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ABSTRACT

Schistosomiasis is a major neglected parasitic disease that affects more than 265 million people worldwide and for which the control
strategy consists of mass treatment with the only available drug, praziquantel. In this study, a series of new benzohydroxamates was
prepared as potent inhibitors of Schistosoma mansoni histone deacetylase 8 (sSmHDACS). Crystallographic analysis provided insights into
the inhibition mode of sSmHDACS activity by these 3-amido-benzohydroxamates. The newly-designed inhibitors were evaluated in
screens for enzyme inhibitory activity against schistosome and human HDACSs. Twenty-seven compounds were found to be active in the
nanomolar range and some of them showed selectivity towards smHDACS8 compared to the major human HDACs (1 and 6). The active
benzohydroxamates were additionally screened for lethality against the schistosome larval stage using a fluorescence-based assay. Four of

these showed significant, dose-dependent Killing of the schistosome larvae and markedly impaired egg laying of adult worm pairs

maintained in culture.



INTRODUCTION

Schistosomiasis is one of the major neglected parasitic diseases’ second in importance only to malaria. It is caused by parasites from the
genus Schistosoma®®, S. mansoni being the most widely distributed species*. Worldwide more than 265 million individuals are infected®
of whom 280,000 die annually*®. To date, there is no effective vaccine available and control depends on mass drug administration using
the only available treatment, praziquantel, which is effective against all species of human schistosomiasis”®. In 2013 over 30 million
people were treated in sub-Saharan Africa’, and this raises serious concerns about the selection of drug resistance. The reduced efficiency
of praziquantel, as well as the observed resistance in laboratory strains underline the need for considering alternative therapeutic
strategies’ 3% Indeed, drug resistance represents an increasing problem for the treatment of a number of parasitic diseases for which
only a few drugs are available. Thus, novel potential drug targets and drug candidates against eukaryotic parasites are urgently required?.
Histone modifying enzymes (HMESs), which are responsible for post-translational modifications of histone and non-histone substrates,
have been reported as drug targets for many diseases such as cancer, inflammation, metabolic diseases and neuropsychiatric disorders as
well as in regenerative medicine'****>!®. One of the best investigated post-translational modifications is the acetylation/deacetylation of
lysine residues in histone and non-histone proteins. The process of acetylation and deacetylation is controlled by histone acetyl
transferases (HATS) and histone deacetylases (HDACSs), respectively. The equilibrium between acetylated and non-acetylated histone
proteins must be maintained for proper transcriptional activity and cellular function’. Additionally an increasing number of non-histone
proteins have been reported as substrates of HDACs'®. These proteins may be involved in transcription complexes, which play a pivotal

role in the regulation of gene expression as well as cell proliferation, migration, death and angiogenesis'®. HDACs are a family of



enzymes found in many organisms including bacteria, fungi, plants and animals. Eighteen different members of the HDAC family have
been annotated in the human genome and have been classified into four categories based on their homology to yeast histone
deacetylases'®. Class | consists of four different subtypes (HDACL, 2, 3 and 8) and shows homology to the yeast protein RPD3, Class II
includes six subtypes which are divided into two subclasses, Class Ila with subtypes HDAC4, 5, 7 and 9, and Class Il1b with HDAC6 and
10. HDAC11 is referred to as Class IV. While the activity of the enzymes belonging to Class I, 1l and IV HDACSs depends on a zinc based
catalytic mechanism, Class Il enzymes, also called sirtuins, use nicotinamide adenine dinucleotide as cofactor®. Hereafter, the term
HDAC will refer only to the classical zinc dependent deacetylases.

Numerous HDAC inhibitors (HDACI) have been identified in the last decade; several are in clinical trials and five are currently approved
for the treatment of cancer, for example the aliphatic hydroxamate SAHA (Figure 1) marketed under the name Vorinostat?2%2324252¢
The pan inhibitor SAHA is a weak inhibitor of HDAC8 (UM range). Several aromatic?”?®?° and cinnamic acid*’-based hydroxamates
have been developed recently as selective inhibitors for the human HDACS (Figure 1). The indole derivative PCI-34051%" represents the
most selective HDACS inhibitor in vitro with an I1Csy of 10 nM for HDACS and a selectivity index of 290 and 400 (HDAC6 and HDAC1,
respectively). Recent investigations'**>*"* have shown that eukaryotic parasites possess HDAC orthologues and that histone acetylation
seems to play a key role in gene transcriptional regulation and cell cycle progression. Also, many human parasites share several
characteristics with tumor cells, including high metabolic activity, a dependence on lactate fermentation as energy source within the

human host, uncontrolled cell division, and a degree of invisibility to the host immune responses™®. The therapeutic potential of HDAC

inhibitors as anti-parasitic agents was first shown for the cyclic tetrapeptide apicidin®.. In addition, several studies using various HDACi



demonstrated the anti-proliferative and anti-parasitic activity of these inhibitors on major human parasitic diseases such as leishmaniasis,
malaria, schistosomiasis, toxoplasmosis, and trypanosomiasis***°.

So far, only class | (s(mHDAC1, smHDAC3 and smHDACS) and class 11l (smSirtl, 2, 5, 6 and 7) HDACs of S. mansoni have been cloned
and characterized®**. Treatment of schistosomes with generic HDAC inhibitors caused protein acetylation and a dose-dependent
mortality of schistosomula and adult worms®. All three S. mansoni class | HDACs (smHDACL, 3 and 8) are expressed at all life-cycle
stages, with HDACS transcripts being always the most abundant®, indicating that this latter enzyme is a potential target for the design of
schistosome specific inhibitors. This observation was quite surprising, because normal levels of HDACS transcripts are generally lower
than those of HDAC1 and HDAC3 in human cells, with the exception of some cancers, where HDACS8 expression is often strikingly up-
regulated*®.

The potential of SMTHDACS as a therapeutic target was supported by biochemical and in vivo assays>®. RNA interference (RNAI)-
mediated down-regulation of sSmMHDACS8 expression in schistosome larvae, schistosomula, followed by their intravenous injection into
mice and harvesting of the surviving worms 35 days later, showed a significantly reduced worm recovery compared to mice infected with
schistosomula treated with control dsRNA®. Finally, the crucial roles of zinc-dependent HDACs in schistosome biology were confirmed
with the use of small-molecule HDAC inhibitors®**®*". Therefore, a therapy with small-molecule HDACi represents a promising
approach for the treatment of schistosomiasis.

In a previous study, we were able to identify the first small molecule inhibitors of sSmHDACS8 by a combination of virtual screening and in

vitro testing®. Two of the identified hits were co-crystallized with snHDAC8 paving the way for structure-based optimization®®. Here,



we apply structure-based design on a benzohydroxamate template, taking into consideration appropriate synthetic strategies, to obtain
compounds with smHDACS inhibitory activity in vitro and anti-schistosomal activity in cellular assays. A major goal of the current work

was to identify compounds which show selectivity for smHDAC8 over major human HDAC isoforms, especially hHDAC1 and

hHDACSG.



RESULTS AND DISCUSSION

STRUCTURAL VALIDATION

From the available X-ray structure of smHDAC8/T5979345% (Figure 1) it was known that an H-bond is formed between the amide-NH-
group of the inhibitor and His292%®, Therefore, open-ring analogs that maintained this hydrogen bond were designed. This resulted in the
synthesis of the first series of inhibitors, 3-amino-benzohydroxamates 4a-4e (Scheme 1) and 3-amido-benzohydroxamates 7a-7c.
(Scheme 2). The in vitro testing showed that all compounds show specificity for the HDACS8 isoforms over the other human HDACs
tested (HDACL1 and 6). Yet, while the 3-amino-benzohydroxamates (4a-e) are micromolar inhibitors of both human and schistosomal
HDACS, they show a significant preference for the human isoform (Table 1). In contrast, the 3-amido-benzohydroxamates (7a-c) were
active in the nanomolar range and showed a nearly similar inhibitory activity against (HDAC8 and smHDACS8. These results prompted
us to focus on the derivatization of 7a-7c, since this seemed to be a more promising strategy to obtain selective compounds.

However, prior to synthesis of derivatives of this series, we looked at the binding mode of this scaffold to SmHDACS8. Towards this aim,
the crystallographic structure at 2.3 A of the complex between smHDACS8 and compound 7a was solved and refined (Table S1
Supplementary Information). The crystal structure of the sSmHDAC8/7a complex reveals that the inhibitor binds in the smHDACS active
site pocket, forming specific interactions with the protein (Figure 2). First and as expected, the hydroxamate warhead of 7a interacts with
both the catalytic zinc ion and three residues, namely His141, His142, and Tyr341 (Figure 2). The latter residue adopts the flipped-in

conformation typically observed in most HDAC/hydroxamate complexes™. Second, reminiscent to what was observed in the



smHDAC8/T5979345 complex®, smHDAC8 H292 is able to interact with the inhibitor 7a, its side chain forming a hydrogen bond (3.0

A) with the amine group of the amide (Figures 2 and 3).

Strikingly, two additional SmHDACS8-specific features were observed in this complex. First, and in contrast to what was observed for the
smHDACS8/T5979345 complex®®, smHDACS Phel51 is observed in its flipped-out position (Figures 2 and 3) despite the fact that binding
of 7a would not prevent the Phel51 side chain from adopting a flipped-in conformation. A major consequence of this flipped-out
conformation of Phel51 is that Lys20 also adopts a flipped-in conformation, the aliphatic part of its side chain lying on the Phel51 side

chain and its amine forming a hydrogen bond (2.8 A) with the carbonyl oxygen of the 7a amide group.

Interestingly, this is the first time that Lys20 has been observed interacting clearly with the inhibitor in a smHDACS/inhibitor complex.
Such a conformation had only been observed previously in the non-inhibited structure of smHDAC8 where Lys20 also interacted with an
L-tartrate molecule that was present in the crystallization buffer and was observed binding to the catalytic zinc (Figure 3). In all other
smHDACS/inhibitor complexes solved so far, the Lys20 side chain was either not seen in density or was prevented from reaching into the

active site by the flipped-in conformation adopted by Phe151%°

In addition to these hydrogen bonds formed between smHDACS and 7a, hydrophobic contacts between both molecules are also observed,
building on the overall hydrophobic character of the sSmHDACS active site and further stabilizing the smHDACS8/7a interaction. Yet, the

schistosome specific clamp formed by smHDACS8 Lys20 and His292, which distinctively interacts with the 7a amide group, helps



anchoring 7a in the enlarged — due to Phe151 flipping out — smHDACS active site, thus suggesting the molecular basis for the improved

inhibitory activity of the 3-amido-benzohydroxamates towards SmMHDACS.

SYNTHESIS

We then continued the optimization of the 3-amido-benzohydroxamate inhibitors. Towards this aim and to guide the optimization
process, docking studies using the available inhibited hHHDAC8 and smHDACS structures were carried out. Examination of the crystal
structures showed that there is the possibility to use more bulky and more lipophilic residues at position 4 of the benzohydroxamate
moiety. Recognizing that physicochemical properties might also play an important role for the anti-schistosomal activity, lipophilic
substituents were also included. Taking this into consideration, we synthesized compounds 7d—j containing different halides and alkoxy
groups at position 4 to examine the effects of these substituents on the activity and selectivity for snHDACS (Scheme 2). The compounds
containing halogen at position 4 of the benzohydroxamate moiety (7d-f) were slightly more selective for smHDACS8 compared to the 4-
methoxy derivative 7c. Compound 7h with an ethoxy-group at position 4 did not show an increase in the activity against sSmHDACS but
was less active on hHDACS8 compared to 7c.

Meanwhile, the analogs containing more lipophilic alkoxy residues at position 4 such as 7i and 7j (Scheme 3) exhibited a decreased
activity and selectivity for smHDACS8 compared to 7h. Further modifications were introduced on the benzamide moiety including chloro,
nitro or alkoxy groups (7m-7p, 7r, 7t, 7x-7z). In addition, the introduction of aromatic lipophilic residues to address the hydrophobic side

pocket of SmHDACS (7k, 71, 7q, 7u — 7w, 7za) was investigated. Compound 7k which has a quinolinyl residue and compound 7l with a



4-biphenyl residue showed an increased activity against sSmMHDAC8 and hHDACS. A substitution in meta-position as in 7q and ortho-
position as in 70 decreased the activity on the tested enzymes.

Interestingly, the combination of a para- and ortho-substitution as in 7p could restore the activity against smHDACS8 without increasing
the activity against the human enzymes. To prove that this substitution pattern is important for the selectivity of this compound, we
synthesized compound 7z, which was indeed found to be more active on the schistosomal enzyme than on the human counterpart.
Increasing the distance between the two aromatic rings by a further methylene group (7s) led to increased SmHDACS selectivity.

In addition, we tested further linker groups between the two aromatic rings (9a, 10a, Scheme 4). The introduction of an ether or
sulfonamide resulted in a loss of activity for smHDACS8 and an increased activity for hHDAC8 compared to 7c. Also, using other
scaffolds like condensed aromatic ring systems in the case of 8a did not result in an improvement of the activity or selectivity compared
to 7c.

To check the impact of the zinc chelating moiety we synthesized two analogs of 71 containing a carboxylate and a carboxylester group

instead of the hydroxamate (11a and 11b, Scheme 5). As expected neither compound showed any effect in the enzymatic HDAC assay.

DOCKING STUDIES
To rationalize the obtained biochemical data, notably to understand the change of specificity between the schistosomal and human
enzymes, the synthesized inhibitors were docked to the available crystal structures of smHDACS, hHDAC8 and hHDACI and a

homology model of hHDAC®6. The applied docking method (for details see Methods section) was first successfully validated on the X-ray



structures of hHDACS8 and smHDACS. Using this docking setup consistent binding models were derived for both human and smHDACS
In the case of smHDACS all derivatives having an amide linker between the two aromatic rings showed hydrogen bonds to Lys20 and
His292, as observed for 7a in its crystal structure.

Most importantly, the hydrogen bond between the amide linker and His292 cannot be formed in hHDACS since His292 is replaced by a
methionine in this latter enzyme. However, in the available crystal structures of hHDACS a conserved water molecule bound to the zinc
coordinating histidine (His180 in hHDACS) is observed which was found as a hydrogen bonding partner with most of the amides in the
docking studies (Figure 4). Thus, the observed hydrogen bond in the case of hHDACS (as well as in the homology model of HDACO6)
could partially explain the same range of activity of some of the compounds on human HDAC8 and HDAC6 isoforms as on smHDACS.
Adding a substituent at the para-position of the parent compound 7a (methyl, alkyloxy, and halide) results in a 2- to 7-fold gain in
smHDACS inhibitory potency and a 2- to 20-fold gain in hHDACS potency, e.g. 7b, 7c¢ and 7e compared to 7a (Table 1). Increasing the
size of the substituent at the para-position enables additional interactions at the entrance of the pocket. Furthermore, the nature of the
para-substituent might influence the biologically active conformation of the compounds, which affects not only the potency, but also the
selectivity. In case of compound 7a the X-ray structure shows an out-of-plane orientation of the amide linker (®: -60 to -102 degrees, Table
S2 Supplementary Information) which is stabilized by two hydrogen bonds to Lys20 and His292 (Figure 2). A substituent at the para-
position of the benzohydroxamate favors the out-of-plane conformation of the amide linker which might explain the higher inhibitory
potency of the para-substituted compounds. Measuring the dihedral angle ® between the amide linker and the first aromatic ring

observed in the docking poses shows a clear preference for the out-of-plane conformation of the amide group (-77 to -90 degrees, Table



S2 Supplementary Information). In case of hHDACS the predicted conformation of the amide linker is close to a coplanar orientation (29
to 51 degrees, 148 degrees for 7g) due to the modified hydrogen-bond pattern (Figure 4).

The decreased HDACI activity might be attributed to the narrower pocket of hHDACI1 in comparison to hHDACS and 6. In the docking
poses, this can be clearly seen when comparing the distances between the zinc binding groups of meta-substituted benzohydroxamates to
the zinc ion. In the case of hHDACI, the distance is higher than in the other investigated HDAC isoforms (Figure 4). The docking results
and SAR studies suggest that meta-substitution of benzohydroxamates is important to gain HDACS selectivity. This is also supported by
previous publications, showing that meta-substituted benzohydroxamic acids are more active on human HDAC8 and HDAC6 in
comparison to HDAC1 and other class I HDACg?®30:40:41:42.43.44:45

Adding hydrophobic substituents to the second aromatic ring such as halides or further aromatic rings (e.g. 7k, 71, 7p, 7z and 7za)
resulted in additional van-der-Waals interaction with Phe216, Pro291 and Phe343 of smHDACS8. However, the higher selectivity of 7s
and 7z (3-6 fold hHDAC8/smHDACS selectivity, 4-28 fold hHDAC6/smHDACS selectivity) could not be explained based on the derived
docking solutions. More sophisticated methods taking into account protein flexibility and binding free energy calculations might be

helpful to track down the subtle differences in the protein-ligand interactions deep inside the binding pocket.

PHENOTYPIC RESPONSE
We next analyzed the effect of the developed compounds on the parasites maintained in culture. The compounds were initially tested for

their toxicity toward S. mansoni schistosomula using an AlamarBlue-based viability assay (see Experimental Methods). Initial testing was



done at a concentration of 10 uM and selected compounds were also tested at 20 UM in order to determine dose-dependency. Two
biological replicates were carried out in triplicate and the results are shown in Table 2. In addition to the compounds developed during
this study, the selective HDACS inhibitor PCI1-34051 and the praziquantel, the drug used for treating schistosomiasis, were also included
in the assay. Of the tested compounds, 71 and 7za provoked the most marked dose-dependent reductions in schistosomula viability. In this
assay PCI1-34051 showed only very modest activity against schistosomula and praziquantel was inactive at the concentrations used. This
latter result is in line with previous findings*® and this was thought to be due in part to the relatively weak activity of praziquantel on
schistosomula and to a stimulation of enzyme or ion channel activity, leading to high fluorescence signals in the assay. In view of its
selectivity of inhibition with regard to human HDAC1 and 6, inhibitor 71 was chosen for further testing. We first showed that the ECs
value for this compound using the AlamarBlue-based assay was 16.1 uM (Figure S1, Supplementary Information). We next showed that
compound 7l was lethal for schistosomula in a microscopy-based assay within 2 days of incubation at 10 uM and 1-2 days at 20 uM
(Figure 5A, 5B). We further tested derivatives of 7l that were synthesized (11a and 11b, Scheme 5) as negative controls to check 71 for
off target effects. In the same assay the compound 11a, an analogue of 7l (carboxyester instead of hydroxamate) with no inhibitory
activity on smHDACS, had only a very minor effect on schistosomula after 5 days of incubation compared to the solvent (DMSO) control
(Figure 5A, 5B). This suggested that the activity of 71 on schistosomula was indeed related to its capacity to inhibit SmMHDACS8. We
finally tested compound 71 for its capacity to affect adult schistosomes maintained in culture (Figure 5C, 5D). Concentrations of 10 and
20 uM of 71 caused a marked separation of adult male and female worm pairs, 90% of the pairs being separated after 5 days in the

presence of 20 UM 71. A corresponding reduction in egg laying by these worm pairs was also induced (Figure 5D), of 80% for the 20 uM



dose. Therefore, compound 71 affects the viability of both larvae and adult worms of S. mansoni, most probably through the inhibition of

smHDACS.

CYTOTOXICITY ASSAY

It was important to test the selectivity of the compounds against smHDACS8 and to exclude possible toxic effects caused by targeting
human HDACs or other proteins. Therefore, a cytotoxicity assay in a human epithelial kidney cell line (HEK293) was performed. The
cells were incubated for 45 hours with the indicated compounds in a concentration of 50 UM and the cell viability was determined by

using the AlamarBlue-assay. All tested inhibitors exhibited only a relatively low cytotoxicity in the human cell system used (Table 3).

CONCLUSIONS

Our initial work on HDACS8 from Schistosoma mansoni has provided the proof of concept that HDAC inhibitors of this enzyme could be
used for targeting pathogens®. Here, a weak screening hit with suboptimal physicochemical properties characterized from this initial
study was optimized against HDACS8 from S. mansoni using critical structure-guided insights. Central to this optimization was the
inclusion of a methyl/methoxy-group in the para-position and an amide linker in the meta-position of the benzohydroxamate. Previous
crystallographic studies highlighted the binding of the inhibitors at the acetyl-lysine tunnel and featured a flexible phenylalanine that was
able to shift in response to compound binding to sSmMHDACS. The series disclosed here builds on this initial structural feature and

represents a novel sSmHDACS inhibition template which gives the possibility to develop potent and selective inhibitors for the therapy of



schistosomiasis. The presented compounds demonstrated high selectivity for snHDACS8 over the major human HDAC isoforms HDAC1
and HDACSG6, and some compounds even showed a preference for snHDACS over its human ortholog hHDACS. It has been reported that
inhibition of human HDAC8 shows limited effects on many cell types® and that an HDACS inhibitor had the most limited effect on the
human acetylome among a panel of inhibitors of HDACs with different selectivites*’. Cytotoxicity studies of the tested compounds
showed that the compounds present a relatively low effect on cell proliferation indicating that the inhibition of human HDACS8 does not
result in an intrinsic toxicity. Thus, while we recognize that selectivity over human HDACS still needs optimization, there are strong
indications that the high selectivity with respect to hHDACL1 and 6 that we have already obtained is more important for a potential
therapeutic setting. The most potent derivatives were also shown to impair the viability of schistosomula without affecting cell viability of
HEK?293 cells. One such compound, 71, killed schistosomula in vitro, caused significant separation of adult worm pairs and a significant
decrease in egg laying. An analog of 71, without inhibitory activity toward sSmHDACS, had no effect on the parasite, confirming that
inhibition of sSMHDACS is the basis of the anti-parasitic effects of these inhibitors and underlining their potential as anti-schistosomal

drug leads.



EXPERIMENTAL METHODS

SYNTHETIC CHEMISTRY

Unsubstituted and 4-substituted 3-amino benzoic acids were used as starting points for the synthesis of the inhibitors under study. Alkyl
and aryl residues were introduced at the aromatic-NH, group via reductive amination of the imine, obtained by the reaction of the amino
group of the 3-amino-benzoic acids and an aldehyde using sodium triacetoxy borohydride as reducing reagent. To avoid by-products in
the following synthetic steps, the secondary amine was protected by tert-butyloxycarbonyl(Boc) group. The corresponding hydroxamates
(4a-e) were obtained using PyBOP as activating reagent and O-(tetrahydro-2H-pyran-2-yl)hydroxylamine and the subsequent cleavage of
the protecting groups (Scheme 1). The 4-amido-benzohydroxamate derivatives (7a-g, 7k-z) were prepared from different 3-amino-
benzoic acids with modifications in position 4 and various benzoic acid derivatives (8a-10a). The conversion of the amino group to the
corresponding amide was accomplished by the reaction with activated benzoic acid derivatives and DIPEA. Different methods for the
activation of the carboxylic acids were tested. PyBOP, DCC and chloro ethyl formiate were insufficient and byproducts were produced,
so the activation with thionylchloride was selected as the method of choice. Using 3-amino-methyl-benzoate derivatives instead of 3-
amino-benzoic acid derivatives increased the yields and also facilitated the purification. The corresponding hydroxamates were obtained
using PyBOP and O-(tetrahydro-2H-pyran-2-yl)hydroxylamine followed by cleavage of the protecting group (Scheme 2). Generally,
using THP-protected hydroxylamine increased the yields of the desired benzohydroxamates compared to other methods using

hydroxylamine hydrochloride and KOH or potassium methanolate.



Several inhibitors could be synthesized directly from commercially available carboxylic acids (8a-10a) (Scheme 3). In other cases, the
inhibitors were synthesized starting from 4-alkoxy-benzoic acid derivatives and a following nitration step (7h-j, 7za) (Scheme 4). For the
nitration step nitrating acid, which is a mixture of 1 ml nitric acid (68%) and 1.2 ml sulfuric acid (98%), was used. This method is suitable
for the reaction of 10 mmol moderately activated aromatic rings. After the purification step the nitro-group was reduced to the

corresponding amine-group via Fe® and dil. hydrochloric acid.
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Figure 1. Chemical structures of the pan-HDAC inhibitor SAHA and reported hHDACS inhibitors.
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Figure 2. Overall structure of inhibitor 7a bound to sSmHDACS.



(A) Ribbon representation of the structure of sSmHDACS8 with bound 7a represented in space-filling; the orange sphere represents the

catalytic zinc ion.

(B) Close-up view of the binding mode of 7a in the sSmHDACS active site pocket. Protein residues are shown as grey sticks and 7a as

cyan sticks. Yellow broken lines represent salt bridges made by snHDACS, 7a and the catalytic zinc ion.

(C) LigPlot-generated two-dimensional schematic overview of molecular interactions between 7a and smHDACS active site zinc and
protein residues. Hydrogen bonds and interactions are indicated by yellow dashed lines with corresponding distances between the atoms

given in A. Hydrophobic contacts are shown by brown arcs with spokes radiating toward the atoms involved.
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Figure 3. Specific structural interactions observed in the smHDACS active site pocket with bound inhibitor 7a. Upper panels, close-up
views with protein and small molecules shown as ribbon and sticks; Middle panels, surface representations; Lower panels, cut-away
surface representations of the active site of the (A) smHDACS8/7a complex, (B) smHDACS/L-tartrate complex, and (C)
smHDACB8/T5979345 complex. Note that for clarity the T5979345 molecule was removed from the cut-away surface representation
picture in (C). In the smHDACS8/7a complex structure in (A), specific structural arrangements are observed, notably involving two
specific residues: Lys20 and Phel51. The flipped-out conformation of Phel51 enables Lys20 to flip-in and to contact inhibitor 7a. This
unique active site conformation is not observed in other smnHDACS/inhibitor complexes. In addition, the schistosome-specific residue

His292 together with the flipped-in Lys20 form a clamp that promotes stabilization and binding of 7a in the SmMHDACS active site pocket.






Figure 4. Docking poses of compound 7a (cyan carbon atoms) in the X-ray structure of (a) SmHDACS (this study), (b) hHHDACS8 (PDB
ID 2V5X), (c) hHDAC1 (PDB ID 5BKX) and (d) homology model of hHDACG6. The protein backbone is depicted in ribbon
representation and the side chains of important residues in stick representation with carbons colored grey. The conserved water molecule
that should help stabilize 7a binding in the active sites of LHDAC6 and hHDACS is shown as a red ball, and the zinc ion as an orange

ball. Hydrogen bonds and interactions with the metal ion are depicted as yellow dashed lines.
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Figure 5. A) Viability assay of S. mansoni schistosomula with up to 5 days of incubation with 10 uM 71 or 11a compared to the solvent
(DMSO) control. B) The same assay with 20 uM 71 or 11a. C) Separation of adult worm pairs for up to 5 days in culture in the presence

of 10 or 20 uM 71. D) Cumulative reduction (%) in egg laying by adult worm pairs in culture in the presence of 10 or 20 uM 71 compared

to the solvent (DMSO) control.
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Table 1: ICsp-values for 3-Amino-benzohydroxamate derivatives.

X N
T s

SN \H/N\OH
H 4 o
Cpd. no. X Y smHDAC8 hHDAC8 hHDAC1 hHDAC6
ICsonM 1CsonM 1Cso UM ICso UM
4a H benzyl 1080 + 250 143473 41.4% @ 10pM n.d.
4b H cyclohexyl 3630 + 620 830 + 40 1299+ 185 n.d.
4c H N,N-dimethyl 1576 + 146.0 70.2+10.8 37.4% @ 10pM n.d.
4d H N,N-dibenzyl 9290 + 1500 2190 + 420 42.3+3.8 86119
4e methyl cyclohexyl 600.3+195.5 104.3+12.0 49.5% @ 10uM n.d.




Table 1 (continued): ICso-values for the 3-Amido-benzohydroxamate derivatives.

FR oy

/\/\H/ ~OH

Cpd. no. X Y smHDAC8 hHDAC8 hHDAC1 hHDAC6
ICsonM 1CsonM 1Cso UM ICso UM
7a H phenyl 468.2 + 79.0 582.0 £48.0 336+138 3.0£03
7b methyl phenyl 116.2 + 38.2 204.0+22.0 84+20 09+0.4
7c methoxy phenyl 189.8 + 54.2 88.3+24.0 23+1.2 25+1.1
7d fluoro phenyl 1776 +8.1 317.8+54.2 223+7.7 0.50 £ 0.01
7e chloro phenyl 67.0£10.2 120.0 + 36.7 11.6+3.9 0.12 £ 0.02
7f bromo phenyl 150.4+8.5 191.4+26.0 74+0.38 0.15+0.01
79 trifluoro-methyl phenyl 139.6 £8.3 342.2+76.1 24+0.1 0.14 £0.02
7h ethoxy phenyl 129.3+76 171.5+15.6 46+0.3 1.3+0.1
7i propoxy phenyl 266.9 + 49.5 n.d. n.d. n.d.
7j isopropoxy phenyl 220.1 +56.2 29.0+0.2 3.6+0.3 2604




20

/\/\[( ~OH

Cpd. no. X Y smHDACS hHDACS hHDAC1 hHDAC6
ICsoNM ICsoNM ICso UM ICso UM

Tk methyl 2-quinaldin 96.1 +13.7 30.3+£7.3 2.7+0.8 0.09+£0.01
71 methoxy 4-biphenyl 754 +255 26.1+£17.6 6.3+21 0.390 + 0.002
m methoxy 4-methoxy-phenyl 106.0 £17.5 77.1+£10.6 26+0.2 04+01
n methoxy 4-chloro-phenyl 146.0£4.3 239.7+£96.0 29+0.3 09+0.1
70 methoxy 2-chloro-phenyl 699.3+ 274 211.16 £ 27.59 9.6+1.0 3.1+£0.7
P methoxy 2,4-dichloro-phenyl 121.6 £18.7 548.3 +93.9 13.0+1.9 23104
7q methoxy 3-biphenyl 289.7 + 20.0 n.d. n.d. n.d.
7r methoxy 4-ethoxyphenyl 305.0 £ 35.0 438.4 +48.0 4.4+0.6 1.0+0.1
7s methoxy benzyl 182.7 £39.3 512.2+29.8 28.9+8.6 51+0.7
Tt chloro 4-methoxy-phenyl 1471 +4.8 235.6 £49.5 41+09 0.13+0.01
Tu chloro 3-benzyloxy-phenyl 378.1+44.9 214.4+27.0 94+28 1.5+£01




20

/\/\[( ~OH

Cpd. no. X Y smHDACS hHDACS hHDAC1 hHDAC6
ICsoNM ICsoNM ICso UM ICso UM
v chloro 3-phenoxy-phenyl 396.4 +43.3 448.6 £ 100.4 6.4+0.7 03%0.1
™w chloro 4-phenoxy-phenyl 979.1 + 1100 1080 £ 300 85+21 0.15+0.01
X chloro 4-chloro-phenyl 234.7+10.3 292.0 £53.3 3.8+0.2 0.09 £0.05
7y chloro 4-nitro-phenyl 393.6 £ 50.5 n.d. n.d. n.d.
7z chloro 2,4-dichloro-phenyl 191.4 £ 16.7 1184.0+ 45.1 31.6+19.8 0.8+0.1
Tza ethoxy 4-biphenyl 92.0 £ 26.0 148.7 £ 22.7 2.08+0.14 0.6+0.1
8a 8205 + 1300 582.3 + 88.5 n.d. n.d.
%9a 268.2+21.1 23947 121 +57 29+0.3
10a 485.0 £ 158.2 19.8+5.9 20.0+£5.9 24+0.9
lla n.a. n.a. n.a. n.a.
11b n.a. n.a. n.a. n.a.
T5979345 1480 + 460 970 £ 110 27.5+8.3uM 3.6 £0.6pM
T5971079 1220 + 280 620 + 80 9.8+ 0.7uM 1.3+0.2uM
PCI134051 435.6 + 61.0 77.7+£28.1 48% @ 100uM 41% @ 100uM



SAHA 1560 + 200 400 + 100 0.117 +0.006 0.042 +0.011




Table 2. Toxicity studies on S. mansoni schistosomula (AlamarBlue assay).

Cpd. 10 uM 20 uM

no. % viability *SEM % viability + SEM
4b 82.7 24 n.d. n.d.
4c 92.6 7.4 n.d. n.d.
4d 77.9 2.6 74.6 0.4
4e 84.3 1.7 n.d. n.d.
7a 79.2 0.5 75.6 5.1
7b 82.9 2.0 72.4 24
7c 77.4 3.2 74.8 2.3
7d 82.0 8.1 78.6 9.5
7e 84.7 1.4 n.d. n.d.
7f 70.8 4.4 63.1 1.7
79 99.9 0.8 77.4 3.4
7h 89.7 10.3 n.d. n.d.
7] 75.0 0.8 68.7 0.7

7k 74.9 4.1 59.4 4.2
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70
7p
q
7s
Tt
7u
v
X
y
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8a
10a
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74.6
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71.8
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777

70.6

92.0

3.5
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1.6

4.2

0.5

5.4

2.7

4.1

6.8

0.3

3.9

4.4

5.0

0.5

7.5

334

64.6

66.5

50.7

57.0

82.8
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49.3

68.1
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35.8

n.d.
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0.3

24

3.9

0.6

1.2

9.9
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4.2
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Table 3. Cytotoxicity studies in HEK293 cells.

Cpd. Viability* Cpd. Viability* Cpd. Viability*
no. (%) no. (%) no. (%)
4a n.d. 7h 70.4 7t 62.5
4b 70.7 7i 97.4 Tu 74.4
4c 92.7 7j 128.6 v 62.0
4d 1.7 7k 66.2 w n.d.
4e 70.2 71 12.3 (199 pM)* 7X 81.6
7a 72.0 m 61.9 Ty 79.1
7b 71.2 mn 92.6 7z 70.4
7c 67.3 70 96.9 7za 80.3
7d 81.8 p 95.1 8a 73.3
Te 72.2 7q 76.2 %9a 69.1
7f 64.3 Tr 87.7 10a 80.2
79 96.0 7s 88.7 1la 47.2




7h 70.4 7t 62.5 11b 86.9

* Viability of cells in presence of 50 uM compound in comparison to an untreated sample. As positive control
daunorubicin was used and an ICs, value of 12.55 + 0.07 uM was determined.
*ICsp value,

n.d. not determined



Materials

All materials and reagents were purchased from Sigma—Aldrich Co. Ltd. and Carbolution Chemicals. All solvents were analytically pure
and dried before use. Thin layer chromatography was carried out on aluminum sheets coated with silica gel 60 F254 (Merck, Darmstadt,
Germany). For column chromatography under normal pressure silica gel 60 (0.036-0.200mm) was used.

Final compounds were confirmed to be of >95% purity based on HPLC. Purity was measured by UV absorbance at 256 nm. The HPLC
consists of an XTerra RP18 column (3.5 pum 3.9 x 100 mm) from the manufacturer Waters (Milford, MA, USA) two LC-10AD pump, a
SPD-M10A VP PDA detector, and a SIL-HT auto sampler all from the manufacturer Shimadzu (Kyoto, Japan). The mobile phase was in
all cases a gradient of methanol/water (starting at 95% water going to 5% water).

Mass spectrometry analyses were performed with a Finnigan MAT 710C (Thermo separation Products, San Jose, USA) for the ESI-MS
spectra, and with a LTQ (linear ion trap)-Orbitrap XL hybrid mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) for the
HRMS-ESI (high resolution mass spectrometry) spectra. For the HRMS analyses the signal for the isotopes with the highest prevalence
was given and calculated (**Clor, °Brom).

'H NMR and **C NMR spectra were taken on a Varian Gemini 2000 and a Varian Inova 500 using deuterated chloroform (CDCI3) and
deuterated DMSO ((CD3),S0O) as solvent. Chemical shifts are referenced to the residual solvent signals. The following abbreviations for

solvents and reagents were used: ethyl acetate (EtOAc), methanol (MeOH), tetrahydrofuran (THF), chloroform (CHCls3), water (H,0).

Computational studies



Homology modeling of hHHDAC6 was performed using the program MODELLER®® as described in a previous publication®. Molecular
docking of all inhibitors to X-ray structures of smnHDAC8, hHDACS8, hHDAC1 and the homology model of hLHDAC6 was carried out
using the progam Glide*® (Schrédinger, LLC, New York, NY, USA). The same protocol was used as in a previous study*’. Briefly, the
protein structures were prepared using Schrodinger's Protein Preparation Wizard. Hydrogen atoms were added, protonation states were
assigned and a restrained minimization was performed. Inhibitor structures were prepared in MOE 2012.10 (Chemical Computing Group,
Montreal, Canada). All compounds were docked in neutral form with multiple low energy starting conformations to produce more

unbiased results.

Enzymes and in vitro inhibition assays

Recombinant human HDAC1 and 6 were purchased from BPS biosciences, and recombinant human HDACS8 was produced as described
before®®. Recombinant smHDACS enzyme was overproduced in E. coli cells and purified by a method previously described®. Inhibition
assays of sSmHDACS and human HDACs were performed as described earlier*®®". Briefly, the commercial Fluor de Lys drug discovery
kit ((BML-KI178) was used for testing inhibition of smnHDACS8 and human HDACS. Test compounds, Fluor de Lys-HDACS substrate
(50 uM) and enzyme were incubated for 90 minutes at 37°C with subsequent addition of 50 pLL Developer 11 (BML-KI176) and further
incubation for 45 minutes at 30°C. Fluorescence was measured in a plate reader (BMG Polarstar) with excitation at A = 390 nm and
emission at A = 460 nm. Inhibition tests of human HDACI1 and 6 were conducted using ZMAL (Cbz-(Ac)Lys-AMC) as substrate and

trypsin as a developer. After incubation of test compounds, ZMAL (10.5 uM) and enzyme for 90 minutes at 37°C, 60 uL of trypsin was



added and further incubated for 20 minutes at 37°C. Trichostatin A (2 uM) was used in both assays to stop the reaction. Fluorescence was
measured similarly as mentioned above. ICsy values were determined with OriginPro (version 9.0.0, Northampton, Massachusetts).

Values in Table 1 represent mean + S.E.

Cytotoxicity studies

HEK?293 cells (DSMZ Braunschweig, ACC305) were incubated at 37°C in a humidified incubator with 5% CO, in Dulbecco’'s Modified
Eagle Medium (DMEM) supplemented with 10% FCS and 5 mM glutamine. Cells were seeded out at 1.5 x 10° cells per well in a 96-well
cell culture plate (TPP, Switzerland). The compounds were added immediately to the medium at 50 UM or increasing concentrations to
determine ICsy values. After 24 h AlamarBlue reagent (Invitrogen, CA) was added according to the manufacturer’s instructions and
incubated again for 21 h before samples were analysed. Detection of viable cells which convert the resazurine compound of reagent into
the high fluorescent resorufin was performed by using a FLUOstarOPTIMA microplate reader (BMG Labtec) with the following filter
set: Ex 560 nm / Em 590 nm. All measurements were performed in triplicates and data are means with SD < 12%. As a positive control

daunorubicin was used and an 1Cs, value of 12.55 + 0.07 uM was determined.

Phenotypic screening
The screening assay to determine the effects of novel inhibitors targeting SmMHDACS on the viability of S. mansoni schistosomula was

carried out as previously described®. Briefly, newly transformed schistosomula (NTS) were obtained in vitro by mechanical



transformation of S. mansoni cercaria as previously described®!. An NTS suspension was prepared at a concentration of 100 NTS per 100
UL using Medium 199 (Invitrogen) supplemented with 10% fetal calf serum (Gibco), penicillin (50 U.mL™), streptomycin (50 pg.mL™)
and rifampicin (60 pg.mL™). Schistosomula were kept in culture 3 hours at 37°C and 5% CO, prior to use in screening. Drug stock
solutions of 20 mM in DMSO were used. Mid-dilutions were performed in 100% DMSO and 1 pl added to 100 pl/well of M199 medium
in black 96 well plates (Nunc, UK) with supplemented Medium 199 and 100 ul of prepared NTS suspension (100 NTS/well). Live and
dead schistosomula (treated with 70% ethanol) were use as positive and negative controls. Experiments were carried out in triplicate wells
in two biological replicates and the compounds were tested at final concentrations of 10 and 20 uM. After 48 hours of drug exposure 20
pL of resazurine solution (AbdSerotec) were add in each well. Finally, after a further 24 hours of exposure, the fluorescence intensity of
the highly red fluorescent resorufin product was measured using at an excitation wavelength of 530 nm and an emission wavelength of
590 nm in an Infinite M200 Pro microplate reader (TECAN). Background fluorescence of the drug containing medium was determined
for each drug dilution using wells containing only DMSO as control. The ECso concentration for compound 71 was measured using the
same assay with different concentrations of the compound.

The effect of selected compounds on the viability of schistosomula was further tested using a microscopy based assay as described.
Schistosomula (2,000 per well), prepared as described above, were maintained in 6-well plates in M199 medium kept at pH 7.4 with 10
mM HEPES and supplemented as above at 37°C in a humid atmosphere containing 5% CO,. Two different concentrations of inhibitors
(10 and 20 uM) were added, dissolved in DMSO, and the culture medium was refreshed each day. The assessment of parasite mortality

was carried out after microscopic examination, based on three criteria: a granular appearance, tegumental defects and the absence of



motility. At least 300 schistosomula were observed at each time point for each condition and results were expressed as a percentage of
viable larvae remaining. Three biological replicates (different batches of larvae) were examined in duplicate for each condition.

The stability of adult worm pairs and egg laying was assayed as previously described. Worm pairs were obtained from infected hamsters
by perfusion as described®, washed in M199 medium and ten pairs placed in 2 mL of M199 buffered complete medium (as for
schistosomula above) in each well of a 6-well culture plate. Worms were maintained in culture for 5 days at 37°C (humid atmosphere, 5%
CO,) before the addition of smHDACS inhibitors dissolved in DMSO as above. Both the culture medium and the inhibitors were
refreshed daily. The number of couples remaining as pairs was determined daily by microscopy and the medium of each well containing
eggs laid by the couples was recovered and centrifuged to allow eggs to be counted under the microscope. Two biological replicate

experiments were performed in triplicate.

Crystallization and X-ray data collection

Diffraction-quality crystals of native smHDACS8 enzyme were obtained at 17°C after three to four days by mixing equal volumes of
smHDACS (2.5 mg/ml) with reservoir solution composed of 21% PEG 3350 (Fluka) and 0.2 M Na'/K" L-tartrate, and crystallized using
the hanging-drop vapor diffusion technique. After 3 days, grown crystals were soaked in mother liquor supplemented with the inhibitor
7a (10 mM final concentration of the inhibitor) for 20 hours. Crystals used for X-ray data collection were briefly transferred in reservoir
solution supplemented with 22% glycerol and flash-frozen in liquid nitrogen. Crystallographic data obtained in this project were collected

at 100 K on SOLEIL beamline PROXIMAL.



Structure determination, model building and refinement

Crystallographic data were processed and scaled using HKL2000°*. Since the crystals of the smHDAC8/7a complex belonged to the same
space group (P1) and had the same unit cell as native STHDACS crystals®®, only rigid-body refinement was used to adapt to the slight
differences in unit cell constants using Phenix>. The initial model was refined through several cycles of manual building using Coot®® and
automated refinement with Phenix®™ and Buster®’. The final model was validated using tools provided in Coot>®. Visualization of

I°®, and two-dimensional diagram summarizing molecular interation between inhibitor 7a and

structural data was done with Pymo
smHDACS enzyme was prepared with the help of LigPlot program®®. Atomic coordinates and structure factors of the 7a/smHDACS8

complex were deposited in the Protein Data Bank under the PDB ID code 5FUE.
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ABBREVIATIONS USED

ag., aqueous; Boc, tert-butyloxycarbonyl; Boc,O, di-tert-butyl dicarbonate; PyBOP, benzotriazol-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate; CDCls;, deuterated chloroform; CEF, chloro ethyl formiate; CHCI3 chloroform; DCC, dicyclohexylcarbodiimide;
DIPEA, di-isopropyl ethylamine; DMF, N,N-dimethylformamide; dDMSO, deuterated dimethyl sulfoxide; EtOAc, ethyl acetate; EtsN, tri

ethylamine; eq., equivalent; MeOH, methanol; Na(AcO)s;BH,sodium triacetoxy borohydride; n.a., not active; n.d., not determined,



NH,OTHP, O-(tetrahydro-2H-pyran-2-yl)hydroxylamine; smHDACS8, Schistosoma mansoni histone deacetylase 8; SOClI,,
thionylchloride; sol., solution; t-BuOH, tert-butanol; TEA, triethyl amine; TFA, trifluoracetic acid; THF, tetrahydrofuran; TLC, thin layer

chromatography; ZBG, zinc binding group
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