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Abstract

The ability to routinely detect fluorescent nucleobase analogues at the single-molecule level would
create a wealth of opportunities to study nucleic acids. We report the multiphoton-induced
fluorescence and single-molecule detection of a dimethylamine-substituted extended-6-aza-uridine
(DM AthaU). We show that DM Athau can exist in a highly fluorescent form, emitting strongly in
the visible region (470-560 nm). Using pulse-shaped broadband Ti:sapphire laser excitation,

DM AthaU undergoes two-photon (2P) absorption at low excitation powers, switching to three-
photon (3P) absorption at high incident intensity. The assignment of a 3P process is supported by
cubic response calculations. Under both 2P and 3P excitation, the single-molecule brightness was
over an order of magnitude higher than reported previously for any fluorescent base analogue,
which facilitated the first single-molecule detection of an emissive nucleoside with multiphoton
excitation.
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Fluorescence-based methods are powerful tools for studying the structure, dynamics, and
interactions of nucleic acids /n vitro and /n vivo, and for technologies such as DNA
sequencing and high-throughput screening. These methods typically involve covalent
attachment of large fluorescent dyes via long linkers, but such labels are insensitive to local
base interactions and may also perturb native interactions (e.g., with proteins).! Fluorescent
base analogues (FBA) that preserve native nucleic acid structure can address such
limitations,2-10 but these have not yet found application in ultrasensitive analysis.11~13 The
main reasons for this are lower absorption cross section (&) than for extrinsic dyes, limiting
their brightness (e®, where @ is the emission quantum yield), and short (UV) absorption
wavelength, leading to photobleaching and poorer optical penetration into biological media.

A possible way to overcome these limitations is multiphoton excitation,14-1° with potential
benefits including deeper penetration into tissue in the near-1R, 3D control of excitation, and
reduction of photobleaching and background fluorescence.2921 With the aim of reaching the
ultimate single-molecule level of detection, we recently reported that an adenine analogue,
pA, incorporated into single-stranded oligonucleotides could undergo two-photon (2P)
excitation?2 and as few as five molecules could be detected.23 Moreover, pA had enhanced
photostability under 2P excitation. This demonstrated the feasibility of single-molecule
detection, albeit improvements in brightness were still required.3

Here we demonstrate that an extended 6-aza-uridine ribonucleoside, DMAthaU (Chart 1),
adopts a highly fluorescent form, in which the brightness following three-photon (3P)
excitation is over an order of magnitude greater than that of pA under 2P excitation,
allowing, for the first time, single-molecule detection via multiphoton excitation.

DMAthaU is a member of a family of tunable fluorescent 6-aza-uridines, the synthesis of
which was reported previously.24 Herein, we performed ensemble spectroscopic studies for
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DMAaU in either aqueous Tris buffer or dioxane. In buffer, the absorption maximum is at
385 nm while the excitation peak is blue-shifted to around 330 nm (Figure S1). The
emission maximum is at 440 nm (Figure S2). The discrepancy between the excitation and
absorption spectra indicates the presence of a dark (nonemissive) species, absorbing at
longer wavelengths. This is confirmed by a strong dependence of the steady-state quantum
yield (the average over all absorbing species) on the excitation wavelength (Table S1). The
quantum yield (@) decreases from 0.05 to 0.003 on shifting the excitation wavelength from
330 to 380 nm. In dioxane, in contrast, the absorption and excitation spectra are identical
(Figure S3) and coincide with the absorption spectrum in buffer. As reported previously,24
the fluorescence of DM AthaU is responsive and dependent on solvent polarity; its emission
spectrum in dioxane is red-shifted relative to that in buffer, and @ is increased to 0.20.

Fluorescence decays of DM AthaU were recorded in buffer (Figure S4 and Tables S2 and S3)
at three excitation wavelengths (364, 380, and 400 nm); these could be fitted globally to
three decay components with common lifetimes of 0.19, 1.3, and 5.9 ns, respectively, but
showed a marked dependence of A factors on excitation wavelength (Table S3). This results
in a decrease in the average lifetime from 2.2 to 0.60 ns, on increasing the excitation
wavelength from 360 to 400 nm. However, the decrease in average lifetime is not
commensurate with the decrease in quantum yield, indicating the excitation of dark states at
longer wavelengths. Further evidence of dark states comes from comparison of the average
lifetimes and quantum yields in buffer and dioxane. In dioxane, an average lifetime of 1.8 ns
(Table S4) corresponds to a quantum yield of 0.2, whereas in buffer, a { z) value of 2.2 ns
(excitation at 380 nm) corresponds to a @ of 0.003. On the basis of these values, assuming
no dark states in dioxane, we estimate that 96% of the population excited at 380 nm in buffer
is nonemissive (see the Supporting Information for details).

It is evident from the ensemble measurements that, in Tris buffer, DM AthaU exists in at
least three emissive states and at least one dark state. This photophysical complexity is
perhaps unsurprising given that DM At"aU can populate two distinct rotamers (with relative
rotation of the azauridine and thiophene rings by 180°) and three tautomers, as illustrated in
Chart 1. Ground-state density functional theory (DFT) calculations, in the gas phase and
within a solvent continuum, show that the molecule exists preferentially as rotamer A (Chart
1), with rapid (nanoseconds) interconversion between rotamers.2> In contrast, the three
tautomers of the core 6-aza-uracil heterocycle have been shown to interconvert on much
longer time scales (microseconds to milliseconds).2® Although the ensemble-average
quantum yield of DM At"aU in buffer is much less than that in dioxane, two of its emitting
species have longer lifetimes, and hence higher individual quantum yields, than found in
dioxane. We estimate that the longest lifetime species in buffer has an emission quantum
yield of about 0.6.

Multiphoton excitation was first investigated in dioxane in ensemble measurements. The
emission resulting from IR excitation (Figure S3) is attributed to a 2P process, based on the
dependence of the emission intensity on laser power (Figure S5); the log—log plot following
excitation at 840 nm has a slope of 1.85 + 0.04. Since 2P excitation results in the same
emission spectrum as that seen for one-photon (1P) excitation (Figure S3), the emission is
dominated by the same species in each instance. The 2P cross-section of DMAthaU in
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dioxane, measured relative to rhodamine 6G, is 90.0 + 5.0 GM with a corresponding 2P
brightness of 18 GM. This cross-section is higher than that of any other FBA studied
previously, including pA (21 GM in ethanol23), and the brightness is 3 times greater than
that of pA.

Given the existence of DMAaU in a highly fluorescent state (albeit with a low population),
we were encouraged to pursue single-molecule detection in buffer. The multiphoton
excitation of DM AthaU in buffer was investigated using a home-built microscope with
broadband femtosecond laser excitation and photon-counting detection.22 Measurement and
compensation for dispersion in the optical system?” is achieved by dual amplitude and
phase-shaping of the laser pulse, using multiphoton intrapulse interference phase scan
(MIIPS).28 The spectral width and center of the laser spectrum were varied to optimize the
signal-to-background ratio (SBR, Figure S6). This improved the SBR by a factor of 1.6
(Figure 1).

The power dependence for a solution of DM AthaU in buffer (Figure 2) is rather different
from that measured in dioxane (Figure S5). At low powers, the curve has a slope of ~2,
which switches at higher powers to a slope of ~3, indicative of 3P absorption. At the highest
laser powers, saturation occurs. As discussed above, the 1P excitation maximum is blue-
shifted with respect to the absorption peak (Figure S1), so the excitation maximum at twice
the 1P wavelength has a weak overlap with the laser spectrum (Figure 1). In contrast,
tripling the 1P excitation wavelength gives a very good match to the laser spectrum,
particularly with the optimized pulse (Figure 1). The decay parameters measured in either
the 2P or 3P excitation regimes are essentially identical (considering the excitation-
wavelength dependence) to those for 1P excitation, confirming that the emission originates
from the same excited states in each case (Figure S7).

In support of the assignment of 3P excitation, we performed cubic response calculations
within time-dependent density functional theory (TDDFT) for the two optimized rotamer
structures (Figure S8). The key finding (Table 1) is that for both rotamers there are
particularly strong 3P transitions (the fifth and sixth) that display degenerate 3P absorption
wavelengths close to the maximum of the optimized laser spectrum (Figure 1). Furthermore,
the magnitude of the calculated 3P cross sections are in agreement with estimated 3P cross
sections? and those measured for fluorophores of similar size.30

Next, we examined the limits of detection of DM AthaU in buffer, using fluorescence
correlation spectroscopy (FCS) and photon-counting with a multichannel scaler (MCS),
similar to our recent work with pA.23 Excitation powers of 10 mW, where the 3P excitation
begins to saturate, gave the best SBR; the pulses were compressed to 8 fs at the focal plane
before additional shaping was applied.

In FCS measurements there was a striking discrepancy between the known sample
concentration and the number of molecules observed in the laser focus. The correlation
curve in Figure 3 was recorded for a 525 nM solution, as determined by UV-vis absorption.
24 On average ~0.4 molecule was found in the focus at this concentration. In contrast, for
Rh110 at 10 nM there were ~1.4 molecules in the focus. Assuming all of the Rh110
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molecules are detected, this implies that ~1/180 of the DM AthaU molecules that go through
the focus are emissive, which agrees with the finding from bulk measurements that ~96% of
the molecules are in a dark state. On the basis of the discussion above, and previous reports
of tautomerism of FBAs,%0-42 we assign this dark state to a long-lived tautomer of
DMAthay .26

The diffusion time of DMAthaU is 25 zs, which is commensurate with the size of the freely
diffusing ribonucleoside and is independent of the sample concentration. The number of
detected molecules scales linearly with concentration (Figure S9). For those DM Athau
molecules in the bright state, the single-molecule brightness, as given by the count rate per

molecule (CPM), is 6.9 £ 0.2 kHz/molecule, over an order of magnitude higher than for pA.
23

The high brightness of DMAthaU determined by FCS motivated us to attempt single-
molecule detection. An MCS trace was recorded for a dilute solution (~10~11 M of bright
DMAtaU molecules) (Figure 4a) and compared to a measurement of pure buffer (Figure
4b). Single molecules of DM AthaU are clearly identified as short-lived (ms) bursts on the
background (see Figure S10 for a detailed burst analysis). Although the bursts are small,
their magnitude agrees with the CPM derived from FCS (note that the CPM for the sample
in Figure 4 is closer to 5 kHz/molecule due to the presence of additional filters to further
optimize the SBR).

In conclusion, we have shown for the first time that an FBA, an extended 6-aza-uridine
ribonucleoside (DM AthaU), can be detected at the single-molecule level using multiphoton
excitation. This highly fluorescent species is a monomer of DM Athau, which undergoes 3P
excitation at ~800 nm, as supported by TDDFT calculations. Future studies will focus on
incorporating DM AthaU into DNA and RNA. It will be particularly interesting to see which
species are present in DNA/RNA and how the presence of neighboring bases influences the
brightness of DM AthaU. In this context, the quantum yield in dioxane suggests that we may
have additional enhancements in brightness due to changes in the local environment upon
incorporation in an oligonucleotide. The potential for unprecedented insight into the
mechanism of processes involving nucleic acids at the individual base level may soon be
realized.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Laser excitation profiles, unshaped (gray line) and pulse-shaped (red line), compared with

the DM AthaU one-photon absorption spectrum (black line, plotted against double the one-
photon wavelength) and the one-photon excitation spectrum plotted against double (dotted
line) and triple (dashed line) the one-photon wavelength.
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Figure2.
Power-dependence of DM AthaU emission intensity in buffer. The lower part of the curve

(pulse energy <35 pJ) was fitted with a slope of 2.1 (black line). At higher powers (pulse
energy 35-107 pJ), the slope is 3.3 (red line).
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FCS curve of DM AaU in buffer at pH 7.7. The blue line depicts the data, and the fit is
shown in red for a single emitting species undergoing diffusion in a 3D Gaussian volume.
The average number of molecules in the focus is 0.5.
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Figure 4.
Single-molecule traces with laser power corresponding to the 3P regime for (a) DM Athau

diluted in buffer (1 x 10711 M of bright molecules) and (b) buffer only.
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Chart 1.
Rotameric and Tautomeric Structures of the Extended Thiophene-6-aza-uridine, DMAMaU
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Degenerate Three-Photon Absorption Wavelengths A3PA(nm) and Three-Photon Absorption Cross Sections

o3FA (10782 cmb s2 photon2) for the First Ten Transitions from the Electronic Ground States of Two

Rotamers DMAMaU_A and DMAthaU_ B¢

DMAthay A DMAthau B

/-|_3PA oSPA /-LBPA aBPA
1 1110 59.9 1120 67.4
2 834 100 838 22.4
3 825 0.457 827 18.0
4 818 7.90 816 38.4
5 790 1,940 785 10,800
6 769 12,500 777 3,590
7 695 598 698 6.94
8 680 48.0 683 64.5
9 655 65.8 657 97.0
10 648 13.9 647 7.26

aThe values are calculated with CAM-B3LYP/cc-pVDZ for linearly polarized light and nuclear geometries optimized with B3LYP/cc-pVTZ (see
the Supporting Information and refs 31-39).
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