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ABSTRACT

In molecular biology, understanding the functional
and structural aspects of DNA requires sequence-
specific DNA binding probes. Especially, sequence-
specific fluorescence probes offer the advantage of
real-time monitoring of the conformational and struc-
tural reorganization of DNA in living cells. Herein,
we designed a new class of D2A (one-donor-two-
acceptor) near-infrared (NIR) fluorescence switch-
on probe named quinone cyanine—dithiazole (QCy-
DT) based on the distinctive internal charge transfer
(ICT) process for minor groove recognition of AT-rich
DNA. Interestingly, QCy-DT exhibited strong NIR-
fluorescence enhancement in the presence of AT-
rich DNA compared to GC-rich and single-stranded
DNAs. We show sequence-specific minor groove
recognition of QCy-DT for DNA containing 5-AATT-
3’ sequence over other variable (A/T)4 sequences
and local nucleobase variation study around the 5'-
X(AATT)Y-3' recognition sequence revealed that X =
A and Y = T are the most preferable nucleobases.
The live cell imaging studies confirmed mammalian
cell permeability, low-toxicity and selective staining
capacity of nuclear DNA without requiring RNase
treatment. Further, Plasmodium falciparum with an
AT-rich genome showed specific uptake with a rea-
sonably low IC5o value (<4 pwM). The ease of synthe-
sis, large Stokes shift, sequence-specific DNA minor

groove recognition with switch-on NIR-fluorescence,
photostability and parasite staining with low ICs
make QCy-DT a potential and commercially viable
DNA probe.

INTRODUCTION

Sequence-specific recognition is an essential criterion to
target and control DNA functions for gene-expression,
bioimaging, diagnostics, therapeutics and biotechnological
applications (1,2). Over the years, many probes have been
developed to target DNA, but there is still a pressing need
for developing efficient new probes and therapeutic agents
against gene-related diseases as DNA remains a promis-
ing biological receptor (3-6). It is a daunting task indeed
to design site-specific DNA binding molecules with high
affinity and selectivity. To achieve this goal, base-pair and
sequence-selective DNA binding probes ranging from small
molecules to large peptides of natural and synthetic ori-
gin have been developed (7-11). These probes interact with
DNA mainly through two binding modes, intercalation and
groove binding. Typically, small molecules binding to DNA
through intercalation possess the site-specificity of three
base pairs that can differentiate only one out of 32 random
sequences (12). Factually, the human genome contains 3 bil-
lion base pairs and the small molecular probe is posed with
the astonishingly large number of 1 billion unique binding
sites (13). To improve the binding specificity of small molec-
ular probes over longer DNA sequences, researchers shifted
their attention toward groove-binding agents. DNA grooves
are sites with inherent hydrogen bond donors and accep-
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tors at the edges of nucleobases, which makes them adapt-
able to recognition through hydrogen bonding interactions
in a sequence-selective manner (10,11,14-16). In compari-
son with DNA major groove, the minor groove is narrow
in size, which makes it suitable for small molecular probes.
In particular, sequence-specific targeting of DNA using mi-
nor groove-binding molecules is considered a promising
molecular recognition strategy in chemistry and biology
(10,11,14-16).

Dervan and co-workers developed sequence-specific N-
methylpyrrole and N-methylimidazole-containing crescent-
shaped polyamides that can selectively recognize and bind
DNA minor grooves through hydrogen bonding interac-
tions (9,11,13-16). These polyamides are one of the most
elegantly designed molecules to recognize the minor groove
of DNA with superior discrimination of all four Watson-
Crick base pairs (13). However, their difficult synthe-
sis processes and non-fluorescent nature eventually lim-
ited their potential applications in biological systems. Re-
cently, polyamide/fluorophore conjugates have been devel-
oped and their cellular uptake properties studied in vari-
ous cell lines (15,16). Later, Wilson et al. reported phenyl-
furan-benzimidazole diamidine-based cell permeable and
sequence-selective minor groove-binding molecules (6,17—
21). One of the common structural features of all these mi-
nor groove-binding ligands is the molecular curvature to
complement the DNA minor groove concavity, referred to
as ‘isohelicity,” which enhances the binding affinity and se-
lectivity of interaction (10,11,17-20). Recent studies show
that a majority of the minor groove-binding molecules ac-
tually target AT-rich mitochondrial kinetoplast DNA of
eukaryotic cells and that of the protozoan parasite Plas-
modium falciparum (3,6,20,22,23). Such interactions induce
topological changes in AT-rich DNA, which can generate
biological response against certain diseases and also serve
as model systems to gain insights into the structural orga-
nization of DNA (24). Minor groove binding ligands such
as distamycin A, netropsin, 4’-6-diamidino-2-phenylindole
(DAPI) and bis-benzimide (Hoechst 33258) have been used
as antibiotics as they bind to the minor groove of B-DNA
with a preference for AT-rich sequences and are consid-
erably more toxic to parasites than to mammalian cells
(3,6). Further, availability of myriad genome warrants the
need for developing efficient and highly predictive molecu-
lar tools to probe its organization and functional aspects.
Overall, it is clear that sequence-specific targeting of DNA
is crucial for studying sequence variation, structural orga-
nization and function in the cell nucleus.

Fluorescence probes have become powerful tools in cell
biology and play a vital role in the modern era of biologi-
cal research (25-27). Apart from simple detection they offer
the additional advantage of real-time monitoring of con-
formational changes and structural reorganization of bio-
logical macromolecules in living cells and organisms (25—
27). In this context, structural, functional, and therapeutic
study of DNA in the cell nucleus requires sequence-specific,
minor groove-binding fluorescence probes (28,29). Fluores-
cence imaging of DNA has been widely used to stain the
nuclei of live or fixed cells and study structural reorganiza-
tion of chromosome in the cell nucleus (28-30). DAPI, bis-
benzimides (Hoechst dyes) and propidium iodide are well-

known nuclear staining agents (31). However, the blue fluo-
rescence DNA staining probes (DAPI and Hoechst) require
excitation in the ultraviolet (UV) region and the prolonged
UV illumination is certain to damage cellular DNA. Ad-
ditionally, propidium iodide and related dyes are intercala-
tors suffering from poor cell-permeability and high toxic-
ity, apart from inducing structural alterations in the target
DNA structure, which prohibits their use in biological ap-
plications (31). The limitations of existing probes and the
quest to develop novel probes with superior properties mo-
tivated us to design a new, sequence-specific NIR fluores-
cence probe for DNA. Such fluorescence DNA probe must
satisfy the following properties: (i) excitation and emission
in the longer wavelength region, (ii) switch-on fluorescence
response, (iii) high sequence-specificity, (iv) good quantum
yield, (v) non-toxicity and (vi) live-cell permeability. In re-
cent years, NIR-fluorescence probes have been gaining con-
siderable attention due to their broad range of in vivo imag-
ing applications that avoid interference from the absorbance
and auto-fluorescence of cellular components (32,33). The
deep tissue penetration ability of NIR radiation makes
these probes a versatile and inexpensive alternative to clas-
sical radioisotope-detection methods (32,33). Our research
group is particularly interested in developing novel red- and
NIR-fluorescence probes for biomolecules and toxic pro-
tein aggregates (30,34,35). Recently, we reported an AT-
base pair selective, cell permeable, red-emitting thiazole-
coumarin (TC) hemicyanine probe for cell-cycle analysis,
selective nuclear staining and other applications (30). Probe
TC showed preferential AT-base pair selectivity with ~10-
20 folds fluorescence enhancement, as a function of number
of AT-base pairs with a moderate association constant (K,
=1 x 10° M~!). The intercalation mode of binding and
moderate binding affinity of probe TC to DNA encouraged
us to design a new high affinity, sequence-specific NIR flu-
orescence switch-on probe for DNA minor groove recogni-
tion.

In the present study, we report a bent-shaped molecular
probe quinone cyanine—dithiazole (QCy-DT), a D2A (one-
donor-two-acceptor) m—electron system that is designed to
undergo internal charge transfer to convert itself into a
switch-on NIR-fluorophore upon binding to DNA (Fig-
ure 1). The bent shaped QCy-DT was expected to obey
isohelicity and recognize the minor groove of duplex DNA
with switch-on NIR-fluorescence response. Remarkably,
fluorescence and circular dichroism (CD) studies reveal that
QCy-DT binding to AT-rich DNA minor groove, in fact,
result in switch-on NIR-emission in a sequence-specific
manner, especially with a 5-4AAATTT-3" sequence. Most of
the desirable properties such as large Stokes shift, switch-
on fluorescence (non-aggregated and non-fluorescent in
unbound-state but emit NIR-fluorescence in DNA bound-
state), and sequence-specific binding of QCy-DT in buffer
solution demonstrate its superiority as a DNA probe. The
live cell imaging studies confirm low-toxicity, cell perme-
ability, effective nuclear DNA staining and photostability
by QCy-DT at low concentration (<1 wM) without the
need of RNase treatment. Uptake of QCy-DT by Plasmod-
ium nucleus at a very low concentration of 500 nM and a
low (<4 pM) inhibitory concentration (ICs) against malar-
ial parasites indicates that QCy—DT may have potential use
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Figure 1. (A) Molecular structure of QCy-DT and activation of QCy-DT to form ‘NIR-ready’ fluorescence probe (Cy7 system). (B) The absorbance
and emission spectra of QCy-DT in buffer solution (Tris-HCI, 100 mM, pH = 7.4). (C) DNA minor groove recognition of QCy-DT through switch-on

NIR-fluorescence response.

against parasitic infections. To the best of our knowledge,
this is the first report of a sequence-specific recognition of
DNA minor groove by a switch-on NIR-fluorescence probe.
QCy-DT displays high sequence-specificity (5-AAATTT-
3") for DNA minor groove and is a potential probe for
nuclear DNA staining of live and fixed mammalian cells,
among other molecular and cell biology applications.

MATERIALS AND METHODS
General information

All the chemicals, reagents, single-stranded oligos (dAjo,
dT29, dGyg, dCy), self-complementary oligos {d(ATAT)s,
(D1)mix, Drew-AT, Calf-Thymus DNA (CT-DNA), (DM,
DM2, DM3, DM4, DM5, DM6 and DM7)}, RNA,
Hoechst 33258 and Cresol Violet were purchased from
Sigma-Aldrich. 'H and '3C NMR spectra were recorded
on a Bruker AV-400 MHz spectrometer with chemical shifts
reported as parts per million (ppm) (in DMSO-dg, tetram-
ethylsilane as an internal standard) at 20°C. UV-vis ab-
sorption and emission spectra were measured in quartz
cuvettes of 1 cm path length. High resolution mass spec-
tra (HRMS) were obtained on Agilent Technologies 6538
UHD Accurate-Mass Q-TOF LC/MS spectrometer.

Synthesis of QCy-DT

To a stirred solution of 2-methyl benzothiazole (7.0 mmol)
in dichloromethane (10 ml), methyl iodide (14.0 mmol) was
added dropwise and allowed to reflux overnight. Comple-
tion of the reaction was monitored by thin layer chromatog-
raphy (TLC). After completion of the reaction, a white col-
ored precipitate was formed. The precipitate was filtered
and washed with copious amount of diethyl ether for re-
moving the unreacted benzothiazole. The obtained product
(N-methyl-2-methylbenzothiazole) (1) was dried under vac-
uum and used for the next reaction without further purifi-
cation.

Piperidine (8 pl) was added to a stirred solution of N-
methyl-2-methylbenzothiazole (1) (0.1 g, 0.34 mmol) in
ethanol (8 ml). After 10 min, 4-hydroxyisophthalaldehyde
(2) (20 mg, 0.14 mmol) in ethanol (2 ml) was added and the
reaction mixture was stirred at 80°C for 3 h under nitro-
gen atmosphere. After completion of reaction, solvent was
evaporated and the crude product was purified by prepara-
tive RP-HPLC (grad. 50-65% acetonitrile in water, 12 min)
to obtain the probe QCy-DT as a yellow powder. Yield
45%. IR (neat): 3390, 3065, 3015, 1682, 1667, 1582, 1505,
1121 em~!, 'TH NMR (400 MHz, DMSO-dg) 8ppm: 8.59 (d,
J=2Hz,1H),8.42(d,/J=8.1 Hz,2 H),8.30(d, /J=8.2 Hz,
1 H), 8.26 (d, /=3.3 Hz, 1 H), 8.23 (d, / = 10.7 Hz, 1 H),
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8.19(dd, J = 2Hz, J = 8.7 Hz, 1 H), 8.13(dd, J = 8.1 Hz, J
=16 Hz,2H), 7.98-7.89 (m,3H), 7.86 (dd, J=1.1Hz, J=
9.5 Hz, 1 H), 7.83-7.78 (m, 2 H), 7.22 (d, J = 8.7 Hz, 1 H),
4.36 (s, 6 H). *C NMR (100 MHz, DMSO-dg) 8ppm: 172.1,
171.8,161.8, 147.7, 142.2, 142.1, 142.0, 134.8, 132.6, 129.5,
128.5,127.8, 127.6, 125.9, 124.1, 121.5, 117.7, 116.9, 116.8,
114.3,111.8, 36.3, 36.2. HRMS (ESI-MS): found 441.1070,
caled. for C26H22N2052 [M—2I-H]l+ m/z =441.1095.

Sample preparation for UV-vis and fluorescence measure-
ments

Stock solutions of QCy-DT were prepared in double-
distilled (dd) water in the order of 10~ M and stored at
—10°C. DNA stock solutions were prepared by dissolving
oligo samples in double-distilled (dd) water in the order of
10~* M. Solutions of DNA duplexes were prepared in Tris-
HCI (100 mM, pH = 7.4) buffer solution by mixing com-
plementary DNA strands in equimolar concentration, this
solution was then subjected to annealing by heating up to
85°C for 15 min., subsequently cooled to room temperature
for 7 h and stored in the refrigerator (4°C) for 4 h (30).

Absorption and emission spectra

The UV-vis absorption and emission spectra were recorded
on Agilent Technologies Cary series UV-vis-NIR ab-
sorbance and Cary eclipse fluorescence spectrophotome-
ters, respectively. Thermal denaturation (UV-melting) stud-
ies were carried out on Cary 5000 UV-vis-NIR spectropho-
tometer equipped with Cary temperature controller in the
range of 10°C to 90°C with a ramp rate of 1°C/min. The
variable temperature/wavelength mode was used. Absorp-
tion was monitored at 260 nm with regular 5°C intervals.
Melting temperatures (7,,) of DNA samples were calcu-
lated from the first derivatives of the absorption versus tem-
perature curves (thermal denaturation or melting curves)
obtained by monitoring at 260 nm.

Circular dichroism (CD) spectroscopy

CD measurements were carried out on Jasco J-815 spec-
trometer equipped with a Peltier-type temperature con-
troller (CDF-4265/15) under a nitrogen atmosphere to
avoid water condensation. Scans were performed over the
range of 200-700 nm with a speed of 100 nm/min, and the
spectra represent an average of three scans. A blank sample
containing Tris-HCI buffer solution (100 mM, pH = 7.4)
was treated in the same manner and subtracted from the
collected data.

Quantum yield calculation

Cresyl violet perchlorate in ethanol (¢ = 0.54) was used as
the standard for the fluorescence quantum yield calculation
using the absorption of the test sample. The emission spec-
tral area is obtained in the 550-800 nm regions. Dilute solu-
tions (10~ M) were used to minimize reabsorption effects
of the dyes. Quantum yields were determined using the fol-
lowing equation,

¢s = ¢r(Fs/Fr) X (Ar/As) X (ng/nz)

Where, &, and ¢ are the quantum yield of reference and
sample respectively, F; and Fg are the integrated intensities
(areas) of standard and sample spectra, n, and ng are the
refractive indices of the reference and sample solution, A,
and A, are the absorbance intensities of reference and sam-
ple, respectively.

Fluorescence study in live cells

MCF-7 cells were propagated on 20 mm cover slips in a 6-
well plate in DMEM medium supplemented with 10% fetal
bovine serum at 37°C in a humidified atmosphere contain-
ing 5% CO; till 80% confluency was achieved. Cells were
incubated for 60 min with probe QCy-DT (resuspended in
Mili-Q water) at various concentrations (0.5 wuM and 1 pM)
in a humidified CO, incubator at 37°C. Milli-Q water was
used as a vehicle control. Following the treatment, fluores-
cence microscopy was performed using Carl Zeiss AXIO
Imager Z1 and the software used for image capturing was
AxioVision Rel. 4.8.

Fluorescence study in fixed cells

HeLa cells were grown on the cover slip for 24 hin DMEM
medium supplemented with 10% fetal bovine serum at 37°C
in a humidified atmosphere containing 5% CO, till 80%
confluency was achieved. Then cells were fixed with 4%
paraformaldehyde in PBS for 10 min. After rinsing twice
with PBS, HeLa cells were treated separately with probe
QCy-DT at various concentrations (0.5 uM and 1 pM)
for 10 min at room temperature. Subsequently, cover slips
were incubated with Hoechst 33258 at 10 pg/ml for nu-
clear staining. Fluorescence images were taken by Carl Zeiss
Laser Scanning Microscope (LSM510 META).

Plasmodium falciparum culture, synchronization and treat-
ment of malaria parasites with probe QCy-DT

P. falciparum strain 3D7 was cultured as described previ-
ously (36). Briefly, malaria parasites were cultured in hu-
man erythrocytes in T75 flasks with RPMI 1640 (Gibco)
supplemented with 10 pwg/ml gentamicin (Sigma), 50 pg/ml
ampicillin, 0.2% NaHCOj; (Sigma), 0.5% albumax (Invitro-
gen) and Hypoxanthine (27 mg/l). The culture was main-
tained under standard conditions (37°C in 90% nitrogen,
5% CO, and 5% O). For synchronization of the parasites,
ring-staged parasites were treated with 5% sorbitol at 37°C
for 5-10 min, followed by washing with pre-warmed incom-
plete medium twice, and placed back in complete medium.
QCy-DT probe (resuspended in Mili-Q water) was added
to parasites (25 4 2 hpi) at a final concentration of 0.5 pM
and the parasites were incubated for 30 min at 37°C. Fol-
lowing treatment fluorescence imaging of the parasites was
performed using Carl Zeiss AXIO Imager Z1 and the soft-
ware used for image capturing was AxioVision Rel. 4.8.

ICs) determination in malaria parasites

To determine the ICsy value of QCy-DT against P. falci-
parum, parasites were synchronized in ring stage (~12 +
2 h) and parasitemia was maintained at ~1%, followed by
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treatment with 0, 0.5, 1, 2 and 4 pM of QCy-DT at early
trophozoite stage (~20 =+ 2 h). After 40 h of the QCy-DT
treatment, Geimsa stained slides were prepared, and para-
sitemia was counted. At least six homogenous microscopic
fields were counted for each treatment, and each experiment
was done in triplicates. The graphs were plotted for the per-
centage of parasitemia (at 0 time point and at 40 h after in-
cubation with QCy-DT) against QCy-DT concentration,
with mean and standard error.

Cell viability assay

MCEF-7 cells (4 x 10° cells/well) were seeded in 96-well plate
(flat bottom) and cultured for 12 h. Following this, cells were
treated with 2, 4 and 8 wM of probe QCy-DT, respectively,
for 72 h and further incubated in a humidified CO, incuba-
tor at 37°C. 20 pl of MTT (5 mg/ml in PBS) solution was
added to each well and incubated for 4 h at 37°C in the CO,
incubator. DMSO (200 wl) was then added to each well. Af-
ter 1 h, absorbance was taken in ELISA microplate reader
at 570 nm wavelength. Following formula was applied for
the calculation of percentage of cell viability (CV):

absorbance of the experimental samples
CV = x 100
absorbance of the control sample

The data were normalized with control and plotted with
mean and standard error.

Photostability assay in MCF-7 by confocal fluorescence mi-
croscopy imaging

MCF-7 Cells were propagated on 20 mm cover slips in a 6-
well plate in DMEM medium supplemented with 10% fetal
bovine serum at 37°C in a humidified atmosphere contain-
ing 5% CO; till 80% confluency was achieved. Cells were
incubated for a duration of 60 min with probe QCy-DT
(resuspended in Mili-Q water) at 2 pM concentration in
a humidified CO; incubator at 37°C. Following treatment,
the photostability of QCy-DT was measured by continu-
ous scanning using OLYMPUS FV1000 confocal fluores-
cence microscope, under 568 nm line of an Argon ion laser
for different time durations 10 s, 120 s and 300 s. Olympus
Fluoview software was used to quantitatively investigate the
intensity of signals of QCy-DT at zero time points and af-
ter photo bleaching. The data were plotted with mean and
standard error.

RESULTS AND DISCUSSION

DNA probes such as thiazole orange (TO) and oxazole yel-
low (YO) belong to the cyanine family, but surprisingly, no
NIR-fluorescence probe with cyanine platform has been re-
ported for DNA with sequence specificity. Cyanine dyes are
composed of polymethine bridges between the N-alkylated
heterocyclic aromatic groups such as pyridine, quinoline,
benzoxazole and benzothiazole (37). The fluorescence prop-
erty of cyanine dyes depends on complete delocalization
of m-electrons between the donor-acceptor nitrogen atoms
connected by polymethine bridges. Non-fluorescence in the
unbound-state and strong fluorescence in the bound-state
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nature of most of the cyanine probes inspired us to de-
sign a cyanine-based NIR probe for DNA. In this Arti-
cle, we present a one-donor-two-acceptor (D2A) quinone
cyanine (QCy7) based probe QCy-DT designed to recog-
nize DNA minor groove by switch-on NIR-fluorescence.
Quinone cyanine (QCy7) fluorophore is a new class of NIR-
fluorescence cyanine probes reported by Shabat e al. (38—
40). Typically, these probes are composed of a donor phenol
moiety conjugated with two heterocyclic electron acceptors
such as alkylated quinolines, indolines or pyridines. QCy—
DT was synthesized through Knoevenagel condensation of
4-hydroxyisophthalaldehyde with N-methylated benzothia-
zole in the presence of piperidine as a base (supplementary
Scheme 1). This simple and straightforward synthesis route
makes QCy-DT highly economical and, hence, a commer-
cially viable probe.

As illustrated in Figure 1, deprotonation of phenol gen-
erates phenolate, which donates electrons to one of the con-
jugated acceptors (N-alkylated benzothiazole) and triggers
internal charge transfer (ICT) to the quaternary nitrogen
atom on another benzothiazole group. This ICT process re-
sults in the generation of a highly delocalized m-electron
system, resembling the Cy7 fluorophore (Figure 1A). How-
ever, the protonated form of QCy-DT (i.e. phenol form) is
non-fluorescent due to the lack of the ICT process. In or-
der to assess the conditions for deprotonation of QCy-DT
to generate phenolate, we performed pH-dependent fluo-
rescence measurements in Tris-HCI solution (100 mM, pH
= 7.4). Under acidic conditions (pH = 2-5), QCy-DT did
not fluoresce, owing to a stable phenol form. Interestingly,
the probe showed weak but basal NIR-fluorescence (Apax =
680 nm) in the pH range of 6-8 (Supplementary Figure S1).
Thus, pH-dependent fluorescence study revealed that un-
der physiological conditions, QCy-DT exists mostly in the
phenolate form with basal NIR-fluorescence (NIR-ready).
The weak but basal fluorescent nature of QCy-DT (NIR-
ready fluorescence probe) under physiological conditions
meets our prime criterion that the probe is relatively non-
fluorescent in the unbound-state but fluoresces strongly in
DNA bound-state.

Photophysical properties of QCy-DT

We studied the molecular interactions of QCy-DT by eval-
uating the absorption and emission properties in Tris-buffer
(100 mM, pH = 7.4) under ambient conditions. The UV-vis
absorption spectra of QCy-DT (2 wM) exhibit two absorp-
tion maxima at 463 and 530 nm (Figure 1B) (e = 14 950
M~!'em™!). The absorption band at 530 nm originates from
the delocalization of mw-electrons between phenolic oxygen
and p-substituted benzothiazolium vinyl moiety in QCy-
DT while the band at 463 nm is from the similar conjugation
of o-substituted benzothiazolium vinyl moiety in QCy-DT
(38). The absorption spectra of QCy-DT showed a linear
increase in absorbance with increasing concentration from 0
to 8 wM (Supplementary Figure S2). This linear increase in
absorbance in the range of 0 to 8 M of QCy-DT suggests
molecularly dissolved and non-aggregated state in buffer
solution, under ambient conditions. Upon excitation at 530
nm, QCy-DT showed a weak but basal emission peak in
the NIR region at 680 nm with a large Stokes shift (ANpax
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= ~150 nm) (Figure 1B). This is a very useful property
as it helps avoid self-absorption in the higher energy part
of emission. Furthermore, the large Stokes shift of QCy-
DT makes it superior to many of the DNA-binding cyanine
probes such as TO, YO, Picogreen, SYBR- Green I, cya-
nine dimers TOTO-1 and YOYO-1 (supplementary Table
S1)(41,42). The NIR-fluorescence of QCy-DT arises due to
extended through the Cy7 backbone and ICT process. The
weak or non-fluorescent behavior of dye molecules in buffer
solution is mainly attributed to the intramolecular twisting
processes, which cause quenching of the fluorescence of cya-
nine dyes, solvation with water molecules also aids the flu-
orescence quenching by means of deactivation of radiative
pathways (43). We believe both these processes contribute
to the weak or non-fluorescent nature of QCy-DT in buffer
solution.

Next, we performed the ground-state and excited-state
calculations using density functional theory (DFT) with the
PBEO (44) functional and 6-311++G(d,p) basis set for all
atoms to support our assignments of the absorption and
emission bands of QCy-DT in water (complete computa-
tional details are given in supplementary data). DFT calcu-
lations show that the two -7* transitions are located near
2.32 eV (S1) and 2.88 eV are in good agreement with two
experimentally observed absorption bands of QCy-DT in
buffer solution, as shown in Figure 1B. The first w-7* state
is the lowest transition dominated by the HOMO to LUMO
(97%) configuration while the second m-m* state is dom-
inated by the configuration HOMO to LUMO+1 (97%).
Relevant molecular orbitals for these transitions are shown
in Supplementary Figure S3.

Switch-On NIR-fluorescence in the presence of DNA

The large Stokes shift, molecularly dissolved-state and
non-fluorescent behavior of QCy-DT in buffer solution
prompted us to assess its recognition ability of DNA. For
this, we chose poly AT-duplexes such as (A-T)y, self-
complementary d(ATAT)s, Drew-AT (14 base pair self-
complementary sequence with 6AT-base pairs in central
core) (45), poly GC-duplex (G-C)y9, (D1)nix, which is a 16
base pair long self-complementary duplex and CT-DNA as
mixed AT/GC duplexes (supplementary Table S2). In the
presence of Drew-AT, QCy-DT (2 wM) showed prominent
red-shifted (AApax = ~34 nm) absorption spectrum with
good hyperchromicity in the absorption intensity. Upon se-
quential addition of Drew-AT (0, 1, 2, 3 and 4 wM), the ab-
sorption spectra of QCy-DT showed a gradual red shift in
the absorption maxima (463 to 479 nm and 530 to 564 nm)
with hyperchromicity (Figure 2A). QCy-DT experience hy-
drophobic environment upon binding to minor groove of
AT-rich duplex DNA which prevents aromatic m-stacking
interactions with base pairs and other molecules of the
probe that led to the hyperchromicity in the absorbance
maximum of QCy-DT. Remarkably, QCy-DT showed a
~200-fold enhancement in the fluorescence emission at \ep
=650 nm in the presence of Drew-AT with blue shift (ANpax
= ~27 nm) compared to basal fluorescence of the probe
alone (Figure 2B). Further, we studied the absorption and
emission properties of QCy-DT in the presence of poly
AT- and GC-duplexes. In the presence of (A-T)y, QCy-—

DT showed red shift in the absorption maxima with hyper-
chromicity similar to that of Drew-AT (Supplementary Fig-
ure S4A). QCy-DT exhibited only a slight red shift in the
absorption maxima at 463 and 530 nm in the presence of (G-
C)20, (D1)mix and d(ATAT)s (Supplementary Figure S4B—
S4D). Interestingly, QCy—DT showed almost ~250-fold flu-
orescence enhancement for (A-T),, compared to the only
8-fold increase observed for (G-C),yp duplex (Supplemen-
tary Figure S5A). Further, we also studied the emission be-
havior of QCy-DT in presence of CT-DNA, (D1)yix, single-
stranded (ss) DNAs and RNA. In CT-DNA, (D1)y,;x and
ssDNAs exhibited ~40, ~55 and ~2-fold enhancements,
respectively. Fluorescence spectra showed a very weak re-
sponse of QCy-DT in presence of RNA that confirmed
selectivity of the probe for DNA duplexes containing AT-
base pairs (Supplementary Figure S5B). To ascertain the
switch-on behavior of QCy-DT in the presence of AT-rich
DNA duplex, we performed viscosity measurements by in-
creasing the glycerol content in buffer solution (30). With
increasing glycerol content, fluorescence spectra of QCy—
DT exhibited a gradual enhancement in the emission inten-
sity at 680 nm (Supplementary Figure S6). This tendency
of the probe to have increased emission intensity with an
increase in the glycerol content clearly suggests that the re-
striction of intramolecular rotation is responsible for the
fluorescence enhancement of QCy-DT. Consequently, the
observed strong fluorescence enhancement in the presence
of AT-rich DNA duplexes is the result of restriction of in-
tramolecular rotation of probe QCy—DT in the constrained
environments of DNA, which also facilitates the desolva-
tion (water molecules) around QCy-DT in the hydropho-
bic environment of DNA duplex (Figure 1C) (10,46,47).
These preliminary results, thus, confirmed switch-on NIR-
fluorescence behavior of QCy-DT in the presence of AT-
rich DNA duplexes compared to that of GC-rich DNA du-
plex, ssDNAs and RNA.

Base pair-specific recognition and switch-on fluorescence in
the presence of DNA

To gain deeper insights into base pair selectivity of the
probe, we performed comparative and base pair-dependent
fluorescence measurement in the presence of (A-T)y,
d(ATAT)s, Drew-AT, (D1)mix and (G-C)y duplexes with
20, 6, 4 and 0 sets of AT-base pairs, respectively. We
observed ~8, ~55, ~54, ~200 and ~250-folds fluores-
cence enhancement in the presence of (G-C)yy, (D1)mix,
d(ATAT)s, Drew-AT and (A-T),y with increasing number
of AT-base pairs, respectively (Figure 3). Further, we car-
ried out concentration-dependent studies with (A-T),y and
Drew-AT duplexes by adding increasing concentrations of
QCy-DT. With increasing concentration of QCy-DT (0-
8 wM) to (A-T)y duplex, the fluorescence intensity grad-
ually increased at 650 nm and attained saturation at >6
M (Supplementary Figure S7). Similar spectral changes
were observed for QCy-DT in the presence of Drew-AT
(Figure 2C). We also recorded the fluorescence spectra of
QCy-DT with increasing concentrations of (A-T),y, Drew-
AT, d(ATAT)s and (D1)mix duplexes. Figure 2D shows a
gradual increase in fluorescence with increasing concentra-
tion of Drew—AT from 0 to 2 wM and saturation >2 uM.
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Figure 2. Photophysical properties of QCy-DT. (A) Absorption spectra of QCy-DT (2 wM) with increasing concentration of Drew—AT (0, 1, 2, 3 and 4
wM). (B) Fluorescence spectrum of QCy-DT (2 wM) in the presence of Drew—AT (4 wM). (C) Fluorescence spectra of Drew—AT (4 wM) with increasing
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Figure 3. Base pair-dependent recognition of AT-rich DNA by QCy-DT.

Upon increasing concentration of other duplexes (A-T)yo,
d(ATAT)s and (D1)yix, QCy-DT showed similar fluores-
cence enhancement (Supplementary Figure S8). Overall,
the strong fluorescence enhancements suggest QCy-DT is a
selective and NIR-fluorescence-ready probe for DNA con-
taining AT-base pairs (Figure 3).

Binding stoichiometry, affinity and quantum yield of QCy-
DT for DNA duplexes

To determine the binding stoichiometry of QCy-DT with
Drew—AT, we employed the continuous variation method,
varying the ligand concentrations to generate the Job plot
by fixing the total concentration of [QCy-DT+Drew—AT]
at 2 uM (48). The Job plot analysis showed maximum flu-
orescence at 0.5, indicating 1:1 binding stoichiometry for
the [QCy-DT:Drew—AT] complex (Figure 2D, Inset). We
calculated the binding constants of [QCy—DT+DNA] com-
plexes from the fluorescence titration experiments using
non-linear (single-binding mode) curve fitting analysis (49).
QCy-DT showed the maximum binding affinity (K, = 2.9
x 10 M~1) for (A-T),g, which is 2-fold higher than that
for Drew—AT (K, = 1.5 x 10® M~!). The mixed sequence
(D1)mix showed relatively weaker binding affinity (K, = 4.3
x 10> M~1) compared to AT-rich DNA duplexes (Supple-
mentary Figure S9). Next, we estimated the fluorescence
quantum yield of QCy-DT in the presence of AT- and GC-
rich DNA duplexes (supplementary Table S3). QCy-DT
alone showed very low fluorescence quantum yield (& =
~0.004) and increased significantly in the presence of glyc-
erol (®g = ~0.07). Remarkably, QCy-DT showed maxi-
mum fluorescence quantum yield in the presence of (A-T)y
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(®p = ~0.32) and Drew-AT (®g = ~0.25) compared to
other duplexes used in our study (supplementary Table S2).
The quantum yield values of QCy-DT in the presence of
AT-rich DNA duplex are comparable to commonly em-
ployed fluorescence probes (30). To understand the effect
of QCy-DT binding to DNA on the thermal stability of
DNA, we performed temperature-dependent UV-melting
studies (UV-T},) on different [QCy—-DT+DNA] complexes.
The UV-T,, studies of QCy-DT-bound (A-T),y, Drew—AT,
d(ATAT)s and (D1),ix showed increase in melting temper-
atures (7),,) with AT,,, = 6.2,4.2, 3.5 and 2.5°C, respectively
(supplementary Table S4). The 7,, data showed moderate
stabilization of DNA duplexes in the presence of QCy-DT.
Therefore, the binding affinty, fluorescence quantum yield,
and UV-T,, data validated the preferential recognition of
AT-rich DNA by QCy-DT probe compared to GC-rich
DNA.

Mode of AT-rich DNA recognition by QCy-DT

To determine the binding mode of QCy-DT to AT-rich
(A-T)y9 and Drew—AT DNA duplexes, circular dichroism
(CD) studies were carried out under ambient conditions.
CD spectrum of (A-T)y alone showed a positive and a
negative signal at 280 and 248 nm, respectively. Similarly,
Drew-AT showed a positive and a negative signal at 280 and
250 nm, respectively. These characteristic positive and neg-
ative CD signals confirm the typical B-form DNA duplex
structure (50,51). At this point, two binding modes interca-
lation and minor groove binding are expected for QCy-DT
binding to DNA. From the CD data, we can distinguish
between these modes by means of induced CD signal for
the guest (probe) to confirm groove binding over intercala-
tion. Keeping this in mind, interactions between QCy-DT
and DNA could be monitored by induced CD signals in the
>300 nm region that gives information about the chiral en-
vironment around the probe on DNA. The concentration-
dependent CD spectra recorded by the addition of increased
concentrations of QCy-DT (0-16 pM) to fixed concentra-
tion of (A-T), (4 M) showed strong induced positive CD
signals at 575 and 366 nm and a negative signal at 476 nm
in the absorption regions of QCy-DT (Figure 4A). Simi-
larly, we observed induced CD signals for QCy-DT in the
presence of Drew—AT, though with relatively low intensity
(Figure 4B). Thus, characteristic induced CD signal in the
QCy-DT absorption region revealed that the probe bound
to the minor groove of AT-rich DNA duplexes (51).
Furthermore, we performed ab initio theoretical calcula-
tions to unravel various features of QCy-DT/DNA inter-
action using DFT methods. Two possible modes (interca-
lation and groove binding) were considered for the bind-
ing of the bent QCy-DT to duplex DNA. The DNA phos-
phate backbone was neutralized by adding hydrogen to one
of the oxygen atoms of the phosphate groups that would
not alter any property of the duplex DNA structure (52,53).
To calculate the binding energies of QCy-DT with DNA,
we chose AT- and GC-rich duplexes (A/T and G/C) for
each of these modes (supplementary Table S5). Our com-
puted binding energy values confirm that QCy-DT prefers
to bind in the minor groove of duplex DNA irrespective of
the sequences. An inspection of the binding energy table re-

30 400 00 600

CD (mdeg)

Figure 4. Circular dichroism (CD) spectra of QCy-DT in the presence of
AT-rich DNA duplexes and view of minor groove binding mode of QCy-
DT. (A) and (B) CD spectra of (A-T)yg (4 M) and Drew-AT (4 pM) with
increasing concentration of QCy-DT from 0 to 16 wM, respectively. (C)
Geometry optimized structure of the AT-rich DNA complexed with QCy-
DT in the minor groove.
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veals that the probe binds more strongly to AT-base pair
(—105 to —110 kcal/mol) compared to GC-base pair (—85
to —90 kcal/mol) containing duplexes. It is known that mi-
nor groove of AT-rich duplexes is narrower than minor-
groove of GC-rich duplexes (10). Thus, QCy-DT is found
to be better accommodating in the minor groove of AT-rich
DNA than GC-rich ones, which is apparent from the bind-
ing energy values (Figure 4C). Generally, the floor of mi-
nor groove with AT-base pairs has the highest negative elec-
trostatic potentials while GC-base pairs possess the highest
positive potentials. Naturally, the positively charged QCy-
DT prefers to bind in the AT-rich minor grooves of DNA
compared to minor groove consisting of GC-base pairs. In
our calculations, we considered two possible orientations of
QCy-DT in the minor groove of AT-base pair containing
DNA, and the cationic quaternary nitrogen centres of the
molecule can be located either (i) inside or (ii) outside of
the groove. In this respect, binding energy values suggest
that the former orientation where the cationic centres are
arranged inside the minor groove of DNA are stabilized
by —35 kcal/mol more than the latter. These results sup-
port the early reported literature that the positively charged
surface of the molecule always projects toward the minor
groove of DNA. Snapshots of the optimization process
of 5-AAATTT-3'/QCy-DT complex are shown in Sup-
plementary Figure S10. Overall, computational results are
well-corroborated with the experimental data that QCy-DT
prefers to bind in the minor groove, with a preference for
AT-base pairs over GC-base pair containing DNA.

Sequence-specific recognition of DNA by QCy-DT

Surprisingly, we noticed almost ~4-folds difference in flu-
orescence enhancement of QCy—DT in the presence of (A-
T)29 compared to self-complementary, alternative AT-base
pair containing d(ATAT)s duplex, although both contain
total 20 AT base pairs (Figure 3 and Supplementary Fig-
ure SSA). This finding hinted at the highly sequence-specific
recognition ability of QCy-DT for a specific combination of
AT-base pairs in DNA duplex. As per our knowledge, there
are no NIR-fluorescence probes that sequence-specifically
recognize the minor groove of AT-rich DNA. The possible
sequence-selectivity among AT-base pairs and the typical
length of the bent shaped QCy-DT encouraged us to in-
vestigate its ability to bind with a specific combination of
AT-sequence with a sequence length of four base pairs. For
this purpose, we designed four DNA duplexes with variable
(A/T)4 base pairs such as 5-ATAT-3' (DM1), 5-ATTA-
3’ (DM2), 5-AAAA-3 (DM3) and 5-AATT-3' (DM4) at
the central core (Figure 5A) (54). QCy-DT showed ~8,
~15, ~40 and ~72-folds fluorescence enhancement in the
presence of DM 1, DM2, DM3 and DM4 with 5'-ATAT-3,
5'-ATTA-3, 5-AAAA-3" and 5-AATT-3' core sequences,
respectively, with promising blue shift (ANyax = ~32 nm)
in fluorescence maxima (Figure 5B and Supplementary
Figure S11A). Interestingly, QCy-DT showed the highest
and lowest fluorescence enhancement in the presence of
DM4 (5-AATT-3') and DM1 (5'-ATAT-3'), respectively.
It is well known that most of the minor groove binders
like netropsin, distamycin, Hoechst (bisimidazole dyes) and
phenyl-furan-benzimidazole diamidine derivatives have the
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Figure 5. Sequence-specific recognition of AT-rich DNA minor groove
by QCy-DT. (A) Table comprises the DNA sequences used in this study
and DNA-sequence represents the following sequence of 5'-GCGC-Bn-
GCGC-3/, where B is nucleobase with n = 4, 6 is AT-rich central core. (B)
Plot of fluorescence intensity of QCy—DT ratio against the variable (A/T)4
sequence. (C) Plot of fluorescence intensity ratio of QCy-DT against local
variations around 5'-X(AATT)Y-3' sequences.

ability to recognize variable (A/T), base pairs. Here, ‘mi-
nor groove width’ is one of the key parameters that dictate
the sequence-selective binding ability of small molecules
in the presence of variable (A/T)-rich sequences, depend-
ing on their base pair roll (55,56). Among all the variable
(A/T)s-sequences, S'-AATT-3" and 5'-ATAT-3' are the two
sequences that exhibit narrower and wider minor groove
width with zero and large base pair roll, respectively (57,58).
Therefore, we correlate that our probe QCy-DT recognizes
the narrow minor groove width of 5-AATT-3' sequence
in a DNA duplex, which favors fluorescence enhancement
through the restriction of intramolecular rotation of QCy—
DT compared to the relatively wider groove of 5'-ATAT-3'
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sequence. These results clearly establish the high sequence
sensitivity of the probe QCy-DT to the variation of (A/T)4
base pairs as the width and interactions vary in the mi-
nor groove. This study established the sequence-specificity
of QCy-DT in recognizing AT-rich DNA duplex minor
groove containing 5'-AATT-3" sequence.

To understand finer details of the interactions of QCy—
DT with local variations around 5-AATT-3" sequence in
the minor groove of DNA duplex, we performed fluores-
cence studies in the presence of DNA containing core hex-
anucleotide sequences such as 5-X(AATT)Y-3' (where X
= A/T/G/C and Y is complementary base of X) (Fig-
ure 5A). QCy-DT, in the presence of DNAs containing 5'-
GAATTC-3 and 5-CAATTG-3 cores, showed very weak
fluorescence enhancement. Remarkably, enormous fluores-
cence enhancement was observed in the presence of DNA
with 5-AAATTT-3' core, which was ~4-folds higher than
the DNA with 5-4ATT-3' core sequence alone. Surpris-
ingly, replacing 4 with T'at X'in 5'-X(4ATT)Y-3' sequence
reduced the fluorescence enhancement of QCy-DT, which
was ~1.5-folds lesser than 5'-AATT-3' sequence (Figure 5C
and Supplementary Figure S11B). To validate these find-
ings, we carried out extensive computational calculations
using DFT with localized basis (see supplementary data
for computational details) to find that optical transitions
in these systems occur between two states where charges
are transferred from the DNA double helix to the bound
molecule in the minor groove. In the case of QCy-DT bind-
ing to 5-4AAATTT-3, the emission is dictated by com-
plete charge transfer from the first adenine to the bound
molecule, forming a strong dipolar matrix. For the 5'-
TAATTA-3', the first thymine does not contribute to the
emission. However, in the latter case, the optical transition
results into two states with weak transition dipoles, thereby
giving broad emission spectra (Supplementary Figures S12
and S13).

Fluorescence imaging, cytotoxicity studies and photostability
of Probe QCy-DT

Sequence-specific recognition of AT-rich DNA minor
groove by switch-on NIR-fluorescence of QCy-DT encour-
aged us to further study its cellular uptake and applications
in nuclear DNA staining. In order to check its permeability,
we carried out cellular uptake studies in live and fixed condi-
tions of MCF-7 and HeLa cells, respectively. First, MCF-7
cells were incubated with probe QCy-DT (0.5 and 1 wM)
without fixing, and live cell imaging was conducted using
Carl Zeiss fluorescence microscope. Fluorescence imaging
of MCF-7 cells with QCy-DT showed selective staining of
the cell nucleus by the probe, suggesting that QCy-DT is cell
membrane-permeable molecule that confers selective stain-
ing of the nucleus (Figure 6A-D and Supplementary Figure
S14A-S14D). Next, we fixed HeLa cells and incubated with
QCy-DT (0.5 and 1 wM) along with Hoechst as the control
nuclear staining dye. Fluorescence images showed selective
staining of the cell nucleus, and remarkable co-localization
with Hoechst dye (Figure 6E-H and Supplementary Fig-
ure SI4E-S14H). Further, cells showed the pattern of black
nucleoli, which is a characteristic feature of specific DNA
minor groove binders over single-strand DNA and RNAs

(59). Therefore, staining results obtained with live and fixed
cells confirmed high cell permeability, efficiency (low stain-
ing concentration of 1 wM), and preferential targeting of
cell nuclear DNA. Cytotoxicity is a major constraint with
several DNA binding probes. To investigate the cytotoxicity
of QCy-DT, we performed cell viability assay (MTT assay)
in MCF-7 cells after incubation of 72 h. It was observed that
up to 8 uM of QCy-DT, >76% cell viability was retained
over a treatment period of more than 72 h (Supplementary
Figure S15A) suggesting low-toxicity of QCy-DT. Another
important criterion for a fluorescent molecule to be used
as a probe for cell imaging applications is its stability upon
excitation (60). To evaluate whether the cells could sustain
the excitation of an argon ion laser and still provide a flu-
orescent signal bright enough for cell imaging, photostabil-
ity assay was performed for QCy-DT in MCF-7 cells. Af-
ter continuous 120-second argon ion laser excitation at 568
nm, QCy-DT exhibited a remainder fluorescence intensity
of ~80%. Also, ~ 50% fluorescent signal intensity could be
detected even after 300 s excitation (Supplementary Figure
S15B). Overall, cell staining and viability assays confirmed
the low-toxicity, cell permeability, photostability and selec-
tive nuclear targeting ability of QCy-DT.

Selective staining of Plasmodium falciparum nucleus and tox-
icity to malaria parasites by minor groove binding ligand
QCy-DT

We selected Plasmodium falciparum as a model system to
confirm the selectivity of probe QCy-DT toward AT-rich
dsDNA in a cellular environment as the malarial para-
site possesses a genome exceptionally rich in AT-base pairs
(~80%). It will also help us to determine whether QCy-
DT has any detrimental effect on Plasmodium parasites.
The parasites were incubated with 0.5 wM concentration
of probe QCy-DT at early trophozoite stage. Live fluores-
cence imaging of these parasites showed that probe QCy-
DT could specifically stain the parasite nuclei, but not the
cytosolic part of the parasite or red blood cells (RBC) (Fig-
ure 7A-D). These results clearly indicate that probe QCy-
DT binds to the AT-rich genome of the parasite at low con-
centrations. Also, uptake by malaria parasites and specific
enrichment of the probe QCy-DT within the nucleus of
the parasites indicate the possibility of the molecule’s po-
tential to interfere with the DNA metabolism of P. falci-
parum. Minor groove binding ligands like distamycin A,
netropsin, 4’-6-diamidino-2- phenylindole (DAPI) and bis-
benzimide (Hoechst 33258) have been known to inhibit the
growth and propagation of Plasmodium falciparum in cul-
ture (61). Therefore, we were interested in assessing the in-
hibitory action of QCy-DT in malarial parasites. To assess
this, ICs, of the probe QCy-DT was determined by treating
early trophozoite stage P. falciparum (when DNA replica-
tion initiates) and the parasites were followed for the next
cycle when new rings are formed. 1Csy for QCy-DT against
P, falciparum parasites was found to be <4 pM (Figure 7E),
similar to netropsin. It was observed that parasites were ar-
rested in the trophozoite stage and could not form rings in
the following cycle at a higher concentration of 8§ pM (data
not shown). The arrest of the cells during trophozoite stage
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Figure 6. Cellular uptake properties of QCy-DT in live MCF-7 and fixed HeLa cells. (A-D) Fluorescence microscope images of live MCF-7 cells incubated
with QCy-DT. (A) QCy-DT (0.5 M), (B) Hoechst (0.5 wM), (C) overlay image of (A) and (B), (D) differential interference contrast (DIC, bright field
image) with overlay of (A) and (B). (E-H) Confocal microscope images of fixed HeLa cells incubated with QCy-DT. (E) QCy-DT (0.5 uM), (F) Hoechst
(0.5 pM), (G) overlay image of (E) and (F), (H) differential interference contrast (DIC, bright field image) with overlay of (E) and (F). Images were collected

from 600-800 nm upon excitation at 520 nm.
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Figure 7. Uptake of QCy-DT in live Plasmodium falciparum parasites. (A-D) Fluorescence microscope images of blood stages of Plasmodium falciparum
incubated with QCy-DT. (A) QCy-DT (0.5 uM), (B) DAPI, (C) Overlay of images of (A) and (B), (D) differential interference contrast (DIC, bright field
image) with overlay of (A) and (B). Fluorescence images were collected from 600-720 nm upon excitation at 520 nm. (E) ICsy determination of QCy-DT
in malaria parasites. A concentration range of 0, 0.5, 1, 2 and 4 pM of QCy-DT was used. The graphs were plotted for the percentage of parasitemia [at
the beginning of the experiment, 0 h (~20 h; early trophozoite stage parasites) and following 40 h of incubation with QCy—DT when the control parasites
have entered the next cycle of invasion] against QCy-DT concentration, with mean and standard error.

suggests that the uptake of QCy-DT in the parasite nucleus
may abrogate the process of DNA replication.

CONCLUSION

In conclusion, we demonstrated the unique sequence-
specific and minor groove recognition properties of a newly
designed NIR fluorescence probe QCy-DT for AT-rich
DNA. Probe QCy-DT belongs to a new class of D2A (one-

donor-two-acceptor) fluorophore (QCy7) with a distinctive
ICT process responsible for the NIR fluorescence. The in-
herent non-fluorescent behavior of QCy-DT in unbound-
state and switch-on fluorescence in the bound-state makes
it a versatile DNA probe. Fluorescence studies of QCy-—
DT demonstrated its selective fluorescence enhancement
in the presence of AT-rich duplexes over GC-rich DNA,
single-stranded DNA and RNA. Circular dichroism stud-
ies confirmed the selective minor groove recognition of
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AT-rich DNA, which induces the characteristic CD sig-
nal to QCy-DT. Computational studies further supported
the minor groove recognition of AT-rich DNA in which
the positively charged edge of QCy-DT was located inside
the minor groove of DNA. Fluorescence studies of vari-
able (A/T)4 base pairs containing DNA duplexes revealed
sequence-specific fluorescence enhancement in the presence
of 5-AATT-3'. Furthermore, investigations on the local
variations around 5'-X(AATT)Y-3 confirmed that X = 4
and Y = T (i.e. 5-AAATTT-3) is the most preferred se-
quence for depicting maximum fluorescence enhancement
of QCy-DT. To the best of our knowledge, QCy-DT is
the first switch-on NIR fluorescence probe to recognize mi-
nor groove of AT-rich DNA in a sequence-specific man-
ner. Confocal fluorescence imaging and cell viability stud-
ies of MCF-7 and HeLa cells showed effective cell perme-
ability, low-toxicity and selective staining of nuclear DNA
both in live and fixed cell lines. Selective nuclear staining
of P. falciparum and inhibition of its growth and propaga-
tion by QCy-DT, possibly through targeting cellular DNA,
indicates QCy-DT as a potential therapeutic agent against
particular parasitic infections similar to other minor groove
binders. Remarkably, the ICsy value for Plasmodium para-
sites (<4 wM) is considerably low when a majority of the
mammalian cells (~75%) are still viable at a concentration
of 8 wM. It is possible that the parasite killing activity of
QCy-DT over the mammalian cells under similar experi-
mental conditions is due to relatively higher affinity of the
molecule for a high AT-rich parasite genome that may af-
fect parasite DNA metabolism at a concentration not af-
fecting the mammalian cellular machinery significantly. We
envision that ease of synthesis, switch-on NIR-fluorescence,
large Stokes shift, cell permeability, low-toxicity, cell imag-
ing of both live and fixed cells, and parasite staining makes
our new probe QCy-DT practically viable, inexpensive and
a superior DNA probe compared to commercially available
dyes routinely used (supplementary Table S6). The chemical
diversity of our probe also offers means to design new en-
zymatic or chemically triggered self-immolative theranostic
prodrugs for abnormal cells. Currently, work is ongoing in
this direction in our laboratory.
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