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ABSTRACT

5-Methylcytidine (5SmCyd) has recently been investigated with renewed interest for utilization in
mRNA therapeutics. However, its photostability following exposure to electromagnetic radiation

has been overlooked. This Letter compares the photostability and excited state dynamics of SmCyd



with those of the canonical RNA nucleoside, cytidine (Cyd) using steady-state and femtosecond
transient absorption spectroscopy under physiologic conditions. SmCyd is shown to have a 5-fold

higher fluorescence yield and a 5-fold longer !

nn* excited state decay lifetime. Importantly,
however, the excited state population in SmCyd decays primarily by internal conversion, with a

photodegradation rate 3 times smaller than in Cyd. In Cyd, the population of a 'nn* state with a

lifetime of ca. 45 ps is implicated in the formation 6-hydroxycytidine and other photoproducts.
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In vitro transcribed mRNAs have recently taken center stage in the field of medicinal
therapeutics given their vital role in fighting the COVID-19 global pandemic.!” The efficacy of
these mRNA therapeutics is significantly increased by the use of non-canonical nucleobases within
the sequence.*”’ The RNA derivatives pseudouridine, its Ni-methylated analogue, and 5-

methylcytidine (SmCyd) have been identified to have the largest beneficial effect in medicinal



therapy.*>® Although these molecules were not selected to be one of the four building blocks of
life, both pseudouridine and 5-methylcytidine are in fact naturally occurring and can form Watson-
Crick base pairs. Furthermore, while SmCyd has most commonly been identified as an epigenetic
marker in DNA regulating expression of certain genes,” this methylation of cytosine is also
prevalent in RNA. Indeed, Cs-methylation of cytosine has recently been associated with a wide
range of cellular functions including nuclear RNA export, mRNA translation, cell cycle control,
cell differentiation / proliferation, and cancers.!*1°

If SmCyd is going to be purposefully incorporated into medical therapeutics, it is important to
understand its chemical integrity and stability following light exposure and to evaluate its possible
interaction with sunlight radiation. As such, SmCyd has been investigated using quantum chemical
calculations, time-resolved fluorescence, and time-resolved transient absorption techniques.!¢?!
However, these studies have conflicting conclusions regarding the proposed electronic relaxation
mechanism of 5SmCyd. Work by Ma et al.!®, Martinez-Fernandez et al.,'® and Malone et al.*
proposed that the major relaxation pathway of the 'mm* state is the non-radiative decay of its
population in approximately 7 ps, with no observation of long-lived excited state species.
Conversely, recent work by Wang et al.!® observed the population of a long-lived excited state
with a decay lifetime at least two to three orders of magnitude longer (> 8 ns). Because the
likelihood of photoinduced damage increases as the excited state lifetime increases, it is important
to resolve the contradictory results reported in the literature for SmCyd. This is particularly
important when 5SmCyd is used in mRNA therapeutics, where unintended consequences of
photoinitiated RNA damage could occur. In this Letter, steady-state and time-resolved absorption

spectroscopy are combined with low-intensity laser irradiation experiments to investigate the

excited state dynamics of 5S-methylcytidine (SmCyd, Scheme 1) and its photodegradation rate and



relative photostability under equal experimental conditions compared to the canonical RNA

nucleoside, cytidine (Cyd).
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Scheme 1. Chemical structures of 5-methylcytidine (SmCyd, left) and cytidine (Cyd, right), where

the R denotes the ribonucleoside.

Figure 1 shows the molar absorption and fluorescence emission spectra of SmCyd and Cyd in
phosphate buffer, pH 7.4. At this pH, both molecules are neutral tautomers with pKa values of 4.3
and 4.2 for 5mCyd?? and Cyd,?® respectively. Upon methylation at the Cs-position, a red shift of
approximately 7 nm is observed, thereby allowing for more absorption into the UVB region of the
electromagnetic spectrum reaching the Earth’s surface. The absorption spectrum of each molecule
shows three band maxima at ca. 278, 239, and 213 nm for 5SmCyd and at 271, 232, and < 200 nm

for Cyd. This red shift is supported by previous steady-state experiments'®2!-2425

and quantum
chemical calculations in water performed at the MS-CASPT2/MM level of theory.!”!® Molar
absorption coefficients of 7,942 £+ 62 and 9,337 £ 30 were obtained for SmCyd and Cyd at 278 and
271 nm, respectively. A red shift is also observed in the fluorescence emission spectrum of SmCyd
compared to that of Cyd, with maxima at ca. 345 nm and 330 nm, respectively, following excitation

at 255 nm (Figure 1b). Using thymidine as a standard,’ a fluorescence quantum yield of 5.0 X

10~* was estimated for SmCyd, which is about 5% larger than the quantum yield for Cyd of 1.0 X



10~*. These fluorescence quantum yields and spectral shifts are in good agreement with those
previously reported by Sharonov et al.?! and Martinez-Fernandez et al.!”!® for the 2’-deoxyribose
analogs (5mdCyd and dCyd). The excitation spectra taken at the emission maxima align well with
the lowest energy absorption band of SmCyd and Cyd, respectively, indicating that the emission
is an intrinsic property of these nucleosides (Figure S1). Using the steady-state photophysical data
and the Strickler-Berg equation,?”* fluorescence lifetimes of 4.0 and 0.6 ps were estimated for
5mCyd and Cyd, respectively (see SI for details). These Strickler-Berg fluorescence lifetimes are
in relatively good agreement with the experimentally obtained fluorescence lifetimes of 4.3 to

6.1'%2! for SmdCyd and 0.720 ps® for Cyd.
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Figure 1. (a) Molar absorption spectra of SmCyd (red) and Cyd (black) in 16 mM phosphate
buffer, pH 7.4. (b) Steady-state fluorescence emission spectra of SmCyd (red) and Cyd (black)
following excitation at 255 nm using a PMT voltage of 800 V with 5 nm slit widths and a scan

rate of 20 nm/min.

To investigate the electronic relaxation pathways of 5SmCyd upon excitation at 267 nm,

femtosecond broadband transient absorption spectroscopy was performed in back-to-back



experiments with the Cyd. As described in detail in the SI, the transient absorption data were
corrected for the hydrated electron signal that originates from the two-photon absorption of the
water solvent using the method developed by Kohler and coworkers.*® Importantly, we also
collected transient data exciting at 267 nm with low photon density conditions to avoid the
formation of hydrated electrons from the solvent, as previously described.’!> The latter results
are shown in Figures S2 to S6. The transient absorption signals under both conditions are very
similar from ca. 430 to 700 nm once the transient spectra under higher photon density conditions
are corrected for the hydrated electron signal. However, as explained elsewhere®! and in the SI,
the transient spectra in Figure 2 is overcorrected from ca. 320 to 450 nm due to an additional
coherent signal from the solvent within the cross correlation of the pump and probe beams in this
spectral region (see Figure S7).

Following excitation of SmCyd at 267 nm, a broad transient species is observed with maxima
below 320 and 550 nm and a negative amplitude AA signal that grows in at ca. 350 nm (Figure
2a). This negative amplitude AA signal corresponds very well with the steady-state fluorescence
emission and therefore, is assigned to stimulated emission. During the time delays between 0.15
and 0.99 ps, a decrease and blue shift in amplitude in the UV region is observed with a maximum
at ca. 360 nm, while a small red shift is observed in the visible region (Figure 2b). Finally, as
shown in Figure 2¢, a uniform decay across the entire probe region is observed between 0.99 and
31 ps. Similarly, for Cyd, a broad transient species is observed following excitation with maxima
below 320 and at ca. 400 and 580 nm (Figure 2d,e). Between time delays of 0.13 and 3.2 ps, a
decrease in the amplitude of the band at 580 nm is observed, while the band around 400 nm barely
changes in amplitude (Figure 2¢). From 3.2 to ca. 90 ps, the absorption bands with maxima below

320 and at ca. 400 nm fully decay and no other transient signal is observed at 2.7 ns (Figure 2f).



The full broadband transient absorption data for SmCyd and Cyd were satisfactorily fitted with a
two and three-component sequential kinetic model, respectively. The global, average lifetimes are
reported in Table 1. Evolution associated difference spectra (EADS) and representative kinetic
traces extracted from the global and target analyses of the solvent-corrected transient data are
shown in Figure 3, while those under low photon density conditions are reported in Figures S3 and
S4. We remark that the transient data that are corrected for the solvent signal (i.e., under high
photon density) and the transient data that do not require solvent correction (i.e., under low photon

density) can be satisfactorily globally fit with the same set of lifetimes shown in Table 1.
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Figure 2. Selected transient absorption spectra of SmCyd (a-c) and Cyd (d-f) in 16 mM phosphate
buffer pH 7.4, following excitation at 267 nm. Note, the break in the abscissa to remove the
overtone of the pump. The gray boxes denote areas of overcorrection of hydrated electron due to
an additional coherent signal from the solvent within the cross correlation of the pump and probe

beams in this spectral region (i.e., from time delays of ca. -0.4 to 0.4 ps. See, Figure S7 in SI).

Table 1. Global lifetimes of 5SmCyd and Cyd following excitation at 267 nm in phosphate buffer

7.4. All errors are reported as twice the standard deviation.

SmCyd Cyd
T, 0.2+0.1ps 0.1 £0.1ps
T, 7.1 +0.2ps 1.4+ 0.1ps
T3 - 43.7+ 8.1 ps

Based on quantum chemical calculations computed at the MS-CASPT2/MM level of theory in
water,!8 the S1 and S excited states are predicted to be of nn* character, whereas the S3 excited
state is of nnm* character for both SmCyd and Cyd. The two low lying 'mn* excited states in the
Franck-Condon (FC) region were found to be at 4.19 and 4.79 eV for 5SmCyd and at 4.46 and 4.79
eV for Cyd. Therefore, following excitation at 267 nm, it is expected that both the S; and Sz excited
states could be populated simultaneously. In such a case, internal conversion from the Sz to Si
excited state is proposed to occur ultrafast, i.e., < 100 fs, and therefore, may not be observed within
our experimental time resolution of approximately 250 fs. Hence, we assigned the first, instrument

response-limited lifetime of 0.1 and 0.2 ps of each molecule to a movement along the S: potential



energy surface away from the FC region toward a local minimum. This is supported by the

1.'8 and Pepino et al.>* The former group found

computational work by Martinez-Fernandez et a
two minima for both 5mCyd and Cyd using TD-CAM-B3LYP/6-31(d) and MS-
CASPT2(14,10)/ANO-L level of theory. The latter group also found the same two minima for
Cyd, one planar and one bent minimum, and additionally a third minimum accessed after the S2/Si
conical intersection (CI), which has out-of-plane puckering at Cs4 with strong coupling to the 'nomr*
excited state.*® The black EADS 1 in Figures 3b and S3 is therefore, assigned to a linear
combination of the 'nn* planar, twist, and C4 out-of-plane puckered minima, and possibly with
some contribution from the 'nnm* state, which is in good agreement with the simulated excited
state absorption spectra (ESA) computed by Pepino et al.>* The small fluorescence quantum yield
of ca. 10™* for both molecules, lend support to the idea that the Si minimum of both 5mCyd and
Cyd is fairly shallow. For Cyd, we propose two primary relaxation pathways occur from the Si
minimum: (1) fluorescence and (2) S1 mw™* — So internal conversion. This competitive process is
assigned to the second lifetime of 1.4 + 0.1 ps. The decay of the 'nn* via fluorescence and internal
conversion is in good agreement with those reported previously for cytosine, where the conical
intersection is accessed through out-of-plane ethylenic twisting of the Cs-Cs bond.!®2%3542 The
red EADS 2 (Figures 3b and S3b) is assigned to a combination of the 'nn* twist and Cs4 out of
plane puckered minima. Lastly, the third lifetime of 43.7 + 8.1 ps for Cyd is assigned to
nonradiative decay of the 'nnm* state, which is also in good agreement with the lifetime previously
reported in literature.!%*~4 It has been suggested that in cytosine the 'nnm* state is accessed near
the FC region, however, it is still unclear if internal conversion originates from the Si nn*, So ™,

or from both states.!®*? The blue EADS 3 (Figure 3b) is therefore primarily assigned to the

absorption of the 'nnm* minimum, which is supported by the ESA of the 'nnmt* minimum predicted



by Pepino et al.*?

Quantum chemical calculations for cytosine and 1-methylcytosine that includes
explicit water molecules have shown that the 'non* state is significantly higher in energy and
should not be populated upon excitation at 267 nm.*” However, we cannot rule out unequivocally
a small participation of the 'non* state (see discussion in the SI). We remark that a triplet quantum
yield of about 1% has been proposed for cytosine in aqueous solution.>>*¢ If such a small fraction
of the population reaching the 'nnmt* state in Cyd is indeed able to intersystem cross to the triplet
sate, it is possible that we are unable to detect it within the sensitivity of the spectrometer. We
note, however, that while decay channels involving intersystem crossing to the triplet manifold
have been investigated computationally for Cyd,* there is currently minimal experimental

3336 and no computational evidence*’ supporting the population of the triplet state in Cyd

evidence
in aqueous solution. Furthermore, the transient absorption experiments by Wang et al.!” and Ma et

al.'® do not observe the population of a triplet state, in agreement with our results.

10
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Figure 3. Representative kinetic traces and evolution associated difference spectra (EADS) of
5mCyd (a,b) and Cyd (c,d) following excitation at 267 nm in phosphate buffer pH 7.4, globally fit
with a three or two-component sequential model, respectively. See Figure S3 in the SI, which

reports the EADSs from ca. 320 to 700 nm. Note, in panel (c), EADS2 and EADS3 have been

scaled by a factor of 2 and 5, respectively.

Following ultrafast S2 — S internal conversion and movement along the Si potential energy

surface, SmCyd is proposed to decay primarily through nonradiative relaxation to the ground state,

11



with a small amount of the excited state population decaying via fluorescence. Similar to Cyd, the
second lifetime is assigned to a competitive process between fluorescence (minor pathway) and Si
lnn* — S internal conversion (primary pathway). Importantly, however, with a lifetime value of
7.1 £ 0.2 ps, and consistent with the five-fold larger fluorescence yield of 5SmCyd compared to
Cyd, the decay lifetime of the Si an* state in SmCyd is 5X longer than that observed for Cyd,
suggesting an energetic barrier might retard access to the Si/So ethylenic twisting CI. This idea is
supported by quantum chemical calculations that demonstrated an energetic barrier of ca. 0.1 to
0.3 eV between the bent global minima and Si/So ethylenic twist CI of SmCyd compared to an
barrier of < 0.1 for Cyd.!® We also note that our reported S; lifetime for SmCyd is in good
agreement with that previously reported by Sharonov et al.,>! Ma et al.,'® Wang et al.,!” Martinez-
Fernandez et al,'® and Malone et al.?* using time resolved fluorescence and absorption
spectroscopies.

Interestingly, the work by Wang et al.!” also reported the population of a long-lived excited state
in 5SmCyd, preliminarily assigned to a 'nm* state, persisting beyond a few nanoseconds in buffer
solution at pH 7.4. This observation is in contrast to the transient absorption results reported in
Figures 2 and S2, which show full decay of the excited state population within tens of picoseconds.

We note that the results presented in Figures 2 and S2 are in agreement with those of Ma et al.'®

Since Wang et al. performed the correction of the two-photon ionization solvent signal,® it is
currently unclear why they observed a long-lived nanosecond signal with absorption maximum
around 670 nm but we and others'® do not. Unfortunately, we cannot rule out the possibility of an
impurity contributing to their transient data because the authors did not reported the emission and
excitation spectra of the solutions.!” We remark, however, that all other transient absorption results

reported in this Letter, and by Ma et al.,'® are consistent with those reported by Wang et al.'’

12



To investigate the photoreactivity of SmCyd relative to Cyd, low intensity laser irradiation
experiments were performed back-to-back exciting at 267 nm with a matched absorbance at the
excitation wavelength (Figure 4), as has been reported recently for N1-methylpseudouridine and
uridine.** Irradiation of both molecules results in a decrease in absorbance at the lowest energy
band and at the higher energy absorption band near 200 nm. A simultaneous increase in absorbance
and red shift is observed for the absorption band originally at 239 and 232 nm for 5SmCyd and Cyd,
respectively. In addition, isosbestic points are observed at 228 and 252 nm for Cyd. These changes
in the absorption spectra with an increased irradiation time evidence the formation of
photoproducts for both SmCyd and Cyd. We note that similar absorption trends were detected by
Todd et al.** and Burr et al.*® for Cyd. Importantly, however, we demonstrate that SmCyd
photodegrades with a rate that is three-fold smaller than Cyd under identical experimental
conditions at pH of 7.4. The increased photostability of SmCyd compared to Cyd is also consistent
with the population of an excited state in Cyd that is six-fold longer-lived than the longest excited

state in SmCyd (Figure 2 and Table 1).
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Figure 4. Photodegradation of 5SmCyd (a) and Cyd (b) following low intensity laser irradiation at
267 nm in back-to-back experiments with matched optical densities at excitation wavelength in 16

mM phosphate buffer pH 7.4, under ambient conditions. Initial rates of photodegradation for Cyd
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(black triangles) and SmCyd (red circles) are shown in panel c. Errors are reported as twice the

standard deviation.

Before closing, we present high-performance liquid chromatography (HPLC) and computational
results, and photodegradation experiments in acetonitrile, in the SI to partially characterize the
primary photoproducts formed in both SmCyd and Cyd under the experimental conditions used in
this work (see Figures S8 to S13). We remark that the complete characterization and identification
of the Cyd photoproducts have proven challenging because of the formation of photohydrates is
reversible and the possibility of deamination at the Cs position.*>*° The report of a longer-lived

'nm* state in this Letter, and in previous works, 643746

which is not detected in 5SmCyd (Figure 2),
lend important support to the idea that a 'nt* excited state of Cyd participates in the formation of
one or more of these photoproducts.*’” This seems to be particularly the case for the 6-
hydroxycytidine photohydrate (see Figure S10 and discussion in the SI).

Through the combination of steady state absorption/emission, time resolved absorption
spectroscopy, and low-intensity laser irradiation experiments, we have investigated the excited
state relaxation pathways for both SmCyd and Cyd upon excitation at 267 nm and reported a three-
fold higher relative photostability of SmCyd compared to the canonical RNA nucleoside Cyd in
phosphate buffer pH 7.4. We have also shown that a 'nn* state of Cyd decays with a lifetime of
ca. 44 ps in aqueous solution upon excitation at 267 nm and detected no spectroscopic evidence
for the population of a nanosecond excited state. The 'nn* state is directly implicated in the
formation of 6-hydroxycytidine and other primary photoproducts. The slower S1 nr* state internal
conversion to the ground state observed in SmCyd compared to Cyd, is proposed to be due to the

higher energy barrier required to access the ethylenic Cs-Ce twist S1/So conical intersection due to

the presence of the methyl group. We highlight that even though the 'nr* excited state decay is 5-
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fold slower in SmCyd than in Cyd, the three-fold decreased photodegradation rate demonstrates
that monomeric SmCyd is more photostable than Cyd in aqueous solution at pH 7.4 and suggests
that a 'nm* state plays an important role in the formation of photoproducts in Cyd, as previously
proposed.*’>! Given that the primary photoproducts observed in SmCyd have similar absorption
spectra than those of Cyd (see Figure S9 in the SI), it is possible that an analogous 'nn* state is
also populated in 5SmCyd but at ca. three-fold lower yield than in Cyd. This idea, together with the
fact that stimulated emission in SmCyd occurs in the same spectral region, could explain why a
'nm* state is not detected in Figures 2, S2, and S5. Finally, the three-fold lower photodegradation
of 5mCyd compared to Cyd suggests that SmCyd could be a safe choice for incorporation into
mRNA vaccines. However, we remark that future research to investigate the photoreactivity of
5mCyd when incorporated in single and double-stranded RNA oligonucleotides is essential
because base stacking and base pairing interactions, and its different redox potential compared to

Cyd, could significantly change its photostability when incorporate into RNA.
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Supplemental Information
1. Materials and Methods

Cytidine (Cyd, 99% purity), S-methylcytidine (SmCyd, > 99%), and extra dry acetonitrile (ACN)
were purchased from Sigma Aldrich used as received. Phosphate buffer solutions with total phosphate
concentration of 16 mM from monosodium and disodium phosphate salts dissociated in ultrapure water
(Millipore) were freshly prepared the day of each laser irradiation experiment. The pH of the solution was
adjusted using 0.1 M solutions of NaOH and HCI to the desired pH of 7.4 (£ 0.1 pH units).

1.1 Steady-state Spectroscopy

Steady-state absorption and emission spectra were recorded using a Cary 100 and Cary Eclipse
spectrometer, respectively. Excitation and emission spectra were obtained using a PMT voltage of 800 V
with 5 nm slit widths and a scan rate of 20 nm/min. Solutions for emission and excitation spectra were
prepared with an optical density of ~0.18 at excitation wavelengths of 255, and 267 nm (Figures S1 and
S2). The fluorescence spectra were corrected for Raman emission of the solvent and for the lamp intensity
at each respective wavelength. The fluorescence quantum yield was calculated following equation 1:

- ¢, .1.00r, n*
P = D IR OD ng? (1)

where ® represents the fluorescence quantum yield, / is the integrated area under the emission spectrum,
OD is the optical density at excitation wavelength, and 7 is the refractive index of the respective solvent.'
The subscript R denotes the fluorescence standard, thymidine, of known quantum yield.

1.2 Strickler-Berg Lifetimes

Fluorescence lifetimes were estimated using the Strickler-Berg (SB) equation (2) as previously
described.’* Briefly, the steady-state absorption spectra measured in 16 mM phosphate buffer, pH 7.4 were
plotted versus wavenumber. The area under the lower energy absorption band was integrated from 39290-
31013 cm™ for 5SmCyd and 39908-32265 cm™ for Cyd.



(r§?) ™ = = 8Tn[2303(57%) ] J 2OFH 2)

In equation 2, n is the refractive index of the solvent, c¢ is the speed of light, N4 is Avogadro’s number, and
Uy is the emission frequency in wavenumbers. (07 3)~1was estimated by the cube of the emission maximum
of each nucleoside, 345 and 330 nm for SmCyd and Cyd, respectively, in units of wavenumber. Lastly,
fluorescence lifetime was estimated by multiplying the Strickler Berg radiative lifetime, 752, by the
experimentally obtained fluorescence quantum yield.

1.3 Low Intensity Irradiation Experiments

The degradation excitation laser source of 267 nm was generated from the 800 nm fundamental
beam, as previously described by Krul et al.” The excitation pulse was reduced to a spot size of ~3.0 mm
(3.010 £ 0.005 mm) using the knife edge method; while the average energy of the excitation beam was
attenuated to 2 uJ with use of a neutral density filter, for an estimated average quantum flux of 3.8 x 1016
cm? s, as described in more detail elsewhere.’ The samples were matched at 0.65 absorbance units in 1
cm cuvettes at excitation wavelength for all solvents. The homogeneity of the solutions was maintained
throughout the experiment through use of a Teflon-coated magnetic stir bar and a magnetic stir plate set to
1400 rpm.

1.4 Transient Absorption Spectroscopy

The experimental setup and data analysis used for the femtosecond broadband transient absorption
spectroscopy (TAS) technique have been described in great deal elsewhere.®® Briefly, the TAS
spectrometer (Helios, Ultrafast Systems) make use of a Ti:Sapphire oscillator (Vitesse, Coherent), which
seeds a regenerative amplifier (Libra-HE, Coherent) producing 100 fs pulses, centered at 800 nm, and with
a 1 kHz repetition rate. Generation of the 267 nm excitation pulse was done as described previously® by
pumping an optical rail kit (FKE series, EKSMA optics). A translating 2 mm CaF, window was used to
generate the white light continuum in the spectral probe window from 320 to 700 nm.

The absorbance of the sample solutions at the excitation wavelength were all matched at 1.1 and
1.65 during low intensity (average quantum flux of 1.7 x 10" cm™ s") and high intensity (average quantum
flux of 8.6 x 10" cm™ s') TAS experiments, respectively. The homogeneity of the solutions in a 2 mm path
length fused silica cell, was maintained by continuous stirring with a Teflon-coated magnetic stirbar. To
minimize the putative contamination of the transient signals by the formation of any photoproducts
absorbing at the excitation wavelengths, freshly prepared samples were used, and frequently refreshed over
the course of data acquisition such that the absorption maximum of the samples at excitation wavelength
did not decrease by more than 5 percent.

Data collection was performed with the Helios collection software, data pre-processing in Surface
Explorer, while global and target data analyses were performed using the Glotaran graphical user interface
to the R-package TIMP software.” The full multidimensional data set for low intensity TAS experiments
for Cyd was globally fit using a three component sequential kinetic model, whereas a two component
sequential kinetic model was used for SmCyd. The high intensity transient absorption data was cropped
from 430-700 nm and then globally fit using the same kinetic modeling from the low intensity TAS. All
kinetic fits were convoluted with a Gaussian instrument response function of 250 £ 50 fs (FWHM). The
evolution associated difference spectra (EADS) were extracted from the global and target analysis.” ™!



1.5 Reverse Phase HPLC Separation

Samples were freshly prepared the day of each experiment in ultrapure water, pH 5.6, to have an
absorbance of 1.0 at the excitation wavelength of 267 nm. Following one photon irradiation as described in
the transient absorption spectroscopy methods, irradiated samples were analyzed by using a HPLC
(Shimadzu LC-20AD) associated with a photodiode array (PDA) detector (Shimadzu SPD-M20A) at room
temperature. A Synergi Fusion RP column (Phenomenex, 4 pm, 25 cm x 4.6 mm) was used to separate the
parent chromophore from its photoproducts. A 10 pL aliquot of the irradiated solution was injected into the
HPLC through a manual injector. Ultrapure water (pH 5.6) was used to elute the sample with a flow rate of
0.5 mL min™".

1.6 Quantum Chemical Calculations

All calculations were performed using the ORCA'? 5.0.2 software package. Ground state structures
were optimized using the Gaussian electronic structure program implementation of the B3LYP
(B3LYPg)'*! functional and excited state computations used the PBE0'® functional, all utilizing the def2-
TZVPD basis set'®'” and D3BJ atom-pairwise dispersion correction to the DFT energy with Becke-Johnson
damping.'®" All structures were optimized without any geometrical or symmetry constraints and were
verified as true minima on the potential energy surface via frequency analysis, ensuring the Hessian matrix
of energy second derivatives were without imaginary eigenvalues at the same level of theory. As previously
described elsewhere,? accelerating two electron integral computations, the resolution of the identity?' (R1J)
approximation was used for the Coulomb portion, while the chain of spheres exchange* (COSX) algorithm
was used for the exchange part of the electron-electron interaction. For ground state optimizations, the
RIJCOSX approximation was turned off for the last steps of optimization. To model solvation in aqueous
solution, all calculations took advantage of the default LR-CPCM model as well as the Gaussian charge
scheme, where the number of Lebedev points were increased to 302. Additionally, calculations for the 6-
OH photohydrate of cytosine, 6-hydroxycytosine, included explicit solvation using 5 water molecules in
addition to the implicit (CPCM) solvation modelling. Visualization of the output geometries and their
associated simulated absorption spectra utilized Avogadro, fitting each electronic transition with a Gaussian
shape having a peak width of 20 nm.



2. Supplementary Results

2.1 Comparison of Absorption and Excitation Spectra
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Figure S1. Comparison of normalized absorption (black) and excitation spectra (blue) of (a) SmCyd and
(b) Cyd in 16 mM phosphate buffer pH 7.4, holding emission at 330 nm and 345 nm, respectively, using a
PMT voltage of 800 V with 5 nm slit widths and a scan rate of 20 nm/min.



2.2 Transient Absorption Experiments under Low Photon Density Conditions
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Figure S2. Selected transient absorption spectra of SmCyd (a-c) and Cyd (d-f) in 16 mM phosphate buffer
pH 7.4, following excitation at 267 nm. (Transient decay signals for SmCyd for up to 3 ns and neat solvent
are shown in Figures S5 and S6, respectively).

To eliminate the formation of hydrated electrons due to two-photon ionization of the solvent, one
photon irradiation conditions were used as previously described.”*** Following excitation of 5SmCyd at
267 nm, a broad transient species is observed across the entire probe window region (Figure S2a), with
maxima at approximately 320 and 575 nm. During the time delays between -0.24 and 0.45 ps, a decrease
and blue shift in amplitude in the UV region is observed with a maximum at ca. 350 nm, while there is no
change observed in the visible region (Figure S2b). This negative amplitude AA signal that grows in at ca.
350 nm corresponds very well with the steady-state fluorescence emission and therefore, is assigned to
stimulated emission. Finally, as shown in Figure S2c, between 0.45 and 24.6 ps, a uniform decay is observed
across the entire probe region. Similarly, for Cyd, a broad transient species is observed following excitation
with maxima at ca. 320 and 600 nm (Figure S2d). Between time delays of -0.15 and 4.61 ps, a decrease in
amplitude is observed across the entire transient absorption spectrum to a small-amplitude signal with a
maximum at ca. 370 nm (Figure S2¢). This small-amplitude signal fully decays by a time delay of ca. 150
ps (Figure S2f). The full broadband transient absorption data for SmCyd and Cyd were satisfactorily fitted
with a two and three-component sequential kinetic model, respectively. The global, average lifetimes are
reported in Table 1. Evolution associated difference spectra (EADS) and representative kinetic traces
extracted from the global and target analyses are shown in Figures S3 and S4, respectively.
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Figure S3. Evolution associated difference spectra (EADS) of SmCyd (a) and Cyd (b) following excitation
at 267 nm in phosphate buffer pH 7.4, globally fit with a three or two-component sequential model,
respectively. Note, in panel b, EADS2 and EADS3 have been scaled by a factor of 2 and 5, respectively.
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Figure S4. Representative kinetic traces of 5SmCyd (left) and Cyd (right) following excitation at 267 nm
in phosphate buffer pH 7.4, globally fit with a three or two-component sequential model, respectively.
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Figure S5. Selected transient absorption spectra of SmCyd in phosphate buffer pH 7.4, following excitation
at 267 nm over the full 3 ns time window. Note, the break in the abscissa to remove the overtone of the

pump.
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Figure S6. Select transient absorption spectra of neat phosphate buffer pH 7.4 following excitation at 267
nm, showing absence of hydrated electron species.



2.3 Transient Absorption of the Phosphate Buffer at High Photon Density Conditions
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Figure S7. Transient absorption spectra of the phosphate buffer solution at pH 7.4 following laser excitation
at 267 nm under high photon density.

Figure S7 shows the transient absorption spectra of phosphate buffer solution at pH 7.4 following
laser excitation at 267 nm under the same high photon density conditions used in Figure 2. As described
previously by Krul et al.’, under this higher photon density conditions, a coherent absorption band is
observed at probe wavelengths below ca. 450 nm within the cross correlation of the pump and probe beams.
This is followed simultaneously by the observation of the hydrated electron band resulting from the two-
photon absorption of the water solvent. The correction of the transient data for SmCyd and Cyd for the
latter process is done straightforwardly using the methodology originally developed by Kohler and
coworkers.”* However, a correction procedure to eliminate the coherent signal from the solvent is not
straightforward because it also contains the absorption of the hydrated electron band that expands all the
way to 320 nm.? A correction of the transient absorption spectra for the two-photon hydrated electron band
using the standard method,* leads to an over correction of the transient signal in the spectral region from
ca. 320 to 450 nm.’ This is the reason for why it is important to use low photon density conditions when
exciting at 267 nm (as shown in Figure S2 and S5 above), if the goal is to report the broadband data of a



DNA/RNA monomer (or any other chromophore) all the way from the UV to the visible. This is also the
reason for why the transient data shown in Figures 2 and 3 of the main paper are “masked” or not shown
below the probe wavelength of ca. 450 nm.

2.4 Partial Characterization of Primary Photoproducts

Figure S8 shows the changes in absorption spectra for SmCyd and Cyd upon low intensity laser
irradiation. The absorbance of the solutions was matched at the irradiation wavelength of 267 nm and the
experiments were performed under back-to-back conditions in ultrapure water at pH 5.6. At this pH, 5SmCyd
exists as an equilibrium of the protonated (4.8%) and neutral keto (95.2%) forms, while Cyd exists as an
equilibrium of the protonated (3.8%) and neutral keto (96.2%) forms, given the pKa values of 4.3 and 4.2
for SmCyd?® and Cyd,* respectively. We used ultrapure water at pH 5.6 for these experiments because the
separation of the photoproducts using high-performance liquid chromatography (Figure S9) shown below
required the use of ultrapure water at pH 5.6 as a mobile phase for optimal separation. As reported in Figure
4 in phosphate buffer solutions at pH 7.4, irradiation of both molecules at pH 5.6 results in a decrease in
absorbance of the lowest energy band and of the higher energy absorption band near 200 nm. A
simultaneous increase in absorbance and red shift is observed for the absorption band originally at 239 and
232 nm for SmCyd and Cyd, respectively. In addition, isosbestic points are observed at 233 and 256 nm for
SmCyd and at 234 and 250 nm for Cyd. These changes in the absorption spectra with an increased
irradiation time evidence the formation of photoproducts for both SmCyd and Cyd (as reported in Figure 4
but at pH 7.4). SmCyd was found to photodegrade with a rate that is three-fold smaller than Cyd in ultrapure
water at pH 5.6. The increased photostability of SmCyd compared to Cyd is consistent within the error to
the experimental observations reported in the main text using phosphate buffer at pH 7.4. For Cyd, the
increase in absorbance near 240 nm has previously been suggested to be due to the formation of 5,6-
saturated cytosine monomers, where 6-hydroxy-5,6-dihydrocytosine and fB-D-ribocytidine-2°, 3’-cyclic

phosphate have been proposed as plausible photoproducts.
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Figure S8. Photodegradation of 5SmCyd (a) and Cyd (b) following low intensity laser irradiation at 267 nm
in back-to-back experiments with matched optical densities at excitation wavelength in ultrapure water pH
5.6, under ambient conditions. Initial rates of photodegradation for Cyd (triangles) and 5SmCyd (circles) are
shown in panel c. Errors are reported as twice the standard deviation.

Figure S9 shows the separation of the photoproducts of SmCyd and Cyd after 10 minutes of low-
intensity laser irradiation at 267 nm in ultrapure water at pH 5.6. The absorption spectra of the primary



photoproducts are also shown, while those of other minor photoproducts are not shown. Using ultrapure
water at pH 5.6 as the mobile phase, the parent nucleoside elutes at ca. 23 minutes for 5SmCyd and at ca. 10
minutes for Cyd, well separated from the primary photoproducts. Note that the elution time of Cyd slightly
changes before and after irradiation. We suggest this is due to a small change in the pH of the irradiated
solution given that the irradiation experiments were performed in unbuffered, ultrapure water. The longer
elution time of Cyd after irradiation (compared to before irradiation) was reproducibly observed in multiple
independent irradiation experiments.
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Figure S9. High-performance liquid chromatograms and absorption spectra of the primary photoproducts
of 5SmCyd (left) and Cyd (right) before and after low-intensity laser irradiation at 267 nm in ultrapure water,
pH 5.6. Samples were freshly prepared the day of each experiment in ultrapure water (pH 5.6) to have an
absorbance of 1.0 at the excitation wavelength of 267 nm.

The primary photoproducts of SmCyd elute at ca. 3.7, 8.5, and 10.9 minutes and exhibit absorption
bands with absorption below ca. 310 nm (Figure S9 bottom, left). Similarly, the primary photoproducts of
Cyd elute with a retention time of ca. 3.3, 5.0, and 5.5 minutes and exhibit absorption bands below ca. 300
nm (Figure S9 bottom, right). The similar retention times and absorption spectra for the primary
photoproducts of SmCyd and Cyd suggest that their structures should be similar, but are formed in
significantly less amount (i.e., ca. 3-fold) in SmCyd than in Cyd. These observations further suggest that
the excited state(s) responsible for their formation is(are) the same in both nucleosides but it is(are)
populated in significantly less yield in SmCyd than in Cyd, whether at pH of 5.6 or 7.4. The report of a



longer-lived 'nym* state in this Letter, and in previous works,**** which is either formed in significantly

less yield and cannot be detected in SmCyd (Figure 2), lend indirect support to the idea that the 'nym*
excited state participates in the formation of one or more of these photoproducts. This idea, together with
the fact that the stimulated emission occurs in the same spectral region, could explain why 'nym* excited
state in SmCyd is not detected in Figures 2, S2, and S5. Further discussion about the possible participation
of the 'nym* excited state in the formation of one or more photoproducts is presented below.
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Figure S10. Comparison of 6-OH cytidine photohydrate pH 8.4 reported by Fisher and Johns®’ (gray,
dashed) with (a) the Cyd photoproduct at time 3.30 min (red) in ultrapure water, and (b) with the simulated
absorption spectrum of 6-OH cytosine (purple). The simulated spectrum was computed at the TD-PBEO-
D3BJ/CPCM(+5W)/ def2-TZVPD//B3LY Ps-D3BJ/CPCM(+5W)/def2-TZVPD level of theory and shifted
to the red by 16 nm.

Figure S10a compares the absorption spectrum of the Cyd photoproduct eluting at 3.3 minutes with
the absorption spectrum of 6-hydroxycytidine photohydrate reported by Fisher and Johns*® at pH 8.4. Both
absorption spectra closely resemble each other. The exception is the high-energy absorption band around
ca. 210 nm, which has somewhat lower intensity in the 6-hydroxycytidine photoproduct compared to the
photoproduct eluting at 3.30 min. We have also optimized the ground state of 6-hydroxycytosine in a hybrid
5 explicit waters (SW) with implicit CPCM water solvation model and simulated its absorption spectrum
at the TD-PBEO-D3BJ/CPCM(+5W)/def2-TZVPD//B3LYPs-D3BJ/CPCM(+5W)/def2-TZVPD level of
theory. The simulated absorption spectrum compares fairly well with the absorption spectra of the 6-
hydroxycytidine photoproduct (and that eluting at 3.3 min). Once again, the exception is with the high-
energy band around 210 nm that has significantly more intensity in the simulated spectrum for 6-
hydroxycytosine (Figure S10b). Taking into consideration that the absorption of the photoproduct eluting
at 3.3 min was collected using a photodiode array detector of a HPLC instrument and at pH of 5.6, while
that of the 6-hydroxycytidine photoproduct was recorded at pH of 8.4, presumably in a UV-vis
spectrophotometer, we argue that the agreement between both spectra is quite satisfactory. Collectively, the
experimental and computational data reported herein suggest that the photoproduct eluting at 3.3 min is
likely the 6-hydroxycytidine photoproduct.

In 1972, Burr et al.*’ presented experimental evidence that the Cyd photohydrates are not formed
from the fluorescence excited singlet state or the triplet excited state but likely from a 'nn* excited state or



a singlet excited water-Cyd complex. Recently, Szabla and coworkers*! investigate the formation of the 6-
hydroxycytidine and other photoproducts computationally using cytosine (C) and 1-methylcytosine (1mC)
complexed with two explicit water molecules at the CC2 and MR-CISD levels of theory. The authors
concluded that a 'nm* state primarily associated with a ny molecular orbital and characterized by
pronounced water-to-C or water-to-1mC charge transfer and a strong water-N3 interaction, can give rise to
the formation of 6-hydroxycytidine, oxazolidinone, and a-uridine photoproducts. The experimental and
computational results by Burr and Szabla lend further support to our proposal that the 'nym* excited state
give rise to the formation of 6-hydroxycytidine and likely to others of the primary photoproducts of Cyd
(and conceivably in 5SmCyd) in aqueous solution, possibly through the reaction mechanism described
Szabla and coworkers.*' See, Figures 5 and 6, and associated discussion in their paper.*!

2.5 Photodegradation Rates in Acetonitrile
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Figure S11. Photodegradation of 5SmCyd (a) and Cyd (b) following low intensity laser irradiation at 267
nm in back-to-back experiments in dry (<0.01% water) acetonitrile (ACN), under ambient conditions.
Initial rates of photodegradation for Cyd (red pen triangles) and SmCyd (red circles) are shown in panel (c).
Errors are reported as twice the standard deviation.

To further supports the idea that 6-hydroxycytidine and other primary photoproducts are formed
from an 'nym* excited state reacting with a water molecule, Figure S11 presents the changes in the
absorption spectra for SmCyd and Cyd following low intensity laser irradiation at 267 nm in dry (< 0.01%
water) acetonitrile at ambient conditions. The corresponding photodegradation rates are also reported in
panel (c). The photoreactivity of both SmCyd and Cyd decreases by two to three orders of magnitude
relative to the experiments performed in aqueous solution. This observation strongly support the idea that
water molecules play a key role in the formation of the main photoproducts, as proposed above and
predicted by quantum chemical calculations.*!



2.6 Other Primary Photoproducts
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Figure S12. Comparison of the HPLC separated photoproduct of Cyd following irradiation at 267 nm at
elution times of 4.96 min (a, blue solid line) and 5.48 min (b, green solid line) with the simulated spectrum
of the hypothesized intermediate on UV irradiation of §-d-ribocytidine-2’,3’-cyclic phosphate suggested
by Powner et al.*' and Todd et al.** (teal, dashed line). The simulated absorption spectrum was computed
in water at the TD-PBE0-D3BJ/CPCM/def2-TZVPD// B3LYPs-D3BJ/CPCM/def2-TZVPD level of theory
and red shifted by 20 nm.

Figure S12 compares the absorption spectra of the photoproducts eluting at 4.96 and 5.48 min with
the simulated absorption spectrum of the -d-ribocytidine-2’,3’-cyclic phosphate intermediate suggested
by Powner et al.’! and Todd et al.** Unfortunately, the experimental absorption spectrum of S-d-
ribocytidine-2’,3’-cyclic phosphate is not reported by the authors. The agreement of the experimental
spectra of the photoproducts eluting at 4.96 and 5.48 min (recorded at pH 5.6 and with the HPLC photodiode
array detector) with the calculated spectrum is reasonable, particularly for the photoproduct eluting at 4.96
min. However, we remark that more experimental and computational work is necessary to characterize
these photoproducts unequivocally.
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Figure S13. Simulated absorption spectrum of the oxazolidinone photoproduct’’**™*¢ in water at the TD-
PBE0-D3BJ/CPCM/def2-TZVPD//B3LY Ps-D3BJ/CPCM/def2-TZVPD level of theory.

Finally, Figure S13 reports the simulated absorption spectrum of the oxazolidinone photoproduct
in water. Sutherland and coworkers characterized oxazolidinone as a major photoproduct of a-Cyd.*' >4
This photoproduct is predicted to absorb below 200 nm, which is below the detection cutoff of the
photodiode array detector of the HPLC used in this study. Its absorption spectrum is provided here for
completeness.

2.7 On the Participation of the 'non* State

Figure S14 compares the EADS3 reported in Figure S3b both with the absorption spectrum of the
'nNmt* state and with the absorption spectrum of a linear combination of the 'nym* and 'non* states. While
the absorption spectrum of the 'nym* state compares satisfactorily well with the EADS3, a 50%:50% linear
combination of the absorption spectrum of the 'nyn* and either the planar or twisted 'non* states also seems
to be in fair agreement. Note that the predicted absorption spectra of the planar and twisted 'non* minima
are practically identical and, hence, do not affect the linear combination. We cannot rule out a minor
participation of the 'non* state in the experimental data. However, we note that if both 'nyn* and 'nom*
excited states were populated in Cyd, their excited state decay lifetimes would be expected to be different
from each other. Because the absorption spectrum of the 'non* state is predicted to have more intensity
around 330 nm, while that of 'nxm* state is predicted to have more intensity around 420 nm and 550 nm
(i.e., relative to each other), we have normalized the decay traces at these three probe wavelengths (see,
Figure S15). As can be seeing in Figure S15, the dynamics are practically identical within the signal-to-
noise and decay in lock step with each other for kinetic traces at 330 nm and 420 nm, however the dynamics
are vastly different at 550 nm. This provides strong experimental evidence that the EADS3 is primarily
associated to a single transient species (the absorption of the 'nym* state) and not to a combination of two
or more transient species. This idea is further supported by quantum chemical calculations for cytosine and
1-methylcytosine that includes explicit water molecules,*' which have shown that the 'nym* minimum is



lower in energy than the'non* minima, and the 'nom* state is also significantly higher in energy in the
Franck-Condon region, and should not be populated to any major extent upon excitation at 267 nm.
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from Pepino et al.*’
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