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Abstract

Methods to efficiently deliver fluorophores across the cell membrane are crucial for imaging the 

dynamics of intracellular proteins using fluorescence. Here we describe a simple protocol for 

permeabilizing living cells using Streptolysin O, a bacterial toxin, which allows transient uptake of 

fluorescent probes for labeling specific intracellular proteins. The technique is applicable for 

delivering different classes of fluorescent probes with a molecular weight of <150 kDa, and it is 

also applicable to a variety of different cell lines. The technique enables the utilization of a broad 

range of fluorophores for live cell imaging of intracellular proteins. Extended observation of 

intracellular fluorescence bound to specific proteins is now possible through super-resolution 

microscopy by using fluorophores that are photostable in “cell-friendly” de-oxygenating and 

reducing conditions.

INTRODUCTION

Recent advances in super-resolution fluorescence microscopy have made it possible to 

obtain sub-diffraction-limited images of cellular structures and protein-protein complexes 

inside the cell (Betzig et al., 2006; Gustafsson, 2005; Rust et al., 2006; Yildiz et al., 2003). 

However, the application thus far has been mostly limited to imaging in vitro or fixed 

samples, except for techniques that rely on photoactivatable or photoswitchable fluorescent 

proteins (Betzig et al., 2006; Hofmann et al., 2005). Fluorescent photoactivatable proteins, 

while frequently used in super-resolution microscopy has its limitations, such as 

photostability and limited choice of colors. Furthermore, when plasmid DNA encoding the 

fluorescent fusion protein is incorporated into the cell by transient transfection, it causes the 

overexpression of the target protein, which may influence the interpretation of experimental 

results. Availability of a wide array of fluorescent dyes would be extremely helpful for the 

advance of (regular and) super-resolution fluorescence microscopy. However, at the moment 

there are only a few fluorescent probes that can reach inside the cytoplasm of a living cell. 

Permeability is either limited by the fluorophore or the entity that the fluorophore attaches 

to, whether it is a ligand or a protein. To name a few fluorophores that suffer from such 

limitations, ATTO647N has extraordinary photostability and is excellent for single particle 

tracking, but is cell-impermeant. Another example of a cell-impermeant fluorophore 
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commonly used in blinking-based super-resolution imaging is Alexa Fluor 647. 

Furthermore, fluorophores that are cell-permeant when attached to small molecules or by 

itself will become membrane-impermeant when attached to proteins, such as single-domain 

nanobodies, antibody fragments, and antibodies; therefore they have limited utility. Since the 

success of super-resolution fluorescence experiments on living cell depends greatly on the 

ability to label the protein of interest with a fluorescent probe, it becomes important to 

explore simple methods to deliver these cell-impermeant fluorescent probes. There are 

numerous established techniques for delivering small fluorescent probes to macromolecules 

intracellularly. These include microinjection, bead loading, electroporation, cell squeezing, 

pore-forming toxin-based techniques and microfabrication-based techniques (Betzig et al., 

2006; Hennig et al., 2015; Kim et al., 2008; Kollmannsperger et al., 2016; Lyon and 

Stasevich, 2017; McNeil and Warder, 1987; Okada and Rechsteiner, 1982; Walev et al., 

2001; Wu et al., 2015). In this unit, we describe the use of pore-forming toxin, mainly 

Streptolysin O- (SLO) based techniques for delivering fluorescent probes, which has the 

following advantages over other cell-permeabilization techniques. 1) The procedure 

permeabilizes a monolayer of cells on the surface, as opposed to one cell at a time (as is 

used for microinjection). 2) The procedure can lead to permeabilization of >85% of the cells 

with less than 10% cell death; a good permeabilization to cell viability ratio. 3) The 

procedure is quick and straightforward without the need for special reagents and additional 

instrumentation, thus its relatively inexpensive to perform compared to other techniques. 4) 

The technique can be applied for imaging adherent cell lines without transferring cells 

between different surfaces, allowing the capture of protein dynamics within an hour of probe 

delivery. 5) The toxin makes a two-way opening that allows small, unbound fluorophore to 

escape (typically < 2kD), lowering the background from freely diffusive fluorophores in the 

cytoplasm. 6) The procedure requires incubation with 100 μL of a few hundred nanomolar 

of fluorescent probe per coverslip, which is significantly less than needed for other methods. 

Although the technique is robust, it does require optimization. Parameters to consider in the 

SLO-based loading technique includes concentration of SLO toxins to use for different cell 

lines, size and specificity of fluorescent probe, and concerns of cell health post-

permeabilization due to over-permeabilization. Since the application of SLO loading 

technique described in this unit is geared towards imaging proteins inside living cells, 

strategies to extend the lifetime of fluorophore inside the living cell, and which dye to use 

for specific applications are also discussed.

BASIC PROTOCOL 1: Reversible Permeabilization of Living Cell with SLO

SLO-based probe delivery involves only two steps: permeabilization of the cells by SLO, 

and recovery. The amount of SLO to use for permeabilization depends on both the 

confluency of the cell and the cell line. It is necessary to first perform a titration experiment 

every time a new cell line is used, or new stock solution of SLO is prepared (see Support 

Protocol 1). In the Imaging section (Support Protocol 2), details on how to extend the 

lifetime of fluorophore using Oxyrase, and how to efficiently induce blinking using 

glutathione is explained.
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Materials

Streptolysin O (S5265 Sigma, dissolve the entire contents of the vial (25,000–50,000 

U) in 1 mL molecular biology grade water. Place 10 uL of dissolved Streptolysin O in 

500 μL Protein Low Bind tubes (Eppendorf, Catalogue No. 0030108094) and store in 

aliquots, flash freeze the aliquots in liquid nitrogen, store at −80°C)

0.5 M TCEP (dissolve appropriate amount of TCEP-HCl in 10x PBS, prepare 10-μL 

aliquots in 0.6 mL microfuge tubes and store in −80°C)

DPBS, no calcium, no magnesium, 37°C

1 M MgCl2 (in ddH2O sterile filtered)

DPBS 1 mM MgCl2

Tyrode’s solution

DMEM (phenol red free) with 4.5g/L glucose, L-glutamine, and sodium pyruvate

FBS (heat inactivated)

50x Nucleotide glucose mixture (100 mM ATP, 100 mM GTP, 100 mg/mL Glucose)

Recovery buffer (10% FBS, DMEM (phenol red free), 1x Nucleotide glucose 

mixture)

10X Casein (Vector Lab, optional)

Fluorescent Probes (at least a 5 μM stock)

35 mm glass bottom dish with 14 mm micro well center (Cellvis #D35-14-1-N)

Adherent cells grown to ~75% confluency. Adherent cells are typically sub-cultured 

on a 35 mm glass bottom dish 2 days before the permeabilization experiment. The 

optimal degree of confluency of cells depends on the experiment, but in general, the 

result of permeabilization is more reproducible at higher confluency. Therefore, we 

recommend no less than 75% confluency of cells.

Activation of SLO:

1 Immediately before experiments thaw one aliquot of 10 μL SLO stock and 0.5 

M TCEP stored in −80°C freezer.

2 Add 0.2 μL of 0.5 M TCEP to the SLO aliquot, incubate at 37°C for 20 minutes.

3 Warm DPBS, DPBS 1 mM MgCl2, Tyrode’s solution, and recovery buffer in 

37°C water bath.

4 Prepare appropriate dilutions of fluorescent probes, typically at a concentration 

of 200–600 nM in 100 μL Tyrode’s Solution. A 40x diluted 10x casein 

[*Author: the previous phrase is unclear. Please clarify how much casein should 

be added.] can be added to the dye mixture to prevent non-specific binding of 

fluorescent probes to cells and coverslip.

Permeabilization of cells:

Teng et al. Page 3

Curr Protoc Protein Sci. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5 Dilute activated SLO from Step 2 to appropriate concentration in DPBS 1 mM 

MgCl2 (see Support Protocol 1 for detail).

6 Completely remove cell culture media and wash three times with DPBS.

7 Incubate cells with 100 μL of diluted SLO solution. Make sure the SLO solution 

completely covers the glass part of the glass bottom dish. Put the cells with SLO 

solution back into the 37°C 5% CO2 incubator for 5–10 minutes. Optional: At 5 

minute mark, check the cell morphology under phase contrast microscope at 20x 

magnification. Depending on the cell line tested, successful permeabilization 

will show signs of enlarged nucleolus immediately after SLO incubation (Figure 

1).

8 Remove the SLO solution from cells, gently wash the cells three times with 

DPBS 1 mM MgCl2.

9 Add fluorescent probes solution prepared in step 4 to the cells, incubate the cells 

with fluorescent probe on ice for 5 minutes.

10 Discard the fluorescent probe solution, wash cells three times with Tyrode’s 

solution.

11 Add sufficient recovery buffer to cover the glass bottom dish (>100 μL). 

Incubate cells in recovery buffer for at least 20 minutes in a 37°C 5% CO2 

incubator.

12 Remove recovery buffer from cells, and replace with imaging buffer of choice 

(e.g., DPBS or 10% DMEM Phenol red-free). The nucleolus of the cells should 

now appear less distinctive. (Figure 1).

Support Protocol 1: Optimization of SLO Concentration for 

Permeabilization

This protocol describes how to determine the optimal SLO concentration for the experiment. 

All the cell lines the authors have tested thus far have been permeabilized using the 

concentration gradient 200–0 U/mL. The degree of permeabilization can be determined 

quantitatively or qualitatively by examining the fluorescence microscopy images.

Additional Materials (See also Basic Protocols)

Cultured adherent cells

Fluorescent probes for marking permeabilized cells, we use either phalloidin- 

ATTO488/Alexa Fluor 647, or various sized dextrans (10, 40, 70 kDa FITC-Dextran)

Permeabilization of cells:

1 Culture adherent cells in a 8-well chamber until ~75% confluency is reached.

2 Activate SLO following the step 1 and 2 outlined in Basic Protocol.
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3 After SLO activation, dilute SLO toxins into a gradient of concentration, we use 

200 U/mL, 175 U/mL, 150 U/mL, 100 U/mL, 75 U/mL, 50 U/mL, 25 U/mL, 0 

U/mL, assuming the stock is at 25,000 U/mL.

4 Withdraw and discard all culture media in 8-well chamber.

5 Wash the cells in the 8-well chamber three times with 300 uL of DPBS.

6 Add solution with different SLO concentration into each of the 8-well chamber.

7 Incubate the 8-well chamber at 37°C for 10 minutes.

8 Dilute the fluorescent marker to 0.5–1.0 μM in Tyrode’s solution.

9 Remove the SLO solution, wash the cells three times with DPBS 1 mM MgCl2.

10 Add fluorescent probe marker for cell permeabilization. Incubate on ice for 5 

minutes.

11 Remove fluorescent marker solution. Wash the cells three times with Tyrode’s 

solution.

12 Removed the last wash with Tyrode’s buffer. Recover the cells using 100 μL of 

the recovery solution for 15 minutes. Keep the cells in 37 °C, 5% CO2 incubator 

during the recovery.

13 Observe the cells under the microscope.

The permeabilization may be un-even at the edge of the well. Assess the degree of 

permeabilization at the center of the well. An optimal SLO concentration to use for the 

experiment would show >50% of the cells stained by the fluorescent probes, while dead 

cells stained by propidium iodide is at a minimum (<10%). An example of cell 

permeabilized at different concentrations of SLO is shown in Figure 2.

14 If the probe did not enter the cell even at 200 U/mL see section on 

troubleshooting.

Support Protocol 2: Improving the Photostability of Delivered Fluorescent 

Probes During Imaging

The use of SLO opens up the selection of dyes that can be used for fluorescence microscopy 

experiments. Some of these dyes may benefit greatly from de-oxygenating additives (Cy3, 

Alexa Fluor 647, etc.). Below, we describe strategies to prolong the photostability of 

fluorescent dyes in living cells under continuous illumination or stochastic activation.

Materials

Permeabilized cells (output of Basic Protocol 1)

Oxyrase (Oxyrase Inc.)

Sodium D-Lactate

Glutathione, reduced
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Prepare Oxyrase and sodium lactate stock solutions:

1 Thoroughly mix Oxyrase and flash freeze in 400 μL aliquots, store up to 18 

months in −20°C.

2 Prepare 1 M sodium D-lactate solution in ddH2O, aliquot in 80μL volume and 

store at −20°C.

Prepare Imaging Buffer for Live Cell on a 35 mm glass bottom dish:

3 Centrifuge Oxyrase stock solution at 3,830×g for 5 minutes to remove/pellet 

large aggregates.

4 Collect the supernatant, add the entire 400 μL of supernatant to 4 mL of phenol 

red free DMEM with 10% FBS.

5 Add sodium lactate solution to the Oxyrase media mixture enough to make the 

final concentration of lactate 20 mM.

Prepare cells for imaging:

6 Remove the recovery media at the end of the Basic Protocol from the dish.

7 Add Imaging Buffer to the dish, fill it almost to the top of the dish.

8 Put the lid on the dish and seal with parafilm, if possible. Make sure the parafilm 

does not touch the sample holder to avoid focus drift, which is the slow shifting 

of x-y-z position of the coverslip due to elasticity of the parafilm making contact 

with the microscope sample holder.

The enzyme in Oxyrase removes oxygen from the imaging buffer, 

lengthening the photostability of the fluorophores. After 5 minutes of 

incubation with the imaging buffer, the cells are now ready to be 

imaged in deoxygenated buffer.

The fluorophore should demonstrate prolonged photostability (Figure 

3a).

SUPPORT PROTOCOL 3: Prepare Recovery and Imaging Buffer for Live Cell 

dSTORM experiment

Streptolysin O enables the delivery of otherwise cell-impermeant dyes, including dyes that 

are used for super-resolution imaging (dSTORM). Below is an optional protocol on how to 

perform a dSTORM experiment using delivered fluorophores capable of photoactivation and 

deactivation. For a list of fluorophores capable for dSTORM please see the Commentary 

section.

Materials (see Basic Protocol)

1. Prepare 100 mM of glutathione solution in ddH2O and keep on ice during the 

SLO activation step in Basic Protocol.

2. Add 4 uL of 100 mM glutathione to the recovery buffer.
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3. Follow the rest of the Basic and Imaging protocol [*Author: Please specify 

which protocol(s) and the step numbers for each.] in the presence of Oxyrase in 

the imaging buffer.

4. For super-resolution imaging (dSTORM), use the lowest 405 nm laser power 

necessary to activate ~300 events per frame (Figure 3b).

The number of molecules that turn on in response to 405 nm laser will 

decrease over time due to photobleaching. The power of 405 nm laser 

can then be increased to turn on more molecules, until there are no more 

molecules left to be turned on.

Reagents and Solution—Tyrode’s Solution:

140 mM NaCl

5 mM KCl

1 mM MgCl2

10 mM HEPES

10 mM glucose

pH 7.4

sterile filtered, store at 4°C for one year.

COMMENTARY

Background Information

Streptolysin O and other pore-forming toxins have been used to permeabilize cells to DNA, 

RNA, and ligands, and inert proteins for many decades (Nitin and Bao, 2008; Rajapakse et 

al., 2010; Teng et al., 2016; Walev et al., 2001). However, the method to recover cells varies 

greatly among publications. The recovery method has been reported to be as simple as using 

calcium-containing buffer to as complicated as addition of mammalian cell extracts with 

additives (Boyle and Lieberman, 1999; Kano et al., 2012). There is also great variation in 

recovery time for the cells to return to a healthy state, from minutes to couple of hours 

(Kano et al., 2012; Nitin and Bao, 2008; Walev et al., 2001). In our experience, we found 

that calcium, FBS, and cell culture media separately was not able to induce cell recovery 

(Teng et al., 2016). On the other hand, 15 minutes of incubation in complete medium 

(phenol red-free medium plus 10% FBS) was enough to induce recovery in the adherent cell 

lines that were tested (CHO-K1, COS7, HeLa, U2OS, etc.). If the cells do not recover within 

the given time using the recovery buffer, most likely the cells were over-permeabilized, and 

the cells are now beyond repair. Cells that fail to recover after permeabilization will remain 

permeable to propidium iodide and a variety of large sized molecules, but they will 

eventually lyse and detach from the surface.

To obtain reproducible results with SLO, it is necessary to optimize the concentration of 

SLO used for permeabilizing the cells. There have been reports of using flow cytometry to 

optimize SLO permeabilization and minimize cell death (Spiller and Tidd, 1995; Walev et 
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al., 2001). The method of optimization depends on what instrument the lab has access to. In 

our laboratory, assessing the degree of permeabilization by imaging is convenient and 

directly translates to what we would observe in the actual experiment.

Our goal of applying the SLO technique was to enable the delivery of fluorescent probes. 

However, one should be aware that some fluorescent probes are toxic to cells. For example, 

dye-conjugated phalloidin and DAPI were efficient molecules for proof of concept 

demonstration of SLO permeabilization but these molecules could be toxic to the cell. 

Therefore, toxicity should be considered when interpreting the biological data obtained after 

delivering these probes.

Critical Parameters

Cell line—The cholesterol content of the cell membrane will influence the concentration of 

SLO needed to induce permeabilization. In addition, there are various wash steps in the 

permeabilization protocol that are not suitable for weakly adherent cells. We have 

encountered cell detachment when using HEK cells due to it not being able to withstand 

repetitive washes. For non-adherent cells, it is theoretically possible to exchange buffers 

outlined in this protocol by centrifugation, but it has not been extensively tested. Lastly, at 

high confluency, higher concentrations of SLO will be required to permeabilize a monolayer 

of cells. We found that highly confluent (>80% confluent) cells were able to tolerate a 

greater range of SLO concentration and permeabilization time at high SLO concentration, 

thus yielding overall more reproducible results. Cells respond differently to excess amounts 

of SLO; some cells will detach when severely permeabilized (3T3 cells), and some cells will 

remain adherent, but round up (CHO-K1 cells). In certain cell lines, the effects of 

permeabilization can be observed morphologically immediately after 5–10 minutes of SLO 

incubation, and the change in morphology will disappear after the recovery step.

Concentration of the fluorescent probe—The upper limit of probe concentration that 

can be used depends on the degree of nonspecific binding of the fluorescent probe to the cell 

membrane and coverslip. Adding excess fluorophore may cause it to stick non-specifically, 

causing high background. When using small ligand probes (<3 kDa), the concentration of 

the probe can be up to few μM if it does not cause non-specific binding. Since small ligand 

probe eventually leaks out during cell recovery, unlabeled dyes are not a cause of concern. 

However, when using protein-based fluorescent probes, one should be aware of the freely 

diffusive fluorescent probes inside the cell. With a transfected cell system, the amount of 

expressed protein is often very large and likely will exceed that of the delivered fluorescent 

probes, and therefore no unlabeled protein will be observed. For labeling native protein, the 

amount of excess fluorescent probe in the cell will depend on the abundance of the native 

protein of interest. It is very important to have the highest purity of nanobody/antibody for 

intracellular delivery in order to avoid unnecessary background of floating dyes.

Fluorescent Dye of choice—The choice of fluorescent dye should be made based on the 

type of fluorescence microscopy experiment to be performed. For long-term tracking of 

individual protein dynamics, photostable dyes like ATTO647N can be used without a de-

oxygenation system. A de-oxygenation environment without proper triplet state quencher 
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may reduce the fluorescence intensity of ATTO647N dye. For observing cellular structure 

using activation/de-activation-based super-resolution technique, Alexa Fluor 647, Cy3B or 

other photo-activatable dyes should be used. When using photo-activatable dyes, it is often 

necessary to include de-oxygenation system and reducing environment.

Troubleshooting

No permeabilization is observed—When no permeabilization is observed, make sure 

that SLO has been activated with a reducing agent. The SLO should also not be left activated 

for longer than 3 hours before use, as it will be less potent. Observing cell death by the 

addition of SLO in the optimization experiment is the first step to make sure that the SLO is 

effective on the particular cell line of choice. Once cell death is observed, one simply needs 

to dilute the SLO concentration to reach an optimal balance between permeabilization and 

cell death. The presence of calcium and serum in the permeabilization buffer will also inhibit 

permeabilization. Lastly, the activity of SLO is a function of temperatures, for instance at 

4°C we observed no permeabilization of cells, so it is vital to keep the incubation of SLO 

and the cells at 37 °C for consistency.

Excessive cell death or detachment—As mentioned, observing cell death means SLO 

is effective on the cell line of choice. The concentration of SLO will need to be further 

diluted to prevent cells from dying. Also make sure that the recovery buffer has the correct 

formulation. The volume we recommend for various incubation steps is just 100 μL, which 

is barely enough to cover the center of the glass bottom dish. Make sure that the center is not 

dried up or fluid has leaked into the surrounding, causing the cells to be exposed to air. 

Another possible solution for cell lines that are sensitive to temperature change is to incubate 

the non-calcium/casein-containing fluorescent probe along with SLO during the 

permeabilization step to avoid putting cells on ice during recovery.

No improvement in photostability after adding Oxyrase—The time it takes for 

Oxyrase to deplete oxygen depends on the concentration of the enzyme (Oxyrase) and the 

concentration of sodium lactate, as well as the dimensions of the imaging chamber. More 

Oxyrase and sodium lactate can be added to increase the efficiency of oxygen depletion. 

Keep in mind that excess sodium lactate can increase the osmotic pressure of the buffer, 

which may cause the cells to adopt hyperosmotic morphology. In addition, it is also possible 

that the dye is insensitive to the amount of oxygen in the solution. Alexa Fluor 647 shows 

great contrast with and without oxygen, and is currently our dye of choice to test the 

efficiency of the oxygen-scavenging system.

Anticipated Results

In a successful experiment involving SLO permeabilization, most of the cells (85%) appear 

permeabilized as exhibited by morphology changes or enlarged nucleolus under phase 

contrast microscope after 5–10 minutes of SLO incubation at 37 °C. These changes 

disappear after the recovery step, and the cells appear “normal” once again. Under a 

fluorescence microscope, the delivered probe will appear co-localized with the target (if a 

fluorescent protein is attached to the target). If the labeled protein is a part of the cellular 

structure, (e.g., mitochondria, cytoskeleton, etc.), the fluorescence image of the delivered 
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probe should resemble the cellular structure. The labeled protein should ideally resume 

normal cellular functions. For example, transcription factors should properly respond to 

external stimuli, and molecule motors should show directed motion. When performing the 

experiment in imaging buffer, the fluorophore should last much longer in the absence of 

oxygen, and should be photoactivatable in the presence of a reducing environment. The 

improvement in photostability depends on the fluorophore used, and the duration of 

photoactivation could last close to one hour.

Time Consideration

The permeabilization experiment takes roughly 1 hour to perform, including the activation 

of SLO and recovery of the cells. The imaging experiment typically takes 1 hour, which 

depends on several factors, such as the sensitivity of the cell to pH change, temperature, and 

phototoxicity. If de-oxygenating condition is required, we have been able to successfully 

reactivate and deactivate fluorophore for up to 1 hour in a de-oxygenated environment 

created by Oxyrase.
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Figure 1. Morphology Change of the Cells During SLO Permeabilization and After Recovery
Before SLO permeabilization, the nucleolus of HeLa cell does not appear very distinctive 

under phase contrast microscope at 10× magnification. After exposing the cells to SLO for 

10 minutes, the nucleolus of HeLa cells becomes much more distinctive, possibly due to 

stress response caused by a compromised cell membrane. After recovery, the nucleolus 

returns to the state that is visibly similar to cells pre-treated with SLO. Scale bar denotes 10 

μm.
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Figure 2. Titration Experiment Using Different Concentration of SLO
HCT116 cells were incubated with a gradient of SLO concentration (0, 60, 80, 100, 120, 

140, 160, 200 U/mL) before exposing to 40kD-Dextran-FITC. Post-recovery the cells were 

exposed to propidium iodide to access viability. Significant permeabilization to FITC 

Dextran-FITC started appearing at 100 U/mL (green fluorescence, top row). SLO 

concentration above 100 U/mL and below 200 U/mL did not appear to harm the cells as 

indicated by propidium iodide staining (red fluorescence, bottom row). Scale bar denotes 10 

μm.
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Figure 3. Improvement in photostability of dyes inside living cell by using Oxyrase
a) HeLa cells expressing mitochondria-Halotag was labeled with Alexa Fluor 647 

conjugated to Halotag ligand, which was delivered by SLO. Oxyrase was added to imaging 

media, and time series image was recorded under continuously illumination. The 

photobleaching rate of Alexa Fluor 647 improved by roughly 17 times under the influence of 

Oxyrase. b) For the application of super-resolution imaging where de-activation and 

activation of fluorophore is required, glutathione is added to the recovery media. The 

fluorophore, in this case Alexa Fluor 647, was deactivated by intense illumination of 640 nm 

laser, and the fluorophore is re-activated by using pulses of 405 nm laser in the presence of 

glutathione in the cytosol (adapted from (Teng et al., 2016)).
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