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Synthesis, crystallization studies and in vitro characterization of novel cinnamic acid derivatives as SmHDAC8 inhibitors for the treatment of Schistosomiasis
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Schistosomiasis is a neglected parasitic disease that affects more than 265 million people worldwide and for which the control strategy relies on mass treatment with only one drug, praziquantel. Based on the 3-chlorobenzothiophene-2-hydroxamic acid J1075, a series of hydroxamic acids with different scaffolds was prepared as potential inhibitors of Schistosoma mansoni histone deacetylase 8 (SmHDAC8). The crystal structures of SmHDAC8 with four inhibitors provided insights into the binding mode and orientation of molecules in the binding pocket as well as the orientation of its flexible amino acid residues. The compounds were evaluated in screenings for inhibitory activity against schistosome and human HDACs. The most promising compounds were further investigated for their activity toward the major human HDAC isotypes.

The most potent inhibitors were additionally screened for lethality against the schistosome larval stage using a fluorescence-based assay. Two of the compounds showed significant, dose-dependent killing of the schistosome larvae and markedly impaired egg laying of adult worm pairs maintained in culture.

Introduction

Schistosomiasis, also known as bilharziasis, is caused by a flatworm of the genus Schistosoma. Five schistosome species, Schistosoma mansoni, Schistosoma haematobium, Schistosoma intercalatum, Schistosoma japonicum and Schistosoma mekongi infect humans, of which S. mansoni is the most widely spread species. Like all schistosomes it uses a freshwater mollusk (in the case of S. mansoni: Biomphalaria sp.)

as an intermediate host [1][2][3][4][5] . Its cercariae penetrate human skin developing into adult worms. Various serious symptoms including fatigue, myalgia, eosinophilia and fevers as well as chronic diarrhea, liver or lung fibrosis, bladder cancer, hepatosplenomegaly and encephalitis are a result of the body's reaction to the constant exposure to rejected schistosome eggs [1,6,7] . Schistosomiasis is the second most important parasitic disease next to malaria. Worldwide more than 265 million individuals are infected [START_REF] Who | Fact Sheet Schistosomiasis[END_REF] among whom 280 000 die annually [2,3] . To date, there is no effective vaccine available for schistosomiasis so the control of the disease relies on a single drug. The anthelmintic praziquantel is effective against all forms of human schistosomiasis and is well tolerated with no major negative side effects [START_REF] Cioli | [END_REF] . For this reason it is used in mass treatment programs, particularly in sub-Saharan Africa and has led to significant reductions in disease morbidity and mortality [1,3,[START_REF] Cioli | [END_REF][10][11] . In 2014, more than 61 million people in 30

countries have received treatment with praziquantel [START_REF] Who | Fact Sheet Schistosomiasis[END_REF][START_REF] Cioli | [END_REF] ; in 2016 there were over 88 million people who reportedly received preventive treatment with praziquantel [12] . Due to this intensive use, there have been reports of treatment failure from different regions [1,13,14] . Together with the demonstrated ease of inducing resistance in laboratory strains of the parasite, this emphasizes the need for alternative therapeutic strategies [1,[START_REF] Cioli | [END_REF][13][14][15][16][17] .

During the complex transformations between the different life cycle stages, the parasite undergoes major morphological and metabolic changes. This implies the necessity for tight control of gene transcription to govern these changes with epigenetic processes likely to play a crucial role [3] . The actors in these processes, and in particular the enzymes that modulate chromatin architecture via the addition or subtraction of histone posttranslational modifications, are therefore potential targets for drug development. Of these, we have focused on the class I zinc-dependent histone deacetylases [18] . The treatment of schistosomes with the known HDAC inhibitor Trichostatin A (TSA) showed a dose dependent mortality of adult worms as well as schistosomula [19] . It could also be shown that the treatment of the miracidial stage with HDAC inhibitors blocks the metamorphosis to the sporocyst stage of the parasites [20] .

Moreover, TSA treatment was found to induce a marked genome-wide change in the transcriptome profile including the downregulation of 20 out of 22 genes encoding proteins involved in protection against reactive oxygen species [21] . The schistosome histone deacetylase 8 (SmHDAC8) was recently identified by us as a potential target for antiparasitic therapy [4] . It is expressed at higher levels than other HDAC isoforms in all life-cycle stages of the parasite except for schistosomula while, in contrast, its human orthologue shows the lowest level of expression among the four class I HDACs members. SmHDAC8 can therefore be assumed to have specific and vital functions in schistosomes [22] and this was confirmed by transcript knockdown using RNAi that led to a significant reduction in worm development and survival in infected mice [4] cementing its status as a valuable potential target. So far, only a few series of SmHDAC8 inhibitors have been reported [4,[23][24][25][26] and most were only moderately effective against the parasite or showed no effect (Figure 1). Based on virtual screening and structureguided optimization of a co-crystallized hit, we recently described a benzamidohydroxamic acid II (Figure 1) as an SmHDAC8 inhibitor that is able to kill S. mansoni larvae in culture [4,23,27] .

A second virtual screening hit showing moderate antiparasitic activity was the benzothiophene-based hydroxamic acid J1075

(Figure 1) [28] . The X-ray structure of J1075 bound to SmHDAC8

showed a different conformation of the binding pocket compared to the benzhydroxamic acid-bound structures [4] . In the current work, we initiated structure-based optimization to derive the first SAR of this series of SmHDAC8 inhibitors. In addition, the most promising hits were further studied for their antiparasitic activity. reported inhibitors tested against SmHDAC8 [23,26,27] .

Results and Discussion

Chemistry:

The compound J1075 (3-chlorobenzothiophene-2-hydroxamic acid) was discovered as a micromolar hit by virtual screening and was tested for inhibition of SmHDAC8 [27] . In the current work, J1075-derived hydroxamic acids were synthesized and tested.

The fragment-like hit was modified in several positions. For instance, the bicyclic scaffold was changed into indene-, indole-, benzofuran, or benzothiophene to examine the influence of the heteroatom of the 5-membered ring. Moreover, a series of differently substituted cinnamic-hydroxamic acid derivatives were synthesized and tested as ring-open analogues.

All the herein described hydroxamic acid derivatives were obtained using the respective acids as starting material following a procedure described by Mirsa et al. [29] which involves the use The indene-2-carboxylic acid derivative 2 was prepared following a procedure published by Orttmann and Treibs in 1960 [30] . (Scheme 2) Scheme 2. Synthesis of the indene-2-carboxylic acid (2).

Reagents and conditions: a) 0.5 eq. oxalyl bromide, 90 °C, 4-5 h, H2O, H + .

Meanwhile, benzofuran-2-carboxylic acid 4 was obtained by reacting salicylaldehyde with methyl bromoacetate [31] and the subsequent hydrolysis of the obtained ester. 4-Chlorobenzothiophene-2-carboxylic acid 9 was obtained by the reaction of 2,6-dichlorobenzaldehyde 8 using methyl thioglycolate following a described procedure [32] . The obtained The indole-2-hydroxamic acid derivatives (11b, 12b) were obtained from the commercially available carboxylic acid derivatives (11, 12).

Moreover, a series of differently substituted cinnamic acid derivatives were synthesized as ring-open analogues of the bicyclic compounds. The cinnamic acid derivatives were obtained by Knoevenagel condensation [33] from the analogous benzaldehydes and malonic acid in a mixture of pyridine and piperidine. (Scheme 5) The option of a Heck reaction [34] using methyl acrylate and bromobenzene derivatives was also tried but yields were unsatisfactory and the purification process was accompanied by high losses. To our knowledge some of the compounds have been described

previously in the literature but none of them have been tested

against SmHDAC8 so far.

Structure-activity relationship and structural validation

From the available X-ray structure of SmHDAC8 in complex with J1038 (PDB ID 4BZ8) and J1075 (PDB ID 4BZ9), it was known that the aromatic ring system interacts with Phe216, Phe151 and His292 in the case of J1038 or with Phe151 and Lys20 in the case of J1075. To probe the effect of the heterocyclic group and its substitution pattern on the affinity towards SmHDAC8, different heterocyclic-hydroxamic acid derivatives were developed (Table 1). Compared to the lead 3chlorobenzothiophene-2-hydroxyamic acid J1075, the unsubstituted benzothiophene derivative 10b showed a 7-and 10-fold increase in the in vitro activity towards SmHDAC8 and hHDAC8, respectively (Methods section and Table 1).

Meanwhile, the 4-chlorobenzothiophene derivative (9b) showed a substantial increase in the affinity towards the parasitic and human HDAC8 isoforms (17-and 44-fold, respectively), as compared to the 3-chlorobenzothiophene lead compound J0175, and was among the most active compounds in this series.

Similarly, the benzofuran derivatives 6b and 7b showed a notable improvement in the affinity towards SmHDAC8, while a methoxy substituent at position 7 of the benzofuran ring was unfavorable (7b). Interestingly, the indole derivatives (11b, 12b)

showed no or only little improvement in the inhibitory activity of the compounds as compared to J1075. The indene-hydroxamic acid (2b) showed no selectivity between human and smHDAC8 at 10 M and was not further characterized. Next, a series of cinnamic-hydroxamic acid derivatives bearing small substituents at different positions of the benzene ring were synthesized and tested to evaluate the effect of nature and position of the substituent on the inhibitory activity against SmHDAC8 (Table 2).

Among this series, the o-chloro derivative 13c showed the highest inhibitory potency for SmHDAC8 (IC50 61 nM). Indeed, 13c was among the best active compounds reported herein, however, it suffered from a decrease in selectivity, specifically with respect to hHDAC6. Chloro-substituents at the meta-(14c)

or para-position (15c) as well as a 2,6-dichloro-substitution (16c) seem to be less favored compared to the o-chloroderivative 13c. Similarly, adding different methoxy or ethoxy groups at the meta-and/or para-positions resulted in a decrease in the affinities of the compounds as compared to 13c. Prior to synthesis of further derivatives, we looked at the binding mode of some of these inhibitors to SmHDAC8. Towards this aim, the crystallographic structures at 2.1 Å resolution of the complexes between SmHDAC8 and compounds 9b and 13c

were solved and refined (Table S1 Supplementary Information).

The crystal structures of the SmHDAC8/9b and SmHDAC8/13c complexes revealed that the inhibitor binds in the SmHDAC8 active site pocket, forming specific interactions with the protein (Figure 2). Addressing the hydrophobic side pocket of SmHDAC8 (located between L1 and L6) by aromatic moieties was previously shown to be beneficial in terms of potency and selectivity profile [23] .

Hence, various cinnamic-hydroxamic acid derivatives bearing aryloxy and arylthio moieties as capping groups at the orthoposition were assessed. Moreover, three p-benzyloxyderivatives were tested to compare the effect of ortho-and parasubstitution patterns. In Table 3, the data of the cinnamic acid derivatives that contain a second aromatic ring are summarized.

The p-benzyloxy derivative 24c showed an improvement in the affinity as compared to the p-chloro analog 15c. Introducing a chloro or a methoxy substituent at the meta-position resulted in a decrease in SmHDAC8 activity (25c and 26c). It became, however, clear that a p-aryloxy substituent results in a pronounced increase in the affinities towards hHDAC6, and these derivatives suffer from a lack of selectivity. This series was, therefore, not pursued.

In contrast, the ortho-aryloxy/arylthio derivatives showed a good selectivity profile against hHDAC1 and hHDAC6, mostly 

Docking study

To rationalize the obtained biochemical data, the synthesized inhibitors were docked using the crystal structure of SmHDAC8 with 13c, as well as reported crystal structures of hHDAC8, hHDAC1 and hHDAC6 using the program Glide (Schrödinger Inc., New York, USA) [START_REF]Small-Molecule Drug Discovery Suite 2014-2: Glide, version 9.8[END_REF] . The used docking setup was able to reproduce the binding mode of 13c in the resolved crystal structure (RMSD = 0.14 Å), and consistent binding models were derived for both human and SmHDAC8. Docking the potent inhibitors (13c, 28c, 33c and 34c) to SmHDAC8 and hHDAC8

showed that the hydroxamic acid perfectly coordinates the zinc ion in a bidentate fashion as observed in SmHDAC8-inhibitor crystal structures. In addition, the hydroxamic acid group forms hydrogen bonds to the conserved Tyr and two His residues near to the catalytic zinc ion. These interactions are also observed in between the chlorobenzene core structure and Phe620 and Phe680 (Figure 3c). Meanwhile, the hydroxamic acid group of the o-aryl derivatives (e.g. 34c) was placed well away from the catalytic zinc ion; no chelation of the metal ion was, hence, observed (Figure 3c). This is in line with the observation that the o-aryl derivatives showed a pronounced decrease in activity towards HDAC6 as compared to 13c.

To confirm the docking results, we have further solved the structure of SmHDAC8 in complex with the two potent inhibitors 31c and 33c (Figure 4). Crystal structure showed that the inhibitors bind in the active site, where they coordinate with the catalytic zinc ion and the capping groups interact with side pocket residues (His292 and Tyr341), reminiscent of our previous crystallographic analyses with other compounds [4,23] . (yellow), and 34c (cyan) in hHDAC6 (PDB ID 5EDU). Important amino acid residues are depicted as white sticks, the zinc ion as a teal sphere, metal coordination and hydrogen bonds as cyan and yellow dashed lines, respectively. Water molecules are not shown.

Phenotypic results

We next analyzed the effect of the described compounds on the parasites maintained in culture. The compounds were initially tested for their toxicity toward S. mansoni schistosomula using an Alamar Blue-based viability assay (see Experimental Methods). Initial testing was done at a concentration of 10 µM and selected compounds were also tested at 20 µM in order to determine dose-dependency. Two biological replicates were carried out in triplicate and the results are shown in Table 4.

In addition to the compounds developed during this study, the selective HDAC8 inhibitor PCI-34051 and praziquantel, the drug used for treating schistosomiasis, were also included in the assay.

Of the tested compounds, 31c and 33c showed the most marked dose-dependent reduction in schistosomula viability.

In this assay the selective HDAC8 inhibitor PCI-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 by ourselves and others [START_REF] Panic | [END_REF] and was thought to be in part due 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 their promising results in the above described phenotypic assay, the inhibitors 31c and 33c were chosen for further testing. 31c and 33c

showed EC50 values of 6.5 and 11.8 µM, respectively, which were determined using the Alamar Blue-based assay (Figure S2, Supporting Information). Further, both compounds were lethal for schistosomula, assessed on the basis of immobility, irregularity in shape and opacity, in a microscopy-based assay within 2 days of incubation at 10 µM and 1-2 days at 20 µM (not shown). Therefore, compounds 31c and 33c affect the viability of schistosome larvae, probably through the inhibition of SmHDAC8. 

Cytotoxicity study

Parasite-specific HDAC inhibitors should possess low toxicity to mammalian cells. Therefore, a cytotoxicity assay in a human epithelial kidney cell line (HEK293) was performed. The cells were incubated for 48 hours with the indicated compounds in a concentration of 50 µM and the cell viability was determined by using the AlamarBlue-assay. All tested inhibitors exhibited only a relatively low cytotoxicity in the used human cell system (Table 4).

Conclusions

In 

4-Chlorobenzofuran-2-hydroxamic acid (6b)

1 mmol 2-hydroxy-6-chlorobenzaldehyde was dissolved in acetonitrile.

One eq. methyl bromoacetate and cesium carbonate were added. The mixture was stirred at room temperature at first then heated to about 50 °C for about 30 min. Then the reaction was stirred at room temperature for 7 days. The solvent was evaporated under reduced pressure and the crude product was dissolved in ethyl acetate and then washed with brine three times. The transformation of the obtained carboxylic derivative to the hydroxamic acid derivative was conducted as described above.

Off-white powder; yield: 19%; 

4-Chlorobenzothiophene-2-hydroxamic acid (9b)

1 mmol 2,6-dichlorobenzaldehyde was dissolved in DMF with 1 eq. methyl thioglycolate and 1 eq. potassium carbonate. The batch was heated at 60 °C for 4-5 hours. The mixture was filtered to eliminate the solid potassium carbonate and the solvent was evaporated under reduced pressure. Toluene was added and evaporated three times to extract residual DMF. The mixture was re-dissolved in chloroform and extracted with brine three times, the organic phases were combined and evaporated. The mixture was re-dissolved in methanol, a catalytic amount of NaOH (1M) was added and the batch was stirred at RT for 16 hours. The solvent was evaporated under reduced pressure and the mixture re-dissolved in chloroform and extracted with a 1M sodium carbonate solution three times. The aqueous phases are combined and concentrated, hydrochloric acid was added until the pH of the solution was at 1-2 and then the solution was extracted with chloroform three times. The organic phases were combined and evaporated under reduced pressure. The transformation of the obtained carboxylic derivative to the hydroxamic acid derivative was conducted as described above.

Off-white powder; yield: 7%; 

Off-white powder; yield: 49%; 

Purity:

The purity of all the compounds was determined by HPLC and was in all cases 95% or above. HT auto sampler all from the manufacturer Shimadzu (Kyoto, Japan).

Materials

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 calcd for ( 35 Cl, 79 Br). www.rcsb.org) [37] . Protein preparation was done using Schrödinger's Protein Preparation Wizard [START_REF]Schrödinger Release 2014-2: Schrödinger Suite 2014-2 Protein Preparation Wizard; Epik version 2.8[END_REF] by adding hydrogen atoms, assigning protonation states and minimizing the protein. Ligands were prepared in MOE [START_REF]#910[END_REF] from smiles in neutral form. The ligands were subsequently prepared for docking using the LigPrep tool [START_REF]Schrödinger Release 2014-2[END_REF] as implemented in Schrödinger's software and energy minimized using the OPLS force field.

Conformers of the prepared ligands were calculated with ConfGen using the default settings (Fast) and allowing minimization of the output conformations. Molecular docking was performed using the program Glide [START_REF]Small-Molecule Drug Discovery Suite 2014-2: Glide, version 9.8[END_REF] in the Standard Precision mode. In SmHDAC8 and hHDAC8, two conserved water molecules were included in the protein models, corresponding to HOH 2061 and 2152 in the hHDAC8 X-ray structure (PDB ID 2V5X).

Enzymes and in vitro inhibition assays: Recombinant human HDAC1 and 6 were purchased from BPS biosciences. Recombinant human HDAC8 was produced as previously described [4] . Recombinant

SmHDAC8 enzyme was overproduced in E. coli cells and purified by a method previously described [4] . Inhibition assays of SmHDAC8 and human HDACs were performed as described earlier [4,24] . Briefly, the commercial Fluor de Lys drug discovery kit (BML-KI178) was used for 

Phenotypic screening:

The screening assay to determine the effects of novel inhibitors targeting SmHDAC8 on the viability of S. mansoni schistosomula was carried out as previously described [START_REF] Marxer | [END_REF] . Briefly, newly transformed schistosomula (NTS) were obtained in vitro by mechanical transformation of S. mansoni cercariae as previously described [42] . An NTS suspension was prepared at a concentration of 100 NTS per 100 µL using Medium 199 (Invitrogen) supplemented with 10% fetal calf serum (Gibco), penicillin (50 U.mL -1 ), streptomycin (50 µg.mL -1 ) and rifampicin (60 µg.mL -1 ). Schistosomula were kept in culture 3 hours at 37°C and 5% CO2 prior to use in screening. Drug stock solutions of 20 mM in DMSO were used. Mid-dilutions were performed in 100% DMSO and 1 µl added to 100 µl/well of M199 medium in black 96 well plates (Nunc, UK) with supplemented Medium 199 and 100 µl of prepared NTS suspension (100 NTS/well). Live and dead schistosomula (treated with 70% ethanol) were used 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 µM. After 48 hours of drug exposure, 20 µL of Alamar Blue solution (AbdSerotec) were added in each well. Finally, after a further 24 hours of exposure, the fluorescence intensity of the highly red fluorescent resorufin product was measured 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 EC50 concentration for compound 31c and 33c were 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 [19] . Briefly, 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% CO2. Two different concentrations of inhibitors (10 and 20 µM) 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.

Crystallization and X-ray data collection: Diffraction-quality crystals of native SmHDAC8 enzyme were obtained at 17°C after three to four days by mixing equal volumes of SmHDAC8 (2.5 mg/ml) with reservoir solution composed of 21% PEG 3350 (Fluka) and 0.2 M Na + /K + Ltartrate, and crystallized using the hanging-drop vapor diffusion technique. After 3 days, grown crystals were soaked in mother liquor supplemented with the inhibitor 9b/13c/31c/33c (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 PROXIMA1.

Structure determination, model building and refinement:

Crystallographic data were processed and scaled using HKL2000 [43] .

Since the crystals of the SmHDAC8/inhibitor complexes belonged to the same space group (P1) and had the same unit cell as native SmHDAC8 crystals [4] , only rigid-body refinement was used to adapt to the slight differences in unit cell constants using Phenix [44] . The initial model was refined through several cycles of manual building using Coot [45] and automated refinement with Phenix [44] and Buster [46] . The final model was validated using tools provided in Coot [45] . Visualization of structural data was done with Pymol [START_REF]The PyMOL Molecular Graphics System, Version 2.0 Schrödinger[END_REF] . Atomic coordinates and structure factors of the four SmHDAC8/inhibitor complexes were deposited in the Protein Data Bank.
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By applying structure-based design a series of novel inhibitors of the Schistosoma mansoni histone deacetylase 8 (SmHDAC8) could be developed that showed promising in vitro inhibitory activity. Structure-guided optimization on the basis of four solved crystal structures of SmHDAC8 resulted in nanomolar inhibitors with good selectivity over the mostly expressed human HDAC1 and 6. Two compounds showed significant, dose-dependent killing of the parasite and markedly impaired egg laying of adult worm pairs. Therefore, these compounds represent promising compounds for in vivo studies.
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 1 Figure 1. Chemical structures and IC50 values of previously

  of O-(tetrahydro-2H-pyran-2-yl)hydroxylamine and the subsequent cleavage of the THP-protecting group in acidic conditions. (Scheme 1)

35c Scheme 1 .

 1 Scheme 1. Transformation of carboxylic acids into hydroxamic acids. Reagents and conditions: a) PyBOP®, DiPEA, NH2OTHP, in THF, rt 4-24 h; b) hydrochloric acid, in MeOH 20-70 °C, 6-24 h.

Scheme 3 .

 3 Scheme 3. Synthesis of the benzofuran-2-carboxylic acid derivatives. Reagents and conditions: a) 1 eq. BrCH2CO2Me, 1 eq. K2CO3, 5 ml CH3CN, 6 h, 60 °C; b) NaOH, MeOH; c) 2 mmol 6-chlorosalicaldehyde, 2.5 mmol BrCH2CO2Me, 2.5 mmol Cs2CO3, CH3CN, 7 d, rt; d) NaOH, MeOH, then H + .

Scheme 4 .

 4 Scheme 4. Synthesis of 4-chlorobenzothiophene-2-carboxylic acid. Reagents and conditions: a) 1 eq. HSCH2CO2Me, 1 eq. K2CO3, 5 ml DMF, 4 h, 60 °C; b) NaOH, MeOH, then H + .

Scheme 5 .

 5 Scheme 5. Synthesis of the cinnamic acid derivatives. Reagents and conditions: a) malonic acid, pyridine, piperidine, 3-6 h, 70-80 °C; b) hydrochloric acid, ice, overnight 4-8 °C.

Figure 2 .

 2 Figure 2. Structures of a) 9b (blue sticks) and b) 13c (grey sticks) bound to SmHDAC8. Side chains of amino acid residues in the binding site are shown as white sticks and the catalytic zinc ion as yellow sphere. Metal coordination and hydrogen bonds are depicted as cyan and yellow dashed lines, respectively.

  exhibiting submicromolar affinities towards SmHDAC8, while their activities against hHDAC1 and -6 lay in the micromolar range. While the o-benzyloxy derivative (27c) only showed low affinity towards SmHDAC8, adding a further methoxy group in the meta-position (28c) or substituting the benzyl capping group with 4-chloro, 2,4-dichloro and 2,6-dichloro groups (29c, 30c and 31c, respectively) led to an improvement in the activity towards SmHDAC8, with the meta-methoxy derivative 28c showing the best inhibitory activity (IC50 130 nM). Replacing the benzyloxy moiety by phenyloxy or phenylthio groups resulted in a slight improvement of the affinities; the 4-methoxyphenyloxy derivative 34c showed a strong inhibition with an IC50 91 nM. It is, however, noteworthy that the introduction of the o-aryloxy capping group did not result in the desired increase in inhibitory activity compared to the o-chloro derivative 13c. Indeed, 13c and the o-(4-methoxyphenyloxy) derivative 34c exhibited the highest inhibitory activity towards SmHDAC8 (60 and 90 nM, respectively), and showed a good selectivity against the human isozymes HDAC1 and -6.

  the crystal structure of SmHDAC8 with hydroxamic acid based inhibitors. Additionally, the benzene core of the inhibitors is able to undergo π-π stacking interactions with Phe216 in SmHDAC8, while in hHDAC8 it is sandwiched between Phe208 and Phe152, showing π-π stacking interactions with both residues. The aromatic capping groups of the most potent o-aryloxycinnamic hydroxamic acid derivatives are accommodated in the hydrophobic side pocket of both SmHDAC8 and hHDAC8, where they can undergo π-π stacking and vdW interactions with residues lining this pocket (Tyr341, His292 and Pro291 in SmHDAC8, and Tyr306, Met274, Pro273 and Phe152 in hHDAC8 (Figure 3a and 3b). Docking of the inhibitors to hHDAC1 showed that the hydroxamic acid is not able to coordinate to the catalytic zinc ion in a bidentate fashion due to the narrower binding pocket (Figure S1 Supporting Information). In hHDAC6, the o-chloro derivative 13c, which exhibited high HDAC6 inhibitory activity (IC50 = 100 nM), was perfectly placed in the lysine channel, showing a bidentate chelation of the catalytic zinc ion, hydrogen bond interactions with His610, His611, and Tyr 782, and π-π stacking

Figure 3 .

 3 Figure 3. a) Docking poses of 33c (purple), 34c (cyan), and 28c (green) in the SmHDAC8 crystal structure with 13c (yellow). b) Docking poses of 13c (yellow), 33c (purple), 34c (cyan), and 28c (green) in hHDAC8 (PDB ID 2V5X). c) Docking poses of 13c

Figure 4 .

 4 Figure 4. X-ray structures of a) 33c (mustard sticks) and b) 31c (cyan sticks) bound to SmHDAC8. c) Overlay of 31c (mustard) and 33c (cyan) structures in the active site of SmHDAC8. Side chains of amino acid residues in the binding site are shown as white sticks and the catalytic zinc ion as yellow sphere. Metal coordination and hydrogen bonds are depicted as cyan and yellow dashed lines, respectively.

1H-Indene- 2 -carboxylic acid ( 2 )

 22 summary, we have designed several new cinnamic acidbased and bicyclic hydroxamic acids and tested them for SmHDAC8 inhibition. Promising compounds were also tested on several human HDAC isoforms. The availability of two crystal structures of SmHDAC8 co-crystalized with two inhibitors for the cinnamic acid and the bicyclic scaffolds in combination with docking studies allowed rationalization of the biochemical data. Cytotoxicity studies revealed that neither of the compounds have major toxic effects on the proliferation of HEK293 human cell line. The most potent inhibitors were screened for lethality against the schistosome larval stage using a fluorescence-based assay. Two of the compounds showed significant, dosedependent killing of the schistosome larvae and markedly impaired egg laying of adult worm pairs maintained in culture. Therefore, these compounds represent promising hits for in vivo studies. the conversion of the carboxylic acid to the corresponding hydroxamic acid derivatives: The carboxylic acids were dissolved in dry THF and 1.2 eq. of PyBOP, 1.5 eq. of O-(tetrahydro-2H-pyran-2-yl)hydroxylamine and 2.5 eq. of N,Ndiisopropylethylamine (DIPEA) were added. The reaction mixture was stirred at room temperature and the progression of the reaction was observed by TLC. The THP-protected intermediate was purified by column chromatography; the mobile phase being chloroform with 0.25 % triethylamine (TEA) and the stationary phase being silica (previously washed with the mobile phase). The purified THP-protected intermediates were dissolved in methanol and a catalytic amount of 1 M aqueous hydrochloric acid was added to cleave the protecting group. The progression of the reaction was observed by TLC. The hydroxamic acids were purified by column chromatography with chloroform and 0.25 % formic acid and a methanol gradient as a mobile phase. One eq. indene and 0.5 eq. were mixed together and stirred at 90 °C in an oil bath for approximately 5 hours. The reaction batch was cooled to room temperature, dissolved in ethyl acetate and extracted with a saturated potassium carbonate solution three times. The aqueous phases were combined, acidified with concentrated hydrochloric acid and extracted with ethyl acetate. The solvent was removed under reduce pressure to give the product as a white powder. Yield: 27 %; 1 H NMR (400 MHz, DMSO-d6) δ 12.45 (s, 1H, COOH), 7.68 (s, 1H, H3), 7.59 (dd, J = 5.2, 3.4 Hz, 1H, H4), 7.56 -7.52 (m, 1H, H5), 7.36 -7.32 (m, 2H, H6, H7), 3.63 (d, J = 1.6 Hz, 2H, H1, H1'). MS (ESI_, MeOH) m/z (%): 159.15 (100) [M-H] -.

4 -(2E)- 3 -( 2 -(2E)- 3 -( 4 -

 43234 Bromophenyl)-N-hydroxy-2-propenamide (17c) Pale pink powder; yield: 49%; 1 H NMR (400 MHz, DMSO-d6) δ 10.77 (s, 1H, NHOH), 9.05 (s, 1H, NHOH), 7.61 (d, J = 8.4 Hz, 2H, H2, H6), 7.52 (d, J = 8.5 Hz, 2H, H3, H5), 7.43 (d, J = 15.8 Hz, 1H, Hβ), 6.47 (d, J = 15.9 Hz, 1H, Hα). MS (ESI_, MeOH) m/z (%): 240.20 (100) [M-H] -, 242.20 (97.3) [M+H] + . (2E)-N-Hydroxy-3-(4-methoxyphenyl)-2-propenamide (18c) Off-white powder; yield: 49%; 1 H NMR (400 MHz, DMSO) δ 10.64 (s, 1H, NHOH), 8.94 (s, 1H, NHOH), 7.50 (d, J = 8.4 Hz, 1H), 7.40 (d, J = 15.7 Hz, 1H, Hβ), 6.97 (d, J = 8.6 Hz, 1H), 6.31 (d, J = 15.8 Hz, 1H, Hα), 3.78 (s, 1H). MS (ESI_, MeOH) m/z (%):194.05 (100) [M+H] + , 192.24 (100) [M+H] + . HRMS-ESI m/z [M+H] + calcd for C10H12NO3 + : 194.0817, found: 194.0812. (2E)-N-Hydroxy-3-(3-methoxyphenyl)-2-propenamide (19c) Off-white powder; yield: 37%; 1 H NMR (400 MHz, DMSO-d6) δ 10.73 (s, 1H, NHOH), 9.03 (s, 1H, NHOH), 7.43 (d, J = 15.8 Hz, 1H, Hβ ), 7.32 (t, J = 7.9 Hz, 1H, H5), 7.13 (d, J = 7.9 Hz, 1H, H6), 7.11 (s, 1H, H2), 6.94 (dd, J = 8.2, 2.1 Hz, 1H, H4), 6.46 (d, J = 15.8 Hz, 1H, Hα), 3.78 (s, 3H, CH3). MS (ESI_, MeOH) m/z (%): 192.27 (100) [M-H] -194.04 (100) [M+H] + . Ethoxyphenyl)-N-hydroxy-2-propenamide (20c) Off-white powder; yield: 62%; 1 H NMR (400 MHz, DMSO-d6) δ 10.72 (s, 1H, NHOH), 8.96 (s, 1H, NHOH), 7.67 (d, J = 15.9 Hz, 1H, Hβ), 7.49 (d, J = 6.5 Hz, 1H, H6), 7.36 -7.30 (m, 1H, H4), 7.05 (d, J = 7.9 Hz, 1H, H5), 6.96 (m, J = 7.5 Hz, 1H, H3), 6.51 (d, J = 15.9 Hz, 1H, Hα), 4.11 (q, J = 7.0 Hz, 2H, CH2), 1.39 (t, J = 7.0 Hz, 3H, CH3). HRMS-ESI m/z [M+H] + calcd for C11H14NO3 + : 208.0974, found: 208.0971. Ethoxyphenyl)-N-hydroxy-2-propenamide (21c) Off-white powder; yield: 35%; 1 H NMR (400 MHz, DMSO-d6) δ 10.63 (s, 1H, NHOH), 8.93 (s, 1H, NHOH), 7.48 (d, J = 8.5 Hz, 2H, H3, H5), 7.39 (d, J = 15.8 Hz, 1H, Hβ), 6.95 (d, J = 8.7 Hz, 2H, H2, H6), 6.30 (d, J = 15.6 Hz, 1H, Hα), 4.05 (q, J = 6.9 Hz, 2H, CH2), 1.33 (t, J = 7.0 Hz, 3H, CH3). MS (ESI_, MeOH) m/z (%): 206.28 (100) [M-H] -. HRMS-ESI m/z [M+H] + calcd for C11H14NO3 + : 208.0974, found: 208.0968. (2E)-3-(3-Methoxy-4-hydroxyphenyl)-N-hydroxy-2-propenamide (22c) Off-white powder; yield: 43%; 1 H NMR (400 MHz, DMSO-d6) δ 10.58 (s, 1H, NHOH), 9.40 (s, 1H, NHOH), 7.35 (d, J = 15.7 Hz, 1H, Hβ), 7.12 (s, 1H, H6), 6.99 (d, J = 8.1 Hz, 1H, H2), 6.78 (d, J = 8.1 Hz, 1H, H3), 6.27 (d, J = 15.7 Hz, 1H, Hα), 3.80 (s, 3H, CH3). MS (ESI_, MeOH) m/z (%): 208.22 (100) [M-H] -. HRMS-ESI m/z [M+H] + calcd for C10H12NO4 + : 210.0766, found: 210.0763 . Pale red powder; yield: 33%; 1 H NMR (500 MHz, DMSO-d6) δ 10.57 (s, 1H, NHOH), 9.34 (s, 1H, NHOH), 7.33 (d, J = 15.8 Hz, 1H, Hβ), 7.09 (s, 1H, H2), 6.98 (d, J = 8.2 Hz, 1H, H6), 6.79 (d, J = 8.1 Hz, 1H, H5), 6.25 (t, J = 12.3 Hz, 1H, Hα), 4.09 -4.01 (m, 2H, CH2), 1.34 (t, J = 7.0 Hz, 3H, CH3). MS (ESI_, MeOH) m/z (%): 222.23 (100) [M-H] -, 224.03 (100) [M+H] + . HRMS-ESI m/z [M+H] + calcd for C11H14NO4 + : 224.0923, found: 224.0921. (2E)-N-Hydroxy-3-[4-(benzyloxy)phenyl]-2-propenamide (24c) Pale pink powder; yield 16%; 1 H NMR (400 MHz, DMSO-d6) δ 10.62 (s, 1H, NHOH), 8.94 (s, 1H, NHOH), 7.54 -7.29 (m, J = 24.6, 17.1, 7.7 Hz, 8H, Hβ, H3, H5, H2', H3', H4', H5', H6'), 7.04 (d, J = 8.6 Hz, 2H, H2, H6), 6.31 (d, J = 15.9 Hz, 1H, Hα), 5.14 (s, 2H, CH2). MS (ESI_, MeOH) m/z (%): 268.17 (100) [M-H] -, 270.07 (100) [M+H] + . (2E)-N-Hydroxy-3-[4-benzyloxy-3-chlorphenyl]-2-propenamide (25c) Off-white powder; yield: 38%; 1H NMR (400 MHz, DMSO-d6) δ 10.66 (s, 1H, NHOH), 9.00 (s, 1H, NHOH), 7.67 (d, J = 1.8 Hz, 1H, H2), 7.50 (dd, J = 8.6, 1.7 Hz, 1H, H6), 7.49 -7.38 (m, 5H, Hβ, H2', H3', H5', H6'), 7.37 -7.32 (m, 1H, H4'), 7.27 (d, J = 8.6 Hz, 1H, H5), 6.37 (d, J = 15.8 Hz, 1H, Hα), 5.25 (s, 2H, CH2). MS (ESI_, MeOH) m/z (%): 304.15 (100) [M+H]+, 302.15 (100) [M-H]-. HRMS-ESI m/z [M-H] -calcd for C16H13ClNO3 -: 302.0584, found: 302.0584. powder; yield: 57%; 1 H NMR (400 MHz, DMSO-d6) δ 10.62 (s, 1H, NHOH), 8.94 (s, 1H, NHOH), 7.46 -7.31 (m, 6H, Hβ, 5Ar'H), 7.18 (s, 1H, H2), 7.09 (d, J = 8.7 Hz, 1H, H6), 7.06 (d, J = 8.3 Hz, 1H, H5), 6.34 (d, J = 15.7 Hz, 1H, Hα), 5.12 (s, 2H, CH2), 3.81 (s, 3H, CH3). MS (ESI_, MeOH) m/z (%): 382.19 (100) [M-H] -. HRMS-ESI m/z [M+H] + calcd for C17H18NO4 + : 300.1236, found: 300.1232. (2E)-N-Hydroxy-3-[2-(benzyloxy)phenyl]-2-propenamide (27c) Off-white powder; yield: 12%; 1 H NMR (400 MHz, DMSO-d6) δ 10.72 (s, 1H, NHOH), 8.96 (s, 1H, NHOH), 7.75 (d, J = 16.0 Hz, 1H, Hβ), 7.53 (d, J = 7.0 Hz, 1H, H6), 7.47 (d, J = 7.0 Hz, 2H, H2', H6'), 7.43 -7.37 (m, 2H, H3', H5'), 7.37 -7.29 (m, 2H, H4, H4'), 7.14 (d, J = 8.2 Hz, 1H, H3), 6.98 (t, J = 7.4 Hz, 1H, H5), 6.48 (d, J = 16.0 Hz, 1H, Hα), 5.21 (s, 2H, CH2). MS (ESI_, MeOH) m/z (%): 268.20 (100) [M-H] -. HRMS-ESI m/z [M+H] + calcd for C16H16NO3 + : 270.1130, found: 270.1128. (2E)-3-[2-Benzyloxy-3-methoxyphenyl]-N-hydroxy-2-propenamide (28c) Off-white powder; yield: 59%; 1 H NMR (400 MHz, DMSO-d6) δ 10.72 (s, 1H, NHOH), 9.00 (s, 1H, NHOH), 7.71 (d, J = 16.1 Hz, 1H, Hβ), 7.45 (d, J = 6.8 Hz, 2H, H2', H6'), 7.41 -7.31 (m, 3H, H6, H3', H5'), 7.11 (t, J = 6.7 Hz, 3H, H4, H5, H4'), 6.43 (d, J = 15.9 Hz, 1H, Hα), 4.96 (s, 2H, CH2), 3.85 (s, 3H, CH3). MS (ESI_, MeOH) m/z (%): 298.25 (100) [M-H] -322.07 (100) [M+Na] + . HRMS-ESI m/z [M+H] + calcd for C17H18NO4 + : 300.1236, found: 300.1230. powder; yield: 55%; 1 H NMR (400 MHz, DMSO-d6) δ 10.72 (s, 1H, NHOH), 8.98 (s, 1H, NHOH), 7.73 (d, J = 16.0 Hz, 1H, Hβ), 7.53 (d, J = 6.9 Hz, 1H, H6), 7.51 -7.44 (m, 4H, H2', H3', H5', H6'), 7.33 (t, J = 7.2 Hz, 1H, H5), 7.12 (d, J = 8.2 Hz, 1H, H3), 6.99 (t, J = 7.5 Hz, 1H, H4), 6.49 (d, J = 15.9 Hz, 1H, Hα), 5.21 (s, 2H, CH2). MS (ESI_, MeOH) m/z (%): 302.19 (100) [M-H] -304.10 (100) [M+H] + . HRMS-ESI m/z [M+H] + calcd for C16H15ClNO3 + : 304.0740, found: 304.0734.

:

  All materials and reagents were purchased from Sigma-Aldrich Co. Ltd., abcr GmbH, ChemPUR Feinchemikalien und Forschungsbedarf GmbH 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 atmospheric pressure silica gel 60 (0.036-0.200mm) was used. Medium pressure liquid chromatography was utilized for a more thorough purification of compounds that after gravity column chromatography had purities of less than 95 %. As a stationary phase silica gel 60 (0,040 -0,063 mm; Merck) was used. The filling of the columns was performed with the aid of a Cartriger C-670. The elution solvent was mixed and pumped through the column via two pumps (both Pump Module C-601) and the Pump Manager C-615. The fractions were collected by a FractionCollector C-660. All equipment mentioned above was acquired from the manufacturer Büchi. The eluent was also Chloroform with 0.25 % formic acid and a methanol gradient. For the detection of the product a UV-Monitor C-630 was used as well as TLC Final compounds were confirmed to be of >95% purity based on HPLC.Purity was measured by UV absorbance at 254 nm. The HPLC consists of an XTerra RP18 column (3.5 µm 3.9 x 100 mm; Waters, Milford, MA, USA) two LC-10AD pumps, a SPD-M10A VP PDA detector, and a SIL-

1 H

 1 NMR and 13 C NMR spectra were taken on a Varian Gemini 2000 and a Varian Inova 500 using deuterated chloroform (CDCl3) and deuterated DMSO ((CD3)2SO) 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 (CHCl3), water (H2O). Docking. The resolved crystal structure of SmHDAC8 with 13c (chain B), hHDAC8 (PDB ID 2V5X), hDAC6 (PDB ID 5EDU) and hHDAC1 (PDB ID 4BKX) were downloaded from the Protein Data Bank (PDB¸;

  testing inhibition of SmHDAC8 and human HDAC8. Test compounds, Fluor de Lys-HDAC8 substrate (50 µM) and enzyme were incubated for 90 minutes at 37 °C with subsequent addition of 50 μL Developer II (BML-KI176) and further incubation for 45 minutes at 30 °C. Fluorescence was measured in a plate reader (BMG Polarstar) with excitation at λ = 390 nm and emission at λ = 460 nm. Inhibition tests of human HDAC1 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 µM) and enzyme for 90 minutes at 37 °C, 60 μL of trypsin was added and further incubated for 20 minutes at 37 °C. Trichostatin A (2 µM) was used in both assays to stop the reaction. Fluorescence was measured similarly as mentioned above. IC50 values were determined with OriginPro (version 9.0.0, Northampton, Massachusetts). Values represent mean ± SEM. Cytotoxicity studies: HEK293 cells (DSMZ Braunschweig, ACC305) were incubated at 37°C in a humidified incubator with 5% CO2 in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FCS and 5 mM glutamine. Cells were seeded out at 1.5 x 10 3 cells per well in a 96-well cell culture plate (TPP, Switzerland). The compounds were added immediately to the medium at 50 µM or increasing concentrations to determine IC50 values. After 24 h, Alamar Blue reagent (Invitrogen, CA) was added according to the manufacturer's instructions and incubated again for 21 h before samples were analyzed. Detection of viable cells which convert the resazurine reagent into the highly fluorescent resorufin was performed by using a FLUOstarOPTIMA microplate reader (BMG Labtec) with the following filter set: Ex 530 nm / Em 590 nm. All measurements were performed in triplicate and data are means with SD < 12%. As a positive control daunorubicin was used and an IC50 value of 12.55 ± 0.07 µM was determined.

  

Table 1 . In vitro HDAC inhibitory activity of bicyclic compounds.

 1 

	No.	Structure	IC50	IC50	IC50	IC50
			SmHDAC8	hHDAC8	hHDAC1	hHDAC6
			nM	nM	nM	nM
	J1075		4300 ± 300	3100 ± 500	16000 ± 3000	1900 ± 1200
	2b		98% @ 10µM	100% @ 10µM	n.d.	n.d.
	4b		240 ± 50	n.d.	n.d.	n.d.
	6b		780 ± 40	n.d.	n.d.	n.d.
	7b		2100 ± 500	640 ± 100	n.d.	n.d.
	9b		250 ± 20	70 ± 20	36000 ± 4000	540 ± 100
	10b		630 ± 100	300 ± 100	3560 ± 360	260 ± 50
	11b		4900 ± 110	610 ± 80	25% @100 µM	n.d.
	12b		1800 ± 800	n.d	n.d.	n.d.
	n.d. = not determined, IC50 values ± SEM (n=3)		

Table 2 . In vitro HDAC inhibitory activity of cinnamic acid derivatives.

 2 

			IC50	IC50	IC50		IC50
	No.	Structure	SmHDAC8	hHDAC8	hHDAC1	hHDAC6
			nM	nM	nM		nM
	13c		60 ± 20	54 ± 9	2200 200	±	100 10	±
	14c		43% @ 0.5 µM	43% @ 0.5 µM	n.d.		n.d.
	15c		800 ± 110	n.d.	n.d.		n.d.
	16c		210 ± 30	175 ± 46	9100 ± 900		140 ± 10
	17c		240 ± 50	n.d.	n.d.		n.d.
	18c		57% @ 0.5 µM	n.d.	n.d.		n.d.
	19c		61% @ 0.5 µM	n.d.	n.d.		n.d.
	20c		53% @ 0.5 µM	n.d.	n.d.		n.d.
	21c		48% @ 0.5 µM	n.d.	n.d.		n.d.
	22c		53% @ 0.5 µM	n.d.	n.d.		n.d.
	23c		660 ± 170	n.d.	n.d.		n.d.
	n.d. = not determined, IC50 values ± SEM (n=3)			

Table 3 . In vitro HDAC inhibitory activity of cinnamic acid derivatives.

 3 

	Structure	IC50	IC50	IC50		IC50	
	No.	SmHDAC8	hHDAC8	hHDAC1	hHDAC6
		nM	nM	nM		nM	
	24c	250 ± 40	1200 ± 100	750 ± 30		130 ± 20	
	25c	3300 ± 1600	3100 ± 110	n.d.		300 ± 50	
	26c	1500 ± 400	1900 ± 500	n.d.		680 ± 200
	27c	56% @ 0.5 µM	n.d.	n.d.		n.d.	
	28c	130 ± 20	130 ± 10	20000 ±	4200 700	±
	29c	720 ± 110	250 ± 30	12900 ±	3900 400	±
	30c	520 ± 80	390 ± 70	20000 ±	6100 700	±
	31c	440 ± 40	470 ± 90	20200 ±	8200 1300	±
	32c	220 ± 10	150 ± 30	13400 ±	11400 ± 2500
	33c	180 ± 30	180 ± 40	700	±	3200 300	±
	34c	90 ± 20	80 ± 10	11500 ±	6100 ± 500	
	35c	33% @ 0.5 µM	42% @ 0.5 µM	100	±	1900 400	±
	n.d. = not determined, IC50 values ± SEM (n=3)				

Table 4 . Toxicity studies on S. mansoni schistosomula as well as on human HEK293 cells (AlamarBlue assay).

 4 

								27c	66	4	68	5	77	1
								28c	84	6	n.d.		78	1
		Schistosomula	Schistosomula	HEK293								
	Cpd.	10 µM		20 µM		50 µM		29c	70	1	40	6	80	3
	no.	% viability ± SEM % viability ± SEM % viability ± SEM	30c	68	2	18	6	79	2
	6b	n.d.		n.d.		64	6	31c	53	2	11	2	57 a	1
	7b	n.d.		n.d.		12	2	32c	63	1	37	2	72	1
	9b	85	15	82	5	90	1	33c	25	4	3	2	64 b	3
	12b	86	9	84	6	104	2	34c	70	1	59	1	75	3
	13c	67	5	69	3	97	4	35c	60	1	45	2	87	3
	15c	80	10	83	2	110	1	PCI-34051	71	1	62	4	97	2
	16c	n.d.		n.d.		79	2	Praziquantel 92	8	89	6	99	4
	17c	74	12	78	4	110	1	a IC50 HEK293 43 µM, b IC50 HEK293 40 µM. values ± SEM (n=3)
	18c	n.d.		n.d.		89	2							
	19c	n.d.		n.d.		94	3							
	20c	88	3	n.d.		75	3							
	21c	n.d.		n.d.		93	3							
	22c	n.d.		n.d.		111	7							
	23c	83	3	n.d.		100	3							
	24c	87	13	84	3	113	2							
	25c	76	2	54	6	81	2							
	26c	n.d.		n.d.		85	6							

1H-Indene-2-hydroxamic acid (2b)

  

	White powder; yield: 8.6%; 1 H NMR (400 MHz, DMSO) δ 10.92 (s, 1H),
	8.95 (s, 1H), 7.50 (d, J = 12.1 Hz, 2H), 7.48 (s, 1H), 7.33 -7.26 (m, 2H),
	3.63 (s, 2H). MS (ESI_, MeOH) m/z (%): 174.20 (100) [M-H] -176.28
	(100) [M+H] + . HRMS-ESI m/z [M+H] + calcd for C10H10NO2 + : 176.0712,
	found: 176.0707.
	Benzofuran-2-hydroxamic acid (4b)
	1 mmol salicylaldehyde was dissolved in acetonitrile. One eq. methyl
	bromoacetate and potassium carbonate were added. The mixture was
	stirred at room temperature at first, then heated to about 50°C for about
	30 min. The solvent was evaporated under reduced pressure and the
	crude product was re-dissolved in ethyl acetate and then washed with
	brine three times. The transformation of the obtained carboxylic
	derivative to the hydroxamic acid derivative was conducted as described
	above.
	Off-white powder; yield: 23%; 1 H NMR (400 MHz, DMSO) δ 11.52 -
	11.46 (m, 1H), 9.26 (s, 1H), 8.46 -8.43 (m, 1H), 7.76 (d, J = 8.2 Hz, 1H),
	7.64 (d, J = 7.8 Hz, 5H), 7.64 (d, J = 7.8 Hz, 5H), 7.46 (d, J = 10.8 Hz,

8H), 7.46 (d, J = 10.8 Hz, 8H), 7.34 (d, J = 7.3 Hz, 6H), 7.34 (d, J = 7.3 Hz, 6H). MS (ESI_, MeOH) m/z (%): 176.17 (100) [M-H] -. HRMS-ESI m/z [M+H] + calcd for C9H8NO3 + : 178.0504, found : 178.0499.

General procedure for the cinnamic acid derivatives:

  

		Off-white powder; yield: 51%; 1 H NMR (400 MHz, DMSO-d6) δ 10.77 (s,
		1H, NHOH), 9.09 (s, 1H, NHOH), 7.63 (s, 1H, H2), 7.53 (d, J = 3.5 Hz,
		1H, H6), 7.48 -7.36 (m, 3H, H4, H5, Hβ), 6.52 (d, J = 15.8 Hz, 1H, Hα).
		MS (ESI_, MeOH) m/z (%): 196.23 (100) [M-H] -. HRMS-ESI m/z [M+H] +
		calcd for C9H9ClNO2 + : 198.0322, found: 198.0315.
		(2E)-3-(4-Chlorophenyl)-N-hydroxy-2-propenamide (15c)
		Pale pink powder; yield: 55%; 1 H NMR (400 MHz, DMSO-d6) δ 10.77 (s,
		1H, NHOH), 9.05 (s, 1H, NHOH), 7.59 (d, J = 8.4 Hz, 2H, H2, H6), 7.52 -
	1 H NMR (400 MHz, DMSO) δ 11.63 (s, 1H), 9.34 (s, 1H), 8.06 (s, 1H), 8.03 (d, J = 7.8 Hz, 1H), 7.54 (d, J = 7.3 Hz, 1H), 7.49 -7.44 (m, 1H). MS (ESI_, MeOH) m/z (%): 226.26 (100) [M-H] -.	7.40 (m, 3H, H3, H5, Hβ), 6.46 (d, J = 15.9 Hz, 1H, Hα). MS (ESI_, MeOH) m/z (%): 196.18 (100) [M-H] -. HRMS-ESI m/z [M+H] + calcd for C9H9ClNO2 + : 198.0322, found: 198.0318 (100).
	HRMS-ESI m/z [M+H] + calcd for C9H7ClNO2S + : 227.9886, found:	(2E)-3-(2,6-Dichlorophenyl)-N-hydroxy-2-propenamide (16c)
	227.9884.	Off-white powder; yield: 65%; 1 H NMR (400 MHz, DMSO-d6) δ 10.95 (s,
	Benzothiophene-2-hydroxamic acid (10b) White powder; yield: 89%; 1 H NMR (400 MHz, DMSO-d6) δ 11.46 (s, 1H, NHOH), 9.25 (s, 1H, NHOH), 8.02 (d, J = 7.2 Hz, 1H, H7), 7.92 (m, 2H), 7.49 -7.40 (m, 2H). MS. HRMS-ESI m/z [M-H] -calcd for C9H6NO2S -:	1H, NHOH), 9.17 (s, 1H, NHOH), 7.55 (d, J = 8.1 Hz, 2H, H3,H5), 7.49 (d, J = 16.1 Hz, 1H, Hβ), 7.41 -7.35 (m, 1H, H4), 6.53 (d, J = 16.1 Hz, 1H, Hα). MS (ESI_, MeOH) m/z (%): 230.14 (100) [M-H] -, 232.01 (100) [M+H]
	192.0119, found : 192.0121.	
	Off-white powder; yield: 52%; 1H NMR (400 MHz, DMSO-d6) δ 11.44 (s,	
	1H, NH), 11.15 (s, 1H, NHOH), 9.05 (s, 1H, NHOH), 7.30 (d, J = 8.9 Hz,	
	1H, H7), 7.05 (d, J = 2.1 Hz, 1H, H4), 6.90 (s, 1H, H4), 6.82 (dd, J = 8.9,	
	2.3 Hz, 1H, H6), 3.75 (s, 3H, CH3). MS (ESI_, MeOH) m/z (%): (100)	
	205.17 [M-H] 1.5 mmol of the	
	respective aldehyde and 1.8 mmol of malonic acid were dissolved in	
	600 µL pyridine and 20 µL piperidine. The mixture was heated in a water	
	bath to approximately 80 °C and stirred for 4 hours. After that, ice and	
	concentrated hydrochloric acid were added. In most cases, a pale	
	precipitate was formed and the reaction mixture was left in the	
	refrigerator overnight in order to complete crystallization. The obtained	
	carboxylic acids were filtered under suction and dried under reduced	
	pressure. All intermediate carboxylic acids were characterized by TLC	
	RF values and ESI-MS.	
	(2E)-3-(2-Chlorophenyl)-N-hydroxy-2-propenamide (13c)	
	Colorless powder; yield: 49%: 1 H NMR (400 MHz, DMSO-d6) δ 10.85 (s,	
	1H, NHOH), 9.12 (s, 1H, NHOH), 7.74 (d, J = 15.6 Hz, 1H, Hβ), 7.74 -	

1H-Indole-2-hydroxamic acid (11b)

Off-white powder; yield: 77%;

1 

H NMR (400 MHz, DMSO-d6) δ 11.60 (s, 1H, NH), 11.21 (s, 1H, NHOH), 9.09 (s, 1H, NHOH), 7.58 (d, J = 7.8 Hz, 1H, H4), 7.41 (d, J = 8.2 Hz, 1H, H7), 7.16 (t, J = 7.7 Hz, 1H, H6), 7.02 (t, J = 7.57 Hz, 1H, H5), 6.98 (s, 1H, H3). MS (ESI_, MeOH) m/z (%):175.22 (100) [M-H] -. HRMS-ESI m/z [M+H] + calcd for C9H9N2O2 + : 177.0664, found : 177.0662. 5-Methoxy-1H-indole-2-hydroxamic acid (12b) -, 207.02 (100) [M+H] + . HRMS-ESI m/z [M+H] + calcd for C10H11N2O3 + : 207.0070, found: 207.0766. 7.68 (m, 1H, H6), 7.55 -7.50 (m, 1H, H4), 7.43 -7.37 (m, 1H, H5), 6.51 (d, J = 15.9 Hz, 1H, Hα). MS (ESI_, MeOH) m/z (%): [M-H] -(100): 196.28. HRMS-ESI m/z [M+H] + calcd for C9H9ClNO2 + : 198.0322, found: 198.0316. (2E)-3-(3-Chlorophenyl)-N-hydroxy-2-propenamide (14c) + . HRMS-ESI m/z [M+H] + calcd for C9H8Cl2NO2 + : 231.9932, found:

-3-[2-(4-Chlorophenoxy)phenyl]-N-hydroxy-2-propenamide (32c)

  

	(d, J = 16.0 Hz, 1H, Hα), 3.75 (s, 3H, CH3). HRMS-ESI m/z [M+H] + calcd
	for C16H16NO4 + :286.1079, found: 286.1066.
	(2E)-3-(Dibenzothiophen-4-yl)-N-hydroxy-2-propenamide (35c)
	Off-white powder; yield: 26%; 1 H NMR (400 MHz, DMSO-d6) δ 10.98 (s,
	1H, NHOH), 9.15 (s, 1H, NHOH), 8.43 (d, J = 7.9 Hz, 2H, H1, H9), 8.13 -
	8.07 (m, 1H, H6), 7.78 (d, J = 7.7 Hz, 1H3), 7.72 (d, J = 15.8 Hz, 1H, Hβ),
	7.63 -7.54 (m, 3H, H2, H7, H8), 6.74 (d, J = 15.9 Hz, 1H, Hα). MS (ESI_,
	MeOH) m/z (%): 268.51 (100) [M-H] -. HRMS-ESI m/z [M+H] + calcd for
	C15H12NO2S + : 270.0589, found: 270.0582.
	1 H NMR (400 MHz, DMSO-d6) δ 10.70 (s,
	1H, NHOH), 8.97 (s, 1H, NHOH), 7.74 -7.68 (m, 2H, Hβ, H3'), 7.60 (d, J
	= 8.3 Hz, 1H, H6), 7.55 (d, J = 7.7 Hz, 1H, H6'), 7.50 (dd, J = 8.3, 2.1 Hz,
	1H, H5'), 7.36 (t, J = 7.8 Hz, 1H, H4), 7.15 (d, J = 8.3 Hz, 1H, H3), 7.02 (t,
	J = 7.4 Hz, 1H, H5), 6.45 (d, J = 15.9 Hz, 1H, Hα), 5.24 (s, 2H, CH2). MS
	(ESI_, MeOH) m/z (%): 336.12 (100) [M-H] -338.06 (100) [M+H] + . HRMS-
	ESI m/z [M+H] + calcd for C16H14Cl2NO3 + : 338.0351, found: 338.0347.
	(2E)-3-[2-(2,6-Dichlorobenzyloxy)phenyl]-N-hydroxy-2-propenamide
	(31c)
	Off-white powder; yield: 61%; 1 H NMR (400 MHz, DMSO-d6) δ 10.67 (s,
	1H, NHOH), 8.93 (s, 1H, NHOH), 7.65 -7.47 (m, 5H, Hβ, H6, H3', H4',
	H5'), 7.41 (dd, J = 12.0, 4.9 Hz, 1H, H4), 7.31 (d, J = 8.1 Hz, 1H, H3),
	7.05 (t, J = 7.4 Hz, 1H, H5), 6.37 (d, J = 15.9 Hz, 1H, Hα), 5.30 (s, J =
	11.7 Hz, 2H, CH2). MS (ESI_, MeOH) m/z (%):338.46 (100) [M+H] + .
	HRMS-ESI m/z [M+H] + calcd for C16H14Cl2NO3 + : 338.0351, found:
	338.0345.
	(2E)Off-white powder; yield: 89%; 1 H NMR (400 MHz, DMSO-d6) δ 10.78 (s,
	1H,NHOH), 9.02 (s, 1H, NHOH), 7.73 -7.67 (m, 1H, H6), 7.58 (d, J =
	15.9 Hz, 1H, Hβ), 7.46 -7.37 (m, 3H, H6, H3', H5'), 7.25 (t, J = 7.3 Hz,
	1H, H4), 7.01 -6.95 (m, 3H, H5, H2', H6'), 6.55 (d, J = 15.9 Hz, 1H, Hα).
	MS (ESI_, MeOH) m/z (%): 288.26 (100) [M-H] -. HRMS-ESI m/z [M+H] +
	calcd for C15H13NO3 + : 290.0584, found: 290.0585.
	(2E)-3-{2-[4-(Chlorophenyl)thio]phenyl}-N-hydroxy-2-propenamide
	(33c)
	Off-white powder; yield: 28%; 1 H NMR (400 MHz, DMSO-d6) δ 10.79 (s,
	1H, NHOH), 9.07 (s, 1H, NHOH), 7.88 (d, J = 15.7 Hz, 1H, Hβ), 7.72 (d, J
	= 7.6 Hz, 1H, H6), 7.51 -7.44 (m, 1H, H5), 7.44 -7.35 (m, 4H, H3, H4,
	H3', H5'), 7.20 -7.14 (m, 2H, H2', H6'), 6.45 (d, J = 15.7 Hz, 1H, Hα).
	MS (ESI_, MeOH) m/z (%): 304.21 (100) [M-H] -. HRMS-ESI m/z [M+H] +
	calcd for C15H13ClNO2S + : 306.0356, found: 306.0348.
	(2E)-N-Hydroxy-3-[2-(4-(methoxyphenoxy)phenyl]-2-propenamide
	(34c)
	Off-white powder; yield: 96%; 1 H NMR (400 MHz, DMSO-d6) δ 10.77 (s,
	1H, NHOH), 9.01 (s, 1H, NHOH), 7.69 (d, J = 16.0 Hz, 1H, Hβ), 7.65 (d, J
	= 6.5 Hz, 1H, H6), 7.35 -7.30 (m, 1H, H4), 7.14 (m, J = 7.6 Hz, 1H, H5),
	7.01 -6.94 (m, 4H, H2', H3', H5', H6'), 6.78 (d, J = 7.5 Hz, 1H, H3), 6.57
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