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Abstract
Hydrogen peroxide (H2O2) is able to diffuse across biomembranes but, when cells are
exposed to external H2O2, the fast consumption of H2O2 inside the cells due to H2O2-
removing enzymes provides the driving force for setting up a H2O2 gradient across the
plasma membrane. Knowing this gradient is fundamental to standardize studies with
H2O2 as for the same extracellular H2O2 concentration cells with different H2O2 gradi-
entsmay be exposed to different intracellular H2O2 concentrations. Here, we present the
kinetic background behind the establishment of the H2O2 gradient and show how the
gradient can be determined experimentally using the principle of enzyme latency. Fur-
thermore, we discuss some of the caveats that may arise when determining the H2O2
3
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gradient. Finally, we describe detailed protocols for the experimental determination of
the H2O2 gradient across the plasma membrane in Saccharomyces cerevisiae cells and in
mammalian cell lines.
1. INTRODUCTION

In the 1950s, de Duve and coworkers (De Duve, 1965) found that
active enzymes entrapped within a compartment, such as a membrane,

may display either lower or lack of activity, the so-called latency of the

enzyme, when compared with enzymes free in solution. This latency is

not due to inactivation or inhibition of the enzymewithin the compartment,

but it is caused by the impermeability of the membrane toward the substrate.

There is another possible cause for the latency, as shown by de Duve in his

studies on peroxisomal catalase latency. Catalase latency is due to the fact that

the enzyme is present at a very high concentration and displays first-order

kinetics and so diffusion of the substrate through the membrane becomes a

rate-limiting step. Therefore, although H2O2 is able to diffuse across

biomembranes, when a membrane separates the sites where H2O2 is pro-

duced and consumed, aH2O2gradient is formed across themembrane.When

cells are exposed to external H2O2, the fast consumption of H2O2 inside the

cells due to the presence of H2O2-removing enzymes provides the driving

force for setting up a gradient across the plasma membrane (Fig. 1.1).

In most studies involving H2O2, it is assumed that the rate of H2O2 dif-

fusion through biomembranes (v1) is much faster than the rate of H2O2

intracellular consumption (v3), which has an outcome that the H2O2 con-

centration would be the same extracellularly and intracellularly:

k1 ¼ k2� k3) H2O2½ �out
H2O2½ �in

¼ k2

k2
¼ 1 ð1:1Þ

However, if we consider that the rate of intracellular H2O2 removal is not

negligible, we have:

k3� k1¼ k2) H2O2½ �out
H2O2½ �in

¼ k2þk3

k2
ð1:2Þ

Therefore, the magnitude of the gradient will depend on the overall cellular

capability to remove H2O2 (v3) and on the membrane permeability to H2O2

(v1, v2), which depends on the properties of the membrane and on the ratio

of cellular area/volume. In mammalian cells, cellular H2O2 consumption is



Figure 1.1 Kinetic reasons for the establishment of a H2O2 gradient across the cell
membrane. At steady-state conditions, and if the intracellular consumption of H2O2

is not negligible, the H2O2 concentration inside the cell ([H2O2]in) will be lower than
the H2O2 extracellular concentration ([H2O2]out). The magnitude of the gradient is
dependent on the relative rate values for the intracellular H2O2 consumption (v3)
and the diffusion through the plasma membrane (v2) and is given by the ratio
(k2þk3)/k2. Ps is the permeability coefficient for H2O2 and A/Vin is the ratio between
the area and volume of the cell. Adapted from Antunes and Cadenas (2000).
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largely due to catalysis by catalase and GSH peroxidase (GPx), with a lesser

role for peroxiredoxins. Catalase (Chance, Sies, & Boveris, 1979) and GPx

(Flohé, 1979) both display first-order kinetics and not saturation kinetics

under the conditions prevalent in vivo. So, the gradient between the intra-

cellular (cytosolic) H2O2 concentration ([H2O2]in) and the extracellular

concentration ([H2O2]out) is independent of the H2O2 concentration and

is given by Eq. (1.3), whereR is the ratio of activity of the first-order process

of H2O2 removal between disrupted and intact cells (Nicholls, 1965).

H2O2½ �out
H2O2½ �in

¼R ð1:3Þ

The higher the gradient value obtained, the higher the difference between

the extracellular and intracellular H2O2 concentrations. Since cells have dif-

ferent H2O2 gradients (Table 1.1), this means that for the same extracellular

H2O2 concentration two different cell types, or the same cells under differ-

ent phases of growth or when adapted to H2O2, may be exposed to different

intracellular H2O2 concentrations (Sousa-Lopes et al., 2004).



Table 1.1 The H2O2 gradient across the plasma membrane

Cells
[H2O2]extracellular/
[H2O2]cytosol References

Jurkat T 6.7 Antunes and Cadenas (2000)

MCF-7 1.9�0.6 Oliveira-Marques, Cyrne,

Marinho, and Antunes (2007)

E. coli 8.3 Seaver and Imlay (2001)

S. cerevisiae (haploid)

Exponential phase

wt (BY4741) 1.6�0.2 Branco, Marinho, Cyrne,

and Antunes (2004)

wt adapted to

H2O2 (15 min)

2.0�0.2 Folmer et al. (2008)

wt adapted to

H2O2 (90 min)

3.0�0.5 Branco et al. (2004)

erg3D 0.9�0.2 Branco et al. (2004)

erg6D 1.0�0.2 Branco et al. (2004)

Stationary phase

wt (BY4741) 19.8�6.4 Sousa-Lopes, Antunes, Cyrne,

and Marinho (2004)

ccp1D 18.9�6.0 Sousa-Lopes et al. (2004)

S. cerevisiae (diploid) in exponential phase

wt (BY4743) 3.0�0.7 Matias et al. (2007)

fas1D 2.3�0.1 Matias et al. (2007)

In the case of yeast cells, the gradient reported is only due to catalase.
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1.1. Measuring H2O2 gradients across the plasma membrane
1.1.1 Mammalian cell lines
The H2O2 gradient across the plasma membrane may be obtained using the

principleof enzyme latency fromwhichEq. (1.4)maybederived,bymeasuring

the consumption of H2O2 by intact cells (kintact cells) and disrupted cells

(kcatabolism). In mammalian cells, the H2O2 gradient imposed by both catalase

andGPx,whichhave first-orderkinetics,maybeobtained fromdeterminations

of kGPx, the rate constant for the reaction ofH2O2with glutathione peroxidase

(GPx) and kcatalase, the rate constant for the reaction of H2O2 with catalase.
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R¼ kcatabolism

kintactcells
¼ kGPxþkcatalase

kintactcells
ð1:4Þ

The gradient obtained by applying Eq. (1.4) will be a lower limit, since if

other H2O2-consuming activities would be considered, the gradient would

be steeper. Determination of the contribution of catalase for the gradient

can be easily done in disrupted cells by determining the enzyme activity

in situ, using digitonin to disrupt the plasma membrane but keeping perox-

isomes intact. Determination of the contribution of GPx to cellular H2O2

removal is more complex than that due to catalase. This is due to the GPx

reaction mechanism, which involves an oxidation–reduction cycle of the

Se-cysteine moiety at the active center, using GSH as the reducing agent

(Flohé, 1979):

H2O2þGPxredþHþ���!kGPxred
GPxoxþH2O ð1:5Þ

GPxoxþGSH�!k6 GS�GPxþH2O ð1:6Þ
GS�GPxþGSH�!k7 GPxredþGSSGþHþ ð1:7Þ

Flohé (1979) showed that the kinetics of glutathione peroxidase follows the

equation:

GPx½ �Total
v

¼ f1

H2O2½ �þ
f2

GSH½ � ð1:8Þ

where [GPx]Total is the total concentration of the enzyme, v is the reaction

rate, f1¼1/kGPx red and f2¼1/k6þ1/k7. GPx activity is usually assayed by

following GSH oxidation using relatively high H2O2 concentrations. Under

these conditions, catalysis will be mainly limited by the reduction reactions

(Eqs. 1.6 and 1.7 with their respective rate constants, k6 and k7). However,

for most in vivo conditions and also in experiments where H2O2 is added to

intact cells, catalysis will be mainly limited by the oxidation step (Eq. 1.5

with a rate constant kGPxred). So, common GPx activity assays are not ade-

quate for an accurate determination of the contribution of GPx for H2O2

consumption. Therefore, it is necessary to use a method (Forstrom,

Stults, & Tappel, 1979) which, by using the integrated rate equation of

GPx kinetics, allows the determination of changes in the initial rate of

GPx-catalyzed reaction with low concentrations of H2O2. The integrated

rate equation of GPx is given by Eq. (1.9), where t is time.
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GPx½ �Total� t

H2O2½ �0� H2O2½ �t
¼ f2

GSH½ �þf1

ln H2O2½ �0= H2O2½ �t
� �

H2O2½ �0� H2O2½ �t
ð1:9Þ

GPx requires GSH to complete its catalytic cycle. Titration of GPx activity

with digitonin is not as useful as for catalase because a) GPx latency will be

determined by both H2O2 and GSH, and b) GSH is not transported into

cells (Anderson, Powrie, Puri, & Meister, 1985). While GPx is present in

the cytosol, in mitochondria (Stults, Forstrom, Chiu, & Tappel, 1977),

and in the nucleus (Soboll et al., 1995), most GPx activity is present in

the cytosol and, therefore, an approximation of the cytosolic activity can

be inferred by considering the value found in cell lysates.
1.1.2 Yeast cells
The H2O2 gradient imposed by catalase can be determined by measuring

H2O2 consumption in intact and permeabilized Saccharomyces cerevisiae cells.

In S. cerevisiae cells, the main H2O2-removing enzymes are cytosolic catalase

(Ctt1p) and mitochondrial cytochrome c peroxidase (Ccp1p) (Minard &

McAlister-Henn, 2001), although yeast cells also contain a peroxisomal

catalase and several thiol-dependent peroxidases, including three

non-selenium-dependent glutathione peroxidases (Avery & Avery, 2001;

Wong, Siu, & Jin, 2004). A key issue to apply Eq. (1.4) is that H2O2-

removing enzymes operating in intact cells and in disrupted cells must be

the same, otherwise the gradient obtained is not only due to cellular

permeabilization. All the H2O2 consumption in yeast cells permeabilized

with digitonin is due to cytosolic catalase, under our experimental condi-

tions. This is due to the fact that the other H2O2-removing enzyme activ-

ities, namely, cytochrome c peroxidase activity, are limited in permeabilized

cells by the availability of their reduced substrates. In intact cells, this does

not happen. Therefore, to determine the H2O2 gradient imposed by cata-

lase, it is important to make sure when measuring H2O2 consumption by

intact cells that H2O2 is removed only via catalase. This can be accomplished

by measuring H2O2 consumption by intact cells only after oxidation of the

reducing substrates and by incubating cells in buffer so that the oxidized sub-

strates cannot be reduced (Fig. 1.2). We confirmed by using ctt1D cells that

there was only a minor H2O2 consumption under these experimental con-

ditions thus validating the assumption that we measure a catalase-imposed

H2O2 gradient.



Figure 1.2 H2O2 consumption in wild-type intact S. cerevisiae cells. 120 mM H2O2 was
added to wild-type cells (BY4741, EUROSCARF, Germany) incubated at 30 �C either in
0.1 M potassium phosphate buffer 6.5 (circles) or in synthetic complete (SC) medium
(triangles), and aliquots were taken for measurement of H2O2 consumption using an
oxygen electrode at the indicated times. When cells are suspended in buffer, the addi-
tion of H2O2 leads to an oxidation of the reducing substrates of H2O2-metabolizing
enzymes and the remaining rate of H2O2 consumption is only due to catalase. On
the contrary, cells in SC medium are able to reduce the substrates oxidized by H2O2

and, unlike cells in buffer, the rate does not decrease along the assay.
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2. EXPERIMENTAL COMPONENTS AND
CONSIDERATIONS WHEN MEASURING THE H2O2

GRADIENT IN S. CEREVISIAE CELLS

Reagents

1. H2O2—Make fresh every day the solution using concentrated H2O2

[Perhydrol 30% (m/m), density 1.11 g/mL, MW¼34.02, 9.79 M].

To obtain the stock solution of H2O2 (approximately 9–10 mM), dilute

1/1000 the concentrated H2O2 solution. For that, make an initial dilu-

tion of 1/100 in water (10 mLþ990 mL water or, alternatively, two

sequential 1/10 dilutions) in an eppendorf tube. Then perform a 1/10

dilution using 500 mL of H2O2 diluted 1/100 and adding 4.5 mL of

water. Confirm the concentration by reading the absorbance of the stock

solution at 240 nm (e¼43.4M�1cm�1). Keep on ice.

2. Catalase (bovine liver, Sigma C-1345, 2000–5000 U/mg protein)

1 mg/mL (in water).

3. Digitonin—Either make a solution of 10 mg/mL purified digitonin in

water (make the solution just before using it) or make a 10-fold dilution

from a dimethyl sulfoxide 100 mg/mL stock solution of nonpurified
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digitonin. Digitonin when not purified is not soluble in water, and

purification is done by recrystallization according to Kun, Kirsten,

and Piper (1979).

4. 0.1M potassium phosphate buffer (pH 6.5).
2.1. H2O2 calibration curve
H2O2 is assayed by the formation of O2 after the addition of catalase

(Eq. 1.10) using an oxygen electrode.

2H2O2���!catalase
O2þ2H2O ð1:10Þ

We use a chamber oxygen electrode (Oxygraph system from Hansatech

Instruments Ltd., Norfolk, UK) with a magnetic stirrer and temperature

control. All measurements are performed either at room temperature or

at 30 �C and with a final volume of 800 mL. The electrode should be giving
a stable baseline. For that, it is recommended to add 800 mL of distilled water
and to connect the stirring a few hours before the measurements.

A H2O2 calibration curve within the range 10–90 mM, where the O2

electrode has a linear response, should be made (see Fig. 1.3). For that:

1. Pipette 10 mL up to 100 mL of the H2O2 stock solution to different test

tubes and add distilled water to a final volume of 5 mL. Keep the test

tubes either at room temperature or at 30 �C.
2. Add 400 mL of H2O2 from one of the test tubes, starting with the lowest

concentration, to the 400 mL of 0.1 M potassium phosphate buffer

(pH 6.5) already in the electrode chamber. Readings can also be done

without using the buffer, but we found that with the buffer the oxygen

electrode has a more stable output.

3. Start recording and, when a baseline is established, rapidly add 15 mL of

catalase using a Hamilton syringe (being careful not to add air bubbles

since they interfere in the measurement). This addition should cause

an increase in the reading since O2 is formed from the H2O2 present

by the action of catalase. After a new baseline is established, stop the

recording. The value of the difference between the two baselines should

be used to make a plot versus H2O2 concentration.

4. Remove the content of the oxygen electrode chamber and clean thor-

oughly with distilled water (fill the chamber up until the middle at least

four times and up until the top four times also) in order to be sure to

remove all the catalase before the next H2O2 assay.



Figure 1.3 Typical recording of a H2O2 calibration curve made with the O2 electrode.
The indicated amounts of H2O2 are in the electrode chamber and, where indicated
by the arrows, catalase is added. Due to the O2 formed, there is an increase in the signal.
In between each of the assays, the electrode chamber should be washed thoroughly in
order that all catalase is removed. The difference in the signal between the initial and
final baselines for each assay should be plotted versus the H2O2 concentration.
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2.2. Determination of H2O2 consumption by intact and
permeabilized yeast cells

This procedure is optimized for BY4741 (haploid) and BY4743 (diploid)

wild-type cells obtained from EUROSCARF (Germany). A 60-mL culture

of yeast cells at 0.075 OD600 (1 OD600	2�107 cells/mL) in SC medium

should be made and let grow at 30 �C until it reaches 0.3 OD.

1. Take 50 mL of the culture, put them in Falcon tubes prewarmed at

30 �C, and centrifuge at 5000� g for 2 min. Remove the supernatant

and wash the pellet with potassium phosphate buffer (pH 6.5) at

30 �C. Centrifuge again at 5000� g for 2 min.

2. Remove the supernatant and resuspend the pellet with 30 mL of 0.1 M

potassium phosphate buffer (pH 6.5) at 30 �C to obtain a cell suspension
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of 0.5 OD600. Make a reading of absorbance at 600 nm to confirm the

OD600.

3. Take aliquots (10 mL) in two conical flasks preheated at 30 �C. One is

to be used for intact cells (flask-I) and the other for permeabilized

cells (flask-P). Put both conical flasks in the incubator at 30 �C by shak-

ing at 160 rpm where they should stay for the rest of the experiment.

Wait 5 min.

4. Add to flask-I 200 mM H2O2 (diploid cells) or 150 mM H2O2 (haploid

cells).

5. Add to flask-P 100 mL of 10 mg/mL digitonin. Wait 10 min and then

add 100 mM H2O2.

6. Start measuring H2O2 consumption in permeabilized cells (flask-P) at

the oxygen electrode. The final volume in the electrode chamber should

be 800 mL for all H2O2 assays. Take aliquots (400–800 mL) from flask-P

at different times, add them to electrode chamber, and measure O2 for-

mation after adding 15 mL of catalase. Aliquots with the higher volume

should be used when most H2O2 has been consumed by cells.

7. After 10 min (20 min after the addition of H2O2), start measuring H2O2

consumption in intact cells (flask-I) by removing aliquots (400–800 mL)
every 10 min up until 90 min. H2O2 consumption should be followed

only after this 20 min lag period in order to oxidize cofactors of other

H2O2-removing enzymes.

2.3. Additional points
This protocol is optimized for the BY4741 and BY4743 wild-type strains

(EUROSCARF, Germany). For other strains, it should be checked, when

first making the assay, whether an incubation of 10 min with digitonin is

enough for full permeabilization of the cells. Also, for other strains, it should

be checked, when measuring H2O2 consumption in intact cells, whether

this consumption is due only to catalase. For that, it may be necessary to

use ctt1D strains. A critical point is to perform the whole procedure at

30 �C, as changes in temperature may lead to induction of catalase.

3. EXPERIMENTAL COMPONENTS AND
CONSIDERATIONS WHEN MEASURING THE H2O2

GRADIENT IN MAMMALIAN CELL LINES

In mammalian cell lines, a procedure similar to that described above

for yeast is often not possible because a catalase knockout cell line is not
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available. On the other hand, it is possible to estimate a gradient driven by

catalase and glutathione peroxidase taking in account the kinetics of these

two enzymes, using Eq. (1.4). Three measurements are needed: (1) con-

sumption of H2O2 in intact cells (kintact cells); (2) determination of catalase

activity in situ, using digitonin to disrupt the plasma membrane but keeping

peroxisomes intact (kcatalase); and (3) determination of GPx activity in a lysate

generated in the cuvette (kGPx). Usually, a large amount of cells are needed

to measure GPx activity, and it is possible that the light scattering caused by

the cell debris generated from the lysate in the cuvette impairs the assay. If

this occurs, GPx activity is determined in a postnuclear protein extract

(kGPxPostNuclear). kGPxPostNuclear cannot be compared directly with kintact cells
or k

catalase
because the yield of the extraction of the postnuclear cell fraction is

not 100%. So, an additional measurement is needed, namely, the determi-

nation of catalase activity in the postnuclear protein extract used for deter-

mination of GPx activity (kcatalasePostNuclear), and instead of Eq. (1.4),

Eq. (1.11) is used.

R¼ kcatabolism

kintactcells
¼ kGPxPostNuclear kcatalase=kcatalasePostNuclearð Þþkcatalase

kintactcells
ð1:11Þ

The protocol described here was optimized for MCF-7 cells. For other

cell types, adjustments in the number of cells used in the assays may be

needed.
3.1. Determination of H2O2 consumption by intact cells
Reagents

1. Phosphate-buffered saline (PBS) pH 7.2 (1.5 mM KH2PO4, 155 mM

NaCl, and 2.7 mM Na2HPO4).

2. H2O2 9 mM (see Section 2).

3. Catalase (see Section 2).

4. 0.05% Trypsin–EDTA (Gibco, Invitrogen Life Technologies, Grand

Island, NY, USA)
Cells (15�104 cells/cm2 at, approximately, 30% of confluence) should

be plated onto 100-mm dishes 48 h before the experiment, in order to

get 60% confluence at the day of the experiment, and culture medium

should be replaced by fresh medium 1 h before starting the experiment.

H2O2 consumption by intact cells is determined by adding 90 mMH2O2

(see Section 2) and following the decrease of H2O2 concentration along

time by removing aliquots (800 mL) and using catalase and an oxygen
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electrode. A calibration curve of H2O2 as described in Section 2.1 should

be done. H2O2 consumption is reported as a first-order rate constant.
3.2. Determination of H2O2 consumption by disrupted cells
3.2.1 Preparation of a postnuclear protein extract
A total of 18�106 cells should be used for the preparation of the lysate and

fresh medium should be added to cells 1 h before starting the experiment.

After trypsinization, cells are transferred to a single centrifuge tube. Centri-

fuge at 200� g for 5 min. Resuspend in 2 mL of PBS. Add 40 mL of Triton

X-100 10% (v/v). Vortex and incubate on ice for 5 min. Centrifuge at

5000� g for 5 min. Remove the supernatant and measure the volume.

Use part of the supernatant to measure protein concentration (Peterson,

1977). The rest should be used to measure both GPx and catalase activities.

3.2.2 Assay of glutathione peroxidase activity
Reagents

1. Potassium phosphate buffer (0.05M, pH 7.0, with DTPA 1 mM; pH

should be corrected after (diethylene triamine pentaacetic acid) DTPA

addition).

2. Glutathione reductase 140 U/ml.

3. NaN3 10 mM (stored at room temperature).

4. GSH 33 mM in phosphate buffer (can be stored at �20 �C).
5. NADPH 10 mM (stock solution can be kept in �20 �C in alkaline

solution 0.5% NaHCO3).

6. H2O2 0.35 mM (in water prepared daily).

7. Triton X-100 10% (v/v).

Postnuclear protein extract
GPx activity is measured as previously described (Antunes & Cadenas,

2000; Forstrom et al., 1979). The assay mixture (total volume 1 mL)

contains 0.05M phosphate buffer (pH 7.0) and successively (final

concentrations) 50 mM NaN3, 1.5 U/mL glutathione reductase,

1–3.5 mM of reduced glutathione, 0.1 mM NADPH, and the post-

nuclear protein extract (corresponding to 0.8�106 MCF-7 cells).

Preincubate at 37 �C for 10 min and then add 35 mMH2O2 to the cuvette

to start the reaction. NADPH consumption is followed at 340 nm

(e¼6220M�1 cm�1). The absorbance should be recorded at short time

intervals (0.1 or 0.2 s) until well after all peroxide is consumed (the rate of

reaction decreases rapidly when all peroxide is consumed). It is important

to continue to record the absorbance after this because the rate of
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NADPH oxidation in the absence of peroxide is needed to analyse the

data. In the analysis of the data, use the part of the curve corresponding

to concentrations of H2O2 between 16 and 1.6 mM.
Cuvette cell lysate
For the determination with a cuvette cell lysate, the protocol is identical

to that of the postnuclear extract except that the total volume in the

cuvette is 3 mL and, instead of the extract, cells (10�106 MCF-7 cells)

and Triton X-100 are added to the assay mixture. Stirring and a spectro-

photometer that deals well with light scattering is of essence.
3.2.3 Assay of catalase activity
Reagents

1. Potassium phosphate buffer 0.05 M, pH 7.0, 1 mM DTPA.

2. Digitonin—make a stock solution of 100 mg/mL digitonin either in

DMSO or water (see Section 2). From that stock solution, make digito-

nin solutions of 0.1, 1, and 10 mg/mL.

3. 100 mM H2O2 (see Section 2).
Catalase activity can be measured by following H2O2 consumption at

240 nm at 25 �C as previously described (Aebi, 1978). The assay can

be done either in situ, using approximately 2.5�105 cells (MCF-7) in

the presence of 1 mg/mL digitonin to permeabilize the plasma mem-

brane, but not the peroxisomal membrane, or using cell lysates.
In situ
For the in situ determination, the total volume of the assay medium is

3 mL and the assay should be done using stirring. Add to a quartz cuvette

sequentially:

1. 2.59 mL of potassium phosphate buffer 0.05M, pH 7.0,

1 mM DTPA.

2. 30 mL of digitonin 0.1 mg/mL.

3. 80 mL of cell suspension (2.5�105 MCF-7 cells).

4. Mix, autozero absorbance at 240 nm. Wait 2 min for cells to be

disrupted. Mix and autozero (important to be zero at this point).

5. To start reaction, add 300 mL of 100 mM H2O2.

6. Measure absorbance at 240 nm for 2 min registering absorbance

every second.

The assay should also be done with higher concentrations of digitonin in

order to confirm that the peroxisomal membrane stays intact. Results are

to be analyzed in a semilogarithmic plot using e240nm¼43.4M�1 cm�1.
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Activity is the slope of the plot.
Cells cause light scattering, and so the decrease in the absorbance

recorded is going to be not only due to the consumption of H2O2

but also due to the sedimentation of cells. Controls have to be performed

to make sure that most of the absorbance measured is due to H2O2 con-

sumption and not cell sedimentation. A spectrophotometer with stirring

is advisable.
Cell lysates
For the determination of catalase using cell lysates, the total assay volume

is 1 mL. The assay mixture contains potassium phosphate buffer 0.05 M,

pH 7.0, 1 mM DTPA, a volume of cell lysate corresponding to 2�105

cells and the reaction starts with 10 mL of 100 mM H2O2.

Results are to be analyzed in a semilogarithmic plot using

e240nm¼43.4M�1 cm�1. Activity is the slope of the plot.
4. DATA HANDLING/PROCESSING

4.1. Yeast cells

Make a calibration curve for H2O2 to establish the relation between the var-

iation in O2 concentration when adding catalase and H2O2. Then, make a

plot of ln [H2O2] versus time (min) for intact cells and permeabilized cells.

The two first-order rate constants kintact cells and kcatabolism in min�1 can be

obtained from the slopes (Fig. 1.4) and then should be divided by the

OD600 to account for the number of cells present. The gradient can be cal-

culated from Eq. (1.4).

4.2. Cell lines
The rate of H2O2 consumption by intact cells (kintact cells) can be obtained

using a plot of ln [H2O2] versus time for cells growing in suspension.

The rate constant is the slope of the line obtained and should be divided

by the number of cells in the assay times the volume of the assay. For adher-

ent cells, this plot cannot be done, because after taking each aliquot to mea-

sure H2O2 the reaction volume covering the cells decreases, and H2O2 will

be consumed faster as the number of the cells in the assay remains constant.

So, before plotting the data, data points should be corrected according to the

procedure described inMarinho, Cyrne, Cadenas, and Antunes (2013). Cat-

alase activity (kcatalase) is obtained by doing semilogarithmic plot of the results

using e240nm¼43.4M�1 cm�1. Activity is the slope of the plot divided by



Figure 1.4 Determination of the H2O2 gradient in wild-type Saccharomyces cerevisiae
cells. 150 mM H2O2 was added to wild-type cells (BY4741, EUROSCARF, Germany) at
0.4 OD600, and H2O2 consumption was measured in intact cells (circles) and cells perme-
abilized with digitonin (squares) using an oxygen electrode. The rate constants are the
slopes. A gradient of 0.0201/0.0118¼1.7 was obtained.
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the number of cells in the assay times the volume of the assay. To obtain the

rate constant of H2O2 reaction with GPx (kGPx), a plot of

t

H2O2½ �0� H2O2½ �t
vs:

ln H2O2½ �0= H2O2½ �t
� �

H2O2½ �0� H2O2½ �t
shouldbedone toobtainf1/[GPx]Total.At lowH2O2concentrations, and since

most of the enzyme is in its reduced form, the apparent rate constant for H2O2

consumption via GPx will be given by [GPx]Total/f1¼kGPxred� [GPx]Total.

Thevalue shouldbedividedby thenumberofcells in the assay times thevolume

of the assay. The gradient is calculated from Eq. (1.4).

If postnuclear lysates are being used for the assay of GPx and catalase,

kGPxPostNuclear and kcatalasePostNuclear are calculated in a similar way to kGPx
and kcatalase, but the slopes obtained in the experiment are divided by the

amount of protein. The gradient is calculated from Eq. (1.11).
5. SUMMARY

This chapter presented the kinetics leading to the establishment of a
H2O2 gradient across the plasma membrane when cells are treated with
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H2O2. Moreover, a general method for the determination of this gradient in

both S. cerevisiae cells and mammalian cell lines is also presented. This deter-

mination of the H2O2 gradient is important to standardize the exposure of

different types of cells to extracellular H2O2, as it allows establishing the

intracellular H2O2 concentration that those cells are subject to.
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