⋅HCl, DCM; 83 % (from 61); iv. 1 NaOHaq, 1,4-dioxane, then 2 
HClaq; 89 % (from 23); v. K2CO3, MeOH; 77 % (from 21).
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mislocalization to the cytosol leads to unregulated glucose phosphory
lation and ATP depletion, therefore amplifying toxicity [20]. However, 
the current study cannot exclude the occurrence of additional off-target 
effects, especially since several compounds show poor correlation of the 
trypanocidal activity and the PPI inhibition. In addition, permeability 
differences between the respective derivatives may exist, which further 
complicates the analysis of the cellular assays results. Most inhibitors 
displayed selectivity between their trypanocidal activity and cytotox
icity against HepG2 cells. Some compounds killed the parasites at low 
micromolar concentrations without showing HepG2 cytotoxicity at 
50–100 μM concentrations.

2.6. Chemistry

Target PEX5-PEX14 PPI inhibitors 7–43 were synthesized as shown 

Scheme 6. i. Ac2O, HCO2H, 70 %; ii. EDC⋅HCl, Et3N, DMAP, DCM; 40 % (from 63), iii. EDC⋅HCl, Et3N, DMAP, DCM; 60 % (from 64); iv. HClaq 1,4-dioxane, quant., 
from 19); v. K2CO3, MeOH; 96 % (from 18); vi. CDI, 1,4-dioxane, 43 % (from 65), vii. CDI, 1,4-dioxane, 94 % (from 17).

Scheme 7. i. PhC(O)CO2H, EDC⋅HCl, NEt3, DMAP, DCM; 59 %.

Scheme 8. i. Benzofuran-2-B(OH)2; (HOCHCH2O)2, MeOH; 90 %, ii. PhCH=CHB(OH)2 (E), (HOCHCH2O)2, MeOH; 44 %; iii. (E)-PhCH=CHB(OH)2, [(HOCH2)2CO]2, 
MeOH; 61 %; iv. (E)-PhCH=CHB(OH)2, HO2CCHO⋅H2O, MeOH; 83 %.

Scheme 9. i. Benzofuran-2-CHO, (MeO)2P(O)H, THF; 56 %; ii. Indole-2-CHO, (MeO)2P(O)H, THF, 93 %; iii. Indole-3-CHO, (MeO)2P(O)H, THF; 86 %; iv. 5-F-indole- 
2-CHO, (MeO)2P(O)H, 1,4-dioxane; 92 %; v. p-FC6H4CHO, (MeO)2P(O)H, THF; 81 %; vi. p-FC6H4CH––CHCHO (E), (MeO)2P(O)H, THF; 79 %; vii. PhCH=CHCHO (E), 
(MeO)2P(O)H, THF; 59 %; viii. p-MeC6H4CH––CHCHO (E), (MeO)2P(O)H, THF; 91 %; ix. m-FC6H4CH––CHCHO (E), (MeO)2P(O)H, THF; 66 %; x. m- 
MeC6H4CH––CHCHO (E), (MeO)2P(O)H, THF; 81 %.

Scheme 10. i. Indole-2-CHO, CNCH2CO2Et. PhP(O)H(OH), MeOH; 44 %; ii. 
(E)-PhCH=CHCHO, CNCH2CO2Et, PhP(O)H(OH), EtOH; 23 %.

Scheme 11. i.1. PhCH=CHCO2H (E), EDC⋅HCl, DCM.
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in Schemes 1–12. The key intermediates 44, 45, and 46 for compounds 
7, 9–43 were obtained by adopting a synthetic strategy employing a 
literature tandem nitro group reduction/intramolecular cyclization 
(lactamisation) leading to the key tricyclic 5,11-dihydro-6H-dibenzo[b, 
e]azepin-6-one scaffold [30], as shown in Scheme 1. Homo-phthalic acid 
47 was diesterified [31] with MeOH in a process catalyzed by HCl 
generated in situ from the reaction of SOCl2 with MeOH. Subsequently, 
the obtained diester 48 was deprotonated with NaH, and the in situ 
formed carbanion was subjected to nucleophilic aromatic substitution 
with o-fluoronitrobenzene. The resulting product 49 was hydrolyzed 
[32] to diacid 50. Subsequently, decarboxylation of 50 was performed, 
which was facilitated by the presence of the o-nitro group stabilizing the 
formation of the intermediary benzylic-type carbanion, as previously 
described [33]. The obtained intermediate 51 was reduced with Fe/A
cOH to aniline 52, which underwent a spontaneous cyclization [30] to 5, 
11-dihydro-6H-dibenzo[b,e]azepin-6-one 53. A regioselective mono
nitration of 53, followed by the reduction of the resulting nitroarene 54 
with SnCl2/EtOH, gave aniline 44, which served as a key intermediate in 
the synthesis of final compound 9. Intermediate 45 for the synthesis of 
inhibitors 7,14–43 was obtained by deprotonation and N-ethylation of 
lactam 53, followed by a regioselective mononitration of the resulting 
55 and reduction of the nitro group in 56. Alternatively, 56 was ob
tained employing a reversed sequence with the N-alkylation of the 
nitro-lactam 54 in a first step, followed by the reduction of the resulting 
56. The advantage of this altered synthetic protocol is the use of milder 
deprotonation conditions (using carbonates in the presence of tetrabutyl 
ammonium bromide (TBAB)), as the presence of the nitro group in the 
p-position stabilizes the ambident amidate. This reaction proceeded with 
the formation of considerable amounts of O-ethylated 11H-dibenzo[b,e] 
azepine byproduct 57, which was subsequently reduced to intermediate 
46 used for the synthesis of inhibitor 13.

The target compounds 7, 9–12, having various substituents attached 
to the lactam moiety, were obtained from the respective intermediates 
44, 45 and 47, as shown in Schemes 2 and 3. The respective 
carbodiimide/DMAP-mediated amidation reactions with p-fluo
rophenylacetic gave compounds 9, 7 and 13. The N–H proton of the 

lactam moiety of tricyclic intermediate 9 is slightly more acidic than the 
one in the exocyclic anilide group. Therefore, the compound could be 
selectively deprotonated with carbonates and N-alkylated with MeI, i- 
PrBr (in the presence of TBAB) or BrCH2CO2Et to give the respective 
inhibitors 10–12.

The analogs 14–16 of compound 7 with various alkyl groups in the 
exocyclic amide nitrogen were synthesized as shown in Schemes 2
(compound 14) and 4 (16 and 15) The exocyclic anilide moiety in 7 was 
directly deprotonated using a strong base and N-methylated in the 
presence of TBAB to give tertiary amide 14. In the synthesis of other N- 
alkylated exo-amide derivatives 15 and 16, the alkyl moieties were 
introduced before the N-amidation reaction, as shown in Scheme 4. 
Alkylation of 53 with BrCH2CO2Et gave intermediate 58, whereas the 
reductive amination of the aniline using glycolaldehyde dimer provided 
59. The subsequent EDC⋅HCl-mediated amidation of 58 with p-fluo
rophenylacetic acid gave the respective tertiary amide 16. The same 
acylation conditions applied to compound 59 resulted in simultaneous 
acylation of the amine and alcohol groups. Hence, an additional ester 
hydrolysis step was required to obtain inhibitor 15.

Target derivatives 17–23 and 24–26 with various substituents 
attached to the benzyl position of the p-fluorophenylacetamide moiety 
were synthesized as shown in Schemes 5–7. The hydroxymethyl and 
acetate derivatives 20–23 (Scheme 5) were synthesized by amidation 
reactions of 45 with the respective p-fluorophenylacetic acids 60 or 61 
in the first step. Intermediate 60 was obtained from p-fluorophenylacetic 
acid in the Ivanov-type reaction, by C-alkylation of a dianion generated 
with LDA. The alternative carboxylate ester precursor 61 is commer
cially available. Reaction of 45 with 60 or 61 gave the corresponding 
esters 23 and 21, which were then subjected to basic hydrolysis or mild 
methanolysis, respectively, to provide carboxylate 22 and alcohol 20.

The synthesis of derivatives 17–19 and 24–25 having additional 
heteroatoms attached to the benzyl position of the phenylacetamide 
moiety is shown in Scheme 6. L-α-phenylglycine 62 was transformed into 
formamide 63 in an N-acylation reaction with in-situ formed acetic- 
formic mixed anhydride [34]. Intermediate 63 and commercially 
available building block 64 were used to obtain the respective inhibitors 

Scheme 12. i. MeI, TBAB, K2CO3, DMF; 59 %; ii. H2SO4, MeOH; 98 %; iii. Cs2CO3, DMF; 38 %; iv. 1. NaOHaq, 1,4-dioxane, 2. AcOH; v. Fe, AcOH; 98 % (overall iv-v); 
vi. HNO3, H2SO4; 71 %; vii. EtBr, K2CO3, DMF; 66 %; viii. SnCl2, EtOH; 76 %; ix. p-FC6H4CH2CO2H, EDC⋅HCl, Et3N, DMAP, DCM; 96 %.
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19 and 18. The formyl and acetyl protecting groups were removed from 
19 and 18 by acidic hydrolysis or methanolysis, to give the corre
sponding amine 65 and alcohol 17. Finally, CDI was used to cyclize 
amine 65 to hydantoin 25 and alcohol 17 to 2,4-oxazolidinedione 24.

The phenylglyoxalate derivative 26 was obtained using the amida
tion reaction of 45 with phenylglyoxylate, as shown in Scheme 7.

Inhibitors 27–42 were obtained by Petasis, Kabachnik-Fields or Ugi 
MCRs, as shown in Schemes 8–10. Derivatives 27,34–36 were obtained 
from intermediate 45 and appropriate boronic acids and carbonyl 
components using Petasis (boro-Mannich) MCR reaction as shown in 
Scheme 8.

The dimethyl amino-phosphonates 28–31,33,36–37, and 39–41 
were obtained employing Kabachnik-Fields MCR of aniline 45, dime
thylphosphite and appropriate aldehyde, as shown in Scheme 9.

Another MCR, Ugi reaction was employed in synthesizing derivatives 
32 and 42, using an appropriate carboxaldehyde, ethyl isocyanoacetate 
and phenylphosphinic acid as an acidic activator, as shown in Scheme 
10.

The cinnamamide derivative 43 was obtained by acylation of 45 
with cinnamic acid, as shown in Scheme 11.

Inhibitor 8 was synthesized as shown in Scheme 12. A six-step syn
thesis of the key tricyclic 6,11-dihydro-5H-pyrido[3,2-c] [1] 
benzazepin-5-one intermediate 66 was already reported in the literature 
[35]. However, considering our previous successful experience synthe
sizing an analogous 5,11-dihydro-6H-dibenzo[b,e]azepin-6-one scaffold 
(Scheme 1), we applied a similar approach to obtain 66. Initial attempts 
to synthesize the methyl ester of intermediate 67 by reacting ethyl 
2-methylnicotinate with 2-fluoronitrobenzene using various bases 
failed. Hence, a different strategy was applied, which consisted of 
applying the reverse functionality of substrates. To that end, esters 68 
and 69 [36] were prepared from the respective acids 70 and 71 and 
subjected to cross-Claisen condensation in the presence of Cs2CO3. This 
allowed the diester 72 to be obtained in moderate yields. Interestingly, 
unlike the benzene analogue 49, which required a two-step basic 
hydrolysis/acid treatment and additional decarboxylation (Scheme 1), 
the pyridine 72 underwent a smooth decarboxylation to 67 under 
aqueous hydrolytic conditions. The reduction of the NO2 group in 
compound 67, in the presence of Fe/AcOH, inspired by the literature 
procedure of obtaining 50 (Scheme 1) [30], gave aniline 73, which 
spontaneously cyclized to the key tricyclic 6,11-dihydro-5H-pyrido[3, 
2-c] [1] benzazepin-5-one intermediate 66. Nitration of 66 resulted in 
the formation of a very insoluble intermediate 74, which was selectively 
N-alkylated via its anion, in the presence of competitive pyridine ni
trogen. This resulted in compound 75, which was subsequently reduced 
to aniline 76 and amidated with p-fluorophenylacetic acid to give the 
target inhibitor 8.

3. Conclusions

PPIs have long been considered a promising target class but remain 
challenging to target with small molecules. In our previous research, we 
have successfully applied structure-based drug discovery (SBDD) tech
niques to develop several new compound series to tackle the PEX5- 
PEX14 PPI. However, despite our deep understanding of the complex 
structural features and availability of X-ray structural data, the ligand 
design and the SAR rationalization remained challenging, as the 
experimental binding efficacy did not always match the expectations 
based on the structural data and docking. This manuscript combines 
SBDD principles with the QM-EDDA calculations to validate the central 
scaffold re-design strategy in a new series of PEX5-TbPEX14 PPI in
hibitors. This led to novel tricyclic dibenzo[b,e]azepin-6(6H)-one 
TbPEX14 ligands. In addition, QM-EDDA allowed to rationalize the ac
tivities of a series of analogs of inhibitor 7, resulting from follow-up 
derivatization. Even without co-crystal data of the new scaffolds with 
the protein target, our approach yielded an overall good agreement 
between the QM-derived compound binding energies and the 

experimental data obtained from the biophysical assays.
The employed derivatization approaches delivered diverse chemical 

scaffolds, including MCR products. The phenylvinyl phosphonate de
rivatives obtained by the Kabaschnik-Fields MCR were the most active 
tricyclic inhibitors of TbPEX5-PEX14 PPI developed so far [28]. Thus, 
this moiety may constitute a new, interesting tool for targeting lipophilic 
PPI pockets. Some of the obtained compounds displayed trypanocidal 
activities. Importantly, in many cases, we observed no accompanying 
cytotoxicity against the HepG2 cell line.

Altogether, our results stress the potential and complementarity of 
the classical SBDD and QM-based approaches in a challenging area of 
PPI inhibitor development. Thus, the findings presented in this paper 
may be of a more general application in targeting PPIs and under
standing the SBDD outcomes.

4. Materials and methods

4.1. Chemistry–general methods

Reagents and solvents were purchased from commercial suppliers 
and used without further purification. Thin layer chromatography (TLC) 
was carried out on Merck TLC 60 aluminium sheets (silica gel and RP- 
18). Normal-phase flash column chromatography (CC) was performed 
using Merck silica gel 60 (particle size 0.040–0.063 mm, 230–400 mesh 
ASTM). Reverse-phase CC separations were conducted using cartridge 
columns (12 g or 24g SiliCycle SiliaSep™ C18). LC-MS analyses were 
performed on an Agilent 1220 Infinity II Gradient LC System coupled 
with an Agilent LC/MSD single-quadrupole detector (column: Poroshell 
120, EC-C18, 3.0 × 50 mm, 2.7 μm; gradient: water/MeCN containing 
0.1 % formic acid (v/v), 5–95 % MeCN; UV detection at 220 and 254 
nm). NMR data were recorded on an Agilent 400 MHz 400-MR DD2 or a 
Varian NMR System (500 MHz) instrument. 1H NMR peaks are reported 
as follows: chemical shift (δ) in parts per million (ppm) relative to re
sidual non-deuterated solvent as the internal standards, multiplicity (s 
= singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, 
ddd = doublet of doublets of doublets, dt = doublet of triplets, m =
multiplet and br = broad signal), coupling constant (in Hz), number of 
nuclei and proton assignment. Optical rotation analysis was performed 
with a PerkinElmer 241 polarimeter using a sodium lamp (λ = 589 nm, 
D-line), at 20 ◦C. The [α]D values are reported in 10− 1 deg cm2 g− 1, the 
concentrations (c) are in g/100 mL. The final compounds were ≥95 % 
pure, as determined by NMR. The detailed synthetic protocols, com
pound characterization data and copies of NMR spectra are provided in 
Supplementary Data A.

4.2. In silico studies

4.2.1. Protein preparation
Due to the scaffold similarity, we used the high-resolution co-crystal 

structure of compound 5 with TcPEX14 NTD (PDB accession code: 
7QRC) for in silico investigations. One of the two chains in the crystal 
asymmetric unit (chain B) shows a more complex water network around 
the ligand in the pocket and was selected for the experiments. The 
TbPEX14 model was built by mutation of the TcPEX14 residues near the 
PEX5-PEX14 PPI interface (i.e., S12 to N, Q15 to E, and N29 to S). The 
protein was prepared using the Protein Preparation Wizard (PPW) 
available from Schrödinger’s Maestro [37]. Missing side chains were 
corrected using Prime, and the hydrogen atoms were added to the 
complex. The resulting structure was subsequently stripped of the 
co-crystallised ligand and crystallisation buffer constituents. We kept 
the two water molecules involved in direct hydrogen bond interactions 
with the ligand in all docking experiments. All other water molecules 
were excluded, except these two, which were retained from the initial 
stages of the PPW structure refinement. None of the compounds sub
jected to docking required special considerations regarding their pro
tonation or tautomerization states. Therefore, we directly modified the. 
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sdf file containing compound 5 extracted from the PDB ID: 7QRC, added 
hydrogen atoms, and used the resulting structures as inputs for docking. 
The structural modifications of the ligands were done using Avogadro 
1.2 [38].

4.2.2. Binding mode generation for EDDA analyses
For each compound, up to 10 binding models were generated using 

Glide [39]. Only the S-enantiomers of compounds 28, 29 and 37 were 
considered for further analysis, as their mirror images provided unreli
able results, i.e., neither the generated docking poses nor the EDDA 
binding energies for R-enantiomers were consistent with other structural 
models obtained for this work. Due to the efficiency of our EDDA al
gorithm, we ran these calculations for all models generated by docking. 
We then used the EDDA binding energies to exclude structural models 
with too unfavorable binding energies, which corresponded to poses 
inconsistent with the initial model of binding of compound 5 to PEX14 
(PDB accession code: 7QRC). This consisted primarily of flips of the 
tricyclic scaffold to expose the terminal benzene ring to the solvent. We 
chose the poses with the lowest QM binding energy for our analysis. This 
means, e.g., that for the carboxamide derivatives, only the models in 
which we observed interactions with the two solvation water molecules 
remained after the curation and selection protocol. The docking poses 
were visualized in PyMol [40].

4.2.3. EDDA calculations
EDDA is a QM-based partition scheme that calculates and factorizes 

binding energies over several components, each of which is associated 
with a specific physicochemical force: electrostatic interactions (ES), 
polarization (POL), charge transfer (CT), lipophilicity or dispersion 
(DISP), steric hindrance or electronic repulsion (REP), and solvation 
contributions (SOLV). All these terms are additive and sum up to the 
interaction or binding energy (INT). Because the binding energy corre
lates with the binding enthalpy, this partitioning identifies the driving 
forces that lead to binding. When analyzing trends of matched molecular 
pairs: 1) we present column plots of the decomposed energies of refer
ence compounds (equivalent to an electronic pharmacophore model); 2) 
we discuss matched molecular pairs using differential EDDA column 
plots. The latter correspond to differences in each energy contribution 
between a ligand and the reference compound. This simplifies under
standing the fine networks of chemical interactions leading to protein 
binding. For the structural interpretation of the results, each energy 
contribution is further deconvoluted over atomic contributions. Those 
are represented in the form of maps, which illustrate detailed contri
butions of the ligand’s atoms for each specific interaction with a protein. 
In the maps, the blue color is used to represent attractive interactions, 
whereas red indicates repulsive atomic contacts. The size of each sphere 
correlates with the strength of the respective interaction. The EDDAs 
were performed for a single structure that resulted from the selection 
protocol described in section 4.2.2. The calculations were run using the 
ULYSSES package [41] as previously reported [42,43]. The quantum 
mechanical Hamiltonian chosen for the calculations was GFN2-xTB 
[44], as this proved to be accurate enough for estimating relative 
binding data [45]. Note that GFN2-xTB has its own, specific basis set due 
to its semi-empirical nature. To better reproduce solvation effects, we 
supplemented the two explicit water molecules in the model with im
plicit water solvation [46]. The maps were generated using a Python 
script and visualized using ChimeraX [47]. All maps are provided in the 
Supporting Data.

4.2.4. SAR analysis workflow
The computational workflow we applied was the following. 

1) Prepare the crystal structure for docking experiments.
2) Prepare the structures of all inhibitors we wish to study in the.sdf 

format.

3) Use Schrodinger’s Maestro to dock all ligands, requesting the ten 
best-scoring binding poses.

4) Run the EDDA calculations on each generated complex.

Each EDDA calculation currently requires up to 3 days of computing 
time for systems with up to 5000 atoms, and if the protein’s charge and 
protonation state are correct (no radicals). In the case of PEX14, with ca. 
1200 atoms, all calculations required less than 6 h of computing time. 
This means that no protein had to be clipped for the present work. We 
also stress that using up to 5000 atoms yields converged energetics for 
most systems we studied. 

5) We excluded all structures with less favorable binding energetics to 
parse the computational data according to the QM calculations. For 
further analysis, we selected the poses with the lowest binding en
ergy. These were kept, except when the ligand exhibits an overly 
distorted and unrealistic binding pose.

The QM-EDDA binding energies are equivalent to a quantum me
chanical MMGBSA scoring function. We stress that the QM-EDDA only 
scores structures computationally and lacks any “generative” or sam
pling power. This is left to the discretion of users, who need to generate 
binding poses using alternative means (in our case, this was Schro
dinger’s Maestro). Though the QM basis offers better energetics than a 
traditional MMGBSA approach, the speed with which calculations are 
run limits the conformational spaces sampled. Nonetheless, we stress 
that using Boltzmann statistics limits the number of conformers needed 
to describe each complex.

4.3. Protein expression and purification

The N-terminal domain of TbPEX14 (aa 19–84) was cloned into 
pETM-11 (EMBL). The plasmids were transformed into E. coli BL21. 5 ml 
of the overnight culture was inoculated in 500 ml of the autoinduction 
medium [48] supplemented with 50 μg/mL of kanamycin. When the cell 
density (OD600) reached 0.8, the temperature was lowered to 18 ◦C, and 
the cells were grown overnight. The cells were harvested by centrifu
gation and dissolved in lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl, 
10 mM β-mercaptoethanol, 20 mM imidazole, 10 mg/ml DNAseI, 1 mM 
AEBSF) and lysed by sonication. The lysates, clarified by centrifugation, 
were passed over a Ni-NTA agarose resin (Qiagen, Germany) 
pre-equilibrated with buffer A (50 mM Tris pH 8.0, 300 mM NaCl, 10 
mM β-mercaptoethanol, 20 mM imidazole) and the protein of interest 
was eluted with the same buffer containing 250 mM imidazole. The 
concentrated eluates were further purified on a Superdex 75 Hiload 
16/60 column (GE Healthcare) in phosphate-buffered saline (PBS).

4.4. Biophysical assays

4.4.1. AlphaScreen assay
According to the published protocol, the AlphaScreen assay was used 

to derive the half-maximal effective concentration (EC50) values for the 
PEX5-TbPEX14 inhibitors [20]. 3 nM N-His-PEX14 was mixed with 10 
nM biotinylated PEX5-derived peptide (ALSENWAQEFLA) in PBS sup
plemented with 5 mg/mL of BSA and 0.01 % (v/v) Tween-20. 5 μg/mL 
of streptavidin donor beads and 5 μg/mL of nickel chelate acceptor 
beads (PerkinElmer) were added to the mixture. The serial dilutions of 
the inhibitors were prepared in DMSO and mixed while keeping the 
concentration of DMSO constant (5 %; this concentration was shown not 
to effect the assay readout). The competition curves were measured 
using a serial dilution of the inhibitor while keeping the concentrations 
of all other assay components constant. Data were measured in 
quadruplicate. The inhibitor EC50 was calculated from the Hill sigmoidal 
fitting, fixing the asymptotes at the maximal assay signal (no inhibitor 
added) and 0, respectively. The signal was determined according to the 
bead manufacturer instructions. The data were analyzed using Origin 
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Pro 9.0 [49].

4.4.2. 1H, 15N HSQC NMR
Compound 7 and 37 binding to PEX14 was monitored with 1H,15N 

2D correlation spectra on a Bruker Avance III 600 MHz spectrometer (1H 
frequency 600 MHz) with a QCI cryoprobe. Samples were made up with 
200 μM uniformly 15N-labeled TbPEX14 protein in phosphate NMR 
buffer (pH 6.5, 20 mM NaCl, 5 mM NaxPO4) in water, supplemented 
with 10 % D2O. Compounds were dissolved in DMSO‑d6 and aliquots 
were added to the test samples at appropriate ligand to protein con
centration ratio and DMSO‑d6 was added to the reference sample.

4.5. Cellular assays

4.5.1. In vitro trypanocidal activity of compounds against T. b. brucei
T. b. brucei bloodstream form (Lister 427, MITat 1.2) parasites were 

grown in a HMI-11 medium [50] containing 10 % fetal bovine serum 
(FBS) at 37 ◦C with 5 % CO2. Anti-trypanosomal activities of the com
pounds were tested using a resazurin-based 96-well plate assay. Twofold 
serial dilutions of each compound (10 wells in each row) were prepared 
in 96-well plates in HMI-11 medium (100 μL/well, quadruplicates). As 
controls, each row included a well without compound and a well with 
medium alone. 100 μL of parasite cultures (4 × 103/mL) were inoculated 
in all wells, except in the well with media alone. Final concentration of 
parasites was 2 × 103/mL. The plates were incubated for 66 h. Resazurin 
(25 μL of 0.1 mg/mL in Hank’s Balanced Salt Solution) was added to all 
wells, and the plates were further incubated until the 72 h timepoint. 
Resazurin reduction by living cells was quantified by measuring the 
fluorescence with a Synergy H1 microplate reader (excitation 530 nm, 
emission 585 nm). After subtracting the background fluorescence of the 
well with media alone, percentual survival values were calculated by 
setting the fluorescence of the wells without compound to “100 % sur
vival”. Nonlinear regression graphs were plotted in GraphPad Software 
GraphPad Prism 10 [51] to yield sigmoidal dose− response curves, and 
half-maximal effective concentration (EC50) values were determined.

4.5.2. Cytotoxicity of compounds against HepG2 cells
HepG2 (Hepatocyte) cells were seeded in 96-well plates (5000 cells/ 

well in rows B–H) and grown overnight at 37 ◦C in a humidified incu
bator with 5 % CO2. Compounds were tested in triplicate from 100 to 
3.125 μM (twofold serial dilutions, from row H to row C). Row A con
tained medium alone and served as a negative control. Row B contained 
cells alone without inhibitors and served as a positive control. 
Hygromycin B (InvivoGen) was used as a positive control for cytotox
icity. After incubation for 66 h, 25 μL of 0.1 mg/mL resazurin (dissolved 
in Hanks Balanced Salt Solution HBSS, Sigma) was added to all wells. 
Plates were further incubated for 6 h. Fluorescence was measured, and 
the data were processed as described above for the T. b. brucei cyto
toxicity assay.
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