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ABSTRACT
The redox state of cellular thiols is widely studied because it was recently linked to many different diseases and pathologies. In this work we quantified the concentrations of protein disulfides (PSSP) and thiol-protein mixed disulfides
(XSSP) in rat tissues (liver, kidney and heart) and cells (Raw 264.7) by an improved method of XSSP and PSSP determination after oxidative stress induced by diamide. Under native and denaturing conditions, a thiol block by
N-ethymaleimide was introduced to avoid thiol exchange reaction activations by protein SH groups (PSH) (PSH +
XSSP ↔ PSSP + XSH) and alterations of original XSSP/PSSP levels. Low molecular weight thiols (XSH) and PSH
were respectively measured by HPLC on supernatants and on corresponding pellets by DTNB (Ellman’s reagent) after
dithiothreitol reduction. PSSP concentrations of liver, heart and kidney were respectively 0.304, 0.605 and 0.785
µmoles/g and after diamide exposure they were significantly augmented of about 65% - 70% in liver and heart, but not
in the kidney. Normal XSSP, that were 6 - 20 times lower than normal PSSP were induced by diamide in liver and heart
of about 40 times, but not in kidney. Thermodynamic criteria regarding the pKa values of thiols engaged as PSSP and
GSSP were used to interpret dethiolation mechanisms via thiol exchange reactions.
Keywords: Protein Disulfides; S-Glutathionylation; Thiol pKa; Diamide; Oxidative Stress

1. Introduction
The redox state of glutathione (GSH) and protein SH
groups (PSH) is the key point in the redox regulation of
cells. Thiols are engaged in molecular competitions [1] to
react with electrophiles and oxidants generated due to
oxidative or nitrosative stress [2-6] or intracellularly as
signaling molecule, like hydrogen peroxide [7]. Thiol
oxidations, in particular S-glutathionylation (GSSP) or
protein disulfides (PSSP) formation, switch on/off essential PSH, and the PSH regeneration is promoted by enzymes, NADPH consumption, and thiol exchange reactions:
P-SH + XS-SX’ ↔ XS-SP + X’-SH

(1)

P’-SH + PS-SX ↔ PS-SP’ + X-SH

(2)

X-SH + XS-SP ↔ P-SH + XS-SX

(3).

Thiol exchange reactions are involved in a great vari*

Corresponding author.

Copyright © 2013 SciRes.

ety of physiological processes of which the cellular redox
regulation [2,3,8-11], the blood coagulation [12], the
control of plasma thiols and disulfides [6], the platelet
aggregation [13], the activity of SNARE proteins [14] are
only few examples that emphasize their biological importance. Although the macromolecular events regarding
the thiol exchange processes, generally described by (1 3) reactions, are mostly enzymatic, it is however possible
that under appropriate thermodynamic and steric conditions, the non-enzymatic reactions cooperate with the
enzymatic ones to perform physiological actions. At the
same time, it is also possible that the activation of nonenzymatic reactions could prelude the onset of pathological actions as suggested by various examples. In fact,
since SH enzymes, such as peroxiredoxins and sulfiredoxins, are involved in models of Alzheimer or Parkinson diseases with neuroprotective roles [15,16], it is possible that the disruption of these mechanisms is involved
in the onset of pathological events. For example, it is
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known that increased S-glutathionylated proteins [17]
and increased formation of specific PSSP (e.g., protein
disulfides of glyceraldehyde 3-phosphate dehydrogenase)
[18] have been found in the Alzheimer disease and in
mitochondrial enzymes in an animal model of Parkinson
disease [19].
After the cellular XSSP and PSSP production, the return to PSH is characterized by rather complex molecular
events of deglutathionylation. The dethiolation of albumin mixed disulfides [20,21] is paradigmatic for a better
comprehension of the mechanisms of thiol exchange processes occurring at cellular level [20,21]. Albumin has
only one free Cys residue (Cys34) with a low pKa value
(of about 5 - 7), that in dependence of pKa difference of
thiols of XSSP may be equally well transformed nonenzymatically into PSH, by reaction (3) (if pKa of PSH <
pKa of XSH) or into a new thiol-protein mixed disulfide
(X’SSP), equivalent to reaction (2), (if pKa of PSH >
pKa of XSH) [20, 21]:
X’-SH + PS-SX ↔ X’S-SP + X-SH

(4).

The same possibilities of XSSP and PSSP metabolism
can potentially exist at cellular level in dependence of the
difference of pKa values of thiols engaged in XSSP or
PSSP.
Studies regarding the GSSP/PSSP relationships may
serve to deeper understand the physiological and pathological mechanisms of protein dethiolation. These mechanisms involve various protein factors [22,23], and
their biological relevance is much augmented after the
discovery in cells of a great variety S-glutathionylated
proteins [24-26], and of PSSP, engaged not only in structural functions but also in nuclear [3], allosteric [9,11,
27], or catalytic [28,29] actions, and of heterogeneous
PSSP produced by functionally different SH proteins [8,
10].
To facilitate the comprehension of the GSSP/PSSP
metabolism by thiol exchange reactions and the mechanisms of protein dethiolation, we here propose a method
of XSSP and PSSP determination on rat tissues and cells
(Raw 264.7).
This method based on a good control of oxidative artifacts and checked by specific experiments of oxidative
stress, resulted to be easy, rapid, and reliable. The assay
is characterized by a double robust pretreatment of samples with N-ethylmaleimide (NEM), and by the disulfide
reduction by dithiothreitol (DTT).
The protein-protein disulfides (PSSP) measure is obtained by the following calculation:

 PSSP    PSH    XSSP 

2

(5)

where PSH, assayed on the protein pellet, derives from
reduced XSSP and PSSP, whereas XSSP is assayed on
the supernatants, as XSH released from reduced XSSP,
measured by HPLC.
Copyright © 2013 SciRes.

The importance of thermodynamic factors of the SH
group that condition the XSSP/PSSP metabolism by thiol
exchange reactions is discussed.

2. Materials and Methods
2.1. Chemicals
Methanol and HPLC grade reagents were obtained from
Merck (Darmstadt, Germany). Monobromobimane (mBrB)
was obtained from Calbiochem (La Jolla, CA, USA).
Diamide, N-ethylmaleimide, 5,5’-dithiobis (2-nitrobenzoic acid) (DTNB), and all other reagents were from
Sigma-Aldrich Corp. (St. Louis, MO, USA).

2.2. Animals
Adult male Sprague-Dawley rats (Charles River, Italia),
weighting ~350 g, were housed under controlled light (12
h on and 12 h off), temperature (20˚C ± 2˚C) and humidity (55% ± 5%). The animals consumed food and water
at libitum. Experiments were carried out in accordance
with the Guidelines of the Council of European Community 86/609/EEC and the approval of the Bioethical
Committee of the University of Siena.
The rats were sacrificed after intraperitoneal anaesthesia (50 mg/kg sodium pentobarbital and 0.4 mg/kg scopolamine) and tissues were removed, rapidly washed in
saline, blotted and used for experiments or placed in liquid nitrogen and stored at −80˚C.

2.3. Tissue Homogenates
From each tissue four independent shares (0.2 g of tissue)
were processed and subdivided in the following 4 groups:
CTR (control), DIA (diamide group), NEM (N-ethylmaleimide group), and (DIA + NEM) (diamide plus
NEM group) (Figure 1).
Tissues samples of the four groups were homogenized
by an Ultra-Turrax homogenizer (20 s) in ice-cooled plastic tubes, at weight-volume ratio of 1:5, in PBE (0.2 M
phosphate buffer, pH 7.4, with 2.5 mM K3EDTA), except
the NEM group that was prepared in 310 mM NEM in
PBE.
Another portion of the same tissue (0.2 g at same
weight/volume ratio), named basal (BAS) was directly
homogenized in 6% (w:v) TCA.

2.4. Second Alkylation
The protein pellets were washed three times with 1.5%
TCA. Next, the NEM and DIA + NEM pellets were resuspended in 1.0 ml of 310 mM NEM, whereas the CTR
and DIA groups were resuspended in the same PBE volume.
After 10 min under stirring at RT, samples were TCAprecipitated (6% TCA, final concentration), centrifuged
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TISSUE (0.2 g) HOMOGENIZATION (1: 5 w/v)

PBE

PBE

PBE

NEM

+ SALINE

TREATMENTS

10 min

+ SALINE

+ DIA

+ DIA

10 min

+ PBE

+ PBE

+ NEM

GROUPS

CTR

DIA

+ PBE

DIA+NEM

NEM

SAMPLE PRECIPITATION ( 6 % TCA) – NEUTRAL pH ADJUSTMENT

TREATMENTS
10 min

+ PBE

+ PBE

+ NEM

+ NEM

SAMPLE PRECIPITATION ( 6% TCA)
PELLET RESUSPENSION (pH 8.2) - EQUAL SHARES DIVISION

CTR1
+H2O

DIA+NEM

DIA

CTR

DIA1
+H2O

CTR2
+ DTT

DIA2
+ DTT

DIA+NEM1 DIA+NEM2
+H2O
+ DTT

NEM

NEM1
+H2O

NEM2
+ DTT

SAMPLE PRECIPITATION ( 6% TCA)

SN: XSSP ASSAY BY HPLC

PELLET: PSH ASSAY BY DTNB

Figure 1. Experimental design of PSSP determination. Flow chart defines single steps. Diamide mainly oxidizes thiols to disulfides, restrains overoxidation phenomena to disulfides and is a good tool to study thiol exchange reactions. The sequential
NEM treatments serve to block all free thiols. The last pellet resuspended at pH 8.2 and treated with DTT serves to reduce
XSSP and PSSP in all groups. The last pellet resuspended at pH 8.2 without DTT treatment (+H2O) serves to reduce XSSP by
reaction (2) in CTR, DIA and BAS (not reported in Figure) groups. The last pellet of NEM and DIA + NEM groups, resuspended at pH 8.2 without DTT treatment (+H2O), serves to reduce the PSSP subpopulation, namely the pH-dependent PSSP
(see text).
Copyright © 2013 SciRes.
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(7000 × g, 5 min, 4˚C) and washed, as above reported.

were 6.0 min and 12.2 min, respectively.

2.5. pH Adjustment and DTT Treatment

2.8. XSSP Determination of Protein Pellets
Activated by Reaction (2)

The protein pellets of the four groups and those of BAS
group were resuspended at pH 8.2 with 1.2 ml of a basic
solution, prepared with additions of 9 vol of 0.1 M
phosphate buffer, pH 7.4, with 1 vol of 1 N NaOH.
Each sample was split in two aliquots and treated with
7.7 mM DTT (final concentration) or distilled water. The
comparison between DTT and no-DTT samples was
performed because it was unexpectedly found that, despite the double NEM treatment, the samples not reduced
by DTT at pH 8.2 revealed a positive signal with DTNB.
After 20 min at RT under stirring, all the samples, with
and without DTT were precipitated with 6% TCA and
centrifuged as above. Supernatants SNs were used to assay
XSH by HPLC and the pellets were washed and centrifuged as above and then used to assay PSH by DTNB.

XSSP determination was also performed by the previous
described HPLC procedure on XSH released from the
protein pellets by the spontaneous activation of reaction
(2) at neutral-basic pH of not-NEM treated and not-DTT
treated samples (see in Table 2 data of BAS, CTR, and
DIA groups).

2.9. Cell Line and Cell Culture
Raw 264.7 mouse macrophage cells were grown in T75
Table 1. XSSP concentrations of tissue homogenates subjected to oxidative stress, by air and/or diamide.
XSSP (nmoles/g tissue)

2.6. PSH Assay
The pellets of DTT and no-DTT samples were resuspended in 0.2 ml of 10 mM 5,5’-dithiobis(2-nitrobenzoic
acid) (DTNB) in 0.2 M phosphate buffer, pH 7.4. After
20 min at RT under stirring in the dark, samples were
centrifuged (7000 × g, at 4˚C, 5 min) and after appropriate dilution of the clear SNs were assayed at 410 nm in a
V-550 JASCO spectrophotometer by the Ellman’s method (DTNB, εmM 410 =13.64 mM−1·cm−1) [30].
The PSH data and those of XSSP (see below) of DTTtreated samples of NEM and DIA + NEM groups were
used to calculate the PSSP concentrations of tissues according to Equation (5).

2.7. HPLC Analysis
XSH released from disulfides (XSSP) of DTT-treated
samples subjected or non-subjected to NEM treatment
(see data of Table 1) were measured by HPLC, by the
method previously reported [6,31]. 0.1 ml of SNs were
diluted with 0.04 ml H2O, and 0.03 ml of this solution
plus 0.07 ml H2O were saturated with solid NaHCO3 (pH
~ 8.0) and incubated with 1mM mBrB (final concentration) in the dark at RT for 15 min. After centrifugation,
SNs were acidified with 3 µl of 37% HCl to pH 3 - 4 and
transferred into vials for the HPLC determination.
The HPLC apparatus (Hewlett-Packard 1100 Series)
was equipped with fluorescence detection and an OmniSpher C-18 reversed-phase column, Varian. The chromatographic conditions were: mobile phases 0.25% (v:v)
acetic acid, adjusted to pH 3.09 with 1 mM NaOH (A)
and methanol (B). Elution profile was 0.8 min, 20% B; 8 15 min, 20% - 40% B; 15 - 25 min, 40% - 100% B (1.0
ml/min flow rate; fluorimetric detector: excitation, 380
nm; emission, 480 nm). CSH and GSH retention times
Copyright © 2013 SciRes.

TISSUE

BAS

CTR

DIA

NEM

DIA +
NEM

Liver

24.3 ±
3.2a

151 ±
60

1230 ±
242a

13.0±
2.4a

450 ±
108a,b

Kidney

42.0 ±
8.1

37.5 ±
6.3

668 ±
209a

40.1 ±
7.7

27.6 ±
3.4

Heart

13.8 ±
2.5

10.7 ±
2.3

360 ±
25a

9.55 ±
1.35

418 ±
38a,b

a

Significant as compared to CTR (P < 0.05); bSignificant as compared to
NEM (P < 0.05).

Table 2. The concentrations of XSSP and PSH of tissue homogenates measured in samples not subjected to DTT reduction. Data of XSSP of non-NEM treated groups reveal
the spontaneous activation of reaction (2) at pH = 8.2.
XSSP (nmoles/g tissue)
TISSUE

BAS

CTR

DIA

NEM

DIA +
NEM

Liver

ND

8.69 ±
5.3

405 ±
123a

0

0

Kidney

7.42 ±
1.41

10.3 ±
4.6

252 ±
102a

0

0

Heart

1.24 ±
0.68a

0

72.7 ±
11.6a

0

0

PSH (nmoles/g tissue)

a

TISSUE

NEM

%b

DIA +
NEM

%

Liver

0

0

419 ± 169

27

Kidney

378 ± 123

23

546 ± 158

26

b

Significant as compared to CTR (P < 0.05); % represents the percent ratio
between the PSH concentrations measured in the same samples non-reduced
and reduced by DTT (see PSH in Table 4). ND = not determined.
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flasks under standard incubation conditions (37˚C, 5%
CO2) in RPMI-1640 medium containing 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine, 10%
heat-inactivated fetal bovine serum. Cells were used at
90% confluence (2 × 106 cell/ml).

2.10. Sample Preparation from Cells
Each flask was washed twice with DPBS 1X (Dulbecco’s
Phosphate Buffered Saline) and the cells were harvested
with a scraper in 2 ml of DPBS 1X. The total cells were
divided in four equal shares (1 ml each, containing about
4 × 106 cell/ml) that were named CTR, DIA, DIA + NEM
and NEM groups. Stock solutions of NEM and diamide
were prepared in DPSB 1X.
The DIA and DIA + NEM groups were treated with 1
mM diamide (final concentration), the NEM group was
treated with 50 mM NEM (final concentration) and the
same volume of DPBS 1X was added to the CTR to respect the total volume of all samples. After 10 min of
incubation at RT, the group DIA + NEM was treated
with 50 mM NEM, whereas the same volume of DPBS
1X was added to the other groups.
After 10 min of incubation at RT, all groups were
acidified with 6% TCA (final concentration), centrifuged
at 10,000 × g for 10 min and the supernatants were stored
at −80˚C for successive analysis.
The protein pellet samples were washed twice with 1
ml 1.5% TCA, and the NEM and DIA + NEM groups
were resuspended and treated with 1 ml 50 mM NEM
(final concentration) and incubated at RT for 15 min.
After TCA precipitation and washing as above, all pellet
samples (CTR, DIA, NEM, and DIA + NEM) were resuspended in 0.5 ml NaOH 0.05 N (final pH ~ 8.2) and
divided into two equal shares.
One part was treated with 7.7 mM DTT (final concentration) and the other with the same volume of water.
Samples were kept for 20 min under stirring at RT and
then treated with 6% TCA, centrifuged 5 min at 10,000 ×
g and the pellets used for the PSH assay.

2.11. Spectrophotometric Analysis of Cell PSH
Pellets were washed three times with 1.5% TCA, resuspended in 0.14 ml of 0.2 M phosphate buffer pH 7.4 and
then 0.01 ml sample were used for protein assay and the
remaining sample was used for DTNB analysis. Samples
were incubated with 5 mM DTNB (final concentration)
for 10 min under stirring at RT and centrifuged at 13000 ×
g, 5 min. SNs were analyzed at 410 nm by spectrophotometer (Microplate Reader Synergy HT , Biotek).

2.12. Protein Assay
Protein concentration was determined by DC Protein
Assay kit from Biorad.
Copyright © 2013 SciRes.
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2.13. Statistical Analysis
The results are presented as mean ± standard deviation
(SD) of 5 independent experiments. Statistical analysis
was performed using a Microsoft Excel® macro (Microsoft Corporation). Data were analyzed by Student’s t test.
Results were considered statistically significant when P <
0.05.
The comparison of PSH and XSSP data between CTR
and BAS, CTR and NEM, and DIA and DIA + NEM
groups served to evaluate the entity of oxidation, produced by air oxygen or DIA.

3. Results
3.1. The Oxidative Artifact Problem
The onset of oxidative artifacts is a recurrent risk present
in the thiol assay in biological samples of cells and tissues. In our specific case, this event can activate the reaction (2) and alter the original XSSP/PSSP concentrations of cells and tissues. These pitfalls are generally
avoided by the procedure of SH alkylation by NEM, that
we modified to have the best guarantee of blockage of
those PSH, that under native conditions were masked or
partially masked but that can eventually participate to
thiol exchange reactions after denaturation, protein precipitation and adjustment to neutral-basic pH values.
Therefore we adopted a double procedure of NEM utilization, in native and denatured samples (Figure 1).
To analyze the possible formation of oxidative artifacts during the sample manipulation we compared the
results of protein thiols (PSH) and protein mixed disulfides (XSSP) concentrations obtained in native (CTR)
and denatured samples (the BAS group), whose BAS
homogenates had been prepared directly in TCA. The
same comparison was carried out in homogenates treated
with diamide (DIA + NEM group) or without NEM exposure (DIA group). Finally, the comparison between
DIA + NEM and NEM groups served to explore the effect of residual thiols (GSH and PSH), remained during
the DIA treatment, on the production of artifacts. All
these experiments were performed on fresh or stored at
–80˚C tissues, without observing differences of XSSP/
PSSP results.
The protein-protein disulfides (PSSP) concentrations
were measured using the formula:
PSSP   PSH  XSSP  2 ,

where PSH, assayed with DTNB, were the total PSH,
deriving from XSSP/PSSP reduction by DTT, and XSSP,
assayed with conventional methods by HPLC, were the
sum of XSH on the corresponding supernatant.
The PSH oxidation of native samples was measured as
PSH decrease (Table 3) as well as XSSP increase (Table
AJAC
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1) after treatment with diamide.
Diamide generates disulfides (XSSX, XSSP, and PSSP)
[32], which are reduced by DTT. Conversely DTT is
ineffective for the reduction of derivatives of sulfinic
(PSO2H) or sulfonic (PSO3H) acids.
After oxidative stress, by diamide or air exposure, the
PSH concentrations of tissues, except for the heart, remained unchanged (Table 3). These results suggest that
the sample oxidations, by diamide or air (compare the
DIA group with CTR group and CTR with BAS), can
only generate disulfides and not higher oxidation products (sulfinic or sulfonic acids).
Moreover, the comparison of PSH concentrations of
non-DTT treated and DTT-treated samples (see the percentages of non-DTT on DTT in Table 3) evidenced
modest or absent PSH over-oxidations of tissue homogenates, except for the heart. This would indicate a
scarce exposure or susceptibility of the majority of the
PSH population to be oxidized to disulfides.
In experiments of oxidative stress, the XSSP levels
(Table 1) increased as expected. They were the sum of
glutathionylated and cysteinylated proteins (GSSP and
CSSP) in that other S-thiolated species were not found in
tissues (and in cells, see after) at our experimental conditions. In particular, the protein mixed disulfides (XSSP)
comparison between BAS and CTR groups showed that
the air oxygen is able to increase the XSSP levels only in
the liver homogenates. The diamide exposure for 20 min

(compare the DIA and CTR groups) and for 10 min
(compare the NEM and DIA + NEM groups) augmented
a lot the XSSP levels in all tissue homogenates except in
the case of kidney of the DIA + NEM group.

3.2. The PSSP Concentration in Tissue
Homogenates Subjected to Oxidative Stress
The correct protein-protein disulfides concentration of
tissues is obtained in samples subjected to the NEM pretreatment. The basal PSSP concentration of different rat
tissues is that expressed by the NEM group in Table 4.
These values were increased after diamide exposure (see
the DIA + NEM group, Table 4).
In control tissues, the PSSP levels of liver, kidney and
heart ranged between about 0.3 - 0.8 μmoles/g, of liver
and kidney, respectively. The PSSP concentration has
been measured in rat stomach and liver by other authors
[33]. The hepatic values reported in Table 4 were similar
to those shown in the literature [33].
The protein-protein disulfides levels of normal tissues
were higher than those of protein mixed disulfides (see
the XSSP of NEM group in Table 1). In particular the
hepatic ones resulted about 25 times higher than XSSP,
whereas the cardiac ones were nearly 60 fold higher than
the corresponding XSSP.
After diamide treatment of tissue homogenates (see
data of DIA + NEM group in Table 4) the PSSP concentrations increased significantly in liver and heart, being

Table 3. PSH concentrations of tissue homogenates subjected to oxidative stress by diamide. Data reveal a modest oxidation
entity of the PSH population to disulfides.
PSH (μmoles/g tissue)
BAS
TISSUE
Liver
Kidney
Heart

DTT
14.4 ± 1.5
11.9 ± 3.1

a

b

7.40 ± 0.91

CTR

DIA

no-DTT

%

DTT

no-DTT

%

DTT

11.3 ± 2.3

78

17.3 ± 2.6

15.5 ± 4.3

89
85

9.28 ± 0.58
6.98 ± 1.2

78
94

16.6 ± 2.9
7.22 ± 1.34

14.1± 1.6
7.0 ± 2.02

97

no-DTT

%

16.8 ± 2.4

15.5 ± 3.4

92

a

12.2 ± 1.6

78

2.68 ± 1.31

53

15.7 ± 2.2

5.03 ± 0.88

a,b

BAS and CTR groups are control groups respectively prepared under denaturing and native conditions (see Methods). PSH were assayed with the Ellman’s
method [30]. The percent of no-DTT/ DTT ratio (%) reflects the attack of oxidants (diamide plus air oxygen) to PSH. Means ± SD. aSignificant as compared to
no-DTT in the same group (P < 0.05). bSignificant as compared to DTT-treated samples of CTR (P < 0.05).

Table 4. PSSP concentration in tissue homogenates.
NEM (μmoles/g tissue)

DIA + NEM (μmoles/g tissue)

TISSUES

PSH

PSSP

TISSUES

PSH

PSSP

Liver

0.622 ± 0.106

0.304 ± 0.064

Liver

1.55 ± 0.28

0.505 ± 0.108a

Kidney

1.61 ± 0.32

0.785 ± 0.152

Kidney

2.07 ± 0.58

1.02 ± 0.271

Heart

1.22 ± 0.35

0.605 ± 0.158

Heart

2.43 ± 0.35

1.01 ± 0.211a

PSH assayed by DTNB derive from the reduction of PSSX and PSSP with DTT. PSSP is calculated by the formula PSSP   PSH  XSSP  2 . The PSSP
concentration increased after oxidative stress by diamide in all the tissues (not significant in the kidney).Means ± SD. aSignificant as compared to NEM (P <
0.05).

Copyright © 2013 SciRes.
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their levels about 65% higher than the corresponding
controls, whereas those of kidney were non-significantly
augmented.
Other authors with different methods and models [8,10,
33-35] have measured changes in PSSP/GSSP concentrations, and a parallel GSSP and PSSP growth had been
found after treatment with diamide in agreement with our
data [8,35].

3.3. The Spontaneous Activation of Reaction (2)
We have previously demonstrated [31,36] that the protein pellets of cell and tissue homogenates, resuspended
at neutral-basic pH, can spontaneously activate the reaction (2) and release GSH. The measure of GSH concentration over time has been exploited to assay the reversible process of XSSP (GSSP) formation of biological
samples subjected to oxidative stress. The XSSP measurements in controls (CTR and BAS groups) and diamide
treated homogenates (DIA group), not subjected to DTT
reduction of Table 2 confirm this notion.

3.4. The Putative Presence of
pH-Dependent PSSP
During the setup of the experiments carried out to verify
the NEM efficiency to block thiols, it was found that our
samples were positive to the DTNB assay. In particular,
whereas the XSSP concentrations of NEM group and
DIA + NEM group, not subjected to DTT reduction, displayed zero XSSP values (Table 2), as expected, the
DTNB assay on the corresponding pellet resuspended at
pH 8.2 for 20 min showed surprisingly the presence of
thiols (Table 2). The phenomenon was of remarkable
entity and present in all groups except in NEM group of
the liver. We assume that PSH deriving from a sub-PSSP
population susceptible to pH-dependent hydrolysis were
present in our samples. This population could be originally present in each tissue even if we cannot exclude the
presence of artifacts produced during the PSSP assay.

3.5. The PSSP Determination in
RAW 264.7 Cells
We next assayed the method of PSSP determination in
cultured cells (RAW 264.7). At the same time we experimented whether in samples of NEM-treated cells not
subjected to DTT reduction, it was possible to hydrolyze
PSSP at pH 8.2, to confirm the presence of pH-dependent
PSSP. The results of Figure 2, indicate that in NEMtreated cells of NEM and DIA + NEM groups, reduced
by DTT, it is possible to measure the cellular PSSP concentration applying Equation (5) (data not shown), and
that in non-DTT treated samples of these groups, after
the sample incubation at pH = 8.2, PSH can be dosed in
these samples.
Copyright © 2013 SciRes.
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Figure 2. PSH concentration in RAW 264.7 cells. Samples
of each group were treated with and without DTT (see materials and methods). Means ± SD *P < 0.05: with respect to
DTT-treated groups.

4. Discussion
The thiol and disulfide determinations in cells and tissues
(for example the GSH/GSSG ratio) have always presented the problem of oxidative artifacts that has usually
been solved by the block of thiols by alkylating agents.
In our case, the problem was to avoid the activation of
reaction (2) and the alteration of original disulfide concentrations (XSSP/PSSP), due to artifact production and
conformational changes of denatured proteins. The double NEM exposure, first under native and then under
denatured conditions, was effective to solve the problem
and get reliable XSSP/PSSP results equivalent to those of
the literature [31,33]. Tissue PSSP levels were measured
and their concentrations varied within a range of about
0.3 µmoles/g of liver and of 0.8 µmoles/g of kidney, with
values much higher than the corresponding XSSP. XSSP
were the sum of GSSP and CSSP, and they displayed a
XSSP minimum of 10 nmoles/g of heart and a maximum
of 40 nmoles/g of kidney. Other XSSP, at homocysteine
and cysteinylglycine, were tested but their concentrations
resulted negligible or absent (data not shown).
After homogenate treatment with 1 mM diamide, the
PSSP levels were induced in all tissues (Table 4), as expected, and a similar inductive behavior was observed for
XSSP (Table 1). The entity of XSSP increases was proportionally higher than that of PSSP, but not as absolute
value in that induced XSSP remained lower than induced
PSSP. This could indicate that after diamide exposure,
the PSSP formation, in addition to thiol exchange reactions, could be determined by radical reactions (PS. + PS.
→ PSSP).
In non-NEM treated homogenates, the diamide exposure (DIA group) provoked a XSSP induction with respect to control (CTR) much higher than that observed in
NEM treated samples (compare XSSP of NEM and DIA +
NEM groups) (Table 1). Even though these differences
could be attributed to the longer period of diamide exposure (20 min for DIA and 10 min for DIA + NEM), we
assume that, in addition to the time effect, the induction
difference could be attributed to activations of thiol exchange reactions of residual thiols (namely GSH and
PSH) of DIA group.
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In rats treated with diamide, the GSSP and CSSP concentrations in erythrocytes [6] increased reversibly over
time and the phenomenon was attributed to complex processes of thiol exchange reactions in plasma and erythrocytes responsible of the return to normal GSSP and
CSSP levels in both compartments. Future similar experiments could be useful to establish the possible PSSP
formation and a better comprehension of the GSH and
CSH role during dethiolation phenomena of XSSP and
PSSP.
In pellet samples treated with NEM but not reduced by
DTT (see PSH data of Table 2), we got the indication
that the PSSP population of tissues and cells could contain a sub-population, that is easily hydrolysable at pH
8.2. This population (measured as PSH percentage over
the total PSH in Table 2) seemed to be present at relatively high concentrations in normal tissues and do not be
induced by diamide. Surprisingly it was absent in the
normal, but present in the induced liver. At the moment it
was called pH-dependent PSSP, but we do not know
whether they are originally present in cells and tissues or
are artificially generated during the PSSP assay. However, examples of PSSP or XSSX with labile disulfide
bonds, namely easily hydrolysable at moderate basic pH,
already exist. For example, pH-sensitive PSSP have been
observed in plasma [27], and the dimer of albumin PSSP
is broken at moderately alkaline pH [37]. Another example of labile disulfide bond is represented by DTNB that
at alkaline pH, below 9.5, starts to be split into its
thiolated anions. Besides, in preliminary studies regarding the thiol content and the anti-aggregating properties
of garlic ethanolic extracts on human platelets, we have
recently found (data not shown) that extracts, that did not
contain free thiols, are able to give a rapid intense DTNB
response when they are brought at pH = 8.0.
After PSSP formation, by radical reactions or by reaction (2), the PSH regeneration is enzymatically regulated
by thioredoxin with NADPH consumption. However,
under particular conditions, regarding the PSSP conformation (the PSSP accessibility), and the pKa values of
PSH forming PSSP, the thiol exchange reactions of PSSP,
like the reduction by thioredoxin, might contribute to reform original PSH.
The dethiolation processes of XSSP of albumin [21,22]
and the notions regarding the mechanisms of thiol exchange reactions [38] are useful for a better prediction of
the processes of PSSP dethiolation.
In dependence of the pKa difference of XSH and PSH
of XSSP, the XSH releasing from XSSP of albumin may
occur via reaction (3) or (4). In particular, the reaction (4)
of albumin is equivalent to reaction (2), since these reactions differ only for thiol (PSH or XSH) that intervenes
in the nucleophilic attack. On the contrary the reactions
(2) and (3) express different thermodynamic tendencies
Copyright © 2013 SciRes.

that are identifiable on the basis of the leaving groups.
These groups are those thiols that in thiol exchange reactions of XSSP and have the lowest pKa value [21,22],
namely XSH in reactions (2) or (4), or PSH in reaction
(3), respectively.
Similar considerations can be used to predict the PSSP
dethiolation via thiol exchange reactions. For example,
the representation of the reaction: PSSP’ + GSH ↔
GSSP’ + PSH expresses the concept that PSH has a
lower pKa value than P’SH. In turn, if GSSP’ P’SH had a
pKa value higher than GSH, the eventual successive
GSSP’ dethiolations by thiols (P”SH, XSH or GSH) would
be more prone to generate protein disulfides (P”SSP’),
via reaction (2), (GSSP’ + P”SH ↔ P’SSP” + GSH), or
thiol-protein mixed disulfides (XSSP’), via reaction (4),
than GSSG by reaction (3) in that the reaction (3) would
be hampered for thermodynamic reasons.
Dethiolations via reaction (3) are typical of GSSP of
rat hemoglobin, whose Cys125 of the beta chain has a
pKa lower than 7, and reactivity much higher than GSH
[6,39-41], whose pKa value is about 9.0. The mechanisms activated by reactions (3) must be equally common
as those of reaction (2), because a great variety of S-glutathionylated proteins exist [24-26] whose SH groups
have relatively low pKa values [5,26,42]. The dethiolations of these proteins would be facilitated by enzymes
(glutaredoxin) and by the GSSG reduction by glutathione
reductase with NADPH consumption.
From these considerations on PSH of rat hemoglobin,
it is easy to explain the paradox by which, after protein
denaturation and pH adjustment, pellets of rat erythrocytes in the absence of free GSH are rapidly dethiolated
by reaction (2) although the reaction should be thermodynamically impeded because GSH has a pKa value
higher than Cys125 of the beta chain of rat hemoglobin.
In the absence of free GSH, hemoglobin is initially dethiolated by reaction (6) that is equivalent to reaction (3),
where PSH is the leaving group:
GS-SP + P’-SH ↔ GS-SP’ + P-SH

(6).

Successively, if P’SH of reaction (6) had pKa values
higher than GSH, the possible interactions of GSSP’ with
P”SH would give GSH as leaving group, as we have
demonstrated [31,36]. This would occur by activation of
reaction (7), which is equivalent to reaction (2):
GS-SP’ + P”-SH ↔ G-SH + P’S-SP”

(7).

Under native conditions, the proteins subjected to dethiolation with GSH release described by reaction (2) are
those having two vicinal Cys, whose distance is included
between 2 - 6 amino acid residues. When one of these
Cys is engaged as GSSP, the protein is prone to give intramolecular PSSP [43,44]. All PSSP, formed or not
formed by vicinal thiols, are induced by diamide [8,19,
35,43,44] and in particular cases the return to original
AJAC
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PSH can be performed by thiol exchange reactions,
schematically represented by the coupling of the reverse
of reaction (2) with the reaction (3). This would be possible if both the PSH of PSSP had a pKa value lower
than GSH. Conversely, if one PSH had a pKa value
higher than GSH, the coupling of reactions (2) and (3)
could not be realized, in that disfavored for thermodynamics reasons, and the PSSP reduction should require
the enzymatic intervention of thioredoxin with NADPH
support. We assume that the investigation of the GSSP/
PSSP relationship during time-course experiments of
oxidative stress, by the GSSP and PSSP analysis here
proposed, could establish cases of PSH regeneration
from PSSP via thiol exchange reactions.
In conclusion, we have here proposed an improved
method to assay XSSP and PSSP in biological samples
that may be useful to deeper understand the mechanisms
of protein dethiolation regenerating PSH after oxidative
stress events. In our opinion, the knowledge of pKa values of proteins involved in PSSP and XSSP may help to
clarify the complex scenario of protein dethiolation at
cell level and the reason why the interest on GSH must
go beyond its antioxidant function [45].
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