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A new pH-responsive fluorescent probe has been reported based on protonation-activable resonance charge transfer. In aqueous solution, probe
PQ-Lyso exhibits ratiometric detection of pH changes with a large hypsochromic shift of 76 nm and remarkable changes in the fluorescence
intensity ratio (R = Fioq nm/Fs70 nms B/Ro = 105). Furthermore, PQ-Lyso, which is localized to lysosomes in living cells, can calibrate lysosomal pH using

fluorescence ratiometry.

Intracellular pH, known as pH;, plays a critical role in
living cells." Numerous metabolic pathways require strin-
gent regulation of the pH;. Remarkably, the pH within
lysosomes is maintained at 4.5—5.5, providing the basic
requirement for the action of lysosomal hydrolases to
degrade proteins, DNA, RNA, polysaccharides, and
lipids.” Disruptive variation in the lysosomal pH causes
defects in lysosomal function and consequently leads to
many lysosomal storage diseases.’ Recent evidence also
reveals that lysosomal pH is also connected with ion
metabolism and oxidative stress.* Therefore, it is important
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to track lysosomal pH in living cells to understand its
physiological and pathological processes.

Fluorescent microscopy is becoming one of the most
powerful tools for monitoring intracellular species because
of its high spatial and temporal resolution.’ Inparticular, the
ratiometric fluorescence technique, in principle providing
quantitative measurements, is regarded as an ideal method
for accessing intracellular pH.® Although considerable en-
deavors have been devoted to the development of pH-
responsive ratiometric probes based on small molecules,’
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nanoparticles,® and polymers,” only a limited number of
them have been applied to subcellular labeling and pH
sensing.'® Thus, it is still challenging to contribute molecular
tools for subcellular pH quantification.

Our previous studies demonstrated that quinoline deriv-
atives are useful fluorophores to design fluorescent probes
because the analyte can affect the photophysical state of
the fluorophore through direct coordination with quino-
linic nitrogen atom. We recently introduced a class of
4-substituted, 6-dimethylquinoline-based ratiometric
probes.!! In aqueous medium, protonation-activable re-
sonance charge transfer (PARCT) from the 4-position
electron-donating group to the quinolinic nitrogen takes
place leading to charge delocalization and significant red-
shift in both absorption and emission wavelength. These
observations encouraged us to make use of such PARCT
process to design pH-responsive ratiometric probes based
on quinoline derivatives. However, the pH-responsive
spectra changes of reported probes demonstrate the UV-
excitation of unprotonated compounds diminished the
ratiometric signal output and potentially limited the cel-
lular application.'"

To address this issue, it is imperative to build a new
sensing platform. First, we introduced a weak electron-
withdrawing acetamido instead of alkyl group at the
2-position of quinoline. This would not only enhance the
charge-transfer process but also import a diverse proton
receptor. Second, it is acknowledged that restricting the
intramolecular rotation causes the restriction of the non-
radiative pathway and reduction of twisted intramolecular
charge transfer (TICT) state, consequently improving
quantum yield of the fluorophore.'? Last, the attachment
of a basic dimethylethylamino moiety, as the lysosome
anchor, to the tail of the 4-position on quinoline fluor-
ophore would cause the accumulation of the probe in the
acidic lysosomes, because of the protonation of the di-
methylethylamino moiety. Therefore, we here reported the
design, synthesis, and photophyscial evaluation of the
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Scheme 1. Synthesis of Compounds
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probe PQ-Lyso in aqueous buffer and subcellular pH
calibration.

The synthetic procedures of PQ-Lyso were shown in
Scheme 1. Reaction of 1-methylindolin-5-amine (1) with
dimethyl acetylenedicarboxylate in methanol afforded
compound 2, which was converted into quinolinone 3 in
reflux of Ph,O. Further amidation of 3 using methylamine
can afford 4 in a high yield. Compounds 5 and 6 were then
obtained by direct alkylation of 4 with the corresponding
haloalkanes. Aminolysis of 6 was performed to produce
PQ-Lyso in an acceptable yield. These compounds were
characterized by '"H NMR, '*C NMR, and high-resolution
mass spectra analysis (see the Supporting Information).
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Figure 1. Partial '"H NMR spectra of 5 (10 mM) and 5-HCI
(10 mM) in CDCls.

At first, we prepared the control compound 5 and its
protonated form of 5-HCI' to study the proton-binding
behavior by "H NMR spectroscopy. The assignments of the
proton signals are based on NOE experiments (Figure S1,
Supporting Information). As shown in Figure 1, upon
protonation the quinolinic protons of 5 (H3 and H8) dis-
played significant downfield shifts of 0.23 and 0.98 ppm,
respectively, suggesting that the protonation occurred at
the quinolinic site. The amide proton (NH) also underwent

(13) The hydrochlorate salt was prepared by reaction of 5§ with 1 M
HCl in ethanol.
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a significant downfield shift from 8.16 to 10.30 ppm (A =
2.14 ppm), whereas acetyl proton (H2) displayed a slight
downfield shift of 0.04 ppm. These data clearly demon-
strate that the carbonyl oxygen atom took part in coordi-
nation with the proton. Moreover, methoxyl proton (H4)
downfield shifted from 4.08 to 4.26 ppm (Ad = 0.18 ppm),
indicating delocalization of the positive charge on the
oxygen atom. These results coincide with our previous
reports and confirm the existence of resonance charge
transfer from methoxyl oxygen atom to quinolinic nitro-
gen atom.'?
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Figure 2. (a) Absorption spectra of PQ-Lyso (5 uM). (b) Fluor-
escence emission spectra of PQ-Lyso (2 uM) in Na,HPO,—
citrate buffer (10 mM Na,HPO, and 10 mM citric acid) at various
pH values. (c) Ratio (F494 nm/Fs70 nm) changes as a function of
the pH values. (d) Emission spectra of P(%—Lyso (2 uM) in the
presence of various metal ions (100 4M Mn**, Fe**, Fe* " ,Cu*",
Zn*", and 1 mM Mg>", Ca®*, Na®, and KT), 5 mM thiols
(GSH, Cys, Hcey), and 100 uM H,0O, and NaClO in Na,HPO,—
citrate buffer (pH = 4.2). 1o, = 405 nm.

To evaluate the optical response of PQ-Lyso to pH in
aqueous solution, we measured the water solubility of the
probe in Na,HPO,—citrate buffer. PQ-Lyso can be dis-
solved well in aqueous buffers (Figure S2, Supporting
Information). As shown in Figure 2a, PQ-Lyso displays
an obvious absorption band around 400—500 nm (¢ =
8.69 x 10° M~' em™!, at 405 nm, pH = 1.99) in acidic
media. Up-regulation of pH induced gradual decrease of
this band and appearance of a new band around 300—400 nm
with several isosbestic points at 248, 276, 318, and 392 nm
(Figure 2a). As expected, upon excitation at 405 nm,
PQ-Lyso showed a remarkable fluorescence emission at
570 nm with a high quantum yield of 0.26 under acidic
conditions (Figure 2b). Compared with that of reported
DQZns and DQCds probes,'" we infer that the 2-position
amide group participated in charge delocalization through
the proton binding, inducing red-shifted emission. The
fixation of 6-position amino group apparently enhanced
the luminance efficiency. Further titration of PQ-Lyso
with NaOH caused the decrease of the emission intensity
at 570 nm. Simultaneously, a new blue-shift emission
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appeared at 494 nm (® = 0.59) with a large hypsochromic
shift of 76 nm and a distinct isoemission point at 553 nm.
The fluorescence intensity ratio (Fio4 nm/F570 nm) of PQ-
Lyso displayed a reversible variation as pH was changed
repeatedly between 3.0 and 6.0 (Figure S3, Supporting
Information). By plotting the fluorescence intensity ratio
(F494 nm/Fs70 nm) Vs the probe concentration, the pK, of
PQ-Lyso was calculated to be 4.20 + 0.015 (Figure 2c and
Figure S4, Supporting Information), which is suitable for
lysosomal pH range. The extremely large ratio increase
was calculated to be 105-fold (Rpnes7/Rpr23s). Mean-
while, the control compound 5 displayed a pK, of 4.40 +
0.015 (Figure S5, Supporting Information), indicating the
attachment of dimethylethylamino group on the quinoline
scaffold does not apparently affect the optical response of
PQ-Lyso.'"?

To further evaluate whether the ratiometric pH-respon-
sive properties can be interfered by other biological mole-
cules, we measured the fluoresce emission spectra in the
presence of essential metal ions (Nat, KT, Ca?*, Mg*",
Zn*", Mn*", Cu®", Fe*", Fe*™), thiols (GSH, Cys, Hcy),
and reactive oxygen species (H,O,, HCIO) in the buffer
solution (pH = 4.2, 25 °C), in which PQ-Lyso should be
partially protonated. As expected, these species exerted
small ratio changes (Figure 2d), indicating that PQ-Lyso
could be used for the ratiometric detection of pH without
the potential influence from intracellular biological species.

Figure 3. PQ-Lyso was localized to lysosomes in live NIH
3T3 cells. The cells were costained with (a) 2 uM PQ-Lyso and
(b) 0.5 uM LysoTracker Red at 37 °C for 30 min in serum-free
DMEM. (c) Overlay of (a) and (b). Scale bar: 20 um.

Next we applied PQ-Lyso in living cells. The NIH 3T3
cells were costained with PQ-Lyso and LysoTracker Red
DND-99, which is a commercially available marker for
lysosomes (Figure 3). The fluorescence image patterns and
a Pearson’s colocalization coefficient of 0.81 demonstrated
that the probe can be efficiently localized to lysosomes, as
observed in other probes with a similar lysosome-targeting
moiety.' 414

With these data in hand, we speculate that our ratio-
metric and targetable probe is a useful tool for subcellular
pH imaging and quantification. For this, the in situ pK,
of PQ-Lyso was calibrated according to known proce-
dures.?*1°"f NIH 3T3 cells were incubated in a series of
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Figure 4. Ratiometric imaging of NIH 3T3 cells. The cells were
incubated with PQ-Lyso (2 uM) at 37 °C for 30 min and then
treated with (a) PBS at 25 °C for 3 min, (b) 10 mM NH,CI at
25 °C for 1 min, (c) 50 uM chloroquine at 25 °C for 3 min, (d)
100 uM H,0; at 25 °C for 30 min, (g) 100 uM HCIO at 37 °C for
30 min. The cells were pretreated with (e) 100 uM NEM and (f)
500 uM NAC at 37 °C for 30 min then incubated with PQ-Lyso
(2 uM) for further 30 min. Average pH values were mea-
sured from 10 cells in (a—g) and were calculated from the ratio
(Fareen/Frea) according to the intracellular calibration curve.
Scale bar: 20 um, ratio bar: 0—4.

buffers of known pH in the presence of 5 uM nigericin
(K"/H" ionophore) and 5 uM monensin (Na*/H™"
ionophore), which equilibrates the lysosomal pH with
external surrounding media. Fluorescence ratiometric
images were collected using a laser confocal scanning
microscopy. The calibration curve was then established,
and the in situ pK,’ was measured to be 4.54 + 0.074. The
lysosomal pH is calculated according to the Henderson—
Hasselbalch equation (see the Supporting Information).

We further investigated the application of PQ-Lyso
for monitoring lysosomal pH changes in cultured cells
(Figure 4 and Figures S7 and S8, Supporting Information).
After incubation with 2 uM PQ-Lyso at 37 °C for 30 min,
NIH 3T3 cells displayed obvious fluorescence at the red
emission channel (520—600 nm) and the green emission
channel (430—510 nm). The average ratio (Fgreen/Fred) Was
calculated be to 1.19 £ 0.097, giving a corresponding pH
value of 4.25 4 0.34 (Figure 4a). Treatment with 10 mM
NH,4CI, which can rapidly alkalify the lysosomes, induced
apH increase to 5.26 £+ 0.33 in 1 min (Figure 4b). Similarly,
a lysosomotropic base, chloroquine, caused a pH increase
to 4.75 + 0.16 (Figure 4c). These data clearly indicate that
PQ-Lyso is capable of imaging and monitoring lysosmal
pH changes using fluorescence ratiometry. Next, we
take advantage of PQ-Lyso to evaluate the effects of re-
dox agents. H,O, and other oxidative stress can trigger
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redistribution of H™ from acidified organelles to cytosolic
compartments through impairing the vacuolar proton
pump (H-ATPase), which imports H" at the expense of
ATP hydrolysis.'> Oxidation induced alkalization of lyso-
somes and acidification of cytoplasm have also been
observed in the literature.'™!® In our experiments, we
treated the cells with 100 uM H,0O, or N-ethylmaleimide
(NEM) for generation of oxidative stress. The lysosomal
pH apparently increased to be 4.71 £ 0.26 and 4.89 4+ 0.21,
after treated with H,O, (Figure 4d) and NEM (Figure 4e),
respectively. Treatment with NAC (N-acetylcysteine, a
GSH precursor) resulted in a slight decrease of pH
(4.10 £ 0.31, Figure 4f). Interestingly, treatment with
another oxidative chemical, NaClO, at 37 °C for 30 min
did not cause significant pH changes (pH = 4.22 + 0.39,
Figure 4g). Ma et al. also reported that elevated level of
HCIO cannot greatly increase the intracellular acidic
substances.®* However, the detailed effect of HCIO on
intracellular pH has not been established well. We here
provide anther evidence that HCIO do not obviously affect
lysosomal pH in our case. We also anticipate that the
lysosome-specific and ratiometric probe can contribute a
useful molecular tool for the investigations on pH-relevant
biological processes.

In summary, we designed a new fluorescent probe for
pH based on protonation-activable resonance charge
transfer. This probe can ratiometrically respond to pH
changes with a large emission shift of 76 nm and an
adaptable pK, for lysosomes. Further experiments demon-
strate that our probes can be localized to lysosomes in
living cells. In terms of fluorescence ratiometry, we have
successfully quantified the diverse lysosomal pH up-
regulation under basic treatments or oxidative stress. We
also emphasize that our design strategy is also feasible to
design ratiometric probes for other subcellular compart-
ments with well-tuned pK,. This will be lead to interesting
and challenging work for us in the future.
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