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Abstract

New organotin(IV) complexes with heterocyclic thioamides 2-mercapto-benzothiazole (Hmbzt), 5-chloro-2-mercapto-benzothiazole
(Hcmbzt) and 2-mercapto-benzoxazole (Hmbzo) of formulae [(C¢Hs);Sn(mbzt)] (1), [(CgHs)3Sn(cmbzt)] (3) and [(C¢Hs),Sn(cmbzt),] (4), to-
gether with the already known [(C¢Hs)3;Sn(mbzo)] (2), [(n-C4Hg)>Sn(cmbzt),] (5) and [(CH3),Sn(cmbzt),] (6) were used to study their influence
on the peroxidation of oleic acid. The influence of complexes (3)—(6) upon peroxidation of oleic acid showed that the formation of reactive
radicals caused the initiation of the chain radical oxidation of the substrate. The influence of complexes (1)—(6) upon the catalytic peroxidation
of linoleic acid by the enzyme lipoxygenase (LOX) was also studied and compared to those of cisplatin. Compounds (1)—(6) were finally tested
for in vitro cytotoxicity against leiomyosarcoma cells.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction
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DNA or with the metalloenzymes that are necessary for the
rapid growth of malignant cells [7,8].

For the mechanism of action of organotin(IV) compounds,
multinuclear 1D and 2D NMR studies [9] of the interaction
between diethyltin(TV) moiety and 5-CMP, 5'-dCMP, 5'-
UMP as well as 5-IMP and 5-GMP in aqueous solutions
have shown that at low pH values (<4) organotin(IV) moiety
is involved in bonding with the phosphate group of the nucle-
otides studied. At pH > 9.5, the Et,Sn(IV) moiety reacts with
the O(2") and O(3’) oxygen atoms of the sugar unit of the nu-
cleotide, while at intermediate pH values (4.0—9.5), no evi-
dence for the Et,Sn(IV)—nucleotide interaction was found
[9]. These results may indicate that organotin’s anti-cancer ac-
tivity may not involve DNA at physiological conditions.

On the other hand, organotins were proposed to interact with
the high-affinity site of ATPase (histidine only) and the low-af-
finity site of ATPase and haemoglobins (histidine and cysteine)
[10]. These results prompted us to investigate the correlation
between enzyme inhibitions by organotins and their anti-tumor
activity. Lipoxygenase (LOX) is an enzyme that takes part in
the metabolism of arachidonic acid. LOX catalyzes the oxida-
tion of arachidonic acid to leukotrienes, in an essential mecha-
nism for the cell life [11a,11b]. Prostaglandins the final
products formed from the metabolism of arachidonic acid con-
tributed to tumorigenesis acting as angiogenesis factors [12a].
Linoleic acid on the other hand, discovered in beef and dairy
products, was proven to be a potential mutagen inhibitor [12b].

Lipophilic organotin compounds R,SnX,_,, are membrane
active xenobiotics and when accumulating in the lipid bilayer
of cellular membranes might induce membrane associated ox-
idative stress in living organism [13a—13c]. The principal
route of these processes is associated with the promoting effect
of lipid peroxidation in the presence of organotins [14a,14b].
The organotin compounds R,SnX,_, are capable of interact-
ing with peroxyl radicals R'OO" formed in the peroxidation
of unsaturated fatty acids R'H by dioxygen and produce active
organic radicals R* due to the homolytic cleavage of Sn—C
bonds in radical substitution reactions [14c].

In this study, the correlation of LOX inhibitory activity and
the anti-tumor activity of complexes [(C¢Hs)3Sn(mbzt)] (1),
[(CeHs)3Sn(cmbzt)] (3), and [(CgHs),Sn(cmbzt),] (4) {where
Hmbzt is 2-mercapto-benzoxazole (Scheme 1(I)) and Hcmbzt
is 5-chloro-2-mercapto-benzothiazole (Scheme 1(II))} [15]
and [(CgHs);Sn(mbzo)] (2) [16a] (Hmbzo = 2-mercapto-
benzoxazole (Scheme 1(III)), [(n-C4H¢),Sn(cmbzt),] (5)
[16b] and [(CHj3),Sn(cmbzt),] (6) [6a] are reported. Such an
inhibition may be the cause of the anti-tumor action of tin anti-
tumor complexes.

More particularly (1)—(6) were tested for in vitro cytotox-
icity against leiomyosarcoma cells from the Wistar rat [17].
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Fig. 1. Formulae of the complexes (1)—(6). [(CgHs)3Sn(mbzt)] (1) (A; X =
S, Y =H), [(C¢Hs)3Sn(mbzo)] (2) (A; X =0, Y =H), [(CcHs)3Sn(cmbzt)]
3 (A; X=S, Y=CI), [(CeHs)Sn(cmbzt),] 4) (B; R=CeHs—),
[(n-C4Hg)>Sn(cmbzt),] (5) (B; R=n-C4Ho—) and [(CH3),Sn(cmbzt),] (6)
(B; R=CH;3-).

Their anti-tumor activity was studied in relation to the mech-
anism of inhibition activity of the complexes towards the cat-
alytic oxidation of linoleic acid to hydroperoxylinoleic acid by
the enzyme lipoxygenase [11b,12a]. An interesting correlation
between anti-tumor action and LOX inhibition of the com-
plexes studied was observed.

2. Chemistry
2.1. Synthesis and structures

Details of the synthesis of compounds (1), (2), (5) and (6)
have been reported elsewhere [6a,15,16]. Compounds (3) and
(4) have been prepared by direct reaction of diphenyltin oxide
(CgHs)2SnO or triphenyltin hydroxide with 5-chloro-2-mer-
capto-benzothiazole [15].

The structures of the complexes used are included in Fig. 1.

The structures of compounds (1)—(3) consist of a de-proton-
ated thioamide ligand bonded to [Ph3Sn(IV)] moiety through
sulfur atom. A weak Sn—N interaction completes the coordina-
tion sphere around the metal center. The geometry around Sn
atom is basically tetrahedral. Tin is coordinated with, two car-
bons of phenyl groups and two sulfur atoms. The weak N---Sn
interaction in plane may be interpreted as a slight shift towards
a trigonal bipyramidal structure. In (4)—(6), the distortion leads
to an octahedral arrangement around tin, taking into account
the two weak N---S interactions.

3. Results and discussion

3.1. The influence of organotin(IV) complexes (3)—(6)
upon the peroxidation of oleic acid

Fig. 2 shows the effect of organotin complexes (4)—(6) on
the accumulation level of oleic acid hydroperoxides at 65 and
37 °C, respectively.
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Fig. 2. Kinetic curves of R’'OOH formation in the presence of 1 mmol/l addi-
tives at 65 °C (A) and 37 °C (B) oleic acid (S) without additives; and in the
presence of complexes Me,SnL, (6), (n-Bu),SnL, (5) and Ph,SnL, (4).

The effect of all organotin complexes R,SnL, is manifested
by the increase of the hydroperoxide content in the initial pe-
riod (Fig. 2A,B; curves 4—06). The data presented show the in-
fluence of the organic group nature upon the effectiveness of
R,SnL,. The initial rate constants k of R‘'OOH accumulation
at 65°C are 3.83+0.03; 4.04+0.03; 4.33+0.01 and
4.3240.02 x 107*s™" for pure oleic acid (S) and Me,SnL,
(6), (n-Bu),SnL, (5) and Ph,SnL, (4), respectively. The
analogous values at 37 °C are lower because of the decrease
of the substrate peroxidation rate at physiological temper-
ature and are 2.51+0.04; 2.56+0.03; 2.664+0.03 and
2.740.03 x 107* s~ for pure oleic acid (S) and Me,SnL,
(6), (n-Bu),SnL; (5) and Ph,SnL, (4), respectively.
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Fig. 3. Kinetic curves of R’®OOH formation in the presence of 1 mmol/l addi-
tives at 65 °C (A) and 37 °C (B) oleic acid (S) without additives; Ph3SnL (3)
and Ph,SnL, (4).

The number of R groups in R,SnL,, influences the effec-
tiveness of the complexes as promoters as well, as it has
been observed for the pair of phenyl derivatives (Fig. 3). At
both temperatures diphenyltin complex Ph,SnL, (4) is more
active in the initiation of peroxidation process than the triphe-
nyltin analogue Ph;SnL (3) (k=4.32+0.02; 4.06 £ 0.01 and
2.7+0.03; 241003 x 107*s™" at 65°C and 37°C for
Ph,SnL, (4) and Ph3SnL (5), respectively).
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Fig. 4. The relative content of R‘OOH in oleic acid without additives and in the
presence of 1 mmol/l oleic acid (S) without additives; and in the presence of
complexes Me,SnL; (6), (n-Bu),SnL, (5), Ph,SnL, (4) and Ph3SnL at 65 °C
(A) and 37 °C (B) after 2.5 h and 5 h, respectively.

The comparative data for the R®OOH total content in pure
oleic acid and in the presence of R,SnL, after 2.5h at
65 °C and after 5 h at 37 °C are given in Fig. 4. A significant
increase of R‘'OOH at various temperatures has been observed,
as compared to the oleic acid auto-oxidation.

The relative values of the total content of hydroperoxides in
the presence of organotin complexes follow the same order of
the organic group influence, as it was presented in kinetic mea-
surements (Figs. 2 and 3).

The bonding of organotin moieties to the S-atom makes the
complexes inert towards the free HS-groups in proteins as it
has been mentioned above. However, the complexes possess-
ing o-bonded organic groups R are reactive towards the per-
oxyl radicals R’'O0°® formed in oleic acid media.

The formation of reactive radicals R* and/or [R,,SnL,_,,]" on
the other hand, might be the reason causing the initiation of
the chain radical oxidation of the substrate [18a]. The half-
life period of the radical formed might influence the promoting
effect. As it is presented in Fig. 2 the more stable the organic
C-centered radicals R* formed in the oxidative medium
(CH3 < CH3CH,CH,CH5 < C¢Hs) [18b], the more effective
promoters of the peroxidation the corresponding complexes
appear.

In order to examine further the above hypothesis we studied
the EPR spectra of the Ph3;SnCl, Me,SnCl,, Hcmbzt and their
complexes Ph;Sn(cmbzt) (3) and Me,Sn(cmbzt),, (6). Fig. 5
shows frozen solution Electron Paramagnetic Resonance
(EPR) spectra of the Me,SnCl, (a), Ph3SnCl (b), Hcmbzt (c¢)
and their complexes Ph3;Sn(cmbzt) (3) (d) and Me,Sn(cmbzt),,
(6) (e) after UV irradiation. Irradiation was performed with
a 1000 W Oriel [Hg(Xe)] ozone-free lamp in liquid nitrogen,
77 K. The spectra shown correspond to 20 s irradiation. Before
UV irradiation no EPR spectrum was detectable for any of the
samples. Irradiation with visible light >400 nm did not induce
any EPR signal.

The hyperfine splitting in the EPR spectrum of Me,SnCl,
(Fig. 5a) is due to the CHj3 protons. No such spectrum is de-
tected in Me,Sn(cmbzt),, (6) (Fig. 5d) indicating that the
spin density is not delocalized onto the methyl groups. The
spectrum of Hcmbzt (Fig. 5c) is seen in the spectra
Ph;Sn(cmbzt) (3) (Fig. 5e) and Me,Sn(cmbzt),, (6)
(Fig. 5d). This indicates that the spin density in complexes
PhsSn(cmbzt) (3) and Me,Sn(cmbzt),, (6) is localized to
a large degree on the Hembzt ligand.

3.2. Study of the peroxidation of linoleic acid by the
enzyme lipoxygenase in the presence of complexes

(1)—(6)

The influence of complexes (1)—(6) on the oxidation of the
linoleic acid by the enzyme LOX was studied in a wide con-
centration range. The degree of LOX activity (A, %) in the
presence of the complexes was calculated according to the
method described previously [19a]. Fig. 6 compares the inhib-
itory effect of complexes (1)—(6) in various concentrations. It
is shown that the catalytic activity of LOX decreased signifi-
cantly in the presence of low concentrations (about 5—
50 uM) of these complexes in contrast to cisplatin which
shows no such activity. Among tri-organotin(IV) complexes
(1)—(3), complex (3) exhibits the strongest inhibitory activity
(ICsp values found: 19 uM (1), 21 uM (2), 16 uM (3), respec-
tively, Fig. 6A) while among the di-organotin(IV) complexes
(4)—(6), (4) is the stronger inhibitor towards LOX (ICsq values
found: 10 uM (4), 13 uM (5), 14 uM (6), respectively, Fig. 6B)
[19a]. Fig. 6C compares the inhibitory activity between (3)
and (4). As it is shown (4) inhibits the LOX activity stronger.
Thus the inhibitory activity of complexes (1)—(6) follow the
order (4) > (5) = (6) > cisplatin, (3) > (1) > (2) > cisplatin.
Surprisingly, the inhibitory activity of complexes tested to-
wards the catalytic oxidation of linoleic acid follow the
same order of promotion caused by these complexes in the ox-
idation of oleic acid non-enzymatically.

In order to evaluate the inhibition type, the enzymatic reac-
tion was studied by steady-state kinetics at various substrate
concentrations (varied from 0.01 to 0.1 mM) in the absence
and presence of the complexes (15 uM). The experimental
data were processed by a graphical method in Lineweaver—
Burk coordinates (double reciprocal method). The kinetic pa-
rameters were estimated from the slope and intercept of the
line. The K, of the enzyme is 0.035 mM with V., of
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Fig. 5. Electron Paramagnetic Resonance (EPR) spectra of the Me,SnCl,
(a), Ph3SnCl (b), Hembzt (c) and their complexes Ph;Sn(cmbzt) (3) (d) and
Me,Sn(cmbzt),, (6) (e) after UV irradiation.

27.5 mM/s [19a], while the corresponding apparent values for
complexes (1)—(6) are found to be higher (0.070 mM (1),
0.047 mM (2), 0.051 mM (3), 0.037 mM (4), 0.038 mM (5)
and 0.048 mM (6), respectively) with V., values to be lower
than the corresponding ones of the enzyme (20.7 mM/s (1),
25.4 mM/s (2), 19.7 mM/s (3), 20.0 mM/s (4), 18.0 mM/s (5)
and 22.6 mM/s (6), respectively). Thus, the compounds stud-
ied inhibit the enzyme with a mixed inhibition mechanism
[19b]. In this mechanism both the EI (enzyme—inhibitor)
and ESI (enzyme—substrate—inhibitor) complexes are formed
[19b]. This occurs when the inhibitor binds at a site away from
the substrate binding site, causing a reduction in the catalytic
rate which may lead to cell death. Such inhibitors could not act
as anti-inflammatory agents.

3.3. Computational methods — docking study

The high inhibitory effect of compounds (1)—(6) towards
LOX activities prompted us to perform molecular docking
studies to understand the complex—protein interactions. Table
1 shows the binding energy (E) when the substrate
(S = linoleic acid) binds in the enzyme LOX (E) for the forma-
tion of ES complex (E = —7.89 kcal/mol) [19a] and the corre-
sponding binding energies when the inhibitors (I), bind for the
formation of either ESI or EI complexes. According to the E
values of ES in contrast to those of EI and ESI indicate that
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Fig. 6. % LOX activity on the oxidation of linoleic acid in the presence of in-
hibitors (1)—(6). (A): % LOX activity in the presence of triphenyltin(IV) com-
plexes (1)—(3) in comparison with the corresponding activity with cisplatin.
(B): % LOX activity of di-organotin(IV) complexes (4)—(6) in comparison
with the corresponding activity with cisplatin. (C): comparison between the
complexes with strongest inhibitory activity from the tri- and di-organotin
complex groups.

both ESI and EI complexes could be formed in agreement
with the experimental findings for the mechanism of LOX in-
hibition presented above. Fig. 7 shows the area of the binding
sites of the inhibitors studied here. The volume binding site is
found to be 916.74 SA (Richards’ surface) [20a] or 3027.57
MS [20b], (Connolly’s surface). Thus, according to computa-
tional studies, inhibitor binds to a site away from the substrate
binding site while both ESI and EI complexes could be
formed. These findings further support the reversible mixed in-
hibition mechanism which were also found from kinetic
studies.

3.4. Biological tests

Compounds (1)—(6) were tested for cytotoxic activity
against leiomyosarcoma cells from the Wistar rat. Leiomyo-
sarcoma cells (mesenchymal tissue) survival (%) at 24 h under
variable concentration (UM) of (1)—(6) are shown in Fig. 8.
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Table 1

Binding energy (E) values when the substrate (S = linoleic acid) binds to the enzyme LOX (E) with or without the presence of the inhibitor (I)

Substrate or Energy of ES or Energy of d(Sn—Fe?) in d(Sn—C) in Amino acid residues form the docking Ref

inhibitor ESI (kcal/mol) EI (kcal/mol) ESI (A) ESI (A) cavity of the substrate and/or the inhibitor

Linoleic acid —7.89 - — — 76Ala, 533Arg, 760Asp, 761Glu, 249Leu, 110Lys, [19a]
15Met, 108Phe, 759Ser, 762Val

1) —8.6 -9.2 23.0 7.3 254Ala, 242Arg, 18Asn, 245Asn, 247Gly, 248His, ¢
2571le, 249Leu, 17Lys,15Met, 108Phe, 16Pro, 130Trp

(2) -9.5 —9.6 23.0 4.9 254Ala, 242Arg, 18Asn, 245Asn, 247Gly, 248His, ¢
2571le, 249Leu, 17Lys,15Met, 108Phe, 16Pro, 130Trp

3) -9.0 —-11.2 22.8 6.8 255Ala, 18Asn, 247Gly, 248His, 2571le, 249Leu, 17Lys, ¢
250Lys, 15Met, 108Phe, 16Pro, 130Trp, 251Ser

4) —-9.1 —9.5 25.1 10.5 76Ala, 18Asn, 253Asp, 78Glu, 75Gly, 77Gly, 259Leu, ¢
250Lys, 252Lys, 251Ser, 759Ser

(5) —8.5 -9.1 239 9.6 254Ala, 242Arg, 18Asn, 247Gly, 248His, 249Leu, 17Lys, ¢
15Met, 108Phe, 16Pro, 251Ser, 130Trp, 105Val

(6) —8.4 —8.3 23.9 9.6 254Ala, 18Asn, 256Glu, 247Gly, 248His, 2571le, 249Leu, ¢

17Lys, 15Met, 108Phe, 16Pro, 130Trp

# Tron of the active site of LOX.
® C(8) of linoleic.
¢ Present work.

Six replications per treatment group for the cytotoxic experi-
ments were used. These results show the anti-proliferate ef-
fects for all complexes.

Among tri-organotin complexes (1)—(3) complex (3) shows
the higher cytotoxic activity (Fig. 8A), while among di-orga-
notin (4)—(6) derivatives complex (4) exhibits higher cyto-
toxic activity (Fig. 8B). Between tri- and di-organotin
complexes, both (4) and (3) are found to exhibit almost the
same strong cytotoxic activity (Fig. 8C).

4. Conclusions

It is well known that many drugs with anti-proliferative
activity act either by interfering with the bases and/or nucleo-
tides of the double helix of DNA or with the metalloenzymes
that are necessary for the rapid growth of malignant cells [7,8].
However, it is proved that diethyltin(IV) moiety reacts with
nucleobases only at low and high pH values but not at neutral
pH [9]. Organotin(IV) complexes (1)—(6) are found to inhibit
strongly the peroxidation of linoleic acid by the enzyme lipox-
ygenase with the same rate that these compounds are found to
promote the peroxidation of oleic acid non-enzymatically. The
free radical mechanism proposed for the promotion of fatty
acids peroxidation [18a] is further supported by EPR studies,
reported here. However, in our case the spin electron is located
onto the ligand of the complexes and not on the alkyl or aryl
groups derived by the R—Sn bond cleavage [14a]. On the other
hand, according to Huber and Saxena [6g] the structures of all
organotins anti-tumor active compounds are characterized by
(i) the availability of coordination positions at Sn and (ii)
the occurrence of relatively stable ligand—Sn bonds, e.g.
Sn—N and Sn—S and their slow hydrolytic decomposition.
In case of complexes (1)—(6) the highest cytotoxic activity
is shown by the six coordinated complex (4) which has no
free coordination position while its Sn—S and Sn—N bond dis-
tances are found to be shorter than those found in tri-organotin
complexes [6g]. Anti-proliferative activity of the complexes

studied here, follows the same rate found for the promotion
of oleic acid peroxidation, non-enzymatically as well as the
LOX activity inhibition. Thus, among tri-organotin complexes
(1)—(3) complex (3) shows the higher cytotoxic activity, while
among di-organotin (4)—(6) derivatives, complex (4) shows
the higher cytotoxic activity. Between tri- and di-organotin
complexes, both (4) and (3) are found to exhibit almost the
same strong cytotoxic activity which is stronger than that of
the corresponding activity of cisplatin. Therefore, a relation
between the non-enzymatic peroxidation of fatty acids and
the LOX activity inhibition is found which may also be related
with the cytotoxic activity of organotin complexes. The geo-
metrical feature of this type of complexes seems to play
a less important role. In this case the free radicals formed
from the reaction between organotin complexes and the per-
oxyl radicals, which are responsible for the promotion of the
peroxidation of fatty acids, may also explain the LOX inhibi-
tion caused by complexes (1)—(6) with a mixed type mecha-
nism. Since the spin electron of the radicals is located on

Fig. 7. Binding sites of the inhibitors (1)—(6) studied.
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Fig. 8. % Cancerous cell survival in the presence of various concentrations
(uUM) of complexes (1)—(6) in contrast to those of cisplatin [6b]. Six replica-
tions per treatment group for the cytotoxic experiments were used. (A): % can-
cerous cell survival in the presence of triphenyltin(IV) complexes (1)—(3) in
comparison with the corresponding in the presence of cisplatin. (B): % cancer-
ous cell survival in the presence di-organotin(IV) complexes (4)—(6) in com-
parison with the corresponding in the presence cisplatin. (C): Comparison
between the complexes with strongest cytotoxicity from the tri- and di-organo-
tin complex groups.

the ligands of the complexes, R,SnL, complexes are expected
to exhibit stronger activity as oxidation promoters or enzyme
inhibitors and therefore possess better cytotoxic activity, al-
though they have no coordination position available.

5. Experimental
5.1. Materials and methods

All solvents used were of reagent grade, while thioamides
and organotin chlorides (Aldrich, Merck) were used with no
further purification. Diphenyltin oxide was prepared by react-
ing diphenyltin dichloride with potassium hydroxide as de-
scribed previously [6a]. Elemental analysis for C, H, N, and
S were carried out with a Carlo Erba EA MODEL 1108. In-
fra-red spectra in the region of 4000—370 cm ™' were obtained
in KBr discs.

5.2. Preparation of complexes (1)—(6)

Compounds (1)—(6) were prepared following methods de-
scribed elsewhere [6a,15,16].

5.3. The influence of organotin(IV) complexes (3)—(6)
upon the peroxidation of oleic acid

Oleic acid, 18:1(A9), (Sigma, 99%) was used as supplied.
The monitoring of oleic acid peroxidation level was performed
by the determination of the total concentration of the isomeric
hydroperoxides R‘OOH using iodometric titration. The oxida-
tion of constant volume of the acid (5 ml) was carried out in
a thermostatic cell using an air flow with the constant rate
2—4 ml/min at 65 °C and 37 °C. At 65 °C the oxidation pro-
ceeds in the “kinetic range” under these conditions, the oxida-
tion rate is independent of air volume passing through the cell
[18a]. The temperature 37 °C was chosen to model the physi-
ological conditions of the lipid fragment’s peroxidation. Since
the oxidation proceeds as an auto-oxidation, the air flow has
been passed through oleic acid during 2 h before addition of
the compounds under investigation. The concentrations of
the additives R,,SnL,, were 1 mmol 1™ compared with the ini-
tial concentration of hydroperoxides in the reaction mixture.
The rate of hydroperoxides’ accumulation was determined
by kinetic measurements. The approximation coefficients of
kinetic curves were in the range of 0.9650—0.984. The kinetic
curves of the acid oxidation in the presence of organotin com-
plexes follow the exponential law. Kinetic investigation has
shown the initial rate of the hydroperoxides’ accumulation
to be pseudo first-order in air.

5.4. Study of lipoxygenase inhibition mechanism

5.4.1. Preparation of solutions

The buffer used for all experiments was 0.2 M boric acid at
pH 9: 0.1 mol boric acid (H3BOj, 6.18 g) was added to
300 cm® distilled water. The pH was adjusted to 9 with
50% w/v NaOH. Finally the solution was diluted to 500 cm®
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[21a]. Linoleic acid substrate solution was prepared as de-
scribed below: 0.05 cm® of linoleic acid was dissolved in
0.05 cm® 95% ethanol in a volumetric flask (50 cm®). The
appropriate volume of H,O was gradually added in the flask.
To 30 cm® of the borate buffer, 5 cm® of the solution prepared
was added. Enzyme solution (lipoxygenase): a solution of
10000 units of enzyme for each cubic centimeter of borate
buffer was prepared in ice cold bath [21a]. An amount of
500 units for every 3 cm® of reaction mixture is used in every
experiment. A unit of lipoxygenase causes an increase in ab-
sorption at 234 nm equal to 0.001 per minute.

5.4.2. Procedure

Enzyme activity was monitored by UV analysis. Enzyme
solution (0.05 cm®) was added to a cuvette containing 2 cm’
linoleic acid solution and the appropriate amounts of buffer
and inhibitor solutions in thermostatic water bath at 25 °C.
There was no pre-incubation time of the enzyme with inhibitor
solution. The activity of the enzyme was determined by
monitoring the increase in the absorption caused by the
oxidation of linoleic acid at 234nm and 25°C [21b]
(e=25000M 'cm ™' [21c,21d]). Four standard solutions of
complexes in DMSO (1072, 5x 1073, 2.5 x 1073, 107> M)
were used for the inhibition activity experiments (three sets).
In this case, the substrate concentration was kept constant
(0.3 mM), while the amounts of buffer and inhibitor solutions
varied according to the inhibitor final concentration needed
(5—60 uM or 9—18 ul from standard solutions). The total ex-
periment volume was 3 cm®.

For K., and V ,,x determination experiments (three sets of
experiments), the concentration of inhibitor was kept constant
(15uM, 9 pl from a standard solution of 5x 10>M in
DMSO) and the substrate concentrations used were 0.01 mM,
0.025 mM 0.05 mM, 0.075 mM and 0.1 mM. All solutions
were kept at thermostatic water bath at 25 °C, except for the en-
zyme solution that was kept at ice cold bath (0 °C).

5.5. Computational methods — docking study

The docking program used was ArgusLab [22a]. The pro-
gram was also utilized for the visualization and molecular
modeling of the compounds. The three dimensional coordi-
nates of lipoxygenase were obtained through the Internet at
the Research Collaboratory for Structural Bioinformatics
(RCSB) Protein Data Bank [22b] and of the complexes by
X-ray diffraction analysis [6a]. ArgusLab implements an effi-
cient grid-based docking algorithm, which approximates an
exhaustive search within the free volume of the binding site
cavity. In order to explore the conformational space, the pro-
gram performs a geometry optimization fit of the flexible li-
gand (rings are treated as rigid) along with incremental
construction of the ligand’s torsions. Thus, docking occurs be-
tween flexible ligands and a rigid protein. The orientation of
the ligand is evaluated with a shape scoring function based
on an enhancement of the XScore(HP) method of Wang and
coworkers [22c] and final poses are ranked by lowest inter-
action energy values. Prior to docking, ground state

optimizations on the X-ray structures of the complexes were
carried out using the PM3 parameterization scheme [22d] as
implemented in the ArgusLab package in order to confirm
no significant divergence in conformation of the complexes
due to crystal packing effects.

5.6. Biological tests

Measurements of in vitro cells’ toxicity have been carried out
in preliminary repetitions. Cell proliferation/survival was mea-
sured (%) at 24 h and 48 h of exposure. Cell lines were main-
tained in Dulbecco’s modified eagle medium (DMEM) with
10% fetal calf serum (FCS), incubated at 37 °C, 5% CO,. The
test compounds, were each weighted and dissolved to equal
a 1 pM solution. From this solution a dilution was made into
the test range concentration of 1 uM down to 0.025 uM. Expo-
nentially growing cancer cells were seeded in 3.5 cm, 6 well cul-
ture plates at 50 000/ml and allowed a 24-h doubling time and
then treated with 100 pl of various concentrations of tested com-
pounds. After 24 h and 48 h the cells were washed with buffer
solutions, detached from support with trypsin—EDTA and
counted on hemocytometer (Bauer slide) [23].
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