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ABSTRACT: Peroxynitrite (OONO~™) is profoundly
implicated in health and disease. The physiological and
pathological outcome of OONO™ is related to its local
concentration, and hence, a reliable OONO™ assay is
highly desired. We have developed a FRET-based small-
molecule fluorescent probe (PNCy3CyS), harnessing the
differential reactivity of Cy3 and CyS toward OONO™ by
fine-tuning. It exhibits high detection sensitivity and yields
a ratiometric fluorescent signal. We have exemplified that it
can be applied in semiquantitative determination of
OONO™ in living cells. Notably, it specifically localizes
in mitochondria, where endogenous OONO™ is predom-
inantly generated. Thus, PNCy3CyS is a promising
molecular tool for peroxynitrite biology.

P eroxynitrite (OONO™) is endogenously produced in living
systems by the diffusion-controlled coupling of nitric oxide
(*NO) and superoxide radical anion (O,™®)." Though the
cytotoxicity of OONO™ plays a key role in signal transduction
and antimicrobial activities,” excessive OONO™ can damage
critical cell components, including proteins, DNA, lipids, iron—
sulfur clusters, and thiols. The accumulation of cell injuries
eventually leads to apoptosis and necrosis.” Mounting evidence
have established a firm correlation between OONO™ and a
number of pathological conditions, such as cardiovascular
diseases, neurodegenerative diseases, chronic inflammation,
ischemia reperfusion injury, and diabetes.* Therefore, assays
for OONO™ detection are important for elucidating pathophysi-
ology of OONO™ and may be used for peroxynitrite-related
disease diagnosis.

Recently, there have emerged a number of fluorescent probes
for OONO™,” and some of them have been used for biomedical
studies.” Most of these probes exhibit a turn-on fluorescence
signal at a single channel. The scope of such probes in
quantitative in vitro studies is limited due to complications by
photobleaching, uneven loading, or fluctuation in excitation
intensity.7 In comparison, probes based on two-channel
ratiometric signal address these complications by allowing self-
calibration. Recently, we and other groups have reported a few
reaction-based® small-molecule and semiconducting polymer
probes for ratiometric detecting OONO~.~"" Nevertheless, it
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remains challenging to design robust assays for determining
OONO™ levels in living cells.

We present herein the first FRET-based small-molecule
ratiometric fluorescent probe (PNCy3CyS) for detection of
OONO™ (Scheme 1). It specifically localizes at mitochondria,

Scheme 1. Structure of PNCy3CyS and Its Detection
Mechanism

ex 530nm ex 560nm

Newdbne Newdb o) o
> "X  OONO > X

Siatt

O

em 660nm PNCy3Cy5 PNCy3

ex 530nm

I\

Q

the major sources of endogenous OONO™. It also exhibits high
detection sensitivity and applications for semiquantitative
detection of OONO™ in living cells.

The ratiometric detection mechanism of PNCy3CysS is based
on modulating FRET between Cy3 and CyS. The photofading
and photoswiching of cyanine dyes are caused mainly by oxidants
and nucleophiles, through cleaving or forming adducts of
polymethine bridge.'”” The chemostability of a polymethine
cyanine dye toward oxidants deteriorates as its conjugative
backbone elongates.'” Nagano et al. reported that Cy5 and Cy7
are both readily oxidized by OONO™ and that Cy7 is more
susceptible than CyS.>* We envisioned that Cy3, which has
shorter polymethine chain, may show better stability to OONO™.
The reactivity of Cy3 and CyS to OONO™ was tested in
physiological pH. In contrast to CyS, the UV—vis absorption of
Cy3 remained unchanged even with addition of 50 equiv of
OONO", which is consistent with our hypothesis (Figure S2).
This result suggests the possibility to create a OONO™ probe by
fine-tuning reactivity of Cy3 and CyS. Also, Cy3 and CyS are a
popular pair of FRET fluorophores. Therefore, it is possible to
design covalent Cy3—CyS to achieve a FRET-based ratiometric
probe for OONO™. The judicious choice of linker between Cy3
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and CyS is also a key factor determining the energy transfer
efficiency. Moerner et al. and Squier et al. have employed the
hexanoyl-hydrazine/ethylenediamine-hexanoyl spacer to tether
Cy3—CyS."” The latter linker is long at ca. 21 A. We chose a
shorter acetyl-piperazyl-hexanoyl linker of ca. 14 A in hope for
enhancing FRET efliciency, as which is inversely proportional to
the sixth power of the distance between the FRET pair."*

The spectral properties of PNCy3CyS were first examined in
0.1 M phosphate buffer (pH = 7.4, 0.2% DMF, v/v). It exhibits
two absorption maxima at 540 nm and at 640 nm, which
respectively correspond to those of the Cy3 and CyS units in its
scaffold. When PNCy3CyS was excited at 530 nm, which
efficiently excites Cy3 but not CyS$, an intense fluorescence
emission of CyS at 660 nm was observed, but not that of Cy3 at
560 nm. This indicates efficient energy transfer between Cy3
donor and CyS acceptor (Figure S8). Upon addition of OONO™
(0—5 equiv), the absorption intensity of PNCy3Cy$ at 640 nm
decreased, while the absorption band at 540 nm remained
unaffected (Figure 1a). Concomitantly, the color of the solution
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Figure 1. (a) UV—vis absorption spectra of PNCy3Cy5 (2 yuM) to
OONO™ (0-S equiv). (b) Fluorescence spectra of PNCy3Cy5 (2 uM)
to OONO~ (0—S$ equiv); inset shows the plot of emission ratio (Fs¢o/
Fgg0) to OONO™ (0—10 uM), 4., = 530 nm. (c) Linear relationship of
emission intensity ratio (Fsgo/Fgs0) to OONO™ (0—700 nM); inset
shows the linear response to lower OONO™ (0—12 nM). (d) Emission
intensity ratio (Fsgy/Feso) of PNCy3CyS (2 uM) in the presence of
various ROS and some physiological nucleophiles (S equiv for CIO~ and
OONO7; 100 equiv for other species). Data were collected at 25 °C in
0.1 M phosphate buffer (pH = 7.4, 0.2% DMF, v/v) within 30 s.

changes from dark purple to pink. Fluorescence titration of a
solution of PNCy3CyS5 with OONO™ demonstrated a decrease
of the emission band at 660 nm and increase at 560 nm (Figure
1b). The fluorescence intensity ratio between 560 and 660 nm
(Fs60/Fego) exhibited a nearly 324-fold enhancement, from 0.04
in the absence of OONO™ to 12.96 upon addition of OONO™ (S
equiv) (Figure 1d). The emission intensity ratio has an excellent
linear relationship with OONO™ in 0—700 nM (Figure 1c). The
detection limit of PNCy3CyS for OONO™ was tested to be as
low as 0.65 nM (Figure I, inset). The detection mechanism of
PNCy3CyS toward OONO™ was in agreement with literature
precedents.'* The structure of the detection product (PNCy3)
was further unambiguously confirmed by MALDI-TOF ([M]* =
m/z 740.4025).

Reactivity of PNCy3CyS$ toward various potentially interfer-
ing species, including ROSs and physiological nucleophiles, were

tested (Figure 1d, Figure S11). CIO™ up to S equiv induced a
minor signal enhancement of 28-fold, while OONO™ triggered a
remarkable enhancement of emission ratio Fs4/Fg4 of over 300-
fold as we have noted. Spectral changes induced by addition of
other various ROSs up to 100 equiv, including H,0,, O,”*, *°OH,
!0,, and ROO®, are not discernible. Other physiological
nucleophiles, such as HSO;~, SO;*~, H,S, Cys, Hcy, and GSH
also induced no obvious changes.

The colocalization experiments of PNCy3CyS were per-
formed in RAW264.7 by costaining with commercially available
Mito-Tracker Green, Lyso-Tracker Green, and Hoechst 33342
(a nucleus-specific dye) (Figure 2). The red-channel fluores-

Scatter Plot

Figure 2. Confocal fluorescence images for intracellular localization of
PNCy3CyS$ in macrophages. Cells were treated with 10 uM PNCy3CyS
for 0.5 h and stained (0.5 h) with 200 nM Mito-Tracker Green, 200 nM
Lyso-Tracker DND-26, or S pg/mL Hoechst 33342. Red channel at
640—680 nm. Green channel at 500—540 nm for Mito-Tracker Green
and Lyso-Tracker Green, 440—480 nm for Hoechst 33342.
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cence of PNCy3CyS showed excellent overlay with green-
channel fluorescence of Mito-Tracker Green, with Pearson’s
correlation coefficient at 0.94 + 0.04 (evaluated by Image]
software), probably due to the ammonium cation of cyanine
fluorophore.”*'® Comparatively, no good overlap was observed
between PNCy3CyS and Lyso-Tracker Green or Hoechst
33342. In addition, the low cytotoxicity of PNCy3CyS was
also demonstrated by MTT assay (Figure S1).

The ability of PNCy3CyS for ratiometric fluorescence
detection of exogenous OONO™ in living cells was examined.
RAW264.7 loaded with PNCy3CyS alone showed negligible
fluorescence in green channel and strong fluorescence in red
channel (Figure 3A,G). A dramatic drop of the red channel
fluorescence and remarkable enhancement in the green channel
fluorescence were observed in cells treated with SIN-1, a
OONO™ donor (Figure 3B,C). The maximal production rate of
OONO™ from SIN-1 was reported to be ca. 1.4% of initial SIN-1
concentration.'® However, cells treated with NOC-18 (dieth-
ylenetriamine), a NO® donor (Figure 3D,G) and MSB
(menadione sodium bisulfite), a O,”* donor (Figure 3E,G)
were almost unaffected. In SIN-1 treated cells, a 4.8-fold and a
29-fold and enhancement in the fluorescence ratio were observed
(Figure 3G). We also found that the enhancement in the
fluorescence ratio (green/red channel) shows a linear relation-
ship with the dose of SIN-1, suggesting that PNCy3CysS is
potentially suitable for semiquantitative studies (Figure 3H).
Furthermore, the enhancement in emission ratio induced by
SIN-1 was significantly abated by the presence of minocycline, a
OONO™ scavenger (Figure 3F,G). These results suggest that
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Figure 3. Confocal fluorescence imaging of PNCy3CyS selectivity with
various exogenous ROS donors in RAW264.7 macrophages. Cells were
treated with 10 uM PNCy3CyS for 0.5 h and then corresponding
stimulus for 2 h. (A) Control; (B) 100 M SIN-1; (C) 1 mM SIN-1; (D)
500 uM NOC-18; (E) 100 uM MSB; (F) 1 mM SIN-1 and 100 uM
minocycline. Green channel at 540—580 nm; red channel at 640—680
nm. Ratio images generated from green/red channel. (G) Average
intensity ratios from ratio images of A—F. (H) Linear relationship of
average intensity ratio with SIN-1 concentration. Error bars represent
standard deviation.

PNCy3CyS can specifically and semiquantitatively detect and
image exogenous OONO™ in living cells.

Next, the potentials of PNCy3CyS in detection of
endogenously generated OONO™ was evaluated in RAW264.7
macrophages, which is known to release OONO™ upon
stimulation of lipopolysaccharide (LPS)/interferon-y (IFN-y)
and phorbol 12-myristate 13-acetate (PMA)."” It is assumed that
the formation of OONO™ in stimulated macrophages can be
regulated by nitric oxide synthase (iNOS) and NADPH oxidase
(NOX)."” In RAW264.7 treated with only PNCy3Cys, a slight
green emission and strong red emission were observed (Figure
4A,E). Upon incubation with LPS/IFN-y for 4 h and then
PNCy3CyS and PMA, RAW264.7 showed a marked decrease in
red channel and a dramatic increase in green channel, resulting in
a 22-fold enhancement of emission ratio (Figure 4B,E). With the
equation in Figure 3H, the level of endogenous OONO™ from
stimulated cells was equivalent to that from ca. 760 yuM SIN-1
treated cells. As expected, cells pretreated with iNOS inhibitor
(1400W) (Figure 4C,E) or NOX inhibitor (apocynin) (Figure
4D,E) accompanied by LPS/IFN-y stimulation, and then
PNCy3CyS and PMA, did not trigger the distinguishable
increase of emission ratio. These results suggest that PNCy3Cy$
is a sensitive fluorescent probe capable of detecting the
endogenous OONO™ in living systems.

It is known that mitochondria are the primary sources of
peroxynitrite. OONO™ could induce mitochondria damages by
oxidation, nitration and nitrosation of mitochondrial compo-
nents.'® The performance of PNCy3CyS for endogenous
OONO™ in mitochondria was established. RAW264.7 treated
with free PNCy3CyS showed weak green fluorescence and
intense red fluorescence (Figure SA). In RAW264.7 stimulated
with LPS/IEN-y for 4 h and then PNCy3CyS$ and PMA, it was
observed that red emission diminished and green emission
increased significantly, along with outstanding overlay with blue
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Figure 4. Confocal fluorescence imaging of endogenous OONO™ with
PNCy3Cys in stimulated RAW264.7 macrophages. Normal cells (A)
were treated with only 10 kM PNCy3CyS for 0.5 h. Stimulated cells
(B—D) were treated with 1 ug/mL LPS, 50 ng/mL y-IEN, and various
inhibitors for 4 h, then 10 uM PNCy3CyS for 0.5 h, following 20 nM
PMA for 0.5 h. (A) Control; (B) LPS/y-IEN; (C) LPS/y-IEN and 100
nM 1400W; (D) LPS/y-IEN and 100 4#M apocynin. Green channel at
540—580 nm; red channel at 640—680 nm. Ratio images generated from
green/red channel. (E) Average intensity ratios from ratio images of A—
D. Error bars represent standard deviation.
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Figure 5. Confocal fluorescence imaging of endogenous OONO™ with
PNCy3Cy5 at mitochondria in stimulated RAW264.7 macrophages.
Cells were treated with 1 yg/mL LPS, 50 ng/mL y-IEN for 4 h, 10 uM
PNCy3Cys for 0.5 h, 20 nM PMA for 0.5 h, and then stained with 200
nM Mito-Tracker Green for 0.5 h. (A) Control; (B) LPS/y-IFN and
PMA. Green Channel at 540—580 nm; red channel at 640—680 nm;
ratio images generated from green/red channel.

fluorescence from Mito-Tracker Green. To the best of our
knowledge, it has not been reported previously a small-molecule
probe for ratiometric imaging of endogenous OONO™ in
mitochondria.

In conclusion, we have developed a FRET-based fine-tuning
reactivity probe (PNCy3CyS) for ratiometric detection of
peroxynitrite. In the presence of OONOT, a fluorescence
intensity increase at 560 nm and a decrease at 660 nm were
observed. The emission ratio (Fsgo/Fego) displays a large dynamic
increase of up to 324-fold. An excellent detection limit of 0.65
nM was measured. PNCy3CysS is feasible for cellular imaging
studies. It freely permeates cell membrane and specifically
localizes in mitochondria, the major source of endogenous
peroxynitrite. PNCy3CyS can be used in semiquantification of
cellular OONO™ because the emission ratio of the green channel
(540—580 nm) and red channel (640—680 nm) is linear to the
concentration of added SIN-1. With PNCy3CysS, the endoge-
nous OONO™ generated in stimulated macrophage cells was
successfully detected. These results make it a promising
candidate for elucidating the involvement of OONO™ in various
biological processes in living cells.
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