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Second-generation fluorescent quadracyclic adenine analogues:
Environment responsive probes with enhanced brightness

Blaise Dumat,[®$ Mattias Bood,”® Moa S. Wranne,® Christopher P. Lawson, Anders Foller Larsen,?
Sgren Preus, Jens Streling,™ Henrik Gradén, Eric Wellner, Morten Gratli®™ and L. Marcus

Wilhelmssont@*

Abstract: Fluorescent base analogues comprise a group of
increasingly important molecules for the investigation of nucleic acid
structure, dynamics and interactions with other molecules. Herein,
we report on the quantum chemical calculation-aided design,
synthesis and characterization of four new putative quadracyclic
adenine analogues. The compounds were efficiently synthesized
from a common intermediate via a two-step pathway with the
Suzuki-Miyura coupling as the key step. Two of the compounds,
gAN1 and gAN4, display brightnesses (e®¢) of 1700 and 2300
respectively, in water and behave as wavelength-ratiometric pH
probes under acidic conditions. The other two, gAN2 and gAN3,
display lower brightnesses, but exhibit polarity sensitive dual-band
emissions that could prove useful to investigate DNA structural
changes induced by DNA-protein or -drug interactions. The four
gANs are very promising microenvironment sensitive fluorescent
adenine analogues displaying a considerable brightness for such
compounds.

Introduction

Fluorescence spectroscopy and microscopy are sensitive and
versatile techniques perfectly suited for the investigation of the
structure and function of nucleic acids.! Fluorescence emission
can be modulated by and report on a variety of environmental
factors and photophysical events such as polarity, pH, energy
transfer and excited-state reactions. In addition to the signal
intensity, more complex parameters such as fluorescence
lifetime or anisotropy can also be measured and further increase
the analytical possibilities offered by fluorescence
spectroscopy.”?  Another  advantage of fluorescence
spectroscopy is its temporal resolution which enables monitoring
of dynamic processes on short time scales. The recent
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development of single molecule multiparameter fluorescence
detection is one example of the new possibilities offered by
advanced fluorescence techniques, potentially giving access to
quantitative measures of nucleic acid structural conformations
and dynamics at the single molecule level.[!

Due to the virtually non-fluorescent character of the natural
nucleobases, the study of DNA/RNA by fluorescence
spectroscopy requires labeling.””! One labeling strategy involves
tethering external fluorophores onto the DNA sequence by
chemical means, to either the nucleobases or the backbone.
This method benefits from the wide variety of bright, small
organic fluorophores available with a wide range of desirable
spectral and/or photophysical properties.’! However, these
probes are usually tethered to the DNA via long flexible linkers
that induce considerable mobility resulting in uncertainty
regarding the orientation and position of the probes relative to
the DNA. Moreover, these bulky probes can significantly perturb
the structure of the native DNA and thus disrupt the delicate
balance between structure and biological function. For some
applications these issues can be overlooked, as in the case of
single molecule studies where a high brightness is mandatory
and the effects of probe orientation can be partly compensated
for,l®! but not for other applications where detailed information
about the intrinsic properties of the DNA is required.

A complementary DNA labeling method involves
incorporation  of synthetic fluorescent analogues as
replacements for the natural nucleobases. These so-called
fluorescent base analogues (FBAs) are fluorescent molecules
capable of closely mimicking the properties of the natural bases
and in particular their selective base-pairing ability.l A wide
range of molecules with often very different characteristics fall
under this category, like the size-expanded nucleobases®! or
even fluorescent hydrocarbons with little similarity to the native
nucleobases.[®! The latter are thus often referred to as base
surrogates rather than base analogues. Due to the need to find
the right balance between biochemical and fluorescent
properties, FBAs cannot usually compete with the brightness of
external fluorophores. However, they are still a highly valuable
complementary labeling method. They can be site-specifically
incorporated into oligonucleotides by solid-phase synthesis, they
are usually less disruptive of the overall DNA architecture than
external probes and since they are firmly stacked in the nucleic
acids assembly, they report on the intrinsic properties of the
DNA/RNA structure rather than on their own dynamics. For
extensive reviews on the subject, the reader is referred to the
reviews by Wilson et al., Dodd et al., Sinkeldam et al.,
Wilhelmsson and references cited therein.'% The utilisation of
FBAs was first naturally focused on the study of the numerous
bioprocesses in which DNA and RNA are involved,*Y but more
recently they have outgrown the field of strict nucleic acid
biology and have for instance even proven useful in the
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development of DNA-based optical chemosensorsi*? and in
DNA nanotechnology.*3!

Ever since the first reports on FBAs by Stryer et al.*4 and
Leonard and coworkers*®! over four decades ago, considerable
efforts have been put into the development of new nucleobase
replacements. In spite of the huge number of analogues
reported in the literature,*% their design still remains an ongoing
challenge due to the inherent difficulty of satisfying all the design
criteria. A typical design strategy is to extend the 1r-conjugation
of the purine/pyrimidine system to increase the maximum
absorption wavelength, the molar absorptivity and thereby
presumably also improve the fluorescence properties. This
apparently simple approach is rendered more difficult by the
necessity to retain the properties of the natural nucleobase at
the same time, which means keeping the size of the molecule as
close as possible to that of the original structure while retaining
the base-pairing ability. Adding to the difficulty, most FBA
monomers are often highly quenched once incorporated into
DNA or RNA. For example, one of the earliest and most used
FBAs, 2-aminopurine (2-AP), has a high quantum yield as a
monomer (0.68) which is quenched approximatly 100-fold inside
DNA resulting in a low brightness in nucleic acid
measurements.['4

Using the strategy mentioned above, we have previously
developed the first FRET pair consisting of tricyclic cytosine
analogues that was successfully used for quantitative FRET
inside DNA.'8! More recently, we also reported on a series of
triazole adenine analoguesi*” and on a quadracyclic adenine
analogue gA (Figure1A).'8 Pursuant to our continued interest in
this area, we report herein on the successful use of quantum
chemical calculation-aided design to develop four fluorescent
putative quadracyclic adenine analogues (gAN1, gAN2, gAN3
and gAN4, FigurelB). In agreement with the quantum
calculations, we find that two of the four compounds display a
significantly higher brightness compared to gA. All four
compounds are sensitive towards their microenvironment, and
are promising for the study of nucleic acids by fluorescence
spectroscopy.
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Figure 1. A: Structure of adenine and the quadracyclic adenine analogue gA
base-paired with thymine. B: Structure of the new adenine analogues, gAN1,
gAN2, gAN3 and gAN4.
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Results and Discussion
Design of new quadracyclic adenine analogues

The fluorescent nucleobase gA has been shown to be an
excellent adenine analogue, introducing only minimal
perturbation to the DNA structure and pairing selectively with
thymine.l*® In its monomeric form, gA has rather modest optical
properties (¢ = 5000 m*cm? at 355 nm, ® = 0.068) and it is
additionally quenched, about 10-fold, inside DNA. The fairly low
resulting brightness in DNA (e®r = 30) is nonetheless in the
same range as that of 2-AP (e®g= 50) which remains a standard
in the field although it has been shown to perturb both DNA
structure and dynamics.

In an attempt to improve on the photophysical properties of
quadracyclic adenine, we set out to vary the outer ring of gA
which provides several possibilities for chemical modifications
that could potentially improve the optical properties without
interfering with the hydrogen-bonding face. Using quantum
chemical calculations we estimated the geometries and
spectroscopic properties of a set of gA-derivatives where the
outer benzene ring is altered to become an electron accepting
heterocycle (pyridine or pyrimidine), thus potentially modifying
the electronic configuration of the compounds and their
spectroscopic properties. TDDFT (Time Dependent Density
Functional Theory) calculations were performed for several
members of the gA family to help select the target compounds.
TDDFT with the B3LYP functional was chosen over more exact
wavefunction-based methods due to the fairly large size of the
investigated compounds. A CPCM solvation model for H,O was
also added. The same calculation model and conditions had
previously been used with accurate results to predict the
electronic transitions of gAl®l and of the family of tricyclic
cytosine analogues.?? We therefore reused them here to assess
the likelihood of our target compounds exhibiting improved
properties compared to gA.

The results of the calculations of the three lowest singlet
energy transitions (only considering oscillator strengths > 0.001)
of the four gAN pyridine derivatives (FigurelB) and their
associated oscillator strengths are shown in Table 1. The
corresponding values for gA are also shown for comparison.

Table 1. The three lowest electronic transitions!® of the gAN derivatives as
predicted by TDDFT B3LYP/6-311+G(2d) calculations on DFT B3LYP/6-
31G(d,p) optimised geometries with a CPCM solvation model for H20.

qA gAN1 0AN2 0AN3 0AN4
Aol f paL f Aol f Aol f paL f

350 0060 359 020 360 0041 359 0035 355 0.30
330 002 341 0083 337 022 324 018 347 0.003
283 01 281 0091 277 0073 279 0082 283 0.10

[ Only considering oscillator strengths (f) > 0.001. ®lin nm.

Overall the results show no major changes in the predicted
spectral properties. All four new compounds display a lowest
energy transition between 350 and 360 nm while that of gA is
found at 350 nm. However, compared to gA, the oscillator
strengths (f) of the lowest transition of gAN1 and gAN4 are three
to five times higher. Since f in theory is proportional to the molar



absorptivity, gAN1 and gqAN4 can be expected to absorb more
strongly in the lower energy part of the spectrum. Importantly,
since the oscillator strength of the So—S; transition is, through
the Strickler-Berg relation,?Y! proportional to the radiative decay
rate (k;), gAN1 and gAN4 can therefore be expected to be more
fluorescent than gA, provided that their respective non-radiative
decay rates (kn) are similar. On the contrary, the oscillator
strengths of the Sp—$S; transition for both gAN2 and gAN3 are
lower than that for gA but they display stronger Sp—S;
transitions at 337 nm and 324 nm, respectively. This predicts an
absorption in the 330 nm-region similar to that of gA and
possibly suggests weaker fluorescence properties.

The results from the calculations for the pyrimidine
derivatives (Figure S1) suggest a red-shift in the absorption of
about 20 to 30 nm but the oscillator strength value for the So—S1
transition is at best 0.31 which is comparable to the values of the
most promising gAN derivatives gAN1 and gAN4. From the
retrosynthetic analysis it was envisioned that the synthesis of the
pyrimidine derivatives would be significantly more challenging
than for the pyridine gAN-derivatives. Since the calculations
suggested that it would bring no improvement to the optical
properties, we therefore decided to synthesize only the gAN-
derivatives. The quadracyclic adenine analogue candidates,
gAN1 and gAN4, with improved predicted spectroscopic
properties relative to gA were thus chosen as the initial target
compounds. In order to obtain sufficient data to perform a small
SAR study and test the accuracy of the TDDFT calculations, the
series was completed with the less promising derivatives gAN2
and gAN3.

Synthetic Procedures
The series of gAN analogues were synthesised in 2 steps
from a common intermediate 3, which itself is readily accessed

in 2 synthetic steps beginning from commercially available 6-
chloro-7-iodo-7-deazapurine (1) (Scheme 1).
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Scheme 1. Synthesis of common intermediate 3.

Alkylation utilizing ethyl iodide and cesium carbonate in DMF
at room temperature afforded 2 in a very good yield (90%),
isolated by precipitation from water and used without further
purification. Miyaura-borylation with pinacolborane in dioxane at
80 °C for 24 h with tetrakis(triphenylphosphine)palladium(0) as
catalyst afforded 3 in a good yield (86%), after purification by
flash chromatography.
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It was envisioned that a cross-coupling reaction followed by
cyclisation via a SNAr reaction would be a convenient strategy to
rapidly generate the desired series of diverse analogues by
simply varying the substitution pattern on the pyridine ring
coupling partner (4) (Scheme 2). A catalyst screen was therefore
conducted to identify suitable conditions for the reaction, the
results of which are summarised below (Table 2).

All reactions were based on literature procedures,’?? but run
at 80 °C for 24 hours, after which the conversion was
determined by UPLC-MS analysis.

Table 2. Suzuki-Miyaura catalyst screen

R /N
“NH Cl —
catalyst
[ g H’R
—_— -
N7
3 + N| N base, solvent A\
= 80°C, 24 h I\N/ N
4a:R = H 5aiR=H \—
4e: R = Boc 5e: R = Boc
Entry  Catalyst Solvent Base Conversiont@
5a [%] 5e [%]
10461 20% Pd(PPhs)s DMA Cs2C03 27 54
1% Pdz(dba)s dioxane-
[47]
2 2.4% PCys H.0 1:1 A 16 59
2% Pd(OAC): n-BuOH-H,0
48]
3 2.4% Xphos a1 CsOH 16 n.r.
414 59 PdCl2(PPha)2 'f!iCN'HZO KaPOs 75 33
51501 3% Pd(dtbpf)Cl> MeCN Na>COs 1 n.r.
6lsy 1% (Pd(Br)2PtBus), THF-HO 1:1  KFl9 nr. n.r.
7152 5% PEPPSI-IPr MeOH KFl 74 39
0, - -
8l50l 3% [Pd(u-B)t dioxane Na2COs3 n.r. 58
BusP]2
3% PdClx(P(o- )
]
9 Tol)s)z dioxane KsPO4 n.r. n.r.
2% Pd(dba)s
53]
10 4% Q-Phos toluene KsPO4 27 14
2% Pd(OAC),
[54] -
11 4% S-Phos n-BuOH K3POa4 24 19
5% Pd(OAC),
120581 10% dppf DMF Cs2C03 48 64
1 eq CuCl

[ Conversion determined by UPLC-MS analysis. ™ n.r = no reaction. [c] KF
(40% on alumina) was used.

To determine the need for protection of the aniline nitrogen,
both the free aniline and the N-Boc protected aniline were
evaluated in the reactions. This highlighted two sets of
conditions (Table 2, entries 4 and 7) which afforded similarly
high conversions in the test system and proved that protection of
the aniline was not required and was in fact detrimental. In spite
of the high conversion achieved the conditions used in entry 7
were deemed to be unsuitable for use in future nucleoside
synthesis, because KF (40% on alumina) was used as a base.
Attempts to replace KF as a base were unsuccessful, so the use
of the PEPPSI system was discontinued. Further investigations
around the reaction conditions used in entry 4 revealed that
increasing the catalyst loading to 10% led to extensive
protodeborylation of the purine starting material (data not
shown). At room temperature, the reaction proceeded much
slower with complete consumption of starting materials after 6
hours of reaction time, affording an isolated yield of 61% (data



not shown). However, reduction of the catalyst loading to 3%
improved the observed conversion and the isolated yields
(Scheme 2). It was also possible to simultaneously reduce the
amount of aniline used to 1.1 equivalents, while still maintaining
good yields (Scheme 2).

These enhanced reaction conditions were successfully
applied to the synthesis of all four gAN analogues utilizing the
corresponding anilines to afford the Suzuki-Miyaura cross-
coupling products 5a-d (Scheme 2). The yields of 5a-c were
generally good, but in the case where the pyridine nitrogen was
located ortho to the iodine (4d), a decrease in conversion was
observed.

y-X

z/ W
NHz  PdClpphy), (25molee) — C1 V= NH,
3 o+ WIS KsPO, (2.5 eq) N‘ S\
X
v MeCN-H,0 1:1 Ly
2h
4a-d 8 c, 5a: 73%
aW=N;X,Yz=C 5b: 79%
b:X=N;W,y,z=C 1 67%
CY=NwXxz=C vslal
d:Z=N;WXY=C 56%

5c:
5d:
w-X i) TMS-Cl (1.05 eq)
;Y THF
HN _7 30 min at RT
i) LIHMDS (1.5 eq)
N \ 100 °C (mw), 3 h
LA
A

Scheme 2. Synthesis of gAN1-4.
[al Anhydrous DMA used as solvent.

6a (gAN1): 71%
6b (qAN2): 65%
6¢ (qAN3): 68%
6d (qAN4): 55%

The lower yield of 5d was attributed to the formation of
significant amounts of homo-coupled deaza-purine material,
presumably because the reactivity of 4d in the cross-coupling
reaction is reduced when the pyridine nitrogen is positioned
ortho to the iodine. The competing homo-coupling reaction of the
borylated purine starting material therefore becomes more
predominant, which reduces the final yield of the material
obtained. To reduce the rate of activation of 3 the
reactionsolvent in the case of 4d was changed to anhydrous
DMA, which allowed for the isolation of 5d in 56% vyield.

The final ring-closing reaction was initially attempted utilizing
LIHMDS at 100°C, which had previously been shown to work
well in the synthesis of the N-methylated analogue MegANL1,
(See Supporting information), but this resulted in complex
mixtures.

It has been reported that the nucleophilicity of nitrogen can
be increased by silylation.?® Pre-stirring of 5a-d with chloro-
trimethylsilane (TMS-CI), followed by addition of an excess of
LIHMDS before heating to 100°C for 2 hours afforded the
desired products (6a-d) in moderate to good yields across the
pyridine series.

Photophysical characterisation

The steady-state and time-resolved spectroscopic properties
of the gAN derivatives were thoroughly characterized in water
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and are summarized in Table 3. The large aromatic ring systems
make the AN derivatives hydrophobic resulting in a limited
solubility in water and measurements start deviating from Beer-
Lambert’s law slightly above 10 uM. The spectral properties of
the compounds were also investigated under acidic pH
conditions and in a variety of aprotic and protic solvents covering
a wide polarity range.

Absorptive properties
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Figure 2. Absorption spectra of the gAN family and corresponding oscillator
strengths of the three lowest electronic transitions calculated by TDDFT.
Spectra were measured at room temperature in milliQ water. The small
shoulders at longer wavelengths are attributed to a residual protonation of the
structures.

As predicted by the quantum chemical calculations, the gAN
derivatives absorb approximately in the same range as gA with
lowest absorption bands centered on 360 nm for gAN1 and
gAN4 and 335 nm for gAN2 and gAN3 (Figure 2). Like their
parent compound, all gAN derivatives have absorption maxima
clearly distinct from the natural bases of DNA allowing for a
selective excitation inside nucleic acid systems. In general the
molar absorptivities are stronger for the gAN family compared to
gA with an increase of up to two-fold (Table 3). The absorptions
of gAN1 and gAN4 are red-shifted by approximately 30 nm
compared to gA and the principal low absorption bands (9500
and 7300 mtcm?, respectively) are found at wavelengths well in
line with the energies of the Sy—$S; transitions found in the
TDDFT calculations. The absorption maxima of the principal low
energy bands for gAN2 and gAN3 lie in the same range and are
more intense than for the corresponding peak in gA. They are
found between the TDDFT-predicted S¢—S; and S¢—S;
transitions for gAN2 (9450 mlcm™) and at the predicted Sp—S;
transition for gAN3 (5900 m*cm™). In the case of gAN4, the
lowest energy absorption band is predicted to be highly
dominated by or even purely composed of the So—S; transition,
a fact which will be a major advantage for FRET or anisotropy



measurements where a pure transition and the knowledge of its
orientation relative to the molecular framework is key.[d

All absorption spectra display a small shoulder at longer
wavelengths which can be attributed to a residual protonation of
the structure that persists under neutral conditions as shown by
the pH titration experiments (vide infra and Figure S5). This
shoulder is more pronounced in the case of gAN3, suggesting
that the protonated species is present to a larger extent, possibly
partly explaining why the molar absorptivity of gAN3 in the
principal lower absorption band is slightly weaker than that of its
sister compounds and what was expected based on the
calculations. In solvents other than water this shoulder is not
observed (Figure S2), further indicating a protonated or
tautomeric structure that only forms in water. The absorption
spectra of the gAN derivatives recorded in toluene, DCM, DMSO,
methanol and ethanol show only minor differences when
compared with the spectra in water (Figure S2). Slight variations
in the molar absorptivities are observed but the maximum
absorption wavelengths remain essentially the same, showing
that the ground state is not highly sensitive to the polarity of the
solvent. As predicted by the TDDFT calculations, the gAN
derivatives display improved absorptive properties compared to
the parent compound gA.

Table 3. Optical properties of the gAN derivatives in milliQ water at room
temperature

Aabs € hem DOr fso-s1 & Of <> ke Knr
gA 335 5000 456 0.07 0.060 340 3.2 213 291
gAN1 360 9500 430 0.18 0.20 1700 4.8 376 171
gAN2 340 9450 530 0.06 0.041 576 3.8 1.61 247
gAN3 330 5900 510 0.01 0.035 59 1.4 0.71 7.07
gAN4 356 7300 445 0.32 0.30 2300 438 6.67 1.42

Maximum absorption wavelength (raps) in nm, molar absorptivity (¢) in Mt-cm?,
maximum emission wavelength (Aem) in nm, fluorescence quantum yield (®r)
and average fluorescence lifetime (<t>) in ns. Radiative and non-radiative
decay rates (kr in 107s™ and kn in 10%s?) calculated using the measured
fluorescence quantum yield and lifetime values. fso.s1 included as comparison.

Steady-state fluorescence properties
The fluorescence emission of gAN1 and qAN4 were measured
in different solvents and found to be slightly sensitive to the
polarity of the solvent used, with a gradual red-shift of 20 nm for
gAN1 and 35 nm for gAN4 when switching from toluene to water
(Figure 3). In water, both gAN1 and gAN4 exhibit strong
fluorescence compared to gA (®e= 6.8%) with maxima at 430
and 445 nm (Figure 3) and high quantum yields of 18% and 32%,
respectively (Table 3). The increase in measured quantum
yields is consistent ‘with the increased predicted oscillator
strengths according to the Strickler-Berg equation (Table 3).24
Despite their red-shifted absorption, the emission maxima of
gAN1 and qAN4 are blue-shifted compared to that of gA due to
smaller Stokes shifts (121 nm for gA vs. 70 and 89 nm for gAN1
and gAN4, respectively; Table 3). However, the absorption and
emission spectra of gAN1 and gAN4 remain well separated thus
minimizing possible effects of self-quenching. The emission
energies in the different solvents display a fairly linear relation
with the solvent polarity according to the Et(30) solvent polarity
scalel?¥ (Figure S3) with the exception of DMSO.
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The quantum yields range from 13% in methanol to 38% in
DMSO for gAN1 and from 12% in DCM to 49% in DMSO for
gAN4 (Table S1). Despite the fact that they are both most
fluorescent in DMSO, the solvent-dependence of the quantum
yield varies between the two compounds and displays no
particular trend with regard to polarity. To better understand and
investigate the effect of tautomerization a methylated version of
gAN1 (MegAN1l) was synthesized, in which the secondary
amine function in the middle ring of gAN1 is methylated (see
supplementary information). In this analogue, the possibility for
prototropic tautomerism is eliminated and, since the absorptive
and emissive properties of gAN1 and its methylated counterpart
are very similar (Figure S8), it implies that the preferred
tautomer of gANL1 is indeed the one depicted in Figure 1. This
information is highly relevant since this tautomer is the form that
would base-pair with thymine in duplex nucleic acid structures.
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Figure 3. Normalized fluorescence emission spectra of the gAN family in
various solvents.

As expected from the weaker predicted So—S; oscillator
strengths and the Strickler-Berg relation,” gAN2 and gAN3
have lower fluorescence quantum yields of 6.1% and 1.0%,
respectively. They display the same linear increase of the
maximum emission wavelengths with the polarity from toluene to
methanol. In water however, both gAN2 and gAN3 display dual-
band emissions, with the two maxima around 450 and 550 nm,
the latter being predominant (Figure 3). The 450 nm peak
corresponds well with those observed for gA, gAN1 and qAN4
and obeys the linear relationship between emission energy and
polarity (Figure S3). However, this relationship is not satisfied if
we take into account the main red-shifted peak suggesting that it
does not originate from a simple polarity effect but more likely
results from the presence of a different species.

The fluorescence and absorption of gAN2 were also
measured at different pH values (Figure S5). At pH 2 gAN2
displays a single emission band at 525 nm but when increasing
the pH to 7, a band appears at 425 nm while the 525 nm band



decreases in intensity but still remains the major band. This
suggests that the emission of gAN2 - and most likely of gAN3 -
in water originates from a combination of a minor unprotonated
species and a major protonated one that is formed in the excited
state even at neutral pH when the ground state is not protonated,
the absorption spectrum being indeed the one of the
unprotonated form.

Excited-state intra- or inter-molecular proton transfer is a
common phenomenon due to the modification of the pKa of a
molecule in its excited-state.l?! In fluorophores, proton transfer
usually results in large modification of the emissive properties
depending on the polarity and protic character of the solvent.
The excited-state proton transfer for gAN2 is most likely an
intermolecular process since it is not observed in aprotic solvent.
However, the proton transfer is also highly dependent on polarity
since it is does not occur in ethanol and only to a small extent in
methanol as attested to by the relative intensities of the two
emission bands. To further investigate the polarity dependence
of the proton transfer, the fluorescence of gAN2 in water-ethanol
mixtures was measured (Figure S6). When the percentage of
water was below 50% by volume almost no proton transfer was
observed but above this threshold the second red-shifted
emission band due to the proton transfer is visible and its
intensity increases with the water content i.e. the polarity.

Due to this excited-state proton transfer gAN2 could be used
as a dual-emission polarity probe, even if this is only observed
over a narrow polarity range in water and ethanol mixtures. The
polarity of the environment of the nucleobases depends on DNA
hybridization and, thus, a probe with a polarity-sensitive dual-
emission could be of particular interest to monitor changes in the
DNA structure occurring e.g. upon protein- or drug-interaction.
FBAs based on the 3-hydroxychromone scaffold with similar
polarity-dependent dual emission properties originating from an
excited-state intramolecular proton transfer were developed by
Burger and coworkers and successfully applied to probe DNA-
protein interactions.?”l These base analogues are not however
specific and they slightly destabilize the DNA duplex structure.

The replacement of the benzene ring with a pyridine in the
quadracyclic scaffold yields very different results in terms of
fluorescence brightness (e-®¢), depending on the position of the
nitrogen. With similar fluorescence quantum yields, gqAN3
presents no significant improvement compared to gA but gAN2
is brighter due to its increased absorptivity (e:®g =576). For
gAN1 and gAN4, the combined improvement of the absorptivity
and fluorescence quantum yields results in highly increased
brightness values (e:®x= 1700 and 2300 respectively).

Time-resolved fluorescence properties

In anticipation of future use of the gAN derivatives inside nucleic
acids in anisotropy and FRET-measurements we decided to
study time-resolved fluorescence (Figure S4, Table S2). The
fluorescence decays of gAN1 and gAN4 in water were
measured at two different emission wavelengths and were
accurately fitted to a monoexponential function. The resulting
single lifetime of 4.8 ns for both gAN1 and qAN4 (Table 3) is
insensitive to the emission wavelength and is in a very good
regime for future time-resolved measurements in DNA. The
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average fluorescence lifetimes of gAN2 and gAN3 (Table 3)
were obtained by fitting their fluorescence decays to
biexponential functions (Table S2). The average lifetime of gAN3
(1.4 ns) is much lower than those of gAN1 and qAN4, which is
consistent with its lower quantum yield, while that of gAN2 (3.76
ns) is closer to the corresponding values for gAN1 and qgAN4.
The radiative (k) and non-radiative (k.) decay rates were
calculated using the relations ®r = ki/(k; + ko) and = = 1/(k, +
kn) (Table 3). As expected considering their similar rigid
aromatic structures, the four gAN derivatives and gA have
comparable non-radiative decay rates possibly due to close
similarities in non-radiative deactivation pathways. As a direct
consequence, due to the relation between f(So—S:) and k.
through the Strickler-Berg relation,?! the oscillator strengths of
their Sp—$S; transitions account very well for the relative values
of the quantum yields (Table 3). There is a minor exception with
gAN3 which shows a slightly higher non-radiative decay rate and
thus a fluorescence quantum vyield lower than the quantum
chemical calculations of the oscillator strength would suggest.

Absorption and fluorescence properties of gAN1 and qAN4
in acidic pH

The gAN derivatives possess four heterocyclic nitrogen
atoms and one secondary amine capable of participating in acid-
base equilibria. We therefore decided to study the influence of
pH on the absorption as well as on the steady-state and time-
resolved fluorescence properties of the most promising
fluorescent base analogue candidates gAN1 and gAN4. The two
compounds behave quite similarly and, as expected, several
different equilibria are observed. Focusing on acidic conditions,
we were able to isolate one acid-base equilibrium with two
isosbestic points in the UV region of the absorption spectrum

(Figure 4).
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Figure 4. Absorption and emission of gAN1 and gAN4 at 7 uM measured at
room temperature in different buffers with pH varying from 2.6 to 6 (arrows
indicate increase in pH).



Interestingly enough, we observe a dual emission depending
on pH much more pronounced than in the case of gAN2 (vide
supra and Figure S5), with a clearly distinct red-shifted emission
band appearing at acidic pH (Aem = 505 nm). By plotting the
intensity ratio of the protonated form over the neutral form
versus pH, we were able to calculate the pK, of gAN1
(pKa = 4.3) with similar results using either absorbance or
fluorescence intensity (Figure S7). The pKa of gAN4 could not
accurately be calculated by the same method since the different
equilibria overlap, and the corresponding titration curve could
not be correctly fitted, at least not with a simple sigmoid curve,
but was estimated to be around 4.5. The fluorescence decays of
gAN1 and gAN4 in a pH 3 buffer could both be fitted to a single
exponential decay function (Table S2, Figure S4) strongly
suggesting that we virtually only have one species present at pH
3. Compared to the values in milliQ water the lifetime of gAN1
increased from 4.8 ns to 5.4 ns while that of gAN4 decreased
from 4.8 ns to 3.92 ns.

Just as gAN2 has the potential to be used as a polarity
probe, the dual emissions of gAN1 and gAN4 could be used for
ratiometric fluorescent sensing of pH. Moreover, the acidic and
neutral forms are associated with two distinct fluorescence
lifetimes that potentially can be used in fluorescence lifetime
imaging microscopy (FLIM) for sensing intracellular pH for
instance.® In particular the pK, of gAN1 is perfectly suited to
monitor pH changes in acidic cellular vesicles e.g. lysosomes or
endosomes.? However, before any utilization of the gAN
derivatives inside cells can be imagined, their water solubility
has to be significantly improved. For instance this can be
achieved by replacing the ethyl group (Figure 1) by short PEG
chains or other hydrophilic substituents. Another plausible
modification to increase the solubility would be the nucleosidic
form which we already plan to synthesize for our future

investigations of the gAN derivatives inside nucleic acid systems.

Conclusions

Building on the existing quadracyclic adenine scaffold of gA,
which has been shown to be an unperturbing and specific
adenine analogue inside DNA with fluorescent properties
comparable to 2-AP, quantum chemical calculations were
successfully used to design four new potential adenine
analogues, gAN1, gAN2, gAN3 and gAN4 with improved
absorptive and emissive properties. The four compounds were
synthesized via an  efficient pathway from a common
intermediate utilizing the Suzuki-Miyura coupling reaction as the
key step in the sequence.

The photophysical properties of the gAN derivatives, position
and strengths of the absorption bands, as well as fluorescence
quantum vyields via the oscillator strengths (fso_s1) and the
Strickler-Berg relation, were very well predicted by the TDDFT
calculations. Two of the compounds gAN1 and gAN4 display
significantly increased molar absorptivities and fluorescence
quantum yields resulting in high brightnesses (¢-®¢ = 1700 and
2300, respectively) with up to a 7-fold increase for gAN4
compared to gA. The other two derivatives, gAN2 and gAN3
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display lower quantum vyields, due to a weak Sp—S; transition
and undergo an excited-state proton transfer reaction resulting
in dual-emission spectra in water with a main peak red-shifted
100 nm compared to the other quadracyclic adenines.

The high correlation between the measured quantum yields
and the predicted oscillator strength in the gA series shows that
rational design of high quantum vyield fluorophores is possible.
However, such a design approach is restricted to series of
compounds where structural similarities are high and where
virtually constant non-radiative decay rates can be anticipated.
In such cases it is possible to design the best candidates in
silico before committing huge amounts of time and resources to
the actual synthesis of novel compounds.

The brightest compounds, gAN1 and gAN4, will most likely
display better optical properties than gA inside DNA and are
thus very promising fluorescent adenine analogues. Despite
their lower fluorescence quantum yields, gAN2 and gAN3 still
display - interesting properties, in particular gAN2 whose
brightness (e-®r= 576) while being lower than that of gAN1 and
gANA4 is still higher than that of gA. More importantly, its ability to
form a protonated excited state resulting in a polarity sensitive
dual-band emission, could prove very useful to investigate DNA
structural changes induced by DNA-protein and DNA-drug
interactions. The pH dependent dual-emission of gAN1 and
gAN4 could be exploited in a similar fashion and expands the
potential field of application of the ¢gAN compounds.
Solvatochromism is a common trait of fluorescent base analog
or base surrogates and is used to monitor changes in the local
probe environment due to hybridization state or abasic sites for
instance.*% A few examples of pH sensitive base analogs have
also been reported.F%31 |n most of these examples however,
changes in the environment of the probe results in shifts of
maximum emission wavelength and/or changes in fluorescence
intensity. Wavelength-ratiometric probes, like the ones
presented here, are more seldom and, since the absolute
fluorescence intensity is dependent on the instrumentation and
on various quenching effects that are often unaccounted for,
they show increased sensitivity and are preferable to purely
intensity-based probes.’? During the various biological
processes it is subjected to, DNA is exposed to different
environments, with varying pH and polarity, and it is plausible
that once incorporated into DNA, the gAN derivatives will be
able to probe these events. The synthesis of the nucleosides of
this series of compounds is currently ongoing and we eagerly
look forward to investigating their behavior inside nucleic acid
systems.

Experimental Section

General methods

Reagents were purchased from various chemical vendors with a
minimum purity of 95% and were used as delivered without
further purification. All solvents used for reactions were
purchased dry in SureSeal bottles from Sigma-Aldrich. All other
used solvents were purchased as CHROMASOLV grade from
Sigma-Aldrich. For the chemical synthesis distilled water was



utilized throughout for all procedures. Microwave reactions were
performed using a Biotage Initiator Microwave synthesizer, using
single mode microwave irradiation with temperature and
pressure control and with fixed hold time on. Reactions were
monitored by TLC performed on Merck silica gel 60 F,s4 coated
glass plates and visualized under UV light at 254 nm. UPLC-MS
(ESI/UV) analysis was performed using a Waters Aquity UPLC-
MS System equipped with either a Waters ACQUITY UPLC®
HSS C18 column 1.8 ym, length 50 mm, ID 2.1 mm running a
gradient of H,O-MeCN (95:5) to H,O-MeCN (5:95), with the H,O
eluent containing 1 % formic acid (pH 3) or a Waters ACQUITY
UPLC® BEH C18 column 1.7 ym, length 50 mm, ID 2.1 mm
running a gradient of H,O-MeCN (95:5) to H,O-MeCN (5:95),
with the H,O eluent containing 1% Ammonium hydroxide (pH
10). The chromatograms were analysed with MassLynx
Software. Flash chromatography was performed on a Biotage
SP-1 instrument using SNAP (KP-Sil or KP-NH) cartridges.
HPLC purification was performed with formic acid as modifier on
a Gilson Preperative HPLC system with a GX-281 liquid handler,
UV/Vis-155 detector, 333/334 binary master pump system and
an Xbridge C18 10 pm 250x50 mm column controlled by a
computer running Trilution LC software. Freeze drying was
performed on a Christ Alpha 2-4 Freeze Dryer. *H NMR were
recorded on either a Bruker AV500 (500 MHz) system equipped
with a CryoProbe or a Bruker AV600 (600 MHz) system. All
shifts are reported as ppm relative to the deuterated solvent
(CDCl;, [D]e-DMSQO). MestRenova 8.1 was used for
interpretation of all NMR spectra.

Suzuki-Miyaura Cross-Coupling Reaction Condition Screen
A range of litterature procedures were tested out [“-591 in order to
find suitable conditions for the Suzuki-Miyaura cross-coupling
reaction between starting material 3 and anilines 4a and 4e. All
reactions were run at 80 °C for 24 hours and conversion
determined by by UPLC-MS analysis.

General method A: Suzuki-Miyaura Cross-Coupling

A reaction vial with a magnetic stir bar was charged with
compound 3 (200 mg, 0.65 mmol), iodopyridine substrate 4a-4d
(158 mg, 0.72 mmol), potassium phosphate (346 mg, 1.63
mmol) and bis(triphenylphosphine)palladium(ll) dichloride (23
mg, 0.019 mmol). The vial was sealed with a septum, evacuated
and flushed with N, three times. Then MeCN (2 mL) and water
(2 mL) was added, and the vial was heated to 80 °C for 2 hours.
After cooling to RT, the reaction mixture was partitioned
between EtOAc (25 mL) and water (25 mL), and the water
phase was extracted with EtOAc (3 x 25 mL). The combined
organic phases were washed with brine (30 mL), dried over
MgSO, and the volatiles were removed in vacuo. The residue
was absorbed onto Celite® and purified by flash
chromatography to yield the desired product.

General procedure B: Cyclisation by SnAr

An oven-dried reaction vial equipped with a magnetic stir bar
was charged with compound 5a-5d (1 eq) dissolved in THF
(0.05 ™M) under N, atmosphere and was sealed with a septum.
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Chlorotrimethylsilane (1.05 eq) was added dropwise using a
gas-tight syringe and the reaction was stirred at RT for 30 min
before lithium bis(trimethylsilyl)amide (2.5 eq) was then added
dropwise. The reaction was heated to 100°C for 3 h on a heating
block. The reaction was quenched with water (5 mL) and
extracted with DCM (3 x 15 mL). The combined organic phases
were washed with brine (10 mL), dried over MgSO,4, and the
volatiles were removed in vacuo. The crude was purified either
by flash chromatography (DCM:MeOH 100:0 — 98:2) or by
HPLC.

Photophysical measurements:

The quadracylic adenine compounds were dissolved in DMSO
to form stock solutions of concentrations between 1 and 10 mM.
Measurements were performed in 1 cm pathlength quartz
cuvettes at concentrations in the uM range. The DMSO content
of the working solutions was usually 0.1% and never exceeded
1%. Absorption spectra were recorded on a Varian Cary 5000
spectrophotometer.  Molar absorption  coefficients  were
determined by Lambert-Beer's law. All measurements were
duplicated. Fluorescence spectra were recorded on a Horiba
Spex fluorolog 3 (excitation and emission slits were 2 nm) or on
a Cary Eclipse fluorimeter (excitation and emission slits were 5
nm). Spectra were corrected for variations of the detector
sensitivity and Raman scattering.

Fluorescence quantum vyields were determined relative to
quinine sulfate (e = 0.55) in 0.5 M H,SO, at room temperature
(20 °C).% ' The same excitation wavelength of 350 nm was used
for all the samples and the reference. In agueous solution (water
and acidic buffers), quantum vyields were calculated by
measuring the absorption and fluorescence of 5 solutions of
different concentrations (OD < 0.05). After verifying the linearity
between absorbance and integrated fluorescence intensity, the
fluorescence quantum yield ® was given by the following
relation:

o — o Arerls (&)2
* ref AsFref Ny

where A is the absorption at the excitation wavelength (350 nm),
F the integrated fluorescence intensity, n is the refractive index
of the solvent and s refers to the sample and ref to the reference.
Measurements were duplicated. In other solvents, quantum
yields were roughly estimated by a one point measurement.
Buffers for pH titrations: glycine-HCI (pH 2 — 2.5), citrate buffer
(pH 2.6 — 6.5), phosphate buffer (pH 7 — 8).

Time-resolved fluorescence decays were measured using
TCSPC (time-correlated single photon counting). The excitation
source was a 377 nm laser diode pulsed at 10 MHz. The
fluorescence emission was filtered by a monochromator with a
resolution of 10 nm and detected by a microchannel plate
photomultiplier Hamamatsu R3809U-50. The counts were fed
into a multichannel analyzer with 2048 channels (Life-spec,
Edinburgh Analytical Instruments) where a maximum of 10000
counts were recorded in the top channel. All fluorescence
decays were recorded in a time window of 100 ns. The data



were convoluted with the instrument response function and fitted
to mono- or bi-exponential functions using Fluofit Pro v.4
(PicoQuant GmbH). The average lifetimes were amplitude-
weighted.

Quantum chemical calculations

All DFT geometry optimisations were performed in the ground-
state of the molecule using the B3LYP functional®¥ as
implemented in Gaussian09.%% Electronic excitations were
calculated using TDDFT?® B3LYP/6-311+G(2d) as implemented
in Gaussian09. Solvation effects were mimicked by applying a
CPCM solvation shell®”) in the TDDFT calculations. Restricted

Hartree—Fock (RHF) wavefunctions were used in all calculations.
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acids. Based on their high structural
similarity to their parent compound
gA they have the potential to be
excellent A-analogues as well. Their
improved photophysical properties 7
also suggests that they could be .
significantly  brighter  than  2-
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