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A combined approach was adopted to understand the impact of structural geometry as well as suitable chemical

functionality of a molecular probe for its efficient binding in the minor groove of DNA. Development of a small chemical
library of different lutidinium conjugates (P1-P5), and molecular simulation using DFT calculations clearly demonstrated
that the semilunar conformation of a molecular probe equipped with requisite chemical functionality is the key parameter
for its proper binding in the minor groove of DNA. The comparative optical responses of these probes (P1-P5) coupled with
the theoretical studies illustrated that only P3 displayed considerable fluorescence enhancement in the presence of DNA
because of its semilunar geometry and special chemical architecture. Furthermore, the bioassays clearly revealed that the
probe can penetrate the cell membrane of the live as well as dead cells without the help of any permeabilization agent.
The microscopic cellular imaging established that the probe P3 can stain the nuclear region of the cells with high contrast
and negligible cytoplasmic spillage without causing any cellular deterioration. The specificity and binding efficiency of P3
toward DNA were established by performing DNase/RNase digest tests and gel electrophoresis experiment. Most
importantly, P3 exhibited minimum phototoxicity and high photobleaching resistance in cellular medium under continuous
exposure of light source which are highly desirable for real time monitoring of many biological events. Altogether, the
investigated properties of P3 enlightened its admirable and persuasive standing as a cell-compatible, bright and
photostable molecular probe for nuclear imaging in various bio-medical applications.
Introduction photobleaching coupled with high  phototoxicity are the consistent
shortcomings of many developed stains which restrict their wide
applicability.”®* Therefore, during formulation of their molecular
architecture one should critically think about their three dimensional
geometry and proper functional group orientation to construct a molecular
probe of choice for selective binding with DNA to ensure its applicability for
imaging and localization of DNA inside the cellular milieu.
In recent time, efforts are also being directed for developing G-quadruplexes
selective probes for further biological applications. For example, Lu group
developed and reported the structurally engineered thiazole orange for
selective detection of telomeric G-quadruplexes.23 Later, Zhang group
reported a G-quadruplex selective indole-lutidnium based probe which was
used for sensitive detection of uracil-DNA glycosylase activity.24 The present
work demonstrates the application of indole-lutidinium conjugate P3 as a -
conjugated D-m-A"-m-D sandwich type bright turn-on cationic molecular
probe for selective detection and imaging of DNA inside cellular system. The
probe showed much superior photobleaching resistance inside biological
systems as compared to commercial stain Syto-16, indicating its potential as
a photostable probe for longer duration fluorescence imaging of DNA inside
cellular systems. Being itself non-fluorescent, background fluorescence has
not been an issue while lighting up DNA with P3, and a significant
enhancement in fluorescence intensity was observed upon complexation of
P3 with DNA. Moreover, P3 was investigated to have low cytotoxicity and
negligible phototoxicity. Combined theoretical and experimental studies
revealed that strong fluorescence enhancement is possible only when the
probe attains a suitable molecular geometry in the presence of suitable
chemical functionality. To support this conclusion, a small library of five
molecular probes P1-P5 with tuned molecular architectures was

Heterocyclic compounds have been known for their diverse biological and
medicinal importance largely because of their inherent structural
resemblance with naturally occurring bioactive compounds.l'4 Moreover,
geometrically well-defined fused polycyclic heterocycles gain structural
specialization as bioactive templates such as drugs, inhibitors and
fluorescent probes for imaging various biomolecules including DNA inside
cellular systems.s‘7 The precise geometry and orientation are the key factors
to be considered while designing them to ensure their specific interactions
with deep and shallow minor groove of DNA. Because of its vitality in
molecular biology, DNA is known as the blue print of life which not only
controls the genetic inheritance but also leads to the variations through
generations to ensure the evolutionary changes.8 Henceforth, with precise
vision toward the utmost importance of DNA reflects the dire need for its
selective detection and localization inside cellular system as it can open up
the new opportunities in various biological fields.>™ In this context, the
fluorescence microscopy using suitable molecular stains has grown as a
maghnificent and effective tool for imaging various biomolecules and cell
organelles mainly because of its non-invasive nature.*® Real time analysis
of bio-events using fluorescence microscopy requires longer hours
visualization of biomolecules, and hence the whole process needs bright
optical probe with good photostability inside living systems. Through
decades of efforts a wide variety of fluorescent molecular stains bearing
heterocyclic framework have been developed and used.””* Despite of their
availability, the poor selectivity, low biocompatibility and resistance toward
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The probes P1-P5 were synthesized by adopting a three step synthesis
procedure (see Scheme 1). In short, the lutidinium salt was synthesized in
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Scheme 1. Synthetic pathway of the probes (P1-P5). (A) DCM, Mel, RT; (B)
Methanol, Piperidine, Reflux.

one step from 2, 6-lutidine followed by the Knoevenagel condensation
between lutidinium salt and the corresponding aldehydes resulted in the
formation of desired products.25

Photophysical properties

The optical response of the probes P1-P5 toward DNA was examined under
physiological conditions (10-X Tris-HCl, pH = 7.34, 25C) employing
absorption/emission spectroscopy. We started our investigations with P1/P2
where both the probes were observed to be weakly fluorescent in Tris-HCI
(Aex = 465, 417 nm and Aem = 634, 566 nm respectively), but upon addition
of DNA only P2 displayed a very little enhancement in fluorescence
intensity, while no change in emission profile of P1 was observed (see Fig.
S1). After that, the probe P3 (bearing indole as a donor with —NH group in
the ring) was inspected to evaluate its photoresponse both in the presence
and absence of DNA under similar set of conditions. The probe P3 was
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Fig. 1 a) ORTEP structures of the probes (P1-P5) showing curvature
size, b) emission spectra of P3 in presence of DNA (0 — 1mg/mL) and
c) chemical architectures of the probes (P1-P5).
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weakly fluorescent (¢ = 0.0029) in buffer at Aex = 447 nm (e = 21400 M*em®
Y, while upon interaction with DNA, the probe P3 displayed significant
enhancement in its emission intensity (¢ = 0.26 and € = 29300 M*cm?) at
Aem = 537 nm and a bathochromic shift of 38 nm in absorption spectra. A
large Stokes shift of 90 nm indicated the pseudo mega Stokes behaviour of
P3.These optical responses of P3 can be attributed to attainment of
molecular planarity by the probe in the hydrophobic microenvironment of
the minor groove of DNA that led to the freezing of its intramolecular
rotation.?**® Further, the restricted intramolecular rotation of P3 facilitated
an efficient electronic delocalization through molecular planarity from
indole to lutidinium. Moreover, the similar trends in the optical response of
probe P3 in glycerol (see Fig. S2) strengthened the dependence of P3 toward
the constraints of microenvironment (viscosity/minor groove interactions).
The aforementioned optical responses of P3 upon interaction with DNA
prompted us also to understand the key structural features which
predominantly govern the binding affinities of these probes toward DNA in
the present study. After a careful structural inspection on P1-P3, it was
speculated that either the geometric conformation/orientation of the
probes or the presence of unrestricted —NH group in the heterocyclic system
is the regulating factor for their response toward DNA. Further to validate
the aforementioned speculation, probes P4 (bearing phenothiazine with —
NH group in ring system) and P5 (bearing indole with —~NMe group) were
synthesized and their photophysical behaviour was studied under the similar
conditions. Interestingly, P4 was found to be almost non-fluorescent (Aex =

519 nm, Aem = 550 nm) both in the presence and absence of DNA (see Fig.

S1) which clearly elucidated that the presence —NH group in the ring system
is not the only key governing factor to show DNA binding affinity of these

probes. In contrast, P5 displayed slight enhancement (~2-folds) in its
emission profile (\em = 562 nm) at Aex = 452 nm upon interaction with DNA
(see Fig. S1). This demonstrated that the precise orientation and geometry
of its molecular architecture coupled with the presence of —~NH group (either
as an electron releasing group or as a hydrogen bonding site) could be the
possible governing factor for the fluorescence enhancement and efficient
binding of P3 with DNA (Association constant = 6.5x10* M‘l). Moreover,
from the aforementioned findings it was envisioned that the existence of
hydrogen bonding, weak Vander Wall, pi-pi and electrostatic interactions
may be the possible cause of probe-DNA complex formation. Furthermore, a
careful literature survey revealed that indole has the structural resemblance
with naturally occurring nuclear bases and this could also facilitate the
interaction between P3 and DNA as compared to other probes. 3138 Next to
evaluate the selectivity of P3 as a DNA selective stain, its fidelity toward
DNA detection was investigated in the presence of RNA and various types of
proteins under similar set of conditions in solution phase. Interestingly, P3
was found to exhibit more selectivity towards DNA (Limit of detection = 0.34
UM) as compared to other bioanalytes as shown in Fig. S5 and Fig. S6.

Theoretical studies to evaluate the molecular geometry of the probes
Next, the interaction behaviour of the probes (P1-P5) toward DNA was
investigated by studies of density functional theory (DFT). Interestingly, the
results of molecular simulations clearly indicated that the probes P1, P2, P4
and P5 exhibit stable conformations with small molecular curvatures
(153.670, 153.5°, 156.55° and 148.0° respectively) between two terminal
heterocycles and the central lutidinium unit (see Fig. 1). On the basis of their
curvature size, the non-interaction behaviour of P1, P2 and P4 with DNA was
attributed to their little curved geometries closer to linearity. However, a
little fluorescence enhancement in the case of P5 is the clear indication of its
more curved geometry as compared to P1, P2 and P4. Interestingly, P3 was
found to be stable in its inherent semilunar conformation with curvature
size of 132.3° that facilitated its proper binding in the minor groove of
DNA.*" The binding induced molecular planarity of P3 further led to the
efficient charge transfer between lutidinium (A") and indole (D) moieties
through vinyl linkage (D-m-A"-m-D system) upon interaction with DNA.
Henceforth, the outcomes of simulation analysis strongly strengthened our
assumption that the existence of P3 in semilunar geometry equipped with
free —NH group and structural resemblance of indole with natural nuclear
bases led to its preferential interaction with DNA over other developed
probes.

This journal is © The Royal Society of Chemistry 20xx
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Furthermore, the molecular geometry of P3 along with its HOMOs-LUMOs
clearly illustrated that the molecular halves are spread over whole
molecular framework that led to the extended conjugation length (see Fig.
2) and hence responsible for the charge transfer characteristic in its optical
behaviour in the presence of DNA.
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Fig. 2 a, b, c) The optimized geometry of P3 with its HOMOs-LUMOs
respectively, and d, e) optimized geometry of P3-DNA assemblage by
molecular modelling and unchanged CD-spectra of DNA upon addition of
P3 (0 — 10 puM) respectively.

Molecular docking

Further, to specify the probe-DNA interactions, molecular modeling was
performed using theoretically optimized geometry of P3 with the help of
Autodoc 4.2. The findings of molecular modelling revealed the presence of
pure electrostatic interactions in probe-DNA complex instead of weak m-m
stacking and hydrogen bonding. The energetically optimized geometry of
probe-DNA complex showing docking of P3 specifically in Adenine-Thymine
(A-T) rich assemblage of DNA is depicted in Fig. 2.

Circular dichroism

Next, to get deep insight into the of probe-DNA binding interactions as well
as to evaluate the induced conformational variation in DNA helix, the
structural ellipticity of DNA was examined in the presence of P3 (0 — 10 uM)
employing circular dichroism (CD) experiment. The CD spectra of Herring
sperm DNA is characterized by a negative band at 245 nm and a positive
band at 275 nm which is a characteristic of B-DNA.” Keeping the DNA
concentration same (1 mg/mL), P3 was added in three aliquots (2, 5 and 10
UM) to record the CD spectra. As illustrated in Fig. 2, the unperturbed
positive and negative bands of DNA at 275 and 245 nm respectively
established the existence of pure electrostatic interactions which supported
the outcomes of molecular simulation.” ¥/

Potential of P3 as fluorescent dye for nuclear staining

The appreciable findings of solution phase assays made us curious to
explore the real applicability of P3 toward molecular imaging and
localization of DNA in cellular milieu employing Hela cells. Both live and
fixed cells were incubated with 10 uM of P3 with and without
permeabilization, and the images were acquired using Laser Scanning
Confocal Microscope (model-1X81, version-3.0.2.0; Olympus) using Fluoview
FV 1000 software. Probe P3 was found to display an efficient and bright
fluorescent staining of nucleus inside cells under both conditions. This not
only reflected its unambiguous potential to stain both live and fixed cells,
but also mirrored its quick cell membrane permeability (see Fig. 3 and Fig.
S8) without the presence of any permeabilization agent. Fig. 3 clearly shows
that the probe P3 is efficient enough to induce bright optical signals

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Staining in fixed Hela cells for 30 min a) with permeabilization, b)
without permeabilization, c) intensity surface plot for condition a and d)
intensity surface plot for condition b. Cells were incubated with P3 (10 uM)
for 30 min and DAPI (0.3 uM) for 5 min. Magnification 20x, scale bar 50 um
for permeabilized and 100 um for cells without permeabilization.

(Brightness = 7.618 x 10° M* cm'l) upon binding with the nuclei inside the
fixed and live cells. Further to study the specificity towards DNA localization
with its counter-labelled, the counterstain compatibility was evaluated and
quantified using DNA-selective stain 4', 6-diamidino-2-phenylindole (DAPI)
as a counterstain. As depicted in Fig. 3 and Fig. S10, the probe P3 exhibited
excellent counter stain compatibility in term of its negligible cytoplasmic
spillage. The area of the nucleus stained by DAPI and P3 were 7.3 + 0.9 um
and 8.5 + 1.6 um respectively as quantitated by NIS elements provided as a
software package with fluorescent microscope (see Fig. S10). Moreover, the
efficient nuclear imaging coupled with negligible change in cell morphology
during visualization undoubtedly revealed its low cellular toxicity which is
the prime requirement of a molecular probe to be used for cellular imaging.
This was further supported by >92% cell viability of the incubated Hela cells
post 1 h (see Fig. S10).

Selectivity of P3 toward DNA in cellular system

Furthermore, to establish the selectivity of P3 toward DNA inside the cells
and to validate the outcomes of solution assay, deoxyribonuclease and
ribonuclease (DNase/RNase) mediated experiments were conducted using
DAPI as a control.” In the DNA digest test where DNA was digested by
DNase (100 pg/mL, from Black Biotech) as per the expectation almost
disappearance of fluorescence signal was noticed both in the case of P3 as
well as DAPI (see Fig. 4). In contrast, when RNA was digested using RNase
(40 pg/mL, from MagGenome) the original fluorescence signal was found to
be intact in the nucleus stained with P3 and DAPI (see Fig. 4). The
aforementioned findings not only validated the selectivity of P3 toward DNA
in solution but also established that the probe can be used as a selective
nuclear stain for fluorescence imaging in the cellular system. Moreover, the
binding potential of probe P3 with cellular DNA in electrophoresis gel based
system was also investigated. The strong binding of P3 with DNA of B-actin
displayed efficient staining but such staining was not observed after DNase
digestion which again highlighted the high specificity of P3 in gel as well (see
Fig. S9).

Photobleaching tolerance and photo-induced toxicity investigations

Since, high photobleaching resistance and minimum photo induced toxicity
are the mandatory criteria for a promising molecular probe to be used for
fluorescence imaging inside the cellular milieu, 851 e became interested to

J. Name., 2013, 00, 1-3 | 3
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Control RNase DNase

P3 .
DAPI .

Fig. 4 Images of fixed Hela cells in DNase/RNase digest tests. The cells were incubated
with 10 uM of P3 and (0.3 uM) DAPI. Upper panel shows P3 labeling in cells treated
with PBS (control), RNase and DNasel. Lower panel shows DAPI as a positive control

under similar conditions. Magnification 20x and scale bar-100 pm.

investigate its photostability inside cellular system. Fluorescent microscope
was employed to evaluate and compare the photostability of P3 with a
known commercially available dye Syto-16 inside the fixed Hela cells. The
cells were incubated with 10 uM P3/Syto-16 and uninterruptedly exposed
under 50 W mercury lamp (FITC-channel, 488 nm, 12x10" photons/sec). It
was quite exciting to observe that Syto-16 lost its intensity within 2 min,
whereas P3 retained more than 30% of its initial fluorescence intensity even
after 10 min of continuous illumination as depicted in Fig. 5 (all exposure
parameters were kept same during photostability comparison). Hence, the
photostability experiments established the admirable photostability of P3
over Syto-16. Though the visible wavelength excitation and emission of P3
abolished the chance of induction of phototoxicity during UV-exposure, the
photo induced toxicity of a fluorescent probe under its own excitation
maxima during cellular imaging cannot be ignored. Therefore, the promising
findings of afore-performed bioassays encouraged us to evaluate the
photoinduced toxicity of P3 in cellular system. Amazingly, P3 displayed
negligible photoinduced toxicity (96.9% cell viability over 6 h as evidented by
Fig. S10) during exposure under 488 nm light source (FITC-channel, 12x10"
photons/sec), which again supported its encouraging candidature as a
promising nuclear stain for futuristic applications in the field of biomolecular
imaging for longer period of exposure.

View Article Online
DOI: 10.1039/C6TB007878B

Conclusions

Hence to summarize, an indole-lutidinium conjugate P3 with
semilunar molecular framework and large curvature was
investigated to have strong potential as a photostable and low
cytotoxic molecular probe for fluorescence imaging of cellular
nucleus, both in live and fixed cells. The probe P3 is highly
selective for DNA and has been noticed to induce negligible

requirement of indole moiety along with -NH functionality and
the importance of precise orientation of molecular architecture
toward DNA binding were established employing solution phase
assays followed by molecular simulation studies. The
preferential and  efficient  binding with DNA as
compared to other bioanalytes, and appreciable
quantum efficiency coupled with promising
brightness reflected the potent standing of P3 as an important
optical material. Moreover, it is worth mentioning that the
admirable photostability under continuous exposure of light
source coupled with minimal cytotoxicity and phototoxicity
unambiguously enlightened the promising candidature of P3 as
a probable nuclear stain for the advanced studies of DNA
molecular dynamics to successfully establish its utility in various
biomedical fields.

== phototoxicity under continuous light exposure. The
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