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ARTICLE INFO ABSTRACT

Article history:

It is known that B-carbolines are able to produce photosensitized damage in cell-free DNA, but there is
little information on their effects on cellular DNA. Therefore, we have analyzed the DNA damage pro-
duced by harmine and 9-methyl-harmine under UVA irradiation in V79 cells, together with the associ-
ated generation of micronuclei and photocytotoxicity. The results indicate that the most frequent
photoproducts generated in the cellular DNA are modified purines such as 8-oxo-7,8-dihydroguanine.
Only relatively few single-strand breaks were observed. CPDs were absent, although they were generated
in cell-free DNA irradiated under the same conditions. The overall extent of DNA damage in the cells was
considerably smaller than the one observed in cell free DNA. The generation of cellular DNA damage was
associated with a significant generation of micronuclei and decreased cell proliferation. The data indicate
that B-carbolines act as photosensitizers in mammalian cells. The spectrum of DNA modification, and
therefore the mechanism of DNA damage generation, differs considerably from that observed with
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1. Introduction

B-Carboline alkaloids are a group of heterocyclic compounds
widespread in nature. They can be extracted from many plants,
as they are normal constituents of seeds [1], stems [2] and leaves
[3]. Furthermore, B-carbolines are endogenously produced in hu-
man and other mammalian tissues, [4] and have been found in
plasma, platelets and urine [5]. Extracts from plants of several
derivatives have been used as antispasmodics and sedatives since
ancient time [6]. In addition, monoamino oxidase inhibition, con-
vulsive or anticonvulsive activity and anxiolytic effects were ob-
served [7,8] and they also act as antimicrobial agents, in
particular as antiparasites [9]. Due to the planarity of the main
B-carboline ring, these compounds are good DNA intercalators
[10-12] having cytotoxic and genotoxic effects in several human
tumor cell lines [13-15]. Moreover, the participation of several p-carb-
olines in photosensitizing processes has been demonstrated. In their
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excited state, these compounds have the ability to photooxidize
deoxyribonucleotides [16], to photoinduce single strand-breaks (SSBs)
in cell-free DNA [17,18], chromosome damage in mammalian cells
[19] and also to inactivate viruses [20] and bacteria [21].

Recently, the photosensitized damage induced in cell-free DNA
by a group of B-carbolines (norharmane, harmane, harmine,
9-methyl-norharmane, 9-methyl-harmane, 9-methyl-harmine)
was studied in detail and shown to consist of SSBs, oxidatively
generated purine modifications sites of base loss (AP sites), and
cyclobutane pyrimidine dimers (CPDs). SSBs and oxidized products
were found to be generated by a type I reaction, while CPDs
are formed by energy transfer [22]. The extent and type of
photosensitized damage depends not only on the nature of the
B-carboline substituent, but also on their DNA binding properties
and the pH. Although the majority of these compounds are able
to produce reactive oxygen species (ROS), such as singlet oxygen,
superoxide anion and hydrogen peroxide [23,24], it was shown
that these ROS do not play an important role as intermediates in
the DNA damage process [18,22].

In this work, we have focused on the analysis of the DNA
damage generated by photoexcited harmine and 9-methyl-harmine
in V79 cells. The spectrum of DNA modifications generated was
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Scheme 1. Structure of harmine (R = H, Ha) and 9-methyl-harmine (R = CH3, 9-Me-
Ha).

compared with that observed under cell-free conditions. The two
B-carbolines used in this work are showed in Scheme 1.

2. Experimental
2.1. General

2.1.1. B-Carbolines

Harmine (>98%) from Sigma-Aldrich were used without further
purification. The method used to synthesize and purify 9-methyl-
derivatives has been published elsewhere [25].

2.1.2. Cells, DNA material and enzymes

Chinese hamster lung fibroblast V79 cells were used for this
work. Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) high glucose (4.5 g/1) with L-glutamine, 10% fetal bovine
serum, penicillin (100 U/ml) and streptomycin (100 pg/ml). DNA
from bacteriophage PM2 (PM2 DNA, 10,000 bp) was prepared
according to the method of Salditt et al. [26] Formamidopyrimi-
dine-DNA glycosylase (Fpg protein) was isolated from Escherichia
coli strain JM105 harboring plasmid pFPG230 [27]. Endonuclease
IV, T4 endonuclease V was partially purified from an inducible
overproducer (E. coli strain A 32480 carrying the plasmid ptac-
denV) provided by L. Mullenders, Leiden. All repair endonucleases
were tested for their incision at reference modifications (i.e., oxi-
dized purines induced by methylene blue plus light, AP sites by
low pH and cyclobutane pyrimidine dimers (CPDs) by UVC) under
the applied assay conditions (see below) to ensure that the correct
substrate modifications are fully recognized and no incision at
non-substrate modifications takes place [28].

2.1.3. pH adjustment

The pH of B-carboline derivatives aqueous solutions were ad-
justed by adding drops of aqueous NaOH or HCl solutions (concen-
tration ranged from 0.1 M to 2.0 M) with a micropipette. The ionic
strength was approximately 10~ M in all the experiments. In
experiments using D,0 as solvent, DO (>99.9%; Sigma), DCI
(35wt. % solution in D,0, 99 atom % D, Aldrich) and NaOD
(40 wt. % solution in D,0, 99+ atom % D, Aldrich) were used. The
pD of the solution was adjusted as it was described elsewhere
[29], the final isotope purity was greater than 96%. The B-carboline
acidic, neutral and alkaline solutions were prepared in acetic
acid-sodium acetate (pH 4.8), KH,PO4,-NaOH (pH 7.4) and
Na,B,40,-NaOH (pH 10.0) buffers, respectively.

2.2. DNA photoproducts characterization

2.2.1. Irradiation set-up

All samples were irradiated in either a 96 well plate or a culture
flask for 20 min on ice with a Philips HPW 125 W lamp emitting at
365 nm (bandwidth ~20 nm), placed at a distance of 10 cm, corre-
sponding to a dose of 30 kj/m?2.

In the case of cell-free DNA, buffered aqueous solutions (10 mM
KH,PO4, 50 mM NaCl, pH 7.4) of a B-carboline and PM2 DNA
(10 pg/ml) were irradiated. After treatment, the DNA was precipi-
tated by ethanol/sodium acetate and re-dissolved in BE1 buffer
(20 mM Tris-HCI, pH 7.5, 100 mM NacCl, 1 mM EDTA) for damage
analysis. In the case of V79 cells, exponentially growing cells were
irradiated in PBSCMF buffer (137 mM NacCl, 2.7 mM KCl, 8.3 mM
NaH,PO,4, 1.5 mM KH,PO,4, pH 7.4) with different concentrations
of B-carboline. After irradiation, cells were washed and fresh med-
ium was added.

2.2.2. Quantification of endonuclease-sensitive modifications

(a) in PM2 plasmid. The DNA relaxation assay used to quantify
endonuclease-sensitive modifications (ESSs) and single-strand
breaks (SSBs) in PM2 DNA has been described elsewhere [30]
and we have recently reviewed its application to characterize the
DNA damage induced by photosensitization [31]. It makes use of
the fact that supercoiled PM2 DNA is converted by either a SSBs
or the incision of a repair enzyme into a relaxed (nicked) form,
which migrates separately from the supercoiled form in agarose
gel electrophoresis.

An aliquot of 0.2 pg of the modified DNA in 20 pL BE1 buffer
was incubated for 30 min at 37 °C with 10 pL of BE1 buffer (for
the determination of directly produced SSB) or of one of the follow-
ing repair endonuclease preparations: (i) Fpg protein, 3 pg/ml in
BE1 buffer, (ii) endonuclease 1V, 0.3 pg/ml in BE1 buffer and (iii)
T4 endonuclease V, 3 pg/ml in BE15 buffer (20 mM Tris-HCl, pH
7.5, 100 mM NacCl, 15 mM EDTA). The reactions were ended by
addition of 10 pl of stop buffer with 2% sodium dodecyl sulfate
and the DNA applied to an agarose electrophoresis gel. Fluores-
cence scanning of the relaxed and supercoiled forms of the DNA
after staining with ethidium bromide allowed calculating the num-
ber of SSBs or, if an incubation with a repair endonuclease pre-
ceded the gel electrophoresis, the number of SSBs plus ESS. To
obtain damage profiles, the data were corrected for the number
of modifications in unmodified DNA, and the number of ESSs was
obtained by subtraction of the number of SSBs.

(b) in V79 cells. An alkaline elution assay was used to quantify
SSBs, oxidatively generated purine modifications sensitive to Fpg
and CPDs sensitive to T4 endonuclease V. The protocol followed
the method of Kohn et al. [32] with modifications [30,33]. Briefly,
the sum of SSBs and DNA modifications sensitive to one of the
repair glycosylases was obtained from experiments in which the
cellular DNA was incubated with Fpg protein (1 pg/ml) or T4
endonuclease V (0.1 pg/ml) immediately after cell lysis. To
quantify SSBs, the incubation was carried out without repair
enzyme. The numbers of glycosylase-sensitive modifications were
obtained by subtraction of SSBs. The slope of an elution curve
obtained with y-irradiated cells was used for calibration (6 Gy =1
SSBs/10° bp, [32]). The slopes observed with untreated control cells
(background levels) were subtracted.

Each repair enzyme used recognizes a different spectrum of DNA
modifications [34-36]. Thus, Fpg protein incises at 8-oxo-7,
8-dihydroguanine (8-oxoGua), 2,6-diamino-4-hydroxy-5-formami-
dopyrimidine (FapyGua) and 4,6-diamino-5-formamidopyrimidine
(FapyAde) and also sites of base loss (AP sites). T4 endonuclease V
recognizes CPDs and AP sites, while endonuclease IV recognizes only
AP sites.

2.3. Phototoxicity assay

V79 cells were irradiated in the presence of different concentra-
tion of B-carbolines (see above the irradiation set-up description).
For each concentration, two parallel culture flasks were treated.
Cells were washed, and one flask was treated with trypsin right
after irradiation and cells were counted, while the other flask
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was counted after 48 h of incubation in fresh medium (free of
B-carbolines). The proliferation factor was calculated then by the
ratio of the number of cells counted at 48 h to cells at time 0
(Beckman Coulter Counter Z2).

2.4. Quantification of micronuclei

V79 cells were irradiated with UVA (365 nm) in the presence or
absence of p-carbolines in PBSCMF buffer (see above). They were
washed and subsequently incubated with fresh medium under cul-
ture conditions for 24 h. Approximately, 1 x 10° cells were fixed on
a microscope slide by cytospin centrifugation and treated with
methanol for 1h at —20°C. After staining with bisbenzimide
(Hoechst 33,258; 1 pg/ml in PBSCMEF for 60 s), 3 x 1000 cells/flask
per experiment were examined in blinded samples for the
presence of micronuclei with a fluorescence microscope.

3. Results

B-Carbolines in aqueous solution are weak bases with a
pKa ~ 7, which leads to a mixture of both protonated and neutral
species at physiological pH. Although the absorption spectra of
protonated and neutral molecules are different, both show a
significant absorption at 365 nm, the wavelength used in this
work for photoexcitation (Fig. 1). In particular, at pH 7.4, harmine
(Ha) and 9-methyl-harmine (9-Me-Ha) show molar absorption
coefficient values at 365nm of 5295 and 3109M 'cm™!,
respectively.
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Fig. 1. Absorption spectra of Ha (a) and 9-Me-Ha (b) recorded under different pH
conditions: pH 4.8 (solid line), pH 7.4 (dotted line) and pH 10.0 (dashed line).

3.1. Phototoxicity of p-carbolines

To determine the cytotoxicity of photoexcited B-carbolines in
V79 cells, proliferation assays were performed. Exponentially
growing V79 cells were exposed for 20 min to UVA (365 nm) in
the presence of increasing concentrations of Ha or 9-Me-Ha. Subse-
quently, the influence of the treatments on cell proliferation was
determined by cell counting right after damage and after 48 h of
incubation in fresh media, free of B-carbolines.

As is shown in Fig. 2, the two B-carbolines caused a quite similar
dose-dependent reduction of cell proliferation upon UVA
irradiation. On the contrary, no growth inhibition was caused by
the irradiation alone (see data point at 0 uM of B-carboline) and
in non-irradiated cells pre-incubated with 10 uM of B-carbolines
(see open symbols in Fig. 2).

3.2. Characterization of intracellular DNA damage photosensitized by
p-carbolines

As it was already demonstrated, photosensitized DNA damage
induced by Ha under cell-free conditions consists of Fpg-sensitive
base modifications as the main photoproduct [22]. To investigate
the extent of damage in V79 cells irradiated with UVA (365 nm)
in the presence of various concentrations of Ha and 9-Me-Ha, an
alkaline elution assay in combination with repair glycosylases as
probes was used. Fig. 3a and b show that both B-carbolines gener-
ate relatively high yields of oxidatively generated DNA damage
measured as Fpg-sensitive modifications, while SSBs were gener-
ated in much lower yields, barely detectable. At the same absor-
bance (i.e., at the same excited B-carboline’s concentration), Ha
clearly produces more oxidatively generated DNA damage than
9-Me-Ha.

The spectrum of DNA modifications produced by photoexcited
Ha and 9-Me-Ha under cell-free conditions consists not only of
SSBs and other oxidatively generated photoproducts but also CPDs
[22,37]. To analyze the formation of CPDs in V79 cells, an alkaline
elution assay in combination with the repair enzyme T4 endonu-
clease V was used. Ha was chosen for this experiment because this
derivative showed the highest levels of CPDs production in

Proliferation factor

—/\— Ha
—@— 9-Me-Ha

0 T T T T T T
0 2 4 6 8 10
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Fig. 2. Phototoxicity of Ha and 9-Me-Ha in V79 cells. Data gives the proliferation
factor of treated cells (irradiated with UVA 365 nm; 30 kJ/m?), incubated for 48 h
(see Section 2). Open symbols refer to non-irradiated cells with the highest
concentration of B-carbolines tested (10 uM). Data points represent the mean of 2-
3 independent experiments (+SD). Statistical differences (p < 0.05) are indicated as
(): one-way ANOVA with Dunnett’s t-test were performed for each compound and
compared to the respective controls.
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Fig. 3. Concentration-dependence of the generation of DNA modifications in V79 cells by (a) Ha and (b) 9-Me-Ha upon irradiation with UVA (365 nm; 30 kj/m?). (®) SSBs, (¥)
Fpg-sensitive modifications, (W) CPDs, sensitive to T4 endonuclease V and (O) pC-free irradiated cell. Data points indicate means of three experiments + S.D.
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Fig. 4. Comparison of photosensitized DNA damage by Ha (10 uM) under UVA
(365 nm; 30 kJ/m?) irradiation in intracellular conditions or cell-free PM2 DNA.

cell-free DNA experiments. Fig. 4 shows a comparison of the DNA
damage spectra measured in cell-free DNA (by the PM2 assay)
and in V79 cells (by the alkaline elution technique). The data show
that, at the same concentration of Ha, the yield of oxidatively
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generated DNA damage (Fpg-sensitive modifications) is 5 times
higher in cell-free DNA than in V79 cells. Notably, neither SSBs
nor CPDs were detected in the cells, while in the cell-free PM2
DNA both lesions were generated in relatively high yield.

3.3. Micronuclei induced by p-carbolines under UVA irradiation

Micronuclei originate as a consequence of different types of
DNA damage during mitosis, and they are regarded as a very sen-
sitive indicator of genotoxicity [38]. To quantify the generation of
micronuclei by photoexcitation of B-carbolines, V79 cells were cul-
tured for 24 h before exposing to UVA irradiation and Ha. After-
wards, cells were washed and incubated for 24 h in full medium
and then fixed on a microscope slide. Fig. 5 shows a significant
dose-dependent increase in the number of micronuclei after treat-
ment, confirming the genotoxic potential of the DNA modifications
induced by photoexcited of B-carbolines in mammalian cells.

4. Discussion and conclusions

In this work we have shown that Ha and 9-Me-Ha, under UVA
irradiation, are able to produce damage in cultured mammalian
cells. In particular, in the concentration range evaluated, the two
B-carbolines are able to inhibit the proliferation rate of the cell line
investigated as well as to induce micronuclei formation. These two

(b)

0 2 4 6 8 10
[Ha] / pM

Fig. 5. (a) Section of a fluorescence image obtained from V79 cells after treatment (see Section 2). A micronucleus is marked with the white arrow. (b) Number of micronuclei
generated by photosensitization of V79 cells with Ha under UVA irradiation. The open symbol refers to non-irradiated cells exposed to the highest concentration of Ha tested.

Data points represent the mean of 2-3 independent experiments (+SD).
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effects are a consequence of photoexcitation since no cytotoxic ef-
fect is observed in the dark. This is in good agreement with previ-
ously published data [9]. Also, DNA damage photoinduced by these
two alkaloids was evaluated. The amount of damage produced in
intracellular DNA is 5 times smaller than the damage observed in
cell-free DNA, most probably due to an efficient quenching of
the photoexcited B-carbolines by various cellular constituents
(proteins, etc.). The analysis with repair enzymes showed that
Fpg-sensitive modifications (i.e., oxidative purine modifications,
such as 8-oxoGua, FapyGua and FapyAde, and also AP sites) are
the most frequent products generated, while single-strand breaks
(SSBs) and cyclobutane pyrimidine dimers (CPDs) were below the
limit of detection.

The cellular DNA damage spectrum observed would be consis-
tent with both a type I and a type Il damaging mechanism. Based
on the results obtained with cell-free DNA, however, the preva-
lence of a type I mechanism appears more likely. Due to the rela-
tively strong DNA binding of B-carbolines, a close contact
between the DNA and the excited photosensitizer, which is re-
quired for type I reactions, is ensured. The absence of SSBs could
be a consequence of the rapid repair (t;> generally less than
5 min) that unavoidably takes place during detachment of the cells
before damage analysis.

The absence of CPDs is more interesting. Presumably, it is a con-
sequence of the fact that in the case of the B-carbolines the type-I
electron transfer reaction, predominantly takes place from the (rel-
atively long-lived) excited singlet state (S;) rather than from the
triplet state (Ty), while the energy transfer, which leads to the for-
mation of CPDs, takes place exclusively from the excited triplet
states [37]. Therefore, the relatively low yield of CPDs in the cells
can be a consequence of quenching processes by intracellular bio-
molecules either of T; of the neutral form of Ha or Sy, leading to a
competitive deactivation pathway or leading to the concomitant
decrease on the quantum yield of triplet formation, respectively.
Alternatively, the interaction between the photosensitizer and
the DNA, which determines the efficiency of the triplet-triplet en-
ergy transfer, may be weaker in the cells than under cell-free con-
ditions [39]. Comparisons between DNA damage profiles and the
photophysical characteristics of additional photosensitizers will
help to understand the subcellular mechanisms.
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