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ABSTRACT

Ultraviolet-A and melanin are implicated in melanoma, but whether melanin in vivo screens
or acts as a UVA photosensitiser is debated. Here, we investigate the effect of UVA-
irradiation on non-pigmented, lightly and darkly pigmented melanocytes and melanoma cells
using electron spin resonance (ESR) spectroscopy. Using the spin trap 5,5 Dimethyl-1-
pyrroline N-oxide (DMPO), carbon adducts were detected in all cells. However, higher levels
of carbon adducts were detected in lightly pigmented cells than in non-pigmented or darkly
pigmented cells. Nevertheless, when melanin levels were artificially increased in lightly
pigmented cells by incubation with L-Tyrosine, the levels of carbon adducts decreased
significantly. Carbon adducts were also detected in UV A-irradiated melanin-free cell nuclei,
DNA-melanin systems, and the nucleoside 2’-deoxyguanosine combined with melanin,
whereas they were only weakly detected in irradiated synthetic melanin and not at all in
irradiated 2’-deoxyguanosine. The similarity of these carbon adducts suggests they may be
derived from nucleic acid— guanine — radicals. These observations suggest that melanin is not
consistently a UVA screen against free-radical formation in pigmented cells, but may also act
as a photosensitizer for the formation of nucleic acid radicals in addition to superoxide. The
findings are important for our understanding of the mechanism of damage caused by the UVA
component of sunlight in non-melanoma and melanoma cells, and hence the causes of skin

cancer.

ABBREVIATIONS: DMPO, - 5,5 Dimethyl-1-pyrroline N-oxide; ESR, - Electron spin
resonance spectroscopy; 8-0xodGuO, - 8-oxo0-7,8-dihydro-2’-deoxyguanosine; UV, -

Ultraviolet radiation ; UVA, - Ultraviolet-A radiation; UVB, - Ultraviolet-B radiation

Keywords: electron-spin-resonance spectroscopys free radicals; Ultraviolet-Aj; melanocyte;

melanoma.



INTRODUCTION

Epidemiological evidence, from studies of Australian migrants, links malignant melanoma in
humans to intense sunlight exposure in childhood [1]. Experimental animal data demonstrates
the induction of melanoma in neonatal transgenic mice exposed to a mixed ultraviolet-
Blultraviolet-A (UVB/UVA) light source [2, 3], and later using the same albino mouse model
lacking melanin pigment the potency of ultraviolet-B (UVB) rather than ultraviolet-A (UVA)
[4]. An earlier study using a pigmented fish model Xiphophorus, showed the efficacy of
UVB, UVA and blue-visible light [5]. UVA and visible light are associated with lower photon
energy than UVB, but are the major components of solar radiation penetrating the earth’s
atmosphere; and they penetrate skin to a greater extent [6]. Indeed, Agar et al [7]
demonstrated more UV A than UVB finger print mutations in the basal layer in human skin
squamous cell carcinoma and solar keratoses, consistent with the greater penetration of UVA.

The principal UVA chromophore in skin and skin cells is melanin [6] and although a
physical screen, it can also act as a photosensitiser of reactive oxygen species [8, 9], and as a
radical scavenger [10]. Red-haired Caucasians have the highest susceptibility to skin cancer,
attributed to higher levels of phaeomelanin compared to eumelanin in this phenotype. Studies
suggest that eumelanin and phaeomelanin are comparable in photoreactivity and
photoformation of the superoxide radical anion (O," ") [11, 12]. The photoxicity of
phaeomelanin may reflect instead its photodegradation during UV A irradiation [13]. In
addition, our recent studies suggest that melanin may act as a photocatalyst of electron
transfer from DNA to oxygen [14, 15]. Studies in which intact skin was irradiated generally
suggest that melanin in the stratum corneum is photoprotective, and an effective screen
against damage in the epidermis [15-18].

By contrast in isolated cells not protected by overlying melanin pigment in a stratum
corneum, studies still conflict as to whether melanin is damaging or photoprotective.
Pigmented melanocytes were shown to be protected against UVB-induced cyclobutane
pyrimidine dimers (CPD) and (6-4) pyrimidone photoproducts (6-4PP) [19] but a later study
showed little protection by melanocyte melanin against CPD induction in keratinocytes [20].
Melanin has been shown to protect against UVA-induced membrane damage [21]. In the
absence of irradiation, melanin protects melanocytes and keratinocytes against H,O,-induced
DNA strand breaks through its ability to bind Ca** [22]. Li and Hill found that melanin
protected mouse melanoma cells from cell killing and mutation as measured by mutation

induction at the Na+/K(+)-ATPase locus using ethyl methane sulfonate, and after irradiation



with monochromatic UVC and UVB. Significant protection against killing by polychromatic
UVB + UVA was found, but not against mutation [23]. With respect to nuclear damage, 8-
0x0-7,8-dihydro-2’-deoxyguanosine (8-oxodGuo) DNA damage is higher in UV A-irradiated
melanoma cells stimulated to synthesise melanin [24]. DNA strand breaks are increased in
melanocytes stimulated to increase melanin production, being highest in melanocytes from
type VI individuals containing the highest levels of melanin pigment [25]. It is reported that
TUNEL-positive cells (cells containing putative DNA double strand breaks), are 3-fold more
frequent in black and yellow than in albino mice after UV irradiation [26]. It has recently
been shown that chemiexcitation of melanin derivatives induces DNA cyclobutane pyrimidine
dimer (CPD) photoproducts long after UV exposure [27].

Here we used ESR spectroscopy combined with spin-trapping, to address the role of
melanin in vivo with respect to damage caused by UV A irradiation of normal cell lines, and
melanoma cell lines with different levels of pigmentation. Furthermore, to obtain a deeper
understanding of the source of the radicals observed, we also performed in vitro experiments
on cell nuclei, and solutions containing various combinations of melanin, DNA and 2’-

deoxyguanosine (dGuO).



MATERIALS AND METHODS
Cell Culture

Human melanoma cells, CHL-1 (amelanotic) and FM94 and SK23 (melanotic) were
cultured in normal growth RPMI medium (Sigma) supplemented with 10% chelated FCS, 1%
L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin. Lightly- and darkly-
pigmented human adult epidermal melanocytes (referred to as HEMa-LP and HEMa-DP,
respectively) obtained from Invitrogen were cultured in 254 medium plus growth supplement
(HMGS-2). All cells were incubated in 5% CO,, 95% air atmosphere at 37 °C and the
medium renewed every 2-3 days.

The relative melanin content of cells was estimated by two methods. (i) Biochemical
Method: a known number of cells were incubated in 1 M NaOH for 2 h at 37 C. The ODu99
was then read and compared with that of a standard curve of synthetic melanin (Sigma). This
approach gives relative rather than absolute cellular melanin concentrations because no
correction for absorption by other cell components at 490 nm was made. (ii) ESR Method:
The ESR spectrum of a known number of cells was measured in the dark. The observed
melanin signal was fitted with two Lorentzian lines. Two are required to take into account the
main signal and a weaker, low-field shoulder (possibly attributed to pheomelanin [28])
observed at higher g-value. The double integral of the fit was used as a measure of the relative
amount of melanin.

Human skin fibroblasts (referred to as DF1098) were isolated from human skin obtained
from consenting patients undergoing routine plastic surgery operations. The fat was removed
and the skin cut into approximately Imm? pieces and placed on the surface of a T-25 culture
flask. Skin pieces were immersed in 2-3 ml of normal growth medium (DMEM (Gibco))
supplemented with 10% chelated FCS, 1% L-glutamine, 100 U/ml penicillin and 100 mg/ml
streptomycin. Flasks were observed at 3-4 day intervals for evidence of fibroblast migration,
and tissue surrounded by migrating fibroblasts was removed, the media replaced and cells
further cultured as for the melanoma cell lines except DMEM media was used instead of

RPML

Preparation of Cells with the Spin Trap, DMPO

DMPO was purified before use by treatment with activated charcoal (1 g per 10 ml
PBS). The DMPO solution could, at the high spin-trap concentration of 0.9 M DMPO, contain
hydroxyl adducts as shown in Figure 1. Simulation gave hyperfine couplings (hfcs): a(H) =



1.47; a(N) = 1.49 mT. 30 minutes irradiation of this solution results in the increased presence
of this adduct and slightly changed hfcs: a(H) = 1.48 mT; a(N) = 1.49 mT [29].

107 cells were incubated in 250 pl PBS containing DMPO (0.9 M) for 60 min, and
then washed in 10 ml PBS to remove extracellular DMPO, and further re-suspended in 250 pl
PBS prior to irradiation. This ensures that there is no extracellular DMPO outside the cell in
the surrounding medium and all the DMPO is within the cell. Under these conditions, no

hydroxyl adduct is observed.

Isolation of Mitochondria and Cell Nuclei

4 x 107 cells were harvested and washed in PBS then resuspended in 1 ml ice-cold
mitoprep buffer (250 mM sucrose, 2 mM Hepes, 0.1 mM EGTA, pH: 7.4). Cells were
transferred to a glass-Teflon homogeniser and disrupted with 20 strokes of a hand-drill motor
driven Teflon plunger at 1000 rpm. Disrupted cells were then transferred to a fresh Eppendorf
and centrifuged at 2200 rpm for 10 min at 4 °C using a benchtop centrifuge. The cell nuclei in
the pellet containing containing nuclear DNA were stored at -80 °C. The pellet containing the
mitochondrial fraction was transferred to a fresh Eppendorf on ice and centrifuged at 11000
rpm for 10 min at 4 °C. The supernatant in the centrifuged mitochondrial fraction was then
removed and the mitochondrial pellet resuspended in 400 pl mitoprep buffer. Samples were
then flash-frozen using liquid nitrogen and stored at -80 °C. We found that irradiation of
mitochondria suspended in mitoprep buffer gave carbon and oxygen adducts, which were also
detected in irradiated mitochondrial buffer medium alone For this reason, mitochondria were

suspended in PBS for the experiments performed with mitochondria (data not shown).

DNA Extraction and Isolation

1 x 10 cells were harvested and resuspended in 200 pl resuspension buffer (75 mM NaCl, 25
mM EDTA, pH: 8). An equal volume of lysis buffer (10 mM Tris, 10 mM EDTA, 1% SDS,
pH: 8) plus 400 pg/ml Proteinase K was added to cells, mixed gently and incubated at 50 °C
for 3 h. Extraction of DNA was carried out using phenol/chloroform with centrifugation at
6500g and DNA was subsequently precipitated by adding absolute ethanol plus 3 M sodium
acetate. The DNA pellet was finally air-dried, the dry weight determined, and the known dry
weight (in the range 50 - 100 mg) resuspended in 0.4 ml sodium phosphate buffer (pH 7.4)
and 50 ul 0.9 M DMPO for irradiation experiments. In experiments involving DNA with
intrinsic melanin (Figure 5a) the 0.4 ml DNA was suspended in phosphate buffer and 50 pl



0.9 M DMPO was added prior to irradiation. DNA isolated from pigmented cells contains
associated melanin unless electrophoresis is used to isolate it [30]. In experiments involving
DNA without intrinsic melanin (Figure 5b,c) DNA solutions were prepared using salmon
sperm DNA (Sigma) to 100 mg/ml in phosphate buffered saline (containing calcium and
magnesium). 0.2 ml DNA solution was then mixed with 0.2 ml PBS, 50 ul 0.9 M DMPO in
PBS, 1 mg tyrosine melanin (solid powder from Sigma synthesised from tyrosine and
hydrogen peroxide) and the pH adjusted to be in the range 7 — 8 using 1M sodium hydroxide

and pH indicator strips.

ESR Spectroscopy and Irradiation

ESR experiments were undertaken with a JEOL FA100 Spectrometer. Typical settings were
20 mW microwave power, 0.2 mT modulation, 2 x 10° signal amplitude, sweep time 5 s with
repeated scanning (25 scans) and sweep width 10 mT. Inverted lines due to a reference
manganese (typical of the JEOL spectrometer used to acquire this data) can be seen in spectra
recorded using this spectrometer as the outer low- and high-field lines. For irradiation a 300
W Oriel Xenon lamp (ozone free) was used, and radiation > 260 nm passed through a water
filter to remove infra-red radiation and then two optical glass filters (WG320 Schott filter 4-5
mm thickness, UQG Optics Ltd) to filter UVB/UVC. The filtered irradiation was passed
through a liquid-light-guide transmitting 220 - 600 nm. An irradiance of 8.0 mW/cm* (UVA-
visible light) was measured at the distance of the sample from the fibre-optic probe using an
ILT1400-A Radiometer photometer equipped with a thermopile detector measuring radiation
over the full spectral range. Using a ratio of 1:7 UVA to visible light from solar simulator
spectral irradiance data (Oriel Instruments Light Sources Catalogue) it is estimated that the
UVA irradiance at the position of the cells in the spectrometer was approximately 1 mW/cm”
UVA. Cells were continuously irradiated in a flat cell in sifu in the ESR spectrometer using a
Xenon lamp system. The irradiation times were limited in some experiments due to the steady
sedimentation of cells in the ESR cell which removes them from the irradiation beam.

Using a hand held UV A meter (Tanita Ultraviolet monitor, Tanita UK) we measured a UK
summer sunlight reading during June of 2.6 mW/cm? [14]. UVA radiation 320 - 400 nm is
attenuated by 37% the incident intensity at a depth of 60 — 90 um in human skin [6]. The skin
epidermis and stratum corneum have a combined depth of 110 pm [6] therefore we estimate
the incident intensity on the cells in the basal layer to be approximately 50% the incident
intensity and of the order I mW/cm? for UK summer sunlight intensities. Cells were also

exposed to a higher intensity irradiation, which was measured to be 19 mW/cm?* (UVA-visible



light) at the position of the sample using the radiometer, and therefore 2.4 mW/cm® UVA
using a ratio of 1:7 UVA to visible light. This is estimated to be equivalent to the intensity
incident upon the basal layer in cells exposed to Mediterranean sunshine, since a peak UVA
irradiance of sunlight was measured previously in Greece using a hand held light meter to be

5 mW/cm?, and 6.7 mW/cm? in Australia in November with the same meter [14].

TDPI Experiments

The recombinant TDP1 DNA repair enzyme was generated according to reference 31 and
used at 16.83 uM concentration in PBS. Salmon sperm DNA (Sigma) was used as supplied
and prepared to 100 mg / ml in phosphate buffer pH 7.4 and the pH adjusted to 7 using NaOH
(1 M). 0.2 ml of DNA was mixed with either 0.2 ml of PBS (containing sodium and
magnesium) as a control or 0.2 ml 16.8 uM TDP1 enzyme (1.2 mg /ml) and 50 pl DMPO
added. Synthetic melanin (Sigma) (1-2 mg) was subsequently added and the pH readjusted to
7 prior to irradiating with UV A/visible light.

Melanin oxidation experiments

Soluble protein-melanin was synthesised using L-tyrosine (0.5g/100ml) and tyrosinase (1 — 5
mg) in pH 7 phosphate buffer with the inclusion of bovine serum albumin (BSA) (10 mg/ml)
in the reaction mixture according to reference 9. DNA-melanin was similarly synthesised
except salmon sperm DNA (Sigma) was used instead of BSA (data for Figure 7a). For the
experiments in Figure 7b-c, synthetic tyrosine melanin (Sigma) was prepared at 0.5 mg/ml in
phosphate buffer pH 7 by first solubilising 10 mg melanin in 100 ul 1M NaOH followed by
dilution to 20 ml with buffer. The melanin solution was divided into two 10 ml solutions to
which 200 mg of salmon sperm DNA (Sigma) was added to one and the other solution was
left without DNA. The pH of both solutions was adjusted, using 1M NaOH, to be in the range
7-8 using pH indicator strips. Solutions were incubated at 37 °C and the UV/visible
absorption spectra with time were recorded using a Nanodrop 2000 spectrometer over a
period of 16-22 days.

A high DNA concentration was used since we estimated the nuclear concentration to be of the
order of mg/ml according to the following calculation. If we assume 10 pg DNA is typically
extracted per million cells, then the quantity of DNA per cell is 10 pg. The volume of a cell is
calculated using the equation for the volume of a sphere, assuming that the size of an average
cell is 10 um diameter and thus 5 pm radius. The volume of a cell is calculated to be 5.24 x

10" m?® which is 5.24 x 107" cm? (ml). An estimate for the weight of DNA per ml is



calculated from 1 x 10" divided by 5.24 x 107" which gives 0.019 g/ml (20 mg/ml). This is
if the DNA is distributed evenly through the cell, which it is not. If the nucleus is taken to be
10% the volume of the cell, then the volume of the nucleus is 5.24 x 10! and the nuclear
DNA concentration is estimated therefore to be 1 x 107" divided by 5.24 x 10" which is 200
mg/ml in a cell of 10 um diameter. Since cells can vary in size up to 100 pm diameter then

this estimate is an upper limit for a DNA concentration in the nucleus.

ESR Spectral Simulations
ESR spectral simulations were undertaken using MATLAB software (version R2016A
Mathworks Inc.) and the EasySpin toolbox [32].



RESULTS

Highest level of carbon radical adduct formation is found in HEMa-LP cells containing
intermediate levels of melanin

Figure 2a compares the ESR signals of a range of cell lines (melanoma and normal
respectively) non-pigmented (CHL-1, DF1098); light-pigmented (FM94 and HEMa-LP); and
dark-pigmented (SK23 and HEMa-DP) in the dark (left panel, red lines) and following 30
minutes of UVA irradiation (right panel, blue lines). In the dark, a broad transition comprising
a main peak and a shoulder to the low field side was detected for all cells except CHL-1 and
DF1098 cells that contain no melanin. This transition was fitted by two Lorentzian lines (left
panel, black lines), and the double integral of the fit used to quantify the relative amounts of
melanin radical present.

Following irradiation, a six-line spectrum of variable intensity was detected with all
cells (right panel, blue lines). The spectra could all be fitted with hfes: a(H) = 2.25 mT and
a(N) = 1.60 mT, typical of a carbon adduct (right panel, black lines). Double integrals of the
fits to the six line spectra (but excluding the melanin signal where present) were used to
estimate the relative amount carbon adduct in each cell line.

Figures 2b and c show the relationship between the melanin radical signal from
biochemical analysis and the weight of melanin from ESR versus the carbon adduct signal
from ESR, respectively.

Inspection of the data provides reassurance that the ESR estimate of melanin radical in
the dark (coloured red) and the biochemical measurement of melanin mass (coloured black)
correlate well with each other. However, the striking result is that the intensity of the UVA-
induced carbon adduct (coloured blue) increases initially with pigmentation, but subsequently
decreases as the pigmentation increases further. Thus, the moderately pigmented HEMa-LP
cells showed the greatest levels of carbon adducts, despite having an intermediate level of

melanin.

Increasing the amount of melanin in HEMa-LP cells, reduces the amount of carbon
radical adduct.

In the light of these results, we next investigated the effect of boosting the melanin
concentration in lightly pigmented HEMa-LP cells on the formation of the UVA-induced
carbon adducts, see Figure 3. After incubation with L-tyrosine (2 mM), a 66% mean increase

in melanin per cell was determined compared to untreated cells using the biochemical method

10



(Figure 3¢, magenta bars). Similarly, a comparison of ESR spectra of untreated and L-tyrosine
treated cells in the dark shows an increase in the amount of melanin radical in the latter
(Figure 3a and b, red lines). The spectra were fitted by two Lorentzian lines (Figure 3a and b,
black lines), and the double integral of the fits used to obtain the relative amounts of melanin
radical present (Figure 3c, red bars). With this approach, a 102% mean increase in melanin
radical in L-tyrosine-treated cells compared to untreated cells was found. Following 30 min
UV A-irradiation of cells, the ESR spectra contain carbon adducts superimposed on the
melanin radical (blue lines). The spectra are similar to those presented in Figure 2a, and could
be fitted with hfcs: a(H) =2.24 mT and a(N) = 1.60 mT (black lines). Again, the double
integral of the fits (but excluding the melanin signal) was used to quantify the signal. This
indicates that the amount of carbon adduct decreased to 44% in L-tyrosine treated cells

compared to untreated cells (Figure 3c, blue bars).

Carbon radical adducts in (melanin-free) CHL-1 and DF1098 cells are associated with
the nuclei.

To confirm that the adducts in melanin-free cells are associated with DNA damage, we
irradiated nuclear fractions from CHL-1 and DF1098 cell lines. Figure 4 shows ESR spectra
(coloured lines) and simulations (black lines) of isolated CHL-1 nuclei pre-incubated with the
spin trap DMPO, in the dark and following irradiation with UVA. In the dark, a weak
hydroxyl adduct is observed with a(H) = 1.54 mT and a(N) = 1.47 mT. Following UVA
irradiation, as and found for DMPO alone (Figure 1), the intensity of this adduct increases by
a factor 6, and additionally a carbon adduct, similar to that found in whole cells, with hfcs:
a(H) =2.22 mT and a(N) = 1.60 mT, is observed. Similar results were found for DF1098
cells. Irradiation of mitochondria from CHL-1 cells gave no observable DMPO adducts (data

not shown).

Formation of carbon radical adducts in DNA/melanin systems at physiological pH.
Previously [14,15] we showed that when SK23 cell genomic DNA co-isolated with melanin
was suspended in pH 4.5 phosphate buffer to high concentration (250 mg/ml) and UVA-
irradiated with DMPO, carbon adducts were consistently detected often together with a broad
resonance of a stable non-trapped radical.

Here, we studied DNA-melanin photoreactions under more physiological conditions.
SK23 DNA with intrinsic melanin isolated from cells suspended in pH 7.4 phosphate buffer

in the dark, showed the melanin spectrum composed of a main peak and a strong shoulder at
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lower magnetic field (Figure 5a). Following UVA irradiation, in addition to the melanin
signal, carbon adducts with hfcs: a(H) = 2.23 mT and a(N) = 1.60 mT, and hydroxyl adducts
with hfcs: a(H) = 1.45 mT and a(N) = 1.51 mT were detected.

When Salmon sperm DNA was suspended with synthetic tyrosine melanin, a complex
spectrum is observed (Figure 5b). Simulations allow identification of: a carbon adduct with
hfcs: a(H) =2.19 mT and a(N) = 1.57 mT; a hydroxyl adduct with hfcs: a(H) = a(N) = 1.49
mT; and a third species with hfcs: a(H) = 0.96 mT and a(N) = 1.46 mT which are similar to
those reported for the O," adduct of DMPO [8]. Upon irradiation, a similar spectrum is
observed, although the relative intensities of the components change slightly, with an increase
in the intensity of the underlying melanin radical.

When the DNA 3’-end processing enzyme, TDP1, is added to this system, a similar
spectrum is observed in the dark (Figure 5¢). However, following UV A irradiation, rather
than an increase in the amount of carbon adduct, a strongly enhanced signal from the peroxyl

adduct (indicated by *) is observed.

Formation of carbon radical adducts in 2’-deoxyguanosine/melanin systems at
physiological pH.
The DNA base, guanine, is considered the most likely target of oxidatively generated damage
to DNA by 'O, and one-electron oxidants [33]. Hence, next we compared the effect of UVA
irradiation on synthetic tyrosine melanin (Figure 6a), a mixture of synthetic tyrosine melanin
and dGuo (Figure 6b) and dGuo (Figure 6¢). In the presence of DMPO, tyrosine melanin and
dGuO show only the hydroxyl adduct in the dark with hfcs: a(H) = 1.46 mT and a(N) = 1.49
mT. Following UVA irradiation, the intensity of this component increases, as expected from
Figure 1, and in the tyrosine melanin sample a small amount of carbon adduct with hfcs: a(H)
=2.28 mT and a(N) = 1.63 mT is also detected.

The mixture of tyrosine melanin and dGuO also gives the hydroxyl adduct with hfcs:
a(H) = 1.46 mT and a(N) = 1.49 mT, but additionally gives a peroxyl adduct with hfcs: a(H) =
1.02 mT and a(N) = 1.42 mT and a small amount of carbon adduct with hfcs: a(H) =2.29 mT
and a(N) = 1.64 mT even in the dark. Both the hydroxyl adduct and the carbon adduct

increase following UVA irradiation.
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Formation of carbon-adducts in melanin co-synthesised with DNA and evidence that
melanin acts as a catalyst in DNA oxidation

We have demonstrated previously that melanin co-synthesised with the protein bovine serum
albumin (BSA) is soluble and a model for melanoprotein in melanosomes iz vivo [9]. We and
others propose that melanin binds to DNA in the nucleus and acts as a photocatalyst in UVA
photoxidation of DNA. Consistent with other reports, melanin is distinct in the nucleus of
SK23 melanoma cells as shown by the photomicrograph in Figure 7a. To address the question
of whether melanin bound to DNA transfers damage to DNA, we synthesised melanin from
L-dopa and tyrosinase in the presence of bovine serum albumin protein (BSA) or salmon
sperm DNA. The soluble protein-melanin and DNA-melanin were UV A-irradiated with
DMPO. The ESR spectra in Figure 7a show the detection of a significant carbon-adduct (*) in
melanin-DNA but not in melanin-protein.

To test the proposed mechanism that melanin can act as an electron transfer agent in
the oxidation of DNA, we studied the autoxidation of melanin at 37°C in the presence and
absence of DNA using UV/visible spectroscopy (Figure 7b). Melanin alone in pH 7 phosphate
buffer slowly oxidised over 22 days as indicated by the loss in absorbance at the longer
visible wavelengths and increase in absorbance in the UV region < 300 nm, which is broadly
consistent with previous observations [8]. Previously we established that melanin oxidation in
alkali was associated with an initial increase in the melanin semiquinone radical (similar to
that observed during UV A irradiation) followed by a slow decrease in intensity of this radical
with time. It was concluded that autoxidation proceeded with the gradual conversion of
melanin hydroquinone (reduced) groups to quinone (oxidised) moieties via the semiquinone
radical. The ability to photosensitise O," production upon irradiation was not lost with
oxidation which confirmed the oxidised quinone groups to be the UVA chromophore in the
polymer [8]. Here, in the presence of DNA, melanin autoxidation was not observed and an
increase in absorbance was observed > 300 immediately adjacent to the DNA absorbance
which was here around 300 nm. The rate of increase was greater (approximately by a factor of
1.5 —2) in the presence of melanin compared to its absence (data shown in Figure 7¢ and
Figure 8a). The DNA-melanin showed a strong absorbance around 300 nm, as did DNA
alone, at the high concentration used of 20 mg/ml at pH 7. We investigated the effect of pH
and variation of concentration on the salmon sperm DNA. DNA not pH adjusted at 20 mg/ml
(pH 3-4) was also associated with a narrow absorbance band around 300 nm although slightly

shifted to shorter wavelengths compared to DNA adjusted to pH 7 (see Figure 8). When we
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diluted the 20 mg/ml pH 7 sample to 400 pg/ml (in pH 7 phosphate buffer) the spectrum was
comparable to that typically expected for DNA with an absorption maximum at 260 nm. A

transition between these two types of spectrum was observed at 2 mg/ml DNA concentration.

DISCUSSION

Previous studies of UV A-irradiated non-pigmented skin cells have demonstrated
formation of singlet oxygen ('O,), hydrogen peroxide (H,05) and O,'~ [34]. The spin trapping
with DMPO of hydroxyl radicals in UV-irradiated keratinocytes has been reported [35]. In
studies of UV A-irradiated melanosomes (which contain melanin bound by a lipid membrane)
and DMPO, O," production was found to increase initially with melanin concentration at
constant UVA fluence, and peak at 0.3 mg/ml melanin before subsequently declining above
0.3 mg/ml [11]. Although not a radical, 'O, forms a hydroxyl adduct upon trapping by DMPO
[36]. In addition, the relatively unstable O,"" adduct can decay at physiological pH to a
hydroxyl adduct. The hydroxyl adduct we detect in vitro (Figure 1) probably reflects, in part,
contributions due to DMPO photolysis, and background levels of hydroxyl adducts already
present in DMPO and in the presence of melanin, the trapping of 'O,. In cells, hydroxyl
adducts of DMPO are metabolically reduced to ESR silent species prior to irradiation, in
contrast with no reduction in vitro. The lack 'O, of an intracellular hydroxyl adduct in intact
cells (Figure 2) may reflect higher reactivity of and superoxide with macromolecules in the
cell (or antioxidants such as superoxide dismutase) which are in high concentration compared
to DMPO. In isolated nuclei, the DNA concentration is likely to be lower than that in nuclei
of intact cells, and the presence and activity of antioxidants unknown. Photolysis of DMPO to
a hydroxyl adduct in the cell is less likely in view of lower cell DMPO concentrations
compared to the in vitro systems which were not washed, and where, as suggested above, a
proportion of the hydroxyl adduct could reflect DMPO photolysis. An additional explanation,
however, might be the difference in oxygen concentration in the cellular and non-cellular in
vitro systems. The high density of actively metabolising cells in a small volume of buffer in
the narrow-necked, and stoppered, ESR cell will likely become hypoxic, in contrast to non-
metabolising nuclei and DNA-melanin. Thus, the formation of O,", 102 and therefore
hydroxyl adducts would be expected to be reduced in cells compared to the in vifro systems.

We have shown that UV A-irradiation of non-pigmented and pigmented skin cells

preloaded with DMPO consistently gives an ESR detectable carbon adduct
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(Figure 2). This adduct is formed intra-cellularly since it is detected after removal of
extracellular DMPO by washing. The carbon adduct in our experimental system is highest in
cells with low levels of melanin compared to non-pigmented or highly pigmented cells and
decreases in light pigmented cells stimulated to increase in melanin synthesis (Figure 3).
Similar findings were reported by O Chiarelli-Neto et a/ in studies of melanocytes exposed to
visible light, where phototoxic effects were greater in intermediate pigmented cells compared
to non-pigmented or more darkly pigmented cells [37]. Wenczl et al showed that in
melanocytes exposed to UVA, DNA damage in the form of strand breaks increased with
melanin content and was highest at high pigment concentrations found in type VI
melanocytes [25]. This may reflect different experimental conditions: in the latter study single
cell layers were used by contrast with multiple cell layers in the ESR cell used in our
experiments, which can contribute screening effects. It is noteworthy that if these experiments
were repeated with the more penetrating visible light, different results might be obtained at
the higher melanin concentrations. It is also possible that the carbon adducts formed in
pigmented cells are underestimated in our experiments, due to their greater rates of cell
sedimentation compared to non-pigmented cells, when held upright in the ESR flat cell. Slow
cell sedimentation during the irradiation and ESR measurement results in their removal from
the irradiation beam and imposes a limit on the time of irradiation.

We suggest that the carbon adduct detected here in cells (Figures 2,3) is a trapped
nucleic acid radical, since a comparable carbon adduct is detected in UV A-irradiated isolated
cell nuclei (Figure 4) and in DNA-melanin systems (Figure 5). We previously detected a
carbon adduct in human DNA isolated from amelanotic (lacking melanin) and pigmented
melanoma cells (containing intrinsic melanin after extraction) at low pH (4.5). This pH was
studied previously due to the greater solubility of DNA in acid and stability of the protonated
O, (hydroperoxyl) radical, which can be detected at low pH, as we demonstrated in UVA-
irradiated dopa melanin and melanosomes isolated from hair [9,11]. At a DNA concentration
of 100 mg/ml in pH 4.5 buffer, carbon adducts and the hydroperoxyl adduct of DMPO were
both detected [14,15]. In those studies, both the carbon and O’ adducts were abolished by
superoxide dismutase. The signal intensity of the carbon adducts was lower in amelanotic
compared to melanotic DNA. In addition, when we irradiated commercially available salmon
sperm DNA with tyrosine melanin in pH 4.5 buffer, we also detected carbon adducts. The
only other biological macromolecule which formed carbon adducts on UV A-irradiation was

soybean phospholipid [15]: the phospholipid carbon adducts were more anisotropic with
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slightly greater -H splitting than those detected in irradiated cells or DNA-melanin. Whilst
we suggest that the carbon adducts detected in cells correspond to nucleic acid carbon
adducts, we cannot exclude the possibility that they include lipid radical contributions either
all or in part. In irradiated model phospholipid systems alkoxyl adducts are distinct after
irradiation, and believed to result from re-arrangement of peroxyl adducts trapped subsequent
to addition of oxygen to conjugated dienyl radicals [15]. However, alkoxyl adducts could not
be detected in cells post-irradiation.

When present, melanin is the principal chromophore for UVA and it is believed to
form an oxidising triplet state upon photoexcitation [38]. In earlier work, we established that
irradiation of solubilised dopa melanin [8,9] and sepia melanin (from squid ink) gave the
hydroperoxyl adduct of DMPO together with low levels of the hydroxyl adduct at pH 4.5.
Low levels of a carbon adduct could be detected when sepia melanin was initially
concentrated by dissolving in sodium hydroxide but were no longer detected when the
concentrated solution was diluted further in pH 4.5 buffer and irradiated. These low levels of
carbon radicals are believed to be due to the increase in melanin autoxidation as the pH
increases [8]. The photoreactions of UV A-irradiated melanin are summarised in reference 9,

and are proposed to comprise electron transfer from melanin (in the absence of an external

electron donor) to molecular oxygen with the formation of O," and the resultant oxidation of
melanin, see Figure 9. At low melanin concentrations photosensitised formation of O,""
predominates and O,"" is trapped by DMPO. At high concentrations melanin reacts with O,

(acting as a radical scavenger) and levels of DMPO-trapped O, decrease. There is now
evidence that melanin also photosensitises 'O, formation, which at 450 nm is very low
(quantum yield ~107*) but which strongly increases in the UV region [39].

For melanin to act as a photocatalyst in DNA oxidation it would have to be in close
proximity to DNA. Melanin binds to the minor groove in DNA promoting strand breaks, with
eumelanin being more harmful than phaeomelanin in this study [40]. We, and others [24,25],
proposed that this could occur by melanin leaking from UV A-damaged melanosomes (UVA-
induced membrane holes from lipid peroxidation) into the surrounding cytoplasm and
nucleus. In addition, during nuclear DNA replication, DNA lacking protection by histone
proteins and a nuclear membrane is exposed to the cytoplasm and can interact with melanin
and metal-ions, which can strongly bind DNA [41]. In view of the short irradiation times
used, it is possible that the nucleic acid carbon adducts we detect correspond initially to

DNA/RNA damage in the cell cytoplasm, with nuclear contributions at longer times. The only
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organelle where we identified carbon adducts was the cell nucleus, but we did not examine
the cytoplasmic component. Predominant cytoplasmic location of UV A-radical damage was
found by Swalwell et a/ who found mitochondrial DNA damage to decrease with melanin
pigmentation [42]. This is in marked contrast to the effect on nuclear DNA damage in cells
stimulated to increase melanin synthesis [24,25]. A possible explanation for these different
effects is that melanin cannot penetrate the mitochondrial membrane but can penetrate the
nuclear membrane whose charge is less tightly regulated.

When melanin is bound or associated with DNA, one possible reaction is that UVA-
photosensitised singlet oxygen reacts with DNA to produce 8-oxodGuo DNA damage
according to a non-radical Diels Alder [2 + 4] cycloaddition mechanism [33]. To account for
the detection of radical intermediates we propose that a second electron transfer reaction may
take place in which dGuo, the most readily oxidised DNA base, acts as an electron donor to
the excited triplet of melanin, which acts as a photocatalyst for the oxidation of DNA and the
reduction of oxygen (Figure 9). Evidence for melanin acting as a photocatalyst is provided by
Rozanowska et al [43] who demonstrated that in the presence of the reductant ascorbate,
melanin photosensitises electron transfer, superoxide formation and the oxidation of
ascorbate. In addition, our experiments with dGuO (Figure 6) and to study melanin
autoxidation in the presence and absence of DNA (Figures 7-8) support this, with melanin
increasing the rate of change of the absorbance > 300 nm by a factor of 1.5 — 2 compared to
DNA alone. This is consistent with previous findings of the relative formation of carbon-
centered radicals in UV A-irradiated human SK23 DNA containing intrinsic melanin,
compared to non-pigmented human DNA [14]. Interestingly, the absorption spectrum of
DNA-melanin and DNA alone, was associated with a narrow absorption band around 300 nm
and not 260 nm which is typically associated with DNA, which reflected the high
concentration of DNA used in our study and not the pH (Figure 8). The effect of
concentration here, where some precipitation may be present (although not visibly obvious),
might reflect a transition between the B form of DNA (which is favoured in conditions of
high water content) and the A form (the biological form which is favoured in conditions of
low water). We have chosen to work with these high concentrations of DNA, because
estimates of the DNA concentration in the cell nucleus were consistent with mg/ml
concentrations. It is noteworthy that UVB (290 — 320 nm) is proposed to be directly absorbed
by DNA with the formation of CPD [33]. This would be consistent with DNA being at high

concentration in the cell nucleus and associated with an absorption band around 300 nm,
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which is in the UVB region. The DNA absorption band at 260 nm measured at low
concentrations is in the UVC region of the spectrum and not UVB.

Our work here on DNA-melanin suspended in a physiological pH 7.4 buffer also
demonstrates the formation of UVA-induced carbon adducts (Figure 5); however, the signals
due to the carbon adduct are weaker at pH 7 (Figure 5b) than at low pH suggesting a lower
stability of carbon radicals (or the adduct) at physiological pH or reaction with available
oxygen to form peroxyl radicals. The carbon adduct may have small contributions due to
UVA-oxidised melanin, Figure 6a. The detection of carbon adducts in the nucleoside dGuO
UV A-irradiated in the presence of tyrosine melanin, but not present in dGuO alone and
greater than those in tyrosine melanin alone, supports the hypothesis that guanine could be an
electron donor in this system (Figure 6). In view of the relatively mobile (isotropic) nature of
the carbon adducts, the radicals appear to have some mobility either in the free nucleoside or
when on intact DNA (or DNA fragments).

The only spin-trapped DNA radical (generated by ‘OH) characterised so far is the 6-
aminyl radical derived from adenine in DNA exposed to Cu(ll) and hydrogen peroxide,
although in that study, a nitrogen-centred species was detected [44]. More recently, however,
guanine neutral radicals G(-H)s were formed from electrochemical oxidation of guanine and
trapped by the nitrone spin trap PBN at the nitrogen (N3) position in the free nucleoside,
although different tautomeric forms have been proposed for the oxidising radical including
those with the unpaired electron located at oxygen, C8, C5 and N3 [45]. In intact DNA, G(-
H)e was trapped through carbon and not nitrogen. The authors of this study write “Indeed
the disappearance of the second nitrogen coupling points out addition of PBN to a carbon and
confirms that the radical trapping may take place before hydration. In this case, the (PBN)
addition would take place through C8”. G(-H)* does not react with oxygen but can react

with O, [46]. The authors of this study write “ Our study showed that the combination of

G(-H)* and O, radicals in both single- and double- stranded DNA results in the formation
of imidazolone lesions as the major products. Cadet and co-workers proposed that the 1z
lesions can be formed via the 5-OOH-G(-H) hydroperoxide intermediates. Here formation of
5-HOO-G(-H) can occur by the addition of O,"" to the C-5 position of the G(-H)+ radical
followed by rapid protonation of the peroxide anion”. That the main addition reaction takes
place at C5 is indirectly shown by the formation of 2,2 4-triamino-5-(2H) oxazolone [47] but
it would be of interest to establish this further in future studies using [13C] or [15N]-labelled
dGuo. Both nitrones PBN and DMPO are known to trap carbon, oxygen and sulphur radicals,
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but differ in that the beta hydrogen splitting of PBN adducts is relatively invariant, by contrast
with DMPO adducts which are readily distinguished by the beta hydrogen splitting. Thus
similar reactions might be expected of PBN and DMPO.

Deprotonation from first formed guanine radical cations (Ge") is predominant upon 1-
electron oxidation of dGuO, and the formation of G(-H)e competes with hydration of G«"
and formation of the DNA oxidation product 8-oxo0-7,8-dihydro-2’-deoxyguanosine (8-
oxodGuo). G" (which is stabilised in native DNA) is usually hydrated to form 8-hydroxy-
7,8-dihydroxguanyl, that upon molecular oxygen-mediated one-electron oxidation, is
converted into 8-oxo 7,8-dihydroguan-7-yl radical. Competitive one-electron reduction has
been found to give rise to 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua)
[48,49]. Intermediates of the hydration reactions of G+" may also be able to react with spin
traps in aerated aqueous solutions.

The effect of the oxidatively generated DNA damage repair enzyme TDP1 to increase
the observed amount of a peroxyl adduct in vitro, suggests that TDP1 and DMPO compete for
a DNA radical which would otherwise react with a peroxyl radical. If TDP1 reacts more
rapidly with a nucleic acid - guanine radical than DMPO, then O,"~ would be expected to
react instead with DMPO. The effect of TDP1 in a cell system, was higher levels of carbon
adducts but without the liberation of a peroxyl radical, in TDP1-deficient compared to wild
type cells [31]. This, again, would be consistent with the relative hypoxia of cells compared to
DNA-melanin in vitro.

To conclude, we detect carbon radicals in UV A-irradiated cells in an ESR
experimental system, using high cell densities in the ESR flat cell which are likely to be
hypoxic. Carbon radicals are known to react rapidly with oxygen and would not be expected
to be readily detected under normoxic conditions (as we observe at pH 7 in vitro). In addition,
hypoxic conditions would favour conversion of G+* to G(-H)e, which does not react with
oxygen but which can be spin trapped by PBN and presumably DMPO. Our findings show
that unscreened melanocytes containing low levels of melanin pigment (under equivalent
experimental conditions) are more susceptible to UVA-induced carbon radical damage than
non-pigmented cells. Whilst studies suggest melanin in the stratum corneum screens against
epidermal cell damage within intact skin, we show it does not shield unscreened isolated cells
containing low pigmentation against UV A-induced carbon radical formation, when they are
exposed to irradiation intensities comparable to those which would be incident upon cells in

the skin basal layer exposed to Mediterranean sunshine. In practical terms the presence of an
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overlying protective melanin layer in the stratum corneum will reduce the UV A intensity
incident on sensitive cells in the basal layer and reduce cellular free radical damage. In skin
not adequately protected by an overlying layer of melanin pigment in the stratum corneum
(white Caucasian untanned skin or skin exposed to high UVA intensities), basal cells,
particularly those with low levels of melanin pigment will be the most vulnerable to UVA
damage. Our study raises further questions as to the identity, location and mechanisms of
formation of the carbon radicals and their link with biological damage. The findings,
however, may open up important avenues in investigating the causation of skin damage and

possibly melanoma by UVA.
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Fig 1: ESR spectra of 0.9 M DMPO in PBS non-irradiated and during 30 min UVA-
irradiation.

Fig 2: ESR spectra (a) control non-irradiated (dark) and obtained during 30 min UV A-
irradiation of cultured human skin cells non-pigmented (CHL-1 and DF1098) and melanin-
pigmented human melanocytes (HeMa-LP, HEMa-DP) and melanoma cells (SK23 and
FM94) containing DMPO. (b-c) Plots of the integrated spectra of the carbon adduct in the
above spectra versus the melanin content (pg /cell) in all cells determined using biochemical
and ESR methods respectively. For each cell line (except melanoma cell lines where n = 2)
the carbon adduct measurement is a mean of 3 independent experiments where cell
sedimentation in the flat cell was observed to be minimal.

Fig 3: ESR spectra obtained before (dark) and during 30 min UVA irradiation of a) untreated
and b) L-tyrosine-treated (2 mM for 7 days in culture) (representative of three separate
spectra) HEMa-LP cells containing DMPO. (¢) Bar charts showing relative melanin content
by biochemical method (purple) and ESR method (red) and the carbon adduct (blue) in both
control and L-tyrosine treated HEMa-LP spectra.

Fig 4: ESR spectra prior to irradiation (dark) and during 30 min UVA irradiation of cell nuclei
isolated from CHL-1 cells and DMPO.

Fig 5: Dark (non-irradiated) and UV A-irradiated ESR spectra of (a) Genomic DNA extracted
from SK23 cells (up to 100 mg dry weight suspended in 0.4 ml pH 7.4 buffer) and 50 pl 0.9
M DMPO (final concentration 180 mM). (b) Salmon sperm DNA (20 mg/ml), tyrosine
melanin (ca. 0.2-0.4 mg/ml) and DMPO (180 mM) pH adjusted to 7 immediately prior to
irradiation; (c) as for b) but including TDP1 DNA damage repair enzyme (6.7 uM).

Fig 6: Dark (non-irradiated) and UV A-irradiated ESR spectra of a) Tyrosine melanin (ca. 0.2
— 0.4 mg/ml) suspended in pH 7.4 phosphate buffer; b) 2’-deoxyguanosine (dGuO) (0.4 ml
saturated solution in pH 7.4 phosphate buffer) and tyrosine melanin (0.5 - 2 mg) and 50 pl 0.9
M DMPO. ¢) 2’-deoxyguanosine (0.4 ml saturated solution in pH 7.4 buffer) and 50 ul 0.9 M
DMPO.

Fig 7: A) Photomicrograph at high magnification of adherent pigmented SK23 melanoma
cells in culture and ESR spectra of UV A-irradiated L-dopa melanin synthesised from L-dopa
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and tyrosinase in the presence of salmon sperm DNA or bovine serum albumin (10 mg/ml)
and the spin trap DMPO. B) UV/visible absorption spectra of synthetic tyrosine melanin (0.5
mg/ml) without (pink line) and with (blue line) salmon sperm DNA (20 mg/ml) at pH 7 and
allowed to autoxidise at 37°C for 528 hr (minus DNA- yellow line and plus DNA- grey line).
C) UV/visible absorption spectra of salmon sperm DNA (20 mg/ml) and synthetic melanin
(pH 7) during 16 days autoxidation.

Fig 8: a) UV/visible absorption spectra of salmon sperm DNA alone (20 mg/ml and pH 7)
during 16 days autoxidation and b) comparison of UV/visible absorption spectra at pH 7 (blue
line) at pH 3-4 (brown line) and diluted (in pH 7 buffer) to 10 mg/ml (lilac dotted line), 2
mg/ml (yellow dotted line), 800 ug/ml (blue dotted line), and 400 ug/ml (green line).

Fig 9: Putative reaction scheme for the production of carbon centred radicals and superoxide
by melanin photosensitisation. Following UVA excitation, melanin forms a long-lived excited
triplet state. This can undergo electron transfer (ET) with molecular oxygen form O,"", in
which case it functions as a reductant. Alternatively, it can undergo ET with the DNA base,
guanine to form a guanine radical cation G** (which in the scheme is denoted G(H)*") in
which case it functions as an oxidant. Note that G "tapidly deprotonates to form guanine
neutral radicals G(-H)® following formation (in the scheme denoted G*). In combination,
these two reactions suggest that melanin acts as a photocatalyst to reduce molecular oxygen

and oxidise guanine.
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Figure 2
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Figure 3
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Figure 5
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Figure 6
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Figure 7
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Highlights

e Carbon radicals are detected in UVA-irradiated cells

e Carbon radicals higher in light melanin-pigmented cells than cells without pigment
e Increase in melanin in light pigmented cells decreases radical levels

e Carbon radicals detected in cell nuclei, DNA-melanin and 2’-deoxyguanosine

e Carbon radicals proposed nucleic acid - guanine - radicals





