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h Institute of Medicinal Chemistry, Helmholtz Zentrum München, Ingolstädter Landstrasse 1, D-85764, Neuherberg, Germany   
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A B S T R A C T   

Trypanosomiases are neglected tropical diseases caused by Trypanosoma (sub)species. Available treatments are 
limited and have considerable adverse effects and questionable efficacy in the chronic stage of the disease, ur
gently calling for the identification of new targets and drug candidates. 

Recently, we have shown that impairment of glycosomal protein import by the inhibition of the PEX5-PEX14 
protein-protein interaction (PPI) is lethal to Trypanosoma. Here, we report the development of a novel dibenzo[b, 
f][1,4]oxazepin-11(10H)-one scaffold for small molecule inhibitors of PEX5-PEX14 PPI. The initial hit was 
identified by a high throughput screening (HTS) of a library of compounds. A bioisosteric replacement approach 
allowed to replace the metabolically unstable sulphur atom from the initial dibenzo[b,f][1,4]thiazepin-11(10H)- 
one HTS hit with oxygen. A crystal structure of the hit compound bound to PEX14 surface facilitated the rational 
design of the compound series accessible by a straightforward chemistry for the initial structure-activity rela
tionship (SAR) analysis. This guided the design of compounds with trypanocidal activity in cell-based assays 
providing a promising starting point for the development of new drug candidates to tackle trypanosomiases.   

1. Introduction 

Trypanosomatids are unicellular protist parasites that belong to the 
order of Kinetoplastea [1]. A number of Trypanosoma species are 
responsible for severe veterinary diseases and two species cause poten
tially lethal human diseases [2]. In sub-Saharan Africa, T. brucei 

infections lead to sleeping sickness or human African trypanosomiasis 
(HAT) [3]. In Americas, T. cruzi causes Chagas disease [4]. HAT and 
Chagas disease are neglected tropical diseases (NTDs) associated with a 
significant morbidity and mortality and together with related animal 
diseases limit the economic development in some of the poorest regions 
of the world [1,5,6]. 

Two subspecies of the uniflagellate Trypanosoma brucei (i.e. T.b 
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gambiense and T.b rhodesiense) are responsible for HAT. The disease is 
transmitted by the bites of the infected tsetse flies. The infection pro
ceeds in two stages, an acute stage (Stage 1) characterized by waxing 
and waning flulike symptoms followed by a meningoencephalitic stage 
(Stage 2) after the trypanosomes pass the blood-brain barrier to infect 
the central nervous system [7]. If not correctly diagnosed and properly 
treated, HAT is almost invariantly fatal [7,8]. HAT epidemics in the 20th 
century [9] and resultant disease surveillance and management by 
World Health Organization (WHO) resulted in a steadily decreasing 
number of cases confined in well-defined foci of endemicity. The 
COVID-19 pandemic has given a stark reminder of how the process of 
HAT elimination can be threatened by unexpected challenges [10,11]. 
The World Health Organization (WHO) set new targets for HAT in its 
2021–2030 road map for NTDs, namely: the elimination of transmission 
of gambiense HAT, which occurs in western and central Africa, and the 
elimination as a public health problem of rhodesiense HAT, which is 
found in eastern and southern Africa [10].The prospects of vaccine 
development against HAT are poor because T. brucei is able to change 
the antigenic character of its glycoprotein surface coat and so evade the 
host’s immune response [12]. Current treatments for HAT include sur
amin and pentamidine for the acute stage of HAT, and melarsoprol, 
eflornithine, and nifurtimox–eflornithine combination therapy (NECT) 
for the chronic stage II of the disease (Fig. 1). Unfortunately, these drugs 
have severe side effects and require a continuous parenteral adminis
tration – a significant complication in remote areas [7,13]. In 2019, 
fexinidazole, the first all-oral drug for gambiense HAT, was included in 
the WHO Essential medicines list and the WHO human African 
Trypanosomiasis treatment guidelines. Nevertheless, given the shared 
mechanism of action with the other nitroaromatic drugs (e.g. nifurti
mox), cross-resistance looms over fexinidazole monotherapy [14,15]. 
Furthermore, fexinidazole is indicated only for the first stage and 
non-severe second stage [16,17]. Of further development, SCYX-7158 
(acoziborole) undergoes Phase 2/3 clinical evaluation as a single dose 
oral treatment for adult patients with gambiense HAT [18,19], but no 
alternatives are evaluated in clinics. 

Around 8 million people are currently estimated to suffer from 
Chagas disease [20–22]. The majority live in Central and South America, 
and Mexico, but migration has resulted in increasing numbers of infec
ted individuals in the formerly non-endemic areas, including Europe, 

Japan, Australia, Canada, and the United States [23–25]. T. cruzi spreads 
through the bites of the hematophagous triatomine bugs and 
non-vectorial routes including the congenital transmission and the 
medical procedures (blood transfusion and organ transplants) [26,27]. 
The initial acute stage of the infection is usually mild or asymptomatic. 
The chronic stage can also be asymptomatic, but an estimate 20–30% of 
the subjects develop debilitating progressive cardiac and/or gastroin
testinal pathologies. Chagas cardiomyopathy rapidly progresses with 
heart failure and high prevalence of sudden cardiac death. Only two 
trypanocidal drugs are currently available in Chagas disease: benzni
dazole and nifurtimox (Fig. 1) [28]. Both are effective only in the acute 
phase while their efficiency drastically drops in the chronic stage 
(10–40%) [29,30]. Long treatment regimens are required and the phy
sicians are frequently forced to stop the uncompleted treatment due to 
the significant adverse effects [31,32]. The poor performance of the 
available drugs calls for the development of safer and more effective 
treatments. Despite being a global threat, at the moment only fex
inidazole is in clinical evaluation for the short-course and the low-dose 
regimens in adults with chronic Chagas disease [16,33]. This calls for 
increased efforts in anti T. cruzi drug development. 

Unique to trypanosomes, the first seven enzymes of the glycolytic 
pathway as well as the enzymes of several other important metabolic 
pathways [34] are compartmentalized in the glycosomes, specialized 
peroxisome-like organelles [35–37]. Different developmental stages of 
Trypanosoma show different level of dependence on glycolysis [38]. The 
bloodstream form of T. brucei lacks the functional Krebs cycle and the 
mitochondrial respiratory chain, and uses glycolysis as the only source 
of ATP [39,40]. T. cruzi is less dependent on glycolysis. It has been 
demonstrated that the interference in the glycosome function leads to 
the metabolic catastrophe and the rapid death of trypanosomes by 
deregulating glycolytic flux [42] and likely other glycosomes related 
pathways. 

The biogenesis of the glycosomes and the translocation of the 
glycolytic enzymes is mediated by the peroxin proteins (PEX), which are 
thus fundamental for the survival of the parasites [43]. After being 
synthesized in the cytosol, the glycosomal enzymes that carry the 
peroxisomal targeting signal (PTS1) are recognized by PEX5 through its 
C-terminal tetratricopeptide repeat (TPR) domain. PEX5 also acts as a 
co-receptor for PEX7 which recognizes the PTS2 containing enzymes. 

Abbreviations 

PPI protein-protein interaction 
HTS high-throughput screening 
NTDs neglected tropical diseases 
SAR structure-activity relationship 
HAT human african trypanosomiasis 
PEX peroxin 
WHO World Health Organization 
PTS peroxisome targeting signal 
TPR tetratricopeptide repeat 
STD NMR Saturation Transfer Difference 
NTD N-terminal domain 
PTM Post-translational modification 
mCPBA meta-chloroperoxybenzoic acid 
DCM dichloromethane; rt, room temperature 
TEA trimethylamine; DMAP, 4-dimethylaminopyridine 
THF tetrahydrofuran 
DMF dimethylformamide 
EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 
DIEA N,N-Diisopropylethylamine 
MST Microscale thermophoresis 
TLC Thin Layer Chromatography 

HPLC-MS High pressure liquid chromatography mass spectrometry 
HRMS High resolution mass spectrometry 
ESI electrospray ionization 
TMS tetramethylsilane 
DMSO Dimethyl sulfoxide 
s singlet 
d doublet 
t triplet 
q quartet 
dd doublet of doublets 
dt doublet of triplets 
bs broad signal 
m multiplet 
AEBSF 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride 
PBS phosphate-buffered saline 
SEC size exclusion chromatography 
BSA bovine serum albumin 
BSF bloodstream form 
FBS fetal bovine serum 
TbPEX14 T. brucei PEX14 N-terminal domain 
HsPEX14 human PEX14 N-terminal domain 
TcPEX14 T. cruzi PEX14 N-terminal domain  
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The intrinsically disordered N-terminal domain of PEX5 contains several 
WxxxF motifs that allow the docking at the glycosomal membrane by 
binding to the N-terminal helical domain of PEX14 (Fig. 2A). The 
PEX5-PEX14 PPI is essential for the glycosomal protein import and has 
been identified as the “Achilles’ heel” of Trypanosoma. Indeed, using the 
structure-based drug design, some of us developed the first small 
molecule inhibitors of the Trypanosoma PEX5-PEX14 PPI that disrupt the 
glycosomal protein import and kill the parasites both in vitro and in vivo 
[44]. The study provided a proof-of-concept that the PEX system is a 
valid target in trypanosomiases (Fig. 2B), but the development of effi
cient and safe drug-like inhibitors continues. 

In this paper we report the identification and optimization of the 
novel dibenzo[b,f][1,4]thiazepin-11(10H)-one and dibenzo[b,f][1,4] 
oxazepin-11(10H)-one scaffolds for the PEX14 inhibition with trypa
nocidal activity. The initial hits were identified via a HTS of a library of 
compounds. We present an X-ray structure that explains the binding 
pose of the primary hit at the TcPEX14 PEX5 binding pocket, and shows 
that the investigated tricyclic core of the scaffold might be generally 

useful in the design of small molecular weight compounds mimicking 
the binding of the helical motifs. We also bypass the metabolic insta
bility of the scaffold by bioisosteric replacement of the sulphur in the 
initial dibenzo[b,f][1,4]thiazepin-11(10H)-one scaffold of the HTS hit 
with the oxygen of the dibenzo[b,f][1,4]oxazepin-11(10H)-one scaffold. 
A preliminary SAR analysis is provided by the synthesis of a set of 
compounds, many of which demonstrate promising trypanocidal activ
ity against T. brucei. 

2. Results and discussion 

2.1. Hit identification and structural characterization of the binding mode 
to PEX14 

To identify small molecule inhibitors of the PEX5-PEX14 PPI we 
implemented an AlphaScreen [44,45] based interaction assay and 
screened a 30,000 molecules diversity set (ChemBridge, ChemDiv, 
Enamine, ChemDiv Protein-Protein Interaction (PPI)) for potential 

Fig. 1. The chemical structures of the drugs available against trypanosomiases.  
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inhibitors. A number of hits were selected and re-evaluated using the 
NMR Saturation Transfer Difference (STD) experiment [46]. Compounds 
1 and 2 passed the orthogonal evaluation for PEX14 binders and were 
considered further in this study (Table 1). 

To facilitate the hit optimization, we screened for the crystallization 
conditions of compound 1 in complex with TbPEX14 and TcPEX14 and 
succeeded in the determination of the crystal structure of compound 1 in 
complex with the N-terminal domain (NTD) of TcPEX14 (Fig. 3). The 
best crystal of 1-TcPEX14 complex diffracted up to 2.18 Å resolution. 
The crystal belonged to the P 1 21 1 space group. The asymmetric unit 
contained two protein-ligand complex molecules. The three-helical 
bundle fold of TcPEX14 revealed by our structure resembles the folds 
characteristic for T. brucei and H. sapiens PEX14. Compound 1 mimics 
the binding pose of PEX5 WxxxF motif to PEX14 (Fig. 3B) [44,47]. One 
of the benzene rings of the dibenzo[b,f][1,4]thiazepin-11(10H)-one 
tricyclic scaffold of compound 1 accommodates the Phe pocket and 
overlaps well with the phenyl group of the Phe107 residue of the PEX5 
WxxxF motif. The 4-fluorophenylacetamide moiety attached to the C-7 
position of the central scaffold accommodates the Trp pocket. Alike the 
indole group of the Trp103 residue of the PEX5 WxxxF sequence, the 
4-fluorophenyl residue of compound 1 stacks between the α1 and α3 
helices of TcPEX14 where it is stabilized by a number of π-π and van der 
Waals interactions [48] (Fig. 3B). The bent structure of the central tri
cyclic scaffold of compound 1 allows concomitant access to the 
phenylalanine and tryptophan pockets and shields the hydrophobic 
surface of the receptor (formed by the stacked Phe35 and Phe52 resi
dues) against the solvent. The shielding is comparable to that provided 
by the WxxxF helix of PEX5 (Fig. 3B). Additional interactions are 
mediated by a salt bridge contributed by Lys56 and an extended water 
network around Ser31 and Asp38 (Fig. 3C). Because of the high 
sequence similarity between TbPEX14 and TcPEX14 the structure 
informed not only on compound 1 binding to TcPEX14, but also on the 
likely mode of binding to TbPEX14 (for which we were unsuccessful in 
obtaining the crystals with compound 1) which is of interest for the 
compound optimization in this study. 

It is important to highlight that although the overall structure of 

PEX14 is well preserved among the species, the sequence identity is 
below 30% between human and Trypanosoma. Of particular importance 
are the hydrophilic residues surrounding the binding pocket. These 
three residues are different in Trypanosoma (TbAsn31/TcSer31, 
TbGlu34/TcGln31, Asp38) and human (Thr31, Lys16, Asn38), and thus 
they might be useful for establishing the species-selectivity of the 
inhibitors. 

To assess if the compound binding is associated with the potential 
receptor dynamics we superimposed the compound 1-TcPEX14 complex 
structure with the structure of the apo-protein (PDB code: 6ZFW [49]). 
The protein conformations in the two structures differ only in the distal 
part of the α1 helix (Figure S1) which is beyond the inhibitor binding 
site. This shows that no significant induced fit is involved in compound 1 
binding. 

2.2. Improvement of the metabolic stability of the hit scaffold by 
bioisosteric replacement 

The visual inspection of the hit compounds 1 and 2 suggested the 
possible stability issues related to the sulphur atom in the heterocyclic 
central scaffold [50]. The in vitro assessment of the stability of com
pound 2 in the mouse liver microsomes identified a major metabolic 
transformation product M8 characterized by +16 Da mass compared to 
the parent compound, suggesting a mono-oxidation, which was 
confirmed by the MS/MS analysis. In addition, minor metabolites were 
found including the products of the amide dealkylation (M7) and 
bis-oxidation (M9) (Figure S2). 

To determine if the major metabolite M8 retained the biological 
activity of the parent compound 2, the metabolite was synthesized and 
its ability to dissociate the PEX5-PEX14 interaction was determined. The 
sulfoxide derivative 3 (M8) showed weak activity against TbPEX14 in 
AlphaScreen, which activity was not confirmed with MST. No activity 
against TcPEX14 in either AlphaScreen or MST assays was detected. 
Because of the rapid metabolic conversion of the dibenzo[b,f][1,4] 
thiazepin-11(10H)-one scaffold into an inactive oxidized product we 
evaluated the bioisosteric replacement of the sulphur with an oxygen 
atom. The resultant compound 8c was active in inhibiting PEX5-PEX14 
interaction demonstrating the success of the bioisosteric replacement 
strategy. More importantly, 8c successfully killed the T. brucei brucei 
parasites in an in vitro assay (EC50 = 8.12 μM). This encouraged us to 
proceed with the derivatization of the dibenzo[b,f][1,4]oxazepin-11 
(10H)-one scaffold to obtain preliminary SAR data in this novel class of 
PEX14 ligands. 

2.3. Chemistry 

Compounds 1 and 2 were obtained from commercial sources. The 
major product of the metabolic conversion of compound 2, the sulfoxide 
3, was obtained by the oxidation of the parent compound using m-CPBA 
as shown in Scheme 1. 

aReagents and conditions: (a) m-CPBA, DCM, rt. 
The PEX14-PEX5 PPI inhibitors 8a-p bearing various acyl moieties 

attached to the amine group in position C-7 of the dibenzo[b,f][1,4] 
oxazepin-11(10H)-one scaffold were synthesized as depicted in Scheme 
2. The starting 2-amino-5-nitrophenol was acylated with 2-fluoroben
zoyl chloride to give the anilide 4 that underwent cyclisation to the 
dibenzo[b,f][1,4]oxazepin-11(10H)-one derivative 5 upon the treat
ment with NaOH at the elevated temperature. The alkylation of the 
amide moiety in 5 gave the N-ethylamide 6. The subsequent reduction of 
the nitro group with SnCl2 gave the aniline 7. Next, the N-acylation 
reactions of 7 using the carboxylic acids, (S)–N-Boc-Phg-OH or acyl 
chlorides, gave the respective derivatives 8a-l and 8n-p. The phenyl
glycinate derivative 8m was obtained by the Boc-deprotection of com
pound 8l in the acidic conditions. 

aReagents and conditions: (a) 2-fluorobenzoyl chloride, TEA, 
DMAP(cat.), THF, 0 ◦C to rt; (b) NaOH, DMF, reflux; (c) NaH, DMF, then 

Fig. 2. A) The glycosomal protein import mechanism. Glycolytic enzymes, 
expressed on free ribosomes in the cytosol and which contain a PTS1 signal 
sequence are recognized by the PEX5 TPR domain. The cargo-PEX5 complex 
docks at the glycosomal membrane by binding PEX14. Together with other PEX 
proteins (not shown for clarity), PEX14 and PEX5 translocate glycolytic en
zymes inside the glycosome where the glycolysis is compartmentalized in 
Trypanosoma. B) The inhibition of the glycosomal protein import. Small mol
ecules that inhibit the PEX5-PEX14 PPI cause mislocalization of the glycolytic 
enzymes and a metabolic catastrophe leading to the parasite’s death. 
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Table 1 
SAR in dibenzo[b,f][1,4]oxazepin-11(10H)-one based PEX5-PEX14 PPI inhibitors. 

# Chemical structure AlphaScreen MST T. brucei brucei IC50 [μM]c 

TbPEX14 EC50 [μM]a TcPEX14 EC50 [μM]a TbPEX14 Kd [μM]b TcPEX14 Kd [μM]b 

1 230 637 951 56 5.40 (4.76–6.12) 

2 1051 2291 24 5 0.86 (0.80–0.91) 

3 1729 nd nd nd nd 

# R1 R2 AlphaScreen MST T. brucei brucei IC50 [μM]b 

TbPEX14 EC50 [μM] TcPEX14 EC50 [μM] TbPEX14 Kd [μM] TcPEX14 Kd [μM] 
8c 875 4590 131 124 8.12 (7.41–8.94) 

1. Solvent-exposed region 
10 11000 551 nd nd 20.71 (17.70–24.22) 

11c 422 10265 2 3000 19.34 (17.26–21.68) 

11a 7227 4590 nd nd 11.59 (10.30–13.05) 

11b 480 nd 369 258 7.70 (7.07–8.39) 

2. Trp pocket 
8a 1092 788 nd nd 13.35 (11.51–15.48) 

8k 843 1229 1460 3450 29.4 (26.37–32.44) 

8f 741 1928 840 nd 47.60 (41.8–54.2) 

8d 500 2933 44 64 7.38 (6.43–8.48) 

(continued on next page) 
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Table 1 (continued ) 

# Chemical structure AlphaScreen MST T. brucei brucei IC50 [μM]c 

TbPEX14 EC50 [μM]a TcPEX14 EC50 [μM]a TbPEX14 Kd [μM]b TcPEX14 Kd [μM]b 

8e 54 2368 385 2800 5.39 (4.49–6.47) 

8h nd nd 61000 1700 ~57.5 

8g 825 2362 29 9 8.30 (7.58–9.08) 

8m 253 421 625 10200 13.4 (10.01–17.4) 

8l 318 1611 380 2 ~58.5 

8n 250 3589 232 100000 ~52.8 

8p 3630 6834 158 252 19.4 (16.32–22.72) 

8o 935 778 20 12 7.1 

8i 109 677 13 9 13.7 (12.3–12.94) 

8j 351 12955 14 3 7.9 (7.3–8.64) 

8b 69 4516 147 42 6.35 (5.71–7.07)  

a EC50 values were calculated as a Hill curve fit to 12-point titration. The values are shown as mean (n = 4). 
b Kd values were calculated using MO.Affinity Analysis software. The values are shown as mean (n = 3). 
c EC50 values are shown as mean (n = 4). Values in parentheses are 95% confidence intervals. nd – not determined; the compound was inactive in the concentration range tested. 
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EtBr, rt; (d) SnCl2, EtOH, reflux; (e) Arylacetic acid, EDC, HOBt, DIEA, 
DMF, rt (for 8a-k) or N-Boc-L-Phg-OH, EDC, HOBt, DIEA, DMF, rt (for 
8l), or phenyl chloroformate, TEA, DMAP(cat.), THF, 0 ◦C to rt (for 8n) or 
sulfonyl chloride, TEA, DMAP(cat.), THF, 0 ◦C to rt (for 8o-p); (f) 4 N HCl 
in 1,4-dioxane. 

The derivatives 11a-c with various substituents in the cyclic amide 
group of dibenzo[b,f][1,4]oxazepin-11(10H)-one framework were ob
tained according to Scheme 3. The nitro derivative 5 was reduced to the 
corresponding aniline 9 that was then acylated with 4-fluorophenylace
tic acid to give the anilide 10. The subsequent deprotonation of the 

cyclic amide in 10 followed by the N-alkylation or the N-acylation re
actions gave the respective derivatives 11a-c. 

aReagents and conditions: (a) SnCl2, EtOH, reflux; (b) 4-fluorophe
nylacetic acid, EDC, HOBt, DIEA, DMF, rt; (c) NaH, DMF, rt, then 
methyl bromoacetate, rt (for 11a), or NaH, DMF, rt, then methyl 
chloroformate, rt (for 11b), or NaH, DMF, rt, then methanesulfonyl 
chloride, rt (for 11c). 

Scheme 1. Synthesis of compound 3a.  

Fig. 3. A) Surface representation of T. cruzi NTD-PEX14 domain in complex with compound 1. The compound fills the shallow Trp and Phe pockets of TcPEX14 and 
covers a large hydrophobic surface of the PEX5-PEX14 PPI interface. B) Comparison of the binding pose of compound 1 at the binding site of TcPEX14 NTD and the 
PEX5 WxxxF motif at the binding site of HsPEX14 NTD (PDB code: 2W84 [47]). TcPEX14 NTD is represented as cartoon (light blue), compound 1 in gold and the 
PEX5 WxxxF motif in light green. Compound 1 mimics the binding pose of the WxxxF motif of PEX5. C) Interactions formed by compound 1 at the PEX5-PEX14 PPI 
interface. The 4-fluorophenyl group is π-π stacked between the α1 and α3 helices. A salt bridge with Lys56 and two water-mediated H-bonds with Ser31 and Asp38 
support the binding. The water molecules are represented as red spheres and the H-bonds as black dashed lines. 
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2.4. Structure-activity relationship (SAR) 

The synthetic route to target dibenzo[b,f][1,4]oxazepin-11(10H)- 
ones allowed the convenient access to derivatives with various: i) cyclic 
amide substituents (R1) in compounds 10,11a-c and ii) acyl substituents 
at the amino group in the C-7 position in compounds 8a-p (R2) (Table 1). 
R1 allowed to explore the solvent-exposed region of the interface. R2 
permitted the sampling of the Trp pocket which we considered more 
suitable for the initial SAR studies compared to the shallower and more 
solvent exposed Phe pocket (Fig. 3). 

For the initial functional evaluation, the synthesized derivatives 
were tested for their ability to dissociate PEX14 interaction with the 
WxxxF motif encompassing peptide in the AlphaScreen assay. Following 
the initial assessment, the affinities (Kd) towards PEX14 were deter
mined by Microscale Thermophoresis (MST). Significant differences in 
the affinities determined by the two methods were observed for certain 
compounds. Because both methods successfully passed the validation 
using known inhibitors and inactive compounds it is likely that some of 
the variation observed in the results reported in this study may be 
explained by the interference of the selected compounds with either of 
the assays. The two assays are based on different principles and thus 
differential unspecific interference of certain compounds may not be 
excluded. The SAR model detailed below is constructed based on the 
trends in the Kd and the EC50 values while appreciating the uncertainty 
of certain conclusions. 

In parallel to the affinity testing, the compounds were tested for the 
trypanocidal activity in cell-based assay against T. brucei brucei. 

The modifications at the cyclic amide (R1) included the ethyl dele
tion in compound 10 and the changes in the type and the size of the 
substituent in derivatives 11a, 11b and 11c. Compound 10 showed only 
weak affinity to TbPEX14 in the AlphaScreen assay (no activity in MST) 
demonstrating that a substituent at the cyclic amide has an important 
role in the binding of the ligand to TbPEX14. Different aliphatic sub
stituents are tolerated at the R1 position (compounds 1, 2) presumably 
providing favourable interactions with the alkyl portion of the Arg40 
side chain. Given the presence of the polar residues (Asp38 and Arg40) 
in the proximity of R1 we tested polar substituents at this position. 

Compound 11c with a methylsulfonyl substituent at R1 demonstrated an 
enhanced affinity to TbPEX14 with regard to the parent compound (10). 
The methoxycarbonyl substituent in 11b afforded a better affinity than 
the methyl acetate derivative 11a, which correlated with the increased 
trypanocidal effect. The analysis of the compound 1-PEX14 complex 
structure suggests the possibility of forming more favourable hydrogen 
bonds with the sidechains of Asp38 and Arg40 in the former compound. 

Exchanging the 4-fluorophenyl (8c) with phenyl (8a) of the R2 
substituent reduced the binding affinity to TbPEX14 and, correspond
ingly, the trypanocidal activity in the in vitro assay. The introduction of 
heteroatoms in the phenyl portion of R2 in 8c, gave the pyridine and the 
pyrazine derivatives 8k and 8f, respectively, which displayed slightly 
less affinity to TbPEX14 and low trypanocidal activity. The interactions 
at the Trp pocket are primarily hydrophobic and 8k and 8f were tested 
to evaluate the effect of the less hydrophobic substituents. The intro
duction of a chlorine in the meta- (8d) or para- (8e) position of the 
benzene ring of R2 positively influenced the affinity for TbPEX14 
compared to the parent compound (8c). This can be rationalized 
considering the length of the C-X bond and the larger size of the Cl 
compared with F. Although the fluorine atom is more electronegative 
than chlorine, the chlorine-carbon bond is longer, and hence its dipole 
moment is more pronounced. Thus, the chlorine in either meta- or para- 
positions better supports the van der Waals interactions with the α1 and 
α3 helices of PEX14. Out of the tested derivatives containing a sulphur 
atom in the aromatic rings at R2, the thiazole compound 8h lacked both 
the affinity to TbPEX14 and the trypanocidal activity. In turn, the 
introduction of the thiophene, a classical isostere of the benzene ring in 
the R2 residue gave the derivative 8g with an improved affinity to the 
target protein compared to the parent compound 8a. The derivative 8g 
displayed an improved trypanocidal activity comparable to the parent 
compound (8a). 

The relatively flat SAR in the investigated dibenzo[b,f][1,4]oxaze
pin-11(10H)-one derivatives motivated us to modify the linker at R2 
projecting the aromatic residue of the compounds into the Trp pocket of 
PEX14. An amine and a carbamate were introduced to the linker in 8m 
and 8l, respectively, given the presence of the polar residues around the 
Trp pocket. Both modifications improved the affinity towards TbPEX14 

Scheme 3. Synthesis of compounds 11a-ca.  

Scheme 2. Synthesis of compounds 8a-pa.  
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compared to the phenyl derivative (8a). The introduction of the phe
noxycarbonyl residue in 8n resulted in a significant drop in the trypa
nocidal activity. The introduction of the methanesulfonyl linker in 8p 
yielded a compound with a decreased affinity compared to the phenyl 
derivative (8a) and a decreased trypanocidal potency. The introduction 
of a sulfonyl moiety in 8o proved more successful demonstrating an 
improved affinity towards the target protein compared to the parent 
compound (8a). Importantly, the derivative 8o was able to kill Trypa
nosoma at low micromolar concentration. 

The co-crystal structure of TcPEX14 with compound 1 suggested the 
possibility of growing the compound deeper inside the Trp pocket. The 
1H-indol-3-yl, 1H-benzo[d][1,2,3]triazol-1-yl, and the naphthalen-1yl 
derivatives, 8i, 8j and 8b, respectively, were evaluated and given the 
proximity of the polar residues we expected especially favourable in
teractions of the former two. Indeed, all three compounds were char
acterized by a significantly higher affinity compared to the parent 
compound (8a) which however has translated only into 2-fold increase 
in the trypanocidal activity in the case of compounds 8j and 8b. 

The overall correlation between the trypanocidal activity of the 
tested derivatives and the affinities towards PEX14 is low (Figure S3) 
reflecting the complexity of the in vivo environment compared to a 
simple biochemical assay. In the affinity assay PEX14 is directly acces
sible to the tested compounds while in Trypanosoma the compound has 
to cross the cell membrane, avoid the metabolism and the sequestration 
by unspecific binding or cellular localization. Moreover, off-target ef
fects of some compounds may not be excluded at this stage. 

Overall, this study provided novel PEX14 inhibitors with trypano
cidal activity and the initial assessment of the SAR in this class of 
compounds. Further studies are needed to extend the SAR information at 
other positions of the scaffold and develop compounds with improved 
trypanocidal properties. 

3. Conclusions 

Trypanosomiases are vector-born neglected tropical diseases caused 
by the infection with the parasitic protists of Trypanosoma spp. The lack 
of safe and effective drugs, especially in the chronic stage of the diseases, 
and the spreading drug resistance draws the attention to the identifi
cation of new molecular targets and inhibitors. 

The glycolytic pathway has been suggested as a relevant drug target 
for the development of novel treatments against trypanosomiases. The 
unique compartmentalization of the glycolytic enzymes in the glyco
somes of the parasite and the large phylogenetic distance to the mam
mals promises features which could be explored in the design of specific 
inhibitors. The proof-of-concept has been provided with the successful 
development of the glyceraldehyde-3-phosphate dehydrogenase in
hibitors capable of impeding the growth of Trypanosoma parasites in 
vitro [51]. Metabolic enzymes are considered challenging targets in vivo, 
although successful examples have been demonstrated [51,52]. The 
differential dependence of different lifeforms of Trypanosoma on 
glycolysis further complicates the development. Some of us have earlier 
explored a novel strategy which targets the glycosomal compartmen
talization of multiple metabolic enzymes. The inhibition of the glyco
somal transport by blocking the PEX5-PEX14 PPI proved a suitable 
trypanocidal strategy in vitro and in vivo. Targeting the glycosome 
biogenesis and function resulted in metabolic catastrophe and death of 
T. brucei as well as T. cruzi parasites [44,53,54]. Building on this 
knowledge, in this study we provided a new line of PEX14 inhibitors 
with low micromolar activity against T. brucei. The potential trypano
cidal activity against T. cruzi remains to be tested, but the fact that the 
compounds provided in this study effectively dissociate TcPEX14-PEX5 
interaction allow to expect that at least some may be effective against 
T. cruzi comparably to previously reported PEX14 inhibitors based on 
different scaffold [44], and despite the differences in the metabolism of 
the two species. 

A single-point AlphaScreen-based HTS allowed to identify the initial 

dibenzo[b,f][1,4]thiazepin-11(10H)-one hits 1 and 2. The structure of 
the T. cruzi PEX14 NTD in complex with compound 1 revealed the 
binding pose and the presence of an extended water network supporting 
the binding [55], and provided the basis for the preliminary SAR 
exploration in a small sub-set of derivatives. Importantly, our 
high-resolution X-ray structure revealed a novel chemotype for targeting 
the PPI interfaces comprising of short helical peptides interacting with 
the hydrophobic receptor binding pockets with aromatic peptide 
side-chains. The successful bioisosteric replacement allowed us to 
bypass the metabolic instability of the dibenzo[b,f][1,4]thiazepin-11 
(10H)-one hits. Driven by the structural information we synthesized a 
number of active compounds to preliminarily analyze the SAR at two 
specific regions of the PEX5-PEX14 PPI interface independently: the 
solvent exposed region and the Trp pocket. The presence of a substituent 
at the cyclic amide proved critical for the binding, likely by providing 
interactions with the polar residues in close proximity (e.g. Asp38 and 
Arg40) or with the aliphatic portion of the Arg40 side chain. The 
modifications addressing the Trp pocket resulted in improved affinity. In 
particular, the introduction of bulky substituents, such as indolyl, benzo 
[d][1,2,3]triazolyl, and naphthyl, allowed to efficiently fill the cavity 
(by the compound stacking between the two helices forming the Trp 
pocket; compare [44,53]) resulting in higher affinity to TbPEX14, as 
compared to the parent compound 8c. 

Despite the fact that TbPEX14 and TcPEX14 share high sequence 
identity and structural similarity, the affinity of tested compounds 
differed against the two proteins reflecting slightly different design of 
the binding sites. This demonstrates a challenge for the future design of 
dual inhibitors. 

The correlation between the affinities determined by AlphaScreen 
and MST was low for certain compounds. Since the assays passed thor
ough the validation using known inhibitors and inactive compounds the 
effect may be partly related to unspecific interference by certain com
pounds, but also to other unknown factors. The source of the often poor 
correspondence of the trypanocidal activity and the affinity against the 
target is most likely related to the pharmacokinetic properties (mem
brane permeability, stability, metabolism and a variety of other factors) 
of the compounds which were not thoroughly investigated here. Addi
tionally, at this stage, potential off-target effects of certain compounds 
may not be excluded. The post-translational modifications (PTMs) may 
have an additional role in determining the differences between the af
finity and the trypanocidal activity. The phosphorylation of PEX14 has 
been reported in several species (Hansenula polymorpha, Pichia pastoris, 
Saccharomyces cerevisiae) [56–65]. It has been shown in S. cerevisiae that 
the phosphorylation of PEX14 provides a mechanism for controlling the 
peroxisomal import of the citrate synthase 2, which helps adjusting the 
carbohydrate metabolism according to the nutritional conditions [66]. 
The effects of the PTMs of the peroxins on the peroxisome biogenesis in 
T. brucei have not been investigated to our knowledge. Yet, the potential 
PTMs introduce another factor complicating the interpretation of the 
correlation between the affinity and the trypanocidal activity, since the 
affinity was determined using the proteins produced in E. coli which 
introduce little PTMs compared to the eucaryotes. 

T. cruzi is not reliant on glycolysis for energy generation, yet 
impairment of glycosomal protein import may still be toxic to T. cruzi. 
Furuya et al. demonstrated that mislocalization of glycolytic enzymes 
results in metabolic catastrophe in T. brucei where uncontrolled 
glycolysis consumes vital cellular resources resulting in cell death [42]. 
They furthermore found that it was true for both the bloodstream and 
the procyclic form of the parasite. Since this latter can grow in the 
absence of the glucose they concluded that the glycosomal compart
mentation may be essential in the other pathogenic trypanosomatids, 
like Leishmania and T. cruzi, which are not exclusively glycolytic. The 
above, and the fact that another class of PEX14 inhibitors developed in 
T. brucei was effective against T. cruzi [44] allow us to speculate that 
some compounds delivered by this study may show activity against 
T. cruzi. We were unfortunately not able to test this assumption, but 
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further studies should evaluate the activity of the most promising 
compounds (8i,8j,8b) against T. cruzi intracellular amastigotes. 

HAT and Chagas disease are significantly different in their chronic 
stage which has to be addressed in the drug development. T.cruzi ac
cumulates primarily in the gastrointestinal tract and in the heart. The 
drug candidates must be able to cross several barriers before reaching 
the parasite, while avoiding metabolism, nonspecific binding to the 
plasma and tissue proteins, etc. With HAT, additional challenge is posed 
by the blood-brain barrier. In both cases, the optimization of the phar
macokinetics will be very challenging. 

In conclusion, we identified a novel scaffold to target the PEX5- 
PEX14 PPI interaction and provided an initial SAR characteristics. 
Many of the synthesized inhibitors displayed low micromolar trypano
cidal activity in cellular assays against T.brucei. The identified scaffold 
may prove suitable for a more general application in targeting PPIs 
mediated by short helical protein fragments linking the aromatic 
pockets. Further investigations within the presented chemotype should 
seek to i) test the trypanocidal activity against T. cruzi, ii) expand the 
SAR information in other regions of the tricyclic scaffold and iii) address 
the ADME/PK properties of to identify molecules that may represent 
preclinical candidates for the development of treatment for neglected 
tropical diseases related to Trypanosoma infections. 

4. Experimental section 

4.1. General methods 

The reagents were purchased from Sigma Aldrich, TCI Europe or 
Enamine and used without further purification. The dry solvents (THF, 
DMF, DCM) were purchased from Acros Organics. The Thin Layer 
Chromatography (TLC) was carried out on Merck TLC Silica gel 60 glass 
plates. The manual flash column chromatography was performed using 
Merck Silica gel 60 (particle size 0.040–0.063 mm, 230–400 mesh 
ASTM). The automated preparative chromatography was performed on 
a Buchi Reveleris Prep purification system using linear gradient elution 
and Buchi Reveleris Silica 40 μm cartridges for normal phase (SiO2) or 
Buchi Reveleris C-18 40 μm cartridges for reverse-phase (RP-C18) sep
arations. The final compounds were ≥95% pure, as determined by 
HPLC-MS analyses performed on a Dionex UltiMate 3000 HPLC system 
coupled with a Thermo Scientific ISQ EC-LC (column: Thermo Scientific 
Accucore RP-MS, 50 × 2.1 mm, particle size 2.6 μm; gradient: water/ 
MeCN containing 0.1% (v/v) formic acid each, 5% MeCN for 0.5 min, 
5–95% MeCN over the course of 2 min, 95% MeCN for 4 min, flow rate 
0.6 ml/min; UV detection at 254 nm; temperature 20 ◦C). High resolu
tion mass spectrometry (HRMS) analyses were carried out using a 
Thermo Scientific Q-Exactive apparatus using an electrospray ionization 
(ESI). NMR data were recorded on a Varian 300 MHz VNMRS or on a 
Bruker 600 MHz AV III HD (cryo-QCI) instrument. NMR peaks are re
ported as follows: chemical shift (δ) in parts per million (ppm) relative to 
residual non-deuterated solvent and tetramethylsilane (TMS) as the in
ternal standards (CHCl3: δH = 7.26, δC = 77.2; DMSO: δH = 2.50, δC =

39.5 ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, 
dd = doublet of doublets, ddd = doublet of doublets of doublets, dt =
doublet of triplets, td = triplet of doublets, m = multiplet and bs = broad 
signal), coupling constant (in Hz) and integration. 

Compounds 1 and 2 were purchased from Enamine. 
2-(4-fluorophenyl)-N-(6-isopropyl-11-oxido-5-oxo-5,6-dihy

drobenzo[b]pyrido[3,2-f][1,4]thiazepin-9-yl)acetamide (3). 4.0 
mg (0.010 mmol) of 2 was dissolved in 0.2 mL of DCM. A solution of 2.1 
mg (0.011 mmol) of mCPBA in 0.3 mL of DCM was added dropwise, over 
1h. The mixture was quenched with saturated aqueous solution of 
NaHCO3, washed with 0.5 mL of water, 0.5 mL of brine, dried with 
anhydrous Na2SO4, filtered and concentrated in vacuo. The residue was 
purified by column chromatography to give 2.2 mg (53%) of the title 
compound. 1H NMR (600 MHz, DMSO‑d6) δ 10.59 (s, 1H), 8.64 (d, J =
5.1, 1H), 8.09 (d, J = 8.4, 1H), 7.97 (s, 1H), 7.67 (d, J = 9.1, 1H), 7.54 

(dd, J = 8.0, 5.2, 1H), 7.51 (d, J = 8.8, 1H), 7.34 (t, J = 7.1, 2H), 7.13 (t, 
J = 8.8, 2H), 4.75–4.66 (m, 1H), 1.52 (d, J = 7.4, 3H), 1.16 (d, J = 7.4, 
3H). Benzylic -CH2- signal overlaps with HDO peak; LC/MS: 438 
[M+H]+. 

2-Fluoro-N-(2-hydroxy-4-nitrophenyl)benzamide (4). 9.72 g 
(63.05 mmol) of 2-amino-5-nitrophenol was dissolved in 150 mL of dry 
THF. 17.50 mL (126.10 mmol) of TEA and 0.39 g (3.15 mmol) DMAP 
were added and the mixture was cooled to 0 ◦C on an ice-NaCl bath. 
7.53 mL (63.05 mmol) of 2-fluorobenzoyl chloride was added dropwise. 
After 10 min the reaction mixture was allowed to reach room temper
ature and stirring was continued overnight. The mixture was diluted 
with distilled water to the final volume of 1000 mL. 2 M aqueous so
lution of HCl was added until pH of 1. The resulting precipitate was 
filtered and dried in vacuo to give 16.34 g (94%) of yellow solid. The 
product was used in the next step without further characterization. 

7-Nitrodibenzo[b,f][1,4]oxazepin-11(10H)-one (5). 12.40 g 
(45.00 mmol) of 4 was dissolved in 150 mL of DMF. Then, 1.80 g (45.00 
mmol) of NaOH was added. The mixture was refluxed for 5h. After 
cooling to room temperature, the reaction mixture was diluted with 500 
mL of distilled water. The precipitated solid was filtered, washed with 
100 mL of 5% aqueous solution of NaOH and 200 mL of water and dried 
in vacuo to give 8.50 g (73%) of white solid. The product was used in the 
next step without further characterization. 

1-Ethyl-7-nitrodibenzo[b,f][1,4]oxazepin-11(10H)-one (6). A 
suspension of 6.00 g (23.40 mmol) of 5 in 150 mL DMF was stirred at 
80 ◦C for 5h. The mixture was cooled to room temperature and 1.34 g 
(60% dispersion in mineral oil, 35.10 mmol) of NaH was added in small 
aliquots. The reaction mixture was stirred for 30 min. Subsequently, 
17.40 mL (234.00 mmol) of ethyl bromide was added dropwise and the 
mixture was stirred for 3h. The mixture was poured on 200 mL of ice- 
water and the resulting cloudy solution was extracted with 3 x 80 mL 
of DCM, and the combined organic extract was washed with 1 x 100 mL 
of water, 1 x 100 mL of saturated aqueous solution of NH4Cl, dried with 
anhydrous Na2SO4, filtered and concentrated in vacuo. The resulting 
crude brown oil 3.39 g (51%) was used in the next reaction without 
further purification. 

7-amino-10-ethyldibenzo[b,f][1,4]oxazepin-11(10H)-one (7). 
6.00 g (21.00 mmol) of crude 6 was dissolved in 100 mL of anhydrous 
EtOH. Then 14.40 g (84.00 mmol) of anhydrous SnCl2 was added and 
the mixture was stirred under reflux until TLC (hexane/ethyl acetate 1:1, 
v/v) showed the completion of the reaction. The mixture was cooled 
down to room temperature. Water was added, followed by 100 mL of 2 
M aqueous solution of NaOH until the pH turned basic. The product was 
extracted with 2 x 50 mL of DCM/MeOH 8:1 mixture (v/v). The organic 
phase was washed with 1 x 20 mL of brine, dried with anhydrous 
Na2SO4, filtered and concentrated in vacuo. The residue was recrystal
lized from DCM to give 3.49 g (65%) of white solid. 1H NMR (300 MHz, 
DMSO‑d6) δ 7.67 (dd, J = 7.7, 1.7, 1H), 7.50 (ddd, J = 8.1, 7.4, 1.8, 1H), 
7.30–7.17 (m, 2H), 7.13 (d, J = 8.7, 1H), 6.49 (d, J = 2.5, 1H), 6.44 (dd, 
J = 8.6, 2.5, 1H), 5.33 (s, 2H), 3.97 (d, 2H), 1.17 (t, J = 7.0 Hz, 3H); 13C 
NMR (75 MHz, DMSO‑d6) δ 165.0, 160.1, 155.6, 147.9, 133.1, 131.3, 
127.3, 125.2, 124.0, 121.8, 119.7, 111.3, 105.1, 42.9, 13.4; HRMS (ESI) 
m/z: [M+H]+ calcd for C15H14N2O2: 255.11280, found: 255.11279. 

4.2. General procedure for synthesis of derivatives 8a-k 

1.0 eq. of an appropriate starting carboxylic acid was dissolved in 
DMF (5 mL per 1.0 mmol of acid). Next, 1.2 eq. of HOBt monohydrate, 
1.2 eq. of EDC and 4.0 eq. of DIEA were added, followed by 1.0 eq. of 7. 
The solution was stirred at room temperature for 3 days. The mixture 
was diluted with 10 mL of distilled water, transferred into a separatory 
funnel and extracted with 3 x 10 mL of DCM. The organic phase was 
washed with 1 x 10 mL of distilled water and 1 x 10 mL of saturated 
aqueous solution of NH4Cl, dried with anhydrous Na2SO4, filtered and 
concentrated in vacuo. The crude products were purified by the auto
mated reverse-phase (RP-18) flash chromatography (water/MeOH 
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gradient from 95:5 to 5:95 v/v). 
N-(10-ethyl-11-oxo-10,11-dihydrodibenzo[b,f][1,4]oxazepin- 

7-yl)-2-phenylacetamide (8a). From 80 mg (0.59 mmol) phenylacetic 
acid, yield: 70 mg (48%).1H NMR (300 MHz, CDCl3) δ 7.80 (dd, J = 7.7, 
1.8 Hz, 1H), 7.53 (s, 1H), 7.44–7.23 (m, 8H), 7.22–7.09 (m, 4H), 4.10 (q, 
J = 7.1 Hz, 2H), 3.72 (s, 2H), 1.31 (t, 2H); 13C NMR (75 MHz, CDCl3) δ 
169.2, 166.10, 160.5, 155.0, 136.0, 134.1, 133.2, 132.0, 130.7, 129.5, 
129.3, 127.8, 126.9, 125.3, 123.2, 119.8, 116.8, 112.9, 44.7, 44.1, 13.7; 
HRMS (ESI) m/z: [M+H]+ calcd for C23H20N2O3: 373.15467, found: 
373.15465. 

N-(10-ethyl-11-oxo-10,11-dihydrodibenzo[b,f][1,4]oxazepin- 
7-yl)-2-naphtylylacetamide (8b). From 109 mg (0.59 mmol) of 1- 
naphthaleneacetic acid, yield: 93 mg (37%). 1H NMR (300 MHz, 
CDCl3) δ 7.99 (d, J = 6.3 Hz, 1H), 7.95–7.84 (m, 2H), 7.78 (d, J = 7.7 Hz, 
1H), 7.62–7.45 (m, 4H), 7.44–7.32 (m, 2H), 7.22–6.95 (m, 5H), 4.17 (s, 
2H), 4.06 (q, J = 7.1, 2H), 1.28 (t, J = 7.0, 3H); 13C NMR (75 MHz, 
CDCl3) δ 169.6, 166.5, 160.9, 155.4, 136.2, 134.6, 133.6, 132.5, 132.4, 
131.2, 130.8, 129.5, 129.4, 129.0, 127.7, 127.4, 126.9, 126.2, 125.8, 
124.0, 123.6, 120.2, 117.4, 113.4, 44.5, 43.2, 14.1; HRMS (ESI) m/z: 
[M+H]+ calcd for C27H22N2O3: 423.17032, found: 423.17042. 

N-(10-ethyl-11-oxo-10,11-dihydrodibenzo[b,f][1,4]oxazepin- 
7-yl)-2-(4-fluorophenyl)acetamide (8c). From 54 mg (0.35 mmol) of 
4-fluorophenylacetic acid, yield: 115 mg (83%). 1H NMR (300 MHz, 
CDCl3) δ 7.80 (dd, J = 7.7, 1.8, 1H), 7.55 (s, 1H), 7.46–7.33 (m, 2H), 
7.33–7.23 (m, 2H), 7.22–7.02 (m, 6H), 4.10 (q, J = 7.1, 2H), 3.68 (s, 
2H), 1.31 (t, J = 7.1, 3H); 13C NMR (75 MHz, CDCl3) δ 169.4, 166.6, 
162.7 (d, J = 245.3, 1C), 160.9, 155.4, 136.4, 133.7, 132.4, 131.5 (d, J 
= 8.0), 131.2, 130.3 (d, J = 3.4), 127.4, 125.8, 123.7, 120.2, 117.3, 
116.5 (d, J = 21.6), 113.4, 44.5, 44.2, 14.2; HRMS (ESI) m/z: [M+H]+

calcd for C23H19FN2O3: 391.14525, found: 391.14541. 
2-(3-chlorophenyl)-N-(10-ethyl-11-oxo-10,11-dihydrodibenzo 

[b,f][1,4]oxazepin-7-yl)acetamide (8d). From 251 mg (1.47 mmol) 
of 3-chlorophenylacetic acid, yield: 118 mg (49%). 1H NMR (300 MHz, 
CDCl3) δ 7.83–7.72 (m, 2H), 7.58 (d, J = 2.1, 1H), 7.38 (td, J = 7.7, 1.8, 
1H), 7.33–7.24 (m, 3H), 7.24–7.07 (m, 5H), 4.10 (q, J = 7.1 Hz, 2H), 
3.66 (s, 2H), 1.32 (t, J = 7.1, 3H); 13C NMR (75 MHz, CDCl3) δ 169.0, 
166.7, 160.9, 155.4, 136.6, 136.5, 135.3, 133.8, 132.4, 131.2, 130.7, 
129.9, 128.3, 128.0, 127.3, 125.8, 123.7, 120.2, 117.4, 113.5, 44.6, 
44.5, 14.2; HRMS (ESI) m/z: [M+H]+ calcd for C23H19ClN2O3: 
407.11570, found: 407.113600. 

2-(4-chlorophenyl)-N-(10-ethyl-11-oxo-10,11-dihydrodibenzo 
[b,f][1,4]oxazepin-7-yl)acetamide (8e). From 251 mg (1.47 mmol) 
of 4-chlorophenylacetic acid, yield: 137 mg (57%). 1H NMR (300 MHz, 
CDCl3) δ 7.80 (dd, J = 7.8, 1.7, 1H), 7.54 (t, J = 1.4, 1H), 7.44–7.26 (m, 
5H), 7.26–7.09 (m, 5H), 4.11 (q, J = 7.1, 2H), 3.68 (s, 2H), 1.32 (t, J =
7.1, 3H); 13C NMR (75 MHz, CDCl3) δ 133.2, 132.0, 130.8, 129.4, 125.4, 
123.3, 119.7, 113.0, 70.48, 65.40, 63.55, 44.32, 44.11, 34.38, 32.14, 
29.91, 29.67, 29.58, 29.46, 25.14, 22.91, 14.34, 13.94.; HRMS (ESI) m/ 
z: [M+H]+ calcd for C23H19ClN2O3: 407.11570, found: 407.11603. 

N-(10-ethyl-11-oxo-10,11-dihydrodibenzo[b,f][1,4]oxazepin- 
7-yl)-2-(pyrazin-2-yl)acetamide (8f). From 95 mg (0.67 mmol) of 2- 
(pyrazin-2-yl)acetic acid, yield: 44 mg (42%). 1H NMR (300 MHz, 
CDCl3) δ 9.19 (s, 1H), 8.65 (s, 1H), 8.59 (s, 2H), 7.82 (dd, J = 7.7, 1.7, 
1H), 7.60 (d, J = 2.4, 1H), 7.41 (td, J = 7.7, 1.8, 1H), 7.31 (dd, J = 8.8, 
2.4, 1H), 7.26–7.12 (m, 3H), 4.12 (q, J = 7.1, 2H), 3.91 (s, 2H), 1.33 (t, J 
= 7.1, 3H); 13C NMR (75 MHz, CDCl3) δ 166.1, 165.9, 160.5, 155.0, 
150.6, 145.6, 143.8, 143.4, 135.9, 133.2, 132.0, 130.8, 127.0, 125.4, 
123.3, 119.7, 117.0, 113.0, 70.3, 65.2, 63.4, 44.1, 43.1, 34.2, 31.9, 29.7, 
29.5, 29.4, 29.3, 29.1, 14.1; HRMS (ESI) m/z: [M+H]+ calcd for 
C21H18N4O3: 375.14517, found: 375.14536. 

N-(10-ethyl-11-oxo-10,11-dihydrodibenzo[b,f][1,4]oxazepin- 
7-yl)-2-(thiophen-3-yl)acetamide (8g). From 83 mg (0.59 mmol) of 3- 
tiopheneacetic acid, yield: 157 mg (70%). 1H NMR (300 MHz, CDCl3) δ 
7.79 (d, J = 7.7, 1H), 7.71 (s, 1H), 7.56 (s, 1H), 7.37 (d, J = 6.7 Hz, 2H), 
7.24–6.93 (m, 6H), 4.10 (d, J = 7.3, 2H), 3.73 (s, 2H), 1.31 (t, J = 7.1, 
3H); 13C NMR (75 MHz, CDCl3) δ 169.3, 166.6, 160.9, 155.4, 136.5, 

134.6, 133.7, 132.4, 131.1, 128.8, 127.5, 127.3, 125.8, 124.2, 123.6, 
120.2, 117.4, 113.4, 44.6, 39.5, 14.2; HRMS (ESI) m/z: [M+H]+ calcd 
for C21H18N2O3S: 379.11109, found: 379.11121. 

N-(10-ethyl-11-oxo-10,11-dihydrodibenzo[b,f][1,4]oxazepin- 
7-yl)-2-(1,3-thiazol-4-yl)acetamide (8h). From 84 mg (0.59 mmol) of 
2-thiazoleacetic acid, yield: 166 mg (74%). 1H NMR (300 MHz, CDCl3) δ 
9.34 (s, 1H), 8.89 (s, 1H), 7.80 (d, J = 7.7, 1H), 7.60 (s, 1H), 7.38 (t, J =
7.7, 1H), 7.32–7.08 (m, 5H), 4.10 (q, J = 7.3, 2H), 3.92 (s, 2H), 1.30 (t, J 
= 7.0, 3H); 13C NMR (75 MHz, CDCl3) δ 167.6, 166.6, 161.0, 155.4, 
154.5, 150.4, 136.7, 133.6, 132.4, 130.9, 127.4, 125.8, 123.6, 120.2, 
117.4, 117.0, 113.3, 44.5, 40.0, 14.2; HRMS (ESI) m/z: [M+H]+ calcd 
for C20H17N3O3: 380.10634, found: 380.10663. 

N-(10-ethyl-11-oxo-10,11-dihydrodibenzo[b,f][1,4]oxazepin- 
7-yl)-2-(1H-indol-3-yl)acetamide (8i). From 103 mg (0.59 mmol) of 
indole-3-acetic acid, yield: 112 mg (46%). 1H NMR (300 MHz, CDCl3) δ 
8.35 (s, 1H), 7.82 (d, J = 7.7, 1H), 7.62 (d, J = 7.8, 1H), 7.47 (d, J = 7.9, 
2H), 7.43 (s, 1H), 7.43–7.30 (m, 1H), 7.29 (d, J = 6.8, 2H), 7.28–7.05 
(m, 4H), 4.10 (d, J = 7.2, 2H), 3.92 (s, 2H), 1.32 (t, J = 7.1, 3H); 13C 
NMR (75 MHz, CDCl3) δ 154.9, 133.2, 132.0, 125.3, 124.0, 123.1, 123.0, 
120.6, 119.8, 118.6, 116.9, 112.9, 111.6, 44.0, 34.5, 13.7; HRMS (ESI) 
m/z: [M+H]+ calcd for C25H21N3O3: 412.16557, found: 412.16569. 

N-(10-ethyl-11-oxo-10,11-dihydrodibenzo[b,f][1,4]oxazepin- 
7-yl)-2-(1H-benzo[d][1,2,3]triazol-1-yl)acetamide (8j). From 127 
mg (0.59 mmol) of benzotriazol-1-yl acetic acid potassium salt and 1 eq. 
of 37% HClaq., yield: 56 mg (23%). 1H NMR (300 MHz, DMSO‑d6) δ 
10.81 (s, 1H), 8.08 (d, J = 8.4 Hz, 1H), 7.84 (d, J = 8.2, 1H), 7.77–7.66 
(m, 2H), 7.55 (q, J = 8.8, 3H), 7.48–7.36 (m, 2H), 7.28 (d, J = 8.4, 2H), 
5.70 (s, 2H), 4.06 (d, J = 8.8, 2H), 1.21 (t, J = 7.0, 3H); 13C NMR (75 
MHz, DMSO‑d6) δ 165.3, 165.1, 160.3, 154.6, 145.5, 137.1, 134.3, 
134.1, 132.1, 129.9, 127.9, 127.1, 126.1, 124.4, 120.2, 119.5, 117.3, 
112.3, 111.4, 50.9, 43.6, 13.9; HRMS (ESI) m/z: [M+H]+ calcd for 
C23H19N5O3: 414.15607, found: 414.16522. 

N-(10-ethyl-11-oxo-10,11-dihydrodibenzo[b,f][1,4]oxazepin- 
7-yl)-2-(pyridin-3-yl)acetamide (8k). From 81 mg (0.59 mmol) of 3- 
pyridylacetic acid, yield: 139 mg (63%). 1H NMR (300 MHz, CDCl3) δ 
8.62–8.45 (m, 2H), 8.23 (s, 1H), 7.84–7.70 (m, 2H), 7.62 (d, J = 2.3, 
1H), 7.44–7.29 (m, 2H), 7.26 (s, 1H), 7.24–7.06 (m, 3H), 4.10 (q, J =
7.1, 2H), 3.69 (s, 2H), 1.31 (t, J = 7.0, 3H); 13C NMR (75 MHz, CDCl3) δ 
168.1, 166.2, 160.5, 155.0, 150.0, 148.5, 137.2, 136.1, 133.3, 131.9, 
130.8, 130.5, 126.9, 125.4, 123.9, 123.2, 119.8, 117.0, 113.1, 44.2, 
41.4, 13.7; HRMS (ESI) m/z: [M+H]+ calcd for C22H19N3O3: 374.14992, 
found: 374.15010. 

(2S)-2-[(tert-butoxycarbonyl)amino]-N-(10-ethyl-11-oxo- 
10,11-dihydrodibenzo[b,f][1,4]oxazepin-7-yl)-2-phenyl
acetamide (8l). From 296 mg (1.18 mmol) of (S)–N-Boc-Phg-OH, yield: 
231 mg (40%). 1H NMR (300 MHz, CDCl3) δ 8.52 (s, 1H), 7.83 (dd, J =
7.8, 1.7, 1H), 7.53–7.32 (m, 7H), 7.26–7.11 (m, 3H), 7.05 (d, J = 8.9, 
1H), 5.86–5.75 (m, 1H), 5.45 (s, 1H), 4.09 (q, J = 7.1, 2H), 1.48 (s, 9H), 
1.32 (t, J = 7.1, 3H); 13C NMR (75 MHz, CDCl3) δ 168.7, 166.0, 160.4, 
154.7, 136.9, 135.8, 133.2, 131.9, 130.7, 129.2, 128.8, 127.4, 126.9, 
125.3, 123.0, 119.8, 116.9, 112.9, 80.8, 59.4, 44.1, 28.4, 13.7; HRMS 
(ESI) m/z: [M+H]+ calcd for C28H29N3O5: 488.21800, found: 
488.21837. 

(2S)-2-amino-N-(10-ethyl-11-oxo-10,11-dihydrodibenzo[b,f] 
[1,4]oxazepin-7-yl)-2-phenylacetamide (8m). 231 mg (0.47 mmol) 
of 8l was added to 3 mL of a 4 M solution of HCl in 1,4-dioxane. The 
resulting solution was stirred at rt for 0.5 h, degassed by passing argon 
and concentrated in vacuo. The resulting solid was partitioned between 
5 mL of DCM and 2 mL of saturated aqueous solution of NaHCO3. The 
organic layer was dried with anhydrous Na2SO4, filtered and evaporated 
in vacuo. Yield: 180 mg (70%). 1H NMR (300 MHz, CDCl3) δ 9.58 (s, 1H), 
7.82 (dd, J = 7.7, 1.7, 1H), 7.72 (d, J = 2.4, 1H), 7.5–7.25 (m, 6H), 
7.22–7.05 (m, 3H), 4.66 (s, 1H), 4.12 (q, J = 7.2, 2H), 2.11 (bs, 2H), 1.34 
(t, J = 7.2, 3H); 13C NMR (75 MHz, CDCl3) δ 171.2, 166.1, 160.5, 155.1, 
140.2, 135.9, 133.2, 132.0, 130.5, 129.1, 128.4, 127.3, 127.0, 126.8, 
125.3, 123.3, 119.8, 116.6, 112.6, 60.2, 44.1, 28.3, 13.7; HRMS (ESI) m/ 
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z: [M+H]+ calcd for C23H21N3O3: 388.16557, found: 388.15635. 

4.3. General procedure for synthesis of compounds 8n-p 

1 eq. of 7 was dissolved in THF (8 mL per 1.0 mmol of 7). Subse
quently, 1.2 eq. of TEA and 0.05 eq. of DMAP were added. The mixture 
was cooled down to 0 ◦C on an ice-NaCl bath and stirred for 30 min. 
Next, 1.0 eq. of an appropriate acylation agent was added. After 10 min, 
the reaction mixture was allowed to reach slowly room temperature and 
was stirred overnight. The mixture was diluted with 25 mL of distilled 
water and was transferred to a separatory funnel and extracted with 3 x 
25 mL of DCM. The combined organic extracts were dried with anhy
drous Na2SO4, filtered and evaporated in vacuo. The crude products were 
purified by automated flash chromatography RP-18 cartridge column 
(water/MeOH gradient from 95:5 to 5:95 v/v). 

Phenyl (10-ethyl-11-oxo-10,11-dihydrodibenzo[b,f][1,4]oxa
zepin-7-yl)carbamate (8n). From 92 mg (0.59 mmol) of phenyl 
chloroformate, yield: 108 mg (49%). 1H NMR (300 MHz, CDCl3) δ 7.87 
(t, J = 7.0, 1H), 7.54–7.08 (m, 13H), 7.16 (d, J = 8.1, 3H), 4.18 (q, J =
7.4, 2H), 1.44 (t, J = 7.1, 2H); 13C NMR (75 MHz, CDCl3) δ 165.9, 160.3, 
154.5, 151.0, 150.4, 135.6, 135.2, 133.6, 132.2, 129.5, 126.7, 126.5, 
125.6, 125.6, 123.2, 121.6, 121.1, 119.7, 44.8, 13.9; HRMS (ESI) m/z: 
[M+H]+ calcd for C23H20N2O3: 373.15467, found: 373.15472. 

N-(10-ethyl-11-oxo-10,11-dihydrodibenzo[b,f][1,4]oxazepin- 
7-yl)benzenesulfonamide (8o). From 139 mg (0.78 mmol) of benze
nosulfonyl chloride, yield: 180 mg (58%). 1H NMR (500 MHz, CDCl3) δ 
7.92 (dd, J = 2.0, 1.0, 2H), 7.91 (t, J = 1.6, 2H), 7.86 (dd, J = 7.8, 1.7, 
1H), 7.70 (ddt, J = 7.9, 7.2, 1.2, 2H), 7.57–7.52 (m, 4H), 7.46 (ddd, J =
8.2, 7.4, 1.8, 1H), 7.30–7.24 (m, 2H), 7.04 (dd, J = 8.2, 1.2, 1H), 
6.93–6.86 (m, 2H), 4.13 (q, J = 7.1, 2H), 1.41 (t, J = 7.1, 3H); 13C NMR 
(126 MHz, CDCl3) δ 165.7, 160.0, 154.0, 139.2, 137.3, 134.2, 133.6, 
132.2, 131.2, 129.1, 129.9, 128.9, 128.6, 128.6, 126.6, 125.7, 124.9, 
122.7, 119.6, 44.9, 13.9; HRMS (ESI) m/z: [M+H]+ calcd for 
C21H17N2O4S: 393.09035, found: 393.09111. 

N-(10-ethyl-11-oxo-10,11-dihydrodibenzo[b,f][1,4]oxazepin- 
7-yl)-1-phenylmethanesulfonamide (8p). From 150 mg (0.78 mmol) 
of phenylmethylsulfonyl chloride, yield: 210 mg (65%). 1H NMR (500 
MHz, CDCl3) δ 7.83 (dd, J = 7.8, 1.7 Hz, 1H), 7.43-7,47 (m, 1H), 
7.33–7.23 (m, 3H), 7.26–7.20 (m, 3H), 7.20 (d, J = 8.8, 1H), 7.16 (dd, J 
= 8.1, 1.1, 1H), 7.07 (d, J = 2.6, 1H), 6.94 (dd, J = 8.8, 2.6, 1H), 4.32 (s, 
2H), 4.11 (q, J = 7.1, 2H), 1.35 (t, J = 7.1, 3H); 13C NMR (126 MHz, 
CDCl3) δ 166.0, 160.3, 155.2, 135.3, 133.4, 132.1, 131.3, 130.8, 129.0, 
128.9, 128.2, 126.8, 125.5, 123.7, 119.7, 117.0, 113.00, 58.2, 44.3, 
13.8; HRMS (ESI) m/z: [M+H]+ calcd for C22H20N2O4S: 409.12165, 
found: 409.12138. 

7-Aminodibenzo[b,f][1,4]oxazepin-11(10H)-one (9). 0.60 g 
(2.30 mmol) of 5 was dissolved in 20 mL of anhydrous EtOH. Then, 1.80 
g (9.20 mmol) of anhydrous SnCl2 was added. The mixture was stirred 
under reflux for 4h and cooled to room temperature. 2 M aqueous so
lution of NaOH was added until the basic pH. The product was extracted 
with 2 x 10 mL of DCM/MeOH 8:1 (v/v) mixture. The organic phase was 
washed with 1 x 5 mL of brine, dried with anhydrous Na2SO4, filtered 
and concentrated in vacuo. The crude product was purified by flash 
chromatography (DCM/MeOH gradient: 99:1 to 95:5 v/v) to give 0.25 g 
(48%) of the title compound. 1H NMR (300 MHz, CDCl3) δ 10.08 (s, 1H), 
7.73 (dd, J = 7.7, 1.8, 1H), 7.55 (ddd, J = 8.1, 7.4, 1.8, 1H), 7.33–7.20 
(m, 2H), 6.81 (d, J = 8.5, 1H), 6.50 (d, J = 2.4, 1H), 6.37 (dd, J = 8.4, 
2.5, 1H), 5.16 (s, 2H); 13C NMR (75 MHz, CDCl3) δ 165.6, 159.0, 152.0, 
147.0, 133.9, 131.2, 126.3, 125.1, 122.3, 120.6, 119.3, 111.1, 105.7; 
HRMS (ESI) m/z: [M+H]+ calcd for C13H10N2O2: 227.08150, found: 
227.08141. 

2-(4-Fluorophenyl)-N-(11-oxo-10,11-dihydrodibenzo[b,f][1,4] 
oxazepin-7-yl)acetamide (10). 0.75 g (4.86 mmol) of 4-fluorophenyl 
acetic acid was dissolved in 10 mL of dry DMF. Next, 0.89 g (5.83 
mmol) of HOBt monohydrate, 1.12 g (5.83 mmol) of EDC and 3.47 ml 
(19.45 mmol) of DIEA were added. The mixture was stirred for 1h in 

room temperature followed by addition of 1.10 g (4.86 mmol) of 9. 
Stirring was continued overnight. The mixture was evaporated under 
vacuum and dissolved in 10 mL of ethyl acetate. The organic phase was 
sequentially washed with 1 x 5 mL of 1 M aqueous solution of HCl, 1 x 5 
mL of water, 1 x 5 mL of 2 M aqueous solution of NaOH, 1 x 5 mL of 
water and 1 x 5 mL brine. The organic phase was dried with anhydrous 
Na2SO4, filtered and concentrated in vacuo to give 1.00 g (55%) of the 
title compound. 1H NMR (300 MHz, DMSO‑d6) δ 10.44 (s, 1H), 10.27 (s, 
1H), 7.81–7.69 (m, 2H), 7.59 (td, J = 7.7, 1.8, 1H), 7.41–7.21 (m, 5H), 
7.21–7.04 (m, 3H), 3.62 (s, 2H); 13C NMR (75 MHz, DMSO‑d6) δ 169.5, 
166.1, 161.8 (d, J = 241.5), 159.2, 150.8, 136.9, 134.8, 132.4 (d, J =
3.0), 131.9, 131.5 (d, J = 8.0), 126.7, 126.2, 125.9, 122.1, 121.1, 117.0, 
115.5 (d, J = 21.2), 112.4, 42.6; HRMS (ESI) m/z: [M+H]+ calcd for 
C21H15FN2O3: 363.11395, found: 363.11388. 

4.4. General procedure for synthesis of compounds 11a-c 

1 eq. of 10 was dissolved in dry DMF (2 mL per 0.5 mmol of 7). 1.5 
eq. of NaH (60% dispersion in mineral oil) was added. The mixture was 
stirred until the effervescence ceased. Next, 5 eq. of appropriate alkyl or 
acyl halide was added and the mixture was stirred overnight. The 
mixture was diluted with 10 mL of ethyl acetate and washed 1 x 5 mL of 
1 M aqueous solution of HCl, 1 x 5 mL of distilled water, 1 x 5 mL of 2 M 
aqueous solution of NaOH, 1 x 5 mL of distilled water and 1 x 5 mL of 
brine. The organic phase was dried with anhydrous Na2SO4, filtered and 
concentrated in vacuo. The compounds were purified by flash chroma
tography (H/EA 1:2 v/v). 

Methyl (7-(2-(4-fluorophenyl)acetamido)-11-oxodibenzo[b,f] 
[1,4]oxazepin-10(11H)-yl)acetate (11a). From 0.39 mL (2.07 mmol) 
of methyl bromoacetate, yield: 137 mg (75%). 1H NMR (300 MHz, 
DMSO‑d6) δ 10.37 (s, 1H), 7.80–7.68 (m, 2H), 7.60 (ddd, J = 8.2, 7.3, 
1.8, 1H), 7.39–7.27 (m, 7H), 7.21–7.10 (m, 2H), 4.69 (s, 2H), 3.74 (s, 
3H), 3.64 (d, J = 1.2, 3H); 13C NMR (75 MHz, DMSO‑d6) δ 169.8, 169.7, 
165.8, 160.4, 161.6 (d, J = 240.8), 153.3, 138.6, 134.8, 132.27 (d, J =
3.1), 132.2, 131.5 (d, J = 8.0), 129.4, 126.2, 125.8, 123.1, 120.6, 117.0, 
115.5 (d, J = 21.2) 111.9, 52.6, 51.7, 42.6; HRMS (ESI) m/z: [M+H]+

calcd for C24H19FN2O5: 435.13508, found: 435.13520. 
Methyl 7-(2-(4-fluorophenyl)acetamido)-11-oxodibenzo[b,f] 

[1,4]oxazepine-10(11H)-carboxylate (11b). From 160 μl (2.07 
mmol) of methyl chloroformate, yield: 64 mg (37%). 1H NMR (300 MHz, 
DMSO‑d6) δ 10.47 (s, 1H), 7.94 (dd, J = 7.9, 1.7, 1H), 7.87 (d, J = 2.3, 
1H), 7.68 (ddd, J = 8.2, 7.3, 1.8, 1H), 7.55–7.41 (m, 2H), 7.41–7.29 (m, 
4H), 7.22–7.08 (m, 2H), 3.81 (s, 2H), 3.66 (d, J = 4.3, 2H); 13C NMR (75 
MHz, DMSO‑d6) δ 170.0, 164.1, 161.6 (d, J = 241.5), 160.5, 155.5, 
153.3, 140.1, 136.4, 133.2, 132.2 (d, J = 3.1), 131.49 (d, J = 8.1), 
129.8, 126.3, 124.3, 124.0, 121.4, 116.8, 115.5 (d, J = 21.3), 111.5, 
54.9, 42.7; HRMS (ESI) m/z: [M+H]+ calcd for C23H17FN2O5: 
421.11943, found: 421.11959. 

2-(4-Fluorophenyl)-N-[10-(methanesulfonyl)-11-oxo-10,11- 
dihydrodibenzo[b,f][1,4]oxazepin-7-yl]acetamide (11c). From 
160 μl (2.07 mmol) of methanesulfonyl chloride, yield: 70 mg (38%). 1H 
NMR (300 MHz, DMSO‑d6) δ 10.48 (s, 1H), 7.96–7.80 (m, 2H), 
7.79–7.62 (m, 1H), 7.58 (d, J = 8.8, 1H), 7.47–7.30 (m, 5H), 7.21–7.07 
(m, 2H), 3.85 (s, 2H), 3.35 (s, 3H); 13C NMR (75 MHz, DMSO‑d6) δ 
169.5, 165.1, 161.2 (d, J = 240.8), 160.4, 156.0, 140.0, 136.0, 132.5, 
131.7 (d, J = 3.0), 131.0 (d, J = 8.0), 129.5, 126.1, 123.9, 122.6, 120.9, 
115.9, 115.0 (d, J = 21.2), 111.1, 44.2, 42.2; HRMS (ESI) m/z: [M+H]+

calcd for C22H17FN2O5S: 441.09150, found: 441.09150. 
Protein expression and purification. The N-terminal domain of 

T. cruzi and T. brucei PEX14 (aa 19–84) were 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 me
dium [70] supplemented with 50 μg of kanamycin. When the cell den
sity (OD600) reached 0.8, the temperature was lowered to 18 ◦C and the 
cells were grown overnight. The cells were harvested by centrifugation 
and dissolved in lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl, 10 mM 
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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-mercap
toethanol, 20 mM imidazole) and the protein of interest was eluted with 
the same buffer containing 250 mM imidazole. For the AlphaScreen and 
MST assays, the concentrated eluates were further purified on a Super
dex 75 Hiload 16/60 column (GE Healthcare) in phosphate-buffered 
saline (PBS). For crystallization, the eluate was mixed at 1:100 M ratio 
with TEV protease and dialyzed overnight at room temperature against 
the cleavage buffer (50 mM Tris pH 8.0, 1 mM EDTA, 5 mM β-mercap
toethanol). The protease and the cleaved His-tag were removed by the 
reverse affinity chromatography. The protein contained in the flow 
through was further purified by size exclusion chromatography (SEC) 
using the crystallization buffer (10 mM Tris pH 8.0, 100 mM NaCl, 5 mM 
β-mercaptoethanol). 

AlphaScreen assay. The assay was performed according to the 
published protocols [44,53] and was used to measure the effective 
concentration (EC50) values for the PEX5-PEX14 inhibitors. 3 nM 
N-His-PEX14 was mixed with 10 nM biotinylated PEX5-derived peptide 
(ALSENWAQEFLA) in PBS supplemented 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 constant the concentration of DMSO (5%; this 
concentration was shown to have no effect on the assay readout). The 
signal was determined according to the bead manufacturer instructions. 
The data were analyzed using Origin Pro 9.0. The experimental points 
were interpreted using Hill sigmoidal fitting fixing the asymptotes at the 
maximal assay signal (no inhibitor added) and 0, respectively. 

HTS. The HTS platform consisted of an integrated instrumentation 
for plate and liquid handling. The experiments were performed using a 
Sciclone G3 Liquid Handler from PerkinElmer (Waltham, MA) with a 
Mitsubishi robotic arm (Mitsubishi Electric, Tokyo, Japan, RV-3S11) 
and a Flexdrop dispenser (PerkinElmer) [71]. The AlphaScreen assay 
was performed in the white 384-well Optiplates (PerkinElmer, product 
no. 6007299), and the signals were detected on the EnVision Multilabel 
Reader (PerkinElmer). The proteins and the beads were diluted in an 
assay buffer containing 1 × PBS (pH 7.4), 0.5% bovine serum albumin 
(BSA), and 0.1% Tween-20. The AlphaScreen experiments were per
formed as follows: (1) 40 μL of protein-peptide mix was dispensed into 
white 384-well plates using a robotic liquid handler; (2) 0.6 μL of 
compound stock in DMSO was added into each well using the compound 
transfer station with a nanoliter head; (3) 10 μL each of streptavidin 
donor and nickel chelate acceptor beads were added, followed by in
cubation for 1 h at room temperature in the dark; and (4) the assay 
results were read using the laser excitation at 680 nm and the emission 
detected at 520–620 nm in an EnVision 2102 Multilabel Reader (Per
kinElmer). The quality and the robustness of the assay was evaluated 
using Z′ factor above 0.8 and the signal window (SW) above 2. 

NMR. The saturation transfer difference experiments were used to 
confirm the AlphaScreen hits. NMR experiments were recorded at 298 K 
on Bruker Avance III 600-MHz (1H frequency) equipped with a 5-mm 
TCI or QCI cryoprobe. The STD spectra were recorded at a concentra
tion of 10 μM TcPEX14, with the final concentration of the compound in 
the sample at 1 mM. DMSO‑d6 was used for the lock signal. The STD 
experiments used alternating on- and off-resonance saturation with the 
water suppression using a double-pulsed-field gradient spin-echo 
(DPFGSE) watergate W5 double-echo sequence [72,73]. The spectra 
were compared with a reference containing DMSO‑d6 only. The positive 
hits were identified comparing the intensity ratio of the ligand signals 
between the STD experiment and a 1D reference spectrum. 

MicroScale Thermophoresis (MST) assay. The assay was used for 
the determination of the inhibitor binding constants (Kd). Tb and Tc N- 
His-PEX14 were labeled with Ni-NTA-ATTO647 (Sigma Aldrich) in the 
MST buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10 mM 

MgCl2 supplemented freshly with 0.0125% (v/v) Tween 20 and by 
incubating for 1 h at room temperature in the dark. The molar ratio of 
protein:label of 2:1 was used, and the preparation was utilized in further 
steps without purification. The serial dilution of the inhibitor was pre
pared in DMSO and added to the labeled protein (200 nM). The DMSO 
concentration was kept constant at 5% (v/v). The samples (in triplicates) 
were loaded into Monolith NT.115 Standard Treated Capillaries and the 
MST effect was determined. The Kd values were calculated using MO. 
Affinity Analysis software. 

Crystallization and X-ray structure solution. The purified 
TcPEX14 NTD was mixed with 10-fold molar excess of the ligand (50 
mM solution in DMSO) in the storage buffer (10 mM Tris pH 8.0, 100 
mM NaCl, 5 mM β-mercaptoethanol, 3% DMSO) and the mixture was 
incubated for 1h at room temperature. The excess of the ligand and 
DMSO was removed by washing the complex with the storage buffer at 
4 ◦C on a 10 kDa-cutoff Centricon concentrator. Prior to crystallization 
the complex was concentrated to about 30 mg/ml. The initial crystalli
zation trials were set up using the commercial kits and TTP LabTech 
Mosquito automated crystallization workstation. The hits were succes
sively optimized manually using the hanging drop-vapor diffusion 
technique. The crystals suitable for testing were transferred into a cryo- 
protectant solution containing the harvesting solution and 25% (v/v) 
glycerol and cryo-cooled in the liquid nitrogen. The diffraction data 
were collected at the European Synchrotron Radiation Facility (ESRF, 
Grenoble, France) beamline ID29. The best diffracting crystal (2.18 Å) 
was obtained at room temperature in 0.21 M MgCl2, 0.1 M Tris pH 8.5, 
39% (w/v) PEG 4000. The experimental data were processed using XDS 
and XSCALE software [74]. The crystal belonged to the space group P 1 
21 1. The Matthews coefficient analysis suggested the presence of two 
molecules of the complex in the asymmetric unit [75]. The structure was 
solved by molecular replacement using Phaser [76] with TbPEX14 
structure (PDB code: 5AON [77]) as a search model. The analysis of the 
electron density calculated with (Fo – Fc) and (2Fo – Fc) coefficients 
allowed to build the initial model and to unambiguously place the ligand 
using COOT [78] (Figure S4). The starting model was refined by the 
iterations of manual and automated refinement using Refmac5 [79]. 
Throughout the refinement 5% of the reflections were used for the 
cross-validation analysis [80], and the behavior of Rfree was employed to 
monitor the refinement strategy. Water molecules were added using 
Arp/Warp [81] and subsequently manually inspected. The statistics of 
data collection and refinement are reported in Table S1. 

Trypanocidal activity assay. The trypanocidal activity of the 
compounds was tested against T. brucei brucei bloodstream form (BSF) 
using the resazurin-based 96-well plate assay. T. b. brucei BSF (Lister 
427) parasites were grown in HMI-11 medium [82] containing 10% fetal 
bovine serum (FBS) at 37 ◦C with 5% CO2. 1:1 serial dilutions (10 points) 
were prepared in quadruplicates for each compound in HMI-11 medium 
(100 μL/well). Additionally, each row contained a well without a 
compound and one with medium solely as controls. 100 μL of parasite 
cultures (4 × 103/mL) were inoculated in all wells (except the control 
with medium alone) so that the final concentration of the parasites was 
2 × 103/mL. The plates were incubated for 66h. 25 μL of 0.1 mg/mL 
resazurin (in Hanks Balanced Salt Solution) was added to each well and 
further incubated till 72 h timepoint. The reduction of resazurin was 
detected by following the fluorescence emission at 585 nm (excitation 
530 nm) using a Synergy H1 microplate reader. The fluorescence 
emission of the well containing only the medium was considered as 
background and subtracted from the fluorescence emission of the other 
wells; then the percent survival values were calculated setting the 
fluorescence emission of the well without the compound at “100% 
survival”. The experimental data points were fitted with a non-linear 
regression using GraphPad (6.04) [83] and the half-maximal inhibi
tory concentration (IC50) values were derived from the corresponding 
sigmoidal dose-response curves. 
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Associated content 

Supporting information. Crystal structure data collection and 
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