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Abstract

1-Thioangelicin is a furocoumarin analog synthesized to investigate the role of the substitution of sulfur for oxygen in the parent compound
angelicin. The compound was examined by X-ray diffraction, and its interaction with DNA, both in the dark and by UVA irradiation, studied
by means of linear flow dichroism, chromatography and 'H NMR. Further insight into the steric and electronic features of 1-thioangelicin has
been reached through theoretical calculations, including molecular mechanics optimization, docking studies and frontier molecular orbital
investigations. The experimental data indicate that thioangelicin is able to intercalate in the DNA helix and subsequent irradiation yields a
cis—syn adduct, in agreement with theoretical calculations within the lower/higher singly occupied molecular orbital formalism. Antiprolif-

erative activity has been assessed on Balb/c 3T3 cultured cells.
© 2003 Elsevier SAS. All rights reserved.
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1. Introduction

Furocoumarins are a family of natural and synthetic com-
pounds used for the photochemotherapeutic treatment of
some skin diseases, lymphomas and other autoimmune dis-
orders [1,2]. Some derivatives of linear furocoumarins (pso-
ralens) have recently been used for sterilizing blood compo-
nents [3]. Furocoumarins also have pharmacological
properties even without irradiation. Some activity against
psychological depression has been demonstrated, and they
also seem to be useful in the treatment of multiple sclerosis,
because of their ability to block potassium channels [4].

The antiproliferative activity of these compounds is
mainly connected with the capacity to photoinduce selective
lesions to DNA. Although this mechanism is very effective in
treating diseases characterized by cell proliferation, such as
psoriasis and mycosis fungoides, some side-effects have
been observed, including the risk of skin cancer, skin photo-
toxicity and others. Some angular derivatives, such as an-
gelicins, have good therapeutic activity with fewer side-
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effects [5]. Some thio and/or seleno derivatives of psoralen
were prepared [6—8] with the aim of obtaining new furocou-
marin derivatives. In this regard, we have shown that in the
series of thiopsoralens, replacing intracyclic oxygen with
sulfur generally leads to increased DNA photobinding [9].

Some new methylthioangelicins have recently been pre-
pared [8] with the aim of studying the effect of substituting
oxygen with sulfur in the angular derivatives of psoralen.

In this paper, we studied the sulfur derivative of the parent
angular furocoumarin: angelicin, 4H-thiopyrano[2,3-¢]ben-
zofuran-4-one (l-thioangelicin,1 Fig. 1), to evaluate the role
of the intracyclic substitution of oxygen 1 with sulfur. An-
gelicin was used as reference compound in this study.

The solid-state structure of the title compound was deter-
mined by single crystal X-ray diffraction analysis.

Quantum mechanics calculations were carried out to de-
scribe the mechanism of the photocycloaddition reaction
between 1-thioangelicin and thymine in DNA, its principal
photochemical counterpart for the photochemical process.

! Throughout the text, the usual “biogenetic” numbering for furocouma-
rins is used instead of IUPAC, with the exception of the X-ray studies
chapter, Figs. 2 and 3 and Tables 1-5 included.
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Fig. 1. Molecular structure of 1-thioangelicin.

The dark and photochemical interaction between the com-
pound and DNA has also been studied.

Preliminary experiments on the antiproliferative activity
on a cell culture have also been performed.

2. Experimental

1-Thioangelicin (4H-thiopyrano[2,3-e]benzofuran-4-one;
3-oxa-9-thia-cyclopenta[a]naphthalen-8-one) was prepared
by chemical synthesis by Jakobs et al. [6]. Angelicin, used as
reference compound, was donated by Franco Indian Chem.
Co., Bombay, India.

2.1. X-ray crystallography

A shining, colorless, transparent crystal (0.12 x 0.30 x
0.05 mm) was mounted on a glass fiber with epoxy resin. All
measurements were made using a Nicolet Siemens R3m/V
four-circle diffractometer. Cell constants were obtained from
a least-squares refinement, using the setting angles of 30 re-
flections with 20 > 19°.

2.1.1. Crystal data

C,1HO,S, M = 202.2, orthorhombic, a = 12.839(8),
b=3.863(2),c=17.846(5) A, U=885.1(6) A*>, D, =1.518 g
em™, Z = 4, F (000) = 416, space group Pna2,, Mo—-Ka
radiation, graphite monochromator, 4 = 0.71073 A, u(Mo-
Ka) = 3.3 ecm™. A total of 817 reflections were collected

Table 2

Bond lengths (A)

S(1)-C(2) 1.780(7)
C(2)-0(2) 1.231(9)
C(3)-C4) 1.340(10)
C(4a)-C(5) 1.412(8)
C(5)-C(6) 1.387(9)
C(62)-0(7) 1.363(8)
O(7)-C(8) 1.380(8)
C(9)-C(9a) 1.418(9)
S(1)-C(9b) 1.755(6)
C(2)-C(3) 1.404(10)
C(4)-C(4a) 1.451(9)
C(4a)-C(9b) 1.369(8)
C(6)-C(6a) 1.368(9)
C(6a2)-C(9a) 1.399(8)
C(8)-C(9) 1.348(11)
C(92)-C(9b) 1.402(8)

using the w-20 scan technique to a maximum 20 value of
50°. The structure was solved by direct methods and refined
by full-matrix least squares. Anisotropic thermal parameters
were only assigned to atoms heavier than carbon in order to
reduce the number of variable parameters (given the low
reflection power of the crystal there was a paucity of ob-
served reflections). All hydrogen atoms were placed in cal-
culated positions and included in structure factors. The final
cycles of refinement were based on 632 observed reflections
(F, > 40 (F,)) and 72 parameters, and converged with
R = 0.038 and Ry, = 0.052. No significant electron density
was observed in the final difference map, the largest peak
being 0.2 eA™. Final atomic coordinates and equivalent
thermal parameters for the non-hydrogen atoms are given in
Table 1, while bond distances and angles are given in
Tables 2 and 3, respectively. Structure determination and
refinement were performed with the SHELXTL-PLUS pro-
gram system [10].

2.1.2. Calculations
All work was carried out on a SGI IRIS-4D 320 VGX
(IRIX 4.0.5). A series of molecular mechanics (MM, DIS-

Table 1
Atomic coordinates (x10*) and equivalent isotropic displacement coefficients (A?x10% 2
X y Z U,

S(1) 686(1) 2698(4) 8047 47(1)
C(2) 1301(6) 3200(18) 8934(4) 56(2)
0(2) 810(4) 2064(16) 9473(3) 83(2)
C(3) 2281(5) 4803(19) 8968(4) 57(2)
C(4) 2838(5) 5968(18) 8386(4) 51(2)
C(4a) 2525(4) 5780(15) 7605(3) 36(1)
C(5) 3200(4) 7101(15) 7050(4) 44(1)
C(6) 2970(5) 6905(17) 6292(4) 47(1)
C(6a) 2031(5) 5426(17) 6119(4) 42(1)
o(7) 1643(3) 4932(12) 5415(3) 57(2)
C(8) 693(5) 3332(19) 5495(5) 62(2)
C(9) 468(5) 2820(17) 6225(4) 51(2)
C(9a) 1319(4) 4133(15) 6643(3) 37(1)
C(9b) 1590(4) 4356(15) 7402(3) 35(1)

# Equivalent isotropic U defined as one third of the trace of the orthogonalized Uj; tensor
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Table 3

Bond angles (°)

C(2)-S(1)-C(9b) 104.5(3)
0(2)-C(2)-C(3) 125.7(7)
C(4)-C(4a)-C(5) 119.0(5)
C(4a)-C(5)-C(6) 122.2(5)
C(6)-C(6a)-C(9a) 125.0(6)
O(7)-C(8)-C(9) 110.9(7)
C(6a)-C(9a)-C(9b) 117.5(5)
S(1)-C(9b)-C(9a) 116.6(4)
S(1)-C(2)-0(2) 115.4(5)
C(2)-C(3)-C(4) 126.4(7)
C(4)-C(4a)-C(9b) 121.2(5)
C(5)-C(6)-C(6a) 115.5(6)
O(7)-C(6a)-C(9a) 109.2(5)
C(8)-C(9)-C(9a) 106.9(6)
C(9)-C(92)-C(9b) 136.2(6)
C(4a)-C(9b)-C(9a) 119.9(5)
S(1)-C(2)-C(3) 119.0(5)
C(3)-C(4)-C(4a) 125.4(6)
C(5)-C(4a)-C(9b) 119.8(5)
C(6)-C(6a)-0O(7) 125.8(6)
C(6a)-0(7)-C(8) 106.7(5)
C(6a)-C(9a)-C(9) 106.3(5)
S(1)-C(9b)-C(4a) 123.5(4)

COVER), semi-empirical (MOPAC [11]) and quasi-ab initio
(DMol) calculations were performed on the title compound
by means of the INSIGHTII program package [12]. Geom-
etry optimization was performed starting from solid-state
data. Calculations were discontinued when the optimization
criteria were met. In MM, the calculation was stopped when
the maximum absolute derivative (mad [12]) dropped below
10~ keal mol ™' A~'. The MOPAC RHF-PM3 calculation was
halted when the gradient (GNORM [11]) dropped below
107!, and the DMol when the ETOL and GRTOL [12] criteria
were both met, i.e. when the former dropped below 10~ a.u.
and the latter below 10~ a.u. Atomic charges were also
calculated.

2.2. Computational methodologies

Calculations were performed on a Silicon Graphics O2
R10000 workstation. This study involved the use of consen-
sus dinucleotide intercalation geometry d(ApT) initially ob-
tained using NAMOT?2 software [13]. The d(ApT) intercala-
tion site was contained in the center of a decanucleotide
duplex of sequences d(5'-ATATA-3"),. Decamers in B-form
were built using the “DNA Builder” module of molecular
operating environment (MOE) [14]. Decanucleotide was
minimized using Amber94 all-atom force field [15], imple-
mented in MOE, until the rms value of truncated Newton
method (TN) was <0.001 kcal mol™" A~'. The dielectric
constant was assumed to be distance independent with a
magnitude of 4.

The ground state geometry of 1-thioangelicin was fully
optimized without geometry constraints using RHF/AM1
semi-empirical calculations [16]. First excited open-shell

singlet state geometries were fully optimized without geom-
etry constraints using UHF/AM1 semi-empirical calcula-
tions. Vibrational frequency analysis was used to character-
ize the minimum stationary points (zero imaginary
frequencies), and the Gaussian98 software package [17] for
all quantum mechanical calculations.

1-Thioangelicin was docked into the d(ApT) intercalation
site using the flexible MOE-Dock methodology [14]. The
purpose of MOE-Dock is to seek favorable binding configu-
rations between a small, flexible ligand and a rigid macromo-
lecular target. The search is conducted within a user-
specified 3D docking box, using simulated annealing and a
MM force field. MOE-Dock performs a user-specified num-
ber of independent docking runs and the resulting conforma-
tions and their energies are stored in a molecular database
file.

The resulting DNA-ligand intercalated complexes were
subjected to Amber94 all-atom energy minimization until the
rms of the conjugate gradient was <0.1 kcal mol™' A~'.
Charges for the ligands were imported from the Gaussian
output files. The interaction energy values were calculated as
the energy of the complex minus the energy of the ligand,
minus the energy of DNA: AE;, .. =Ecomplex) — (Eq) +
Epnay)-

2.3. Interaction with DNA in the dark

2.3.1. Linear flow dichroism measurements

The linear flow dichroism (LD =A; — Ap) of thioangelicin
(1.7 x 10~* M) in the presence of 3.8 mM DNA containing
2 mM NaCl and 1 mM EDTA was measured on a Jasco J
500 circular dichroism spectrometer converted for LD. The
measuring device was designed by Wada and Kozawa [18]. A
constant share gradient of 1000 s~' was used to record the LD
spectra, and the base line was taken at 0 gradient.

2.4. Interaction with DNA upon irradiation

Irradiation for DNA-photobinding experiments was car-
ried out with two Philips HPW 125 lamps emitting mainly at
365 nm with an irradiation intensity of 58.6 W m™.

2.4.1. Characterization of photoadducts

Cycloaddition products were isolated by acid hydrolysis
of a DNA sample irradiated in the presence of
1-thioangelicin, followed by TLC separation (pre-coated
silica gel plates 60-F,s, from Merck, Darmstadt, Germany,
developed with ethyl acetate/ethanol, 90:10) [19]. A Varian
Gemini 200 spectrometer was used for NMR measurements.

2.4.2. Evaluation of cross links

Cross links formed in DNA were evaluated by measuring
the renaturation capacity of cross-linked DNA after heat
denaturation [9].

2.5. Cell cultures

Balb/c mouse 3T3 fibroblasts were cultivated in DMEM
medium (Dulbecco’s modified Eagle medium, Sigma Chem.
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Fig. 2. ORTEP view of the molecule showing the atom numbering scheme
and thermal ellipsoids at the 40% probability level. H-atom size has been
reduced for clarity.

Co., Milano, Italy) supplemented with 115 units ml™' of
penicillin G, 115 ug ml™" streptomycin, and 10% fetal calf
serum (all from GIBCO Laboratories).

Individual wells of a 96-well tissue culture microtiter plate
(IWAKI Japan) were inoculated with 100 ul of DMEM con-
taining 5 x 10° 3T3 cells. The plate was incubated at 37 °C in
a humidified 5% incubator for 72 h to form a monolayer of
approximately 100% confluence.

After removal of the medium, 100 pl of an ethanol solu-
tion of the drug, diluted with Hank’s balanced salt solution
(HBSS, pH = 7.2), was added to each well. The plate was
then incubated for 30 min in an atmosphere of 5% CO, at
37 °C and then UVA irradiated, the control plate being stored
in the dark. After irradiation, the solution was replaced by the
medium and the plates were incubated for a further 24 h. Cell
viability was assayed by the MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) test [20].

3. Results

3.1. Solid-state structure and computational chemistry
evaluation of I-thioangelicin

3.1.1. X-ray crystallography

The structure of thioangelicin, as shown by the ORTEP
drawing in Fig. 2, is planar overall, the largest deviations
from the mean least-square plane being shown by S(1)
(+0.06 A). The mean displacement of atoms from the mean
molecular plane is 0.02 /°\, and all dihedral angles show
values close to 0 or 180° (the greatest deviations being
presented by C(2)-S(1)-C(9b)-C(9a) and C(9b)-S(1)-
C(2)-C(3), with 177.2° and 2.5°, respectively). As can be
seen in Fig. 3, individual units are stacked one on the top of
the other, showing the vertical packing of graphitic layers.
The interlayer spacing is 3.863 A (i.e. b-axis), the corre-
sponding value in graphite being 3.35 A. The solid-state
examination does not show short significant intermolecular

Fig. 3. Packing diagram viewed along the b-axis showing the only relatively
short intermolecular contact (2.52 A) between H(8) and O(2) at —x, -y, z—
1/2.

interactions, with the exception of that indicated in Fig. 3. As
a feature, it must be noted that the 7 interaction is localized
between the C(3) and C(4) atoms, as well as between C(8)
and C(9). Bond lengths indicate that these two interactions
are pure double bonds (C(3)=C(4): 1.340(10) A; C(8)=C(9):
1.348(11) A); in the same way, examination of bond length in
the central hexa-atomic ring, with values falling between
1.37 and 1.41 A, depicts the latter as aromatic. Another
feature is the unusual widening of the exocyclic angle C(9)—
C(92)-C(9b), which reaches 136.2°. Screening of the Cam-
bridge Structural Database showed that, to the best of our
knowledge, only a single deposited structure has a core
similar to that of the title compound, i.e. a thiocoumarin
derivative studied by Japanese researchers [21].

However, it was difficult to compare the two structures
because in the case reported, two crystallographically inde-
pendent molecules were present, displaying marked differ-
ences in values of corresponding bond lengths and angles.
For example, the bond length between the two carbons cor-
responding to C(3) and C(4) in the title compounds shows
values of 1.391 and 1.306 A, respectively, in the two units,
but even more evident is the difference in bond length be-
tween the carbons corresponding to C(6) and C(6a):
1.533 and 1.249 10%, respectively, in the two units. The same
can be said of the bond between the atoms corresponding to
C(6a) and C(9a), with 1.248 and 1.505 A, respectively. The
overall appearance of the reported structure is again planar,
but there is not much room for further speculation.
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Table 4

Comparison of experimental vs. calculated selected bond lengths (A) and angles (°)

Parameter Experimental MM MOPAC DMol
S(1)-C(2) 1.78 1.78 1.82 1.88
C(2)-C(3) 1.40 1.51 1.47 1.43
C(4)-C(4a) 1.45 1.53 1.45 1.42
C(4a)-C(9b) 1.37 1.41 1.40 1.40
C(6)-C(6a) 1.37 1.42 1.40 1.38
C(8)-C(9) 1.35 1.39 1.37 1.36
C(9)-C(9a) 1.42 1.37 1.45 1.43
C(2)-C(3)-C4) 126.4 122.4 125.8 127.0
C(5)-C(6)-C(6a) 115.5 119.1 116.1 1159
C(6)-C(6a)-C(9a) 125.0 120.2 123.1 124.2
C(6)-C(6a)-O(7) 125.8 133.0 126.6 126.5
C(9)-C(9a)-C(9b) 136.2 1314 1344 134.2

An attempt was made to obtain further structural informa-
tion by means of a series of calculations at different levels of
complexity (from (MM) to quasi-ab initio). The general
appearance of the molecule does not really change during the
simulations performed in vacuo; in fact, the planarity of the
skeleton is even reinforced by calculations (especially MM).
This situation is probably due to the lack of a packing force
on the isolated molecule. Owing to the rather incomplete
parameterization of sulfur, however, the structural features
depending on that atom have values significantly different
from those expected, and also lead to a deformation of the
six-atom heterocycle. The dimensions of the aromatic central
ring, instead, are corrected towards ideal benzenoid values,
and the same can be said for the 5-membered ring. Small
deviations are found in final parameters when starting the
MM calculations with localized- or non-localized double
bonds. Instead, semi-empirical and quasi-ab initio calcula-
tions leave bond distances and angles almost unchanged,
again with the noticeable exception of the S(1)-C(2) dis-
tance, which reaches 1.82 A in MOPAC calculations and an
unrealistic 1.88 A in DMol calculations. Table 4 shows the
most significant differences in bond lengths and angles be-
tween X-ray and calculated data, and a comparison of the
atomic charges, as obtained from quasi-ab initio and semi-
empirical methods, is reported in Table 5.

3.2. Theoretical investigation of photochemical behavior
of I-thioangelicin

Photoreactivity of coumarins and angular furocoumarin
derivatives with DNA structure is generally described as [2 +
2] photocycloaddition reaction with the pyridine bases. To
describe the mechanism of the photocycloaddition reaction,
AMI1 semi-empirical calculations were performed to obtain
minimum energy geometries and electronic structures for
both 1-thioangelicin and thymine, which was found experi-
mentally to be the principle counterpart for the photochemi-
cal process.

In accordance with the frontier molecular orbital (FMO)
theory [22], when irradiated with UV light, the psoralen
moiety can absorb a quantum of radiation which causes one

electron to be promoted from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). This excited state is described as the lowest singlet
state of the molecule (S;). Angelicin in its S; state can
undergo intersystem crossing (ISC) to the lowest triplet state
(T,). The identity of the excited state (formulated as the
lowest singlet or lower triplet states) has been long debated
for psoralen and its derivatives [23]. However, as more evi-
dence has been reported for the latter, we first calculated and
compared the excited triplet state properties of
1-thiopsoralen [23]. It is plausible to think that one of the
singly occupied molecular orbitals, generally named lower
singly occupied molecular orbital LSHOMO and higher sin-
gly occupied molecular orbital HSLUMO, interacts with one
of the thymine molecular orbitals of proper size and symme-
try. In accordance with the Fukui theory [24] the interaction
energies between reactive species are proportional to the
molecular orbital overlap and in inverse proportion to the
energy gap between the corresponding molecular orbitals.

Table 5
Comparison of MOPAC and DMol calculated atomic charges
DMol MOPAC
S(1) 0.10 0.13
C@2) 0.08 0.26
02 -0.23 -0.27
C@3) -0.07 -0.23
H@3) 0.07 0.13
C4) -0.03 0.00
H(4) 0.07 0.10
C(4a) -0.02 -0.10
C(5) -0.04 -0.05
H(5) 0.06 0.10
C(6) -0.06 -0.09
H(6) 0.07 0.12
C(6a) 0.06 0.04
o -0.08 -0.07
C(®) 0.02 -0.02
H(8) 0.08 0.15
C©H) -0.08 -0.15
H(©) 0.07 0.15
C(9a) -0.04 -0.08
C(9b) -0.03 -0.10
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Fig. 4. LSOMO-HOMO combination for the photoreaction of
1-thioangelicin with thymine. Orbital energies are in eV.

Asreported in Fig. 4a, AM1 calculations show that there is
an energetically favored interaction between the
I-thioangelicin’s LSHOMO (E| sgomo = —8-83 eV) and the
thymine HOMO (Eyome = —9.60 eV). Considering the
LSHOMO and HOMO coefficients, this interaction is related
to the 5,6 double bond of the pyrimidine base and the 4',5"
double bond of the 1-thioangelicin. The regioselectivity of
the photocycloaddition can be predicted on the basis of
maximum frontier orbital overlap [24]. As shown in Fig. 4b,
taking the molecular orbitals interaction into account, prefer-
ence for the endo product (cis—syn adduct) can be explained
as due to “secondary overlap” between the atomic orbitals of
thymine and 1-thioangelicin. No such interactions were pos-
sible in the exo interaction mode.

Modeling studies have been previously performed to char-
acterize the intercalative binding of psoralen and angelicin
derivatives to DNA. In the present study, we have also ana-
lyzed in detail the intercalation properties of 1-thioangelicin
to better define the steric and electronic requirements during
the intercalation process. Flexible docking experiments were
performed to calculate the energy changes and optimal ge-
ometries corresponding to the intercalative binding of
1-thioangelicin derivatives to A-T base pair in a double
helical structure. In agreement with the binding experiments
reported above, only alternating purine—pyrimidine steps
were considered.

Comparing the theoretical binding energy obtained after
the flexible docking analysis seems to confirm that the inter-
calative process is energetically favored (see Section 2 for
details) The docking results are presented in Fig. 5. The
orientation of the intercalated chromophore is quite similar to
that proposed for other furocoumarins, as it exhibits a pre-
dominant component in the direction parallel to the longest
dimension of the base pairs. The intercalation geometry is in
agreement with the well-known photoreactivity of psoralen
derivatives with DNA structure. In fact, after the intercalation

Fig. 5. Stereoview of the energy-minimized model complex between
1-thioangelicin and d(5'-ATATA-3"), duplex.

process, the cycloaddition reaction generally occurred be-
tween the furan-side or pyrone-side double bond of the furo-
coumarin moiety and the 5,6 double bond of a thymine ring.
This photoreactivity is generally described as a [2 + 2]
photocycloaddition reaction with pyrimidine bases.

3.2.1. Spectroscopic properties of 1-thioangelicin

The spectrophotometric properties of thioangelicin were
studied by comparing an ethanol solution with angelicin
(both 5.2 x 10 M). A strong red shift of the absorption
capacity was observed in comparison with the parent com-
pound. The peculiar absorption peak due to the 7 — 7* tran-
sition was at 298 nm for angelicin and 322 nm for its sulfur
derivative. This property may improve DNA photobinding of
the latter, which exhibits an absorption capacity quite distant
from the DNA residual absorption capacity. In particular, the
absorption coefficient at 365 nm, a wavelength widely used
for photobiological experiments, was 55 for angelicin and
243 for 1-thioangelicin.

3.3. Interaction with DNA in the dark

Furocoumarins are known to intercalate inside DNA be-
tween two base pairs [25]. Evidence of the formation of the
complex in the ground state between the thioangelicin and
DNA was obtained by spectrophotometric titration experi-
ments, which showed a strong decrease in the molar absorp-
tivity of the compound upon complexation to the macromol-
ecule.

3.3.1. Flow dichroism studies

The capacity of thioangelicin to intercalate into DNA was
studied by means of linear dichroism measurements. Using
this technique, the long, stiff DNA molecule is oriented in
flow, resulting in a peculiar negative dichroism of the macro-
molecule, with a minimum at 260 nm. When a small planar
ligand undergoes intercalation between two base pairs, it
assumes an ordered position similar to that of purines and
pyrimidines. Therefore, negative dichroism at the wave-
length of the chromophore of the ligand can be seen when its
transition moment is polarized in parallel with the planar
chromophore, as for DNA bases.

Negative linear dichroism was observed (Fig. 6) in the
290—400 nm range, where n—7* transitions, which are polar-
ized in the molecule plane [26], are responsible for the
strongest absorption of the compound studied here.
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Fig. 6. LD spectrum of the DNA complex formed in the dark by
1-thioangelicin.

3.4. Interaction with DNA upon irradiation

3.4.1. Covalent photoaddition to DNA

DNA irradiated in the presence of thioangelicin acquired a
brilliant violet fluorescence (4., = 350 nm, 4., = 438), very
similar to that shown by furan-side cycloadducts between
other furocoumarins and thymine [19].

3.4.2. Isolation of photoadducts

In order to gain evidence of the DNA photobinding of
thioangelicin to DNA, it was necessary to isolate and charac-
terize the covalent photoadducts. A solution of DNA was
irradiated in the presence of thioangelicin; the excess com-
pound was removed by precipitation of the macromolecule
followed by washing with ethanol. DNA was then hydro-
lyzed at 100 °C in 0.5 N HCI, neutralized and extracted with
chloroform. The organic phase was dried and the residue
analyzed by TLC. Of the various bands present on the TLC
plates, the violet fluorescent one at R; = 0.55 was scraped,
extracted with ethanol and used for NMR measurements
(subscript T refers to the thymine moiety):

"H NMR (acetone-d6, 200 MHz) &: 1.75 (s, 3H, Me-5.),
4.10 (d, 1H, H-4, J = 6.4 Hz), 4.31 (m, 1H, H-6T), 5.50 (dd,
1H, H-5',J=6.4 and 5.4 Hz), 6.33 (d, 1H, H-3, /= 10.6 Hz),
6.85 (broad, 1H, H-1), 6.96 and 7.64 (2 d, 1H each, H-5 and
H-6,J=28.5Hz), 7.87 (d, 1H, H-4, J = 10.6 Hz), 8.7 (broad,
1H, H-3.).

These data, in agreement with those of the adducts with
thymine isolated from DNA photoreacted with several furo-
coumarins, allow the adduct to be assigned the cis—syn struc-
ture shown in Fig. 7.

3.4.3. Cross-link formation

1-Thioangelicin was expected to behave as a monofunc-
tional agent, like most angular furocoumarins, and this prop-
erty was confirmed. No evidence of cross-link formation was
detected after hydroxylapatite column chromatography of
DNA irradiated in the presence of the compound.

H,C

= NH
HN-o—

(o)
N

Fig. 7. Molecular structure of the cycloadduct between 1-thioangelicin and
thymine formed in DNA.

3.5. Cellular phototoxicity

The phototoxicity of thioangelicin was investigated on a
cultured cell line of murine fibroblasts (Balb/c 3T3). Fig. 8
shows the extent of cell survival expressed as a percentage of
cell viability, determined with the MTT test after UVA irra-
diation (3.3 J cm™) at different drug concentration. As a
comparison, the parent compound angelicin was included in
the study. Control experiments with UVA light or drug alone
were carried out, and no cytotoxic effects were observed
(data not shown).

It can be noted that 1-thioangelicin displayed a signifi-
cantly higher antiproliferative activity than angelicin. The
1Cs, i.e. the drug concentration necessary to induce 50% cell
growth inhibition, calculated through linear regression
analysis, is >30 and 11.0 £ 0.9 uM for angelicin and thioan-
gelicin, respectively.

Supplementary material

A listing of the crystal data, details of data collection and
structure refinement (Table A), anisotropic thermal param-
eters for S(1), O(2) and O(7) (Table B), hydrogen atom
coordinates (Table C) and tables of calculated/observed
structure factors (3 pages) are available from the authors
upon request.
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Fig. 8. Percentage of 3T3 fibroblast viability after thioangelicin plus UVA
treatment. Cells were treated with the indicated amount of compound and
irradiated for 15 min. Viability was measured after 24 h after treatment. @,
thioangelicin; [ll, angelicin. Vertical bars indicate standard errors from the
mean of three independent experiments.
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