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Abstract

We report a mitochondria-specific glutathione (GSH) probe—designated as Mito-Real Thiol
(MitoRT)—that can monitor /n vivo real-time mitochondrial glutathione dynamics, and apply this
probe to follow mitochondrial GSH dynamic changes in living cells for the first time. MitoRT can
be utilized in confocal microscopy, super-resolution fluorescence imaging, and flow cytometry
systems. Using MitoRT, we demonstrate that cells have a high priority to maintain the GSH level
in mitochondria compared to the cytosol not only under normal growing conditions but also upon
oxidative stress.
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Although glutathione (GSH) is exclusively synthesized in the cytosol, it distributes to
intracellular organelles at different concentrations.! Mitochondria are the primary site of
intracellular energy production and the major source of reactive oxygen species (ROS).2
Mitochondrial GSH (mGSH) is a critical component of antioxidant defense systems to
counter the potential oxidative damage generated during normal aerobic metabolism.2
Therefore, a proper concentration of mMGSH is crucial for maintaining the redox homeostasis
in mitochondria. Biochemical assays were used to measure mGSH in isolated mitochondria
from whole cell lysates and suggested the concentration of mGSH is similar to that of the
cytosol (~10 mM).13 Redox-sensitive green fluorescent proteins (roGFPs) have been widely
used to measure the GSH redox potential (Eggy) in living cells.4® Using a mitochondria-
specific roGFP, Bhaskar et al. showed that the values of Eggy are similar in the cytosol and
mitochondria (~ =310 mV).6 However, this measurement approached the detection limit of
roGFP, which may underestimate the mGSH level. Additionally, Egsn is proportional to
[GSH]2:[GSSG]. Changes in Eggy may be due to changes of [GSH], or changes of [GSSG],
or a combination of both. Therefore, to better understand the roles of mGSH and the
regulation of its concentration, a new method is urgently needed to follow the dynamic
changes of mGSH levels in living cells.

Although mitochondria-specific GSH probes were reported previously, all these probes are
based on irreversible reactions and cannot provide any information on mGSH dynamics in
living cells.”:8 Our group reported the first reversible reaction-based GSH probe (ThiolQuant
Green) that can perform single-point quantification of GSH levels in living cells.%10
Building on this work, we,11 Urano!2 and Yoon!3 independently reported reversible
reaction-based fluorescent probes that can quantitatively monitor GSH dynamics in real-
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time. In our design, the RealThiol (RT) probe uniformly distributes inside cells, reversibly
reacts with GSH with a dissociation equilibrium constant Ky of 3.7 mM, and responds to
GSH level changes within 60 s, providing a convenient tool to monitor the global GSH
levels in living cells in real-time. In this contribution, we report a mitochondria-specific
GSH probe, namely Mito-Real Thiol (MitoRT, Fig. 1), and apply this probe to follow mGSH
dynamic changes in living cells and during different biological processes for the first time.

We designed MitoRT by substituting the carboxylic acid groups in RT with a
triphenylphosphium (TPP) group, which can preferentially target mitochondria taking
advantage of the highly negative mitochondrial membrane potential (Fig. 1).14 The 4-carbon
linker between TPP and the Michael acceptor in MitoRT is chosen based on extensive
optimization to balance the mitochondrial specificity of both MitoRT and its GSH adduct
(MitoRT-GSH). In the case of a two-carbon linker, although the probe shows excellent
mitochondria specificity, its GSH adduct displays diffusive distribution in cells, possibly
because the negatively charged GSH neutralizes the positively charged TPP through
intramolecular interactions (Supplementary Figures 1A and 1B). In contrast, with an eight-
carbon linker, the probe is not readily water soluble and mostly adheres to the plasma
membrane of the cell (Supplementary Figures 1A and 1C). In contrast, with a 4-carbon
linker, both MitoRT and MitoRT-GSH provide optimal mitochondria specificity in living
cells (Fig. 1).

MitoRT shows ratiometric fluorescence responses with a wide dynamic range when reacting
with GSH. MitoRT and MitoRT-GSH show fluorescence maxima at 567 and 488 nm with
excitation wavelengths at 488 and 405 nm, respectively (Fig. 2a). When MitoRT (6 uM)
equilibrates with increasing concentrations of GSH (0-80 mM), we observed the absorbance
decreases at 488 nm and concurrently increases at 395 nm with an isosbestic point at 430 nm
(Fig. 2b). Fitting the normalized absorbance at 405 and 488 nm using a sigmoidal function
afforded the dissociation equilibrium constant Kj for the reaction between MitoRT and GSH
to be 1.0 mM (Fig. 2¢). The fluorescence changes of MitoRT are also GSH dose dependent
(Supplementary Figure 2). Plotting the corrected fluorescence intensity ratios (~-Rmin)/
(Rmax-F) as a function of GSH concentrations confers a superb linear relationship (/2 =
0.991) covering the physiological GSH concentration range 1-10 mM (Fig. 2d), in which R
= Fy05/Fags. Fags and Fagg are the fluorescence intensities for RT-GSH and RT, respectively.
Rmin and Rmax are the R values at 0 and saturating (80 mM) GSH concentrations,
respectively. Based on Lavis’s pioneering work,1® we introduced an azetidine group to
substitute the diethylamino group in coumarin to increase the quantum yield and
photostability of the probe. The quantum yields of MitoRT and MitoRT-GSH are 0.20 and
>0.97 in PBS, respectively (the quantum yield of MitoRT-GSH is greater than that of the
reference rhodamine, which is 0.97). Due to both the high abundance of GSH and the
millimolar Kj value, we observed F4gs/F4gg changes only when MitoRT reacted with GSH
but not with other thiols, reactive oxygen or nitrogen species (ROS/RNS) at their
corresponding physiological concentrations (Fig. 2e).

MitoRT shows fast reaction kinetics with GSH in both forward and reverse directions,
enabling real-time monitoring of mMGSH dynamics in living cells. To measure the forward
reaction rates, we mixed MitoRT (1 uM) with an equal volume of GSH solution (5 mM) at
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pH 7.4 and monitored the formation of MitoRT-GSH using a stopped-flow mixer with
fluorescence detection (Aoy = 395 nm) (Fig. 2f). Unlike the pseudo first-order reaction
kinetics between RT and GSH, the reaction Kkinetics between MitoRT and GSH are biphasic.
The detailed kinetic analyses between a series of GSH probes and GSH will be reported in a
follow-up study. A representative biphasic Kinetic trace is shown for the reaction between
MitoRT and 5 mM of GSH with Agst = 0.51 571 and Agjqy = 0.042 s71 (Fig. 2f). With 5 mM
of GSH, it takes 26.5 seconds to reach 90% of reaction completion. To measure the reverse
reaction rates, we mixed a pre-equilibrated mixture of MitoRT (1 uM) and GSH (5 mM)
with an equal volume of PBS and followed the disappearance of MitoRT-GSH fluorescence
(Aex =395 nm) (Fig. 2g). Similar to the forward reaction, the reverse reaction Kinetics is also
biphasic with a 90% completion time of 32.4 seconds. To further demonstrate the
reversibility of the reaction between MitoRT and GSH, we sequentially added GSH to a
MitoRT solution (1 pM) to reach final GSH concentrations of 0.5, 1.0, 2.0, and 3.0 mM, and
observed step-wise establishment of equilibria by monitoring the fluorescence changes of
MitoRT-GSH (A¢x = 405 nm), a hall-mark of reversible reactions (Fig. 2h). We then added -
N-methylmaleimide (NMM, final concentration of 3.0 mM) to scavenge all the added GSH
and observed complete recovery of MitoRT fluorescent signal, demonstrating that the
reaction between MitoRT and GSH is fully reversible.

To demonstrate the mitochondria specificity of MitoRT and MitoRT-GSH in living cells,
HeLa cells were incubated with MitoRT (1 uM) and MitoTracker Red CMXRos for 30
minutes and imaged using a confocal microscope with excitation wavelengths of 405, 488
and 595 nm. As shown in Fig. 3a, both MitoRT and MitoRT-GSH staining colocalize well
with MitoTracker Red staining, demonstrating high mitochondria specificity of MitoRT and
MitoRT-GSH. Quantitative colocalization analyses validate a significant correlation based
on the Pearson’s and Manders’ coefficients (Person’s coefficient = 0.74, Mander’s
coefficients M1 = 0.76, M2 = 0.84).16 Super-resolution fluorescence microscopic imaging
using structured illumination (SIM) further confirms mitochondrial morphology based on
MitoRT staining (Fig. 3b).

MitoRT responds to the real-time changes of mGSH levels in living cells. For cells treated
with MitoRT (1 pM final concentration in culture medium), real-time ratiometric images
reflecting mGSH levels in single cells can be generated by dividing the fluorescence
intensity value from the 405 nm channel by that from the 488 nm channel at each
corresponding pixel (F495 nm/F4gg nm) (Fig. 3c). It should be noted that due to the dynamic
nature of mitochondria, both 405 and 488 nm lasers are required to be applied
simultaneously with concurrent collection of fluorescence emissions in both channels (410-
483 nm and 499-624 nm). If the fluorescence images were acquired sequentially under the
two excitation wavelengths, significant image offsets could be observed, resulting in
artefacts in ratiometric analyses. To monitor dynamic changes of mGSH upon oxidative
stress, MitoRT stained HeLa cells were treated with a bolus addition of 100 pM of H,0,.
Time-lapsed confocal imaging showed a rapid decrease of fluorescence intensity in the 405
nm channel along with a concurrent increase in the 488 nm channel. The changes of the
ratiometric map (F405 Nm/F4gg nm) revealed a dramatic reduction of mGSH levels in
mitochondria due to oxidative stress, and demonstrate the ability of MitoRT to sensitively
monitor mGSH homeostasis in living cells. It should be noted that the mGSH level
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recovered to the basal level after 400 seconds, presumably due to glutathione reductase
activity in mitochondria (Figs. 3¢ and 3d), suggesting that application of MitoRT at 1 uM
level does not affect endogenous redox balance in mitochondria. Interestingly, if 500 pM of
H,0, was added to HeL a cells, we could not observe the recovery of mGSH level. These
experiments demonstrate that MitoRT reversibly reacts with GSH inside cells and can
monitor mGSH dynamics.

In addition, we applied fluorescence activated cell sorting (FACS) to demonstrate that
MitoRT can be used to compare mGSH levels in living cells in a high throughput manner
(Figs. 3e and 3f). Serum starvation is known to trigger oxidative stress in cells.1” However,
the changes of the mGSH level, if any, during serum starvation are unknown. HelL a cells
were cultured in Dulbecco modified eagle medium (DMEM) with or without 10% of fetal
bovine serum (FBS) for 24 h. We then stained the cells with 1 uM of MitoRT for 15 minutes
at 37 °C prior to FACS analysis. Pacific blue (Agx = 405 nm, Agy = 430-470 nm) and PE
channels (Agx = 488 nm, Agm = 549-601 nm) were used. Ratio F4g95 nm/F4gg nm, which is
positively correlated with the mGSH levels, was calculated based on the fluorescence
intensities from the two channels. As shown in Fig. 3e, FBS deprivation caused an increase
of the mGSH level compared to the cells cultured with FBS. Because GSH can only be
synthesized in the cytosol, the increase of mMGSH level during FBS starvation must be due to
GSH import from the cytosol. Interestingly, based on RT measurements, the cytosolic GSH
level remains unchanged under the same FBS starvation condition (Fig. 3e). On the other
hand, if sulfur containing amino acids (SCAAs) were depleted from the medium to prevent
GSH synthesis, FBS starvation induced a similar increase of mGSH, but a significant
decrease of cytosolic GSH. Together, these results suggest that upon serum starvation,
cytosolic GSH synthesis is increased and imported into mitochondria to support the increase
of mGSH. We also found that if cells were cultured in DMEM with FBS but without SCAAS
to restrict GSH synthesis, mGSH maintains the same level as the cells cultured in regular
DMEM with FBS, while cytosolic GSH decreases. Thus, these experiments demonstrate that
cells have high priority to maintain the mGSH level compared to the cytosolic GSH level.

In summary, we have developed a fluorescent probe that enables real-time imaging of
mGSH in living cells. We demonstrate that MitoRT preferentially reacts with GSH under
physiological conditions and responds to both increases and decreases in GSH levels within
30 seconds. Furthermore, MitoRT has a high quantum yield, which allows minimal
perturbation of the biological system by using 1 uM of the probe. In addition, MitoRT is
capable of monitoring mGSH changes upon redox perturbance, which is essential in
studying mitochondria redox biology, especially fast processes, in living cells. Not only
suitable for fluorescence imaging studies, MitoRT can also be conveniently applied in flow
cytometry to compare mGSH levels and potentially be multiplexed with other probes and
cell surface markers. Using both RT and MitoRT probes, we demonstrated that cells
prioritize to maintain mGSH levels compared to the cytosolic GSH level at different growth
conditions. MitoRT will be a useful tool in studying mGSH dynamics and transportation and
advance our understanding of the physiological and pathological roles of mGSH in living
cells.
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Mito-RealThiol (MitoRT) MitoRT-GSH

Figure 1.
The reversible Michael addition reaction between MitoRT and GSH. The function of each

moiety in RT is highlighted (QY: quantum yield). The wiggled bond indicates either cis or
trans configuration of the double bond.
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%. MitoRT. (a) UV-vis (unshaded) and fluorescence (shaded) spectra of MitoRT (green) and
- MitoRT-GSH (blue), the GSH adduct. (b) Absorbance of equilibrated mixture between
MitoRT and different concentrations of GSH (0, 0.16, 0.31, 0.63, 1.25, 2.5, 5, 10, 20, and 80
mM). (c) Sigmoidal relationship between normalized absorbance at 405 and 488 nm and
GSH concentrations. (d) Linear relationship between (/- Rmin)/(Rmax-#) and GSH
concentrations. R = F4g5/Fags. Faos and Fygg are the fluorescence intensities for RT-GSH and
> RT, respectively. Rmin and Rmay are the A values at 0 and saturating (80 mM) GSH
% concentrations, respectively. (e) Reaction selectivity of MitoRT towards GSH. Fluorescence
o ratio F49s5/F4gg was measured after MitoRT probe equilibrated with physiological relevant
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%. mM) solutions. The reaction was followed by monitoring the fluorescence changes of
- MitoRT-GSH (Aex = 395 nm). The kinetic profile is biphasic and the time to reach 90% of
reaction completion is 26.5 seconds. (g) Reverse reaction kinetics between MitoRT and GSH
by mixing equal volumes of a mixture of MitoRT (1 uM) and GSH (5 mM) solution and
PBS. The reaction was followed by monitoring the fluorescence changes of MitoRT-GSH
(Aex = 395 nm). The kinetic profile is biphasic and the time to reach 90% of reaction
> completion is 32.4 seconds. (h) Demonstration of reaction reversibility between MitoRT and
=1 GSH. To a MitoRT (1 pM) solution, GSH was added sequentially to reach final
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Figure 3.

MitoRT-based imaging of mitochondrial glutathione in living cells. (a) Confocal and
ratiometric images of HelL a cells stained with MitoRT and MitoTracker. MitoRT and
MitoRT-GSH are well colocalized with MitoTracker. Scale bar: 10 um. (b) Super-resolution
image of MitoRT in living cells. Scale bar: 5 um. (c—d) Imaging of mGSH level fluctuations
in HelLa cells upon treatment with H,O, (100 uM). Each data point represents the mean
value of 30-75 areas from 8-15 cells analyzed from one representative time-lapsed imaging
experiment. Error bars represent s.e.m. Scale bar: 20 um. (e-f) Comparison of cytosolic and
mitochondrial GSH levels using RT and MitoRT, respectively, under FBS starvation
conditions with and without sulfur containing amino acids in medium. Each bar represents
the mean ratio of 16,000-24,000 cells; error bars represent s.e.m. and were too small to
show clearly.
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