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Abstract

Sunlight’s ultraviolet wavelengths induce cyclobutane pyrimidine dimers (CPDs), which then
cause mutations that lead to melanoma or to cancers of skin keratinocytes. In pigmented
melanocytes, we found that CPDs arise both instantaneously and for hours after UV exposure
ends. Remarkably, the CPDs arising in the dark originate by a novel pathway that resembles
bioluminescence but does not end in light: First, UV activates the enzymes nitric oxide synthase
(NOS) and NADPH oxidase (NOX), which generate the radicals nitric oxide (NO®) and superoxide
(02°); these combine to form the powerful oxidant peroxynitrite (ONOQO™). A fragment of the
skin pigment melanin is then oxidized, exciting an electron to an energy level so high that it is
rarely seen in biology. This process of chemically exciting electrons, termed “chemiexcitation”, is
used by fireflies to generate light but it had never been seen in mammalian cells. In melanocytes,
the energy transfers radiationlessly to DNA, inducing CPDs. Chemiexcitation is a new source of
genome instability, and it calls attention to endogenous mechanisms of genome maintenance that
prevent electronic excitation or dissipate the energy of excited states. Chemiexcitation may also
trigger pathogenesis in internal tissues because the same chemistry should arise wherever
superoxide and nitric oxide arise near cells that contain melanin.
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1. Introduction

The origin of skin cancer — melanoma and basal or squamous cell carcinoma — can be traced
to the quantum mechanical level. Electron excitation creates non-DNA structures
(“damaged” DNA\) that, when copied by a polymerase, write altered information into
chemically-normal DNA (mutation). At this quantum mechanical level, our laboratory
recently encountered a surprise: Chemical excitation of electrons, termed “chemiexcitation”,
is a new source of genome instability in melanocytes and in the keratinocytes that receive
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melanin from them. This discovery raises questions about how chemiexcitation operates in
mammals and whether it underlies additional diseases. It also draws attention to little-
noticed mechanisms of genome maintenance that protect us even prior to DNA repair.

The cyclobutane pyrimidine dimer (CPD) is the classic DNA photoproduct created by
ultraviolet radiation present in sunlight [1]. It joins two adjacent pyrimidine bases, thymine
or cytosine (T or C), by two single bonds that create a 4-carbon ring between the bases (the
“cyclobutane” ring) (Fig. 1). This structure disrupts base pairing and distorts the DNA helix
from its normal B form. The CPD is lethal and mutagenic, and the “UV signature” of C—T
mutations at sites of adjacent pyrimidines is seen in melanomas, non-melanoma skin
cancers, precancerous lesions, and sun-exposed skin [2-11]. Poor CPD repair in xeroderma
pigmentosum increases childhood melanoma 10,000-fold whereas removing CPDs prevents
UV-induced skin cancer in mice. The CPD has long been known to be generated by UV
photons; we now find that it can be generated by chemiexcitation when melanin is present
[12].

in the dark

Induction of CPDs in DNA by direct absorption of UVC photons requires < 1 psec [13], so
the usual result of irradiation experiments is an immediate peak in CPD formation followed
by slow excision repair. We exposed murine melanocytes to UVA radiation and measured
CPDs over time using an anti-CPD antibody [14] for ELISA. Surprisingly, melanin-
containing murine melanocytes continued to generate CPDs for at least three hours after
UVA exposure, after which generation was offset by DNA repair (Fig. 2) [12]. In contrast,
melanocytes derived from albino mice reached the peak of CPD induction immediately upon
exposure, as expected; so did murine fibroblasts. The delayed CPDs therefore depended on
melanin. Similar results were observed using a comet assay after treating lysed cells with a
nucleotide excision repair enzyme to induce DNA breaks at CPD sites, also indicating that
the delayed CPDs resided in the nucleus.

These results were intriguing because delayed CPD production had occasionally been
reported in other cell types after UVC or UVB exposure [15-19], often with wide variability.
It seemed possible that the melanin-dependent mechanism would be more susceptible to
experimental study. The important implications for skin cancer prevention and sunbed use
made this mechanism worthy of elucidation.

The gold standard assay, mass spectrometry, revealed delayed production of TT, TC, and CT
CPDs, only in melanocytes that contained melanin. Cytosine-containing CPDs are the
species that generate UV-signature C—T mutations. The effect was larger when concurrent
repair was knocked down using siRNA against Xpa or Xpc transcripts. Delayed CPDs
constituted half of the total CPDs. This two-fold increase in DNA photoproducts is
substantial because xeroderma pigmentosum complementation group D individuals are only
60% defective in CPD repair [20]. With UVB, most CPDs in melanocytes were created in
the dark even without repair knockdown.
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Human melanocytes also generated delayed CPDs after UVA or UVB, but there was inter-
individual variation. For human melanocytes having modest repair of CPD after exposure,
but no obvious delayed CPDs, the delayed CPDs were revealed upon siRNA knockdown of
XPA or XPC. Individual variation may stem from variable repair or melanin type. The
phenomenon could be studied in vivo using transgenic mice that contained epidermal
melanocytes due to Kit ligand expression in keratinocytes, thereby mimicking human skin.
Delayed CPDs were seen throughout the epidermis. Most cells were keratinocytes, which
receive pigment from the melanocytes, implying that the crucial requirement is melanin
content rather than melanin synthesis. Both initial and delayed CPDs were more frequent in
mice whose melanocytes synthesized red-yellow pheomelanin than in black mice. This
suggests that pheomelanin is both a poorer shield against normal CPD formation and a more
potent generator of delayed CPDs. This difference could underlie the increased sunburn and
skin cancer sensitivity of individuals who have red or blonde hair.

Yet, creating CPDs requires extraordinarily high energies usually found only in ultraviolet
light. Where would this energy come from in a cell? To fully appreciate the dilemma and the
solution, it is useful to first highlight the photophysics of CPD production by photons.

3. CPDs from photons

Some reactions cannot proceed when the reactants’ electrons are in the ground state, the
state in which electrons fill orbitals from the lowest energy upward. The Woodward-
Hoffman rules, based on orbital shapes, forbid ground state [2+2] cycloadditions — rings
created when 2 atoms connected by a double bond undergo a concerted reaction with 2
atoms of another molecule. Cyclobutane pyrimidine dimer formation requires a [2+2]
cycloaddition, so an electron in a DNA base must first be raised to an excited state.

Electron excitation in a well-understood molecule, formaldehyde, is shown in Fig. 3. Once
excited, the electron and its former partner are now unpaired; the orbitals are no longer filled
from the bottom up and the molecule is in an “electronically excited state”. In many ways,
the excited molecule acts as if it contained two radicals (a diradical). Excited states come in
two varieties. In the singlet state, the two electrons retain their opposite spins, as the Pauli
Exclusion Principle required when they were in the same orbital. In the triplet state, the
electrons have opposite spins. Triplet states have lower energies and, because they have
longer lifetimes, they are more likely to enter into a reaction. In either case, exciting the
electron overcomes the Woodward-Hoffman stricture by achieving two ends: very high
energies and very different orbital geometries.

The energies of excited states in DNA are high, on the order of 100 kcal/mol (4.5 eV,
corresponding to an ultraviolet wavelength of 280 nm or a temperature of 50,000 K) (Fig. 4).
Comparing these energies to storeys of the Empire State Building provides a sense of scale.
The amount of energy stored in the high-energy phosphate bond of ATP (a ground-state
reaction) is 7 kcal/mol or 0.3 eV, a few storeys above the lobby. The UVC- induced singlet
states have energies above the building’s 102nd floor. For this reason, biochemistry has long
been thought incapable of making CPDs. How does UV do it?
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3.1 UVC makes CPDs in DNA via the singlet state

A UVC photon (100-280 nm) has sufficient energy to excite an electron from a ground state
7 orbital of free thymine or cytosine (T or C) to the singlet state > orbital (Fig. 4). If
another T or C is nearby, the now-unpaired electrons in the excited base form two single
bonds with the adjacent base to make a CPD - but only if the two 5-6 double bonds
happened to be aligned with each other when the photon was absorbed [13, 21, 22]. The
process takes less than a picosecond. In DNA, the photon is more likely to be effective
because the bases are already in parallel planes at an angle of only 36°. The singlet described
in Fig. 4 is technically an exciton because the photon is initially absorbed by the combined
quantum state of two to three adjacent bases.

In contrast, dilute free bases are randomly oriented and this orientation changes quickly. The
subpicosecond lifetime of the singlet state is too short for two bases to diffuse near each
other or for correct alignments to form at room temperature, so CPDs are formed after the
electron undergoes intersystem crossing to the triplet state (Fig. 4), where the lifetime is
approximately a microsecond [23]. Triplet state energies are much lower than the singlets
and their relative energies are different, so T is now lower than C [24]. In DNA, triplet
energies (measured as T- and C-containing CPDs plus apurinic sites [25], hence labeled
“N™) appear to be even lower than in free bases or nucleotides [24].

3.2 UVB makes CPDs via the singlet state or by triplet photosensitization

A photon at the short-wavelength end of the UVB region (280-320 nm) can also excite a
DNA base to its singlet state and make CPDs [23]. DNA absorbs UVB poorly, so biological
effects require 100 fold higher doses. UVB is more effective if it acts through an
intermediary molecule that absorbs UVB strongly. Acetone and acetophenone are excited to
their singlet state by UVB, then efficiently cross over to their triplet state; this long-lived
state allows the excited molecule to collide with DNA bases and transfer the triplet energy
radiationlessly to the triplet state of the DNA bases. This type of photosensitization becomes
important for chemiexcitation.

3.3 UVA makes CPDs via a triplet-like state

UVA (320-400 nm) is absorbed by DNA even more poorly. Doses 104-fold larger than UVC
doses are needed to cause cell death or murine skin cancers [26]. For years, it was believed
that UVA was not a significant source of CPDs and that it contributed to pathogenesis
through oxidative DNA damage. However, it was recently discovered that UVA-induced
CPDs exceed oxidative lesions such as 8-oxo-guanine [27, 28]. UVA-induced CPDs result
from direct photon absorption, rather than from photosensitization by an intermediary,
because UVA creates CPDs in purified DNA [29]. The excited state must be in the energy
realm of the triplet state because UVA energies are too low to reach the DNA singlets. In
support of this idea, the CPD species after UVA are biased toward TT CPDs, as they are for
triplet photosensitization. The precise situation is more complex. UVA absorption and its
CPD production require base pairing, hinting at a mixture between the triplet state and a
charge-transfer state in which partial charge is transferred to another base [30].
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Melanocytes can evidently reach these high energy levels in the dark, many hours after UV
exposure ends. The gulf between ATP-like energies and CPD energies is lessened if DNA
triplet states are involved, but the feat that biochemistry must accomplish is still substantial.

4. CPDs from chemiexcitation

To identify the photochemical pathway that produces delayed CPDs after UVA, we first
tested kojic acid, an inhibitor of tyrosinase, the rate-limiting enzyme in melanin synthesis. It
suppressed production of delayed CPDs, confirming the necessity for melanin. Because cells
produce reactive oxygen species for long periods after a UVA exposure [31], radical
scavengers were tested. N-acetylcysteine suppressed production of delayed CPDs and
vitamin E abolished it. Because melanin generates superoxide radical ion (O2°") while it is
being irradiated [32], we scavenged O,*~ with TEMPOL,; this also abolished delayed CPDs.
A long-lasting source of O," in cells is the enzyme NADPH oxidase (NOX), which is
rapidly induced by UVA [31]. A NOX inhibitor abolished delayed CPDs. In this experiment,
CPDs were even inhibited to a level below that at 0 h, indicating that “delayed” CPDs were
also being created during the irradiation.

The O, requirement recalled a 1971 experiment in which CPDs were generated in the dark
by trimethyl dioxetane. A dioxetane is a strained 4-member ring peroxide that, at modest
temperatures, undergoes cleavage to two carbonyls, with one in an electronically excited
triplet state. For trimethyl dioxetane, the triplet state had the high energy of a UV photon but
transferred its energy to the triplet state of DNA bases by a process independent of radiation
[33]. The paper recognized the possibility of chemically-induced CPDs in internal organs,
but noted that “No reaction capable of yielding electronically excited products of sufficient
energy to induce DNA photochemistry is known to occur in a biological system.” Years
later, enzymes producing dioxetanes by using ATP were found to underlie bioluminescence
[34]. In subsequent decades, several investigators noticed metabolites that seemed to require
reaction mechanisms forbidden in the ground state by the Woodward-Hoffman rules, and
suggested that electronic excitation might be an important feature of biochemistry [35, 36].
These groups identified enzymes capable of generating dioxetanes and electronic excitation
in a test tube, including horseradish peroxidase (in the presence of H,05), cytochrome c, and
lipoxygenase [37].

One of the few biological molecules that can initiate such “photochemistry in the dark” is
peroxynitrite (ONOQO™) [38]. It is generated by the spontaneous reaction of O,"~ with nitric
oxide (NO*). NO* and peroxynitrite are stable enough to diffuse significant distances in the
cell [39]. NOX and the NO* generator NOS are UV-inducible within minutes and are
expressed in melanocytes, including nuclear NOX4 [40]. A prediction was then that NO*
would be required for production of delayed CPDs. Inhibiting iNOS with aminoguanidine
indeed resulted in complete suppression. Another prediction was that melanin-containing
cells exposed to UV would generate peroxynitrite, which can be detected by its nitration of
tyrosines. Exposing melanin-containing melanocytes to UVA triggered an ~400 fold spike in
the flux of peroxynitrite per hour.
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Were excited triplet states being created? A diagnostic for triplet states is that their energy
can also discharge via ultraweak blue or green phosphorescence [36]. This signal can be
enhanced several orders of magnitude by diverting the energy to a triplet energy acceptor,
sodium 9,10-dibromoanthracene-2-sulfonate (DBAS), which undergoes intersystem crossing
to the singlet where it fluoresces strongly. UVA-irradiated melanocytes indeed generated
ultraweak chemiluminescence for several hours post-irradiation and only in cells containing
melanin. The lifetime of triplet carbonyls is ~10 us [38], so a signal persistent over the
course of hours indicates ongoing creation of the reactants by the two enzymes. To test
whether this triplet state was actually required for delayed CPDs, we added a specific
quencher of triplet states, ethyl sorbate [41], after UVA exposure. This treatment prevented
delayed CPDs in intact melanocytes. Because DBAS diverts triplet energy to luminescence,
it also blocked delayed CPDs. These results provided direct evidence that UV-induced
superoxide and nitric oxide led to a high-energy triplet state molecule, which then created a
delayed CPD by energy transfer. CPDs were being created in vivo by chemiexcitation. We
will now adopt the abbreviation “chCPD” for chemiexcitation-induced CPDs. This notation
also makes it easier to describe the chemistry-dependent CPDs induced during UV exposure.

The final steps in chCPD generation can now be envisioned, although they have not yet been
demonstrated directly. Energy transfer from a triplet carbonyl to the triplet state of a DNA
base would use the lower set of DNA energy levels in Fig. 4. For these, a strong bias toward
TT CPDs is expected. UVA generates primarily TT CPDs, with TC and CT CPD together
contributing only 10-30% of these three CPD types [28]. In the mass spectrometry
experiments, we observed such a bias but the ratio of (TC + CT)/TT CPDs in the chCPDs
was 4-fold higher than in CPDs induced by UVA directly: In melanin-containing cells it
increased from the UVA-like 0.37 at 0 h (directly-induced CPDs) to 1.33 in the CPDs arising
during the following 2 h, a ratio more typical of cells irradiated with the higher-energy UVB.
This ratio is still too low for a singlet state, but it suggests that the triplet energy of the
molecule hosting the dioxetane lies above that of cytosine. The chemiexcited molecule then
acts in the same way as a photosensitizer, except that the sensitizer was excited chemically.
The mechanism of energy transfer to DNA is unknown, but triplet-triplet energy transfer
typically involves a collision between donor and acceptor, with the donor exchanging a high
energy electron for a lower energy one (Dexter electron exchange) [42].

5. Melanin as a molecular shuttle

Which molecule hosted the excited triplet state? Melanin is located in the cytoplasm, yet
chCPDs were generated in the nucleus. One possible conduit, initiated by O,"~ from UV-
exposed melanin and ending in a dioxetane, was a radical chain reaction in the lipid
membrane stretching from melanosomes to the nuclear membrane [41]. But inducing lipid
peroxidation in nuclei did not induce CPDs.

Another candidate was the set of melanin monomers from which the melanin polymer is
assembled. These are lipophilic and are therefore potentially able to enter the nucleus. In
addition, melanin polymer rapidly solubilizes when exposed to hydrogen peroxide [43] and
its degradation by peroxidation or UV-photoionization had been proposed to involve
dioxetane and triplet carbonyls [44, 45].
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We found that a triplet state could be created in melanin by a cell-free system: synthetic
melanin oxidized with peroxynitrite and incubated with DBAS generated
chemiluminescence. Replacing peroxynitrite with horseradish peroxidase plus H,O, [38]
also gave chemiluminescence, as did the eumelanin monomer 5,6-dihydroxyindole-2-
carboxylic acid (DHICA) and the pheomelanin monomer 5-S-cysteinyldopa (5SCD).
Crucially, CPDs were generated in the complete absence of UV when plasmid DNA was
incubated with peroxynitrite and melanin, DHICA, or 5SCD. DBAS, which redirects triplet
energy toward luminescence, reduced CPD production by up to 90%. These cell-free
chCPDs included the mutagenic cytosine-containing CPDs. The level of chCPDs induced in
the absence of UV was similar to the level generated in pure DNA by 25 kJ/m2 of UVA, an
exposure about one-quarter of that required to produce a barely perceptible sunburn. This
value is approximately 1 CPD per 24 kb of DNA created solely by oxidized melanin.

How did melanin overcome the barrier posed by the nuclear membrane? Surprisingly, we
found that melanin polymer was rapidly solubilized after exposure to UVA or peroxynitrite.
In addition, 3D images of melanocytes revealed opaque granules inside the nucleus after
UVA exposure. These may be melanin-containing organelles that moved into the nucleus or
spontaneous polymers of melanin precursors, as occurs during normal melanin synthesis.

Final confirmation came from identifying carbonyl-containing DHICA reaction products.
Two structures had been predicted in the literature. The DHICA analog of the predicted
eumelanin degradation product [44] (Fig. 5, structure 1) has a molecular weight of 225
daltons and would be highly polar. An alternative reaction [46] is formation of a dioxetane
moiety at the pyrrole ring, also leading to a polar structure of 225 daltons (structure 2).
Separating reaction products by HPLC, and scanning the HPLC eluate by mass spectrometry
for the corresponding 224 my/zion, revealed a single peak eluting in the highly polar region.
Scanning this fraction of the HPLC eluate by mass spectrometry revealed four /7/z peaks, of
which the second largest was 224 daltons. Chemical blocking experiments suggested that 2
is the predominant product. These results indicate that melanin or a melanin fragment acts as
a molecular shuttle that acquires an electronically excited triplet state, probably at a carbonyl
arising from a dioxetane intermediate, and brings this excited state into contact with nuclear
DNA. and migration to the nucleus.

Chemiexcitation in melanocytes, and subsequent generation of chCPDs in the dark, is
therefore a multistep process. The various steps are outlined in Fig. 6. The surprisingly
sustained time course of chCPD generation can be accounted for by the prolonged steps of
UV-induction of NOX and NOS, peroxynitrite-induced solubilization of melanin to
fragments or release of pre-melanin monomers from UV-damaged melanosomes, and then
migration to the nucleus.

6. Consequences of excited states

CPDs are not the only consequence of excited states (Fig. 7) [37]. Ideally, the excited
molecule would dissipate its energy as heat or light. When the energy is transferred to a
molecule having conjugated double bonds, such as sorbate, the diradical character of the
excited double bond allows isomerization around the remaining single bond, whereupon the
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excess energy is dissipated as heat. However, triplet state energy is also readily transferred to
ambient O,, which is unusual in being a triplet in the ground state. This transfer creates
singlet oxygen — a highly reactive excited state of O,. The excited carbonyl’s diradical
character can also initiate [2+2] cycloaddition reactions with molecules other than DNA. It
also facilitates hydrogen abstraction from linoleic and arachidonic acid, triggering
peroxidation. It facilitates C-C bond homolysis, creating free radicals that undergo further
reactions.

In the case of DNA, excited state carbonyls created by dioxetane thermolysis have different
results depending on the dioxetane’s substituents. Tri- and tetramethyl dioxetane produce
more CPDs than do dioxetanes having larger substituents and higher triplet state energies
[47, 48]. Larger substituents instead tend to produce DNA strand breaks,
dihydropyrimidines, abasic sites, and 8-oxo-guanine or ring-opened purines, apparently
reflecting the dominance of H or e~ abstraction over Dexter energy transfer. In all cases, the
major product appears to be 8-oxo-guanine or ring-opened purines rather than the CPD. The
consequences of a molecule that hosts a dioxetane will therefore depend on that host.

7. Genome maintenance in the presence of excited electrons

The excited states of DNA bases offer overlooked lessons about genome stability. Sunlight’s
ability to cause cancer often strikes us as a flaw in the design of DNA, but closer inspection
reveals that an occasional tumor at post-reproductive age is a near miss in an otherwise
astute design: Nature has installed protections even at the level of chemistry. It is easy to
miss the fact that the high energies required to make CPDs mean that evolution has
successfully prevented visible light from causing cell death and cancer. Moreover, high
energy photons are absorbed by water and o0zone, allowing aquatic and terrestrial life [49].

Nature has also arranged to protect DNA after excitation. First, CPDs are formed in low
yield. This is because, when the photon is absorbed, the 5-6 double bonds of two adjacent
pyrimidines must already be close to each other and transiently parallel rather than at their
normal 36° angle. This requirement results from the fact that the singlet lifetime of DNA
bases is less than a picosecond, insufficient time for an excited base to align with another
[13]. The ultrafast deactivation of the excited state, rather than a more typical lifetime of tens
of nanoseconds, in turn results from a remarkable feature of DNA bases — the conical
intersection [21]. In some molecules, for particular conformations, the ground state energy is
unusually high and the singlet state energy is unusually low, so the excited electron can
quickly drop to the ground state instead of instigating a photochemical reaction. The four
DNA bases possess conical intersections that appear when the 5-6 double bond is twisted. In
contrast, base analogs lack a conical intersection; for example, adenine (6-aminopurine)
possesses one but 2-aminopurine does not [50, 51]. This contrast suggests that evolution
selected A, T, G, and C for their stability against electronic excitation. The conical
intersection also speeds CPD formation, but this is less frequent than deactivation because of
the alignment requirement. Second, evolution has arranged backup protection when CPDs
do form: DNA’s base stacking facilitates excited-state dimeric complexes of adjacent bases,
ensuring that CPDs are created within one strand rather than joining complementary strands.
Preventing both strands from being damaged at the same site allows the undamaged
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complementary strand to be used as a template for DNA excision repair [52]. Third,
photoexcited bases repair nearby CPDs [53]. Excitation of an excimer of G and A on the
same strand leads to a charge separation, with the excess electron going to A. This electron
can transfer to an adjacent CPD, splitting the cyclobutane ring and reverting the CPD to
normal in the same way that photolyase does. Because of the relative redox potentials, TA
sequences cannot promote this “self-healing” process.

In plants, the function of carotenoids like -carotene and lycopene is not to act as
antioxidants but to protect chlorophyll from excited triplet states created as part of its normal
activity. The better known role of B-carotene is in the chloroplast’s Light-Harvesting
Complex, which contains the all-trans linear isomer to absorb light at wavelengths not
captured by chlorophyll. The carotene is excited to its S, singlet state and transfers this
energy to chlorophyll, exciting the chlorophyll to its singlet state. Energy transfer is efficient
because singlet all-frans B-carotene rarely isomerizes, which would waste energy as heat.
Problems arise when the excited chlorophyll next transfers the energy to a chlorophyll in the
Reaction Center, which ejects an electron to pheophytin at the top of the electron transport
chain. If, on a sunny day, too many free electrons are produced, some are recaptured by
residual singlet chlorophyll* molecules and create triplet state chlorophyll. As we’ve seen,
triplet states can have undesirable consequences. To quench triplet chlorophylls, nature has
cleverly arranged that the Reaction Center contains V-shaped 15-¢/s 3-carotene [54]. The
carotene accepts the energy from excited triplet chlorophyll, leaving triplet 15-¢/s 3
carotene. Crucially, excited 15-c¢/s p-carotene isomerizes to all-frans 3-carotene, drops to the
ground state, and dissipates the excess energy harmlessly as heat — a property that the all-
trans isomer does not have. B-carotene and lycopene are just longer versions of sorbate,
featuring a lower triplet energy level that cannot then make singlet oxygen. Nature has
selected for dissipation of triplet energy, not antioxidant activity.

For human skin, we can imagine intervening with drugs or sunscreens to block photoionized
electrons; scavenge superoxide, nitric oxide, or peroxynitrite; or annihilate the melanin
radical. These strategies resemble the antioxidant approaches widely advocated for
preventing diverse pathologies. However, chemoprevention trials have made it clear that
high doses of antioxidants such as p-carotene or selenium can be detrimental, probably due
to the role of radical species in normal cell signaling [55]. Quenching the excited triplet
states is a novel alternative pharmacologic approach. Should not nature have provided us
with endogenous triplet quenchers? Perhaps she has; chemical space has not been searched
for triplet quenching activity. Alternatively, nature’s solution may be right in front of us.
Most birds derive their feather colors from dietary carotenoids. These feather colors are
clearly maintained by selection, presumably for mating efficacy, so natural selection can
insist on a species’ diet. In humans, therefore, evolutionary selection for endogenous triplet
quenchers is capable of expecting that we eat our vegetables.

8. Beyond melanoma

Is melanin good or bad? It is clearly both, with the tradeoff being less satisfactory in the case
of blonde or red melanin. One rationale is that this is the best solution to sunlight protection
that evolutionary selection encountered. Because skin tumors arise after reproductive age,
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when selection pressures are reduced, they would be an example of antagonistic pleiotropy.
A second explanation takes note of the fact that, as measured by mass spectrometry in
melanocyte DNA, the melanin reduced CPDs by about two-fold compared to albinos — the
same as the increase coming from chCPDs. But this result is not a wash: chemiexcitation of
melanin has redistributed what would have been a bolus of CPDs made at the instant of sun-
exposure, so that instead CPD appearance is spread over hours. The slow trickle of chCPDs
would then be easier for nucleotide excision repair to accommodate.

Is chemiexcitation only a concern for skin? Any cell that contains melanin, superoxide, and
nitric oxide should embark on the same pathway, with no UV involved. Looking further,
dioxetanes are not limited to melanin; they are formed on flavins, tryptophan, and
acetoacetate [56-58]. These correlations hint that the remarkable excited-electron events
involving melanin in skin are the first glimpse of a wider role for chemiexcitation in
mammalian pathogenesis.
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Fig. 1. Thymine-thymine cyclobutane pyrimidine dimer in DNA
The violet color indicates a four-carbon cyclobutane ring (in the vertical plane) joining two

adjacent thymine bases at the site of the former 5-6 double bonds. Orientation is 5-3' from
bottom to top. The bases are no longer parallel, the 5’ thymine has lost one of its hydrogen
bonds with adenine, and the helix is distorted, rendering DNA polymerases error-prone at
this site. Modified from [59].
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Fig 2. Cyclobutane pyrimidine dimers (CPDs) generated long after the end of UV exposure
In melanin-containing melanocytes, CPDs continue to increase for 3 hours after UVA

exposure ends. In albino murine melanocytes or in fibroblasts, the peak of CPD induction is
at time 0, followed by repair. CPDs were assayed by DNA ELISA and similar results were
obtained by an endonuclease-sensitive sites assay using comet and by mass spectrometry.
Figure from [12].
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Fig. 3. Exciting electronsin a simple molecule containing a car bonyl
Electron distribution in the frontier molecular orbitals of the C=0 of formaldehyde (CH,0)

in the ground state (Sp) and excited states (S1, S, and Tq). S, singlet state; T, triplet state. o
and  are bonding orbitals, n is nonbonding, and 7* is antibonding. HOMO is the highest
occupied molecular orbital; LUMO is the lowest unoccupied molecular orbital, available for
entry of an electron or electron pair. Modified from [60].
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Electronic excitation of the DNA bases involves energies much higher than a typical
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biochemical reaction, exemplified by the 7 kcal/mol or 0.3 eV released from the high-energy

bond of ATP (left). The Empire State Building provides a sense of scale. UVC excites a

single base or a delocalized quantum state of 2-3 bases to the singlet state at Eg = 4.2-4.4
eV (center) [22, 24, 61]. UVB does this weakly. Stratospheric ozone (O3) prevents excitation

by UVC and short-wavelength UVB. Alternatively, UVB excites an intermediary
photosensitizer molecule such as acetone or acetophenone to a singlet state (not shown),

which then undergoes intersystem crossing to its triplet state; the latter can transfer energy to
the lower triplet energy levels of the free bases, above Et = 3.0 eV. In DNA, the triplet
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energies may be lower (see text). UVA is absorbed by a triplet-like state that may be a
mixture between the triplet state and a charge-transfer state, in which partial charge is
transferred to another base [30]. The chemically-excited triplet-state melanin fragment
(Melanin*) acts as a sensitizer whose energy is well above that of acetophenone. The
melanin fragment’s energy can be diverted to the triplet-specific energy acceptor DBAS,
which crosses to the singlet state and emits the energy as fluorescence. Or it can be diverted
to the triplet-specific quencher sorbate, which isomerizes and dissipates it as heat. Both
diversions prevent chemiexcitation from creating CPDs in DNA.
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Fig. 5. Identification of a putative triplet-carbonyl carrier
The eumelanin monomer DHICA was oxidized and products were separated by HPLC,

monitoring by mass spectrometry. Monitoring for the 224 my/zion of 225 dalton compounds
1and 2, expected for triplet-carbonyl derivatives of dioxetane-adducted DHICA, revealed a
single, polar peak. Subsequent scanning of the polar HPLC peak revealed four principal m/z
peaks, one at 224 daltons. Figure from [12].

DNA Repair (Amst). Author manuscript; available in PMC 2017 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Premi and Brash

>
<J
/ .

2 '_g
o=
©
E ke *
c e
N =
c
5 E ‘
-c )
32 )
85 | Nitric  Superoxide
2 S | Loxide 5
EG T
S
25
T

= Peroxynitrite

\

Page 20

_ Melanin monomers =

\ A 4
[Melanin Degradation ]

Photochemical

)
-
o
3
7

Diffusion

e

®

Melanin Degradation
Products

Chemiexcitation
(ps to hr)

(ms)

Energy Transfer

Dioxetane
Thermolysis
2
Excited-State Triplet Carbonyl (":)
o i
Cc
C
@ Sorbate
Normal DNA CPD

J
!

Byr] [Pw] [Py y

Fig. 6. Generating CPDsin the dark by chemiexcitation
CPDs are made within picoseconds of UV exposure by direct absorption, but melanocytes

generate CPDs by chemiexcitation after UV exposure ends, with melanin being a key

participant. Exposing cells to UV radiation

up-regulates nitric oxide synthase (NOS),

NADPH oxidase (NOX), and enzymes of melanin synthesis, causing sustained generation of
nitric oxide (NO®) and superoxide (O,""). NOS and NOX isoforms are located in both
cytoplasm and nucleus. The two radicals produce the powerful oxidant peroxynitrite
(ONOQ"), which degrades melanin polymer to fragments that appear in the nucleus.
Peroxynitrite is also one of the few biological molecules capable of exciting an electron to a
triplet state. Peroxynitrite excites an electron in a melanin fragment to a triplet state that has
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the high energy of a UV photon. The typical triplet-state reaction intermediate, not yet
demonstrated (hence indicated in italics), is a cycloaddition of -O-O- to create an unstable
dioxetane; dioxetanes undergo spontaneous thermolysis to yield two carbonyls, one of which
finishes in a high-energy triplet state (denoted by *). For the melanin-related triplet, the half-
life of the reaction intermediate appeared to be minutes, but was generated continuously. A
carbonyl consistent with a dioxetane precursor was identified by mass spectrometry. Triplet
energy then discharges on a microsecond time scale to generate visible luminescence, or
discharges in a radiation-independent manner to an acceptor (“DBAS”) which re-emits it as
fluorescence, or to a triplet quencher (“sorbate”) which dissipates the energy via
isomerization and heat, or to DNA bases where it makes CPDs. Figure from [12].
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Fig. 7. Fates of triplet-state carbonyls
The energy of a triplet carbonyl is dissipated along both harmless and detrimental pathways.

Left to right: Energy is converted to heat (thermal deactivation) or to light emission
(phosphorescence, Ph). Transfer of energy to an acceptor A can occur by electron exchange.
Fluorescent acceptors such as DBAS are useful for detecting poorly luminescing triplet
states. Electron exchange with ambient molecular oxygen, which is a triplet in the ground
state, creates singlet oxygen — a highly reactive excited state of O,. When energy is
transferred to a molecule having conjugated double bonds, such as sorbate or p-carotene, the
diradical character of the excited double bond allows isomerization around the remaining
single bond, afterward dissipating the excess energy as heat by vibrational relaxation. This is
the function of p-carotene and lycopene in the chloroplast’s reaction center. The excited
carbonyl’s diradical character initiates [2+2] cycloaddition reactions (Paterno-Buchi
reaction), as well as facilitating hydrogen abstraction from H donors (e.g., alcohols and 1,4-
dienes) and C-C bond homolysis. Modified from [37].
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