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Sequence-specific recognition of DNA by small turn-on fluorescence probes is a promising tool for
bioimaging, bioanalytical and biomedical applications. Here, the authors report a novel cell-permeable and
red fluorescent hemicyanine-based thiazole coumarin (TC) probe for DNA recognition, nuclear staining
and cell cycle analysis. TC exhibited strong fluorescence enhancement in the presence of DNA containing
AT-base pairs, but did not fluoresce with GC sequences, single-stranded DNA, RNA and proteins. The
fluorescence staining of HeLa S3 and HEK 293 cells by TC followed by DNase and RNase digestion studies
depicted the selective staining of DNA in the nucleus over the cytoplasmic region. Fluorescence-activated
cell sorting (FACS) analysis by flow cytometry demonstrated the potential application of TC in cell cycle
analysis in HEK 293 cells. Metaphase chromosome and malaria parasite DNA imaging studies further
confirmed the in vivo diagnostic and therapeutic applications of probe TC. Probe TC may find multiple
applications in fluorescence spectroscopy, diagnostics, bioimaging and molecular and cell biology.

mall organic dyes capable of exhibiting turn-on fluorescence through sequence-specific interaction with

nucleic acids play an integral role in fluorescence spectroscopy, diagnostics, imaging and biomedical

applications". Selective targeting of double-stranded (ds) DNA using organic dyes offers powerful strat-
egies to develop i) probes for molecular biology and immunohistochemistry, flow cytometry and DNA quant-
itation, ii) genome-specific binders of potential theranostic interest in conjugation with predesigned
oligonucleotides, and iii) diagnostic therapy of gene-related human diseases especially cancer, and parasitic
and viral infections®”. In this regard, various small sequence-specific fluorophores have been developed for
biological assays, including cell imaging and DNA-quantitation in cells®.

The discovery of DNA as a genetic material and its double helical structure led to numerous studies directed at
understanding DNA-small molecule interactions” '°.Typically, DNA-small molecule interaction has two prom-
inent modes viz., intercalation and minor groove binding. The research efforts of Dervan'"'> and Lown'® have set
forth the foundation for developing a series of small molecules with affinity for the AT-rich minor groove of B-
DNA. 4',6-Diamidino-2-phenylindole (DAPI)' and bisbenzimides (Hoechst dyes)'® are some of the well-studied
nuclear staining agents that bind with the minor groove. Unfortunately, these blue-emitting DNA binders require
ultraviolet (UV) light for excitation which is known to cause cellular DNA damage through free radical genera-
tion, eventually causing cell death'®. Moreover, Hoechst dyes, despite being faithful to the AT-rich minor groove
of DNA, are nonetheless prone to fasten onto GC-rich sites, too, and also show binding affinity towards single-
stranded (ss) DNA and RNA'"'®. Similarly, DAPI suffers from the disadvantages of non-specific binding to
RNA" and requirement of high concentration for effective imaging, thereby limiting its use only to fixed cells*.
Apart from minor groove binders, ethidium bromide (EtBr) and propidium iodide (PI) have been used for cell
staining and gel-imaging studies. However, impermeable nature of these dyes limited their application to fixed
and dead cells only". Recently, cyan and green fluorescence DNA-selective probes such as BENA435* and C61*

| 4:6476 | DOI: 10.1038/srep06476 1



<

TC-probe

Probe TC

G0/G1  G2-M

°o © o o
2 o =

Signal intensity (a.u)
.

o

(AT)zo (D)mix (D2)mix (GChio

AT-selectivity

Centromere stainin
at low probe
concentration

Malaria parasite
detection in human
erythrocytes

T T $ T T
50 100 150 200 250
PE-A

(x1,000)

FACS-analysis

Figure 1 | Base pair specific fluorescence probe for DNA. (a), Preferential fluorescence of probe TC in presence of dsDNA which consist of AT-base

pairs. (b), multipurpose applications of probe TC.

have been reported. However, these probes, upon binding to DNA,
exhibit fluorescence enhancement with low quantum yields. Thomas
et al. recently reported a dinuclear ruthenium(II) polypyridyl com-
plex as a DNA-staining probe, which nonetheless required high con-
centration for cellular imaging™.

Apart from these molecules, a large number of cyanine dyes have
been extensively used in DNA gel staining, microchip-based DNA
sensing and fluorescence staining of DNA in cells®**. Among the
cyanine family dyes, thiazole orange (TO) and yellow orange (YO)
are two important classes of fluorescence probes that display signifi-
cant fluorescence enhancement upon binding with DNA. Further,
the homodimeric forms of TOTO-1 and YOYO-1 are found to be
highly sensitive for DNA detection®**'. However, these cyanine-
based probes also exhibit significant fluorescence enhancement in
the presence of RNA and ssDNA*7*. Recently, two other classes of
cyanine dyes, SYBR green I and PicoGreen I, have been developed
and successfully used for DNA staining in the picogram scale,

although they also show fluorescence enhancement in the presence
of ssDNA'*.

The limitations of existing probes discussed above necessitates the
development of highly specific DNA-selective probes with i) long-
wavelength excitation/emission, ii) strong turn-on fluorescence, iii)
increased cell permeability, iv) non-toxicity to live cells, v) fidelity to
dsDNA, and vi) sensitivity at low concentrations. In the present
study, we report a turn-on red fluorescence hemicyanine probe TC
as an effective cell-permeable, base-pair specific dSDNA recognition
and nuclear DNA staining probe (Fig. 1). Inspired by the basic core
structure of cyanine probes, we have designed three hemicyanine-
based molecular probes, namely thiazole-coumarin (TC), coumarin-
lepidine (CL) and thiazole-pyrene (TP) with the objective of finding
a superior DNA staining reagent. To elucidate the role of positively
charged quaternary amine group in benzothiazole-based probes we
have replaced the benzothiazole group with a quinoline moiety in
CL. Similarly, coumarin group has been substituted with the hydro-
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Figure 2 | Selective AT-base pair fluorescence probe. (a), Fluorescence spectra of all the probes TC, CLand TP (10 uM) in presence of (AT) ;o and (GC) ;o
in Tris-HCI (100 mM, pH = 7.4) buffer solution. (b), Photographs of TC and TC+ (AT);, samples illuminated under UV light (365 nm). (c),
Fluorescence spectra of probe TC (10 uM) in presence of various dsDNAs. (d), Fluorescence response of probe TC (10 uM) with increasing
concentration of (AT),g, (AT) 10, (GC) 10, (D1) mix and (D2) i upon excitation at 521 nm. (e), Shows the side and top view of intercalation mode of probe

TC in presence of 2AT- and 2GC-base pairs.

phobic pyrene in TP to understand the role of heterocyclic fluoro-
phore moieties (coumarin/quinoline) in the benzothiazole-based
probes.

The choice of coumarin chromophore in the probes is owing to its
excellent fluorescence properties in the visible region®. Further,
these probes are likely to display excitation and emission in the
longer wavelength of the visible region owing to extended conjuga-
tion, an essential prerequisite to avoid autofluorescence and DNA
photo-damage during cellular imaging. One of the main character-
istic optical properties of a dye to qualify as a potential DNA binding
and staining reagent is that it must be non-fluorescent or weakly
fluorescent in the unbound state and display highly enhanced fluor-
escence in the longer wavelength of the visible region (red) upon
interaction with DNA. Interestingly, all three hemicyanine probes
are almost non-fluorescent in buffer solution (100 mM Tris-HCI, pH
= 7.4) with very low quantum yields (Table S1), a property that
partially satisfies one of the primary requirements of a suitable
turn-on fluorescence DNA binding molecular probe. Intramole-
cular twisting of unsymmetrical cyanine dyes has been shown to
be responsible for efficient quenching of fluorescence in uncon-
strained environments while their binding to compact packets of
DNA results in enhanced fluorescence due to restriction of intramo-
lecular twisting®**. Similar molecular transformations are antici-
pated from our hemicyanine probes upon interaction with DNA.

Results and Discussion

Photophysical properties of probe TC. We first studied molecular
interactions of TC, CL and TP in the absence and presence of DNA
through photophysical (absorption and emission) measurements in
100 mM Tris-HCI buffer (pH = 7.4) solution. TC, CL and TP
showed absorption in the visible region with absorption maxima at
528, 519 and 460 nm, respectively (supplementary Fig. S2a).
Interestingly, the absorption spectrum of TC in the presence of
dsDNA (AT);o showed a significant bathochromic shift (Al =
14 nm) along with hypochromicity (supplementary Fig. S2b).
Emission spectra of TC, CL and TP exhibited very weak
fluorescence with maxima at 641, 689 and 623 nm, respectively,
and large Stoke’s shifts (Fig. 2a). Next, we recorded the emission

spectra of probes in the presence of DNA duplexes [(AT),, and
(GC)10]. TC (10 puM) showed strong fluorescence enhancement in
the presence of (AT);p which further increased with DNA
concentration (0 to 12 uM) with overall ~ 8-fold enhancement
accompanied by hypsochromic shift (AAyn.x = 26 nm) in the
emission maxima at 615 nm. Interestingly, TC did not display
such fluorescence enhancement in the presence of (GC)i.
Emission spectra of CL (10 uM) showed ~ 30 and ~ 6-fold
fluorescence enhancement in the presence of (AT);q and (GC);o,
respectively, although with appreciably lower fluorescence
intensity (QY: 0.040 and 0.007, respectively). We did not observe a
detectable change in the emission spectra of TP (10 pM) in the
presence of (AT);o and (GC),, (Fig. 2a).

These fluorescence emission studies of TC, CL and TP in the
presence of (AT);o and (GC);, clearly indicate TC as an effective
and selective turn-on fluorescence probe for DNA containing
AT-base pairs. The proficiency of probe TC as compared to CL
and TP may be explained by the positively charged benzothiazole-
conjugated N,N-diethylamino-coumarin fluorophore that balanced
amphiphilicity, and the possibility achieving maximum n-electron
overlap through molecular planarity (benzothiazole and coumarin)
in a constrained environment.

In addition to this, the remarkable turn-on fluorescence enhance-
ment of TC only in the presence of dsDNA containing AT-base pairs
indicates that the AT-region provides favorable constrained envir-
onment to TC by restricting its intramolecular twisting. This was
further verified by recording the emission spectra of TC with increas-
ing glycerol percentage in Tris-HCI buffer solution. The emission
spectra showed an increase in fluorescence intensity with the per-
centage of glycerol content (supplementary Fig. S4). Addition of
glycerol increases the viscosity of the buffer solution. This viscous
nature of glycerol aids in freezing the intramolecular rotation of
probe TC to attain the planar molecular structure. The planar struc-
ture of TC leads to maximum electron delocalization which is further
reflected in the enhanced fluorescence of probe TC. A similar effect
i.e.,, ‘freezing of intramolecular twisting’ is assumed to occur when
TC binds to dsDNA. These results confirm that the origin of the
fluorescence enhancement of probe TC in the presence of dsSDNA
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Figure 3 \ Gel -electrophoresis and FRET between TC and Hoechst. (a), Plot of fluorescence intensity of increased concentration of TC (0-20 uM) in
presence of fixed concentrations (12 pM) of (AT) 9, (AT)10,(D1) mix and (D2) yix. (b—c), Agarose gel-electrophoresis of dsDNAs followed by staining the
bands with probe TC and ethidium bromide respectively. Lane 1-4: (AT),9, (D1) mix (D2)mix and (GC)o respectively. Inset ring (red) in (b) shows non
staining of (GC);o band by TC. Inset ring (red) in (c) shows staining of (GC);o band by ethidium bromide. (d), Normalized densitometric signal
intensity data of TC stained agarose-gel. (e), Fluorescence spectra of preformed Hoechst (4 pM)+(AT),o complex with increasing concentration of TC
from 0 uM to 40 uM. Inset: Overlap spectra of emission of preformed Hoechst (4 uM)+(AT),, complex and absorption spectra of TC (10 uM)+(AT),,
complex. (f), Schematic representation of FRET between Hoechst 33258 (donor) and probe TC (acceptor) in presence of dsDNA upon excitation at
350 nm. Also shown is the direct emission from TC upon excitation at 521 nm.

containing AT-base pairs is due to the restriction of intramolecular
twisting. Further, we recorded the fluorescence spectra of TC in the
presence of oligonucleotides (dA;o, dT;¢, dG; and dCy). TC did not
show significant changes in its emission behavior in the presence of
ssDNA (supplementary Fig. S3). Therefore, the selectivity of TC for
AT-region of dsDNA over ssDNA is a highly useful property because
most of the commonly employed staining dyes such as ethidium
bromide (EtBr), SYTO, Picogreen I and SYBR green I show weak
fluorescence enhancement in the presence of ssDNA sequences™.

Selective fluorescence enhancement in the presence of dsDNA
containing AT-base pairs. Highly selective turn-on fluorescence
enhancement of TC towards (AT),, prompted us to explore its
sequence-selective binding affinity towards various other dsDNA
strands. We selected three different dsDNA (AT),0, self-complemen-
tary mixed sequences (D1),,;; and (D2),,;; composed of a variable
number of consecutive AT-base pairs, i.e., 20, 4 (two sets) and 2 (two
sets), respectively (supplementary Fig. S1). TC (10 pM) displayed ~
16-fold fluorescence enhancement with 20 consecutive AT-base
pairs in (AT),, which is two-fold higher than (AT),o. Next, we
recorded the emission spectra of self-complementary AT-rich
d(AATT)s sequence®. The fluorescence measurements of probe
TC showed ~16-fold enhancement in the presence of d(AATT)s
(supplementary Fig. S5). The mixed dsDNA (D1),x and (D2)px
with 4 (two sets) and 2 (two sets) consecutive AT-base pairs
exhibited fluorescence enhancement of ~6 and 1.5-folds, respec-
tively (Fig. 2c). These data were further validated by recording the
emission spectra of TC (10 pM) with increasing concentration
(0 uM to 12 pM) of dsDNA (AT),g, (AT)10, (D1)mix and (D2)mix
that displayed overall ~16, ~8, ~6 and ~1.5-fold fluorescence

enhancement, respectively, with hypsochromic shift in the
fluorescence maxima (Fig. 2d). Further, we determined the
quantum yield of probe TC in buffer solution. In the absence of
dsDNA, TC showed very low quantum yield (®r = 0.03). How-
ever, the quantum yield increased significantly (O = 0.36) upon
binding with (AT),o. In general, above-discussed studies revealed
significant red fluorescence enhancement with increasing number
of AT-base pairs in dsDNA and increased quantum yield specifically
in the presence of AT-rich regions, thereby suggesting the
preferential binding affinity of TC towards AT-sites rather than
GC-sites.

Subsequently, the concentration-dependent fluorescence res-
ponse of TC against fixed concentration of dsDNA (12 pM) contain-
ing AT-base pairs was investigated (Fig. 3a). In the absence of
dsDNA, increasing concentrations of TC (0 to 20 uM) showed very
weak fluorescence emission. In the presence of (AT),, increasing
concentration of TC from 0 to 18 uM showed regular enhancement
in fluorescence intensity. Saturation was achieved beyond 18 uM (18
to 22 uM). Interestingly, for concentrations of TC> 24 pM a
decrease in fluorescence intensity accompanied by bathochromic
shift in the emission maxima was observed. Similar changes in the
fluorescence emission were observed with increasing concentration
of TC in the presence of (D1),;x and (D2),;; (supplementary Fig.
S6). The observed fluorescence emission behavior of TC suggests
that, at lower concentrations, TC can readily occupy the available
binding sites (AT-region) of dsDNA, resulting in strong fluorescence
enhancement. However, at higher concentrations of TC (18-22 uM)
the fluorescence emission reaches a peak due to saturation of binding
sites. After the saturation of binding sites (for > 24 pM of TC) in
dsDNA (12 pM), competitive binding interactions occur between
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the unbound and bound TC molecules leading to displacement of
some of the bound molecules from dsDNA*'. This explains the linear
increase in fluorescence at lower concentrations < 18 pM, satura-
tion at 18-22 puM and a dramatic decrease in the fluorescence intens-
ity at > 24 uM of TC.

The turn-on red fluorescence behavior of probe TC in the presence
of AT-rich DNA inspired us to explore the use of TC as a staining
agent for dsDNA in gel electrophoresis. The dsDNA samples
(0.6 pg) of (AT),9, (D1)mix, (D2)mix and (GC); were subjected to
agarose gel electrophoresis and the gel was visualized under UV-
illumination after staining with TC. UV-illuminated gel image
showed strong fluorescence intensity for (AT)p, (D1)mix and
(D2)mix> respectively while the band for (GC),o was not stained by
TC atall (Fig. 3b). Besides, densitometric signal intensity data of TC-
stained agarose gel exhibited relative fluorescence intensities in the
following order: (AT),0>(D1) x> (D2) mix (Fig. 3d). Next, the agar-
ose gel was stained with the well-known gel staining agent ethidium
bromide (EtBr). Ethidium bromide stained bands of (D1) iy (D2) mix
and (GC)o on the gel. While the staining was very weak for (AT),, it
was strongest in the case of (GC);o as expected from its weaker
affinity towards AT-region as compared to GC-region of dsDNA
(Fig. 3¢). From the gel-electrophoresis staining studies, it is clear that
TC probe selectively discriminates dSDNA containing AT-base pairs
from DNA containing only GC-base pairs. In addition, the compar-
ative fluorescence response studies among TC, ethidium bromide
(supplementary Fig. S7a) and propidium iodide (PI) (supplementary
Fig. S7b) in the presence of (AT),, revealed TC as an excellent fluor-
escence marker for AT-rich DNAs while ethidium bromide and
propidium iodide did not display appreciable fluorescence changes.

To gain insights into preferential binding of TC to AT-base pair
regions in dsDNA, competitive binding studies with Hoechst were
conducted. Hoechst dyes are known to interact with the minor
groove of dsDNA. First, we recorded the emission spectrum of pre-
formed (AT),o-Hoechst 33258 complex upon excitation at 350 nm
(corresponding to Hoechst), which showed fluorescence enhance-
ment at 450 nm. Next, we recorded the emission spectra of pre-
formed (AT)y-Hoechst 33258 complex with increasing
concentration of TC (0 to 40 pM) upon excitation at 350 nm
(Fig. 3e). A marked decrease in emission intensity of Hoechst at
450 nm was observed with increasing concentration of TC. Simul-
taneously, there was a gradual increase in emission at 610 nm of TC
from 0 to 20 uM, above which emission intensity reached saturation
(supplementary Fig. S8a). Interestingly, excitation at TC absorption
(521 nm) showed strong fluorescence enhancement at 610 nm with
increasing concentration of the probe from 0 to 20 uM, which is
specific of TC upon binding to dsDNA. This phenomenon of
decrease in fluorescence intensity at 450 nm (Hoechst) and the cor-
responding increase in emission at 610 nm (TC) upon excitation at
350 nm (Hoechst) is due to efficient FRET from Hoechst to TC
(Fig. 3f). Further increase in concentration of TC (20 to 40 pM)
led to a decrease in fluorescence, a characteristic phenomenon where
unbound excess probe molecules (TC) assist the displacement of
bound ones resulting in partial quenching of fluorescence (supple-
mentary Fig. S8b)*'.

To understand this unprecedented fluorescence behavior observed
in competitive study, circular dichroism (CD) studies of the (AT),o-
Hoechst complex were conducted in the presence of TC. CD-spec-
trum of (AT),, displayed an intense positive and a negative Cotton
signal in the 200-300 nm region. Hoechst alone has no characteristic
CD signal, but in the presence of (AT),, it showed an induced
positive Cotton signal in the 300-400 nm region (supplementary
Fig. S9). It is known that the minor groove of dsDNA comprises
of chiral environment and, upon binding, induces its chirality to the
achiral Hoechst dye molecules. However, increasing concentration of
TC (0 to 40 uM) did not depict any detectable change in the CD
signal of (AT),y-Hoechst complex. These data revealed that TC is

not competing with Hoechst for binding site in the minor groove of
dsDNA. Rather, it bound to the adjacent region containing AT-base
pairs. This is evident by the effective FRET from the Hoechst (donor)
to the TC (acceptor). Normally, the efficient energy transfer in FRET
mechanism depends on the distance between donor-acceptor pair
and proper overlap of emission of donor and absorption of
acceptor®. The effective spectral overlap of emission of Hoechst
and excitation of TC indicated a perfectly matched donor-acceptor
pair for the FRET process in AT-rich DNAs (Fig. 3e inset). Thus, the
observed FRET between the two probes clearly suggests that the
binding site for TC must be in close proximity to that of Hoechst
in the AT-rich minor groove of dsDNA. Similarly, FRET was also
observed between DAPI (donor) and TC (acceptor) in the presence
of dsDNA containing AT-base pairs.

To understand the thermal stability of dSDNA-TC complexes, we
carried out temperature-dependent UV-vis absorption studies. The
UV-melting data of TC bound (AT)z, (AT)19, (D1)ix and (D2)ix
showed increasing melting temperatures (T,,,) with AT, = 3.8, 2.6,
1.9 and 1.6°C, respectively as compared to their unbound forms
(supplementary Table S2). This moderate thermal stabilization of
TC-bound AT-containing dsDNA is indicative of favorable inter-
action without any structural deformation in the duplex DNA struc-
ture. In contrast, melting study of (GC);o with the addition of TC
showed an appreciable decrease in T,, (AT,, = —1.7°C), which
depicts the destabilization of duplex DNA structure in the presence
of the probe. Overall, a significant increase in T,, of TC-bound
dsDNA containing AT-base pairs provided substantial evidence
for preferential binding of TC to AT-base pairs region of DNA.

Simulation studies of probe TC binding to dsDNA. To gain greater
insights into the binding mode and preferential fluorescence
enhancement in AT-rich over GC-rich regions of dsDNA we
carried out ab initio Density Functional Theory (DFT) calculations
of probe TC in the absence and presence of dsDNA. Each molecule
was optimized with the help of DFT, and their photophysical
properties were calculated using time-dependent DFT (TD-DFT)
as implemented in Gaussian 09 package. For the optimization,
®b97XD exchange correlation functional was used to include
empirical dispersion while for TD-DFT calculations B3LYP
exchange and correlation functional was employed. We used 6-
31g(d) basis set for all the atoms (see supplementary information).
The DNA phosphate backbone was neutralized by protonating one
of the oxygen atoms of the phosphate groups, which does not alter
any property of the DNA duplex structure***. The DFT and TD-
DFT calculations were performed with surrounding water, using a
Polarized Continuum Model (PCM) to include the solvent (water)
effect. To predict the interaction mode and relative binding affinity of
probe TC, we estimated the stabilization energies of TC in presence
of AT- and GC-base pairs in all possible modes. The optimized
structures showed that intercalation was the most preferred
binding mode for TC (Fig. 2e). Studies also revealed that TC was
stabilized more strongly by AT-base pairs (37.65 kcal mol™") than by
GC-base pairs (34.98 kcal mol™"). These energy values support the
observed moderately-increased melting temperatures of AT-rich
DNAs over GC-rich DNAs in the presence of probe TC.

To predict the preferential fluorescence enhancement of probe TC
in AT-base pair regions over the GC-base pairs, we calculated the
absorbance and emission spectra using optimized ground state (S)
geometry and optimized first excited state (S;) geometry, respect-
ively. The TD-DFT calculation provided excitation energies and
oscillator strengths to the lowest singlet states (supplementary
Table. S3). It was found that for all the possible modes, the lowest
energy transitions occur from Highest Occupied Molecular Orbital
(HOMO) to Lowest Unoccupied Molecular Orbital (LUMO). For
both TC and TC@2AT complexes, the HOMOs and LUMOs were
localized on the TC moiety for both absorption and emission. It is

| 4:6476 | DOI: 10.1038/srep06476

5


mailto:TC@2AT

TC@2AT

TC@2GC

Figure 4 \ Frontier Molecular Orbitals (FMOs) of TC, TC@2AT and TC@2GC in their ground state (S,) and Excited State (S,).

interesting to note that, in case of the TC@2GC complex for absorp-
tion, the corresponding MOs (HOMO and LUMO) were localized on
the TC moiety, but for emission, the transition occurred from the TC
moiety to the guanine moiety of TC@2GC (Fig. 4), which quenched
the fluorescence emission. In fact, in the latter case, the fluorescence
quenched because of charge transfer.

Cellular uptake and selective DNA-imaging properties of probe
TC. The selective fluorescence enhancement of TC in the presence of
AT-rich dsDNA further encouraged us to study its cellular uptake
and application in nuclear DNA staining. The HeLa S3 cells were
incubated with probe TC and then imaged using confocal
fluorescence microscopy. HeLa S3 cells were excited at 521 nm,
and the emission was measured at 540-750 nm, corresponding to
the excitation of the probe TC for selective binding of nuclear DNA.
Fluorescence imaging of HeLa S3 cell lines with probe TC (5 uM)
and co-staining with commercially available Hoechst 33258 nuclear
stain showed selective targeting of cell nucleus by the probe TC
(supplementary Fig. S10). Further, we carried out nuclear staining
studies in HEK 293 cells with cytoplasmic o-tubulin marker to
demonstrate the specificity of TC to nuclei and did not stain the
cytoplasm. It was revealed that the probe TC did not colocalize
with the cytoplasmic o- tubulin marker, but did so with the
properly placed nucleus (Fig. 5 a-h). Collectively, these results
suggest that the probe TC is cell membrane-permeable and highly
selective towards the nucleus.

To further validate the nuclear DNA binding of TC, we performed
staining of the metaphase chromosome of HEK 293 cell line. The
results clearly illustrated that the probe TC (at 2 and 5 uM concen-
tration) stained the chromosomes efficiently (Fig. 5 i). The careful
observation of these images revealed that some areas of chromo-
somes (for example, the AT-rich centromeric region) were more
densely stained (shown with arrows in Fig. 5i, inset). However, at
higher concentration we observed uniform chromosomal staining
compared to the lower concentration of probe TC, which showed
remarkably greater staining of centromere region (supplementary
Fig. S11).

Fidelity of Probe TC to dsDNA. One of the foremost problems with
most DNA staining dyes is non-specific binding with cellular
ribonucleic acids (RNA), proteins and other biomacromolecules**.

To explore the possibilities of such non-specific interactions, we
recorded the emission spectrum of TC in the presence of fetal
bovine serum albumin (FBA), which did not show any detectable
change in basal fluorescence of the probe (supplementary Fig.
S12a). Further, we recorded the fluorescence spectra of preformed
[TC + d(AATT)s] with the addition of excess FBA and vice versa.
Interestingly, we did not observe any detectable change in the strong
fluorescence intensity of probe TC. While, upon addition of
d(AATT)s to TC + FBA mixture, ~70% fluorescence of probe TC
was achieved compare to [TC + d(AATT)s] complex (supplementary
Fig. S12b). In order to check the effect of other parameter like salt and
pH we have measured the fluorescence of [TC + d(AATT)s] complex
in presence of NaCl (100 mM) and with the variation pH from 5 to 8
(supplementary Fig. S13). In presence of 100 mM NaCl, [TC +
d(AATT)s] did not show appreciable change in the strong
fluorescence intensity. Similarly, variation of pH from 5 to 8 had no
effect on the fluorescence of [TC + d(AATT)s] complex. Overall,
these results suggests probe TC is selective towards dsDNA and
retains its fluorescence even in complex samples containing pro-
teins and in presence of variable salt and pH conditions. To
demonstrate the selectivity of TC for dsDNA over RNA, we per-
formed deoxyribonuclease I (DNase I) and ribonuclease (RNase)
digestion studies in HEK 293 cell lines. DNase I is known to
degrade nuclear DNA while RNase degrades RNA by catalyzing
phosphodiester bond cleavage. After DNase I digestion of cells the
fluorescence of probe TC (red) and control Hoechst 33258 (blue)
almost completely diminished from the nuclear region compared to
untreated cells. However, as predicted, the RNase treatment of HEK
293 cells did not affect the fluorescence staining of TC and Hoechst
33258 in the nuclear region (Fig. 6a).

Application of probe TC in Cell Cycle Analysis. The FACS analysis
using flow cytometry is a versatile tool for cell cycle analysis with the
aid of DNA-specific binders. To quantitate the DNA content in the
cells, we employed probe TC for the cell cycle analysis of HEK293
cells using flow cytometry. For FACS analysis, HEK293 cells were
separately stained with PI (10 pg/mL) and probe TC (5 uM) in the
presence and absence of RNase. FACS data showed a similar pattern
of each cell cycle phase with almost similar percentage of populations
of G1, S and G2-M (Fig. 6b-c). These results suggest that the probe
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Figure 5 | Cellular uptake properties of probe TC. (a-h), Confocal fluorescence microscope images of HEK 293T cells incubated (at 37°C for 30 min)
with a, TC (5 pM). b, anti a-tubulin antibody. ¢, Hoechst 33258. d, differential interference contrast (DIC, bright field image) of HEK 293T cells

respectively. Overlay fluorescence images, e:aand c.f:aandb. g:a,band c. h:aand d. Scalebar 5 um. i, Metaphase chromosomal staining with probe TC.
Metaphase chromosomal plate was prepared using HEK 293 cell line and stained with probe TC (2 pM). Inset: Arrow shows the maximum centromere

localization of probe TC.

TC binds to DNA only and may be applied in FACS analysis to
quantify DNA and cell cycle estimation without employing RNase.
It was also observed that the intensity of probe TC was more as
compared to the same concentration of PI used in the cell cycle
analysis at FL2-A scale.

Cytotoxicity Studies of Probe TC. Another significant aspect is that
of cytotoxicity, which is a major constraint with several DNA-
binding probes including PI. To understand whether probe TC
displayed any cytotoxicity towards HEK293 cells, MTT assay was
performed. In a dose-dependent experiment, three different
concentrations of probe TC were taken. It was observed that TC
was non-toxic to HEK293 cells for treatment time intervals
(30 min) used in the present experiments (supplementary Fig.
S14a). Time-dependent experiments were also performed for 6, 12,
18 and 24 h by taking 5 uM of TC. These experiments revealed a
gradual decrease in cell viability, but the percentage of dead cells was
infinitesimal. As many as 64% of cells were viable after 24 h of
treatment (supplementary Fig. S14b).

Preferential fluorescence staining of malaria parasites. The strong
and specific binding of probe TC towards the AT-rich DNA raises
the possibility whether this probe can be used for purposes other than
mammalian nuclear staining and cell sorting. To test this possibility
we selected Plasmodium falciparum as a model system which has AT
rich genome (~80%). The parasites were incubated with low
concentrations of probe TC (1 and 2 uM) with trophozoite stage
parasites growing in erythrocytes. Live fluorescence imaging of

trophozoite stage parasites depicted that probe TC could
specifically bind to the parasite cells within the red blood cells at 1
and 2 pM concentrations. Vehicle control (water) did not show any
detectable fluorescence under similar experimental conditions
(Fig. 7). Incubation of the HepG2 cells (human liver cancer cells)
with 2 uM of probe TC did not show any detectable fluorescence
(supplementary Fig. S15). These results clearly indicate that probe
TC preferentially bound to the AT-rich genome of the parasite at
very low concentrations. Collectively, these results suggest the
selectivity of probe TC for AT-base pairs in dsDNA, fidelity to
DNA over RNA and protein, non-toxicity, and preferential
staining of malarial parasites in human erythrocytes, indicating
that probe TC is a useful diagnostic and possibly therapeutic, red-
fluorescence biomarker for AT-rich genomes**™.

Conclusion

In summary, we have developed red fluorescence hemicyanine-based
thiazole-coumarin (TC) probe for base pair-specific recognition of
dsDNA. Fluorescence spectroscopy and gel-electrophoresis studies
of TC showed strong fluorescence enhancement in the presence of
DNA containing AT-base pairs, but non-fluorescence with DNA
containing only GC-base pairs, single-stranded DNA, RNA and
proteins. The increase in fluorescence of TC as a function of consec-
utive AT-base pairs in dsDNA also suggests AT-rich regions are
the preferable binding sites. The FRET studies demonstrated that
minor-groove binding Hoechst and probe TC act as an efficient
donor-acceptor pair. The fluorescence spectroscopy studies, fluor-
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Figure 6 | DNA-specific fluorescence probe. (a), The DNase and RNase studies in HEK 293 cell lines. Immunofluorescence staining of control and
cells treated with DNase I (100 pg/mL) and RNase (40 pg/mL) with TC (red). DNA was counterstained with Hoechst (blue). Scale bar, 5 pm. (b—c), Cell
cycle analysis by staining with PI and probe TC respectively. HEK 293 cells stained with 6 pg of PI and probe TC for 30 mins. FACS analysis was

done by FACS aria instrument.

escence-imaging of HeLaS3, HEK 293, digestion by nuclease enzymes
and flow cytometry studies of TC revealed AT-base pair-specific
fluorescence enhancement, effective cell-permeability, non-toxicity,
selective nuclear DNA staining over cytoplasmic region, cell cycle
analysis and DNA quantitation (See Table S4 for the advantages of
probe TC over other commercial probes).

The tendency of TC to localize in a particular region of chromo-
somes and preferential affinity (at low concentrations) towards the
malarial parasite DNA in human erythrocyte authenticate the dia-
gnostic and therapeutic potential of probe TC. We anticipate that the
AT-selective red fluorescence DNA probe TC could be a promising
and useful reagent in molecular biology, cell biology and possibly
other DNA-based techniques such as fluorescence spectroscopy,
flow cytometry, DNA quantitation and also for the development of
genome-specific binders of theranostic interest in conjugation with
designed oligonucleotides.

Methods

General Information. All the chemicals, reagents, oligos (dAzg, dT2g, dA;g, dTo,
dG,, dCyp and d(AATT)s), control probes (Hoechst 33258, ethidium bromide and
propidium iodide), primary antibody, Alexa A488-coupled secondary antibody,

DNase I and RNase were purchased from Sigma-Aldrich. 'H and *C-NMR spectra
were recorded on a Bruker AV-400 MHz spectrometer with chemical shifts reported
as parts per million (ppm)(in CDCl;/DMSO-dg;, tetramethylsilane as an internal
standard) at 20 °C. UV-vis absorption and emission spectra were measured in quartz
cuvettes of 1 cm path length. The absolute fluorescence quantum yields were
determined using an integrating sphere for the samples on FLSP920 spectrometer
(Edinburgh Instruments). High resolution Mass spectra (HRMS) were obtained on
Agilent Technologies 6538 UHD Accurate-Mass Q-TOF LC/MS spectrometer.

Synthetic procedure for compounds TC, CL and TP. To a stirred solution of N-
methylated benzothiazole (1) or lepidine (2) (1.2 eq.) in ethanol, piperidine (0.2 eq.)
was added, and the reaction mixture was allowed to stir for 10 min. 7-
(Diethylamino)-2-oxo-2H-chromene-3-carbaldehyde® (1 eq.) in ethanol solution
was added dropwise to the above reaction mixture, leading to immediate yellow to
purple color change in the solution after which the reaction mixture was allowed to
stir for 4 h. The completion of the reaction was monitored with thin layer
chromatography (TLC). After completion of the reaction, the solvent was evaporated
under vacuum. The crude product was purified using column chromatography on
silica gel using CHCl;/MeOH as an eluent to afford TC or CL in good yields.

To a stirred solution of N-methylated benzothiazole (1) (164 mg, 5.65 mmol) in
ethanol piperidine (60 pL, 5.65 mmol) was added and allowed to stir for 10 min.
Pyrene-1-carboxaldehyde (100 mg, 4.347 mmol) in ethanol solution was added
dropwise to the reaction mixture with pressure equalizer and stirred under reflux
conditions for 7 h. The completion of the reaction was monitored with TLC. The
solvent was vacuum-evaporated after completion of the reaction. The crude product
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specifically in the nucleus of the parasitized red blood cell at 1 and 2 pM. Vehicle control (water) did not show any detectable fluorescence under the same
experimental conditions. DAPI stains the nuclei and all merged panel shows phase images of the parasites along with DAPI and TC fluorescence signal.

Scale bar: 2 pm.

was purified using column chromatography on silica gel using DCM/MeOH (98/2) as
eluent to afford probe TP in good yield.

Characterization data for TC. Brown color powder, yield 50%*'. "H-NMR (DMSO-d,,
400 MHz) 0 8.59 (s, 1H), 8.37 (dd, ] = 0.8 Hz, ] = 8Hz, 1H), 8.21 (d,] = 8.4 Hz, 1H),
8.02(dd, ] = 8 Hz, J = 15.6 Hz, 2H), 7.83 (m, 1H), 7.74 (td, ] = 1.2 Hz, ] = 7.6 Hz,
1H), 7.57 (d, ] = 9.2 Hz, 1H), 6.87 (dd, J = 2.4 Hz, J = 9.2 Hz, 1H), 6.67 (d, ] =
2.4 Hz,1H), 4.22 (s, 3H), 3.53 (q,] = 7.2 Hz,4H), 1.17 (t, ] = 7.2 Hz, 6H). "C-NMR
(DMSO-d,, 100 MHz) 0 171.6, 159.5, 157.1, 153.3, 148.3, 144.3, 142.0, 131.8, 129.2,
128.0,127.4,124.1,116.5,112.0,111.3,110.9, 108.9, 96.4, 44.6, 35.8, 12.4. HRMS (ESI-
MS): calcd for C3H,3N,0,SI [M-I] * m/z = 391.1475, found 391.1456.

CL. Violet color powder, yield 60%. "H-NMR (DMSO-ds, 400 MHz) 6 9.25 (d, ] =
6.4 Hz, 1H),8.72 (d,] = 8 Hz, 1H), 8.43 (m, 4H), 8.24 (m, 1H), 8.02 (m, 2H), 7.54 (d, ]
=9.2 Hz,1H),6.82(dd,] = 2.4 Hz,] = 9.2 Hz, 1H), 6.61 (d,] = 2.4 Hz, 1H), 4.46 (s,
3H), 3.50 (q, / = 7.2 Hz, 4H), 1.16 (t, ] = 7.2 Hz, 6H). *C-NMR (DMSO-d,

100 MHz) 0 160.0, 158.2, 157.8, 152.4, 152.1, 147.7, 145.1, 138.7, 138.2, 134.8, 130.9,
129.3, 126.0, 125.6, 119.4, 118.4, 115.3, 114.8, 113.9, 110.2, 108.6, 96.3, 44.4, 12.4.
HRMS (ESI-MS): calcd for C,5H,5IN,0, [M-I]* m/z = 385.1911, found 385.1902.

TP. Brown color powder, yield 78%. 'H-NMR (DMSO-ds, 400 MHz) 6 9.19 (d, ] =
15.6 Hz, 1H),8.97 (d, ] = 8.4 Hz, 1H), 8.88 (d,] = 9.6 Hz, 1H),8.39 (m,9H), 8.18 (t,]
= 7.6 Hz, 1H), 7.92 (m, 1H), 7.84 (td, ] = 0.8 Hz, ] = 7.6 Hz, 1H), 4.46 (s, 3H). *C-
NMR (DMSO-dg, 100 MHz) 6 171.5, 144.1, 142.0, 133.7, 130.8, 130.3, 130.1, 129.9,
129.5,128.5,128.1, 127.4, 127.3, 127.0, 126.7, 125.7, 125.5, 124.2, 124.0, 123.5, 122.6,
116.9, 115.4, 36.5. HRMS (ESI-MS): calcd for C,gH,INS [M-I]* m/z = 376.1154,
found 376.1156.

Metaphase chromosome preparation and Probe TC staining. HEK293 cells were
cultured in a 60 mm dish, harvested with 0.25% EDTA-Trypsin and collected by
centrifugation at 2000 rpm for 3 min. Supernatant was discarded and washed twice
with 1XPBS. Cell pellet was resuspended in 10 mL hypotonic solution (0.56% KCl)
and incubated for 30 min at 37°C. Recentrifugation was conducted, and the pellet was
again suspended in 8 mL fixative (glacial acetic acid: ethanol, 1 : 3). Then 2-3 drops of

cell suspension were dropped at some distance on slide. Slides were either air dried or
flame dried. Hoechst (1 pg/mL) and probe TC (5 pM) were poured on the slide and
kept for 10 min for DNA staining and mounted with 70% glycerol. Images were taken
at 100X by Carl Zeiss Laser Scanning Microscope (LSM510 META).

Plasmodium falciparum culture and probe TC treatment. The growth and
maintenance of parasite culture have been described elsewhere®. In brief, P.
falciparum 3D7 strain was grown at 4-10% parasitemia in RPMI 1640 medium
supplemented with 0.5% albumax (Invitrogen), 5% NaHCO3, 50 ug/mL gentamicin
and 50 pg/mL ampicillin at 37°C. The culture was synchronized by incubating ring-
staged parasites for 5 minutes with 5% sorbitol. Probe TC (resuspended in Mili-Q
water) was added to parasites (30 = 5 hpi) at a final concentration of 1 and 2 pM, and
the parasites were incubated for 30 minutes at 37°C. Milli-Q water was used as a
vehicle control. Fluorescence images were captured using Carl Zeiss AXIO Imager Z1
and the software used for image capturing was AxioVision Rel. 4.8.
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