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The thienoguanine nucleobase (*'Gp) is an isomorphic fluorescent analogue of guanine. In aqueous buffer at neutral pH, Gy

exists as a mixture of two ground-state H1 and H3 keto-amino tautomers with distinct absorption and emission spectra and

high quantum yield. In this work, we perfomed the first systematic photophysical characterization of t"Gp as a function of pH

(2 to 12). Steady-state and time-resolved fluorescence spectroscopies, supplemented with theoretical calculations, enabled

us to identify three additional *"Gy forms, resulting from pH-dependent ground-state and excited-state reactions. Moreover,

a thorough analysis allowed us to retrieve their individual absorption and emission spectra as well as the equilibrium

constants which govern their interconversion. From these data, the complete photoluminescence pathway of "Gy in

aqueous solution and its dependence as a function of pH was deduced. As the identified forms differ by their spectra and

fluorescence lifetime, "Gy could be used as a probe for sensing local pH changes under acidic conditions.

Introduction

Numerous cellular mechanisms and pathways rely on
dynamic interactions of nucleic acids with proteins that induce local
and transient changes in their secondary and tertiary structures as
well as in their properties and functions(1-6). Though X-ray
diffraction, NMR spectroscopy or electron microscopy provide
invaluable information on the structure of protein/nucleic acid
complexes, they are less suited for monitoring the dynamics of these
interactions and their associated changes, especially in dilute
solutions. Due to their exquisite sensitivity, fluorescence-based
Their
implementation for nucleic acids, however, suffers from the lack of

techniques are highly effective for such purposes.

emissive nucleoside analogues able to reliably replace the natural
nucleobases, while maintaining favorable photophysics. Indeed,
although many structurally diverse nucleotide analogs exhibiting
probe-like properties have been developed, most of them are
strongly quenched upon incorporation into oligonucleotides (ODNs)
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and/or do not properly substitute the natural nucleobases, inducing
substantial changes in the conformation and dynamics of the labeled
sequences’ 10, This is notably the case for 2-Aminopurine (2-AP), a
very popular mimic of adenosine that is strongly quenched in
duplexes and alters the dynamics of the flanking base pairs(10). To
overcome these limitations, efforts have been devoted to designing
new generations of fluorescent nucleoside surrogates(11,12).
Among these new compounds, a particularly interesting
breakthrough has been recently achieved with the introduction of
thienoguanosine (*'G), a truly faithful emissive and responsive G
surrogate, which reliably reproduces the structural context and
dynamics of the parent native nucleoside(13). In addition, this
fluorescent G analogue remains strongly emissive when
incorporated into ODNs, and exhibits environmental sensitivity. This
fluorescent nucleoside has already been extensively used to monitor
protein/ODN interactions(6,14,15),
flipping(16), conformational

nucleotide

protein-induced base
ODNs(6,17),
ribozyme-mediated

siRNAs(19)

changes in single

polymorphism(14); cleavage

processes(18), cellular activity of and distance

measurements in DNA(15,20).

In a recent study, we demonstrated that tG exists as two
ground-state tautomers with distinct absorption and emission
spectra, and high quantum yield in aqueous buffer at neutral
pH(14,21).
tautomers identified as the H1 and H3 keto-amino tautomers (Figure

Using quantum mechanical calculations, the two
1) were predicted to coexist both in the isolated nucleoside or when
included in ODNs. Moreover, these tautomers exhibit distinct
environmental sensitivity and thus provide additional data channels

for analyzing G residues in ODNs and their complexes with proteins.



In this context, our objective was to further characterize the

photophysical properties of this information-rich fluorescent
nucleobase, by performing a systematic study as a function of pH (2
to 12). Steady-state and time-resolved experiments allowed us to
support the existence and characterize three new charged species,
as well as the equilibria between these forms and the already
characterized H1 and H3 tautomers in both the ground- and excited-
states. In addition, (TD)-DFT calculations were used to substantiate
their structure and rationalize their observed spectroscopic
properties. The characterization of the pH dependent complex
equilibria between the different tG forms opens a pathway for new

applications, such as pH sensing.
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Figure 1.a) G, forms analyzed in the present study. The formal
charge of the acidic and basic resonant forms can be located on atom
2,9 or 11. For sake of simplicity, the charge is placed in the center of
pyrimidine moiety. b) Solvation model considering 6 explicit water
molecules.

Experimental section
Materials

2-amino-3H,4H-thieno[3,4-d]pyrimidin-4-one was synthesized as
reported by Shin et al (2011)(13). This compound also called
thienoguanine (*Gp) corresponds to the nucleobase of t"G and is thus
not coupled to a ribose or deoxyribose sugar. tG, was selected for
the present study, because of the large quantities of compound
needed and the possible pH-dependent alterations of the sugar at
extreme pHs. Stock solutions of thG, were prepared in spectroscopic
grade DMSO. For measurements at the different pH values, tGp
stock solutions were diluted at a final concentration of 12 uM in
aqueous solution (<0.2% DMSO). Fresh solutions were prepared for
each pH value. Solutions at pH 2 and 3 were prepared using dilute
HCI. Solutions at pH 4 and 5 were prepared by using sodium 25 mM
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acetate—acetic acid buffer. Solutions at pH 6 and 7 were made by
using 25 mM MES and Tris buffer, respectively. For pH 8 and 9, 25mM
HEPBS buffer was used. Finally, solutions at pH 10—12 were prepared
using dilute NaOH. All buffer reagents were purchased from Sigma
Aldrich.

Steady-State Spectroscopy

Absorption spectra were collected on a Cary 4000 UV-visible
spectrophotometer (Varian). Fluorescence excitation and emission
spectra were recorded at 20°C on a FluorolLog spectrofluorometer
(Jobin Yvon) equipped with a thermostated cell compartment. The
spectra were corrected for buffer fluorescence, lamp fluctuations,
and detector spectral sensitivity. Excitation spectra of tG, were
collected at emission wavelengths of 375, 400, 450, 500, and 550 nm.
For emission spectra, excitation wavelengths were at 310, 320, 330,
340, 350, 360, and 370 nm. Quantum yields (QYs) of the tG,
solutions were determined using quinine sulphate (QY=0.546 in
0.5 M H,S0,) as a reference(22).

Deconvolution of the absorption and emission spectra was
performed based on a linear combination of the spectra of the
different pure forms of %G,. Matlab was used to determine the
contributions of the different forms by using a spectral
deconvolution algorithm. The ground-state pK, values were
the

(as determined from the

determined by fitting the dependence of x, relative

concentrations of each species
deconvolution of the absorption spectra) or the absorbance maxima
as a function of pH with a model (1) derived from the Henderson—
Hasselbalch equation, where x;, are the relative concentrations or

absorption wavelengths measured at low and high pH, respectively.

xq X 10PH-PKaD) 4 .
x=) (1)
1 + 10(PH-pKa;)

i=1,
The pK,* values were calculated using the Forster Cycle theory with
the following equation:

(hvl - hVZ)

PRa =PKa =303k, T

2)

where hv; and hv; are the energy of the 0-0 electronic transition of
the acid and basic forms, respectively. The corresponding energies
were estimated from the average of the absorption and emission
maxima of the acid and basic forms(23).

Time-resolved Spectroscopy

Time-resolved fluorescence measurements were performed using
time-correlated single-photon counting technique with excitation at
315 nm and 360 nm. Excitation pulses at 315 nm were generated by
a pulse-picked frequency-tripled Ti-sapphire laser (Tsunami, Spectra
Physics) pumped by a Millenia X laser (Spectra Physics) with a
repetition rate of 4 MHz. Excitation pulses at 360 nm were generated

This journal is © The Royal Society of Chemistry 20xx



by a supercontinuum laser (NKT Photonics SuperK Extreme) with 10
MHz repetition rate. The fluorescence decays were collected
throughout the emission spectra with 20 nm interval, using a
polarizer set at magic angle and a 16 mm band-pass monochromator
(Jobin Yvon). The single-photon events were detected with a micro-
channel plate photomultiplier R3809U Hamamatsu, coupled to a
pulse pre-amplifier HFAC (Becker-Hickl GmbH) and recorded on a
time-correlated single photon counting board SPC-130 (Becker-Hickl
GmbH). The instrumental response function (IRF) recorded with a
polished aluminum reflector showed a full-width at half-maximum of
40 ps for 315 nm excitation and 50 ps for 360 nm excitation.

Time-resolved exponential decays were fitted by using the global fit
procedure of Igor Pro (Wavemetrics). The fitting function was a sum
of exponential decays (up to 4 components) convolved with a
normalized Gaussian curve of standard deviation ¢ standing for the
temporal IRF and a Heavyside function. All emission decays were
fitted using a weighting that corresponds to the standard deviation
of the photon number squared root. The lifetimes were shared for all
emission wavelengths while the amplitudes were kept as free
parameters during the fitting (Levenberg—Marquardt algorithm).
Decay Associated Spectra (DAS)
L(AN)=aitl(A)/3 ai(\)t, where 1(A)
spectrum and a; (A) are the wavelength-dependent amplitudes.

were constructed by:

is the steady-state emission

Femtosecond Transient Absorption (TA) spectroscopy

The TA set-up is based on a chirped-pulse, regenerative amplifier
(Amplitude company) operating at 5 kHz, and producing 800 nm, 40
fs, 0.5 mJ pulses used to pump a Non-collinear Optical Parametric
Amplifier (TOPAS; Light Conversion) followed by second harmonic
generation.(24) The resulting light beam was tuned at 315 nm or 360
nm and used as pump pulse to excite the samples. As a probe pulse,
we have used a chirped, white-light supercontinuum (300-700 nm)
produced by focusing a few p of the fundamental 800 nm pulse
inside a 2 mm thick CaF; crystal. The pump and probe are linearly
polarized, in magic angle configuration, and focused into a 0.5 mm-
thick flow cell where the samples are circulated with a peristaltic
pump. The spectrum of the transmitted probe is collected with a
spectrograph and a CCD camera. The measured signal corresponds
to the pump-induced absorbance AA as a function of pump-probe
delay t and probe wavelength A. The experimental time resolution is
60 to 80 fs. After each TA experiment, we record the solvent signal —
sometimes referred to coherent artifact. This signal is used to
measure the wavelength dependence of time zero — resulting from
the group velocity dispersion of the probe beam(25). We perform
conventional TA data analysis, which consists in subtracting this
solvent signal from the data recorded on the molecules in solution
and post-processing the data to correct the chirp. Then, we perform
the global analysis. Singular Value Decomposition (SVD) is used to
decompose the data as a product of three matrices: singular spectra,
singular values (SV), and singular transients (ST). A global fitting is
realized on the two or three dominating ST. The number of STs

This journal is © The Royal Society of Chemistry 20xx

considered for the fit is such that the neglected ST’s should have an
amplitude weaker than the residuals of the global fit. The fitting
function is a sum of exponential functions convolved with a Gaussian
function modeling the Instrument Response Function (IRF). Up to
three time constants are needed to minimize the Chi-square of the
global fit. Finally, each time constant determined by the fit, is
associated to a Decay Associated Spectrum (DAS) defining the
wavelength dependence of the corresponding preexponential factor
and therefore the spectral evolution associated to each time
constant. For these measurements, thGy, stock solutions were diluted
at a final concentration of 1 mM in aqueous solution (<2% DMSO).

Computational details

Minima characterization. Ground- and excited-state energy minima

of the different species were optimized by means of Density
Functional Theory (DFT) and its time-dependent version (TD-DFT),
using the PBE0(26,27) functional and 6-31+G(d,p) basis set. Their
energies (and free energies G%2) were computed by single point
calculations using a larger basis set, 6-311+G(2d,2p). To model
solvent effects, we resorted to a mixed discrete continuum model,
where 6 water molecules were explicitly included in the calculations
(Figure 1b) while bulk solvent effects are taken into account by the
Polarizable Continuum Model (PCM)(28,29). This computational
approach has already profitably been used to study tG, providing an
accurate description of the tautomerization equilibria and the
We shall
absorption and emission energies to interpret the experimental

electronic spectra(21). use the computed vertical
spectra. Actually, these quantities cannot be directly compared with
the absorption and emission maxima, which strongly depend on the
vibrational overlap between the different excited states(30). As a
consequence, also considering the other possible source of errors of
our calculations (density functional, basis set, treatment of solvent
effect, lackingof thermal effects), discrepancies of 0.2-0.3 eV
between vertical energies and spectral maxima are not surprising
and cannot be expected to be the same for all the molecules.

pK, and lifetimes. For both ground and excited states, pKa values
were obtained using:

pK,=AG*2/(2.303 RT) (3)

AG"2 corresponds to the free energy difference (in kcal/mol)
between the neutral and acidic/basic forms computed in water
(using the experimental value, 269 kcal/mol, for the free energy of
the H*in water)(31,32). We have double-checked our pK, predictions
by using also another procedure(33), which combines AG computed
in the gas phase at a higher level of theory with differential solvation
energies (see SI).

Radiative fluorescence lifetimes were estimated using the protocol
described in (21) that considers the emission energies (VEE) and the

dipole moments (u):
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The fluorescence lifetime (°t) can be estimated by considering the
experimental quantum yield (®) and the relationship below:

c, Theor

T= Trx P

Results

Absorption properties

The absorption spectra of tGy, were recorded in aqueous buffers in
the pH range 2-12 (Figure 2A and B). In our previous work,(14) we
demonstrated that the spectrum of thG at pH=7.5 is the sum of two
contributions assigned to the H1 and H3 tautomers, characterized by
distinct absorption maxima (Amax) at 334 and 313 nm, respectively.
The absorption spectra of H1 and H3 were obtained using the
excitation spectra at 500 nm and 380 nm, where only H1 and H3
emits, respectively(14). Here we show that for tG,, the measured
spectra and their absorption maxima (Figure 2C) remain almost
superimposable within the 6-9 pH range, suggesting that the H1 and
H3 tautomers are the only species in this pH range. Their equilibrium
is obviously independent of pH in this range, indicating that their
interconversion does not involve any protonation or deprotonation
step. In addition, the measured spectra for Gy, tautomers were
identical to the one already published(14). In contrast, a progressive
blue shift is observed at lower pH values, converging towards a
spectrum that is almost superimposable at pH 2 and 3. At the two
latter pH values, the position of the absorption maximum (309 nm,
Figure 2C) is blue-shifted in respect to the absorption maxima of the
H1 and H3 forms (334 and 313 nm, respectively), suggesting that a
new species, arbitrarily called the A form, is generated at these acidic
pHs. In parallel, a strong red shift accompanied by an absorbance
increase is observed at pH > 9, converging towards a spectrum that
is almost superimposable at pH 11 and 12. At such basic pHs, the
position of the absorption maximum (340 nm, Figure 2C) is
significantly red-shifted as compared to the H1 and H3 spectra,
indicating that an additional form, called the B form, appears at basic
pH. Taken together, our absorption data suggest that in addition to
the H1 and H3 tautomers, two additional forms appear at acidic and
basic pH. Assuming that the acidic A and basic B forms of t"Gy, are the
only species in solution at pH 2 and 12, respectively, we could deduce
their molar extinction coefficients. Values of 4210 M-tcm~! at 309
nm, and 5950 M~1cm~! at 340 nm, were obtained for pH 2 and 12,
respectively.

Knowing the individual absorption spectra of all four tG, species
(Figure 3A), we can recover the relative concentrations of the
different species in the pH range 2-12 (Figure 3B). The relative
concentration of the A form was found to drop at pH>3 and become
negligible at pH 6. The B form was observed at pH>9, reaching 100%
at pH > 11. The relative concentrations of the H3 and H1 tautomers
were constant at pH 6-9, being about 43+1% and 57+1%,
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respectively. Interestingly, the concentrations of both tautomers
were found to decrease at pH 4 and 5, as well as at pH 10, but their
ratio remained constant. This confirms that the value of the
equilibrium the

K=[H1]/[H3]=1.33%0.05, is independent of pH.

constant between two tautomers,

Moreover, the changes in the concentrations of both A and B forms
with pH can be used to determine their pK, values using the
Henderson—Hasselbalch equation (Fig 3B). The obtained values
(4.3+0.1 and 10.2+0.1) are in excellent agreement with those
calculated from the pH dependence of the absorption maxima
(4.4+0.1 and 10.3+0.1, Fig. 2C).
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Figure 2: A) and B) Absorption spectra of tG, recorded at different
pH. C) Dependence of the wavelength of the absorption maximum as
a function of pH. The experimental points (red disks) were fitted by
the Henderson-Hasselbalch equation (solid line, eq. 1).
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Figure 3: A) Absorption spectra of the four thGy species. The spectra
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at pH 2 and 12 in Figure 2. B) Concentration profiles of the different
thGy, species in the ground state, as obtained from the deconvolution
of the spectra in Figure 2A and B. The solid lines correspond to the
fit of the experimental points to equation 1.

Emission features

To confirm and further characterize the different forms of thGy, the
emission spectra of G, were recorded at different excitation
wavelengths selected over the entire absorption spectrum. The
emission spectra in the pH range 6-9 (Fig. 4E) were very similar to
the previously reported spectra of *G at pH 7.5(14) and exhibited
comparable dependence on the excitation wavelength, confirming
that the equilibrium between the H1 and H3 tautomers is pH
independent in this range.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4: Emission spectra of tGy, recorded at different pH and
excitation wavelengths.

At pH 11 and 12, the emission spectra were found to be independent
of the excitation wavelength, exhibiting a maximum at 451 nm
(Fig 4G) that is clearly distinct from the emission maxima of both the
H1 (470nm) and H3 (400 nm) tautomers. the
independence of the excitation spectra with respect to the emission

Moreover,

wavelength as well as its overlap with the corresponding absorption
spectrum (Fig S1A and B) confirm that the B form present in solution
at pH=11-12 is a unique species, different from the H1 and H3
tautomers. At pH 10 (Fig. 4F) and excitation wavelengths > 350 nm,
the emission maximum was at 458 nm, and thus intermediate to that
of the H1 tautomer (470 nm) and the B form (451 nm). This strongly
suggests that both H1 and B forms are emitting at this pH. Moreover,
the H3 emission could be clearly evidenced at pH=10, when the
excitation wavelength is below 350 nm. The simultaneous presence
of the three forms is further confirmed from the excitation spectra
(Fig S2). Indeed, the excitation spectra recorded at 375 nm (Fig S2A)
and 450 nm (Fig S2B) overlap well with the absorption spectra of the
H3 and B forms, respectively, while the excitation spectrum recorded
at 500-550 nm (Fig S2C) is comparable to the absorption spectrum of
the H1 tautomer.

Similarly to pH 11 and 12, the emission spectra at pH 2 were
independent of the excitation wavelength and showed an emission
maximum at 482 nm (Fig 4A). In line with the absorption data, the

J. Name., 2013, 00,1-3 | 5
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emission spectra suggest that the A form contributes to the emission
process. In addition, the independence of the excitation spectra on
the emission wavelength suggests that only the A form absorbs and
emits at pH 2 (Fig S3).

The results obtained at pH 4 and 5 were more difficult to interpret.
Though the absorption spectra suggested that the ratio between the
H1 and H3 concentrations was constant over the pH range 4-10, we
clearly observed that the relative contribution of the emission of the
H3 tautomer decreased at pH 4 and 5 (compare Fig 4C and D with
Fig. 4E). Moreover, at pH 3, although the contribution of the H1
tautomer was less than 10% in the absorption spectrum, the
emission spectra were found to be independent on the excitation
wavelength and to fully overlap with the emission spectrum of the
H1 tautomer (Fig 4B). The clear discrepancy between the absorption
and emission data at pH 3-5 thus suggests a possible excited-state
reaction, which accumulates the H1 tautomer.

We then characterized the fluorescence quantum yields of %Gy, as a
function of pH. For each pH value, we determined the QYs at multiple
excitation wavelengths (310-340 nm at pH 2 and 3, and 310-370 nm
at pH 4-12). At all pH values, the QY values were found to be
constant over the explored excitation wavelength range. Moreover,
the QY values were found to be remarkably constant (0.48+/-0.03)
over the pH range 5-12 (Fig S4). As in the pH range 6-9, only the H1
tautomer is excited at wavelengths > 350 nm, while both H1 and H3
tautomers are excited at lower wavelengths, this clearly indicates
that both H1 and H3 tautomers possess the same QY (0.48+0.03).
This conclusion is in line with our previous contribution, where a QY
of 0.49(+0.03) was reported for both H1 and H3 tautomers of G at
pH 7.5(14). Moreover, as only the B form is observed at pH 12, while
the B form is mixed with the H1 and H3 tautomers at pH 10 and 11,
the constancy of the QY value at pH 10-12 strongly suggests that the
QY of the B form is identical to that of the H1 and H3 tautomers. In
contrast, the A form exhibits a substantially lower QY (0.11+0.01), as
measured at pH 2. Knowing the percentages of H1, H3 and A forms
in the ground state at pH 3-5 (Fig 3B) and the QYs of the three forms,
it is easy to calculate the QYs that would be expected in this pH range
if no excited state reaction would occur. The calculated values (0.13,
0.23 and 0.41 at pH 3, 4 and 5, respectively) are markedly lower than
the experimental ones (0.3, 0.42, and 0.48), suggesting that the A
form must be converted in one of the other forms in the excited
state.

Time-resolved spectroscopy

To gather additional information on the excited-state reaction at
acidic pH and the photophysics of thGy, its time-resolved fluorescence
decays were analyzed. First, we recorded spectrally resolved
fluorescence decays as a function of pH (4—12) upon excitation at
360 nm. As depicted in Figure 3A, only the H1 tautomer and the B
form absorb at this wavelength. For each pH value, I(A,t) was fitted
using a global analysis algorithm. The lifetimes were kept constant

6 | J. Name., 2012, 00, 1-3

for all pH and A values and the amplitudes were the only free
parameters of the fit. The DAS were calculated as described in the
materials and methods section. Within the pH range 4-9, the
fluorescence decays were characterized by a single fluorescence
lifetime of 20.5 ns attributed to H1*, the excited-state of the H1
tautomer (Fig. 5A—-B). A similar behavior was also observed at pH>11,
where the fluorescence decays displayed a single component (13.5
ns) that can be associated to the decay of B*, the excited-state of the
B form (Fig. 5D). At pH 10, the decay was nicely fitted by a bi-
exponential function (13.5 and 20.5 ns were fixed), suggesting that
both H1* and B* forms emit (Fig 5C).
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Figure 5: A-D) Decay associated spectra obtained at pH 5, 7, 10 and
12, upon excitation at 360 nm. The spectrally resolved fluorescence
decays were analyzed by using the global fit algorithm as described
in the main text.

Next,
measurements as a function of pH (2-12) upon 315 nm excitation,

we performed spectrally resolved fluorescence decay

where all the species absorb (Fig 3A).

Within the pH range 6-9, the fluorescence decays were fitted to a
two-component model with decay times of 20.5 ns (fixed as obtained
from the experiments performed upon excitation at 360 nm) and
12.6 ns (Fig. 6A, B and C). As the DAS of the shorter component
corresponded well to the emission spectrum of the H3, this shorter
component could be unambiguously attributed to this tautomer. To
exclude the possibility of an ultra-fast conversion between the two
tautomers in their excited state (i.e. faster than the 40 ps temporal
resolution of our TCSPC set-up), TA spectroscopy measurements (80
fs resolution) were performed at pH 7 (Aexc=315 nm). The results are
shown in Fig. 7A. The TA signal is dominated by a strong excited-state
absorption band over the whole spectral range (325-600 nm) which
does not show any spectral change, but a monotonous slow decrease
with time that is consistent with the long-lived lifetimes of the H1

This journal is © The Royal Society of Chemistry 20xx



and H3 forms. This clearly shows the absence of excited-state
conversion between H1 and H3.

At pH 10, the emission and excitation spectra indicate that emission
from H1, H3 and B are observed at this pH value. As the lifetime of
the H3* (12.6 ns) and B* (13.5 ns) are too close to be resolved, we
fixed them (together with the lifetime of H1* i.e. 20.5 ns) in the
analysis of the fluorescence decays. From the global analysis of the
decays recorded across the emission spectrum of thGp, we obtained
three DAS that match very well with the emission spectra of the three
forms (Fig 6D). As for the 360 nm excitation, the fluorescence decay
at pH>11 displayed a single component (13.5 ns) that can be
attributed to the emission of B* (Fig. 6E).

At pH 2, the measured fluorescence decays were analyzed using the
global fit method by sharing the lifetimes (floating parameters)
between all wavelengths. Three components were required to
accurately fit the measured decays. The two short-lived lifetimes
(0.14 and 1.1 ns) exhibited a positive amplitude in the blue part of
the spectrum and a negative one in the red part of the spectrum. This
suggests the existence of at least one excited-state reaction, where
A (that absorbs with a maximum at 309 nm, Fig. 3A) is likely
converted into other species, which yield an emission spectrum
centered at 481 nm (Fig. 4A). The long-lived component (7 ns) was
found to be largely dominant and is likely associated to the species
produced through the excited state reaction. To further support this
excited-state conversion, TA spectroscopy measurements were
performed. In contrast to the data at pH=7, the TA spectrum
measured at pH=2 (Fig. 7B, 7C, 7D) shows a clear conversion between
two different spectroscopic signatures with a 50-ps timescale (see fig
7D). This conversion is followed by a slow decay, consistent with the
7 ns component measured by TCSPC. A depletion in the early ESA
signal is observed around 400 nm (green band at delays < 10ps in Fig.
7B) and is likely associated to the stimulated emission from A%,
overlapping the ESA signal in this spectral range.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6: A—E) Decay associated spectra determined at pH 6, 7, 9, 10
and 12, upon excitation at 315 nm. The spectrally resolved
fluorescence decays were analyzed by using the global fit algorithm
as described in the main text. F) Relative concentrations of the
different thG, species in the excited state obtained from the DAS
corrected from the differences in the extinction coefficients.

Three components are required to accurately fit the fluorescence
decays obtained at pH 3, namely the two short-lived lifetimes (0.14
and 1.1 ns) associated to the excited-state reaction and a long-lived
lifetime (14.8 ns). At pH 4, H3 is already present in the ground state
(12.6 ns) and
fluorescence decays. Hence, the fit of the data provided 4
components (0.14, 1.1, 12.6 and 19.7 ns). At pH 5, the decays were
largely dominated by the contributions of H3 (12.6 ns) and H1 (20.5
ns) associated to their direct excitation, so that it was no more

is therefore significantly contributing to the

possible to detect any short-lived lifetime. Our time-resolved
measurements support thus a model in which an excited state
reaction is taking place at low pH. As a result, as already reported for
other compounds(24,34), the measured fluorescence lifetimes
should depend on the lifetimes of the interconverting species and
the excited-state kinetic constants that rule their interconversion.
This hypothesis would be consistent with the increase of the longest
lifetime from 7 ns (pH 2) to 20.5 ns (pH 5).

J. Name., 2013, 00, 1-3 | 7



Please do not adjust margins

ARTICLE Journal Name
A) H=7,A=315nm | A As afirst step to the study of tGy, in basic pH, we have considered
] IO
1000 (moD) the possible species corresponding to the anionic form of thG, (Fig.
1004 S5). As shown in Table S1, the most stable species is predicted to be
10 the keto-amino one, where both N1 and N3 are deprotonated. This
S) o . .
(PS)2; form, labelled as [t"Gp]-, should be the only one populated in basic
conditions and thus correspond to the B form. This attribution is
strengthened by the good match of the computed vertical absorption
B)
1000 energy for this species with the experimental absorption maximum
1004 at high pH (Table 1).
(ps;Z’ For acidic solutions, we have characterized the three possible forms
] for a protonated Gy (Figure 1a). The most stable (Table S1) is the
one where both N3 and N1 atoms are protonated, hereafter labeled
Q) . as [thGp-H1-H3]*. It is at least 0.4 eV more stable than the other two
transient spectrum at 2.5 ps
é‘ ESA ESA possible forms, suggesting that it should be the only one at low pH
E° /M’\ and thus correspond to the A form. Moreover, the absorption
E pH=2, A,,=315nm maximum computed for [t"G,-H1-H3]* provides an intense transition
D) 0 400 500 (m) 600 at 306 nm, in excellent agreement with the experimental absorption
& kinetic trace at 400nm maximum at low pH (Table 1). The absorption maxima computed for
2 3 multiexponential Fit N 50 the two other forms were in lesser agreement with the experiments,
S =50 ps X .
g supporting our assignment.
3 pH=2, A,,=315nm
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Figure 7: TA spectroscopy of t"G, upon excitation at Aex=315nm: 2D min (Ssthqrss Shift
I
maps of the TA signal (AA, color scale) as a function of probe H1
wavelength (nm) and pump-probe delay (ps) measured at A) pH=7 3.76  2.99 077  0.0668 16 3.73 2.65 1.08 20
and B) pH=2. The signal is everywhere positive (red), i.e. dominated (329) (414) (a) s (334) (470)
by strong excited-state absorptions (ESA) The horizontal and vertical 4.23 3.40 0.83 0.0855 9 3.96 3.10 0.86 13
dashed lines in panel B respectively illustrate the time delay of 2.5ps_(293)  (364) (a) (313) (400)
t which lot the transient t [ I C, and th [GeH1-H3)*
at which we plot the transient spectrum in panel C, an €205 324 08l 00534 - 2.00
wavelength of 400nm at which we monitor the decay kinetics in (306) (382) (c) (309)
panel D. We identify the green region seen in panel B around 400 nm. ["Go-H1-OHJ*
. . o . 324 258 0.66  0.0460 8 2.57 7
at early time delays to be the stimulated emission (SE, negative (3g3) (479) (b) (482)
signal) of species A*, which is overlapping its positive and more [*Gp-H3-OH]*
intense ESA at the same wavelength. The result of the global fitting é‘f;) (ihi[l)g) 0.81 0.0546 (Z)
(see “Experimental section”) is illustrated in panel D (red line). thGy]-
Following fast spectral relaxation within the first 1 ps (likely due to 3-78  3.06 072 0.0949 10 3.64 2.74 0.90 13
(328)  (405) (a) (340) (451)

intramolecular and/or solvent relaxation), a time constant of (48+2)
ps is determined and assigned to the excited state conversion
kinetics of A*. Table 1. Computed absorption (Franck Condon geometry) and
emission (S; min) energies in eV (nm), Stoke shift, oscillator strength
(f) and radiative lifetimes of different forms of thGy, at the TD-PBEQ/6-
311+G(2d,2p)//PBEO/6-31+G(d,p) level of theory, explicitly including

6 H,O molecules and PCM into the calculations. Fluorescence

Calculations
Ground state species and absorption properties

Supporting the results obtained for the thG nucleoside(21), only the lifetimes were calculated assuming quantum yield of (a) 0.5 or (b)

H1 and H3 tautomers of Gy, are populated at neutral pH, the former
being slightly more stable, in agreement with the experimental
observations (Table S1 in SI). The computed vertical absorption
energies are in good agreement with the experimental absorption
spectra, but with a small overestimation (0.3 eV) of the transition
energy of H3 (Table 1).

8 | J. Name., 2012, 00, 1-3

0.1. (c) presumably very low fluorescence QY due to excited state
reaction, as evidenced by TA and time-resolved fluorescence
experiments.

Interestingly, the computed pKa’s (3.2 for H1 and 4.2 for H3) are fully
consistent with the experimental ones, considering the presence of
two almost equipopulated tautomers at neutral pH and the intrinsic

This journal is © The Royal Society of Chemistry 20xx
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difficulty in accurately computing pK, values in solution (see Sl for a
detailed discussion).

Excited state species and emission properties

Geometry optimizations of the lowest energy bright excited state of
H1 and H3 (identified as H1* and H3*) lead to stable minima of the
Potential Energy Surface (PES), in line with the substantial
experimental quantum yield of both tautomers. The computed
emission energies and Stokes shift match fairly well with their

experimental counterpart (Table 1)(21).

For the emission of thG,, at basic pH, geometry optimization of [t"Gy]~
leads to a stable minimum of the PES, characterized by a strong
emission at 3.06 eV (f=0.095). We have also optimized the minima of
the bright excited state of four other possible forms. Based on their
relative stabilities (Table S1), emission energies (Table S2) and
associated lifetimes, we can conclude that only the S; minimum of
[tGp]- contributes to the fluorescence of thGy at high pH.

We have next optimized the minima of the spectroscopic state for
the three possible species at acidic pH. The computed emission
energy for [thGb-H1-H3]** (the most stable in the ground state) is
382 nm. This value matches well with the negative signal appearing
at ~400 nm in the early TA spectrum (Figure 7B and 7C), which could
be then assigned to stimulated emission from this species. On the
other hand, it does not match the steady state emission spectrum,
being significantly blue-shifted (Figure 4A). Our calculations predict,
in fact, that the bright excited state minimum of the [t"\Gb-H1-OH]**
form is more stable by 0.3 eV (Table S1) compared to [t"Gb-H1-H3]*+,
suggesting that [th\Gb-H1-OH]** plays a major role in the emission of
thG, at acidic pH. This conclusion is further substantiated by the
computed emission wavelength (479 nm) from the minimum of
[thGb-H1-OH*]* that almost coincides with the experimental
maximum (482 nm) (Table 1). In contrast, the minimum of [thGb-H3-
OH]*+ is the least stable and should not be involved in the

photophysics of thGp,.

Finally, by computing the radiative lifetime of the different excited
states and using the measured QYs, we predicted the fluorescence
lifetimes of the different species (Table 1). Comparison with the
experimental lifetimes shows reasonable agreement, correctly
predicting that H1 has a longer lifetime than H3. Our calculations are
also in good agreement with experiments for the B form; the
estimated fluorescence lifetime being close to the experimental
value.

Discussion

In this study we explored the photophysical properties of thGp, a
highly emissive G analog, as a function of pH.. At neutral pH, the
absorption and emission properties of tG, were found to be very
similar to those previously reported for the ™G ribonucleoside(13)

This journal is © The Royal Society of Chemistry 20xx

and deoxyribonucleoside(14,17,35). This indicates that as for other
fluorescent nucleobases(8,36), the sugar does not substantially alter
the photophysical properties of the aromatic chromophore.

The DAS and deconvoluted emission spectra were used to determine
the relative contributions of the different species in the excited state
(Fig. 6F). The percentages were corrected using the differences in the
extinction coefficients between the different forms (Fig.3A). At the
6-9 pH range, the percentages of the two tautomers as deduced
from the DAS and the deconvoluted emission spectra match well
with those obtained from the absorption data, confirming that we
have two tautomers in equilibrium in the ground state, with
K=[H1]/[H3]=1.340.1, and indicating that no interconversion occurs
in the excited state. The ground-state equilibrium between H1 and
H3 is also fully supported by the ab initio calculations. As each of the
two tautomers is excited and emits independently from the other
one, the kinetic rate constants governing the equilibrium between
the two forms are likely slow with respect to the excited state
lifetime. Indeed, no interconversion is observed in the excited state,
as shown by the TA data (Fig. 7A) and by the fact that excitation of
only the H1 tautomer at wavelengths > 350 nm does not generate
any emission from the H3 tautomer. A good match is seen for the
population of the B, H1 and H3 forms at pH 10, as obtained from the
absorption spectra, the deconvoluted emission spectra and the DAS.
Moreover, the ratio between the H1 and H3 tautomers is about 1.2
and matches well with the equilibrium constant between the two
forms. The data at pH 10 strongly suggest that the equilibrium
between the H1 and H3 tautomers and the B form attributed to the
[thGp]- anion is a ground-state equilibrium. The pK,* value (10.2+0.1)
calculated from the DAS (Fig. 6F) is in perfect agreement with the pK;
value calculated from the absorption data (10.2+0.1) and computed
from the Forster cycle theory or quantum mechanical calculations
(Table S4), confirming that the conversion occurs in the ground state.
As a result, each of these forms is excited and emits independently,
from the two others. Finally, in line with the pK;, values, both the
absorption and emission spectra indicate that the H1 and H3

tautomers are fully converted into the [thGb]~ anion at pH > 11.

At acidic pHs, two short-lived lifetimes that displayed positive and
negative amplitudes over the studied spectral range were identified,
suggesting an excited-state reaction. From quantum mechanical
calculations, this reaction was assigned to the conversion of [thGb-
H1-H3]*+, the excited-state of the [thGb-H1-H3]* into the excited-
state of [t"Gb-H1-OH]*. The computed absorption maximum of [t"Gb-
H1-H3]* and emission maxima of both [thGb-H1-H3]** and [t"Gb-H1-
OH]*" were consistent with the experimental data. Moreover, [t"Gb-
H1-OH]* was found to further convert in the excited state into the H1
tautomer as evidenced by the increase of the long-lived lifetime that
reach 20.5 ns at pH 5. Finally, at pH 4 and 5 it was possible to fit the
fluorescence decays by including and fixing the lifetime of H3 (12.6
ns), likely indicating that H3 absorbs and emits independently from
the other two forms and is therefore not involved in the proton
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transfer process. Interestingly, the quantum mechanical calculations
predict a clear decrease of the pKa* (2.8) as compared to the pKi in
the ground state (4.440.1).

Based on these data, we developed the global model shown in
Scheme 1 to describe the photophysics of tG in acidic pHs (<6). In
this model, the excited state [t"Gb-H1-H3]** can convert into the
more stable form [thGb-H1-OH]** through an excited-state
intramolecular proton transfer (ESIPT). As evidenced by TA
experiment performed at pH 2, the ESIPT rate was fixed to 20 nstin
our model. At the same time, as the excited-state pK,* value is lower
than the ground-state pK, value, [t"Gb-H1-OH]** can undergo a
water-mediated excited-state proton transfer (ESPT) to produce
H1*. In the proposed model, the water-mediated back-proton
transfer (associated to the H1* conversion into [t"Gb-H1-OH]*+) is pH
dependent and thus governed by an apparent constant (k.=k [H30"]),
where [H30*] is the concentration of protons in buffer.

ESIPT k_>20 ns?

["Gy-H1-H3]*+ [*"G,-H1-OH]** H1*

kesipr=20 ns™*

ky = k[H;0%]
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Figure 8: A-D) Fluorescence decays recorded at pH 2, 3, 4 and 5 (red
curves). Excitation and emission wavelengths were at 315 nm and
480 nm, respectively. The solid black lines correspond to the fits
using the numerical integration of the differential equation system
described in the Sl and the values given in Table S6 and scheme 1.

309nm | |TmebHis agonm | uesron 470 nm| pot
o ns ’ To validate this model, the fluorescence decays in the pH range 2-5
were fitted by numerically solving the set of coupled differential
["Gy-H1-H3]* ["G,-H1-OH]* H1

Scheme 1: Photocycle model used to describe the emission
properties of %G, in acidic conditions. The equilibria in the ground-
state are not indicated.

equations given in the SI. The decays used for the fits were recorded
with an excitation at 315 nm and an emission at 480 nm, to account
for the decays of both [t"Gb-H1-OH]** and H1* forms. Using our
model, it was possible to obtain the time-dependent concentrations
of the different species in the excited-state after the initial pulsed
excitation (40 ps). By considering that the fluorescence decays
measured at 480 nm are proportional to the excited state
populations ([*"Gb-H1-OH]** and H1*) generated by exciting [t"Gb-
H1-H3]* plus the fraction of H1 directly excited at 315 nm (relative
contribution displayed in Fig. 3B), we were able to fit the
fluorescence decays (Figure 8) and determine the kinetic rate

constants.
0 OH o o o
* * [HY] * * *
HN = 20ns”! HN = >20 ns”! f HN = N = N =
+ s — + s 'S | s - 's
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nm 4.
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[H;-Hs]* (H,-OH H, Hy ["Gyl

Scheme 2: Proposed photophysics of thGy, in aqueous solution

experimental one. Moreover, the ratio k./k. was found to change by
10-fold for each pH change by one unit, in full line with the change in

The kinetic rate constants and fluorescence lifetimes obtained
through this approach are gathered in Table S6 and Scheme 1.

Interestingly, the calculated lifetime value of H1 is very close to the  proton concentration as predicted by our model. Finally, the model
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validity was further substantiated by calculating a pkx* value of 1.0
from the ratio of the ESPT rate constants, in reasonable agreement
with the calculated pKa* (2.8). Finally, both ESIPT and ESPT reactions
occur on sub-50 ps timescale in perfect agreement with values found
in literature for organic compounds(24)(37).

Conclusions

We have used a combination of spectroscopic techniques and
quantum  mechanical investigate the
photophysical properties of the G, nucleobase at various pHs.

calculations to

This allowed us to identify three new species for G, and
characterize their photophysics in both the ground- and
excited-states (scheme 2). We found that at pH 6-9 the
absorption and emission properties were dominated by the
previously identified H1 and H3 tautomers, which are in
equilibrium in the ground-state and do not interconvert during
their fluorescence lifetime. At basic pH, these ground-state
tautomers deprotonate into [t"Gp]~ (pKa = 10.2). Similarly to
neutral pH, no excited-state reaction appears to occur between
the different tautomers at basic pH. At acidic pH, the ground-
state H1 and H3 tautomers are converted into the protonated
and blue-shifted [thGp-H1-H3]* species (pKa = 4.3). A more
complex picture appears in the excited state at these acidic pHs,
as [tGp,-H1-H3]** appears to tautomerize to [thGp-H1-OH]*+
through an ESIPT reaction and is then converted into H1*
through a water-mediated ESPT reaction. As the identified
species differ by their spectra and their fluorescence lifetime,
thG, may be used as a local probe for sensing pH changes. The
probe would be especially useful in the 2—6 pH range, where
dramatic photophysical changes can be perceived.
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