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A Ratiometric and Targetable Fluorescent Sensor for Quantification of
Mitochondrial Zinc Ions
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After several decades of development, fluorescent sensors
have been recognised as indispensable and efficient molecu-
lar tools that can help monitor and visualise cations or bio-
molecules with high sensitivity and spatial resolution in live
cells or tissues.! Undoubtedly, our understanding of metal
ion homeostasis in biology has significantly benefited from
advancements of fluorescent sensors for metal ions. Zn**
has attracted significant attention because of its critical role
in many biological processes.”! In spite of worthy attentions
on cytosolic Zn**, the function of Zn** in subcellular com-
partments, such as mitochondria, endoplasmic reticulum,
and Golgi, and underlying dependence between these Zn**
and cellular processes are still not established well.’! Hence,
developing targetable fluorescent sensors for monitoring the
zinc level in specific organelles will contribute significantly
to addressing these issues.

Since the fluorescent sensor TSQ was first applied to in
vitro imaging of Zn**,¥ numerous Zn’>* sensors have been
archived in the past few years. However, only a few small-
molecule fluorescent or genetically encoded zinc sensors
have been designed to target organelles.**) Moreover, most
of these sensors read out the ion-binding event by emission
intensity changes based on the photoinduced electron trans-
fer (PeT) mechanism. Theoretically, this type of sensor can
provide quantitative measurements of Zn**, but it is infeasi-
ble to quantify Zn>* in live cells by these zinc fluorescent
sensors because their emission intensity is significantly influ-
enced by many other factors, such as the sample environ-
ment, sensor concentration, bleaching, and instrumental effi-
ciency. A ratiometric sensor with self-calibration with dual
emission maxima can eliminate most or all ambiguities and
could be an ideal solution for quantitatively measuring in-
tracellular ions.! So far, various ratiometric Zn>**-selective
sensors are available,” but unfortunately, only several exam-
ples of ratiometric and targetable sensors have been reali-
sed.P#> Design of targetable and ratiometric sensors for
quantification of Zn** in specific organelles is, therefore, im-
portant, yet remains as one of the greatest challenges.
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To this end, we designed a fluorescent sensor, DQZn2, for
ratiometric detection of mitochondrial Zn** (Scheme 1). On
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Scheme 1. Structures of DQCd1, DQZn1 and DQZn2.
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the basis of our and other observations, 2-picolylamine
(DPA) was employed as an ion chelator that was installed
on the 2-position of quinoline platform so as to achieve high
selectivity for Zn?* over biological Na*, K*, Ca’*, and
Mg** with 1:1 stoichiometry and high affinity with nanomo-
lar or lower K, values.’! In the meanwhile, to increase basic-
ity of the sensor, the stronger electron donating nitrogen
atom replaced the oxygen atom on 4-position of quinoline.
We anticipated that this sensor could be protonated under
neutral or even weakly basic media, and consequently
would yield a resonance between quinolinium and onium
resonant structures as observed for DQCdAL.”! The reso-
nance would lead to charge delocalisation, which is more
pronounced in the excited state of the molecule, due to oc-
currence of intramolecular charge transfer (ICT) in polar
media.'”!' We envisioned that Zn®* coordination would
induce the deprotonation of the sensor and consequent in-
hibition of the resonance. The ratiometric measurements
with distinct emission maxima shift can thus be established.
On the other hand, mitochondria are known to be one of
sites that take up Zn?* in living cells. It is implicated that
the elevation of mitochondrial Zn** could lead to intracellu-
lar H,0, accumulation and mitochondrial dysfunction.® ']
Therefore, it is important to quantify Zn?* levels in mito-
chondria. The triphenylphosphonium salt (TPP), an effective
mitochondrial targeting group, was thus chosen and attached
to the sensor.'” To minimise the influence of the TPP group
on the photophysical properties of the sensor, it was separat-
ed from the fluorophore by long linkers.”! Furthermore,
DQZn1, was also prepared as a control sensor. The synthe-
sis procedures are described in the Supporting Information.
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Both sensors had good solubilities (~20 pm, Figure S1 in the
Supporting Information) in aqueous buffer.

Firstly, by measuring pH dependence in aqueous buffer
we found that DQZn1 has two pK, values, pK,;=8.05 and
pK,,=4.84 (Figure S2 in the Supporting Information). As
expected, the pK,; value of DQZnl is obviously larger than
that of DQCd1 (Table 1); this demonstrates that the basicity

Table 1. Spectroscopic properties of the sensors and their zinc complexe-
[a]
s.

A [nm] T @)

Sensor pKa pPKa. ligand complex
DQCd1 7.31+0.01 4.46+0.02 558, 0.17 510, 0.06
DQZnl 8.05+0.02 4.84+0.01 550, 0.11 507, 0.15
DQZn2 7.66 +£0.02 4.57+0.02 550, 0.11 504, 0.22

[a] HEPES (10 mm), NaCl (0.1m), pH 7.4, 25°C. [b] The maximum emis-
sion intensity. [c] Quinine sulfate was used as the standard for quantum
yield measurements; [d] see ref. [9].

of DQZnl is stronger and the nitrogen atom is a better
donor than the oxygen atom to afford the resonance charge
transfer. DQZn2 has similar protonation behaviour to
DQCd1 and DQZn1 with two pK, values of 7.66 and 4.57.
The four nitrogen atoms including the DPA moiety and the
quinolinic nitrogen form a proton binding pocket for the
proton (Scheme 2); this results in a combined pK,, value
and suppression of the photo-induced electron transfer
(PeT) quenching from the tertiary amine of the DPA
moiety. Therefore, DQZn2 displays considerable fluores-
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Scheme 2. Proposed ratiometric sensing strategy.
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cence emission (4., =550nm, @=0.11) in aqueous buffer.
Although a longer spacer (C6) was chosen to bridge the
TPP and piperidino groups to minimise the effect of TPP on
the properties of the fluorophore, the pK,, value of DQZn2
was still about 0.4 units lower in comparison with that (8.05)
of its precursor, DQZnl. This is presumably because of the
repulsion effect from the positive charge on the TPP group,
which is unfavourable for protonation and resonant charge
delocalisation.

DQZn2 exhibited fluorescence maxima at 550 nm with
quantum yield of 0.11 in HEPES buffer (10 mm HEPES,
0.1M NaCl, pH 7.4). Upon addition of Zn** to the DQZn2
solution, the emission intensity at around 450-560 nm in-
creased significantly, but the emission intensity at about
570-670 nm decreased slightly with an isoemissive point at
567 nm (Figure 1 and Figure S3 in the Supporting Informa-
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Figure 1. Fluorescence spectra of 10 uym DQZn2 in the presence of free
Zn** (0-45 nm). The free Zn** was regulated by using the NTA-Zn** (0-
1.8 mm) buffer (10 mm HEPES, 0.1m NaCl, 2mm NTA, pH74, 1,=
405 nm). Insert: the ratio changes (Fsyy/Fssonm) as a function of Zn?* con-
centration. The solid lines represent the nonlinear least-squares fits to
the experimental data; NTA: nitrilotriacetic acid.

tion). The blue shift of 46 nm in the emission maxima (from
550 to 504 nm) and twofold enhancement in quantum yield
demonstrates that Zn** kicked off the proton at the quino-
linic site by coordination and subsequently inhibited reso-
nance. The ratios of emission intensity (Fsyy/Fssonm) Were
found to be 0.39 and 1.94 in the absence and presence of
Zn**, respectively; this clearly indicates that DQZn2 is an
excellent ratiometric fluorescent sensor for Zn** based on
the mechanism of inhibition of resonance. The dissociation
constants (K,) of DQZn2 were determined by using nonlin-
ear least-squares fit analysis of the ratio of the emission in-
tensity at selected wavelengths in Zn**-NTA buffered solu-
tions (Figure 1 and Figure S5a in the Supporting Informa-
tion). As expected, DQZn2 displayed a favourable K, of
0.45(£0.01) nm, and met the requirement for intracellular
Zn** measurements. The Hill plots of the sensor confirmed
the formation of a 1:1 DQZn2/Zn** complex (Figure S5b in
the Supporting Information). Moreover, considering the fact
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that mitochondria are more basic than the cytosol,™ the flu-
orimetric titration experiments were repeated in more basic
media (10 mm HEPES, 0.1m NaCl, pH 8.0). As expected,
the photophysical response of DQZn2 to Zn** was not seri-
ously disturbed (Figure S4 in the Supporting Information).
The dissociation constant of DQZn2 was also measured in
more basic solutions (pH 8) in the presence of NTA to be
0.15(£0.02) nm (Figure S5a in the Supporting Information).
Thus, we believe that DQZn?2 can respond to subnanomolar
Zn** and monitor the Zn?" level in mitochondria with suffi-
cient sensitivity.

To study the selectivity of DQZn2 for Zn?*, its fluores-
cent properties in the presence of various cations were ex-
amined in aqueous buffer (Figure2 and Figure S6 in the
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Figure 2. a) Fluorescence spectra of DQZn2 (10 pm) in the presence of
various metal ions (10 um Mn>**, Fe**, Co**, Ni**, Cu**, Zn**, Cd**,
Hg?*, Pb’*, and 1 mm Mg?*, Ca’*, and K¥) in buffer solution (10 mm
HEPES, 0.1m NaCl, pH 7.4, A.,=405nm). b) Metal ion selectivity pro-
files of DQZn2 (10 pum). Gray bars represent the relative emission inten-
sity (F/F,, at 504 nm) of DQZn2 in the presence of various metal ions.
Black bars represent the fluorescence intensity of DQZn2 in the pres-
ence of the indicated metal ions, followed by Zn>* (10 um).

Supporting Information). As expected, the biologically
abundant metal ions, such as Na™, K*, Ca**, and Mg**, did
not produce obvious effect on the fluorescence or ratio cali-
bration of DQZn2 at millimolar concentration (1 mm), while
Fe**, Co’*, Ni** and Cu’* strongly quenched the fluores-
cence as observed in many other sensory systems. These
free cations would induce no obvious influence in vivo due
to their extremely low concentrations. It should be noted
that Cd**, which exhibits many properties similar to those
of Zn**, did not enhance fluorescence (Figure 2a). Further-
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more, the competition experiments indicate that Ca’*, Mg>*,
and K* exerted negligible effect on Zn?* sensing by both in-
tensity and ratio calibration.

Furthermore, we examined the pH-dependence of
DQZn2 and its Zn** complex (Zn-DQZn2) through the ra-
tiometric responses (Figure S7 in the Supporting Informa-
tion). In the biological pH range of 5-8, the ratio values of
both DQZn2 and Zn-DQZn2 were almost insensitive. This
indicates that pH changes do not affect the ratiometric
signal output of DQZn?2 under physiological conditions.

Before the cellular imaging experiments, we measured the
cytotoxicity of DQZn2 using the CCK-8 assay. The results
demonstrate that DQZn2 is almost nontoxic over a 24 h
period (Table S1 in the Supporting Information) and the
TPP targeting group did not obviously alter the cytotoxicity.
To confirm whether DQZn?2 is able to localise to mitochon-
dria, a colocalisation experiment was performed by co-stain-
ing NIH3T3 cells with the commercially available markers
LysoTracker Red DND-99 (Figure S8 in the Supporting In-
formation), which is a lysosomal marker, and MitoTracker
Deep Red (Figure 3b), which is a mitochondrial tracker.

Figure 3. DQZn2 colocalises to mitochondria in live NIH3T3 cells. Cells
were stained with: a) DQZn2 (1.5 um), and b) MitoTracker Deep Red
(50 nm) for 30 min at 25°C in DMEM; c) overlay of a) and b); scale bar:
20 pm.

The fluorescence observed from DQZn2 and MitoTracker
overlapped very well (Figure 3¢) with a Pearson’s colocali-
sation coefficient of 0.86, whereas the colocalisation coeffi-
cient between DQZn2 and LysoTracker was only 0.23; this
indicates that DQZn2 is mainly localised to mitochondria in
live cells.

Next, we employed DQZn2 to detect the mitochondrial
Zn** levels in living NIH3T3 cells. Incubation (30 min, in
serum-free DMEM) of the cells and subsequent washing
with phosphate buffered saline (PBS) afforded a stained
sample that showed clear fluorescence at dual-emission
channels of 430-490 nm (green) and 520-580 nm (red)
under 405 nm excitation (Figure S9 in the Supporting Infor-
mation). The ratio calculated as Fy.../F..q gave an average
value of 1.1740.045. Upon treatments with a low dose of
ZnSO, (25 pum) and 2-mercaptopyridine N-oxide (10 um) for
2 min, the ratio rapidly increased to 1.59+0.093 (P <0.001,
n=5). Sequestration of Zn** with the membrane-permeable
chelator TPEN (50 um;  N,N,N',N'-tetrakis(2-pyridyl-
methyl)ethylenediamine) rapidly reversed the ratio signals;
this indicates that the increase in ratio depends on mito-
chondrial Zn?* changes (Figure 4). However, the membrane
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Figure 4. Fluorescence ratio images of DQZn2-labelled (1.5 pm) NIH3T3
cells in PBS. a) Image of the emission window F..,/Fq; scale bar:
20 pum; ratio bar: 0.2-3.0. b) Cells were treated with ZnSO, (25 um) and
2-mercaptopyridine N-oxide (10 um) for 2 min. c) Cells were treated with
TPEN (50 um) for 5min. d) NIH3T3 cells were supplemented with
TPEN (10 pm) in the growth medium for 15 min and incubated with
DQZn2 (1.5 pm) for 30 min. e) Statistical analyses were performed with a
two-tailed Student’s t-test (n=5) relative to the control. Asterisk (*) in-
dicates P <0.01, and error bars are +SEM. The ratio (Fyces/Fieq) Was cal-
culated as Emyz)_490/EMsy_s30 nm Upon 405 nm excitation.

potential sensitive dye, Rhodamine 123, did not show statis-
tically significant changes with ZnSO, and pyrithione treat-
ment; this suggests that the ratio changes did not result
from mitochondrial membrane potential changes (Fig-
ure S10 in the Supporting Information). Moreover, we pre-
treated the cells with TPEN (10 pm) in the growth medium
for 15 min to suppress Zn’* exchange in the mitochondria
and then incubated them with DQZn2 for 30 min at 25°C.
We found that TPEN leads to a significant decrease in the
ratio (r=0.79+0.033) in contrast to the case without TPEN;;
this indicates that DQZn2 can be used to image Zn* fluctu-
ations in mitochondria.

For quantitative analysis of this variable Zn** pool, the
intracellular dissociation constant was calibrated according
to a known procedure.”*' The intracellular mitochondrial
Zn** level was maintained by using HEPES buffer (20 mm
HEPES, 0.1 M NaCl, 1 mm CaEDTA) with known concentra-
tions of free Zn>*. The mean ratio values for each well were
plotted and an apparent K, of 77(%£18) pm was extracted
from the calibration curve from the microscope by using
nonlinear least-squares fit analysis (Figure S12 in the Sup-
porting Information). The value is in accord with the fitted
Ky of 150(£20) pm in pH 8.0 buffer solutions obtained by
using the fluorometer. Therefore, this fluctuating mitochon-
drial Zn** concentration was calculated to be 72(£15) pm
(n=5) by using the corrected dissociation constant.

Since DQZn2 can monitor intracellular Zn** concentra-
tion changes with high sensitivity, we used this chemical tool
to detect the mitochondrial homeostasis in endogenous zinc
release. It is generally acknowledged that nitric oxide is an
important regulator for both physiology and pathology. NO
has been found to induce S-nitrosation and conformational
changes of intracellular metallothionein (MT), and conse-
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quent Zn?* release from these MT to the cytoplasm.!
Therefore, we made use of this molecule to elevate the cyto-
solic Zn?* concentration in NIH3T3 cells. As shown in
Figure 5 and Figure S11 in the Supporting Information, the
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Figure 5. a) Fluorescence ratio images of DQZn2-labelled (1.5 pm)
NIH3T3 cells in PBS, treated with SNOC (100 um) and further treated
with TPEN (50 um); scale bar: 20 um; ratio bar: 0.2-3.0. b) Relative ratio
value of emission intensity as a function of time. c) Statistical analyses
were performed with a two-tailed Student’s t-test (n=5) relative to the
control. Asterisk (*) indicates P <0.05, (**) indicates P <0.01 and error
bars are +SEM. The ratio (Fyecn/Freq) Was calculated as Emyzy y90/Emisy
s30nm UpoN 405 nm excitation.

dual-emission ratiometric imaging of the cells with DQZn2
showed that the ratio of Fyen/Freq gradually increased after
treatment with the NO donor S-nitrosocystein (SNOC,
100 pum)," and reached 1.6440.10 (P<0.01, n=5) after
10 min. The observed changes in the ratios were immediate-
ly decreased by TPEN treatment. These data demonstrate
that the endogenously released Zn** was rapidly taken up
by mitochondria within 1 min (P <0.05, n=>5), and establish
that DQZn2 is able to monitor the mitochondrial Zn** level
changes through the ratiometric approach. Thus, we believe
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that DQZn2 is a prominent sensor for quantifying mito-
chondrial Zn?** levels in living cells and can be useful for in-
vestigations of mitochondrial Zn** biology.

In summary, we present a quinoline-based ratiometric
sensor, DQZn2, according to the principle of cation-induced
inhibition of resonance. It allows single-excitation, dual-
emission detection of Zn®* with significant blue shift of
46 nm in emission and remarkable changes in the ratio of
fivefold in response to Zn’* with subnanomolar K,, under
physiological conditions. Moreover, we emphasise that
DQZn2, which is attached with the TPP targeting group,
can localised to the mitochondria in living cells and can
indeed be used to visualise the changes of mitochondrial
Zn** level. Furthermore, we took advantage of DQZn2-
stained ratiometric approach for quantification of the free
mitochondrial Zn?* concentration in NIH3T3 cells. This mo-
lecular tool should be useful for investigations of mitochon-
drial Zn** biology. The design strategy presented here is ra-
tional and practical for developing new ratiometric sensors
for other biologically relevant analytes in subcellular lo-
cales; this is currently in progress.
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