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Abstract

In the present work a series of aziridine-2,3-doaylate inhibitors of papain-like cysteine
proteases was designed, synthesized and testedcoflygounds displayed selectivity for the
parasitic protozoorLeishmania mexicanaathepsin L-like cysteine protease LmCPB2.8. The

computational methods of homology modelling and ewvolar docking predicted some



significant differences in the S2 pocket of LmCRB2nd cruzain, a related enzyme from
Trypanosoma cruzDue to the presence of Tyr209 in LmCPB2.8 rathan Glu208 in cruzain
sterically demanding, lipophilic ester groups (itor 7d, 9d, 12d and 14d) are predicted to
occupy the S2 pocket of tHeeishmaniaprotease, but do not form favorable interactiams i
cruzain, which is in common with our experimenedults. Further, inhibitot8 bearing a free
carboxylic acid attached to the aziridine moietyowld a time-dependent inhibition of
LmCPB2.8 K; = 0.41 puM;kzng = 190,569 M min). Docking results suggested a strong ionic
interaction with the positively charged His163 bé tactive site. Biological and theoretical data
confirm that the novel selective aziridine-basekllibitors are promising candidates for further

optimization as LmCPBZ2.8 inhibitors.

1. Introduction

Cysteine proteases play essential roles in thecyides of various protozoan organisms making
them attractive targets for new antiparasitic drugspecially for the neglected diseases HAT
(Human African Trypanosomiasis) and the variousnfoof leishmaniasis, but also for malaria
and Chagas disease, new drugs are urgently neEdegbarasites causing these diseases express
numerous related cysteine proteases that belotigetpapain family; according to the MEROPS
database system [1,2] they are classified as clanf&nily C1 proteases and share structural
similarity to human cathepsins. In detail, thesetae cathepsin L-like proteases rhodesain from
Trypanosoma brucei rhodesiengalcipains 2 and 3 frorRlasmodium falciparugncruzain from
Trypanosoma cruziand various cathepsin L-like proteases fraeishmaniaspecies, e.g.
LmCPB2.8 from Leishmania mexicanaThere are also some cathepsin B-like proteases

expressed by the parasites, e.g. TbCatB ffolm rhodesienser theLeishmaniaCPCs. Some of



these proteases have already been shown to bélsui#agets for new antiparasitic drugs with
the vinyl sulfone K11777 which is in preclinicaudies against Chagas disease as one of the

most promising compounds.[3-5]

In previous studies we identified aziridine-basegtmes as inhibitors selective for cathepsin L-
like cysteine proteases.[6-9] These consist oftransconfigured dibenzyl aziridine-2,3-
dicarboxylate fragment Azi(OBgJi.e. (S,S)or (R,R)configuration) and the dipeptide Boc-Leu-
Pro attached to the aziridine nitrogen. Among tagous stereoisomers of the peptide Boc-Leu-
Pro-Azi(OBn) some displayed selectivity for parasite proteases human cathepsin L (Table
1). Some compounds concomitantly showed antileisimhaactivity againstL. major
promastigotes and amastigotes,[8-10] namely comgmunll, V (Table 1). Among these
derivatives the most promising is compowidvhich is selective for the leishmanial cathepsin

L-like enzyme over the mammalian cathepsins, andiwtlisplays good antileishmanial activity.

Table 1: Inhibition of mammalian cathepsins and parasitheasin-like proteases by aziridine-2,3-dicarboteda
and antileishmanial activity agairlstmajorpromastigotes and amastigotes.[8-10]

%&

N
BnO rﬁ\j OBn
T

No. | Configuration at CL CB LmCPB2.8 RD CRZz FP-2 L. m. (p)/(a)
atoms la, 1b, 2,3: K K; K; K; K; Ki ECs
UM MM UM MM MM MM [MM]
I S,S,R,S 6.0£0.8 ni 1.7+0.2 1.2+0.2 0.9 43.945.2 39.6/2.2+1.5




I S,S,S.R 4.0£0.2 ni 2.1+0.4 1.1+0.2 0.79 28.3£12.0  35.4/2.7+0.7
1l S,5,S,S ni ni nd 2.3+0.3 nd ni ni/nd

\% S,S.RR ni ni nd 2.8+0.3 nd ni ni/nd

\Y R,R,R,S ni ni 3.810.1 1.7+#0.1 ni ni 37.4/2.3+0.6
VI R,R,S,R ni ni 3.4+0.2 15.24#1.9] 30.948.2 ni 95/nd
VI R,R,S,S 0.4+0.2| 114+18 nd 0.5+0.1 nd 0.4+0.1 ni/nd

ni = no inhibition at 20 uM, nd = not determined, € cathepsin L, CB = cathepsin B, LmCPB2.8eishmania
mexicanacathepsin L-like protease, RD = rhodesain fibnypanosoma brucei rhodesiengeRZ = cruzain from
Trypanosoma cruziFP-2 = falcipain-2 fronfPlasmodium falciparugrL. m. (p)/(a) =L. major promastigotes /

amastigotes.

In an ongoing study derivatives with various dipéps attached to the aziridine nitrogen were
synthesized in which th¢S)}Leu residue of compoun¥ was exchanged against another
hydrophobic(S)configured amino acid (Ala, Val, lle, Nva, Nle, §hCha, Phg, Phe, hPhe,
Trp).[10] Most of these derivatives showed inhiitiof theLeishmaniaenzyme in the same
range as compound, but only the inhibitors with Val and lle also pliayed antileishmanial
activity againsi. major promastigotes and amastigotes: ££[pM] amastigotes/promastigotes:

Val: 34.8/2.2+0.6; lle: 9.8/2.0+0.6: toxicity agatn)774.4 macrophages > 250 uM for both).

CompoundV, in contrast to its Val and lle analogs, inhibdisth the cathepsin L-like CPB2.8
and theL. major cathepsin B-like enzyme CP®&;(= 18.2 uM).[10] Also inL. major lysates,
inhibition of both cathepsin L- and cathepsin Belikeishmaniaproteases had been observed
with this compound [10] in contrast to compouridandll. Thus, we decided to extend our
studies towardd_eishmaniaprotease inhibitors based on this most promismigbitor V.
Previous studies had already shown that dibenzgteare superior to diethyl esters in terms of

enzyme inhibition and antiparasitic activity.[22h@he other hand, a free acid group at the



aziridine ring has several advantages over thdeafgesFirst, the water solubility is enhanced in
comparison to diesters. Second, a free acid imgraffenity to cysteine proteases by forming an
ionic interaction with the histidinium residue tietactive site.[7,11] Furthermore, the free acids
show fast covalent inhibition of cysteine proteas@sce this ionic interaction leads to a
positioning of the electrophilic aziridine ring, wh is favorable for the nucleophilic ring
opening by the active site cysteine residue.[18] maw target compounds thus should consist of
the dipeptide sequence B{B)Leu{R)Pro attached to the aziridine nitrogen, and eitdfdawo
hydrophobic ester groups or of a free acid and drdphobic ester group at the aziridine ring

(Figure 1).
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Figure 1. General structure of the target cysteine protedsbitors.

2. Results and discussion

2.1. Syntheses

The synthesis of such compounds with an ester Bodaa acid group at the aziridine building

block (Figure 1) requires an unsymmetric diesteintermediate. From this diester the free acid



is released in a final synthetic step which, dueht instability of the aziridine and aziridide
structure, should not involve strong alkaline adaxcmedia. In this regard, a benzyl ester is ideal
since it can be removed by mild hydrogenolysis ({Fégl). The enantioselective synthesis of an
unsymmetric aziridine-2,3-dicarboxylate buildingptk starting from a tartrate needs at least
seven steps including protection of the aziridirogen, transesterification of a symmetric
aziridine diester by selective hydrolysis and reesfcation, and finally deprotection of the
aziridine nitrogen.[12] Thus, we decided to seaechnew, shorter synthetic route with
introduction of the two different esters at an iearstep of the synthesis. Besides the multi-step
synthesis starting form a tartrate, aziridine-2@athoxylates can also be synthesized by a one-
step Michael-addition of DPSI to fumarates.[11,13-Interestingly, also theis-configured
maleates yield the racemi@ns-configured aziridine-2,3-dicarboxylates due taist@indrance

of the intermediate DPSI adduct T2b (Figure 2). S halso the maleates can be used as starting

materials.
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Figure 2. Mechanism of aziridine synthesis by Michael additdf DPSI to either fumarates or maleates. Dugtdnc hindrance
the adduct T2b rotates to the thermodynamicallyenstable adduct T2a which yields th@ns-configured aziridine B or —after

tautomerization to T1- the enamine A. At higherpenatures (> 90 °C) the aziridine B is converted gnamine A.

The unsymmetric maleates or fumarates were symgsas follows. Reaction of maleic
anhydride with benzyl alcohol yielded the maleiddabenzyl ester (Figure 3). Steglich
esterification of this half ester with various diots yielded the unsymmetric fumarates and / or
maleates (Figure 3). Depending on reaction timagtien temperature and amount of DMAP as
catalyst either thdérans or the cis-configured unsymmetric diesters could be obtaindfth
lower amounts of DMAP (0.1 eq), low temperature€@), and shorter reaction times (1 - 2 d),
the maleates are the main products, while with drighmounts of DMAP (0.8 eq), room
temperature and reaction times of several dayfutharates were formed exclusively dueZi&

isomerization catalyzed by DMAP [16,17] (Table &yu¥e 3).
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Figure 3. Synthetic route to unsymmetric, racerm@ns-configured aziridine-2,3-dicarboxylatés1.0 eq. BnOH, 1.1 eq. Nt

1 h RT;ii. 1.0 eq. ROH, 1.1 eq. DCC, DMAH;. 1.2 eq. DPSI, 3 mL toluene/mmol DPSI, 24 h 80 °C

Table 2: Synthesized fumaratesa)(and maleateshj starting from maleic acid benzyl ester (I) or fani
acid (Il), reaction conditions leading to eithee & or Z-configured olefin.
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la 2 Ethyl E 0.8 1lh 17 h 71
1b I Ethyl z 0.1 16 h - 42
2a I tert-Butyl E 0.8 1lh 19d 54
3a I Cyclohexyl E 0.8 1lh 14d 55
methyl
3b I Cyclohexyl z 0.1 30h - 31
methyl
4a I Phenyl E 0.8 1lh 48 h 38
5b I Benzyl z 0.1 48 h - 36
6a | Naphthalene- E 0.8 1lh 72 h 25
2-yl
7b I Naphthalene- z 0.1 22 h - 52
2-yl-methyl
8a I 2-Phenylethyl E 0.8 1lh 14d 39
8b I 2-Phenylethyl z 0.1 48 h - 50
9a I 3- E 0.8 lh 14d 52
Phenylpropyl
10a I Furan-2-yl- E 0.8 1lh 72 h 35
methyl
11 | Pyridine-4-yl- E 0.1 24 h - 27
methyl
12a I Cyclohexyl E - - 24 h 99
methyl reflux
5a I Benzyl E - - 24 h 99
reflux
13a Il 2-Phenylethyl E - - 24 h 96
reflux
l4a I 3- E - - 24 h 99
Phenylpropyl reflux

a synthesized from commercially available monoethylémate® E-product obtained und&conditions due to

catalysis by 4-pyridinemethanol (in analogy to #E isomerization catalyzed by DMAP)2.5 eq. alcoholp-

TosOH as catalyst, 24 h reflux in benzene.



Finally the unsymmetritrans-configured aziridine-2,3-dicarboxylates which @ntone benzyl

ester group were synthesized by Michael additiob®$I to the fumarates or maleates (Figure

3). Only with a few fumarates (with phenyld), naphthalene-2-ylbg), furan-2-ylmethyl 10a),

and pyridine-4-ylmethyl{18 moiety) the aziridine synthesis failed.

Table 3: Synthesizedtrans-configured, racemic aziridine-2,3-dicarboxyla

building blocks.

ite

0 H
R10JL“E;/A‘VL(ORZ — R’ol F;é%rORz
Cpd. R' R? Yield %
1c Ethyl Benzyl 14
2c tert-Butyl Benzyl 14
3c Cyclohexyl Benzyl 56
methyl
5c Benzyl Benzyl 68
7c Napthalene-2-yl- Benzyl 14
methyl
8c 2-Phenylethyl Benzyl 19
9c 3-Phenylpropyl Benzyl 17
12c Cyclohexyl Cyclohexyl methyl 18
methyl
13c 2-Phenylethyl 2-Phenylethyl 18
l4c 3-Phenylpropyl 3-Phenylpropyl 9

#synthesis starting from the corresponding maléatall other cases the synthesis started fromuhefate.

TheN-acylated aziridines with two different ester greffpable 4, Figure 4, compountld, 2d,

3d, 7d, 8d, 9d) were obtained as diastereomeric mixtures by Hoylavith the dipeptide Boc-

(S)yLeu{R)-Pro using PPA as coupling reagent (Table 4, Figlu&he halfesters were finally

10



synthesized by hydrogenolysis of the benzyl ester gf the unsymmetric diesters (Table 4,
Figure 4, compoundts5-19). Additionally, several symmetric diesters wergoasynthesized,
starting from fumaric acid, esterification with @ss of the respective alcohol, aziridine
synthesis with DPSI and finally-acylation with the dipeptide to yield the symmeNiacylated
aziridine-2,3-dicarboxylates (Table 2, synthesig#ble 3, compoundsc, 12¢ 13¢ 14¢ Table

4, cpdshd, 12d, 13d, 14d).

Table 4: SynthesizedN-acylated aziridine-2,3-dicarboxylates.
Boq
HN
(S)
N O
(R) 0
N
R'0,C"  “CO,R?
(S.9+RR)
Cpd. R’ R Reaction Yield
time at rt diester/acidl
[h] [%]
1d Ethyl Benzyl 72 15
2d tert-Butyl Benzyl 48 26
3d Cyclohexyl Benzyl 24 13
methyl
5d Benzyl Benzyl 24 58
7d Napthalene-2- Benzyl 48 23
yl-methyl
8d 2-Phenylethyl Benzyl 48 43
od 3- Benzyl 48 24
Phenylpropyl
12d Cyclohexyl Cyclohexyl 24 22
methyl methyl
13d | 2-Phenylethyl| 2-Phenylethy 48 31
14d 3- 3- 72 35

11



Phenylpropyl Phenylpropyl
15 Ethyl H 85
16 tert-Butyl H 72
17 Cyclohexyl H 74
methyl
18 2-Phenylethyl H 95
19 3- H 98
Phenylpropyl

a step i. /ii. of the synthesis shown in Figure 4.

Boq Boq
HN HN
H o O._oH (S ]
N . N, - i N~ O i N ©
Rl0,c™ “coR? * B¢ [ N O A0
(S,9)+(R.R) N N
R10,C” *CO,R? R'10,C™  CO,H
(S,9)+(R.R) (S,9)+(R,R)
1d - 14d 15-19

Figure 4. Synthesis oN-acylated aziridine-2,3-dicarboxylatés1.2 eq. dipeptide, 3.0 eq. PPA, EA, 1 h 0 °Cntbeveral h RT;

ii. R2 = benzyl, 103 mg/mmol Pd/C, MeOH, 30 min, 5 bar H

The previous studies [10] on these compounds (TBobélowed that the diastereocisomers which
only differ in the configuration of the aziridineng (R,Ror S,§ are similarly active against
LmCPB2.8 [ andV; Il andVI; see Table 1), indicating that the activity is niaidependent on
the configuration of the dipeptide and to a legs@ent on the configuration of the aziridine ring.

Thus, we refrained from the rather difficult sepiama of the diastereocisomers.

12



2.2. Biological activities

The synthesizedN-acylated aziridine-2,3-dicarboxylates (Table 4)revdested against the

cysteine proteases LmCPB2.8 (Table 5), against naiamcathepsins L (Table 5) and B (not

shown), cruzain, falcipain-2 and rhodesain (Table 5

Table 5: Inhibition of cysteine proteases INracylated aziridine-2,3-dicarboxylates and LE ardELvalues for

inhibition of LmCPB2.8

Cpd. | LmCPB2.8 LE LLE Cruzain CL Falcipain-2 Rhodesain
Ki [LM]

1d ni - - ni ni ni ni

2d ni - - ni ni ni ni

3d 1.8+0.4 0.174 -1.62 7.6+£0.7 ni ni ni

5d 2.8 0.169 -0.86 13 12.0 nd 15

7d 0.8 0.170 -1.50 ni ni ni ni

8d 1.92+0.06 0.170 -1.09 5.540.2 ni ni ni

ad 1.36+0.05 0.171 -1.32 ni ni ni ni
12d 0.77+0.05 0.186 -2.19 ni ni ni ni
13d 1.6x0.1 0.169 -1.40 7.7+0.7 ni ni ni
14d 0.940.1 0.169 -1.90 ni ni ni ni

15 ni - - ni ni ni ni

16 ni - - ni ni ni ni

17° 1.79+0.43 0.207 0.35 0.71+0.015 7.3+2.4 0.45+0.015 0.1249.
1€ 0.44+0.022 0.223 1.53 ni ni 1.26+0.22 0.16+0.00
1¢ ni - - ni ni 28.63.7 ni

2see Table 1, cpéd is a mixture of the two diastereomérandV (see Table 1); ni, inhibition at 20 pM < 50%;

Kond [M'1 min'l] for inhibition of cruzain = 322,531, LmCPB2.8 3,590, rhodesain = 494,038, falcipain-2 = 76,789,

13



cathepsin L = 13,93%:kong [M ™ min™] for inhibition of LmCPB2.8 = 190,569, rhodesairi 28,388, falcipain-2 =

11,100 Kong [M ™ min™] for inhibition of falcipain-2 = 3,349.

None of the newN-acylated aziridine-2,3-dicarboxylates inhibitedmmaalian cathepsin B (20
KM final concentration, not shown), only one inkeli mammalian cathepsin L (the atid K; =
7.3 uM), only three falcipain-2 (the acid§-19, K; = 0.45, 1.26, 62.0 uM), and only two
compounds rhodesain (the acitlg, 18, K; = 0.12, 0.16 pM). Cruzain was inhibited by the

diesters3d, 8d, 13d (K; = 7.6, 5.5, 7.7 uM) and the add (K; = 0.71 uM).

These results show that the acids, especially ¢lteld with cyclohexylmethyl ester moiety, are

the less selective compounds. Only these acids eshotivme-dependent inhibition of the

enzymes, which is in agreement with experimental #Hreoretical studies on oxirane- and
aziridine-2,3-dicarboxylates.[18] These studies slaodwn that an acid at the electrophilic three-
membered ring leads to a much faster ring opengagtion since the strong ionic interaction
between the inhibitor's carboxylate and the hisiigin ion of the active center of the protease
pushes the electrophilic ring onto the negativéigrged active site’s cysteinate residue.[18] For

these acids the second-order rate constants dififioimi ko, were determined (Table 5).

For the inhibition of LmCPBZ2.8 the ligand efficiaes (LE) and the lipophilic ligand efficiencies

(LLE) were calculated using the following equatigmable 5): [19-21]

Ki
LE=(29)+137 and LLE = pK; — clogP

with HA as heavy atom count and clogP as calculktg® values.

The suitability of the calculated clogP values wasfied by comparing the calculated values to
the retention times obtained in RP-HPLC runs (sppplementary data). The results show a good

correlation (Figure 5A) rendering the clogP valsagable for calculation of LLE values.

14
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Figure 5. A) Correlation of clogP values and retention tinmesRP-HPLC runs. B) LLE diagram showing correlatioetween

clogP and [; values. The regression line shows that the enllaaiffi@ity of the diesters is correlating to thigaophilicities.

Both parameters, LE and LLE (Table 5), were foundbé better for the acids7 and 18 in
comparison to the diesters. For the diesters, ffivgtees correlate with the lipophilicities of the
compounds (Figure 5B). Thus, in terms of suitapiles hit-to-lead candidate for further
development of LmCPB2.8 inhibitors the acl® turned out to be not an optimal but a
reasonably good candidate. This compound alsoadisph quite good selectivity against other

cysteine proteases.

2.3. Molecular Docking

The inhibitors can be divided in three groups basethe groups attached to the aziridine ring:

symmetric diestersb@, 12d, 13d, 143 unsymmetric diesterd d, 2d, 3d, 7d, 8d, 9dand acids

15



(halfesters) 15 - 19. For symmetric and unsymmetric diesters selagti@nd also affinity for
LmCPB2.8 improve, when the aromatic ester chais gmiger. All inhibitors with two large
lipophilic ester groups3d — 14d) display good affinity and selectivity for LmCPB2.0nly
compounds3d, 5d (which is a mixture of inhibitor$+V, see Table 1)38d, and13d are also
active against cruzain. These results point tcedbfices in the binding modes between cruzain
and LmCPB2.8 on the one hand, but also to diffexenc the binding modes between diesters

and halfesters.

2.4. Comparison of the active sites of LmCPB2.8 anttuzain

In order to explain these observed differencesnimbition of cruzain and LmCPB2.8 we
performed docking studies with cruzain (PDB 3108B8,24] and LmCPB2.8. Since for the
Leishmaniaenzyme no X-ray structure is available we builhamology model based on its
protein sequence with the Uniprot identifier P3640&p://www.uniprot.org/uniprot/P36400)

(see Material and Methods).

For identification of relevant amino acids in thading pockets of both enzymes and to explore
possible differences, we aligned and superposeddhelogy model structure &f. mexicana
CPB2.8 with the X-ray structure of cruzain (PDB @&I®esolution 1.1 A) (Figure 6). Although
the alignment indicates high similarity between tiwve proteins with a @ RMSD value of 0.61

A, some significant differences are found, espbcialr the S2 subsite. Table 6 shows the key
amino acids of each subsite. As expected, theytatdtiad and the subsites S1 and S1’ are
highly conserved for both parasite cathepsin L-lidgsteine proteases.[25,26] Due to the

exchange of Glu208 (cruzain) into Tyr209 (LmCPB2i8)the S2 pockets of the enzymes,

16



aromatic and lipophilic residues would be more fabte for the leishmanial protease. In

agreement with experimental data and the dockindies (see below), the deep hydrophobic S2

pocket of LmCPB2.8 can be occupied by stericallynaeding, aromatic residues, such as

phenylpropyl or methylnaphthalene ester groups.

Table 6: Key active site and binding pocket amino acidscfoizain and LmCPB2.8 (differences are underlined)

Protease S2 subsite

S1 subsite

Catalytic triad

Sdibsite

Cruzain Asn69, Glu208, Ser210

Leu67, Met68, Alal38, Gly163

Cys25, His162, Asn182

GIn19, Trpl84

LmCPB2.8| Leu69, Tyr209, Val211

Leu67, Met68, Alal39, Glyl64

Cys25, His163, Asnl183

GIn19, Trp185

17




eulbl

Alal3g

Ginl9

Gly66
Serb4 65

Figure 6. Alignment of the active sites of cruzain (PDB 3i@Hhd the LmCPB2.8 homology model; amino acids,cividiffer

between two enzymes are highlighted in light bhagalytic residues are highlighted in orange.

2.5. Docking studies

Docking of the symmetric diesters (-OBBdf vs. -OEtPh 13d) vs. -OPrPh 14d)) into the
binding site of cruzain and the homology model lo¢ teishmanial enzyme show, that the
selective LmCPB2.8 inhibitat4d (K; = 0.9 uM) has good FlexX binding scores for LmCRB2
(-11,89 kJ/mol for theR,R} and -10,22 kJ/mol for the&s(S-diastereomer), while for cruzain the
binding scores are much higher for both diasteresni® 26 kJ/mol for theR,R- and -2,71

kJ/mol for the §,3-diastereomer). One of the phenylpropyl ester gsois proposed to bind
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ACCEPTED MANUSCRIPT

deeply into the hydrophobic S2 pocket of the leighial protease and the second ester group
occupies the hydrophobic S1' pocket, whereas izairuthe ester group does not fit into the S2
subsite and is solvent expos@ee Figure 7)Docking of compound.3d, with two phenylethyl
ester groups, shows similar binding modes for leottymes, with the ester groups occupying the
S2 and S1’ pockets. This indicates that the S2 gtoakthe leishmanial protease tolerates longer
aromatic ester chains than cruzain, which is ireagrent with inhibition data. Also the distance
between the nucleophilic sulfur atom of the catelyysteine residue and the electrophilic

aziridine carbon atom is for the leishmanial enzyma range, where a covalent bond formation

is possible (4.65 A forg,3- and 4.92 A for R,R-diastereomer).
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Figure 7. Binding mode of inhibitoi4d

A Diastereomer withg,3-configuration at the aziridine ring into the leisanial protease (FlexX-Score -9,53 kJ/mol, distainc

the active site Cys residue: 4.65 A)

B Diastereomer withR,R-configuration at the aziridine ring into the lesanial protease (FlexX-Score -11,83 kJ/mol, distan

to the active site Cys residue: 4.92 A)

C Diastereomer withg,9-configuration of the aziridine ring) into cruzaiRlexX-Score -2,71 kJ/mol, distance to the actite

Cys residue: 5.29 A)

D Diastereomer withR,R-configuration at the aziridine ring into cruzgflexX-Score 1,26 kJ/mol, distance to the actite si

Cys residue: 9.54 A)

For the unsymmetric diesters (-OEtRd) vs. -OPrPh 4d) vs. -OMeNaph {d)) we obtained
similar results. The LmCPB2.8-selective inhibittd (Ki = 0.8 pM) with the sterically most
demanding ester group showed the best FlexX séoréise leishmanial protease (-13,65 kJ/mol
for the R,R- and -15,39 kJ/mol for theS(S-diastereomer). Both diastereomers placed the
methylnaphthalene ester group in the hydrophobip&ZXet (see Figure 8). The configuration of
the aziridine ring determines the position of tkead ester group. For thR,R-diastereomer
the benzylester is placed in the hydrophobic Stkpband for the§,3-diastereomer the proline
residue occupies the S1’ pocket. In contrast, ndibg mode could be found for cruzain and the
(R,R-derivate of7d, and for the $,3-derivate the binding score was much higher fozam (-

7,99 kJ/mol), which is in accordance to experimietidda.
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D No binding mode

Figure 8. Binding mode ofnhibitor 7d

A Diastereomer withg,3-configuration at the aziridine ring into the ksanial protease (FlexX-Score -19,92 kJ/mol, distan

to the active site Cys residue: 4.90 A)

B Diastereomer withR,R-configuration at the aziridine ring into the leisanial protease (FlexX-Score -14,21 kJ/mol, distan

to the active site Cys residue: 4.60 A)

C Diastereomer withg,9-configuration of the aziridine ring) into cruzaiRlexX-Score -7,99 kJ/mol, distance to the actite

Cys residue: 5.66 A)

D No binding mode into cruzain was found for thestBaeomer withR,R-configuration of the aziridine ring
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For the acids15 - 19, as mentioned above, biological data showed a-tiependent inhibition
of the enzymes which means fast irreversible itiobi In previous studies, this property of
aziridine-carboxylic acids had been explained bgtrang ionic interaction between the free
carboxylate group of the ligand and the positivearged histidinium ion of the active site.[11]
This strong ionic interaction may also be respdasfor the improved affinity of the acids
compared to the corresponding diest&s\s. 3d, 18 vs. 8d / 18vs. 13d). Docking of inhibitor
18 (see Figure 9) with an affinity of 0j4M for the leishmanial protease showed indeed fah bo
diastereomers an ionic and hydrogen bonding inieraavith the catalytic His163. The ester
group is placed in the S2 pocket in case of Si§{diastereomer, whereas in case of tReRJ-
diastereomer the proline moiety occupies this pbdkecontrast, docking into the active site of
cruzain indicated that there is no ionic interagtiovhich is in accordance with the inhibition

data.
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Figure 9.Binding mode of inhibitod.8

A Diastereomer withg,3-configuration at the aziridine ring into the ksanial protease (FlexX-Score -13,60 kJ/mol, dstan

to the active site Cys residue: 5.8 A)

B Diastereomer withR,R-configuration at the aziridine ring into the leisanial protease (FlexX-Score -11,40 kJ/mol, distan

to the active site Cys residue: 4.81 A)

C Diastereomer with§,3-configuration of the aziridine ring into cruzailexX-Score -12,94 kJ/mol, distance to the actite

Cys residue: 4.6 A)

D Diastereomer withR,R-configuration at the aziridine ring) into cruzgFlexX-Score -10,79 kJ/mol, distance to the acsite

Cys residue: 10.50 A)

3. Conclusion

Novel and selective aziridine-based inhibitorstfoe Leishmania mexicanprotease LmCBP2.8
were discovered. Compoundd (K; = 0.8 uM),9d (K; = 1.36 uM),12d K; = 0.77 uM),14d (;

= 0.9 uM) andl18 (K; = 0.441 uM) showed the highest potency and selgctover related
parasite and human homologues within the invesithaeries. For an analysis of the predicted
binding modes and binding pockets a homology mtmtehe leishmanial protease was built and
compared to the structure of cruzain. This indidateat the S2 pocket of LmCBP2.8 is a deep,

lipophilic pocket, favorably being occupied by staly demanding and lipophilic aromatic
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moieties of the ligands, while a tyrosine to glugensubstitution was observed in cruzain. This
significant difference between the two enzymes wrilap be the selectivity-determining feature.
Attachment of a carboxylate group at the aziriding leads to a time-dependent inhibition and
to an improved affinity to LmCPB2.8.8 (K; = 0.441 pM )zng = 190,569 M min™) likely to be
caused by an ionic interaction with His163 as iathd by the docking studies performed. This
strong interaction could be the reason for highénity and the fast irreversible inhibition.

Furthermore, LE and LLE values were improved, camgdo the corresponding diesters.
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4. Experimental
4.1. Homology Modelling of LmCPB2.8

A homology model of théeishmania mexicanamCPB2.8 was generated to obtain the three-
dimensional structure of the enzyme in order tofgeer docking studies and to determine
relevant amino acids of the binding pockets. Thedlogy model was built using the Molecular
Operating Environment (MOE) 2015.1001 software. phatein sequence of LmCPB2.8 used
for modeling has the Uniprot identifier P36400. &®n this target sequence a homology search
was performed using MOE ApplicatiorDB-Search To find the most suitable template for
modeling, the sequence of the first nine resulteevedigned with the target sequence. PDB-ID
3KKU,[27] solved at 1.28 A resolution, the cryssducture of cruzain in complex with a ligand,
was selected as template showing a sequence $iyndéi74.0% and an identity of 59.5% with

the target sequence (see supplementary data).

The homology model was built based on the protequence P36400 and the template structure
3KKU using the MOE Homology Model application. Thkalculation was carried out under
default conditions with the AMBER10 [28] force fielused for energy minimization. Ten
independent models were constructed by the Boltmmaighted randomized modeling
procedure. The final homology model was selectesethaon the best-scoring intermediate
model. The scoring method used was the GeneraBped/Volume Integral methodology [29]
(GB/VI methodology). The homology model was subseqly aligned to the template structure,

showing a @ RMSD value of 0.54 A (see supplementary data).
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4.2. Molecular Docking

A successful covalent inhibitor of cysteine prot=am its pre-reactive form must first be able to
fit non-covalently into the binding site of the gnee in order to bring the electrophilic center in
close proximity to the cysteine sulfur atom. Norvaent binding interactions, such as hydrogen
bonding, hydrophobic, ionic, van der Waals inteomg and (de-)solvation processes, are
responsible and important for a correct ligand lmgdMolecular modeling routinely addresses
these non-covalent contributions to ligand bindwghout taking into consideration the

contribution of covalent reaction. In analogy teyous studies,[6] in the present docking study
the potential for a possible covalent bond formatieas determined for each binding pose by
measuring the distance between the nucleophilitiisatom of the active site cysteine residue
and the electrophilic atoms of the ligand, namélg &ziridine ring carbon atoms. Predicted
binding modes with a distance less than 5 A weterfmeted as possible start geometry for a

covalent bond formation.

The docking program FlexX (LeadIT, version 2.16)the default mode was used to dock the
inhibitors flexibly into the active site of cruzaifPDB 3106) and the leishmanial protease
LmCPB2.8 homology model. In the structure of crozaiolved with a resolution of 1.1 A, a

purine nitrile inhibitor is covalently bound to teazyme. The binding site was defined as 6.5 A
shell around this reference ligand. The covalemtdband the inhibitor were manually deleted
from the structure. Water molecules were removedl laydrogens were added to the protein
molecule to simulate physiological conditions at . The catalytic histidine residue was

protonated at both imidazole nitrogen atoms. Agaaly successfully employed in previous
studies, the active site cysteine residue was et alanine to avoid clashes.[6] After the

docking session it is mutated back to the origaraino acid for illustration of the pre-covalent

26



binding mode and measurement of the distance batwlee cysteine residue and aziridine
ring.[6] The aziridine-based inhibitors were eadtlded as both diastereomers (wi$§- and

(R,R- configured aziridine ring). Energy minimization thfe inhibitors prior to docking, using
the MMFF94 force field,[30] and visualization weperformed with Molecular Operating

Environment (MOE 2015.1001).

For validation of the FlexX algorithm for currenbaking studies, the nitrile inhibitor, extracted
from the structure 3106, was redocked into the ermeyThe highest-scoring docking pose
showed good agreement with the native binding m@MSD = 0.98 A, see supplementary

data).

4.4. Syntheses
4.4.1. General

Reagents and solvents were obtained from commesoiaices (Acros Organics, Alfa Aesar,
AllessaChemie, Bachem, Fluka, Iris Biotech, MerBigth or Sigma-Aldrich). Solvents were
distilled before use, while the other chemicalsevesed as receivetd and**C NMR spectra
were determined on 8ruker Fourier 300 or 400 MHz using CDLbr MeOD as solvent.
Chemical shiftsd are reported in parts per million (ppm) using daail proton peaks of the
solvent as internal standard (CRCH: 7.26 ppm}*C: 77.16 ppm), MeOD'H: 4.87 ppm°C:
49.00 ppm)). The coupling constani} &re given in Hz, and the splitting patterns agsighated
as follows: s (singulet); bs (broad singulet); aullet); dd (double doublet); t (triplet); m

(multiplet). TLC was performed on Merck silica §6DF254 or RP-C18) precoated plates (0.20
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mm). Column chromatography was performed on Meilataggel 60 (0.040-0.063 mm or 0.063-
0.2 mm). Melting points were determined on a SMBtBart and are uncorrected. Optical
rotation was measured on a P3080 Kruss Optronicpolarimeter. ESI mass spectra were
performed on an Ultima 3 Micromass Flash Wat@igOF mass spectrometer. HPLC analyses
were run on &/arian ProStar with an analytical/preparative linear ups#PLC system (0.05-
50 mL/min at 275 bar back pressure with ScaleUpthaa®l a 2-channel UV detector (detection
at 220 nm and 254 nm). For analytical runBleenomeneXyperclone 5u 0ODS (C18) 120A
(250mm x 4.6mm) 5 Micron and for semipreparativesraVARIAN DYNAMAX50x21.4 MM
(LxID) Microsorb 60-8 C18 column were used. Theeslusystem was millipore V3 water (A)
and acetonitrile HPLC grade with 0.1% formic acid) ((for HPLC method details see

supplementary data).

4.4.2. General procedure for the syntheses of fumates 2a-4a, 6a and 8a-10a of Table 2 (2a
as an example)

A solution of maleic acid benzyl ester (20.0 g, imol),tert-butanol (7.19 g, 97.0 mmol) and
DMAP (9.48 g, 77.6 mmol) in 250 mL dichlormethanasastirred at 0 °C. Subsequently, DCC
(22.0 g, 106 mmol) was added. The reaction mixiae stirred 1 h at 0 °C and several hours at
room temperature (see Table 2). After filtratidre solution was washed (10% hydrochloric acid
solution, saturated NaHGQolution and water), dried over anhydrous®@, and concentrated
under reduced pressure. The residue was purifieg¢dhymn chromatography on silica gel

(petroleum ether/EtOAC) to yield the desired pradizcas a colorless oil (yield: 54%).

1-Benzyl-4-tert-butyl-(2E)-but-2-endioate (2a, TaB) colorless liquid (54 %); FT-IRy [cm™]

= 2974, 1711, 1638, 1499, 1454, 1368, 1290, 124951972, 841, 75I'H NMR (300 MHz,
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CDCly): & 7.42-7.32 (m, 5H, Ar-8), 6.80 (s, 2H, B=CH), 5.23 (s, 2H, C&CH,Ph), 1.50 (s,
9H, C(TH3)s); °C NMR (75 MHz, CDCY): & 165.04, 164.02, 136.07, 135.34, 132.25, 128.63,

128.47, 128.32, 81.96, 69.96, 27.96; ESI-M& calculated for gH1804, 262.12, found 285.12

[M+Na]*, 301.10 [M+KT.

4.4.3. General procedure for the syntheses of matea 1b, 3b, 5b, 7b, 8b and of fumarate

11a of Table 2 (1b as an example)

The synthesis was performed according to the gepeyeedure for synthesis of fumarates using

0.1 eq. DMAP instead of 0.8 eq. DMAP.

1-Benzyl-4-ethyl-(2Z)-but-2-endioate (1b, Tablec®)orless oil (42 %); FT-IRv [cm'] = 2982,
1715, 1634, 1405, 1213, 1151, 1025, 808, 730, 894IMR (300 MHz, CDC}): & 7.55-7.30
(m, 5H, Ar-CH), 6.26 (s, 2H, B=CH), 5.18 (s, 2H, CECH,Ph), 4.17 (g, 2H, C&CH,CHs, 3J =
14.3, 7.2 Hz), 1.25 (t, 3H, GOH.CHs, %J = 7.1 Hz);®*C NMR (75 MHz, CDCJ): 5 165. 28,
165.07, 135.23, 130.58, 129.18, 128.63, 128.59,5P2867.13, 61.33, 14.01; ESI-M®/z

calculated for @H14014, 234.09, found 257.10 [M+Ng]

4.4.4. General procedure for the syntheses of symirie fumaric acid diesters 5a, 12a, 13a

and 14a of Table 2 (5a as an example)

To a solution of fumaric acid (34.8 g, 300 mmolydenzyl alcohol (68.1 g, 630 mmol) in 180

mL benzeng-TosOH (2.85 g, 15.0 mmol) was added. The reactiottiure was refluxed for 24
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h. The residue was diluted with EtOAc, washed saturated NaHC®solution and water and
dried over anhydrous N&0O,. The solvent was removed under reduced pressuréhancrude
product was purified by column chromatography dicasigel (methylene chloride) to yield the

desired producdaas yellow oil (yield: > 99%).

Dibenzyl-(2E)-but-2-endioate (5a, Table 2lorless solid (96 %}H NMR (400 MHz, CDCY):

&7.42-7.32 (m, 10H, Ar-B), 6.93 (s, 2H, B=CH), 5.23 (s, 2H, 2 x CEH,Ph).

4.4.5. General procedure for the syntheses tfans-configured, racemic aziridine-2,3-

dicarboxylates 1c-3c, 5¢, 7¢c-9c and 12c-14c of Tal8 (1c as an example)

1-Benzyl-4-ethyl-(E)-but-2-endioate (908 mg, 3.88 mmol) and DPSI (1g02.65 mmol) in
toluene (25mL/g DPSI) were stirred at 83 °C fort24Then, the solvent was removed under
reduced pressure and the crude product was pubffedolumn chromatography on silica gel

(petroleum ether/EtOAC) to yield the produdctas a colorless solid (yield: 14%).

(2S,35)+(2R,3R)-2-Benzyl-3-ethyl-aziridine-2,3-dixxylate (1c, Table 3)colorless solid14
%); mp 50 °C;*H NMR (300 MHz, CDCJ): & 7.43-7.30 (m, 5H, Ar-@), 5.31-5.07 (m, 2H,
CO,CH,Ph), 4.33-4.10 (m, 2H, GOH,CHj3), 3.02-2.79 (m, 2H, 2 x AziB), 1.85 (s, 1H, M),

1.29 (t, 3H, CGCH,CHg, 3J = 7.1 Hz).

4.4.6. General procedure for the syntheses bdFacylated aziridine-2,3-dicarboxylates 1d-

14d of Table 4 (1d as an example)
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To a solution of BOC§)-Leu-(R)-Pro (177pg, 539 umol, synthesized according to standard
peptide chemistry) and Azi(OBn)(OEtr (112 mg, 449umol), PPA in 50% EtOAc (857 mg,
1.34 mmol) was added stepwise at 0 °C. The reaatigture was stirred 1 h at 0 °C and further
24-72 h at room temperature (see Table 4). TheédAEtwas added and the solution was washed
with half-saturated NaHCf{solution and water. The combined agueous phases extracted
with EtOAc. Finally, the organic phases were wasiét half saturated NaHCsolution and
dried over anhydrous N80O,. The solvent was removed under reduced pressur¢hancrude
product was purified by column chromatography (@etrm ether/EtOAc) and semi-preparative
HPLC (for details see supplementary data) to yibkl desired productd as colorless oil (35

mg, yield: 15%).

(2S,35)+(2R,3R)-2-Benzyl-3-ethyl-1-[N-(tert-butanponyl)-(S)-leucyl-(R)-prolyl]-aziridine-
2,3-dicarboxylate (1d, Table)4colorless oil (15 %); FT-IRv [cm™] = 2958, 1736, 1707, 1646,
1495, 1425, 1364, 1245, 1164, 1025, 735NMR (400 MHz, CDCJ): & 7.41-7.30 (m, 5H, Ar-
CH), 5.26-5.11 (m, 3H, C§&CH,Ph, NH), 4.71, 4.62 (je dd, 1H, Pm-CH, 3J = 7.8, 2.6 Hz),
4.55-4.43 (m, 1H, Leu-CH), 4.28-4.15 (m, 2H, C&ZH,CHs), 3.87-3.69 (m, 1H, Pré-CH,),
3.69-3.43 (M, 3H, Pré:-CH,, 2 x Azi-CH), 2.33-1.81 (m, 4H, Prf-CH,, Proy-CH,), 1.80-
1.64 (m, 1H, Leu-CH), 1.60-1.35 (m, 11H, LeB-CH,, C(CHs)s), 1.28, 1.27 (je t, 3H,
CO,CH,CHs, 3J = 7.1 Hz), 0.99, 0.97 (je d, 3H, Lé4CHs, J = 3.6 Hz), 0.93, 0.91 (je d, 3H,
Leud’-CHs, 3J = 1.2 Hz);C NMR (75 MHz, CDCJ): & 179.38, 179.15, 172.21, 171.58,
166.14, 166.09, 166.03, 155.74, 155.53, 135.03,9834.28.76, 128.72, 128.69, 128.64, 79.57,
79.54, 67.93, 67.92, 62.34, 62.32, 60.79, 60.32460(0.32, 46.83, 46.74, 42.75, 42.37, 40.53,
40.46, 40.28, 40.17, 29.51, 28.82, 28.48, 28.48B1244.68, 24.65, 24.54, 23.59, 23.50, 22.06,

21.88, 14.14; ESI-M®n/z calculated for goH41NzOg, 559.29; found 1141.59 [2M+Ng]HPLC
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(p): Rt = 23.90 min (method P-llla); HPLC (a): Rt23.73 min (method A), purity > 99 %

(HPLC method details see supplementary data).

4.4.7. General procedure for the hydrogenolysis dfi-acylated aziridine-2,3-dicarboxylates

to yield the acids 15-19 of Table 4 (15 as an exalap

To a solution ofN-acylated aziridine-2,3-dicarboxylated (7 mg) in 4 mL methanol 103
mg/mmol Pd/C (10 %) were added. The mixture wasestifor 5-30 min inside an autoclave at a
pressure of 5 bar HThen the catalyst was filtered over Celite® ame $olvent was removed

under reduced pressure to yield the desired prddias a colorless oil (5 mg, yield: 85%).

(2S,35)+(2R,3R)-1-[N-(tert-Butoxycarbonyl)-(S)-lgk@R)-prolyl]-3-ethyloxycarbonyl-
aziridine-2-carboxylic acid (15, Table :4olorless oil (85 %); FT-IRv [cm™] = 2953, 1744,
1715, 1634, 1503, 1425, 1258, 1164, 1025, 751, 898YMR (300 MHz, MeOD):5 16.29-
14.92 (br s, 1H, C@), 4.75-4.57 (m, 1H, Pra-CH), 4.49-4.11 (m, 3H, Leu-CH,
CO,CH,CHs), 3.883.69 (m, 1 H, Pr&-CH,), 3.65-3.34 (m, 3H, Pré-CH,, 2 x Azi-CH), 2.39-
1.84 (m, 4H, Prg-CH,, Proy-CH,), 1.79-1.56 (m, 1H, Ley-CH), 1.54-1.35 (m, 11H, Lep-
CH,, C(CHa)s), 1.34-1.17 (m, 3H, CETH,CH3), 0.99-0.79 (m, 6H, Led-CHs, Leu<d -CHa);
13C NMR (75 MHz, MeOD)® 181.05, 181.01, 180.63, 174.67, 174.25, 173.46, 169.16, 167.89,
167.81, 167.58, 158.08, 157.69, 80.52, 80.50, 80.43, 63.44, 63.22, 62.64, 62.39, 62.03, 51.93, 51.
88, 51.80, 48.03, 47.95, 47.74, 42.11, 41.91, 41.57, 41.17, 41.14, 40.94, 40.71, 30.06, 29.58, 28.7

3, 28.70, 25.83, 25.70, 25.43, 23.87, 23.67, 22.30, 22.02, 21.86, 14.41, 14.38; ESI-MS m/zcalcul

32



at-ed for GoHzsN30s, 469.24; found 492.27 [M+N§]961.58 [2M+Na]; HPLC (a): Rt = 12.67

min (method A), purity 86 % (HPLC method detaile sepplementary data).
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Spectroscopic, analytical and purity data for thetlsesized compounds, NMR spectra of the
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Highlights
e Development of new aziridine-based inhibitors of cathepsin L-like cysteine proteases
with selectivity for the Leishmania mexicana LmCPB2.8
e Analysis of binding sites for LmCPB2.8 and cruzain reveal differences in the S2
pockets
e Predicted ionic interaction with the histidinium ion of the active site of LmCPB2.8

leads to improved affinity and to time-dependent inhibition



