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Abstract

The molecular structures of three 1,3-diphenyl-4-(trichloro-A%-tellanyl)but-2-en-1-one

derivatives (1-3), show similar coordination geometries defined by methylene-C, three
chloride and carbonyl-O atoms. In each case, the resulting CCI3O donor set defines a square-
pyramid with the vacant space opposite the methylene-C atom occupied by a lone-pair of
electrons. Each of the molecules dimerises in the crystal via weak intermolecular TeCl
interactions so a distorted y-pentagonal-bipyramidal geometry ensues. Previous work has
shown these compounds to inhibit cathepsin S to varying extents, with 2, having 2-methoxy
substituents in the 2-position of rings, being particularly effective. Molecular docking
calculations of cathepsin S with ligands 1'-3" (i.e. cations derived from 1-3 by removal of
one of the tellurium-bound chloride atoms) showed the higher experimental second order
inactivation rate of 2, compared with the other two ligands, is explained by the observation
that the ligand occludes the entrance to the channel thereby blocking access to the catalytic

Cys25 site and also because 2' occupies part of the crucial subsite S3 of the protein.
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1. Introduction

While tellurium compounds have yet to make the pharmacopeia [1, 2], there is
growing interest in evaluating tellurium(IVV) compounds, including organotellurium(lV)
derivatives, for biological activity against a broad range of disease [3-11]. By far the most
prominent tellurium compound in this context is a salt, namely salt ammonium trichloride
(dioxyethylene-O,0")tellurate, known as AS-101, and illustrated in Fig. 1a [12]. A broad
range of biological potential is known for AS-101 as this salt has been demonstrated to
inhibit angiogenesis [13], is a potent immunomodulator [14], is effective against psoriasis
[15] and human papillomavirus [16], can be used in the prevention of infertility suffered by
chemotherapy patients [17] and in preventing and reversing type-1 diabetes [18].

Complementing experimental studies and crucial for drug development is an understanding

of the molecular mechanism(s) of action.
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Fig. 1: Chemical diagrams of (a) ammonium trichlorido(dioxoethylene-O,0")tellurate (AS-
101) and (b) 1,3-diphenyl-4-(trichloro-A*-tellanyl)but-2-en-1-one (1), i.e. with X = Y = H.

Compound 2 has X=0OMeand Y =H; and 3, X=Hand Y = OMe.



In this context, research on relatively non-toxic AS-101 reveals the
trichlorido(dioxoethylene-O,0")tellurate anion to be a specific inhibitor of cysteine proteases
such as papain and cathepsin B, by forming a covalent Te—S bond with the thiolate-S atom of
the Cys29 residue [14]. Allied research has been conducted on tellurium-based compounds
targeting this class of enzyme, including several series of organotellurium compounds, some
of which that exhibited greater irreversible inhibitory activity than AS-101 against cathepsin
B while at the same being irreversible inhibitors of cathepsins K, L and S [19-21]. In a
comprehensive study of a number of hypervalent tellurium/organotellurium(1V) compounds,
one particular series, i.e. 1-3 in Fig. 1b, was evaluated for inhibitory activity against
cathepsins B, K, L and S. Remarkably, 2 exhibited significantly greater inhibition of
cathepsin S compared to cathepsins B, K and L and in relation to the other derivatives [21].
The variety in cathepsin inhibition values exhibited by a particular compound relates to the
interaction of its metabolite with the various subsites in the enzyme, sites which are
responsible for the specific action of the protease [22, 23]; the nature of the different subsites
in cathepsins B, K, L and S were detailed in a recent study [24].

It is well established that targeting all of the above-mentioned cathepsins, i.e. B, K, L
and S, offers hope in curing many types of disease [25], for example, inhibiting each combats
metastasis in different types of cancer [26-30]. In addition, specific cathepsins relate to
specific pathological disorders. For example, the inhibition of cathepsin K is known to
promote bone regeneration and to alleviate the symptoms associated with osteoporosis [31,
32]; it is noted that inhibition of cathepsin K has proven elusive [33]. Of particular relevance
to the present study is the role of cathepsin S in human disease.

An example of cathepsin S (Enzyme code (EC): 3.4.22.27) is illustrated in Fig. 2, i.e.
PDB [34] code 1MS6 [35]. Cathepsin S is known to act as an endopeptidase, facilitating the

breaking of non-terminal peptide bonds [36]. Cathepsin S comprises one polypeptide chain



comprising 217 amino acid residues and has a molecular mass of approximately 24 kDa [37].
In the chain, there are nine cysteine residues, with six of them part of a disulphide bond
(Cys22—Cys66, Cys56—Cys99 and Cys158-Cys206) while the other three are isolated (Cys2,
Cys25, Cysl110) [37]. The active site of cathepsin S is characterised by a catalytic triad
comprising Cys25, His164 and Asn184 residues [32, 33]. The subsites S1, S1’, S2 and S3

[38] are arranged along the catalytic cleft, with the amino acids as specified recently [24].

Py
Dorr/mainL \/ [ DomainR

Fig. 2: Cathepsin S secondary structure illustrated for PDB code 1MS6 [35] showing the
Cys25 residue in the active site. The L domain features three alpha helices in the secondary
structure, while the R domain features anti-parallel beta-strands. The catalytic site includes

amino acids Cys25, His164 and Asn184.

Cathepsin S is distinguished from many other cathepsins in that it remains
catalytically active under neutral pH conditions, having optimal activity in the pH range 6.0—
7.5, in contrast to other cathepsins which exhibit greater activity under acidic conditions [39].
This has the important consequence that cathepsin S remains stable in lysosomes and can
exert physiological roles outside that environment. In response to inflammatory mediators,
e.g. pro-inflammatory cytokines and neutrophils, macrophages and microglia secrete

cathepsin S [39, 40].



The key step in the inhibition of any cysteine protease by a tellurium compound
(“tellurium ligand”) is the loss of a negatively charged tellurium-bound labile group, often a
halide, and the concomitant formation of a covalent Te-S bond with a cysteine reside [41,
42]. Effective inhibition will see optimal interactions of the tellurium ligand with the various
subsites of the specific cathepsin under investigation [22, 23]. As a continuation of
investigations into the modes of association of putative tellurium-based drugs with a variety

of cathepsins [43, 44], herein a docking study of three previously described [21, 45] 1,3-
diphenyl-4-(trichloro-A*-tellanyl)but-2-en-1-one derivatives (1-3), Fig. 1b, with cathepsin S

is reported. Compounds 1-3 showed variable inhibition values against this protease with 2
being particularly effective. The specific aim of the present study is to rationalise the
differential inhibition behaviour of 1-3. As the crystal structures of 1-3 are not known, these

were determined and also described herein.

2. Experimental

2.1  Synthesis and crystal growth

Compounds 1-3 were prepared as shown in Scheme 1 following previously described
procedures [21, 45, 46]. Briefly, tellurium tetrachloride (2.72 g, 10 mmol) reacted with 10
mmol of the appropriate acetophenone (1), 2-methoxyacetophenone (2) and 4-
methoxyacetophenone (3) in 25 mL of dry chloroform. The obtained suspension was stirred
under reflux for 30 minutes, after this another equivalent (10 mmol) of the acetophenone was
added to the solution and it was refluxed for 12 h. Then, the reaction mixture was cooled to
room temperature, concentrated and crystals of 1-3 were obtained from the slow evaporation
from the slow evaporation of the respective chloroform solutions layered with petroleum

ether. The reported melting points are for the ground samples.
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Scheme 1. Synthesis of the compounds described in the paper

(2)-1,3-diphenyl-4-(trichloro-A*-telluro)-but-2-en-1-one (1). Green crystals (1.91 g, 42%
yield), m.p. 138-139 °C (dec.). 'H NMR (500 MHz, CDCls) & 8.16 (dd, 3J 8.5, 4J 1.2, 2H),
7.77-7.73 (m, 1H), 7.69-7.67 (m, 2H), 7.60-7.52 (m, 5H), 7.42 (s, 1H), 5.17 (s, 2H). 3C
NMR (125 MHz, CDCls, ppm) & 196.4, 158.5, 140.4, 136.2, 135.5, 131.6, 130.1, 129.42,
129.37, 127.6, 120.1, 135.4, 62.6. »Te NMR (157.98 MHz, dmso-d®, referenced to
PhTeTePh at 422 ppm) 1516.2. IR (KBr) 2910, 1977, 1911, 1732, 1593, 1564, 1471, 1427,
1377, 1298, 1232, 1059, 1001, 864, 756, 677, 662, 561, 509. Anal. calc. for C16H13Cl3OTe:
C, 42.21; H, 2.88, found C, 42.47; H, 2.58.
(2)-1,3-bis(2-methoxy-phenyl)-4-(trichloro-A*-telluro)-but-2-en-1-one (2). Red crystals (2.68
g, 52% yield), m.p. 192-195 °C (dec.). *H NMR (500 MHz, CDCls) & 7.93 (dd, 3J 7.9, 4J 1.8,
1H), 7.65-7.61 (m, 1H), 7.47-7.43 (m, 2H), 7.41 (s, 1H), 7.09-7.03 (m, 2H), 7.01 (d, 3J 8.4,
1H), 6.97 (d, 33 8.2, 1H), 5.22 (s, 2H), 3.92 (s, 3H), 3.91 (s, 3H). 3C (125 MHz,CDCl3, ppm)
6 197.2, 160.7, 157.4, 156.1, 137.5, 133.1, 132.4, 130.4, 128.6, 127.5, 126.0, 121.6, 121.5,
112.5, 111.7, 63.4, 56.4, 55.9. *>Te (157.98 MHz, dmso-d®, referenced to PhTeTePh at 422
ppm) 1357.9. IR (KBr) 3011, 2937, 2837, 1579, 1485, 1464, 1443, 1364, 1282, 1240, 1169,
1124, 1024, 885, 777, 756, 640, 503, 451. Anal. calc. for C1gH17Cl303Te: C, 41.96; H, 3.33,
found C, 41.88; H, 3.31.
(2)-1,3-bis(4-methoxy-phenyl)-4-(trichloro-A*-telluro)-but-2-en-1-one (3). Red crystals (2.37

0, 46% yield), m.p. 182-183 °C (dec.). *H NMR (300 MHz,CDCls) & 8.17 (d, 3J 9.3, 2H),



7.65 (d, 33 9.0, 2H), 7.32 (s, 1H), 7.03 (d, 33 9.3, 2H), 7.02 (d, 33 9.0, 2H), 5.10 (s, 2H), 3.95
(s, 3H), 3.89 (s, 3H). 3C NMR (75 MHz, CDCls) & 193.4, 162.7, 152.3, 130.4, 128.0, 126.6,
124.9, 119.6, 114.2, 113.9, 113.8, 55.4, 55.2, 55.1, 55.0. **Te NMR (157.98 MHz, dmso-d°®,
referenced to PhTeTePh at 422 ppm) 1359.4. IR (KBr) 3097, 2931, 2837, 2050, 1593, 1542,
1479, 1421, 1356, 1319, 1261, 1169, 1016, 914, 900, 827, 637, 509. Anal. calc. for

C18H17Cl303Te: C, 41.96, H, 3.33, found C, 41.93, H, 3.32.

2.2  Crystal structure determination

Intensity data for 1-3 were measured at room temperature on an Enraf Nonius
TurboCAD4 diffractometer using graphite-monochromatized MoKa. radiation (A = 0.71073
A). The absorption corrections were applied using the y-scan method in CAD4 Express [47],
and data processing was accomplished using XCAD4 [48]. Unit-cell data, X-ray data
collection parameters and details of the structure refinement are summarised in Table 1. The
structures were solved by direct methods using SIR92 [49] and full-matrix least-squares
refinement on F? followed (anisotropic displacement parameters and C-bound H atoms in
their idealised positions) [50]. A weighting scheme of the form w = 1/[6%(F0?) + (aP)? + bP]
where P = (Fo? + 2Fc?)/3 was introduced in each case. The residual electron density peaks
listed in Table 1 for 2 are 1.01 and 1.32 A from the tellurium atom. Similarly, those indicated
for 3 are 0.95 and 1.10 A from the heavy atom. The programs WinGX [51], PLATON [52],

ORTEP-3 for Windows [51] and DIAMOND [53] were also used in the analysis.

Table 1

Crystallographic data and refinement details for 1-3.

1 2 3
Formula C16H13CI30Te C18H17Cl303Te C1sH17ClI303Te
Formula weight 455.21 515.27 515.27



Crystal colour, habit

Crystal size/mm

Irregular, green
0.10 x 0.20 x 0.20

Irregular, red

0.10x0.12x0.18

Irregular, red

0.08 x 0.12 x 0.18

Crystal system triclinic triclinic triclinic
Space group P1 P1 P1

alA 8.9308(7) 7.3665(9) 9.6177(9)
b/A 9.6253(9) 10.371(1) 10.546(1)
c/A 10.986(1) 13.321(1) 11.387(1)
a/° 77.065(7) 84.594(9) 104.713(8)
B/° 86.827(10) 76.224(10) 113.291(9)
/° 63.089(13) 77.036(8) 100.748(9)
VIAS 819.59(15) 962.33(17) 971.07(17)
/7' 2/1 2/1 2/1

Dc/g cm 1.845 1.778 1.762
F(000) 440 504 504
AMMoKo)/mm™ 2.298 1.976 1.958
Measured data 4821 3753 3834

0 range/° 2.4-30.0 16-255 21-255
Unique data 4553 3585 3601

Rint 0.027 0.077 0.061
Observed data (1 > 2.05(1)) 3416 2629 2817
R, obs. data; all data 0.034; 0.085 0.051; 0.124 0.061; 0.158
a, b in weighting scheme 0.047, 0.330 0.088, 0 0.128,0

Rw, obs. data; all data  0.065; 0.097 0.080; 0.137 0.080; 0.171
Apmax, minfe A 0.55, -0.66 1.57,-1.28 2.83,-1.78
CSD deposition no. 2074123 2074124 2074125

2.3 Generation of ligand structures for the docking studies

The experimentally determined structures of 1-3 were used as the starting points for
generating the ligand structures for the docking studies. Each of the structures was made
mono-cationic by the removal of a tellurium-bound chloride anion. As there are three
different chlorides about the tellurium atom in 1-3, three different ligand structures were
generated for each compound and used as the input into the docking calculations.

9



2.4 Docking studies

In the present investigation , the GOLD 5.0.1 program [54, 55] was used with the
GoldScore fitness function which allows for a variety of factors, e.g. the energies due to
hydrogen bonding and van der Waals interactions, and ligand torsion strain. The performed
calculations were based on the formation of a covalent complex, via a Te-S bond, involving
the Cys25 residue of the catalytic site of cathepsin S and the tellurium atom of the different
tellurium ligands. The constraint parameter of the GOLD program was employed to establish
a range for the Te-S bond length, i.e. 2.4 to 3.5 A, and in all cases the docking simulations
were preformed assuming a rigid enzyme. For the tellurium ligands, two different
calculations were performed due to the fact that the X-ray crystal structures of 1-3 showed
the presence of an intramolecular TeO(carbonyl) interaction giving rise to a “closed”
conformation through a pseudo six-membered chelate ring (see below), so, at first, the
TeO(carbonyl) separation was restrained to the crystallographic value in each case and the
rest of the molecule allowed flexibility. Further calculations were also performed releasing
the TeO(carbonyl) distance restraint which gave rise to an “open” conformation where the
Te-O(carbonyl) interaction was not present. Only amino acid residues within a radius of
10.0 A around the ligand cavity were considered. All water molecules were removed since
there are none in the active site of cathepsin S and are therefore, not influential in the
interactions.

For molecular visualisation of the poses and for the analysis of interactions and

alignments, the DS Visualizer program 3.5 [56] was employed.

3. Results and discussion

3.1  Experimental molecular structures

10



The experimental molecular structures of 1-3 are shown in Fig. 3 and selected
geometric parameters are listed in Table 2. The tellurium(IV) centre in 1 is coordinated by
three chloride anions, the methylene-carbon atom of the mono-anionic 4-oxo-2,4-
diphenylbutan-1-ide ligand with the five-coordinate geometry being completed by the
carbonyl-oxygen atom. The mode of coordination of the organic ligand leads to the
formation of six-membered TeOCj4 chelate ring which is non-planar. The best description for
the conformation of the chelate ring is a half-chair with the tellurium atom lying 0.889(6) A
above the plane defined by the five remaining atoms which are close to co-planar with a
r.m.s. deviation = 0.035 A. The C5-C10 phenyl ring forms a dihedral angle 9.7(3)° with the
planar part of the chelate ring and the comparable angle for the C11-C16 ring is 3.9(3)°; the
dihedral angle between the outer rings is 13.3(3)°, indicated a folded conformation. The
coordination geometry for the tellurium atom is based on a square pyramid based on the
value of t = 0.06, which compares with the t values of 0.00 and 1.00 for ideal square-
pyramidal and trigonal-pyramidal geometries, respectively [57]. In this description, the
tellurium atom lies 0.1236(7) A out of the plane (r.m.s. deviation = 0.068 A) in the direction
opposite to the methylene-C1 atom which occupies the apical position. The unoccupied
region about the tellurium(lV) centre is presumably occupied by a stereochemically-active
lone-pair of electrons. When intermolecular TeCl interactions are considered (see below)
the coordination geometry is best described as being distorted y-pentagonal-bipyramidal.
While the bond lengths associated with the mutually trans-disposed CI1 and CI3 atoms differ
by less than 0.02 A, the Te—CI2 bond length of 2.4254(10) A, with the CI2 atom trans to the
carbonyl-O1 atom, is systematically shorter than the Te—CI1, CI3 bonds, Table 2, reflecting

the relative weak nature of the Te~O1, formally dative bond.
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Fig. 3. Molecular structures of 1-3, showing atom labelling and displacement ellipsoids at

the 35% probability level.

Table 2

Summary of key geometric parameters (A, ©) for 1-3.2

Parameter

Te—Cl1
Te—C12
Te-C13
Te-O1
Te—Cl
Te—Cl(n)'

1:n=3

2.4826(13)
2.4254(10)
2.5004(12)
2.241(3)
2.116(4)
3.8738(12)

2:n=1

2.502(2)

2.4240(15)

2.479(2)
2.287(4)
2.116(6)
3.742(2)

12

3in=2

2.461(2)
2.4025(19)
2.520(2)
2.292(5)
2.102(7)
4.014(3)



Cll-Te-CI2  89.72(4) 91.77(7) 88.51(8)

Cll-Te-CI3  173.82(4) 175.65(6) 173.16(7)
CI2-Te-CI3  92.34(4) 92.23(7) 88.43(8)
Cll-Te-C1 87.39(14) 86.58(18) 88.5(2)
CI3-Te-Cl 86.84(14) 91.65(18) 85.5(2)
CI2-Te-O1 170.32(8) 167.59(12) 169.80(15)
01-Te-Cl 82.29(14) 77.36(18) 77.8(2)

a Symmetry operation i: 1 1-X, -y, 2-z; 2 1-x, -y, 2-z; 3 1-X, 1-y, -z.

A quite similar coordination geometry to that just described or 1 is found for the
tellurium(IV) centre in 2, Fig. 3b. In the chelate ring, the tellurium atom lies 1.177(8) A
above the plane defined by the remaining atoms (r.m.s. deviation = 0.076 A); the outer C5-
and C11-rings of the organic ligand form dihedral angles of 14.8(2) and 39.97(18)°, the
planar region of the chelate ring indicating a more twisted conformation for the ligand; the
angle between the phenyl rings is 25.91(16)°. The tellurium atom lies 1.969(6) A out the
basal plane defined by ClsO atoms (r.m.s. deviation = 0.103 A), again away from the
methylene-C1 atom. The systematic variations in the Te—Cl bond lengths prevail, Table 2.
The chemical difference between 1 and 2 rests with the presence of two methoxy substituents
in the latter. As seen from Fig. 3b, the methyl group of the O2-methoxy substituent occupies
the bay region defined by the 4-oxo-2,4-diphenylbutan-1-ide ligand, consistent with the
deformation in this ligand in 2 compared with 1. The O3-methoxy substituent is orientated
so that the O3-atom is directed towards the tellurium atom but the Te O3 separation of
3.946(5) A is too long to be considered a significant bonding interaction. Rather, this is more
likely a reflection of a significant intramolecular methylene-C1-HO3 interaction with
H+03 = 2.19 A. This assessment is vindicated in the value t, i.e. 0.13, indicating a small

deviation from a regular square-pyramidal geometry. The tellurium atom lies 0.1314(13) A
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out of the ClsO plane (r.m.s. deviation = 0.103 A), again in the direction away from the C1
atom.

The third structure, 3, illustrated in Fig. 3c, exhibits some deviations from 1 and 2.
The half-chair conformation of the chelate ring sees the tellurium atom lying 1.06(10) A out
of the C40 plane (r.m.s. deviation = 0.120 A), being intermediate in its deviation cf. 1 and 2.
The dihedral angles between the constituent C4O atoms of the chelate ring and the C5- and
C11-phenyl rings are 29.4(3) and 16.3(3)°, respectively; the dihedral angle between the
phenyl rings is 19.1(4)°, again intermediate between the angles found in 1 and 2. In 3, the 4-
0x0-2,4-diphenylbutan-1-ide ligand is directed away from the CI3 atom, whereas the
opposite in true in 1 and 2. The calculated value of t is 0.06 [56], indicating a coordination
geometry close to square-pyramidal with the tellurium atom lying 0.1732(17) A out of the
Cls0 plane (r.m.s. deviation = 0.035 A) in the opposite direction to the C1 atom, as for 1 and
2. An overlay diagram, shown in Fig. 4, highlights the different molecular conformations

found in 1-3.

Fig. 4: Overlay diagram of 1 (red image), 2 (green) and inverted-3 (blue) with the molecules

superimposed so that the Te, O1 and C1 atoms are coincident.

The most closely related literature structure to 1-3 is the compound with the

phenyl/substituted-phenyl rings replaced by methyl substituents [58]. As would be
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anticipated, the molecular structure of Te[CC(Me)=C(H)C(=0)Me]Cl3z displays much the

same geometric and conformational features as described above.

3.2 Molecular packing

The key feature of the molecular packing of each of 1-3, is the presence of secondary
TeCl interactions [59-61], which occur about a centre of inversion in each of the crystals, so
that centrosymmetric dimers are formed. The mode of association between the dimeric
aggregates differs in each case, however. A listing of the most prominent points of contact
between the dimers in 1-3 is given in Table 3.

In the crystal of 1, the centrosymmetric supramolecular dimer, Fig. 5a, is sustained by
TeCI3' interactions of 3.8738(12) A which are marginally longer than the sum of the van der
Waals radii [62] of 3.81 A, emphasising their weak nature; symmetry operation i: 1-x, -y, 2-z.
The only contacts occurring at distances less than the sum of the respective van der Waals
radii [52, 63] are phenyl-C—H-Cl interactions, involving each of the chloride atoms. These
interactions stabilise supramolecular layers as shown in Fig. 5b that stack along the a-axis,
Fig. 5¢c. The closest inter-layer interactions occur between centrosymmetrically-related C11-
phenyl rings with rather long inter-centroid separations of 4.541(3) A symmetry operation: -x,
1-y, 1-z. However, the rings are significantly off-set from each other with the distance
between parallel rings being 3.597(2) A and closest C-~C contact of 3.629(9) A consistent

with an edge-to-edge interaction between the rings.
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Fig. 5. Molecular packing in 1: (a) supramolecular dimer mediated by weak Te~Cl bonding
interactions (black dashed lines), (b) layer in the bc-plane mediated by C—H Cl interactions
shown as orange dashed lines and (c) view of the unit cell contents in projection down the b-
axis.

In 2, the centrosymmetric dimer involves bridging CI1' atoms with the intermolecular
distance being 3.742(2) A, i.e. a little less than the sum of the van der Waals radii; symmetry
operation i: 1-x, -y, 2-z, Fig. 6a Thus, the presence of additional methyl-C—H--Cl and ==
interactions contribute to the three-dimensional architecture in the crystal of 2, Table 3. The
combination of C17-H-CI1 with w(C5-C10)n(C5-C10)" contacts between
centrosymmetrically related rings (inter-centroid distance = 3.530(4) A for symmetry
operation ii: -x, 1-y, 2-z) gives rise to supramolecular layers in the ab-plane, Fig. 6b. The

layers stack along the c-axis and the protruding phenyl-C11-C16 rings inter-digitate via
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1(C11-C16)n(C11-C16)" contacts with an inter-centroid separation of 3.604(5) A

(symmetry operation iii: 1-x, 1-y, 1-z), Fig. 6c.
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Fig. 6. Molecular packing in 2: (a) supramolecular dimer mediated by TeCl bonding
interactions (black dashed lines), (b) layer in the ab-plane mediated by C-H-Cl and -«
stacking interactions shown as orange and purple dashed lines, respectively, and (c) view of

the unit cell contents in projection down the b-axis.

The centrosymmetric dimer about the {Te—Cl}. synthon formed in 3 involves the CI2
atom, i.e. the atom trans to the carbonyl-O1 atom and forming the shorter of the Te—CI bonds
in 1-3, Fig. 7a. Therefore, and as seen from Table 3, each dimer formed in molecular

packing of 1-3 involves the participation of a different chloride atom. Supramolecular layers
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are formed in the crystal of 3, arising from the combination of phenyl-C12—H--Cl2 along
with methyl-C—H n(C5-phenyl, C11-phenyl) interactions, Table 3. Layers lie parallel to the

bc-plane, Fig. 5b. The most notable interactions between layers which inter-digitate along

the a-axis, Fig. 5c, appear to be very weak methyl-C17-HCI2, CI3.

(0)
Fig. 7. Molecular packing in 3: (a) supramolecular dimer mediated by TeCl bonding
interactions (black dashed lines), (b) layer in the ab-plane mediated by C—H~Cl and C-H &t
interactions shown as orange and purple dashed lines, respectively, and (c) view of the unit

cell contents in projection down the b-axis.
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Table 3

Summary of the intermolecular interactions (A, ©) in the crystals of 1-3.

1
c7 H7 CI3 093 291 3.661(6) 139 1-x, 1-y, 2-Z
C12 H12 CI2 093  2.89 3.669(5) 142 X, 1+y, 7

C16 H16 cl1 093  2.84 3.668(5) 150 1-X, -y, 1-

2

C17 HI7A  Cl1 096  2.76 3.602(9) 147 14X, 14y, Z

3

C12 H12 cI2 093 281 3.578(9) 141 “14X, Y, Z

C17 H17c Cg(C11-C16) 0.96 2.89 3.783(10) 156  -x, 1-y, -z
C18 H18c Cg(C5-C10)0.96  2.83 3.735(9) 158 X, Y, -Z

C17 H17a CI2 096  2.93 3.768(11) 146 X, -y, -1-Z

C17 H17b CI3 096  3.06 3.989(9) 102 14X, -1+y, -1+7

3.3  Docking studies

The protein-ligand complex structure used in the present study was the one with pdb
code 1MS6 [35], i.e. cathepsin S in its complex with (2S)-N-[2(benzyloxy)-1-cyanoethyl]-4-
methyl-2-[(morpholine-4-carbonyl)amino]pentanamide  with pdb code BLN. As
experimental data showed there is a covalent bond formation between the tellurium atom and
the SG of Cys25 [19, 21], docking calculations were conducted with the SG-Te bond length
restricted to be within the interval 2.4 to 3.5 A; SG refers to the thiolate-S atom of Cys25.

As already mentioned in 2.4, calculations were performed with the
TeO(carbonyl) bond fixed at the crystallographic value, representing the closed
conformation, and then with this restraint released so the ligand was fully flexible. In order
to enable the formation of the SG—Te bond, each of the three chloride atoms was removed in
turn, in order to assess which mono-cationic structure gave rise to the most efficient SG-Te

interaction. A summary of the docking results is shown in Table 4 where it can be seen that

19



the species forming the shortest SG—Te distances in each category, that is in both closed and

open conformations, was the one corresponding to the species less the CI3 atom (Fig. 3),

hereafter 1'-3". Further, for each of 1'-3', the shortest SG-Te distances were formed for the

ligand with the open conformation. The major structural consequence of 1'-3', with the loss

of the CI3 atom, is the almost orthogonal disposition of the remaining chloride atoms.

Table 4

Docking results for complexes formed between cathepsin S and each of 1-3 and the mono-

anions derived from these in open and closed conformations.

The selection of the best

complex, namely 1'-3", for each series was made based on the shortest SG—Te distance.

Ligand with closed Ligand with open Second order
Comp’d conformation conformation Ligand inactivation rate
omp SG-Te Energy Energy SG-Te g constant k (mM)* st
(A) (kcal/mol) | (kcal/mol) (A) [21]
1 3.99 ~51.3 ~52.0 339 |1
3.86 —52.1 —54.1 3.15 1': 1less CI3 945+ 43
3.98 —51.2 —55.4 3.66 1 less CI2
3.94 —49.0 —53.7 3.21 1 less Cl1
2 4.22 —53.2 —52.0 304 |2
4.07 —49.5 —43.4 3.11 2 less ClI2
4.19 —49.4 —45.7 3.09 2 less ClI1
3 3.80 —44.1 —45.6 354 |3
3.62 —43.9 —45.1 2.92 3': 3 less CI3 87407
3.90 —49.6 —45.1 3.47 3 less CI2
3.73 —45.5 —44.3 3.74 3less Cll1
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The analysis of the poses obtained from the docking calculations for compounds 1'-3'
are shown in Table 5. In Fig. 8a and 8b are shown the C—H---n interactions of formed by
ligand 2" with Phe70 and His164 of subsites S3 and S1', respectively, being representative of
the analogous interactions with 1', and in Fig. 8c, the C=0Ox interaction of 2" with Asn163

of the S2 subsite, being representative of analogous interactions formed by 1" and 3'.

Table 5 Amino acids in subsites of cathepsin S that interact with ligands 1'-3'. The blocks
highlighted in yellow indicates a mt-interaction

Subsite S1 S2 S3 S1’
/

Ligand
1
2' X | X | x| x| x| X X | X | x| x| X X
3' X X X X X X X

S1:His164 .

S2: Asn163

Fig. 8. C-H—m interactions of 2' with (a) with Phe70, (b) Hisl64 and (c) Asnl63,

highlighting C—H'x (a and b) and C=0O"= interactions (c).
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As mentioned earlier, the best inhibitors of cathepsin S should occupy subsites S2 and
S3[24]. As observed in Table 5, 3" forms significantly less interactions in these subsites that
either of 1" and 2', providing a clear distinction between the ligands and the significantly
reduced potency of 3', Table 4. As observed from Fig. 9, where the van der Waals surfaces
are shown for 1' and 2', ligand 2" occupies a larger space in subsite S3 than 1'. This and the

specific interactions with crucial amino acids, as detailed below, supports the greater

inhibition exhibited by 2" over 1'.

Fig. 9. Cathepsin S subsites S1 (blue), S1' (green; top right-hand corner), S2 (pink) and S3

(orange) and the van der Waals’ surfaces of 1" in yellow and 2" in white.

The structure of cathepsin S shows that the catalytic cysteine, Cys25, is located at the
end of a channel flanked by two B-strands, one of which contains the amino acid residues
Vall62, Asn163 and His164 and the other having Phe70 and Met71. The docking
calculations show that ligands 1' and 2" are located between the B-strands as illustrated in Fig.
10. Fig. 10b highlights the interaction of 2" with Val162 which has the effect of blocking the
entrance of the channel giving access to the catalytic cysteine Cys25; the analogous

interaction with 1" is not apparent. This observation enables the postulate that this interaction
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between 2" and Val162 in the crucial S3 subsite is a key explanation for 2' being more active

than 1'.

Fig. 10. Docking of (a) 1' and (b) 2, shown in ball and stick form within its van der Waals’

surface, in the catalytic cavity of cathepsin S.

4. Conclusions

The coordination geometry around the tellurium atom in each of 1-3 has been
established by X-ray crystallography to be distorted y-pentagonal-bipyramidal with two
chloride anions occupying the axial positions and with the pentagonal plane defined by the
methylene-carbon and carbonyl-oxygen atoms of the chelating ligand as well and a weakly
associated chloride atom derived from a neighbouring molecule; the geometry is completed
by the stereochemically active lone-pair of electrons. Molecular docking studies on anions
derived from 1-3 provides a clear explanation of the potent inhibitory behaviour of 2 with
respect to the other compounds. The calculations show 2" blocks the channel that gives

access to the catalytic Cys25 site and further, 2' occupies both the S2 and S3 subsites.
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Highlights

Three biologically relevant active organotellurium trichloride are studied
The compounds differentially inhibit cathepsin S

The molecular structures feature a common CCI30 donor set

Te forms a covalent bond with S of the Cys25 residue in the active site

Molecular docking shows effective blocking of the Cys25 active site
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Ar = C4Hj (1), 0MeO(CgHs) (2), p-MeO(CgHs) (3)
Poses of ligands after docking in CatS
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