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With the aim of obtaining new potential photochemotherapeutic agents, having increased
antiproliferative activity and decreased undesired effects, we have prepared some new furo-
quinolinones. Two of them have been studied in detail: 1,4,6,8-tetramethyl-2H-furo[2,3-h]-
quinolin-2-one (8), and 4,6,8,9-tetramethyl-2H-furo[2,3-h]quinolin-2-one (10). These compounds
form a molecular complex with DNA, undergoing intercalation inside the duplex macromolecule,
as shown by linear flow dichroism. The complexed ligands, by subsequent irradiation with
UV-A light, photobind with the macromolecule forming only monocycloadducts with thymine
with cis-syn configuration. In order to evaluate the electronic effects induced by the nitrogen
atom in position 1 of 8, semiempirical calculations have been performed on both 4,6,4′-
trimethylangelicin (TMA) and 8. The results obtained do not clearly differentiate between
the two molecules which, at this level of approximation, show the possibility of photoreaction
with both the 3,4- and 8,9-olefinic bonds for 8 and the 3,4- and 4′,5′-bonds for TMA. In the
lower energy conformation of intercalated 8, the furan ring is turned toward the minor groove
of the polynucleotide, in such a way that photoreaction of this ring with thymine is favored.
These compounds unexpectedly inhibit DNA and RNA synthesis in Ehrlich cells, in the dark.
They also show a strong photoantiproliferative activity, 2 orders of magnitude higher than
8-methoxypsoralen (8-MOP), the most used drug for photochemotherapy. Their mutagenic
activity on Escherichia coli is similar to that of TMA and 8-MOP. On the basis of these results,
the compounds should deserve evaluation of their activity in the treatment of hyperproliferative
skin diseases.

Psoralens, called also furocoumarins, are naturally
occurring or synthetic compounds exhibiting strong
photobiological and phototherapeutic activities.1,2 Pso-
ralen photochemotherapy is carried out by topical
application or oral administration of a psoralen and
subsequent irradiation of the patient’s skin with UV-A
light (320-400 nm): A variety of diseases such as
psoriasis, mycosis fungoides, lichen planus, vitiligo, and
others may be treated. Some of these diseases are
characterized by hyperproliferative conditions, e.g, pso-
riasis; vitiligo is manifested by the lack of pigmenting
ability of the skin.2
Another type of psoralen photochemotherapy is car-

ried out by photopheresis. This is a process by which
peripheral blood is exposed in an extracorporeal system
to photoactivated 8-methoxypsoralen (8-MOP) for the
treatment of disorders caused by aberrant T-lympho-
cytes. Photopheresis is an effective therapy for cutane-
ous T-cell lymphoma and autoimmune disorders such
as pemphigus vulgaris and scleroderma.3
However, the most widespread application of psoralen

photochemotherapy (PUVA) is in the treatment of
psoriasis. Many thousands of patients have been treated,
and together with highly effective therapeutic efficacy,
some side effects, such as skin phototoxicity, mutagen-

esis, risk of skin cancer and cataract, and aging of the
skin, have been observed.4 In this connection, the
antiproliferative effects of psoralens are mainly due to
interaction with cell DNA.5,6 Psoralen first forms a
molecular complex with the macromolecule undergoing
intercalation; by subsequent irradiation with UV-A
light, the intercalated psoralen induces selective damage
to the DNA.5-7 This photodamage is responsible for
both antiproliferative effects and mutagenic and carci-
nogenic effects.8

With the aim of preparing and studying new potential
photochemotherapeutic agents with increased antipro-
liferative activity and decreased undesired toxic effects,
we recently synthesized some new angular furoquino-
linones, angular analogs of psoralen, and isosters of
angelicin. In this paper, we report the synthesis, study
of mechanism of action, and evaluation of biological
activity of some of these compounds, which show an
activity much higher than that of psoralens and meth-
ylangelicins.

Results

Chemistry. The synthetic route followed to obtain
the title compounds is summarized in Scheme 1. Start-
ing material is 7-hydroxy-4,6-dimethylquinolin-2-one
(1), condensed with allyl bromide to give the corre-
sponding 7-O-allyl ether 2. This compound was methyl-
ated with methyl sulfate to give the corresponding
N-methyl derivative 3; in this reaction a small amount
of 2-methoxyquinoline 4 was also obtained. The 7-(al-
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lyloxy)-N-methyl-4,6-dimethylquinolin-2-one was sub-
mitted to Claisen rearrangement, yielding 8-allyl de-
rivative 5.
The pure 8-allyl compound was acetylated and bro-

minated at room temperature to afford 8-dibromopropyl
derivative 7, which was submitted to cyclization in
alkaline medium giving 1,4,6,8-tetramethyl-2H-furo[2,3-
h]quinolin-2-one (8).
From 7-hydroxy-4,6-dimethylquinolin-2-one (1), 4,6,8,9-

tetramethyl-2H-furo[2,3-h]quinolin-2-one (10) was also
obtained by condensing it with 3-chlorobutan-2-one and
cyclizing ether 9 in concentrated sulfuric acid. Methyl-
ation of 10 by either methyl sulfate or methyl iodide
gave 2-methoxy-4,6,8,9-tetramethyl-2H-furo[2,3-h]quin-
oline (11) and not the desired N-methylfuroquinolin-2-
one.
Interaction with DNA in the Ground State. It

is well known that a preliminary complex in the ground
state occurs between furocoumarins and DNA, in which
the planar moiety of the furocoumarin undergoes in-
tercalation inside duplex DNA.9

The formation of a molecular complex between com-
pounds 8 and 10 is supported by the strong fluorescence
quenching of the two small ligands (λexc ) 330 nm; λfl )
400 nm) and by the decrease in their UV absorption
ability, accompanied by a red shift of λmax in the
presence of DNA. This behavior, very similar to that
shown by other furocoumarins,9-11 reveals the formation
of noncovalent complexes between 8 or 10 and DNA.
Flow DichroismMeasurements. In order to show

whether compounds 8 and 10 undergo intercalation
inside duplex DNA when complexed with the macro-
molecule, as in the case of psoralen9 or angelicin,12 the
flow linear dichroism (LD) of an aqueous solution of
compound 8 or 10 in the presence of DNA was deter-
mined. This technique allows the long, stiff DNA
molecule to be oriented in flow, and the chromophore
of the macromolecule gives a peculiar negative dichro-
ism.13

When a small planar ligand like 8 or 10 undergoes
intercalation inside duplex DNA, it assumes an ordered
position similar to that of purine and pyrimidine bases
of the macromolecule. Negative dichroism of the ligand
(at wavelengths different from those of DNA) is thus
observed when the transition moment is polarized in

parallel with the planar chromophore, as for purines
and pyrimidines.11,12 Assuming that in furoquinoli-
nones the strong π f π* transitions are polarized in the
molecular plane, like in furocoumarins, the negative LD
observed between 330 and 360 nm indicates that com-
plexed 8 and 10 assume a position parallel to the DNA
bases. This orientation is consistent with the intercala-
tion of this ligand between two base pairs of DNA.
Binding Parameters of the Complexes. To de-

termine the binding parameters of the complexes, the
binding process between 8 and the macromolecule was
followed by equilibrium dialysis experiments.
The binding data allowed the values of r (molecules

of ligand bound/nucleotide in various experimental
conditions) and c (ligand free in the system, mol L-1) to
be calculated according to Peacocke and Skerrett14
(Figure 1). The binding parameters of the complex, i.e.,
K (association constant to an isolated site), n (number
of nucleotides occluded by a bound ligand at saturation
of the system), and 1/n (frequency of binding sites, that
is, number of ligand molecules bound to every nucleotide
at saturation of the system), were calculated according
to McGhee and von Hippel,15 on the basis of the
experimental data of r and c.
Compound 8 exhibits affinity toward DNA (K )

11 700; see Table 1) similar to that shown by TMA (K
) 10 100), taken as reference compound, but much
higher than that of 8-MOP (K ) 736), the most fre-
quently used drug for photochemotherapy.17 Table 1
also shows data on water solubility and partition
coefficient n-octanol/water. Compound 8, in spite of the

Scheme 1

Figure 1. Scatchard plot for the binding in the dark of
compound 8 to calf thymus DNA.

Table 1. Water Solubility and Partition Coefficient n-Octanol/
Water of Furoquinolinone 8, 8-MOP, and TMA and Binding
Parameters of Their Complexes with Calf Thymus DNA
Calculated According to Ref 15a

compd
solubility
(mg mL-1)

partition
coefficient K (M-1) n 1/n

8 4.7 163.5 11 700 8.44 0.12
8-MOP 23 736b 7.81 0.128
TMA 1.46 1897 10 100 10.99 0.091
a K ) association constant to an isolated site; n ) number of

nucleotides occluded by a bound ligand; 1/n ) frequency of binding
sites. b Taken from ref 17.
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presence of three methyl groups in the tricyclic moiety
and a N-methyl group, has higher water solubility than
TMA and lower lipophilicity.
Quantum Mechanics Results. Semiempirical cal-

culations were performed to obtain frontier molecular
orbital (MO) energies and atomic orbital (AO) coef-
ficients,8 both for the two furocoumarins and thymine
which was experimentally found to be the principal
counterpart for the photochemical reaction. When
irradiated with UV light, furocoumarins can absorb a
photon which causes an electron to leave one of the
highest energy-occupied molecular orbitals and jump to
a lowest unoccupied one. It is plausible to think that
one of the singly occupied molecular orbitals which,
using the terminology proposed by Flemming,18 we can
call HOMO and LUMO, or more generally HOMO - n
and LUMO + n, interacts with one of the thymine
molecular orbitals of proper size and symmetry. The
assumption was that the [2 + 2] photoactivated reaction
can be described by MO theory, which basically states
that interactions between reactive species are propor-
tional to the molecular orbital overlap and in inverse
proportion to the energy gap between the corresponding
molecular orbitals. AM1 calculations show that thym-
ine presents the HOMO which is bonding in character
and LUMO which is antibonding, strongly present on
the 5,6-double bond. For TMA and 8, HOMO is mostly
present on the 4′,5′- and 8,9-double bonds, respectively,
while LUMO is principally present on the 3,4-bond.
According to molecular orbital theory, in terms of
energetic gaps, the closest is that between thymineLUMO
and 8LUMO (∆E ) 0.074 eV) followed by thymineLUMO
and TMALUMO+1 (∆E ) -0.084 eV), thymineHOMO and
TMAHOMO-1 (∆E ) -0.088 eV), and thymineLUMO and
8LUMO+1 (∆E ) -0.241 eV). These results do not show
a clear difference between the two molecules which in
terms of atomic orbital overlap and energy could pho-
toreact with both the 3,4- and 4′,5′(or 8,9)-double bonds.
Monte Carlo/EnergyMinimization Results. MC/

EM (2000) steps were employed to yield 100 low-energy
complexes, sorted in terms of lowest interaction energy
between the oligonuclotide and the furoquinolinone.
Compound 8 shows better interaction with the oligo-
nucleotide with respect to TMA, in agreement with the
slightly higher DNA binding shown in Table 1.
As concerns TMA, in spite of the cis-syn configuration

of the isolated furan-side cycloadduct,19 the studies of
Demaret et al.20 on the lowest energy conformation for
the TMA-oligonucleotide shows that, besides the inter-
calation geometry leading to the cis-syn adduct, the cis-
anti orientation appears possible as well, from energetic
and geometric points of view. The lowest energy
conformation observed for the 8-oligonucleotide com-
plex (Figures 2 and 3) is of cis-syn type and shows good
overlap of the furan ring with thymine on the left side.
On the contrary, neither the angle between the 3,4-
double bond of 8 and the 5,6-double bond of thymine on
the right side nor their distance is compatible with the
cycloaddition at the quinolone moiety. This may explain
the experimental evidence of an almost unique photo-
reaction of 8 through its furan ring and, consequently,
its inability to form interstrand cross-links (see below).
DNA Photobinding. The events occurring in the

photoreaction between furoquinolinones and DNA are
similar to those of furocoumarins. Indeed, the latter

form a preliminary complex with the macromolecule
undergoing intercalation;6,7 after irradiation, the inter-
calated ligand photobinds covalently to DNA, forming
mono- and diadducts having cis-syn stereochemis-
try.6,7,21,22 One factor which controls the photobinding
to DNA is the extent of ligand intercalation inside
duplex DNA: The intercalated ligand is in equilibrium
with a certain amount of free ligand dissolved in water,
and the latter may undergo photomodification during
irradiation.23 In this way, photolysis of the free ligand
implies a decrease in its concentration in the system,
thus affecting the amount of intercalated ligand. How-
ever, this effect is small, as the extent of photolysis is
lower than that of DNA photobinding.
The amount of ligand covalently photobound to the

macromolecule as a function of time of irradiation was
determined by radiochemical measurements on DNA
irradiated in the presence of tritiated ligand. This
photoreaction between furoquinolinone 8 and DNA
behaves as a pseudo-first-order reaction with respect to
the complexed ligand, showing behavior similar to that
of psoralens24 and methylangelicins.12
Table 2 gives the initial rate constant values of the

photoreaction between 8 and DNA and, for comparison,
those of TMA and 8-MOP. Compound 8 shows strong
DNA photobinding, even higher than that of TMA and
much higher than that of 8-MOP.
Figure 4 shows the HPLC profile of a DNA sample

irradiated in the presence of compound 8 and hydro-

Figure 2. Intercalation site of 8-oligonucleotide complex
viewed in a projection plane parallel to the helix axis. The left
thymine and the right adenine are above the furocoumarin.
The minor groove is on the top of the figure.

Figure 3. Intercalation site of 8-oligonucleotide complex
viewed in a projection plane orthogonal to the helix axis.
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lyzed, the upper part at 320 nm, the lower at 250 nm.
Besides the large peaks eluting before 4 min, mainly
belonging to the DNA bases, a single peak appears at
7.8 min which absorbs at both wavelengths (some
remnants of unreacted 8 do not elute in these conditions
and were washed out with 100%MeOH after each run).
TLC also showed that only one photoproduct formed,
appearing as a bright violet fluorescent band on the
plates (Rf ) 0.30). Its UV absorption spectrum is shown
in Figure 5, line a, the others being recorded after
increasing periods of irradiation at 254 nm. They show
gradual photosplitting, after which both HPLC and TLC
indicated that 8 and thymine formed. This behavior

suggests that the photoproduct is a cyclobutane adduct
between the 5,6-double bond of the pyrimidine base and
one of the double bonds of 8, while the fluorescence data
(λexc ) 337 nm, λfl ) 374 nm) are in favor of the
involvement of the furan-side double bond in the cy-
cloaddition. This was confirmed by mass spectroscopy,
which revealed the molecular ion and confirmed the
easy cleavage of the cyclobutane ring, yielding the
parent compounds. MS/MS (both MIKES and B2/E
experiments) also confirmed this assumption. NMR
data were also in agreement with the structure, and
nuclear Overhauser effect measurements allowed the
configuration to be assigned to the adduct. Figure 6
shows that saturation of each of the cyclobutane methyls
causes equal enhancement of both cyclobutane protons
(spectra b and d), while the mutual effect between the
latter is much lower (lines a and c). These data indicate
a cis-syn configuration, as shown in Figure 7. Moreover,
the enhancement of the 1-Me signal at 3.83 ppm when
the signal at 1.76 ppm is saturated (c) allowed the
assignment of the latter to 5-MeT. Very similar results
were obtained with compound 10 (HPLC, tR ) 8.8 min;
TLC, Rf ) 0.36; λexc ) 335 nm, λfl ) 371 nm). As
mentioned before, psoralen-pyrimidine21 and angeli-
cin-pyrimidine19 monoadducts involving the furan ring
also have cis-syn configuration.
Monofunctional Photoaddition to DNA. It is well

known that psoralen, when intercalated inside duplex

Table 2. Rate Constants of Photoreaction between
Furoquinolinone 8, 8-MOP, and TMA and Calf Thymus DNA

compd k (min-1)

8 0.22
8-MOP 0.031
TMA 0.12

Figure 4. HPLC profiles of a DNA sample irradiated in the
presence of compound 8 and hydrolyzed. UV detection at 320
(top) and 250 (bottom) nm. Chromatographic conditions were
as in the Experimental Section.

Figure 5. UV absorption spectrum of an ethanol solution of
8-thymine adduct before (line a) and after irradiation at 254
nm (3, 6, 10, and 15 min, respectively).

Figure 6. Relevant region of the 1H NMR spectrum of the
8-thymine adduct and the NOE difference spectra obtained
by saturation of 9-H (a), 5-MeT (b), 1-Me (c), and 8-Me (d).

Figure 7. Molecular structure of the 8-thymine cycloadduct.
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DNA by subsequent irradiation, forms mono- and di-
adducts (cross-links) with the pyrimidine bases of the
macromolecule. In particular, the monoadducts may be
furan-side or pyrone-side. Furan-side cycloadducts may
absorb UV-A radiation and further photoreact with a
pyrimidine of the complementary strand of DNA, thus
forming interstrand cross-links.23 It has also been
shown that angular furocoumarins only form monoad-
ducts owing to their intercalation geometry.25

As 8 and 10 have angular structure, in order to verify
whether they photobind monofunctionally to DNA,
unlike psoralens but like angelicins, the behavior of
DNA samples irradiated in the presence of furoquino-
linones was studied by hydroxylapatite column chro-
matography. This technique separates single-strand
(heat-denatured) DNA from double-strand (native or
renatured) DNA.6

The elution profiles of DNA irradiated in the presence
of 8 or 10 are identical with that obtained with
untreated DNA, showing complete denaturation of the
macromolecule, while 8-MOP induced an almost com-
plete renaturation due to the presence of cross-links.
T2 Phage Inactivation. The activity of furoquino-

linones on T2 phage was first assayed by incubation in
the dark; the virus particles were incubated for 15 min
in the presence of the drugs (5 µM). The results are
summarized in Table 3. All compounds caused a small
reduction of the survival fraction, with values very
similar for all compounds tested. Therefore, in experi-
ments with UV-A irradiation, furoquinolinones were
employed at lower concentrations; TMA and 8-MOP
were assayed at higher concentrations without further
increase in their dark inhibition of T2 infectivity.
Figure 8 shows the survival curves obtained after

UV-A irradiation of T2 phage particles in the presence

of furoquinolinones. The most effective derivative ap-
pears to be 8,which reduced the survival fraction to very
low values in very mild experimental conditions (2 µM).
The reference compounds 8-MOP and TMA employed
at much higher concentrations (23 and 13 µM, respec-
tively) still showed noticeable activity, although much
lower in comparison with 8.
DNA and RNA Synthesis in Ehrlich Cells. The

effect of furoquinolinones on DNA and RNA synthesis
in Ehrlich cells by incubation in the dark is shown in
Table 4. Unlike 8-MOP and TMA, which were entirely
inactive in such experimental conditions (data not
shown), furoquinolinones inhibited both RNA and RNA
synthesis. This effect is evident in 8, while in 10 it was
still significant but clearly lower. Furoquinolinones also
appeared to be more effective on RNA than on DNA
synthesis.
Data on experiments with UV-A irradiation are

reported in Table 5. Both furoquinolinones tested
induced very strong inhibition of macromolecular syn-
thesis. 8 and 10 were several times more effective than
reference compounds 8-MOP and TMA. In particular,
the activity of 10 was 100 times higher than that of
8-MOP. Both 8 and 10 induced more intense inhibition
of RNA synthesis.
Mutagenic Activity. Mutagenic activity was deter-

mined in Escherichia coli TM9, a strain defective in
DNA repair (uvrA) and carrying a well-known plasmid
(R46) which codifies efficient error-prone DNA repair.
8 and 10 were assayed in very mild experimental con-
ditions: 1-2 µM concentration and UV-A doses in the
range of 0-0.12 kJ m-2. For comparison, 8-MOP and
TMA were also assayed at the same UV-A doses but at
a higher concentration, 20 µM. This difference was
selected in order to have comparable amounts of surviv-
ing fractions. Figure 9 shows the results; the data are
reported as number of revertants/million survivors as
a function of the log of the surviving fraction, thus
comparing the mutagenicity of the compounds at the
same level of antiproliferative activity.
Compounds 8 and 10 showed reduced mutagenic

activity, very similar to that of TMA, with modest
differences between the responses of the two drugs.
Instead, 8-MOP induced higher numbers of revertants.
In general, defective strains containing plasmids are
regarded as poorly sensitive to bifunctional mutagens.26,27
However, plotting the number of revertants/million
survivors as a function of the surviving fraction allows
comparison of the mutagenic activity of the drugs tested
at the same level as their cytotoxicity, independently
of their different antiproliferative activity.

Table 3. T2 Phage Inactivation in the Dark

compd surviving fraction

none 1
8 0.69
10 0.7
8-MOP 0.8
TMA 0.6

Figure 8. T2 phage inactivation. Virus particles were exposed
to increasing UV-A light doses in the presence of furoquino-
linones, and then the number of plaque-forming units was
determined. 8-MOP and TMA were used as reference com-
pounds. The symbols and drug concentrations are 8, O, 2 µM;
10, 9, 4 µM; 8-MOP, 2, 23 µM; and TMA, 0, 13 µM.

Table 4. Inhibition of DNA and RNA Synthesis in the Dark

compd
DNA synthesis

ID50 (µM)
relative
activity

RNA synthesis
ID50 (µM)

relative
activity

8 2.33 1 1.35 1
10 25.15 9.26 × 10-2 5.27 0.256

Table 5. Inhibition of DNA and RNA Synthesis by UV-A
Irradiation

compd
DNA synthesis

(DU)
relative
activity

RNA synthesis
(DU)

relative
activity

8 0.90 77.6 0.803 461
10 1.19 102.6 1.048 582
8-MOP 1.16 × 10-2 1.00 1.8 × 10-3 1.00
TMA 4.81 × 10-2 4.14 3.03 × 10-2 16.83
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Conclusions
A new series of psoralen analogs was prepared. Of

them, compounds 8 and 10 were studied in terms of
mechanism of action and antiproliferative and mu-
tagenic activity. Taking into account the molecular
similarity of these new compounds with psoralens and
angelicins, their interactions with DNA were studied.
In particular, 8 and 10 formmolecular complexes with

DNA, undergoing intercalation between two base pairs
of the macromolecule, as shown by linear dichroism
experiments. The binding parameters of the ligand-
DNA complex were determined by equilibrium dialysis
experiments on 8, which was previously tritiated. It
exhibited strong affinity toward DNA, much stronger
than that shown by 8-MOP and very similar to that of
TMA. Moreover, although showing similar affinity
toward the macromolecule, 8 was more water soluble
and had lower value of the partition coefficient n-
octanol/water than TMA.
It is well known that psoralen intercalated inside

duplex DNA, when irradiated with UV-A light, photo-
reacts with pyrimidine bases of the macromolecule,
forming C4-cycloadducts. In this connection, labeled
compound 8 was studied. It showed strong DNA pho-
tobinding capacity, much higher than that of 8-MOP
and 2 times as high as that of TMA, as shown by the
initial rate constant of photoreaction. These compounds
have angular structure, and according to the intercala-
tion model shown in Figures 2 and 3, they should not
be able to form interstrand cross-links in DNA, owing
to the lack of alignment of the 3,4-double bond with the
5,6-double bond of the thymine belonging to the comple-
mentary strand of duplex DNA. We were able to
confirm this monofunctional addition of compounds 8
and 10 since they could not induce renaturation after
heat denaturation in the treated DNA.
Further support for the monofunctional character of

photoreaction was obtained by isolation from DNA and
characterization of the monocycloadducts between either
8 or 10 and thymine. They involve the 8,9-double bond
of the furoquinolinone moiety and the 5,6-double bond
of thymine. The regio- and stereochemistry of these

furan-side monoadducts was cis-syn, further confirming
intercalation of the ligand inside duplex DNA during
photoreaction.
Although a nitrogen atom in position 1 changes the

electronic properties, as shown by the absorption spec-
tra, quantum mechanics calculations indicate that both
TMA and 8 should photoreact through both their double
bonds.
The experimental evidence was, at variance, that the

main adduct involves the furan ring of both compounds.
The energy calculations on the complexes with the
oligonucleotide, however, show that the orientation
leading to the cis-syn furan-side adduct is preferred for
8, while for TMA both cis-syn and cis-anti configurations
are possible.20 The small differences between 8 and
TMA (for example, the little amount of pyrone-side
adduct that the latter forms) may be explained by the
interference of the thymine methyl group, which clashes
with the 4′-methyl of TMA, while giving favorable
hydrophobic interaction with the 8-methyl of 8.
Bearing in mind that the photobiological activity of

psoralens and angelicins generally depends on light
activation, while in the dark they have poor or no
activity, we studied the photobiological activity of the
new compounds after UV-A light excitation. As re-
cently, however, some tetracyclic derivatives of psoralen
proved to affect various biological substrates even in the
dark,28 we decided to study this aspect too in the new
compounds.
Unexpectedly, DNA and RNA synthesis in Ehrlich

cells was inhibited in the dark. The extent of inhibition
was quite marked in compound 8 but about one-tenth
lower in 10. This new property may make a sinergistic
contribution to total antiproliferative activity (dark and
photo) of the compounds.
Photoantiproliferative activity was tested on both T2

phage and Ehrlich cells. Compounds 8 and 10 showed
stronger effects than 8-MOP and TMA in the virus. In
Ehrlich ascites tumor cells, inhibition of DNA and RNA
synthesis induced by both furoquinolinones was very
strong, about 2 orders of magnitude higher than that
of 8-MOP and about 20 times higher than that of TMA.
Mutagenic activity was determined on E. coli TM9,

the drug concentration and light dose being chosen to
have the same antiproliferative activity. Compounds
8 and 10 proved as much mutagenic as TMA, while
bifunctional 8-MOP induced higher number of rever-
tants. These results, in particular the relevant dark
antiproliferative and photoantiproliferative activities,
candidate the new furoquinolinones as potential agents
for hyperproliferative skin diseases.

Experimental Section

Melting points were recorded using a Gallenkamp melting
point apparatus and are uncorrected. Analytical TLC was
performed on precoated 60 F254 silica gel plates (0.25 mm;
Merck), developing with EtOAc/cyclohexane mixture (35:65).
Preparative column chromatography was performed using
silica gel 60 (0.063-0.100 mm; Merck). 1H NMR spectra were
recorded on a Varian Gemini-200 spectrometer with TMS as
internal standard. Elemental analyses were obtained on all
intermediates and are within (0.4% of theoretical values.
7-(Allyloxy)-4,6-dimethylquinolin-2-one (2). A mixture

of 7-hydroxy-4,6-dimethylquinolin-2-one (1)29 (2.5 g, 13.2
mmol), allyl bromide (1.9 g, 15.8 mmol), and anhydrous K2-
CO3 (30.0 g) in acetone (200 mL) was heated to reflux for 10
h. After cooling, K2CO3 was filtered off and washed with fresh

Figure 9. Mutagenicity in E. coli TM9 reported as a function
of the log of survival fraction. Bacteria were exposed to
increasing UV-A light doses in the presence of furoquinoli-
nones. The number of survivors and the number of revertants/
million survivors were determined. 8-MOP and TMA were
used as reference compounds. The symbols are 8, O; 10, 9;
8-MOP, 2; and TMA, 0.
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acetone. The solvent was removed under reduced pressure,
and the residue was crystallized from MeOH to give 2 (1.8 g,
60%): mp 229 °C; 1H NMR (CDCl3) δ 7.36 (q, 1H, J ) 1.3 Hz,
5-H), 6.75 (s, 1H, 8-H), 6.41 (q, 1H, J ) 1.0 Hz, 3-H), 6.15-
5.99 (m, 1H, 2′-H), 5.52-5.26 (m, 2H, 3′-H), 4.01 (dt, 2H, J )
5.1, 1.5 Hz, 1′-H), 2.43 (d, 3H, J ) 1.0 Hz, 4-Me), 2.27 (d, 3H,
J ) 1.3 Hz, 6-Me).
7-(Allyloxy)-1,4,6-trimethylquinolin-2-one (3). A mix-

ture of 2 (1.8 g, 8.3 mmol), dimethyl sulfate (1.2 g, 9.9 mmol),
and anhydrous K2CO3 (30.0 g) in acetone (500 mL) was heated
to reflux for 30 h. The reaction mixture was worked up as
previously described, and the residue was purified by column
chromatography, eluting with EtOAc to give 7-(allyloxy)-2-
methoxy-4,6-dimethylquinoline (4) (0.1 g, 6%) followed by the
desired product 3 (1.6 g, 78%). 4: mp 95-6 °C (MeOH); 1H
NMR (CDCl3) δ 7.59 (br s, 1H, 5-H), 7.16 (s, 1H, 8-H), 6.60 (q,
1H, J ) 1.1 Hz, 3-H), 6.25-6.06 (m, 1H, 2′-H), 5.55-5.25 (m,
2H, 3′-H), 4.69 (dt, 2H, J ) 5.0, 1.5 Hz, 1′-H), 4.03 (s, 3H,
-OMe), 2.56 (d, 3H, J ) 1.1 Hz, 4-Me), 2.40 (d, 3H, J ) 0.8 Hz,
6-Me).
3: mp 132-3 °C (EtOAc/n-hexane); 1H NMR (CDCl3) δ 7.44

(br s, 1H, 5-H), 6.71 (s, 1H, 6-H), 6.45 (q, 1H, J ) 1.1 Hz, 3-H),
6.21-6.02 (m, 2H, 2′-H), 5.56-5.32 (m, 2H, 3′-H), 4.68 (dt, 2H,
J ) 5.1, 1.6 Hz, 1′-H), 3.68 (s, 3H, 1-Me), 2.42 (br s, 3H, 4-Me),
2.31 (s, 3H, 6-Me).
8-Allyl-7-hydroxy-1,4,6-trimethylquinolin-2-one (5). A

solution of 3 (1.5 g, 6.2 mmol) in N,N-diethylaniline (20 mL)
was refluxed for 3 h. The reaction mixture was cooled, and
n-hexane was added. The precipitate obtained was collected,
washed with cyclohexane, and crystallized from EtOAc/n-
hexane to give 5 (1.3 g, 85%): mp 215-6 °C; 1H NMR (CDCl3)
δ 7.36 (br s, 1H, 5-H), 6.41 (q, 1H, J ) 1.1 Hz, 3-H), 6.38-
6.22 (m, 1H, 2′-H), 5.54 (s, 1H, -OH), 5.45-5.21 (m, 2H, 3′-H),
3.64 (s, 3H, 1-Me), 3.61 (dt, 2H, J ) 4.4, 2.2 Hz, 1′-H), 2.38 (d,
3H, J ) 1.1 Hz, 4-Me), 2.30 (d, 3H, J ) 0.8 Hz, 6-Me).
7-Acetoxy-8-allyl-1,4,6-trimethylquinolin-2-one (6). A

mixture of 5 (1.2 g, 4.9 mmol) and anhydrous sodium acetate
(1.0 g) in acetic anhydride (25 mL) was refluxed for 45 min.
The reaction mixture was carefully diluted with water (40 mL),
refluxed for 10 min, and poured into water (400 mL). The
precipitate was collected, washed with water, and crystallized
from MeOH to give 6 (1.1 g, 82%): mp 137-8 °C; 1H NMR
(CDCl3) δ 7.46 (br s, 1H, 5-H), 6.54 (d, 1H, J ) 1.1 Hz, 3-H),
6.17-5.98 (m, 1H, 2′-H), 5.27-5.02 (m, 2H, 3′-H), 3.71 (s, 3H,
1-Me), 3.54 (br d, 2H, J ) 5.0 Hz, 1′-H), 2.43 (d, 3H, J ) 1.1
Hz, 4-Me), 2.33 (s, 3H, Ac), 2.23 (d, 3H, J ) 0.7 Hz, 6-Me).
7-Acetoxy-8-(2′,3′-dibromopropyl)-1,4,6-trimethylquin-

olin-2-one (7). An acetic acid solution (20 mL) containing a
stoichiometric amount of bromine was dropped at room tem-
perature over the period of 20 min into an acetic acid solution
(25 mL) of 6 (1.1 g, 3.8 mmol). After the addition was
completed, the solution was further stirred for 10 min and the
solvent was removed under reduced pressure to give 7 (1.5 g,
90%): mp 153-5 °C; 1H NMR (CDCl3) δ 7.47 (br s, 1H, 5-H),
6.53 (d, 1H, J ) 1.1 Hz, 3-H), 4.27-4.14 (m, 1H, 2′-H), 3.94-
3.34 (m, 4H, 1′-H, 3′-H), 3.67 (s, 3H, 1-Me), 2.43 (s, 3H, Ac),
2.42 (d, 3H, J ) 1.1 Hz, 4-Me), 2.23 (br s, 3H, 6-Me).
1,4,6,8-Tetramethyl-2H-furo[2,3-h]quinolin-2-one (8).

To an ethanol solution (50 mL) of 7 (1.5 g, 3.4 mmol) was added
an ethanolic 4% KOH solution (50 mL), and the mixture was
refluxed for 1.5 h. After cooling, the mixture was acidified
with 2 NHCl and diluted with water. The obtained precipitate
was collected and purified by column cromatography, eluting
with CHCl3 to give 8 (0.8 g, 73%): mp 213-24 °C; 1H NMR
(CDCl3) δ 7.32 (q, 1H, J ) 0.8 Hz, 5-H), 6.90 (q, 1H, J ) 1.1
Hz, 9-H), 6.55 (q, 1H, J ) 1.0 Hz, 3-H), 3.99 (s, 3H, 1-Me),
2.53 (d, 3H, J ) 0.8 Hz, 6-Me), 2.50 (d, 3H, J ) 1.1 Hz, 8-Me),
2.48 (d, 3H, J ) 1.0 Hz, 4-Me).
Compound 8 was tritium-labeled by Amersham Interna-

tional plc, Amersham, U.K. Its specific activity was 8.5 Ci
mol-1.
4,6-Dimethyl-7-(3′-oxo-2′-butyl)quinolin-2-one (9). A

mixture of 1 (1.0 g, 5.3 mmol), 3-chlorobutan-2-one (0.7 g, 6.3
mmol), and anhydrous K2CO3 (10.0 g) in acetone (200 mL) was
heated to reflux for 24 h. The reaction mixture was worked
up as previously described for compound 2, and the residue

was purified by column chromatography eluting with CHCl3
to give 9 (1.1 g, 80%): mp 238 °C; 1H NMR (CDCl3) δ 11.63 (s,
1H, 1-H), 7.44 (s, 1H, 5-H), 6.58 (s, 1H, 8-H), 6.42 (q, 1H, J )
1.1 Hz, 3-H), 4.84 (q, 1H, J ) 6.8 Hz, 2′-H), 2.45 (d, 3H, J )
1.1 Hz, 4-Me), 2.34 (s, 3H, 6-Me), 2.25 (s, 3H, 4′-H), 1.57 (d,
3H, J ) 6.8 Hz, 1′-H).
4,6,8,9-Tetramethyl-2H-furo[2,3-h]quinolin-2-one (10).

Compound 3 (0.5 g, 1.9 mmol) was dissolved in H2SO4 (20 mL),
and the solution was kept at room temperature for 0.5 h. The
mixture was poured into cold water (200 mL), and the obtained
precipitate was collected. The residue was purified by column
chromatography, eluting with CHCl3 to give 10 (0.4 g, 77%):
mp 231 °C (MeOH); 1H NMR (CD3OD) δ 7.19 (q, 1H, J ) 0.8
Hz, 5-H), 6.32 (q, 1H, J ) 1.0 Hz, 3-H), 2.44 (d, 3H, J ) 1.0
Hz, 4-Me), 2.41 (d, 3H, J ) 0.8 Hz, 6-Me), 2.37 (q, 3H, J ) 0.8
Hz, 8-Me or 9-Me), 2.34 (q, 3H, J ) 0.8 Hz, 8-Me or 9-Me).
2-Methoxy-4,6,8,9-tetramethyl-2H-furo[2,3-h]quino-

line (11). A mixture of 10 (0.3 g, 1.4 mmol), dimethyl sulfate
(0.2 g, 1.4 mmol), and anhydrous K2CO3 (10.0 g) in acetone
(200 mL) was heated to reflux for 2 h. The reaction mixture
was worked up as previously described, and the residue was
crystallized from MeOH to give 11 (0.3 g, 75%): mp 162 °C;
1H NMR (CDCl3) δ 7.40 (q, 1H, J ) 1.0 Hz, 5-H), 6.69 (q, 1H,
J ) 1.0 Hz, 3-H), 4.08 (s, 3H, -OMe), 2.64 (q, 3H, J ) 0.8 Hz,
8-Me or 9-Me), 2.63 (d, 3H, J ) 1.0 Hz, 4-Me), 2.60 (d, 3H, J
) 0.8 Hz, 6-Me), 2.47 (q, 3H, J ) 0.8 Hz, 8-Me or 9-Me).
Nucleic Acid. DNA from calf thymus (cat. D1501) from

Sigma Chemical Co, St. Louis, MO, was employed.
Linear Flow Dichroism Measurements. A DNA solu-

tion (3.8 mM) containing 2 mM NaCl and 1 mM EDTA was
used, either in the absence or presence of compound 8 or 10
(0.17 mM). LD ) AII - A⊥ was measured on a Jasco J500
circular dichroism spectrometer converted for LD. The mea-
suring device was designed by Wada and Kozawa.13 A
constant shear gradient of 1000 s-1 was used for recording the
LD spectra, and the base line was taken at zero gradient.
Equilibrium Dialysis Experiments. Cylindrical contain-

ers, 4 cm in diameter, 1.6 cm deep, divided into two parts by
a Visking cellophane membrane (Serva, Heidelberg, Germany),
were used. One part of the cell contained the aqueous solution
of labeled compound containing NaCl (0.02 M) and EDTA (1
mM), at a concentration lower than its water solubility; the
other part contained aqueous DNA solution in the presence
of labeled compound 8, at the same ionic strength, DNA having
decreasing concentrations in the range 3-0.3 mM. The cells
were mechanically shaken for 12 h in a thermostat at 25 (
0.05 °C in the dark. After shaking, small (0.2 mL) volumes of
the two phases were used for radiochemical measurements,
to determine the furoquinolinone concentrations in the two
phases and calculate r and c values.15
Computation of Interaction Parameters. The method

of computation involved an iterative procedure designed to
satisfy the following equation of McGhee and von Hippel:

given the experimentally determined values of r and c and the
initial values of K (intrinsic binding constant to an isolated
site) and n (number of nucleotides occluded by a furoquinoli-
none molecule). A program based on the least-squares method
of the Taylor series expansion of the above equation was
recycled until K and n changed by <1% and then, to give final
values, with a calculated binding isotherm at 5% saturation
increments.
Computational Methods. The molecular mechanics cal-

culations were performed on IBM RISC 6000/530 and IBM
PowerPC 7011 workstations using the Macromodel/Batchmin30
software package, employing the AMBER* force field.31 For
the quantum mechanics calculations, the MOPAC 6.032 pro-
gram was used.
The model polynucleotide d(CGCGATATCGCG)2 was built

using the standard coordinate for the B-form33 using the
polymer builder utility within the Macromodel software.
Furocoumarins moieties were built from a 2D sketch and
afterwards minimized using the full matrix Newton Raphson

r
c

) K(1 - nr)[ 1 - nr
1 - (n - 1)r]n-1
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algorithm until the rms energy gradient was inferior to 0.01
kJ Å-1 mol-1. The intercalation site of the polynucleotide was
produced by unwindig of 28°, rising of 3.6 Å, and C3′-endo (3′-
5′) C2′-endo sugar repuckering between base pairs 7 and 6
using as reference the intercalation geometry observed in the
proflavine-cytidylyl-(3′,5′)-guanosine complex.34 The struc-
ture so obtained was minimized using 1000 steepest descents
steps in order to relax the structure in the new conformation
which represented the initial structure where the furocou-
marin was intercalated.
Since the calculations were carried out in vacuum, special

treatment of the electrostatics was needed in order to simulate
the solvent environment. According to the Debye-Manning
theory, a net charge of -0.25 e was assigned to the phosphate
groups in order to simulate the counterion effects; moreover,
a distance-dependent dielectric constant (ε- 4rij) was also used
in order to simulate the shielding effects of the solvent.35
Electrostatic potential-derived charges were calculated for the
furocoumarin derivatives inside the MOPAC program using
the MNDO approximation (keywords: ESP MNDO GNORM
) 0.01). For the Monte Carlo energy minimization (MC/EM)
calculations, the furocoumarins were manually intercalated
between the sixth and seventh base pairs. A harmonic
restrain of 50 kJ Å-2 was applied on the first and last base
pairs of the oligonucelotide in order to simulate an “infinite”
chain. The nonbonded cut-off protocol employed was 15.0 Å
for the van der Waals and electrostatic interactions and 4.0 Å
for the hydrogen bonding. A “usage directed” conformational
search was employed for the MC/EM procedure36 in which the
conformation used in each step is taken from a set of previously
saved low-energy structures with preference given to the one
that has been less used in the previous calculations. Each
conformation is then submitted to a Monte Carlo cycle in which
the furocoumarin is randomly rotated around the molecular
center of mass and randomly translated along the x,y,z axes
by a distance between 0.0 and 3.0 Å. It follows a full
minimizazion protocol using the conjugate gradients procedure
as long as the energy gradient rms was <0.01 kJ Å-1 mol-1.
The best 100 structures were saved, and for these, the
interaction energies between the oligonucleotide and the
furocoumarins were computed from the equation

Quantum mechanics calculations were executed at the AM1
semiempirical level of approximation with the aim of obtaining
information on the electronic effects that play a fundamental
part in the photocycloaddiction between the thymine and the
furocoumarin. Atomic orbital coefficients and energies were
calculated from the MOPAC output file as described by Clark37
on fully optimized structure (keywords: GNORM ) 0.01 AM1).
UV-A Irradiation. UV-A exposures were performed with

Philips HPW 125 lamps, provided with a built-in Philips filter.
Emission was in the 320-400 nm range, with a maximum, over
90% of the total, at 365 nm; irradiation intensity, determined
by a UV-X radiometer (Ultraviolet Products plc, Cambridge,
U.K.), was 5.5 J s-1 m-2.
DNA Photobinding in Vitro. An aqueous solution of

DNA (2.3 mM) containing 2 mM NaCl and 1 mM EDTA was
added to 30 µM compound 8; its concentration was always
checked by radiochemical measurements and if necessary
corrected.
Irradiation was carried out in a test tube immersed in a

thermostatically controlled cell by a Philips HPW 125 lamp;
irradiation intensity, determined by means of a chemical
actinometer,38 was 29.3 J s-1 m-2. After irradiation, solid NaCl
was added up to 2 M followed by 2 vol of ethanol. The
precipitated DNA, collected by centrifugation, was washed
with 80% ethanol and redissolved in the initial volume of
water.
The same procedure was repeated using nonlabeled com-

pound 8 or 10. The final solution was made 0.5 N with HCl,
heated at 100 °C for 1 h, and neutralized. Fifty microliters
was then injected into a liquid chromatograph (LDC Analytical
constaMetric 3000) equipped with a Lichrosorb RP18 column,
250× 4 mm (Merck, Darmstadt, Germany), mean particle size

7 µm, eluted with a 1:1 mixture of MeOH and H2O. A Milton
Roy Spectromonitor 3100 UV detector was used, set at either
250 or 320 nm, and the data were collected on a PE-Nelson
1020 data station.
For preparative purposes, the neutralized solution was

extracted three times with chloroform, and the organic phases,
collected and dried over Na2SO4, were submitted to TLC on
silica gel plates. The bands appearing on the plates were
scraped, extracted with ethanol, and used for spectrophoto-
metric, fluorimetric, NMR (Varian Gemini 200 spectrometer,
200 MHz), and MS (VG ZAB 2F double-focused, reverse-
geometry spectrometer, operating in FAB conditions, the
sample being dissolved in glycerol) measurements. Photo-
splitting experiments were also performed, irradiating ethanol
solutions of the products in quartz cuvettes with a mineral
lamp (254 nm).
Compound 8-thymine adduct: 1H NMR (acetone-d6) δ

8.61 (br, 1H, 3-HT), 7.43 (q, 1H, J ) 0.8 Hz, 5-H), 6.94 (br, 1H,
1-HT), 6.27 (q, 1H, J ) 1.2 Hz, 3-H), 4.51 (d, 1H, J ) 1.3 Hz,
10-H), 3.97 (dd, 1H, J ) 3.3 Hz, 6-HT), 3.83 (s, 3H, 1-Me), 2.37
(d, 3H, 4-Me), 2.19 (d, 3H, 6-Me), 1.76 (s, 3H, 5-MeT), 1.60 (s,
3H, 9-Me); MS (FAB) m/z 346 (24, [M + H]+), 242 (100, [8 +
H]+), 127 (19, [thymine + H]+).
Compound 10-thymine adduct: 1H NMR (acetone-d6)

δ 8.76 and 8.53 (br, 1H each, 1-H, 3-HT), 7.41 (q, 1H, J ) 0.9
Hz, 5-H), 6.89 (br, 1H, 1-HT), 6.15 (q, 1H, J ) 1.2 Hz, 3-H),
3.79 (d, 1H, J ) 2.7 Hz, 6-HT), 2.38 (d, 3H, 4-Me), 2.21 (d, 3H,
6-Me), 1.69, 1.64, 1.62 (3s, 3H each, 8-Me, 9-Me, 5-MeT).
Radioactivity Measurements. A Packard Model 4430

liquid scintillation spectrometer was used. Emulsifier scin-
tillator 299 was purchased from Packard, Downers Grove, IL.
Evaluation of Cross-Links. Evaluation of cross-links

formed in DNA was carried out by measuring the renaturation
capacity of cross-linked DNA after heat denaturation;39 1.5 mL
of an aqueous solution (2 mM NaCl, 1 mM EDTA) of DNA
(2.3 mM) in the presence of furoquinolinone (30 µM) was
irradiated for increasing periods of time. This solution was
heated for 10 min in a boiling water bath, immersed in ice for
15 min, chromatographed on a column (0.6 × 4 cm) of
hydroxylapatite Biogel type (BioRad Laboratories, Richmond,
CA), and developed using a linear gradient of 0.05-0.3 M
phosphate buffer (pH 6.98) with a flow rate of 15 drops/min.
Fractions of 3.5 mL were collected, and absorbance at 260 nm
was determined in each fraction. On the basis of the single-
strand (non-cross-linked) and double-strand (renatured, cross-
linked) fractions of DNA separated and determined in this
way, the presence of cross-links formed in DNA could be
evaluated.
Experiments with T2 Phage. All biological experiments

were always carried out sheltered from light or in red light.
Most of the dark treatments were carried out in an incubator,
which guarantees suitable dark conditions.
The host bacteria (E. coli B48) were grown in brain-heart

infusion at 37 °C, collected in log phase, suspended in MgSO4

(2 mM) at a density of 109 cells mL-1, and then infected with
T2 phage at a multiplicity of 1. The culture was then
incubated at 37 °C for 2 h. Phage titers were determined using
the standard bilayer method40 and the same E. coli strain.
Phage suspensions were diluted to 1010 viral particles/mL with
MgSO4 (2 mM) containing the compound to be studied.
Aliquots (5 mL) of these virus suspensions were poured into
Petri dishes (5 cm in diameter), incubated at 37 °C for 15 min
in the dark, and then exposed to UV-A light. After irradiation,
the viral suspensions were further diluted with the same
medium and the numbers of plaque-forming units/mL were
scored.
In experiments carried out in the dark, the phage suspen-

sions containing the drug, prepared as above in MgSO4 (2 mM),
were incubated at 37 °C for 15 min in the dark, and then the
numbers of infective virus particles were scored.
DNA and RNA Synthesis in Ehrlich Cells. Just before

testing, a calculated amount of a 1 mg mL-1 solution of the
drug in dimethyl sulfoxide (DMSO, which concentration never
exceeded 0.5%) was added in the dark to suspensions (PBS)
containing Ehrlich cells (Lettré strain). Samples of these
suspensions containing 2 × 107 Ehrlich ascites cells/mL were

Einteraction ) Etotal - Eoligonucleotide - Efurocoumarin
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kept in the dark at room temperature for 15 min and then
irradiated with increasing UV-A doses in Petri dishes (5 cm
in diameter). The cells were incubated for 30 min at 37 °C in
the presence of 40 kBqmL-1 [3H]thymidine or [3H]uridine (4.77
and 1.1 TBq mmol-1, respectively; Amersham International
plc, U.K.). The acid-insoluble fraction was precipitated by 5%
ice-cold trichloroacetic acid and collected on Whatman GF/C
filters (2.5 cm in diameter). After several washings with cold
1% trichloroacetic acid, the filters were dried and counted. The
results were calculated as the percent of radioactivity incor-
porated into the DNA of untreated control cells (ca. 3-6 kBq);
filtrations were carried out with a Sample Manifold apparatus
(Millipore Corp., Bedford). For the experiments carried out
in the dark, the ID50, i.e., the drug concentration inducing 50%
inhibition of the macromolecular synthesis, was calculated by
means of probit analysis. For the experiments with UV-A
irradiation, the dose unit (DU) was computed, defined as
follows:

where the ID50 was the UV-A dose inducing 50% inhibition of
macromolecular synthesis when delivered in the presence of
the drug concentration expressed in µmol mL-1 (µM).
Mutagenesis Tests. The strain used was E. coli TM9

(WP2, uvrA, R46) carrying a nonsense mutation in the trpE
gene which is reverted by UV light and most base pair
substitution mutagens.41 Bacteria were grown overnight in a
minimal Davis-Mingioli salts glucose medium supplemented
with tryptophan (20 mg L-1). E. coli cells were washed and
then suspended in phosphate-buffered saline (pH 7.0) contain-
ing the compound to be studied (20 µM) at the density of 108
cells mL-1. Nitrogen or air (sterilized by filtration) was
bubbled at room temperature, and then the bacteria were
irradiated with UV-A as described for DNA solutions. For the
mutagenesis test, 0.1 mL aliquots of the irradiated suspensions
were added to 2 mL of molten 0.6% top agar and poured onto
plates containing 20 mL of SEM agar (MMA fortified with 0.1
mg mL-1 Difco nutrient broth). For the determination of the
surviving fraction, the irradiated cells (0.1 mL) were diluted
with phosphate buffer, added to 2 mL of molten 0.6% agar,
and plated on Davis-Mingioli minimal medium supplemented
with tryptophan. The plates were incubated for 48 h at 37 °C
in the dark, and then the colonies were counted. The mutation
frequency was expressed as mutants/106 survivors,42 which had
been computed by dividing the number of revertants observed/
plate by the number of surviving bacteria at the same
treatment and subtracting from the result the number of
revertant colonies/million survivors observed in the controls.
In this test all manipulations were done under red light.

Acknowledgment. The authors wish to thank Dr.
Pietro Traldi and co-workers at the Mass Spectrometry
Service, Area della Ricerca di Padova del CNR.

Supporting Information Available: LD spectrum of the
8-DNA complex, photobinding to DNA, NMR spectrum of the
8-thymine adduct, interaction energy profile, atomic orbital
energies and pz coefficients of compound 8, TMA, and thymine,
and elemental analysis data (5 pages). Ordering information
is given on any current masthead page.

References
(1) Musajo, L.; Rodighiero, G. The Skin-Photosensitizing Furocou-

marins. Experientia 1962, 18, 153-162.
(2) Parrish, J. A.; Stern, R. S.; Pathak, M. A.; Fitzpatrick, T. B.

Photochemotherapy of Skin Diseases. In The Science of Pho-
tomedicine; Regan, J. D., Parrish, J. A., Eds.; Plenum Press:
New York, 1982; pp 595-624.

(3) Gasparro, F. P. Extracorporeal Photochemotherapy: Clinical
Aspects and the Molecular Basis for Efficacy; R. G. Landes Co.:
Austin, TX, 1994.

(4) Stern, R. S.; Lange, R.; Members of the Photochemotherapy
Follow-up Study. Non-Melanoma Skin Cancer Occurring in
Patients Treated with PUVA Five to Ten Years After First
Treatment. J. Invest. Dermatol. 1988, 91, 120-124.

(5) Dall’Acqua, F. Furocoumarin Photochemistry and Its Main
Biological Implications. Curr. Prob. Dermatol. 1986, 15, 137-
163.

(6) Cole, R. S. Light induced cross-linkings of DNA in the presence
of a furocoumarin (psoralen). Studies with phage λ, Escherichia
coli, and Mouse leukemia cells. Biochim. Biophys. Acta 1970,
217, 30-39.

(7) Cimino, G. D.; Gamper, H. B.; Isaacs, S. T.; Hearst, J. E.
Psoralens as Photoactive Probes of Nucleic Acid Structure and
Function: Organic Chemistry, Photochemistry and Biochemis-
try. Annu. Rev. Biochem. 1985, 54, 1151-1193.

(8) Averbeck, D. Recent Advances in Psoralen Phototoxicity Mech-
anism. Photochem. Photobiol. 1989, 50, 859-882.

(9) Dall’Acqua, F.; Terbojevich, M.; Marciani, S.; Vedaldi, D.; Recher,
M. Investigation on the Dark Interaction between Furocou-
marins and DNA. Chem.-Biol. Interact. 1978, 21, 103-115.

(10) Isaacs, S. T.; Shen, C. K. J.; Hearst, J. E.; Rapoport H. Synthesis
and characterization of new psoralen derivatives with superior
photoreactivity with DNA and RNA. Biochemistry 1977, 16,
1058-1064.

(11) Tjerneld, F.; Nordén, B.; Ljunggren, B. Interaction Between DNA
and 8-Methoxypsoralen Studied by Linear Dichroism. Photo-
chem. Photobiol. 1979, 29, 1115-1118.

(12) Dall’Acqua, F.; Vedaldi, D.; Guiotto. A.; Rodighiero, P.; Carlas-
sare, F.; Baccichetti, F.; Bordin, F. Methylangelicins: New
Potential Agents for the Photochemotherapy of Psoriasis. Struc-
ture-Activity Study on the Dark and Photochemical Interactions
with DNA. J. Med. Chem. 1981, 24, 806-811.

(13) Wada, A.; Kozawa, S. Instrument for Studies of Differential Flow
Dichroism of Polymer Solutions. J. Polym. Sci., Part A 1964, 2,
853-864.

(14) Peacocke, A. R.; Skerrett, J. H. N. The Interaction of Ami-
noacridines with Nucleic Acids. Trans Faraday Soc. 1956, 52,
261-279.

(15) Mc Ghee, J. D.; von Hippel, P. H. Theoretical Aspects of DNA-
Protein Interactions: Co-Operative and Non Co-Operative Bind-
ing of Large Ligands to One Dimensional Homogeneous Lattice.
J. Mol. Biol. 1974, 86, 469-489.

(16) Guiotto, A.; Rodighiero, P.; Manzini, P.; Pastorini, G.; Bordin,
F.; Baccichetti, F.; Carlassare, F.; Vedaldi, D.; Dall’Acqua, F.;
Tamaro, M.; Recchia, G.; Cristofolini, M. 6-Methylangelicins: A
New Series of Potential Photochemotherapeutic Agents for the
Treatment of Psoriasis. J. Med. Chem. 1984, 27, 959-967.

(17) Dall’Acqua, F.; Vedaldi, D.; Bordin, F.; Rodighiero, G. New
Studies on the Interaction Between 8-Methoxypsoralen and DNA
in Vitro. J. Invest. Dermatol. 1979, 73, 191-197.

(18) Flemming, I. Photochemical Reactions. Frontier Orbitals and
Organic Chemical Reactions; Wiley: New York, 1976, pp 208-
227.

(19) Caffieri, S.; Miolo, G.; Daga, A.; Dall’Acqua, F. 4,6,4′-Trimethyl-
angelicin-Thymine Photocycloadducts from DNA. Med. Biol.
Environ. 1988, 16, 11-14.

(20) Demaret, J.-Ph.; Ballini, J. P.; Vigny, P. Molecular Mechanics
and Dynamics Study of DNA-Furocoumarins Complexes: Effect
of Methylation of the Angular Derivatives on the Intercalation
Geometry. J. Comput.-Aided Mol. Des. 1993, 7, 683-698.

(21) Kanne, D.; Straub, K.; Rapoport, H.; Hearst, J. E., Psoralen-
Deoxyribonucleic Acid Photoreaction. Characterization of the
Monoaddition Products from 8-Methoxypsoralen and 4,5′,8-
Trimethylpsoralen. Biochemistry 1982, 21, 861-872.

(22) Kanne, D.; Straub, K.; Hearst, J. E.; Rapoport, P. Isolation and
Characterization of Pyrimidine-Psoralen-Pyrimidine Photoad-
ducts from DNA. J. Am. Chem. Soc. 1982, 104, 6754-6764.

(23) Dall’Acqua, F.; Marciani Magno, S.; Zambon, F.; Rodighiero, G.
Kinetic Analysis of the Photoreaction (365 nm) Between Psoralen
and DNA. Photochem. Photobiol. 1979, 29, 489-495.

(24) Rodighiero, G.; Musajo, L.; Dall’Acqua, F.; Marciani, S.; Caporale,
G.; Ciavatta, L. Mechanism of Skin Photosensitization by
Furocoumarins. Photoreactivity of Various Furocoumarins with
Native DNA and with Ribosomal RNA. Biochim. Biophys. Acta
1970, 217, 40-49.

(25) Dall’Acqua, F.; Vedaldi, D.; Caffieri, S.; Guiotto, A.; Bordin, F.;
Rodighiero, G. Chemical Basis of the Photosensitizing Activity
of Angelicins. Natl. Cancer Inst. Monograph 1984, 66, 55-60.

(26) Seki, T.; Nozu, K.; Kondo, S. Differential Causes of Mutation
and Killing in Escherichia coli after Psoralen plus Light Treat-
ment: Monoadducts and Cross-links. Photochem. Photobiol.
1978, 27, 19-24.

(27) Tamaro, M.; Monti-Bragadin, C.; Rodighiero, P.; Baccichetti, F.;
Carlassare, F.; Bordin, F. Killing and Mutations Induced by
Mono- and Bifunctional Furocoumarins in Wild Type and
Excision-less Escherichia coli Strains Carrying the R46 Plasmid.
Photobiochem. Photobiophys. 1986, 10, 261-267.

(28) Bordin, F.; Carlassare, F.; Conconi, M. T.; Capozzi, A.; Majone,
F.; Guiotto, A.; Baccichetti, F. Biological Properties of Some
Benzopsoralen Derivatives. Photochem. Photobiol. 1981, 55,
221-229.

(29) Chilin, A.; Rodighiero, P.; Pastorini, G.; Guiotto, A. New
Synthesis of Pyrrolo[3,2,1-ij]quinolin-4-one Derivatives. J. Org.
Chem. 1991, 56, 980-983.

DU ) 1
ID50‚µM

Angular Furoquinolinones, Psoralen Analogs Journal of Medicinal Chemistry, 1996, Vol. 39, No. 6 1301



(30) Version 4.0, Macromodel; Columbia University: New York, 1993.
(31) Weiner, S. J.; Kollman, P. A.; Case, D. A.; Singh, C.; Ghio, C.;

Alagona, G.; Profeta, S.; Weiner, P. A New Force Field for
Molecular Mechanical Simulation of Nucleic Acid and Proteins.
J. Am. Chem. Soc. 1984, 106, 765-784.

(32) Stewart, J. P. P. A Semiempirical Molecular Orbital Program.
J. Comput.-Aided Mol. Des. 1990, 4, 1-105.

(33) Arnott, S.; Campbell-Smith, P. J.; Chandrasekaran, R. Atomic
Coordinates and Molecular Conformations for DNA-DNA, RNA-
RNA and DNA-RNA Helices. In CRC Handbook of Biochemistry
and Molecular Biology; Fasman, G. D., Ed.; CRC Press: Cleve-
land, OH, 1975; Vol. II, pp 411-423.

(34) Berman, H. M.; Stallings, W.; Carell, H. L.; Glusker, J. P.; Neidle,
S.; Taylor, G.; Achari, A. Molecular and Crystal Structure of an
Intercalation Complex: Proflavine-cytidylyl-(3′,5′)-guanosine.
Biopolymers 1979, 18, 2405-2429.

(35) Tidor, B.; Irikura, K. K.; Brooks, B. R.; Karplus, M. Dynamics
of DNA oligomers. J. Biomol. Struct. Dyn. 1983, 1, 231-252.

(36) Saunders, M.; Houk, K. N.; Wu, Y.-D.; Still, W. C.; Lipton, M.;
Chang, G.; Guida, W. C. Conformations of Cycloheptadecane.

A Comparison of Methods for Conformational Searching. J. Am.
Chem. Soc. 1990, 112, 1419-1427.

(37) Clark, T. Semiempirical Methods. A Handbook of Computational
Chemistry; Wiley: New York, 1985; pp 140-231.

(38) Hatchard, C. G.; Parker, C. A. A New Sensitive Chemical
Actinometer. II. Potassium Ferrioxalate as a Standard Chemical
Actinometer. Proc. R. Soc., Ser. B (London) 1956, 235, 518-536.

(39) Dall’Acqua, F.; Marciani, S.; Ciavatta, L.; Rodighiero, G. Forma-
tion of Inter-Strand Cross-Linkings in the Photoreactions Be-
tween Furocoumarins and DNA. Z. Naturforsch. 1971, 26b, 561-
569.

(40) Adams, M. H. Bacteriophages; Interscience: New York, 1959.
(41) Bridges, B. A.; Mottershead, R. P.; Rothwell, M. A.; Green, M.

H. L. Repair Deficient Bacteria Strains for Mutagenic Screen-
ing: Test with the Fungicide Captan. Chem.-Biol. Interact. 1972,
5, 77-84.

(42) Witkin, E. M. Ultraviolet Mutagenesis and Inducible DNA
Repair in Escherichia Coli. Bacteriol. Rev. 1976, 40, 869-907.

JM950585L

1302 Journal of Medicinal Chemistry, 1996, Vol. 39, No. 6 Rodighiero et al.


