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Abstract

Nucleodyes, visibly colored chromophoric nucleoside analogues, are reported. Design criteria are
outlined and the syntheses of cytidine and uridine azo dye analogues derived from 6-aminouracil
are described. Structural analysis shows that the nucleodyes are sound structural analogues of their
native nucleoside counterparts, and photophysical studies demonstrate that the nucleodyes are
sensitive to microenvironmental changes. Quantum chemical calculations are presented as a
valuable complementary tool for the design of strongly absorbing nucleodyes, which overlap with
the emission of known fluorophores. Forster critical distance (/) calculations determine that the
nucleodyes make good FRET pairs with both 2-aminopurine (2AP) and pyrrolocytosine (PyC).
Additionally, unique tautomerization features exhibited by 5-(4-nitrophenylazo)-6-oxocytidine (8)
are visualized by an extraordinary crystal structure.
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INTRODUCTION

The ongoing challenge of studying nucleic acid and their cellular interactions, while
minimally perturbing their constituents, has led to a growing interest in fluorescent
nucleoside probes.! The development of such emissive analogues has been triggered by the
nonemissive nature of the natural nucleobases and has been accelerated by the increasing
availability of highly sensitive fluorescence-based techniques.12 Current efforts have
concentrated on the development of smaller and responsive probes, displaying higher
isomorphicity and sensitivity to polarity as well as favorable red-shifted absorption and
emission bands.3# However appealing, efforts to develop fluorescent nucleoside probes are
often hampered by synthetic challenges and the unpredictability of their spectroscopic
properties, particularly features pertinent to their excited-state dynamics.® Furthermore, the
fluorescence of emissive nucleosides is frequently substantially quenched upon
incorporation into oligonucleotides and even further upon duplex formation,1352.6 rendering
this development and use a tedious and empirical process.

The design and implementation of a visibly colored nucleoside probe, on the other hand,
could be more straightforward since absorption properties are easier to predict a priori and
can be inspired by known chromophores with high molar extinction coefficients. Although
not as advantageous as having visible emission with little background interference, intense
dyes can nevertheless become useful as sensitive solvatochromic probes and fluorescence
quenchers for FRET-based constructs.’

Azo-based dyes are obvious candidate chromophores since they display high molar
extinction coefficients and are established as dyes and indicators as well as photoswitches
and fluorescence quenchers.8 Indeed, azo dyes have been incorporated into oligonucleotides
and used mainly as photoswitches and quenchers.? Their incorporation methodologies vary
and include replacement of the natural nucleobases'® as well as conjugation through linkers
to the sugar hydroxyl groups!® or to the nucleobase.1? While there are many examples of
nucleoside azo dye derivatives, in only a selected few the nucleobase is electronically
communicating to the azo-based chromophore.13

The fundamental design of nucleodyes outlined here requires electronic conjugation
between the dye moiety and the heterocyclic nucleobase. In this fashion, one enhances the
likelihood that the favorable and tunable photophysical features of azo dyes, including their
solvatochromism and sensitivity to pH, become electronically coupled to the nucleobase’s
environment. The key principle for the design and successful implementation of nucleodyes
is to utilize visibly absorbing and responsive chromophores with high molar absorptivity
while attempting to minimize structural perturbations of the native nucleobase. The
established azo chromophore is a good candidate since one of the phenyl rings in the
archetypal azobenzene core can be replaced by a native pyrimidine. Electronic
communication and sensitivity to microenvironmental changes may be achieved by creating
a conjugated donor—acceptor relationship with the polarizable nucleobase between a
substituent on the phenyl ring and one of the heteroatoms of the nucleobase (Figure 1). To
fulfill such a requirement in a uridine core, phenyl azo substitution at the 6 position should
have an electron-donating substitution, thereby electronically communicating with the
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carbonyl at the 4 position (Figure 1a). Alternatively, phenyl azo substitution at the 5 position
should have an electron-withdrawing substituent, thus interacting with N or with an
electron-rich substituent at the 6 position (Figure 1b,c). In this fashion and assuming this
does not impact the tautomeric preference, the uracil base-pairing face remains intact and
capable of Watson—Crick base pairing.

In the current study, we exploit the versatility of 6-aminouracil to obtain both uridine and
cytidine azo dye analogues. We prepared both 6-amino-5-(4-nitrophenylazo)-uridine (5) and
5-(4-nitrophenylazo)-6-oxocytidine (8) as new pyrimidine-based nucleodyes derived from 6-
aminouracil. Their structural and photophysical features are characterized as well as their
responsiveness to microenvironmental changes including polarity and pH. Our observations
are supplemented by quantum chemical calculations of absorptive properties, which nicely
predict these compounds to be highly absorbing visible dyes. We demonstrate that small
nucleoside-based quenchers can be designed to electronically match emissive nucleosides
and other known fluorescent probes.

Vorbriiggen glycosylation of 6-aminouracil (1) and AB-DMF 6-aminouracil (2) with 8-D-
ribofuranose 1-acetate 2,4,5-tribenzoate, followed by removal of all protecting groups in
methanolic ammonia, gave 6-oxocytidine (7) and 6-aminouridine (4), respectively (Scheme
1). Their structures were confirmed by X-ray crystallography (Figure S1). The nucleosides
were reacted with 4-nitrobenzenediazonium chloride under standard conditions to give the
desired 6-amino-5-(4-nitrophenylazo)uridine (5) and 5-(4-nitrophenyla-zo)-6-oxocytidine
(8), which were fully characterized by 1H and 13C NMR spectroscopy as well as by HRMS
and X-ray crystallography (Figure 2).

IH NMR spectroscopy and the crystal structure of 5 suggest a single tautomer in both
solution and the solid state (Figure S24 and Figure 2a). In contrast, the 1H NMR spectrum of
pure 8 in DMSO-adj showed the presence of two species in a ~7:3 ratio, suggesting two
tautomeric forms (Figure S30). This was further supported by the addition of acid or base, as
the two species merged into one (Figures S32 and S33). Initial crystallization attempts in
strong acidic conditions (ACN/EtOH/HCI or TFA/water) resulted in deamination to give
crystals of 5-(4-nitrophenylhydrazono)-6-oxouridine (9), which was further characterized by
HRMS (Scheme 2). Crystallization of 8 under mild acidic conditions (AcOH/EtOH) resulted
in cocrystallization of the two tautomeric forms, 5-(4-nitro-phenylazo)-6-oxocytidine (8a)
and 5-(4-nitrophenylhydrazo-no)-6-oxocytidine (8b) (Figure 2b), providing structural
validation of the anticipated product, the substituted 6-amino-2,4(1H,3H)-pyrimidinedione
analogue 8a, as well as the structure of its C-face analogue tautomer 8b as indicated by

the 1H NMR spectra.

Photophysical Evaluation

Ground-state absorption spectra of 5 and 8 in phosphate buffer (pH 7) show maxima at 397
nm (e=2.9 x 10* M~1 cm™1) and 411 (e = 3.5 x 10* M~1 cm™1), respectively (Figures 3a
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and 3c). Compounds 5 and 8 exhibit favorable red-shifted absorption bands and higher
extinction coefficients compared to 4-nitroazobenzene. The latter exhibits an absorption
maximum at 338 nm (e = 2.62 x 10* M~ cm™1) in EtOH and 330 nm (e = 2.56 x 10% M1
cm™1) in cyclohexane.1® The spectral data measured for 5 and 8 in MeOH [397 nm (e = 3.1
x 104 M~ cm™1) and 402 nm (e = 3.6 x 10* M~ cm™1), respectively] and dioxane [405 nm
(e=3.2x10* M1 cm™) and 402 nm (e = 4.2 x 10* M~1 cm™), respectively] clearly reflect
substantial red-shifted wavelengths and higher extinction coefficients.

To evaluate whether these nucleodyes are potentially capable of detecting
microenvironmental changes through changes in absorbance wavelength and/or intensity,
spectra in a wide range of pH and polarities were recorded.1 pH titration of 6-amino-5-(4-
nitrophenylazo)uridine (5) (Figure 3a) reveals two deprotonation events (pKz1 =3.9+0.2
and pK;, = 8.8 £ 0.1, Figure 3b). Acidic or basic changes to the neutral form result in a red
shift of the absorption maximum. Acidic conditions (pH < 3.9) result in a sharper absorption
band (Amax = 411 nm) with higher intensity and short tailing into the midvisible range,
whereas basic conditions (pH > 8.8) exhibit a more predominant red shift (1ax = 434 nm)
together with spectral widening and tailing into the midvisible range (Figure 3a). The pH
titration absorption spectra of 5-(4-nitrophenylazo)-6-oxocytidine (8) appear to show a two-
state transition with a well-defined isosbestic point (A1 = 429 nm) (Figure 3c). Fitting the
wavelength maxima to pH suggests a single deprotonation event near neutral pH (pK31 = 7.6
+0.1) (Figure 3d).7

To assess the impact of polarity, the absorption spectrum of 6-amino-5-(4-
nitrophenylazo)uridine (5) was recorded in MeOH-dioxane mixtures (Figure S6a). As the
polarity increases, 5 exhibits a slight hypsochromic shift along with a minor hypochromic
effect (Figure 4a). A good linear correlation is observed for the hypochromic effect in the
MeOH-dioxane mixtures (Figure 4b). We note that data collected in pure solvents (dioxane,
dichloromethane, acetonitrile, MeOH, and water) do not provide a clearer correlation, likely
due to solvent specific effects (Figures S6b and S7). The absorption spectra of 5-(4-
nitrophenylazo)-6-oxocytidine (8) show no wavelength change in a range of MeOH-dioxane
mixtures. However, pure water shows a notable 10 nm bathochromic shift (Figure S8 and
Figure 4c). A hypochromic effect is observed, and the correlation with relative intensity
(including the pure water sample) appears to be sigmoidal, suggesting a polarity-dependent
transition (£730 = 54.2 + 0.1 kcal/mol) (Figure 4d).

Theoretical Calculations

The spectroscopically silent ribose moiety was replaced with a methyl group to facilitate a
faster geometry optimization of the nucleobase in all calculations. AM1 geometry
optimizations predict the structures of 5, 8a, and 8b to be overall planar. This planarity is in
good agreement with the X-ray crystal structures (Figures S2 and S3). The electronic spectra
of the AM1-optimized structures of compounds 5, 8a, and 8b were calculated using
ZINDO/S by including the 15 lowest unoccupied and 15 highest occupied orbitals. The
results of these calculations are summarized in Table 1. The lowest energy transition of the
three compounds is predicted to have a high molar absorptivity (oscillator strength, 7
calculated to be approximately 1 for the three compounds). Moreover, the positions of the
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lowest energy band of compounds 5 (A = 386 nm) and 8a (A = 382 nm) are, as can be
expected from their structural similarity, predicted to be essentially the same. The alternative
tautomeric form of 8, 8b, has a lowest energy band predicted to be blue-shifted
approximately 20 nm compared to compound 5 and 8a.

To assess the potential of the 6-aminouracil nucleodyes as quenchers, we calculated their
Forster critical distance (/) for the commonly used 2-aminopurine (2AP) and
pyrrolocytosine (PyC) as potential fluorescent donors (Table 2). With an emission maximum
of 371 nm and quantum yield (QY) of 0.68, the nucleoside d-2AP shows good spectral
overlap with the nucleodyes (Figure 5), with a calculated R, of 43 A. PydC displays
moderate spectral overlap with the nucleodyes (Figure 5). With an emission maximum of
462 nm and QY of 0.05, the calculated R for FRET pairing 5 and 8 is 26 and 28 A,
respectively. 2AP and PyC exhibit substantial and moderate quenching, respectively, of the
fluorescence upon incorporation into oligonucleotides, and further quenching of
fluorescence is also observed upon duplex formation.>6:18 This results in decreased A,
values for the two FRET pairs inside oligonucleotide systems (see Table 2). Our Ry
estimation shows that 5 and 8 are good FRET pair candidates with either 2AP or PyC also
following incorporation into oligonucleotides.

DISCUSSION

Synthetic Considerations and Strategy

The assembly of a uracil azo dye is influenced by the nature of the substituent on the
phenylazo chromophore. Electron-donating phenylazo substitution at the 6 position (Figure
1a) could conceivably be constructed by diazotization of 6-aminouracil and subsequent
reaction with electron-rich substituted benzene. Electron-withdrawing phenylazo
substitution at the 5 position (Figure 1b,c) could be constructed differently by nucleophilic
attack of the 5 position on a substituted benzenediazonium ion. Indeed, uracil reacts under
basic conditions with benzenediazonium ion to give 5-phenylazouracil derivatives.1®
However, 6-aminouracil does not react under diazotation conditions to give the
corresponding uracil-6-diazonium salt, but rather yields the nitrosylation product at the
highly nucleophilic 5 position.2% 6-Aminouracil also readily reacts with benzenediazonium
ions to afford 6-amino-5-phenylazouracil derivatives (Figure 1c).21

Although 5- and 6-phenylazouracil derivatives have been prepared, the corresponding
nucleoside analogues have rarely been reported.13¢.f" Assembling a chromophore on a
nucleoside with a native anomeric configuration is typically preferred over glycosylation of
the modified heterocycle since the glycosylated nitrogen as well as the sugar configuration
of the latter must then be confirmed by X-ray crystallography. Uridine has been reported to
be unreactive toward benzenediazonium ion and does not give coupling or substitution
products.1® However, the 5 position of 6-aminouridine is expected to be considerably more
nucleophilic and should readily react to give 6-amino-5-phenylazouridine derivatives.

Glycosylation of 6-aminouracil takes place at the N3 to give the widely explored 6-
oxocytidine.2 It has been reported, however, that glycosylation of N6 DMF-protected 6-
amino-uracil has resulted in alkylation at the N1 position to give 6-aminouridine.2®
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Interestingly, assembling an electron-withdrawing phenylazo substitution at the 5 position of
cytidine as well as 6-oxocytidine coincides nicely with our nucleodye design concept
(Scheme 1 and Figure S9). Cytidine has also been reported to be unreactive toward
benzenediazonium ion,1? and we therefore examined this reaction on 6-oxocytidine.

Considering the unreactivity of uridine and cytidine toward benzenediazonium ion1® and the
preference to modify a nucleoside with a determined sugar configuration, the nucleophilicity
of the 5 position and the versatility to obtain both uridine and cytidine derivatives makes 6-
aminouracil a favorable precursor for assembling pyrimidine-based nucleodyes. To the best
of our knowledge, this approach has been explored only once for the reported synthesis of 6-
amino-5-(4-chlorophenylazo)uridine.13

Protected nucleosides 3 and 6 were prepared from 6-aminouracil by modification of the
reported procedures. The glycosylation of 1 has been reported as a two-step procedure
involving prior activation in hexamethydisilazane (HMDS) followed by glycosylation with
protected ribofuranose and trimethylsilyl triflate (TMSOTT) as catalyst for 24 h.24 The
preparation of 3 has been reported starting from the activated silylated intermediate AS-

(N, N-dimethylformimidamide)- O, O’ -bis(trimethylsilyl)-6-aminouracil.2> The glycosylation
was carried out under conditions similar to those reported for 1, and 94% yield of desired
product 3 was reported as well as <5% of 6; however, full procedures were not disclosed for
the activated starting material.

For the glycosylation of 1 and 2 we applied a two-step one-pot procedure. First, the
nucleobase was activated with A, O-bis(trimethylsilyl)acetamide (BSA) in anhydrous 1,2-
dichloro-ethane and then reacted with S-D-ribofuranose 1-acetate 2,4,5-tribenzoate in the
presence of TMSOTHT. Standard purification yielded 3 and 6 in moderate yields (54% and
70%, respectively). The glycosylation reaction of 2 gave also 6 as well as an N* and N3
doubly glycosylated pyrimidine byproduct.

The DMF protection of the exocyclic amine of 6-aminouracil 1 was achieved using
dimethylformamide dimethyl acetal overnight at 60 °C. However, 2 was found to be difficult
to purify from unreacted starting material and byproducts and was thus used without
purification. Attempts to drive the reaction to completion resulted in over-reaction
byproducts and lower yields as determined by crude *H NMR spectra of 2. It can be
obtained in decent purity (with delectable amounts of starting material), albeit with lower
yield, by washing the crude product with MeOH.

Structure Elucidation

The tautomerism of 6-amino-5-phenylazouracil derivatives has been a topic of interest and
the focus of a recent report.21:26 The crystal structure and IH NMR spectra of 5 indicate one
tautomeric form corresponding to 6-amino-5-(4-nitrophenylazo)uridine. In contrast, two
tautomeric forms were observed for 8 in both the solid state and solution. The chemical
shifts observed in the 1H NMR spectra for the tautomeric hydrazone proton (=N-NH-) and
amide proton (NH-C=0) correspond to the two tautomeric forms seen the crystal structure
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(Figure 2b and Figure $30).262.27 One tautomer, 5-(4-nitrophenylazo)-6-oxocytidine (8a,
Figure 2c), assumes a tautomeric form similar to that of 5 in which the azo group is
hydrogen bonded to the neighboring exocyclic amine. In the other tautomer, 5-(4-
nitrophenylhydrazono)-6-oxocytidine (8b, Figure 2c), the sugar, and the 4-
nitrophenylhydrazone group are both rotated roughly 180° (183° + 1° and 178° + 1°,
respectively), and the latter is hydrogen bonded to the neighboring exocyclic carbonyl
(Figure 2c). The distinct solid-state conformation of the two tautomeric forms 8a and 8b is
highlighted in Figure 2d. They are hydrogen bonded to one another in a Watson—Crick-like
pairing (Figure 2b,c). The ~180° rotation of the 4-nitrophenyl hydrazone and the
ribofuranose generates a pseudo symmetrical arrangement, which apparently enables crystal
packing (Figure 2b). To the best of our knowledge, this is the first nucleoside to exhibit
cocrystallization of two tautomeric forms that hydrogen bond to each other in a Watson—
Crick base-pairing manner, and the only report of such example to include both tautomeric
and conformational changes. The crystal structures of isocytosine?8 and alloguanine?® show
similar tautomeric Watson—Crick base pairing.

Crystal structures of 5 and the C-face tautomer 8b display an anti orientation at the
glycosidic linkage similar to the preference seen with the native nucleobases uridine and
cytidine. This is of significance since the pyrimidine core of these modified nucleosides is
substituted at the neighboring 6 position. Indeed, 9 as well as the substituted 6-
amino-2,4(1H,3H)-pyrimidinedione analogue tautomer 8a exhibit a syn orientation at the
glycosidic linkage.

Overlaying the structures of uridine and 5 shows minimal root-mean-square deviation (rmsd)
of the pyrimidine core (0.0416 A, Figure S10a) but a notable impact on the sugar pucker
(rmsd 0.33 A, Figure S10b). The relatively close dihedral angle x (=152.96° and -119.7° for
uridine and 5, respectively) accounts for an overall moderate deviation of both the sugar and
pyrimidine core (0.538 A, Figure S10c). Overlaying the structures of cytidine and 8b shows
minor rmsd of the sugar pucker (0.0743 A, Figure S11b) and minimal deviation of the
pyrimidine core (0.0486 A, Figure S11a). The difference in the dihedral angle x (-162.43°
and —106.6° for cytidine and 8b, respectively) accounts for the deviation observed for the
overlay of both the sugar and pyrimidine core (0.492 A, Figure S11c). The divergence
observed in the ribofuranose conformation as well as in the dihedral angle are likely a result
of crystal-packing forces.30 The exclusive crystal structure of 8 demonstrates the influence
of crystal packing and hydrogen bonding on the dihedral angle and molecular conformation
of the ribofuranose. Importantly, the uridine and cytidine analogues 5 and 8b exhibit an anti
orientation at the glycosidic linkage as well as a reasonable overlay of the native nucleoside
core (ribose and nucleobase). These structural features are a good indication that these
nucleodyes are likely to be viable structural surrogates for their native counterparts.

Photophysical Features

Nucleodyes 5 and 8 exhibit photophysical properties similar to those reported for the closely
related chromophores 6-amino-5-(4-nitrophenylazo) uracil (unsubstituted) and 1,3-
dimethyl-6-amino-5-(4-nitrophenylazo)uracil (disubstituted).21:262 The favorable spectral
properties of nucleodyes 5 and 8 compared to 4-nitroazobenzene can be attributed to a
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stronger donor—acceptor interaction between the 6-aminouracil heterocycle and the nitro
group as articulated above. The differences in the extinction coefficients between 5 and 8
and the notable changes with polarity compared to 4-nitroazobenzene confirm that the dye
moiety is electronically communicating with the nucleobase and sensitive to its environment.

The pH titration absorption spectra of 5 suggests a two-state transition between the acidic
and the neutral form reflected by a blue shift along with decreased intensity and widening of
the Gaussian, generating two isosbestic points (1 = 380, A = 447 nm). However, the spectra
of the basic pH do not appear to share an isosbestic point with the neutral form (Figure 3a).
Considering that each form may represent a contribution of absorption bands of several
possible tautomers, classical spectral pH transitions with defined isosbestic points are not
expected. Correlation of the wavelength maximum to pH clearly depicts two deprotonation
events (Figure 3b). The first transition, from the acidic to neutral form (pKz1 = 3.9 £ 0.2),
observed also by the isosbestic points, likely corresponds to the deprotonation of the
protonated azo group. The second transition, from the neutral to basic form (pK;, = 8.8
+0.1), likely corresponds to deprotonation of the N3 of the U base-pairing face. In contrast
to the dramatic effect of pH, absorption spectra of 5 in pure solvents as well as in MeOH-
dioxane mixtures exhibit a rather minimal wavelength and intensity changes (396-406 nm;
~10%, respectively).

The pH titration absorption spectra of 8 appear to reflect a two-state transition with a well-
defined isosbestic point (A = 429 nm); however, a closer look reveals imperfect Gaussians
above pH = 6 (Figure 3c). The transition observed likely corresponds to deprotonation of the
two neutral tautomeric forms observed in the crystal structure and by *H NMR in DMSO.
The acidic points of the sigmoidal fit might hint to the presence of an event corresponding to
the deprotonation of the protonated exocyclic amine. The slight difference in the pKj
observed by fitting the wavelength maxima (pH = 7.6, Figure 3d) or by fitting the optical
density values at specific wavelengths (pH = 7.0, Figure S4) is possibly due to a
combination of tautomerization along with C-face deprotonation. Compound 8 exhibits a
notable hypochromic effect with a large 19% intensity range as polarity changes (Figure S8).
The sigmoidal fit of the relative intensities (Figure 4d) also likely corresponds to the
tautomerization event and indicates the polarity at which the two tautomers are at a 1:1 ratio
[£7(30) = 54.2 £ 0.1 kcal/mol]. The polarity of DMSO-agg NMR sample and possibly a pure-
solvent effect accounts for a roughly 7:3 ratio between the tautomers in the 1H NMR
spectrum [£7(30) = 45.1 kcal/mol for pure DMSO].

The implementation of nucleodyes as visible-range probes ultimately depends on their
ability to report microenvironmental changes. Nucleic acid binding and folding events are
likely to result in local changes to polarity and possibly pH, which may be monitored by
changes in the absorbance wavelength or intensity of the nucleodye probe. Both 5 and 8 are
found to be sensitive to pH and polarity as reflected by changes in wavelength and/or
intensity. Both compounds exhibit a notable hypochromic effect in water compared to
solutions of reduced polarity with limited or no hydrogen bonding. However, the spectral
changes induced by variations in polarity are relatively minor and changes in pH are clearly
more significant. Importantly, the high extinction coefficients of the remote red-shifted
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maxima suggest that these single modifications can be conveniently detected (ABS = 0.05-
0.1) at the low micro molar concentrations typical of biochemical assays.

Theoretical Calculations

Quantum chemical calculations may be used to approximate spectral properties and, thus,
facilitate the synthesis of selected desired compounds that are likely to be highly absorbing
visible dyes and useful acceptors in FRET pairs with fluorescent donor molecules.3! In
general, calculations of absorptive properties of nucleobases have shown good correlation
with experimental values.32 Such calculations featuring candidate nucleobase molecules
have also been successfully used to predict fluorescence properties (4f)33. However, such
predictions are strictly restricted to comparisons within a series of molecules built up from
the same molecular scaffold and not introducing any moieties known to open up new
excited-state deactivation pathways (4) such as nitro groups. The potential of nucleodyes
as sensitive solvatochromic probes and fluorescence quenchers renders prediction an
attractive complementary tool for efficient design and synthesis of these compounds. Azo
dyes are notorious for their high molar absorptivity; therefore, we merely used our
calculations here to assess the lowest energy transition (S;—Sg) wavelength and whether the
6-aminouracil nucleodyes are expected to have a high molar absorptivity.

The calculations predict that compounds 5 and 8a absorb at essentially the same wavelength
(386 and 382 nm, respectively) and will have similar and high molar absorptivity (oscillator
strengths are both close to 1). Previous calculations on azobenzene derivatives also predicted
oscillator strengths around or slightly above 1.34 Generally, calculations like the ones we
have used here overestimate the energy needed for the lowest energy transition, and
correction factors of approximately 0.9 have previously been reported for nucleobases.32?
Taking this correction into account, lowest energy peaks for 5 and 8a at wavelengths around
or slightly above 400 nm can be expected. This is in good agreement with our experimental
finding for 5 and 8 (A = 397 and 411 nm, respectively; Figure 3). To be more exact, the
wavelength value calculated for the dominant tautomer 8a should be compared to the
absorption peak maximum of the form of 8 that exists at low pHZ%2 in Figure 3c (1 = 405
nm). Moreover, the calculated high oscillator strengths (# of 5 and 8a excellently predict the
high molar absorptivity recorded for the two compounds (29000 and 35000 M~ cm™1,
respectively). Also, the hydrazo form of 8, 8b, that was calculated after it was identified in
the solid state, is predicted to have a high molar absorptivity (£~ 1) and a lowest absorption
peak slightly blue-shifted compared to 8a and 5 (A = 363 nm). The mixture of 8a and 8b is
expected to increase the complexity of the absorption spectra (Figure 3c), thus making a
direct comparison of the calculated lowest absorption band of 8a and measurement even
more challenging.

FRET-based techniques have become widely popular for studying biomolecule structure and
function owing to the high sensitivity of the method to relative changes in distance and
orientation of the FRET pair donor and acceptor.3> Much effort has been put forth to develop
new fluorescent probes as well as fluorescent nucleoside analogues. However, with the
exception of the FRET pair £C°/fCyitro,” little effort has been made to develop FRET
acceptor nucleosides to match existing FRET donors. The fundamental requirement of a
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FRET pair is spectral overlap of the donor emission and the acceptor absorption and with
knowledge from that the Forster critical distance (/) can be accurately calculated.

2AP and PyC are two of the most commonly used fluorescent nucleoside analogues.5-38 2AP
is of specific interest as it is known to pair with uridine and also with cytidine.3” The R,
calculations suggest that 5 and 8 are suitable FRET acceptors for 2AP and PyC, indicating
their potential application in monitoring folding or hybridization events within
oligonucleotides. Nucleodyes, owing to their large extinction coefficients, are excellent
candidates for the design of FRET acceptors to match specific existing donors. We find the
quantum chemical calculations of spectra of azo-compounds advantageous for the prediction
of the position of the lowest energy band and its relative intensity, and thus, they represent a
valuable tool in designing new FRET acceptor nucleodyes for existing FRET donors.

CONCLUSIONS

We present the concept of nucleodyes, visibly colored chromophoric nucleoside analogues
in which the base-pairing face is part of the chromophore, thus influencing its photophysical
properties through donor/acceptor electronic conjugation. We demonstrate that theoretical
calculations can, in principle, facilitate the design of strongly absorbing nucleodyes, which
overlap with the emission of known fluorophores.

Starting from 6-aminouracil, two pyrimidine nucleodyes were prepared and studied for their
potential as visible-range probes. Crystal structure analysis indicates that both 6-amino-5-(4-
nitrophenylazo)uridine (5) and 5-(4-nitrophenyl-hydrazono)-6-oxocytidine (8b) are good
structural analogues of their native nucleoside counterparts. \We recognize that the use of
these nucleodyes as visible-range probes might be limited as the impact of pH and polarity
on their photophysical features indicates that microenvironmental changes might be difficult
to distinguish. We note, however, that the photophysical features of azo nucleodyes may be
enhanced and/or fine-tuned by changing the substituent on the phenyl ring. The prospect of
monitoring nucleic acid interactions through microenvironmental changes of the nucleodyes
in the visible range remains appealing since UV-vis absorption spectrometers are widely
common and affordable. In addition, such nucleodyes may become complementary to
fluorescent probes since they can be custom designed as FRET acceptors to match existing
donors.

EXPERIMENTAL SECTION

Materials and Methods

All reagents and solvents were purchased from commercial suppliers and used without
further purification unless otherwise specified. Anhydrous solvents were purchased from
commercial suppliers or dried by standard techniques. Spectroscopic-grade solvents and
deuterated NMR solvents were purchased from commercial suppliers. All experiments
involving air-and/or moisture-sensitive compounds were carried out under an argon
atmosphere. All reactions were monitored with analytical TLC 60 F254. Column
chromatography was carried out with silica gel particle size 40-63 m. NMR spectra were
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recorded on 300 and 500 MHz spectrometers. Mass spectra were recorded on LR-ESI and
HR-ESI-TOF mass spectrometers.

All photophysical values reflect the average of at least three independent measurements.
Absorption spectra were measured with 1 nm resolution on a UV-vis spectrophotometer and
corrected for the blank. A 1 cm four-sided Helma quartz cuvette was used, and the sample
temperature was kept constant at 20 °C using a thermostat-controlled ethylene glycol-water
bath fitted to a specially designed cell holder. The sensitivity of the nucleodyes to changes in
pH was studied in aqueous phosphate buffers (10 mM phosphate, 100 mM NaCl) with pH
values ranging from 2 to 12. The samples were prepared from concentrated DMSO stock
solutions and contained up to 0.4 vol % DMSQO. For 5-(4-nitrophenylazo)-6-oxocytidine 8
(Figure 3d), a triplicate pH titration was performed with unchanged solutions of different
pH. The average absorption maxima value for every pH was taken, the values were fitted to
a Boltzmann function, and the pKj value is reported. For 6-amino-5-(4-
nitrophenylazo)uridine 5 (Figure 3b), a triplicate pH titration was performed with different
sets of solutions of slightly variated pH values. Each data set of values was separately fitted
to a Boltzmann function, and the average pKj value is reported.

Quantum mechanical calculations of electronic absorption spectra of the investigated
compounds 5, 8a, and 8b were performed with the semiempirical ZINDO/S method as
incorporated in the HyperChem program. All singly excited configurations using the 15
highest occupied and 15 lowest unoccupied orbitals were included in the configuration
interaction (CI) calculation. The geometries used were obtained from AM1 optimizations as
implemented in HyperChem.

Rg Calculations

The Férster critical distance (R0) was calculated in A by the equation’-23
Ro=0.211[x*n=4Q, J(N)]"/°

Where «2 is the relative orientation of the donor and acceptor transition dipole moments, 77is
the refractive index of the medium, Qp is the quantum yield of the donor in the absence of
acceptor and A A) is the spectral overlap between the donor emission and acceptor
absorption spectra calculated by the equation

T(N)=J 20 Fp(Me, (M)A dA

where Fp(A) is the normalized fluorescence intensity of the donor in the wavelength range A
to A + A and ea(A) is the is the extinction coefficient of the acceptor at A.

For the R, calculations, a value of 2/3 was taken for the orientation factor x2 corresponding
to free rotation and a value of 1.333 for the refractive index 7 of water.
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N6-DMF-6-aminouracil (2)—To a cooled to 0 °C suspension of 6-aminouracil (300 mg,
2.36 mmol) in dry DMF (50 mL, filtered over silica gel) was dropwise added N, \-
dimethylformamide dimethyl acetal (0.627 mL, 4.72 mmol). The mixture was slowly heated
and stirred o.n. at 60 °C. The solvent and excess DMF-DMA were evaporated, and the
residue was coevaporated with dry DMF (2 x 20 mL). The solid was used in the next
reaction without further purification. To obtain NMR spectra, a small amount of the solid
was washed with MeOH and filtered: white solid; mp 245 °C dec; 1H NMR (300 MHz,
DMSO-a;) 610.43 (s, 1H), 10.38 (s, 1H), 8.08 (s, 1H), 4.89 (d, /= 1.5 Hz, 1H), 3.07 (s,
1H), 2.94 (s, 1H); 13C NMR (125 MHz, DMSO-a) 6 165.0, 160.5, 156.7, 151.7, 81.5, 40.3,
34.3; ESI-HRMS calcd for [C7H1gN4O-Na]* [M + Na]* 205.0696, found 205.0698.

N6-DMF-2’,3’,5-tri-O-benzoyl-6-aminouridine (3)—To the suspension of Af-
DMF-6-aminouracil (425 mg, 2.33 mmol) in dry DCE (25 mL) was dropwise added N,C-
bis(trimethylsilyl)acetamide (1.43 mL, 5.83 mmol). The mixture was stirred at rt for 2 h
until the suspension became clear. g-D-Ribofuranose 1-acetate 2,3,5-tribenzoate (1.18 g,
2.33 mmol) and TMSOTT (0.675 mL, 3.73 mmol) were added successively. The reaction
mixture was heated to reflux for 1 h, cooled to rt, and then evaporated. The residue was
dissolved in CH,Cly, and the solution was washed with saturated aqueous NaHCO3 solution
and brine, dried over Nay,SQOy, and evaporated under reduced pressure. The crude residue
was purified by column chromatography with CH,Cl,/MeOH = 100:0-95:5 to afford a white
solid (790 mg, 54%): mp 105-107 °C; 1H NMR (500 MHz, DMSO-a) §11.03 (s, 1H), 8.08
(s, 1H), 7.99 (d, J=5.5 Hz, 2H), 7.88 (dd, J= 8.3, 1.1 Hz, 2H), 7.83 (d, J= 7.5 Hz, 2H),
7.67-7.58 (m, 3H), 7.50-7.42 (m, 4H), 7.41-7.36 (m, 2H), 6.85 (s, 1H), 6.19-5.99 (m, 2H),
5.09 (s, 1H), 4.68-4.59 (m, 2H), 4.56-4.48 (m, 1H), 3.06 (s, 3H), 2.84 (s, 3H); 13C NMR
(125 MHz, DMSO-ag) 6165.5, 164.8, 164.7, 163.1, 159.1, 156.2, 150.8, 133.9, 133.8,
133.5,129.4, 129.3, 129.2, 128.8, 128.74, 128.70, 128.64, 128.60, 86.7, 82.9, 77.9, 74.1,
70.6, 63.6, 40.4, 34.4; ESI-HRMS calculated for [CazH31N4Og]* [M + H]* 627.2086, found
627.2083.

6-Aminouridine (4)—A solution of A6-DMF-2",3" 5’ -tri- O-benzoyl-6-aminouridine (500
mg, 0.8 mmol) in saturated methanolic ammonia (38 mL) was heated overnight at 60 °C in a
pressure vessel. All volatiles were evaporated, and the residue was coevaporated with
methanol (2 x 50 mL). The residue was dissolved in MeOH (50 mL), treated with silica gel,
and evaporated to dryness. The residue was loaded onto a silica gel chromatography column
and eluted with CH,Cl,/MeOH = 100:0 to 75:25 to afford a white solid (174 mg, 84%): mp
197 °C dec; 'H NMR (500 MHz, DMSO-a) §10.47 (d, J= 1.7 Hz, 1H), 6.87 (s, 2H), 6.18
(d, J=7.4 Hz, 1H), 5.50 (t, /= 4.5 Hz, 1H), 5.24 (d, /= 6.4 Hz, 1H), 5.03 (d, /= 5.0 Hz,
1H), 458 (d, J= 2.1 Hz, 1H), 4.37 (dd, J= 13.6, 6.5 Hz, 1H), 4.04-3.98 (m, 1H), 3.83-3.79
(m, 1H), 3.64-3.55 (m, 2H); 13C NMR (125 MHz, DMSO-a) 6162.4, 155.7, 151.3, 87.7,
85.0, 76.9, 69.6, 69.5, 60.4; ESI-HRMS calcd for [CgH13N30gNa]* [M + Na]* 282.0697,
found 282.0698.

6-Amino-5-(4-nitrophenylazo)uridine (5)—4-Nitroaniline (40 mg, 0.29 mmol) was
dissolved in 1 M HCI (5 mL) and cooled to 0 °C. Sodium nitrite (1 M, 290 /L, 0.29 mmol)
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was added, and the reaction was kept at 0 °C for 1 h. A mixture of 6-aminouridine (50 mg,
0.193 mmol) predissolved in aqueous NaHCO3 solution (1 M, 5 mL) was slowly added at
which a yellowish-orange precipitation formed. The ice bath was removed, and the reaction
was stirred for 2 h at rt to give a deep orange-red slurry. The slurry was filtered on a Buchner
funnel, washed twice with water, and dried thoroughly over vacuum to give an orange solid
(78 mg, 99%): mp >300 °C; IH NMR (500 MHz, DMSO-ds) 612.30 (s, 1H), 11.50 (s, 1H),
9.32 (s, 1H), 8.32 (d, /=9.1 Hz, 2H), 7.82 (d, /=9.1 Hz, 2H), 6.36 (d, /= 8.3 Hz, 1H), 5.95
(s, 1H), 5.46 (d, /=5.7 Hz, 1H), 5.19 (d, /= 4.3 Hz, 1H), 4.51-4.43 (m, 1H), 4.10-4.01 (m,
1H), 4.02-3.97 (m, 1H), 3.73-3.66, (m, 1H), 3.65-3.58 (m, 1H); 13C NMR (125 MHz,
DMSO-a;) 6§159.3, 156.4, 149.6, 149.1, 145.6, 125.2, 121.3, 112.2, 88.1, 86.1, 70.4, 68.4,
60.8; ESI-HRMS calcd for [C15H15NgOg]™ [M — H]™ 407.0957, found 407.0953.

2’,3’,5’-Tri-O-benzoyl-6-oxocytidine (6)—To a suspension of 6-aminouracil (1.00 g,
7.87 mmol) in dry DCE (35 mL) was dropwise added N, G-bis(trimethylsilyl)acetamide
(9.62 mL, 39.34 mmol). The mixture was heated to 50 °C and stirred for 5 h until the
suspension became clear. The reaction was cooled to rt, and g-D-ribofuranose 1-acetate
2,3,5-tribenzoate (3.97 g, 7.87 mmol) and TMSOTTf (2.28 mL, 12.59 mmol) were added
successively. The reaction mixture was heated to reflux for 1 h, cooled to rt, and then
evaporated. The residue was dissolved in CH,Cl,, and the solution was washed with
saturated aqueous NaHCOs solution and brine, dried over Na,SO4, and evaporated under
reduced pressure. The crude residue was purified by column chromatography with CH,Cl,/
MeOH = 100:0-95:5 to afford a white solid (3.15 g, 70%): mp 201-203 °C; 1H NMR (500
MHz, CDCl3) §11.06 (s, 1H), 7.99 (d, /=7.2 Hz, 2H), 7.92 (d, /= 7.3 Hz, 2H), 7.85 (d, J=
7.5 Hz, 2H), 7.55-7.47 (m, 3H), 7.39-7.26 (m, 6H), 6.75 (s, 1H), 6.28 (dd, J= 8.7, 6.1 Hz,
1H), 6.22 (dd, /=5.9, 1.3 Hz, 1H), 5.23 (s, 2H), 4.88 (d, /= 1.9 Hz, 1H), 4.78-4.66 (m,
3H); 13C NMR (125 MHz, CDCl3) 6 166.6, 165.9, 163.4, 153.8, 152.0, 133.6, 133.5, 133.4,
129.9,129.8, 129.5, 129.1, 128.8, 128.5, 128.4, 85.1, 78.1, 76.2, 74.5, 70.9, 63.3; ESI-
HRMS calcd for [C3gHo5N30gNa]* [M + Na]* 594.1483, found 594.1481.

6-Oxocytidine (7)—A solution of 2,35 -tri- O-benzoyl-6-oxocyti-dine (600 mg, 1.05
mmol) in saturated methanolic ammonia (38 mL) was heated overnight at 60 °C in a
pressure vessel. All volatiles were evaporated, and the residue was coevaporated with
methanol (2 x 50 mL). The residue was dissolved in MeOH (50 mL), treated with silica gel,
and evaporated to dryness. The residue was loaded onto a silica gel chromatography column
and eluted with CH,CIl,/MeOH = 100:0-75:25 to afford a white solid (268 mg, 98%): mp
198-200 °C;*H NMR (500 MHz, DMSO-a) 6 10.45 (s, 1H), 6.36 (s, 2H), 6.00 (d, J= 2.6
Hz, 1H), 4.96 (d, J=5.3 Hz, 1H), 4.79 (d, /= 6.5 Hz, 1H), 4.61 (t, /= 5.7 Hz, 1H), 4.53 (s,
1H), 4.44 (dd, J= 9.6, 5.3 Hz, 1H), 4.04 (q, /= 6.3 Hz, 1H), 3.63 (td, /= 6.0, 3.1 Hz, 1H),
3.56 (ddd, /= 11.6, 4.6, 3.2 Hz, 1H), 3.41-3.36 (m, 1H); 13C NMR (125 MHz, DMSO-a)
162.8, 154.1, 150.7, 86.8, 84.1, 74.0, 71.1, 70.3, 62.5; ESI-HRMS calcd for [CgH12N30¢]~
[M —H]~ 258.0732, found 258.0736.

5-(4-Nitrophenylazo)-6-oxocytidine (8)—4-Nitroaniline (40 mg, 0.29 mmol) was

dissolved in 1 M HCI (3 mL) and cooled to 0 °C. Sodium nitrite (1 M, 290 L, 0.29 mmol)
was added, and the reaction was kept at 0 °C for 1 h. A mixture of 6-aminouridine (50 mg,
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0.193 mmol) predissolved in aqueous NaOAc solution (1 M, 3 mL) was slowly added at
which a yellowish-orange precipitation formed. The ice bath was removed, and the reaction
was stirred for 2 h at rt to give a deep orange-red slurry. The solution was slightly acidified
with a few drops of 1 M HCI and evaporated to dryness. The crude was taken up in MeOH
(50 mL) and sonicated for 5 min, and the salts were filtered off. The solution was treated
with silica gel and evaporated to dryness. The residue was loaded onto a silica gel
chromatography column and eluted with CH,Cl,/MeOH = 100:0 to 75:25 to afford an
orange solid (71 mg, 90%): mp 237 °C dec; 1H NMR (500 MHz, DMSO-d;) 613.94 (s,
0.3H), 11.17 (s, 0.7H), 10.67 (s, 0.7H), 8.32 (d, /= 8.6 Hz, 1.4H), 8.27(s, 0.6H), 8.26 (d, /=
5.3 Hz, 0.6H), 8.08 (d, /= 6.5 Hz, 0.6H), 7.93 (s, 0.7), 7.86 (d, /= 8.5 Hz, 1.4H), 6.12 (s,
0.7H), 6.03 (s, 0.3H), 5.03 (d, /= 4.4 Hz, 1H), 4.87 (d, /= 6.2 Hz, 1H), 4.58 (t, /= 4.8 Hz,
1H), 4.52 (s, 0.7H), 4.47 (s, 0.3H), 4.15 (dd, J=12.5, 6.2 Hz, 1H), 3.74-3.66 (m, 1H), 3.66—
3.59 (m, 1H), 3.49-3.41 (m, 1H); 13C NMR (125 MHz, DMSO-a) §162.2, 160.6, 159.8,
156.7, 154.6, 148.9, 148.1, 146.8, 145.7, 144.0, 125.1, 121.4, 117.4, 116.6, 111.6, 87.9,
84.3,71.3,70.2, 62.5; ESI-HRMS calcd for [C15H15NgOg]™ [M — H]~ 407.0957, found
407.0964.

5-(4-Nitrophenylhydrazono)-6-oxouridine (9)—Attempts to obtain crystals of 5-(4-
nitrophenylazo)-6-oxocytidine (8) in strongly acidic conditions resulted in isolation of
yellow crystals of the title product. Method A, slow evaporation: 8 (minuscule amount) was
suspended in a few drops of acetonitrile, and a drop of HCI 4 M in EtOH was added. The
clear solution obtained was allowed to evaporate at room temperature to give yellow
crystals. Method B, vapor diffusion: 8 (minuscule amount) in a crystallization tube was
dissolved in TFA (20.5 mL) and was set in a sealed vial with water (2.5 mL). Mass spectra
analysis of the yellow crystals obtained displayed one compound of one mass unit more than
the original mass previously obtained for the desired product 8. Mass spectra analysis of the
crystallization solution displayed a mixture of both masses attesting to the transformation
occurring in acidic conditions (Figure S12). The amount of 9 obtained was insufficient for
NMR analysis: HRMS calcd for [C15H14N5Og]™ [M — H]™ 408.0797, found 408.0799.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Design strategy for three distinct uridine-based azo nucleodyes. Uracil replaces one of the
phenyl rings in the archetypal azobenzene core, and a donor—acceptor relationship is
introduced between a substituent on the phenyl ring and one of the heteroatoms of the
nucleobase. R = ribofuranose or 2’ -dexoyribofuranose.
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Figure 2.

X-gray crystal structures: (a) 6-amino-5-(4-nitrophenylazo)uridine (5); (b) solid-state
structure of 8 showing two tautomeric forms, 5-(4-nitrophenylazo)-6-oxocytidine (8a) and 5-
(4-nitrophenylhydrazono)-6-oxocytidine (8b); (c) schematic depiction of the two tautomeric
forms in the crystal packing illustrating the Watson—Crick-like base pairing; (d) overlap of
the pyrimidine core of the two tautomers clearly visualizing the relative rotation of the
ribose and the 4-nitrophenylazo substitutions. 8a in blue and 8b in orange. See the
Supporting Information for side views (Figures S2 and S3).
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(a) Absorption spectra as a function of pH for 6-amino-5-(4-nitrophenylazo)uridine 5 (5.9 x
1076 M). See the Supporting Information for split figure (Figure S5). (b) Correlating
absorption maxima to pH shows two transitions (pK;; = 3.9 £ 0.2; pKy2 = 8.8 £ 0.1). (¢)
Absorption spectra as a function of pH for 5-(4-nitrophenylazo)-6-oxocytidine 8 (1.2 x 107>
M). (d) Correlating absorption maxima to pH shows one major transition (pKy1 = 7.6 £ 0.1);
a second one (pH < 2) may also be present. pKj values reflect the average over three
independent measurements and are equal to the inflection point determined by Boltzmannic
functions fitted to the curves in (b) and (d). See the Experimental Section for a detailed

explanation.
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Figure 4.

(a, b) Assessing the effect of solvent polarity on absorption of 5 in MeOH-dioxane
mixtures: correlation of absorption energy maxima in kcal/mol (a) and absorption intensity
(at the absorption maxima) (b) with £7(30) values illustrate that as polarity increases 5
exhibits a hypsochromic shift (/= 0.88) along with a hypochromic effect (R = 0.97). (c, d)
Assessing the effect of solvent polarity on absorption of 8: correlation of (c) absorption
wavelength maxima with £7(30) values for MeOH-dioxane solutions (circle) and water
(square) and (d) absorption intensity (at the wavelength maxima) with £1(30) values
suggests a polarity dependent transition.
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Normalized absorption (solid lines) and emission (dashed lines) spectra in water of 5 (blue),

8 (purple), d-2AP (green), and PydC (orange).
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Scheme 1. Synthesis of 6-Amino-5-(4-nitrophenylazo)uridine (5) and 5-(4-Nitrophenylazo)-6-
oxocytidine (8)2
4Reagents and conditions: (a) dimethylformamide dimethyl acetal, DMF, 60 °C; (b) (i) N,O-
bis(trimethylsilyl)acetamide, DCE, 50 °C; (ii) g-D-ribofuranose 1-acetate 2,4,5-tribenzoate,
TMSOTT, DCE, 84 °C; (c) NH3/MeOH, 60 °C; (d) 4-nitrobenzenediazonium chloride, H,0.
See the Experimental Section for procedures and analytical data.
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Scheme 2.
Crystallization of 5-(4-Nitrophenylazo)-6-oxocytidine (8) in Acidic Media Yields 5-(4-
Nitrophenylhydrazono)-6-oxouridine (9)
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Table 1

Three Lowest Electronic Transitions of 5, 8a, and 8b and Their Oscillator Strengths (/2 Calculated Using the
ZINDO/S Method in HyperChem on an AM1 Geometry Optimized Structure

AP (f) AP (f) AP (f)
5  386(1.004) 303(0.094) 275 (0.270)
8a 382(0.992) 306 (0.010) 302 (0.090)
8b 363 (1.062) 303(0.034) 271(0.071)

aOnIy considering oscillator strengths (# > 0.01.

b.
innm.
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Table 2
Calculated Ry? Values for FRET Pairs of 5 and 8 with d-2AP and PydC

Aem (M) monomer ®® Ro5(R) Ro8(A) incorporated ®P Ro5(A) Ry8(A)
d-2AP 371 0.6822 43 43 0.01-0.08% 21-30 21-30
PydC 462 0.053 26 28 0.01-0.04%b.18 20-25 21-27

aSee the Experimental Section for A equations 7,23

b . .
Relative quantum yields.
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