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Nucleic acids can be damaged by ultraviolet (UV) irradiation, forming
structural photolesions such as cyclobutane-pyrimidine-dimers (CPD).
In modern organisms, sophisticated enzymes repair CPD lesions in
DNA, but to our knowledge, no RNA-specific enzymes exist for CPD
repair. Here, we show for the first time that RNA can protect itself
from photolesions by an intrinsic UV-induced self-repair mechanism.
This mechanism, prior to this study, has exclusively been observed in
DNA and is based on charge transfer from CPD-adjacent bases. In a
comparative study, we determined the quantum yields of the self-
repair of the CPD-containing RNA sequence, GAU = U to GAUU
(0.23%), and DNA sequence, d(GAT = T) to d(GATT) (0.44%), upon
285 nm irradiation via UV/Vis spectroscopy and HPLC analysis. After
several hours of irradiation, a maximum conversion yield of ~16% for
GAU = U and ~33% for d(GAT = T) was reached. We examined the
dynamics of the intermediate charge transfer (CT) state responsible for
the self-repair with ultrafast UV pump — IR probe spectroscopy. In the
dinucleotides GA and d(GA), we found comparable quantum yields of
the CT state of ~50% and lifetimes on the order of several hundred
picoseconds. Charge transfer in RNA strands might lead to reactions
currently not considered in RNA photochemistry and may help under-
standing RNA damage formation and repair in modern organisms and
viruses. On the UV-rich surface of the early Earth, these self-stabilizing
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mechanisms likely affected the selection of the earliest nucleotide
sequences from which the first organisms may have developed.

The integrity of genetic information is vital for all organisms on
Earth. When exposed to ultraviolet (UV) light, nucleic acids can
form photolesions, such as cyclobutane pyrimidine dimers
(CPDs),"™* which can impede their function, cause mutations,
or — in severe cases - lead to cell death.>® In modern organisms,
enzymes,”° such as photolyases, repair such damage, e.g. via
charge transfer (CT) of a photoelectron to the lesion. On the
early Earth, an intramolecular process, UV-induced self-repair
(Fig. 1A), is a likely precursor to enzymatic base repair.'®'" Its
mechanism resembles that of photolyase with regard to the
CT." In contrast to the enzymatic repair, the photoinduced
electron transfer occurs intramolecularly from adjacent bases
to the lesion.’®"? For example, in a DNA sequence, d(GAT = T),
with “=" representing the CPD lesion (Fig. 1A), a selective UV
excitation of the G (and A) leads to the formation of a CT
state."®'" From this long-lived CT state, a charge is then
transferred to the d(T = T), which results in the cleavage of
the dimer and a return of the CPD to undamaged d(TT).'*"?
The lifetime of the adjacent CT state directly affects the
efficiency of the self-repair.’"*

This mechanism has been studied in-depth for DNA.
However, to our knowledge, no studies have been conducted in
RNA, which could have preceded® or evolved simultaneously***
to DNA. Here, we provide the first experimental evidence for
UV-induced self-repair in RNA. We show the recovery of the short
single-stranded RNA sequence GAUU from GAU = U via UV/Vis
spectroscopy and high-performance liquid chromatography
(HPLC). Complementary ultrafast UV-pump IR-probe experiments
of the RNA sequence GA give insights into the underlying
mechanism.

Our findings contribute to an understanding of the selection
pressures acting on the first RNA sequences available on early
Earth under exposure to sunlight. This sequence selectivity is
likely to have affected RNA functions in prebiotic chemistry or
as information carriers in translation or replication.
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Fig. 1 (A) Mechanism of UV-induced self-repair by electron transfer from
an adjacent charge-transfer state. (B) UV spectra of the RNA monopho-
sphate nucleotides AMP (red, 0.067 mM), UMP (blue solid, 0.075 mM), GMP
(green, 0.072 mM) and the U = U photolesion (blue dashed, ~0.1 mM) in
50 mM phosphate buffer at pH 6.9 (concentrations determined from*®). An
LED with a central wavelength of 285 nm (orange) selectively excites the
bases G and A in the damaged sequence GAU = U and triggers self-repair
to the intact tetramer GAUU restoring the uridine absorption band (blue
arrow). The solar spectrum on the surface of the early Earth is shown for
comparison (black).X6
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In modern cells, RNA damage by UV light is less well studied and
understood than DNA damage.”*® There are no known RNA-
specific photolyases for CPD repair and cases of inferred RNA dimer
photoreversal in plants and insects are rare.'****”*! Qur results may
be relevant to understanding how cells handle UV-damaged RNA
with mechanisms very different from DNA repair activity.

Irradiation with an LED centered around 285 nm, 15 nm
bandwidth (spectrum Fig. 1B, orange, setup Fig. S1, ESIY)
allowed us to mimic prebiotically abundant (black)'®'”*> long
wavelength irradiation conditions with regard to the absorption
of the nucleobases (green, red, blue). We exposed the RNA,
GAU = U, and DNA single strand, GAT =T (see Fig. S2, S3 and
supplementary data for the synthesis and characterization,
ESIY), to 285 nm irradiation for increasing times. The 285 nm
irradiation mainly excited the canonical bases, G (Fig. 1B,
green) and A (red), due to the negligible absorbance of the
CPD lesions in this wavelength range (blue dashed).'®** Upon
self-repair of the CPD, we see recovery of the 263 nm absor-
bance band of the dipyrimidine, UU (Fig. 1B, blue arrow), and
the 266 nm absorbance of d(TT), respectively.'” Fig. 2A
shows the UV absorbance difference spectra of the irradiated
GAU = U minus the unirradiated reference. Increasing irradia-
tion time led to an increased recovery of the 263 nm absor-
bance, indicating the self-repair of the RNA oligomer.

In a complementary approach, we performed analytical
HPLC analysis of the unirradiated and irradiated samples.
Fig. 2B shows the analytical HPLC chromatograms of the
sequence GAU = U at increasing times of 285 nm irradiation
at an average power of 0.4 mW (see Fig. S4 for the corres-
ponding chromatograms of d(GAT = T), ESIY).

The purple plot in Fig. 2B displays the HPLC analysis of the
unirradiated damaged sequence GAU = U with a peak at a retention
time of 7.4 min. Upon irradiation, the undamaged peak recovered
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Fig. 2 (A) UV/Vis absorbance change spectra of the sequence GAU = U

upon irradiation at 285 nm. Due to self-repair, the 263 nm absorption of
the sample increases. (B) Analytical HPLC analysis of the GAU = U self-
repair. The purple plot shows the unirradiated (0 min) starting material,
GAU = U, which recovers during irradiation. The undamaged sequence,
GAUU, is shown in black at the bottom for reference. The top black plot
shows the 30 min sample spiked with undamaged GAUU. The full range
chromatograms from O min to 15 min are shown in Fig. S5 (ESI¥).

gradually. The chromatogram of the undamaged GAUU, with a
peak at 8.7 min, is added at the bottom as a reference. Its shape
and location match the repair peak. After 30 min of irradiation
the sample was spiked with undamaged GAUU, which strength-
ened the signal at 8.7 min (top black plot, scaled down for
comparison). The spiked peak matches the peak of the recovered
sequence from the irradiation. The HPLC analysis shows a clear
recovery of the intact sequence GAUU from GAU = U, as a result of
the absorption of increasing doses of 285 nm photons. These
findings confirm the results obtained by UV spectroscopy (Fig. 2A).

The quantum yield of a photochemical process is a measure
of the efficiency of a photoinduced reaction. It is defined as the
number of product molecules, which here is intact GAUU,
divided by the number of photons absorbed by the starting
material, here GAU = U.***° The number of product molecules,
GAUU can be calculated from the absorbance change at 263 nm
in Fig. 2A and the number of absorbed photons from the
photometric setup (see ESIT for details on the quantum yield
determination). The absorbance change at 263 nm (arrow) is
plotted as a function of the absorbed dose for the oligo-
nucleotide GAU = U in Fig. S6 (ESI{). The positive sign of the
slope is indicative of the self-repair of the sequence. The slope
is linearly proportional to the quantum yield of the self-repair.
Table S1 (ESIf) lists the slopes for both oligonucleotides
determined from linear fits (Fig. S6, red, ESIt) and the respec-
tive quantum yields. The quantum yield for the self-repair of
the RNA sequence, GAU = U, is ~0.23% and for the DNA
sequence, d(GAT = T), ~0.44%. In both oligonucleotides, the
G and A are the main absorbers of the 285 nm photons and
exceed the weak direct absorption of T = T and U = U, which can
lead to the direct photoreversal of the CPD.***® Previously, the
photoreversal of the DNA oligonucleotide, GAT = T, has been
reported to be ~0.25% at a narrow-band 290 nm excitation
(A% =3 nm, FWHM)."® The higher quantum yield of ~0.44% in
this study can be attributed to the lower excitation wavelength
of 285 nm at a larger (A4 = 15 nm, FWHM) bandwidth.

This journal is © The Royal Society of Chemistry 2023
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From a photophysical perspective, the quantum yield char-
acterizes the efficiency of the repair process. On early Earth, the
maximum total yield of the repair is most significant for the
preferential survival of certain sequences over others. We there-
fore conducted long-term irradiations over several hours to
reach the photostationary equilibrium of the oligonucleotides,
where the rate of damage is equal to the rate of self-repair. The
equilibrium was reached after conversion of ~33% d(GAT =T)
to d(GATT), and after ~16% of GAU = U to GAUU (Fig. S7, ESIt).
Consequently, in the absence of repair enzymes, a significant
fraction of both intact sequences will be recovered by UV-induced
self-repair.

In the DNA sequence, d(GAT = T), excitation at 290 nm has
been shown to promote sequence selective self-repair via a
photolyase-like mechanism:'® Selective excitation of the dG
(and dA) leads to the formation of a charge transfer (CT) state,
d(G**A*7), with a lifetime of several hundred picoseconds."*"*
From the long-lived CT state, a charge is then transferred to the
T = T, which results in the self-repair.'®'> The lifetime of the
adjacent CT state directly affects the efficiency of the self-
repair.'®'* To understand the underlying mechanism of RNA
self-repair, we used ultrafast 260 nm pump, mid-IR probe
spectroscopy to study the lifetimes and quantum yields of the
transient CT states of the RNA dinucleotide, GA, and DNA
dinucleotide, d(GA). Fig. 3 shows the transient absorption
change spectra in the mid-infrared range of GA as a function
of delay time (see Fig. S8 for d(GA) data, ESIt). The negative
(blue) bands at 1574 cm™ " and 1667 cm ™' correspond to the
ground state bleach (GSB) of G and the band at 1619 cm ™" can
be assigned to the GSB of A."* The positive (red) bands around
1593 cm ' and 1705 em ™" are indicative of the G** radical
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Fig. 3 Transient mid-infrared absorption difference spectra of the RNA
dinucleotide GA, excited at 260 nm. The negative (blue) bands can be
assigned to the bleaching (i.e. recovery after initial photodepletion) of the
ground state of G (~1574 cm™! and ~1667 cm™) and A (1619 cm™Y).
The positive bands (red) indicate the presence of a long-lived CT state on
the order of 390 ps, which is long enough to initiate self-repair: The bands
around 1593 cm~* and 1705 cm™* are characteristic of the G** radical
cation and the broad signature between 1500 cm~* and 1550 cm ™~ of the
A*~ radical anion 1034

This journal is © The Royal Society of Chemistry 2023
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cation and between 1500 cm ' and 1550 cm ' for the A*~
radical anion.’®"* Global fitting analysis reveals a lifetime of
the CT state of 390 &+ 120 ps and a quantum yield of 58 £+ 30%
for GA. In the case of d(GA) the CT lifetime is 400 £+ 130 ps
(Fig. S8, ESIT) and the quantum yield is 60 + 30%, which agrees
with previous work.">**

The similar quantum yields and lifetimes of the CT states
point towards similar base stacking of the dinucleotides regard-
less of the sugar backbone. Despite the similarity of the
adjacent CT states in GA and d(GA), the quantum yield of the
self-repair of the RNA sequences, GAU = U, is about a factor of
2 lower than of the DNA sequence, d(GAT = T). This difference
may originate from the photoreversibility of d(T = T) compared
to U = U and from the structure of the backbone. Previously, dT
and dU containing CPD lesions have been reported to have very
similar geometrical structures.*® The conformational freedom
on the sugar moiety of the cis-syn CPD lesions*® and differences
in the flexibility of RNA and DNA backbones*’ could lead to
different stacking which could affect the self-repair quantum
yields.

In a surface environment on early Earth, UV-driven self-
repair likely coincided with the formation of various photole-
sions. Among these, CPDs and photohydrates are the most
frequent RNA lesions with quantum yields on the 0.5-2%
level.»*'~*3 Self-repair on a similar order of magnitude (a factor
of ~4 lower for the sequence GAU = U) may have protected
sequences from photolysis. Further studies are required to
determine the sequence and wavelength dependence, and the
influence of the molecular conformation on the self-repair
efficiency. However, our findings indicate that self-repair could
be an underlying mechanism for the selection of the RNA
sequences that survive exposure to sunlight.

We have shown that UV light induces self-repair in the RNA
sequence, GAU = U, with a similar mechanism to self-repair in
the DNA sequence d(GAT = T). Our UV/Vis spectroscopic data
and HPLC analysis show a clear recovery of the intact sequence
GAUU following 285 nm irradiation. Ultrafast UV-pump, mid-
IR-probe spectroscopy revealed that the repair is initiated by
electron transfer from a long-lived CT state. The photoreversi-
bility of the lesions and the backbone conformation may
contribute to the efficiency of the self-repair. In the absence
of enzymatic repair, under continuous exposure to UV irradiation,
a significant fraction of the intact sequence can be recovered by
self-repair (up to ~16% of GAUU from GAU = U). Therefore, self-
repair might be important for the photostability of RNA, both on
early Earth and in modern organisms. On early Earth, self-repair
could have affected the set of RNA sequences that survived
exposure to sunlight.

In modern cells, CPD lesions in DNA play a central role in
UV-induced carcinogenesis.** Average prokaryotic and eukaryotic
cells contain 4-6 times more RNA than DNA and significant
UV-damage occurs to RNA as well.***> While the higher RNA turn-
over in cells is thought to ameliorate the deleterious effects of RNA
photolesions, it is notable that accumulation of damaged RNA has
been observed in aging and disease, indicating that turnover alone is
not sufficient.® Our study lays the groundwork for understanding
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the protection of RNA from UV-induced damage. Future studies with
additional sequences will be required to assess the generality of the
self-repair process in RNA.
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