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Abstract: Real-time fluorescence detection systems were adapted to identify DNA adducts formed by photogenotoxic phyto-
chemicals. Two assays were developed: the first was based on quantitative polymerase chain reaction (qPCR) while the second used
thermal denaturation and renaturation (D-R). Both assays employed yeast DNA, the fluorescent dye SYBR Green and a real-time
PCR thermocycler. The furanocoumarins 8-methoxypsoralen (8-MOP), 5-methoxypsoralen (5-MOP), psoralen, angelicin and
imperatorin, and the furanochrome khellin, were tested for adduct forming ability with up to 2 h of UVA light exposure (λ = 320–
400 nm). The known bifunctional compounds, 8-MOP, 5-MOP and psoralen, were inferred to form biadducts here based on both
D-R and qPCR assays, as expected from previous research. The known monofunctional compound angelicin was used as a negative
control and did not form biadducts based on either assay. Two compounds of unknown functional specificity, imperatorin and
khellin, were determined to be positive and negative for biadduct activity, respectively. Detection of biadducts with 8-MOP, 5-MOP,
psoralen and imperatorin, but not angelicin or khellin, was further verified by temperature gradient gel electrophoresis. The fluore-
scence methods improve and expand upon existing assays to monitor DNA adducts. Copyright © 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Furanocoumarins comprise a family of plant-derived
chemicals that are well known to possess mutagenic
and carcinogenic properties (for reviews see Gasparro
et al., 1998; Stern et al., 2002). These properties stem
in part from their planar structure, which allows these
tricyclic molecules to intercalate into DNA. Once inter-
calated, the molecule may be activated by UVA (320–
400 nm) light, forming a covalent monoadduct complex
between either the 4′,5′ furan or the 3,4 pyrone side
of the furanocoumarin, and the 5,6 double bond of a
pyrimidine base, most frequently thymine. The 4′,5′
monoadduct can further react with a pyrimidine base
on the complimentary DNA strand, forming a biadduct,
or interstrand cross-link (Musajo et al., 1966; Schmitt
et al., 1995; Kitamura et al., 2005). Monofunctional
compounds form only monoadducts, while bifunctional
compounds can form both mono- and biadducts.
Furanocoumarins that were previously found to
possess bifunctional activity include 8-methoxypsoralen
(8-MOP; Piette et al., 1986), 5-methoxypsoralen (5-
MOP; Amici and Gasparro, 1995) and psoralen (Cole,

1971). Angelicin is an angular furanocoumarin reported
to form monoadducts (Bordin et al., 1976). Several
furanocoumarins and related compounds are less well
studied. For example, imperatorin is a linear furano-
coumarin of unknown functionality for which the crystal
structure was only recently confirmed (Rahman et al.,
2004). Khellin is a related phototoxic furanochrome
that has displayed mixed functionality, with only mono-
functional activity found in Chinese hamster cells
and on calf thymus DNA (Morliere et al., 1988), and
bifunctional activity found in reactions with λ phage
DNA (Cassuto et al., 1977).

The ability of furanocoumarins to form adducts with
DNA plays an important role in their efficacy in treat-
ing skin conditions such as vitiligo (Wu et al., 2007),
psoriasis (Tzaneva et al., 2002), mycoses and types
of cutaneous T-cell lymphoma (Wackernagel et al.,
2006). The tendency of furanocoumarins to interact
with thymine-rich DNA may provide some specificity in
targeting genomic regions, organelles or microbes with
high AT content (Smith et al., 2004). Owing to the
potential clinical applications of furanocoumarins and
related compounds, assays are needed to study their
genotoxicity. Previously used methods such as HPLC
and alkaline sucrose gradient assays are time-consuming
and lack sensitivity. An assay that monitors the kinetics
of DNA denaturation and renaturation (D-R) by measur-
ing UV light absorption can also be used to detect
bifunctional photoadducts (Morliere et al., 1988), but
requires relatively large sample volumes and a UV
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spectrophotometer fitted with quartz cuvettes and
precise temperature control. More recently, polymerase
chain reaction (PCR) was used in conjunction with
agarose gel electrophoresis and densitometry to measure
the quantity of PCR amplicon produced when the
initial template DNA was, or was not, treated with
furanocoumarins and/or UV light (Smith et al., 2004).
A marked reduction in PCR product was associated
with furanocoumarin + UV light treatments, presum-
ably because adducts interfered with DNA replication
by Taq polymerase. While clearly detecting DNA
adducts, this assay did not obviously discriminate
between mono- and bifunctional activities of the
furanocoumarins tested. An additional assay used to
detect bifunctional genotoxins is temperature gradient
gel electrophoresis (TGGE) (Hartley et al., 1993). In
TGGE, DNA samples are subjected to thermal dena-
turation during electrophoresis in a polyacrylamide
gel containing urea. At an optimal temperature profile,
cross-linked DNA strands will not fully denature, and
will be of lower mobility than fully denatured, non
cross-linked strands.

The development of real-time fluorescence detection
of double-stranded DNA using SYBR Green offers the
potential for a combined analysis and detection and
thus quicker and more refined D-R and PCR-based
assays of DNA adduct formation. SYBR Green provides
a linear detection range over three orders of magnitude
for double-stranded DNA (Skeidsvoll and Ueland, 1995)
and can be monitored using a real-time thermocycler
readily available for quantitative PCR (qPCR). In this
paper, the adaptation of real-time fluorescence detec-
tion in conjunction with D-R and PCR assays was
used to explore DNA adduct formation by the photo-
genotoxins of known (8-MOP, 5-MOP, psoralen and
angelicin) and unknown (imperatorin and khellin)
activities. Results from both assays are supported by
TGGE.

EXPERIMENTAL

Strains, chemicals, and reagents. Saccharomyces cere-
visiae strain S288C was grown in YPD medium (1%
Bacto-yeast extract, 2% Bacto-peptone, 2% dextrose)
and genomic DNA was isolated by the method of
Hoffman and Winston (1987). Psoralen, 5-MOP, 8-
MOP (Sigma-Aldrich, St. Louis, MO, USA), angelicin,
imperatorin (Indofine Chemical, Somerville, NJ, USA)
and khellin (Fluka AG, Buchs, Switzerland) were
dissolved in 95% ethanol and stored in the dark at 4°C.
Structures of these compounds are shown in Fig. 1.

DNA treatments were carried out in 96-well microtitre
plates under a red safelight using final concentrations
of 280 ng/μL yeast genomic DNA and 0.5, 5.0 or 50 μM

furanocoumarin and brought to 20 μL with deionized
distilled water. Ethanol and water were added to DNA

samples as negative chemical controls. The microtitre
plates were wrapped in aluminium foil (dark treat-
ments) or covered with adhesive seal to prevent desic-
cation and exposed to 10 W/m2 using three 20 W
black-light blue (BLB) tubes (General Electric F20T12/
BLB), fitted with a cooling fan. The spectral output of
these bulbs is in the 300–400 nm range with peak
emission at 355 nm (Grossweiner, 1989). The absorp-
tion spectra of the compounds used have broad peaks
in the 300–400 nm range (Kitamura et al., 2005), so
they are strongly activated by BLB lamps. UVA ex-
posure was at 23°C for 0, 1 and 2 h, conditions similar
to those used previously to study DNA cross-linking by
radio-labelled 5-MOP (Musajo et al., 1966). Each treat-
ment was independently replicated at least three times.

qPCR and D-R assays. Both qPCR and D-R assays were
performed using a Corbett Research RotorGene thermal
cycler (Montreal Biotech, Montreal, Quebec, Canada).
Fluorescence values were read at 510 nm throughout
each experiment. For qPCR assays, 20 μL reaction
volumes contained 10 μL iQ SYBR Green real-time PCR
mix (Invitrogen, Burlington, Ontario, Canada), 8 μL of
water, 0.5 μM each of forward and reverse primers and
1 μL of yeast DNA (280 ng) template from the chemical
incubation mixtures described above. PCR conditions
used were 10 min at 95°C and then 35 cycles of 30 s at
95°C (denaturation), 1 min at 56°C (annealing) and
45 s at 72°C (polymerization). L-45 (5′-CTTCTACGGT-
TGGACTCCTTC-3′) and R-231 (5′-GGGAAAAGGAAAA-
TTCCTCAC-3′) primers (Sigma) were used to amplify a
~50% A + T, 187 bp region of the yeast mitochondrial

Figure 1 Chemical structures of furanocoumarins and the
furanochrome, khellin, used in this study.
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DNA (mtDNA, Smith et al., 2004). Delay in cycle thre-
shold (CT) relative to the dark control, 0 h ethanol, was
used to determine the reduction in amplifiable template
associated with chemical and/or UV exposure.

For D-R assays, 2 μL of the chemical incubation mix-
tures (prepared as described above) were combined
with 2 μL of 1.0 M sodium phosphate buffer (pH 7.0),
2 μL of 1:10000 dilution SYBR Green (10000× stock,
Invitrogen) and 14 μL of water in PCR tubes. The
samples were placed in the Corbett Rotorgene and held
at room temperature for 3 min, followed by an increase
in temperature to 95°C over a period of 10 min (dena-
turation) and then a temperature decrease to 50°C over
13.5 min (renaturation). Fluorescence was measured at
10 s intervals throughout the D-R assay. The amount
of double-stranded DNA (dsDNA) formed during
renaturation is related to the final fluorescence value,
and higher fluorescence values indicate a greater
amount of DNA cross-linking.

Temperature gradient gel electrophoresis. The 187 bp
mtDNA segment was amplified with primers L45 and
R-231 and purified (Promega Wizard Miniprep, Fisher
Scientific, Nepean, Ontario, Canada). A mixture of
18 μL of this DNA (550 ng) and 50 μM furanocoumarin
was brought to a final volume of 20 μL and kept in the
dark or exposed to UVA light for 2 h as described
above. The samples were subjected to TGGE using
the DCODE system (Bio-Rad, Mississauga, Ontario,
Canada) with an 8% polyacrylamide gel (40% 37.1:1
acrylamide:bisacrylamide with 8.0 M urea) in 1.25 ×
TAE running buffer. Electrophoresis conditions were
80 V over a temperature range of 60–70°C, with a ramp
rate of 0.8°C/h, and a run time of 16 h. The gel was

stained in 2 μg/mL ethidium bromide in 1 × TAE buffer
for 30 min, destained for 30 min in water and photo-
graphed over a UV light source on an AlphaImager
2200 (Alpha Innotech, San Leandro, CA, USA).

RESULTS AND DISCUSSION

Kinetics of adduct formation through qPCR

The principle of the PCR-based assay is that DNA
adducts interfere with polymerisation by Taq and reduce
the yields of PCR amplicon accordingly (Smith et al.,
2004). We extended this application by using real-time
qPCR and SYBR Green fluorescence to monitor the
amount of amplicon formed during each cycle. Figure 2
demonstrates that, when DNA template is treated with
8-MOP + UVA or psoralen + UVA, there is a significant
increase in the number of PCR cycles required to reach
CT, relative to ethanol + UVA control. Based on the
standard curve that relates CT to template concentra-
tions (Fig. 2, inset), each 3.6 cycle delay in amplifica-
tion is equivalent to a 10-fold decrease in DNA template.
From the curves presented in Fig. 2, then, 2 h UVA
treatments with 8-MOP and psoralen result in 19-fold
(5.3 cycles) and 24-fold (6.67 cycles) reductions in
amplifiable template, respectively.

Figure 3 presents CT delays relative to the ethanol
(dark) control when template DNA is exposed to 0, 1
and 2 h of UVA in the presence of 0.5, 5.0 and 50 μM of
each of the six compounds tested. No significant CT
delay is observed for any of the six compounds in dark
treatments (paired two-tailed t-test, p > 0.2 in all cases),
supporting the view that UVA is required for DNA

Figure 2 Examples of qPCR amplification profiles with DNA templates treated with 2 h of UVA and ethanol (control, EtOH), 50 μM

8-MOP or 50 μM psoralen (pso). Inset shows standard curve of CT as a function of initial DNA template in qPCR reactions.
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adduct formation with these compounds. In samples
exposed to UVA, a significant decrease in amplifiable
template is evident for the known bifunctional com-
pounds psoralen, 5-MOP and 8-MOP (p < 0.001 in all
cases). The assay also revealed significant reductions in
amplifiable template with imperatorin + UVA treatments
(p < 0.003, for 5 and 50 μM treatments), but not with
angelicin + UVA (p > 0.05) or khellin + UVA (p > 0.2)
treatments. Figure 3 also shows that the majority
of adduct formation by psoralen, 5-MOP, 8-MOP
and imperatorin occurs within 1 h of UVA exposure.
This confirms previous studies that indicated that
photoadduct saturation occurs in less than 1 h
(Rodighiero et al., 1970; Cole, 1971; Dall’Acqua et al.,
1974) and demonstrates that the qPCR assay is
suitable for examining the kinetics of photoadduct
formation. Further to this, a dosage effect is evident, in
most cases, with CT delay becoming more pronounced
as concentration increases over the range used for the
four active compounds. Our observations that angelicin
and khellin do not cause appreciable CT delays in the
qPCR assay is interesting given previous reports of
monofunctional activity by both compounds (Bordin
et al., 1976; Morliere et al., 1988). Together with these
previous reports, our observations suggest that poly-
merisation by Taq is not impeded by monoadducts.

DNA cross-linking detected with fluorescent
D-R assay

D-R based assays can be used to specifically detect
interstrand cross-linking by bifunctional compounds.
During a cycle of denaturation and renaturation, DNA
cross-linking will facilitate DNA renaturation. Tradi-
tionally, renaturation of DNA is monitored by measur-
ing the decrease in optical density at 260 nm (Morliere
et al., 1988). Here, we adopt a real-time fluorescence

Figure 3 CT delay (n = 3, ± SD) based on qPCR following 0, 1 or 2 h UVA treatment with 0.5, 5.0 or 50 μM of each test compound.
CT delay was calculated by subtracting the CT of the experimental sample from that of the ethanol control for a given UVA treat-
ment. For each compound (designated across the top) and UVA treatment (labelled at the bottom), the three concentrations tested
are grouped together as 0.5 μM (circle, left), 5.0 μM (diamond, centre) and 50 μM (square, right).

detection system to simplify the D-R assay and charac-
terise cross-linking activity by furanocoumarins. As
shown in Fig. 4, gradually increasing the sample
temperature results in a concomitant decrease in
fluorescence of the DNA–SYBR Green mixture, indica-
tive of denaturation of dsDNA. Complete denaturation
of DNA appears to occur in the range 90–95°C. As
samples are subsequently allowed to cool, fluorescence
increases relative to the extent of DNA renaturation.

Figure 4 Denaturation–renaturation profile of DNA samples
treated with ethanol dark control, or with 2 h of UVA and 5 μM

8-MOP, imperatorin or khellin. The temperature profile used
during the assay is shown above right and relative fluore-
scence values (λ = 510 nm) are given on the axis on the left.
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As exemplified in Fig. 4, UVA treatments with 8-MOP
and imperatorin both result in a rapid increase in
fluorescence compared with treatments with khellin
and ethanol, indicating that the former two compounds
are cross-linking agents.

Figure 5 summarises the cross-linking activity of
the six tested compounds at 50 μM concentrations with
reference to ethanol and water controls. No appreciable
cross-linking is observed for dark treatments with any
of the compounds, nor with angelicin + UVA (p = 0.3)
or khellin + UVA (p = 0.8). Compared with the ethanol
dark controls, significantly more renaturation is evident
in DNA exposed to UVA treatments with 8-MOP,
5-MOP, psoralen and imperatorin (two-tailed t-test,
p < 0.001 for all), indicating these compounds
effectively cross-link DNA. Of the non-characterised
compounds, then, imperatorin possesses bifunctional
cross-linking ability while khellin does not.

DNA cross-linking detected by TGGE

TGGE was used to further verify cross-linking patterns
inferred through our fluorescent D-R assays. DNA cross-
linking was evident in TGGE experiments by large-size
DNA bands at the top of the gel in lanes containing
UVA-irradiated mixtures of DNA combined with 8-
MOP, 5-MOP, psoralen and imperatorin (Fig. 6). The
interpretation of the TGGE data for these compounds
is that DNA cross-linking prevents dissociation of the
DNA strands and slows their movement through the
gel, while non cross-linked DNA is readily dissociated
and migrates faster in the gel (Dunham et al., 2005). All

dark samples, as well as UVA-treated angelicin, khellin
and ethanol, show predominantly rapidly migrating
DNA. Notably, the TGGE data supports D-R assay
results that showed that imperatorin forms biadducts,
while khellin does not.

The use of fluorescence-based PCR and D-R assays
described in this study is straightforward and improves
on existing photoadduct detection methods by increas-
ing sensitivity and reducing analysis time. The qPCR
and fluorescence D-R assays reliably detected UVA-
induced adduct formation in DNA treated with the
known bifunctional compounds psoralen, 8-MOP and
5-MOP. By extension, imperatorin appears to be a
bifunctional compound. Biadduct formation was
confirmed for each of these four compounds by TGGE.
Adducts were not detected in qPCR, D-R or TGGE
assays with angelicin or khellin treatments. Since
angelicin was reported to be monofunctional (Bordin
et al., 1976), we surmise that monoadducts are not
detected through qPCR assays as hypothesised earlier
(Smith et al., 2004); apparently, any monoadducts
formed by these compounds do not significantly reduce
amplifiable DNA template quantities in qPCR assays.
Finally, we conclude that the qPCR assay described
here is suitable for studies that set out to monitor the
kinetics of bifunctional photoadduct formation.
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Figure 5 Plot of mean final fluorescence (n = 3, ± SD) based
on D-R assays for dark treatments (above) and 2 h UVA treat-
ments (below) with each of the six test compounds at 50 μM

concentrations.

Figure 6 TGGE of DNA with (+UV) or without (−UV) exposure
to UVA in the presence of (from left to right) 50 μM of 8-MOP,
5-MOP, psoralen, angelicin, khellin and imperatorin, and
ethanol control. Low mobility bands across the top of the gel
(arrows) indicate cross-linked DNA.
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