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Charge-driven tripod somersault on DNA for
ratiometric ﬂuorescence imaging of small
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Although ﬂuorescence tracing of small bioactive molecules in living cells has been extensively studied, it is
still a challenging task to detect their variations in the nucleus mainly due to the impermeable nuclear
membrane and nucleic acid interference. Herein, we take advantage of the nucleic acid enriched
environment in the nucleus to establish a strategy, named “charge-driven tripod somersault on DNA”, for
ratiometric ﬂuorescence imaging of small bioactive molecules in the nucleus. Taking SO2 derivatives as
a typical target analyte, a tripodal probe has been constructed by conjugating two DNA binding groups
containing a SO2 derivative reaction site. Mechanism studies demonstrate that upon encountering and
reacting with SO32/HSO3, a charge variation occurs at the responsive arm of the tripodal probe,
triggering a tripod somersault on DNA, resulting in the conformational rearrangement of the DNA
binding modes with DNA-modulated ﬂuorescence change, which allows the second emission feature to
emerge. In this strategy, probe–DNA binding is not inﬂuenced by RNA or non-speciﬁc protein
association, thus making it ideal for tracing nucleus-localized analytes. The application of this strategy
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has realized both in vitro and in vivo ratiometric ﬂuorescence imaging of the variations of endogenous
SO2 derivatives in the nucleus for the ﬁrst time, with high speciﬁcity and selectivity. Also, in theory, this

DOI: 10.1039/c9sc03594j

strategy opens up a new avenue for the design of ﬂuorescence probes for the nucleus-localized
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biological analytes.

Introduction
The nucleus is the most important organelle in eukaryotic cells
and is generally recognized as the regulatory centre of cell
activity, heredity, and metabolism.1,2 The occurrence and
development of many fundamental diseases are usually
accompanied by abnormal nuclear behaviour.3–5 It has been
found that many endogenous bioactive molecules at an imbalanced level can interfere with genetic materials within the
nucleus and cause nuclear dysfunction, although at physiological concentrations they also act as messengers featuring
a cytoprotective eﬀect and maintaining cellular homeostasis.
For example, excess ClO and H2O2 can cause the accumulation
of ROS-mediated oxidative damage to the nuclear genetic
materials, resulting in aging, Alzheimer's disease and cancer;6,7
nuclear metal ions such as Zn2+, Cr3+, and Al3+ can form a hinge
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with nucleic acids and hinder gene expression;8–10 inhalation of
SO2 results in abnormal nuclear behaviour11 and DNA damage
in multiple organs,12,13 contributing to the development and
progression of ischemic stroke in the brain. Therefore, directly
and specically tracking the ux of these small bioactive
molecules in the nucleus oﬀers a potentially reliable indicator
for the progression of disease states.
As is known to all, uorescence combined with confocal
microscopy is an indispensable tool for visualizing biological
events with high sensitivity and high-contrast spatiotemporal
resolution.14,15 Compared with the conventional uorescence
“turn-on” strategy,16 self-referencing ratiometric uorescence
oﬀers greatly improved sensitivity and reliability, relying on the
intensity changes of two or more emission features, thus eliminating a variety of interference factors, e.g. uorophore
concentrations, instrumental parameters, cellular auto-uorescence, etc.17–21 Currently, ratiometric uorescence sensing is
mainly achieved by the following strategies: (1) internal charge
transfer (ICT) for e.g. H2S and H2O2 sensing in living cells;22,23 (2)
Förster resonance energy transfer (FRET) for quantifying e.g.
phosphodiesterase activity;24 (3) excited state intramolecular
proton transfer (ESIPT) for probing biologically relevant cations
and anions (Zn2+, F, CH3CO2, H2PO4, etc.);25,26 (4) throughbond energy transfer (TBET) for measuring e.g. in vivo
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intracellular pH values;27,28 (5) monomer–excimer based ratiometric sensing driven by analyte-induced changes in the separation of excimers, etc.29,30 However, utilizing these strategies to
construct probes requires complex design and synthesis as well
as the accurate matching of energy levels, which makes the
diﬃculty and workload relatively great. Moreover, although the
ratiometric uorescence sensing of these bioactive molecules in
the whole cell, cytoplasm, and mitochondria has been widely
explored,19,31,32 it is still a challenging task to trace their ux in
the nucleus. Indeed, the rare examples only include nuclearlocalized probes NucPE1, SNAP-PG and a highly sensitive probe
NP1 responding to the changes of nuclear H2O2 uxes,33–35
a photo-stable pH probe NaOCy and a ratiometric uorescence
pH probe hoeFL for selectively staining nuclei in living cells;36,37
a sulfur-containing uorogenic probe JG45 for selectively
detecting nuclear methylmercury (MeHg2+).38 The diﬃculty in
visualizing the ux of bioactive molecules in the nucleus is
mainly due to the impermeable nuclear membrane and the
interference of the complex nucleic acid environment with the
uorescence of probes.39,40
On the other hand, numerous DNA and RNA binding agents
have been reported, exhibiting nucleic acid induced uorescence
turn-on properties for selectively staining the DNA-rich nucleus
and RNA-rich nucleolus.41–45 This provides an idea that conjugating two DNA binding groups with diﬀerent DNA aﬃnities in
one probe may exhibit two diﬀerent emission features based on
the DNA binding modes and the DNA-modulated uorescence.
Simultaneously, utilizing DNA binding agents to construct uorescent probes can also resolve the nuclear-targeting problem.46
With these criteria in mind, we establish a ratiometric uorescence imaging strategy, named “charge-driven tripod somersault
on DNA” by taking advantage of the nucleic acid enriched environment in the nucleus and the conjugation of two DNA binding
groups. Herein, SO2 derivatives (sulte SO32 and bisulte
HSO3) are taken as a typical target analyte to clarify the mechanism of action of this novel strategy. Generally, sulphite and
bisulphite in neutral uid and plasma exist in equilibrium (3 : 1,
M/M), and the concentration of total serum sulphite is 0–9.85 mM
in healthy donors.47,48 Measurements of nuclear SO2 derivatives
are undoubtedly valuable, because exposure to HSO3 can cause
abnormal nuclear behavior including increased incidence rates
of chromosomal aberrations, sister chromatid exchanges and
micronuclei. SO2 derivatives can also induce DNA damage in
multiple organs (the brain, lungs, liver, spleen, kidneys, intestines, and testicles) in vivo in a dose-dependent manner.11–13
However, detecting analytes in the nucleus is always very challenging due to the impermeable nuclear membrane and the
interference of nucleic acids with the uorescent probes.49–51 So
far, reports on the variations of SO2 derivatives in the nucleus are
still lacking although the cellular and mitochondrial SO2 derivatives have been widely explored.52–57
As shown in Scheme 1, a tripodal probe named [PAST]+ ((E)2-(4-(bis(4-(pyridin-4-yl)phenyl)amino)styryl)-3-methylbenzo[d]
thiazol-3-ium iodide) has been designed by conjugating
a dipyridyltriphenylamine uorophore and a benzothiazole salt,
both of which are DNA binding agents, through an ethylene
group, which is the reaction site with SO2 derivatives. Before
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(A) X-Ray crystal structure of [PAST]+ (CCDC number:
1893794†), in which the hydrogen atoms are omitted for clarity and the
counter ion is I; (B) schematic illustration of the strategy named
“charge-driven tripod somersault on DNA” for ratiometric ﬂuorescence imaging of small bioactive molecules in the nucleus: the
tripodal probe [PAST]+ is constructed by connecting two DNA binding
moieties with an ethylene group; once the DNA–[PAST]+ reacts with
the negatively charged target analyte, the newly formed tripod [PAT]
gradually dissociates from the DNA system, freely rotates, and ultimately seizes back the DNA with diﬀerent binding modes, thus
resulting in the disappearance of the ﬁrst emission feature from DNA–
[PAST]+ and the emergence of the second emission feature from
DNA–[PAT].
Scheme 1

encountering the target analyte, the tripod binds to DNA via the
positively charged benzothiazole moiety and one uncharged arm
of dipyridyltriphenylamine, thus giving the rst emission feature;
aer reacting with the negatively charged target analyte, the
newly formed tripod [PAT] ((Z)-1-(4-(bis(4-(pyridin-4-yl)phenyl)
amino)phenyl)-2-(3-methylbenzo[d]thiazol-2(3H)-ylidene)ethanesulfonate) gradually dissociates from the DNA system due to the
Coulomb repulsion between the negatively charged benzothiazole–SO2 group and DNA backbone, and then becomes free to
rotate in the solvent and ultimately seize back the DNA system via
the two inherent neutral arms of dipyridyltriphenylamine
whereas the benzothiazole–SO2 group stretches out. Such
a change in the DNA binding mode results in the disappearance
of the rst emission feature (red emission) and the formation of
the second emission feature (yellow emission), thus giving the
ratiometric uorescence spectra. Accordingly, we name this
strategy the “charge-driven tripod somersault on DNA”. By using
this, both in vitro and in vivo ratiometric uorescence imaging of
the variations of endogenous SO2 derivatives in the nucleus have
been realized for the rst time.

Results and discussion
Synthesis and characterization of [PAST]+ and [PAT]
The probe [PAST]+ was synthesized and isolated (Scheme S1,
ESI†) and fully characterized by HRMS, 1H NMR, 13C NMR,
elemental analysis and X-ray crystallography (Scheme 1A,
Fig. S1–S3 and Tables S1–S3, ESI†). 1H NMR investigation
(DMSO-d6/D2O, 4 : 1) shows that upon HSO3 addition, the
resonance signals corresponding to the alkene protons of
[PAST]+ disappear, (Fig. S4, ESI†), indicating the nucleophilic
addition of HSO3 to the double bond of the benzothiazole
ethylene salt, resulting in the formation of [PAT], as briey
depicted in Scheme 1. Pure [PAT] was also isolated for structural characterization by HRMS, 1H NMR, 13C NMR, and
elemental analysis (Scheme S1 and Fig. S5–S7, ESI†).
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Furthermore, the reaction between [PAST]+ and HSO3 to
produce [PAT] was tracked by HPLC, and the HPLC retention
time compared with those of independently synthesized [PAST]+
(4.21 min) and [PAT] (33.89 min) further demonstrated the
purity of both compounds (Fig. S8, ESI†). The photophysical
properties of [PAST]+ and [PAT] including the quantum yields,
extinction coeﬃcients, and uorescence lifetimes were recorded in various solvents (Fig. S9 and Table S4, ESI†).
Spectral response of [PAST]+ toward SO2 derivatives in PBS or
DNA enrichment buﬀer
Before spectral response studies, the interference of [PAST]+
self-aggregation was rst excluded. Crystal data show that p–p
stacking forces (distance: 4.163 Å and 4.384 Å) and intermolecular hydrogen bonding interactions (bond length: 2.501 Å
and bond angle 157.991 ) between adjacent [PAST]+ molecules
contribute to the self-aggregation of [PAST]+ (Fig. S10, ESI†). The
concentration-dependent absorption/uorescence spectra show
that the linear relationship is only observed in the concentration range of 0.1–120 mM (Fig. S11, ESI†). This indicates that
[PAST]+ only undergoes self-aggregation at high concentrations
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(>120 mM), thus excluding the inuence of self-aggregation on
the reliability of the uorescence response in the following
imaging experiments using 20 mM [PAST]+.
The response of [PAST]+ to HSO3 was initially investigated
in PBS (pH ¼ 7.4). With increasing concentrations of HSO3 (0–
10 mM), the absorption of [PAST]+ at 515 nm gradually decreases
(Fig. 1A) and the colorimetric changes (A515/A345) show a good
linear relationship (Fig. S12A, ESI†). Upon 515 nm excitation,
[PAST]+ exhibits a near-infrared emission centered at 735 nm,
which is gradually quenched upon HSO3 titration (Fig. 1B).
The quick uorescence response (<1 min) of [PAST]+ to SO2
derivatives demonstrates its potential for real-time detection
(Fig. S12B, ESI†). And the limit of detection (LOD) value of
[PAST]+ for SO2 derivatives is determined to be 25.4 nM in a PBS
environment (Fig. S13A, ESI†). The mechanism of the absorbance/emission change of [PAST]+ towards SO2 derivatives is
explained by the HOMO and LUMO distributions of [PAST]+ and
[PAT] (Fig. S14, ESI†). For [PAST]+, the HOMO resides on the
whole conjugated structure while the LUMO primarily resides
on the benzothiazole ligand. However, the 1,4-addition of
HSO3 to the C]C bond breaks the conjugated structure and
generates [PAT], in which the HOMO resides on the

Fig. 1 UV-Vis absorption and emission spectra of [PAST]+ (10 mM) upon HSO3 titration in (A and B) PBS solution and (D and E) DNA enrichment
buﬀer solution (dsDNA 6.0 mM), respectively, (the HSO3 concentration for (A and B) is 0–10 mM and for (D and E) is 0–100 mM). Inset: photograph
showing the corresponding absorption and ﬂuorescence (under a 365 nm UV lamp) response seen by the naked eye; (C and F) changes in the
ﬂuorescence intensity of [PAST]+ (10.0 mM) after incubation with various biologically relevant analytes (2 mM, 30 min) in PBS (I/I0, lex ¼ 515 nm)
and DNA enrichment buﬀer solution (I565 nm/I665 nm, lex ¼ 405 nm); (G) ﬂuorescence response rate of [PAST]+ (10.0 mM) to HSO3 in aqueous
solution with or without dsDNA (6.0 mM) at various pH values (5.0–8.0). (H) Linear relationship between the changes of the I565 nm/I665 nm
emission ratio (lex ¼ 405 nm) and equivalents of HSO3/[PAST]+, (the [PAST]+ concentration: 10 mM, the data were collected from (E)).
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benzothiazole ligand while the LUMO is primarily delocalized
on the dipyridyltriphenylamine uorophore. Accordingly the
energy gaps between the HOMO and LUMO are greatly inuenced and calculated to be 2.26 eV and 2.56 eV for [PAST]+ and
[PAT], respectively. The corresponding calculated spectra are
consistent with the observed excitation spectra of [PAST]+ and
[PAT] in PBS (Fig. S15, ESI†). The Job-plot further demonstrates this reaction with a 1 : 1 ratio (Fig. S16, ESI†), similar to
the previously reported nucleophilic addition reaction.58,59
Subsequently the response of [PAST]+ to HSO3 was investigated in DNA enrichment buﬀer, which is PBS containing 6.0
mM duplex DNA (dsDNA, 50 -C1T2T3T4T5G6C7A8A9A10A11G12-30 )
(Fig. S17A, ESI†). Fluorescence titration data indicate the
binding constant Ka ¼ 5.1  106 mol1 (Fig. S17B, ESI†). The
DNA/[PAST]+ stoichiometry has been determined from the Jobplot to be 1 : 2 (Fig. S17C, ESI†), meaning that 2 molecules of
[PAST]+ bind with 1 molecule of 12 mer DNA. Upon HSO3
titration, the absorption at 345 nm and 515 nm gradually
decreases and a new absorption peak emerges at 425 nm
(Fig. 1D). Under 515 nm excitation, [PAST]+ exhibits intense red
emission centered at 665 nm, which also gradually decreases
upon HSO3 titration similar to that in PBS without DNA
(Fig. S18, ESI†). However, under 405 nm excitation it is
appealing to observe a new band appearing and gradually blueshiing (ca. 115 nm) to 565 nm accompanied by reduced
emission at 665 nm, the iso-emission point of which is at 625
nm (Fig. 1E). Moreover, the LOD value of [PAST]+ for SO2
derivatives in the DNA enrichment environment is determined
to be 320 nM (Fig. S13B, ESI†). There is a good linear relationship (R2 ¼ 0.997) between the emission intensity ratio I565/I665 of
[PAST]+ and HSO3 concentrations in the range of 10–100 mM
(Fig. 1H). When we changed the concentrations of [PAST]+ (5
mM, 10 mM, and 20 mM), the linear relationship between the
HSO3/[PAST]+ equivalent and the uorescence ratio overlaps
(Fig. S19†). Accordingly, this calibration curve can be used for
calculating SO2 derivatives in solution experiments. Similar
ratiometric uorescence response (lex ¼ 405 nm) of [PAST]+
toward HSO3 is also observed in calf thymus DNA (ctDNA, 40 mg
mL1) enrichment buﬀer (Fig. S20, ESI†), and the response is
completed in 10 min (Fig. S21, ESI†). The new peaks produced by
[PAST]+ reacting with HSO3 in enrichment buﬀer coincide with
the new peaks produced by [PAT] binding with DNA (Fig. S22,
ESI†). By contrast, the ratiometric phenomenon (lex ¼ 405 nm)
was not observed in PBS, 40% PEG200 solution (mimicking the
crowded environment in nuclei),60 RNA (56 mg mL1) enrichment
buﬀer, and HSA (56 mg mL1) enrichment buﬀer, thus excluding
the interference of nuclear viscosity, RNA binding and nonspecic protein–probe association, respectively (Fig. S23 and S24,
ESI†). These results demonstrate that [PAST]+ can be utilized for
ratiometric sensing of SO2 derivatives in a DNA enriched environment, for example the cellular nucleus.
Selectivity of [PAST]+ toward SO2 derivatives and pHdependency
The uorescence response of [PAST]+ (10 mM) to various biologically relevant analytes was investigated, including various
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reactive sulfur species (S2O82, SO42, S2O32, and HS), reactive oxygen and nitrogen species (H2O2, ClO, ClO4, NO2,
NO3, NH4+, and CN), bio-relevant species (Cys, GSH, EDTA,
and citric acid) and several common anions (F, Cl, HCO3,
HPO42, OH, C2O42, and CH3COO), at 200-times higher
concentrations (2.0 mM) than that of HSO3/SO32 (10 mM). As
shown in Fig. 1C and F, none of these analytes could change the
uorescence of [PAST]+ either in the absence of DNA (I0/I) or in
the presence of DNA (I565/I665), indicating the good selectivity of
[PAST]+ toward SO2 derivatives. The selectivity was further
conrmed by competition experiments, in which [PAST]+ (10
mM) was mixed with various biologically relevant analytes (2.0
mM) with or without DNA (40 mg mL1), and then SO2 derivatives were added and the uorescence response was monitored.
It is found that uorescence changes of [PAST]+ in the absence
of DNA (I0/I) or the presence of DNA (I565/I665) are only observed
when SO2 derivatives are present, indicating that all the tested
biologically relevant analytes will not aﬀect the uorescence
response even at concentrations as high as 2.0 mM (Fig. S25,
ESI†).
Considering that SO32 and HSO3 have a chance to reach
pH-equilibrium in aqueous solution and the intracellular pH
values vary in the range of 5.0–8.0, we also investigated the pH
eﬀect on the uorescence responsiveness of [PAST]+ toward SO2
derivatives. In the absence of DNA, the red emission from
[PAST]+ is always signicantly quenched at pH ¼ 5.0 and pH ¼
8.0 upon NaHSO3 addition, indicating the occurrence of the
addition reaction and the formation of [PAT] (Fig. S26, ESI†).
However, the addition reaction rate is pH-dependent and is
much slower in acidic solution than that in neutral and alkaline
solution. For example, the addition reaction is completed in 10
min at pH 5.0, 1 min at pH 7.4 and 1.5 min at pH 8.0 (Fig. 1G). In
DNA enrichment buﬀer, similar ratiometric uorescence
response of [PAST]+ to NaHSO3 titration is observed at pH ¼ 5.0
and pH ¼ 8.0, indicating its potential for use in a cellular
environment with varied pH values (Fig. S26, ESI†). Also the
ratiometric uorescence response is much slower in acidic
solution (e.g. 60 min at pH 5.0) than in neutral (10 min at pH
7.4) and alkaline solution (8 min at pH 8.0), as shown in Fig. 1G.
All these pH-dependency experiments demonstrate that
although the addition reaction rates in the absence and presence of DNA are both pH-dependent (slower in acidic solution),
the ratiometric uorescent response of [PAST]+ selectively
toward SO2 derivatives always works in the cellular pH range.
Ratiometric uorescence mechanism in a DNA enriched
environment
To further understand the binding mode of the probe to DNA,
we also performed NMR (1D and 2D) and circular dichroism
(CD) spectroscopy of DNA in the absence and presence of
[PAST]+ and [PAT], respectively. As shown in Fig. 2A, adding
[PAST]+ in a DNA solution at pH 7.4 led to notable line broadening of DNA signals, indicative of a medium or fast exchange
rate on the NMR time scale. In addition, small but interesting
chemical shi changes were observed in the H1/H3 proton
signals of the T4, T5, and G24. [PAST]+ titration was performed
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only in the concentration range of 0.0–1.0 equivalents because
a higher concentration of [PAST]+ leads to DNA precipitation. In
contrast, signicant chemical shi changes in the H1/H3
proton signals of the T2, T3, T4, T5, and G6 as well as line
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broadening were observed for [PAT] titration into DNA under
the same conditions. Corresponding 2D H–H NOESY spectra
were also collected. Consistent with the 1D NMR spectra, severe
line broadening was observed for [PAST]+ binding (Fig. S27,

(A) 1H NMR spectra of dsDNA in buﬀer solution (D2O : H2O ¼ 1 : 9, 5  C) in the presence of [PAST]+ and [PAT], respectively; (B) CD
spectra of dsDNA in PBS buﬀer solution in the presence of increasing concentrations of [PAST]+ and [PAT], respectively; (C) the most stable
binding modes of the DNA–[PAST]+ complex and DNA–[PAT] complex. See Fig. S29 in ESI† for other binding modes with binding energies. The
nucleotides T2, T3, T4, T5, A21, A22 and A23 were colored in blue/yellow and highlighted in the stick model; (D) QM/MM simulations of the
nucleophilic addition reaction process and the subsequent conformational rearrangement; (E) the two-dimensional free energy map of the
conformational rearrangement process with two deﬁned reaction coordinates, which are the distance (Å) between the core N atom in the tripod
and the centroid of the nucleotides A21 and T4 in the DNA system and the dihedral angle (rad) between two 4-phenylpyridine rings, respectively.
The energy is in units of kcal mol1 and the interval between two consecutive contours is 1.0 kcal mol1.
Fig. 2
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ESI†). Signal shis and some new NOE signals were observed
aer [PAT] binding (Fig. S28, ESI†). Although the line broadening in the NMR spectra prevents the detailed structural
analysis of DNA–[PAST]+ and DNA–[PAT] complexes, the
diﬀerent chemical shi changes demonstrated that [PAST]+ and
[PAT] binding led to diﬀerent conformational changes of DNA,
indicative of distinct binding modes of these two molecules to
DNA.
In CD spectra (Fig. 2B), dsDNA is characterized by a positive
band at 275 nm and a negative band at 245 nm, indicative of
base stacking and the right-handed helix structure, respectively.
With increasing concentrations of [PAST]+, both peak signals
gradually weaken, indicating that DNA–[PAST]+ interaction can
change the helical nature of DNA and cause DNA unwinding, so
that it may be an external binding manner rather than classical
intercalation. The newly emerged positive band at 340 nm and
negative band at 380 nm indicate a minor groove binding
which is consistent with the molecular docking results. By
contrast, with increasing concentrations of [PAT], both negative (245 nm) and positive (275 nm) peaks of DNA are greatly
enhanced and blue-shied, indicating that DNA–[PAT] interaction can enhance the stacking between bases and stabilize the
right-handed superhelix structure. Meanwhile, the newly
emerged positive and negative peak signals are also observed at
340 nm and 380 nm indicative of the occurrence of minor
groove binding. The diﬀerent changes in the CD spectra of DNA
induced by [PAST]+ and [PAT] indicate that both compounds
can alter the helical nature of DNA and aﬀect the base accumulation of DNA but in a diﬀerent manner, which is indicative
of distinct bonding modes of these two molecules to DNA
(Fig. 2B).
In order to authenticate the ratiometric sensing mechanism,
[PAST]+ and [PAT] were respectively docked by Glide docking to
a 12-mer dsDNA (50 -C1T2T3T4T5G6C7A8A9A10A11G12-30 ), which
had exactly the same base sequence as that used in the experiments, and the docked poses were ranked by XP scoring. MM/
MD simulations give four highest scored binding modes with
various binding free energies as shown in Fig. S29, (ESI†), and
among them two binding modes DNA–[PAST]+ Bind-2 and
DNA–[PAT] Bind-1 are shown in Fig. 2C as typical examples.
Based on the energy decomposition, hydrophobic interactions
and stacking between DNA nucleotides and the aromatic rings
of tripods allow the formation of DNA–[PAST]+ and DNA–[PAT]
complexes, and the nucleotides T2, T3, T4, T5, A21, A22 and A23
always exhibit a stronger interaction force than other nucleotides. Thus [PAST]+ and [PAT] share the same binding position
(minor groove) in the DNA system. Such favorable binding also
likely arises from a nice shape complementarity between the
DNA groove and the tripodal structure.
Although [PAST]+ and [PAT] share the same DNA skeleton,
the calculated binding energy indicate the stronger DNA
binding of [PAST]+ than of [PAT]. More interestingly, these two
tripods have distinct DNA binding modes. For the DNA–[PAST]+
complex, the benzothiazole group in [PAST]+ has a better DNA
binding aﬃnity than the 4-phenylpyridine since the positive
charge in benzothiazole has a strong Coulomb attraction force
with the phosphate backbones of DNA. Thus [PAST]+ prefers to
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bind with DNA via the benzothiazole moiety and one 4-phenylpyridine arm to form a stable DNA–[PAST]+ complex (Bind-1,
-2, and -3 in Fig. 2C and S29A, ESI†). As for the DNA–[PAT]
complex, the negative charge of the sulte ion results in
a Coulomb repulsion force between the benzothiazole–SO2
group and DNA backbone, resulting in signicantly reduced
binding energies which make the DNA–[PAT] partially (Bind-1
and Bind-2 in Fig. S29B, ESI†) or completely dissociate (Bind-3
and -4 in Fig. S29G, ESI†). The most stable DNA–[PAT] complex
(Bind-1 in Fig. 2C and S29B, ESI†) shows that [PAT] uses both
of the 4-phenylpyridine groups to bind with DNA while the
benzothiazole–SO2 moiety stretches out. The distinct binding
modes of DNA–[PAST]+ and DNA–[PAT] indicate a conformational rearrangement of the DNA-tripod complex aer the
sulte ion addition reaction.
Furthermore, QM/MM simulations were performed to
investigate the detailed process of the nucleophilic addition
reaction and the DNA binding mode rearrangement (Fig. 2D).
Herein, although [PAST]+ Bind-1 has a lower binding free
energy, the nucleophilic carbon orienting inside the DNA
system impedes the attack of the sulte ion, making Bind-1 less
suitable for the sulte ion addition reaction. Thus [PAST]+ Bind2 obtained in the MM/MD simulations is chosen as the initial
structure for the QM/MM simulations. The relative potential
energy surface in Fig. S30 (ESI†) shows that the energy barrier of
sulte ion addition reaction is ca. 9 kcal mol1, which is feasible
in biological systems, and in the view of thermodynamics this is
an exothermal reaction releasing ca. 16 kcal mol1 energy. The
transition state structures obtained in QM/MM simulations
show that at the beginning of the nucleophilic addition reaction, the oxygens in the sulte ion rst ip over (TS-1) and then
the carbon sulfur bond is formed (TS-2) to generate [PAT]. Due
to the Coulomb repulsion between the negatively charged
benzothiazole–SO2 group and DNA backbone, this transition
state has a very short life time (<100 ns) and the DNA–[PAT]
binding mode rearrangement is expected to occur right aer the
addition reaction. TS-2 gradually dissociates with the less stable
DNA–[PAT] Bind-2 as a partially dissociated state (TS-3). Then
aer complete dissociation (TS-5), the ligands of [PAT] become
free to rotate in the solvent, and once the negatively charged
benzothiazole–SO2 group rotates away from the DNA system,
the free energy decreases a lot. The barrier of this rotation is
about 7 kcal mol1 and it releases ca. 15 kcal mol1. Aer the
rotation [PAT] seizes back DNA while releasing another 1 kcal
mol1, generating the most stable DNA–[PAT] complex (Bind1). Such a feasible and exothermal binding mode rearrangement to produce DNA–[PAT] Bind-1 is indicated by the twodimensional free energy map shown in Fig. 2E. To further
evaluate whether the negatively charged responsive arm is
required for the charge-driven tripod somersault on DNA, we
synthesized a control compound, TPPA, possessing a symmetric
structure with three phenyl-pyridyl groups but without
a responsive group (Fig. S29F, ESI†). This compound only
exhibits one DNA binding mode via two phenyl-pyridyl arms
with a binding free energy of 16.7 kcal mol1, and its DNA
binding capability can be conrmed by the signicantly (40fold) enhanced uorescence in the DNA titration experiment.
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This provides additional evidence conrming that [PAT]
binding with DNA via two neutral phenyl-pyridyl arms is very
reasonable. We also performed MM/MD simulations of neutral
[HPAT]0 and protonated [H2PAT]+ and [H3PAT]2+ compounds
docked to the 12-mer dsDNA (Fig. S29C–E, ESI†). It is found that
the most stable DNA binding mode of [HPAT]0 is similar to that
of [PAT], in which the two phenyl-pyridyl arms bind with DNA
at minor grooves, and their binding free energies (11.8 and
11.1 kcal mol1) are also similar, indicating that an electronneutral responsive arm is suﬃcient for the change of the DNA
binding mode. The positively charged [H2PAT]+ and [H3PAT]2+
also exhibit similar DNA binding modes to neutral [HPAT]0 and
[PAT] but with stronger binding free energies (20.4 and
21.5 kcal mol1), indicating that DNA–[PAT] might be more
stable in an acidic microenvironment, which was consistent
with the pH-dependency investigations in Fig. S29, ESI.†
Ratiometric uorescence imaging of endogenous SO2
derivatives using [PAST]+ in the nucleus
Subsequently, we used this strategy for in vitro and in vivo ratiometric uorescence imaging of the variations of endogenous SO2
derivatives in the nucleus of living cells. At the cellular level,
[PAST]+ (20 mM) can eﬀectively enter living A549 cells in 20 min
(Fig. S31, ESI†), the intensive red emission of which exhibits
a high degree of co-localization with the nucleus-specic stain
Hoechst 33342 (Pearson's correlation coeﬃcient is 0.96, Fig. 3A),
but non-colocalization with LysoTracker or MitoTracker (Fig. S32,
ESI†), indicating the eﬀective and specic accumulation of
[PAST]+ in the nucleus. Similar nuclear-specic accumulation is
also observed in HeLa and PC3 cells (Fig. S33, ESI†). In the
cytotoxicity experiment, A549 cells exposed to as high as 100 mM
[PAST]+ for 6 h and 24 h still show cellular viability greater than
90% and 60%, respectively (Fig. S34, ESI†). When the imaging
concentration (20 mM) is performed, [PAST]+ induced alternations of intracellular ROS levels and mitochondria membrane
potential aer 6 h treatment are similar to those of control cells
(Fig. S35 and S36, ESI†); when the treatment time is increased
(12–24 h), [PAST]+ treated cells only exhibit 1.1-fold higher
intracellular ROS levels. Considering the interaction between
[PAST]+ and DNA, we also investigated the inuence of [PAST]+ on
the A549 cell cycles by propidium iodide (PI) staining using ow
cytometry. As shown in Fig. S37 (ESI†), [PAST]+ (10 and 20 mM)
treated cells show similar cell cycles aer 6–24 h incubation
compared with the vehicle-treated cells, and exhibit only slight
increases in the proportion of cells in the S-phase aer 18–24 h
incubation. These results indicate that although [PAST]+ has
some long-term cytotoxicity, it will not induce alternations of the
intracellular microenvironment or adverse eﬀects at least during
the imaging process.
Ratiometric uorescence imaging of nuclear SO2 derivatives
in A549 cells was performed in dual-emission mode (lex ¼ 405
nm) by mediating the yellow channel image (band path of 565 
20 nm) with the corresponding red channel image (band path of
665  20 nm). It has been reported that biological sulphite can
be produced endogenously from thiosulphate and GSH via
thiosulphate sulphur transferase (TST) and can then be

This journal is © The Royal Society of Chemistry 2019

Fig. 3 (A) Colocalization between [PAST]+ and the nucleus-speciﬁc
stain Hoechst (Hoechst 33342) in living cells (probe: lex/lem ¼ 543 nm/
665  20 nm; Hoechst: lex/lem ¼ 405 nm/460  20 nm). (B) Ratiometric ﬂuorescence imaging of the variations of endogenous SO2
derivatives in the nucleus of living cells. A549 cells were incubated with
[PAST]+ (20 mM) for 20 min and then treated with thiosulphate/GSH at
(a) 0 mM/0 mM (control), (b) 60 mM/30 mM, (c) 120 mM/60 mM, (d) 180
mM/90 mM, (e) 240 mM/120 mM, and (f) 300 mM/150 mM (concentrations) for another 30 min to stimulate endogenous SO2 derivatives;
scale bar: 20 mm. (C and D) The mean values of the ﬂuorescence
photon number collected from the red and yellow channel, respectively, and the ratio of their photon numbers were calculated. Data
were calculated from 3–5 ﬁelds of view and each experimental
condition was performed in triplicate. Data are represented as mean 
SD of three independent experiments, **P < 0.05, *P < 0.02.

converted to sulphate via sulphate oxidase in mammals.61,62 It is
worth mentioning that separately added thiosulphate or GSH will
not induce the generation of endogenous SO2 derivatives, and
thus will not aﬀect the [PAST]+ emission (Fig. S38, ESI†). Therefore A549 cells were stimulated with various concentrations of
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thiosulphate/GSH (2 : 1) for 30 min to induce diﬀerent concentrations of endogenous SO2 derivatives.63,64 As shown in Fig. 3B,
non-stimulated A549 cells stained with [PAST]+ (20 mM, 20 min)
show intense uorescence in the red channel and dim uorescence in the yellow channel, giving a low Fyellow/Fred ratio implying
a very low sulte/bisulte level. However, aer stimulating cells
with increasing concentrations of thiosulphate/GSH, a distinct
increase in yellow uorescence is observed accompanied by
a dramatic decrease in the red uorescence, thus leading to
a gradual increase of the ratiometric signals (Fyellow/Fred). This
indicates the gradually increased sulte/bisulte level in the
nucleus. Each cellular imaging experiment was performed in
triplicate under the same conditions with the same microscopic
settings, and 3–5 elds of view were taken for each dish for
calculating the mean values of uorescence intensity with error
bars and statistical signicance (Fig. 3C and D). We have further
investigated the eﬀect of concentration of the probe on the
ratiometric signals. A549 cells were incubated with diﬀerent
concentrations of [PAST]+ (10 mM, 20 mM and 30 mM) for 20 min,
as shown in Fig. S39 (ESI†). The results show that the ratiometric
signals changed obviously when the concentration of [PAST]+
changed from 10 mM to 20 mM, but when the concentration of

Edge Article

[PAST]+ changed from 20 mM to 30 mM, the ratiometric signals
almost did not change. In other words, [PAST]+ at 10 mM does not
produce the same ratiometric signals in cells as it does at higher
concentrations (20–30 mM). This may be due to the restrictions of
cell uptake. The same results were also obtained with HeLa cells.
Once cells were pre-treated with a thiosulphate sulphur
transferase inhibitor, TNBS (1.0 mM, 2 h), to prevent the generation of endogenous SO2 derivatives, the red emission from
intracellular [PAST]+ did not show any changes with thiosulphate/
GSH (500 mM/250 mM) stimulation (Fig. S38, ESI†). This further
demonstrates the reliability of the ratiometric uorescence
imaging of endogenous SO2 derivatives. It is worth mentioning
that the ratiometric signals only represent the variations of
nuclear rather than cytoplasmic sulte/bisulte levels, which can
be conrmed by parallel experiments with [PAT] prepared in
advance in solution (Fig. S40, ESI†). Living cells incubated with
[PAT] only show dim uorescence; however, aer PBS washing,
culture medium refreshing, and cell permeation, the nuclei are lit
up by yellow uorescence. This demonstrates that even if [PAST]+
picks sulte/bisulte up on the way, the formed [PAT] in the
cytoplasm only shows dim uorescence and cannot enter the
nuclei to interfere with the ratiometric signals.

Fig. 4 (A) Confocal microscope images of single asynchronous cells co-stained with [PAST]+ and the nucleus-speciﬁc stain Hoechst 33342. (B)
Ratiometric ﬂuorescence imaging of endogenous SO2 derivatives in living cells undergoing prophase, metaphase, anaphase and telophase,
respectively. A549 cells during the split period were incubated with [PAST]+ (20 mM) for 20 min and then treated with thiosulphate/GSH at (a)
0 mM/0 mM, (b) 250 mM/125 mM, and (c) 500 mM/250 mM for another 30 min to stimulate endogenous SO2 derivatives; scale bar: 10 mm. (C) The
mean values of the ratiometric ﬂuorescence intensity obtained from diﬀerent division phases. Data are represented as mean  SD of three
independent experiments, *P < 0.02.
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Fig. 5 (A) In vivo time-dependent ﬂuorescence images for visualizing endogenous SO2 derivatives. lem ¼ 700  20 nm (a); lem ¼ 600  20 nm
(b). The probe [PAST]+ (con. 20 mM) was injected into the thigh roots (both left and right) of living nude mice; 30 min later, thiosulphate/GSH (1.0
mM/500 mM) was injected into the right thigh root only to stimulate endogenous SO2 derivatives while the left thigh was used as a control
without stimulation. (B) The mean values of the ﬂuorescence intensity calculated from the red channel of the probe (left thigh root, lem ¼ 700 
20 nm) and the red channel (right thigh root, lem ¼ 700  20 nm) and yellow channel (right thigh root, lem ¼ 600  20 nm) of the probe + SO2
stimulant, respectively. Data are collected from three mice and represented as mean  SD of three independent experiments, *P < 0.02.

Furthermore, [PAST]+ can also visualize variations of sulte/
bisulte levels on chromosomes with various structural variations
of nuclear rather than cytoplasmic sulte/bisulte levels, which
can be conrmed by parallel characteristics. This is exciting
because SO2 directly relates to chromosomal aberrations and
sister chromatid exchanges.11,51 As shown in the higher resolution
micrographs of single cells, when asynchronous cells are imaged,
[PAST]+ is always co-localized with chromosomes as cells progress
through the cell cycle (Fig. 4), and ratiometric uorescence images
in living cells undergoing prophase, metaphase, anaphase and
telophase can be obtained as an indication of local chromosomal
SO2 derivatives (Fig. 4B). Mean values of every single sample taken
from 3–5 elds of view were calculated and are shown as bar
graphs with error bars and statistical signicance in Fig. 4C.
Considering the important role of DNA in this ratiometric sensing
strategy, we also used nuclease-treated A549 cells, in which most
nucleic acids were digested. As shown in Fig. S41 (ESI†), the red
uorescence from [PAST]+ in nuclease-treated cells is much
weaker than that in control cells and mostly distributed in the
cytoplasm. Aer incubating the nuclease-treated cells with 200
mM NaHSO3 for 30 min, a distinct decrease in the red channel
uorescence is observed without the ratiometric phenomenon.
These results further conrm that DNA is an indispensable factor
in this ratiometric uorescence imaging strategy.
Ratiometric uorescence imaging of endogenous SO2
derivatives using [PAST]+ in vivo
Lastly, the feasibility of [PAST]+ for in vivo imaging of endogenous SO2 derivatives was also investigated. [PAST]+ (20 mM, 300
mL) was injected into the thigh roots (both le and right) of
living nude mice; 30 min later, thiosulphate/GSH (1.0 mM/500
mM, 300 mL) was solely injected into the right thigh to stimulate
endogenous SO2 derivatives while the le thigh was injected
with 300 mL PBS as a control. As shown in Fig. 5A(a), under 530
This journal is © The Royal Society of Chemistry 2019

nm excitation, the uorescence intensity in the le thigh
(control) does not change during the measurement whereas
that in the right thigh is gradually quenched in 2 h. This is
consistent with the reduced Fred channel observed in the
cellular experiment (Fig. 3). Simultaneously, under 430 nm
excitation (Fig. 5A(b)), the uorescence intensity in the le thigh
(control) is negligible whereas that in the right thigh root is
gradually enhanced in 2 h. This is consistent with the gradually
increased Fyellow channel observed in living cells (Fig. 3). Mean
values of uorescence signals were calculated for three mice per
condition, shown as bar graphs with error bars and statistical
signicance (Fig. 5B). These data demonstrate that [PAST]+ can
be used for measuring the variations of endogenous SO2
derivatives in vivo in a ratiometric uorescence manner.

Conclusions
In summary, we take advantage of the DNA enriched environment in the nucleus to establish a ratiometric uorescence
imaging strategy, the so called “charge-driven tripod somersault
on DNA”. Based on this, a nucleus-targeted tripod [PAST]+ has
been synthesized by conjugating two DNA binding agents containing a reaction site for the target analyte. Once the DNA–
[PAST]+ reacts with the negatively charged target analyte, the
newly formed tripod [PAT] binds DNA with diﬀerent binding
modes, thus resulting in the disappearance of the rst emission
feature from DNA–[PAST]+ and the emergence of the second
emission feature from DNA–[PAT]. By using this, we realized
the in vitro and in vivo ratiometric uorescence imaging of
endogenous SO2 derivatives in the nucleus for the rst time. In
theory, as long as the analyte could react with the responsive
group and change the charge of the responsive arm of the
tripodal probe, the tripod somersault could occur to realize the
ratiometric uorescence imaging. Moreover, the change from
Chem. Sci., 2019, 10, 10053–10064 | 10061
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positive-to-negative charge is not necessary and the analyteinduced formation of an electron-neutral responsive arm is
suﬃcient for the change of the DNA binding mode. Therefore,
we anticipate that this strategy can be further extended for
ratiometric uorescence imaging of a wide range of bioactive
molecules in the nucleus. Although [PAST]+ has some long-term
cytotoxicity, it will not induce alternations of the intracellular
microenvironment or adverse eﬀects at least during the imaging
process. Further modication may help to improve the
biocompatibility of the tripodal probe, e.g. methylation and tertbutylation of the phenyl-pyridine arms, which is also helpful for
avoiding the pH dependency of the probe. Furthermore, since
the charge-driven tripod somersault on DNA is feasible, this
“somersault on DNA” strategy can also be extended to other
structures, such as triangles, propellers, clovers, and multi-arm
structures with inherent nucleic acid binding capacity. This
provides an opportunity for opening up a new avenue for the
design of nucleus-localised responsive probes for biological
analytes.
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