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Abstract: Oxidation of glyceraldehyde−3−phosphate dehydrogenase (GAPDH) by reactive oxygen
species such as H2O2 activate pleiotropic signaling pathways is associated with pathophysiological
cell fate decisions. Oxidized GAPDH binds chaperone proteins with translocation of the complex
to the nucleus and mitochondria initiating autophagy and cellular apoptosis. In this study, we
establish the mechanism by which H2O2−oxidized GAPDH subunits undergo a subunit conforma-
tional rearrangement. H2O2 oxidizes both the catalytic cysteine and a vicinal cysteine (four residues
downstream) to their respective sulfenic acids. A ‘two−cysteine switch’ is activated, whereby the
sulfenic acids irreversibly condense to an intrachain thiosulfinic ester resulting in a major metastable
subunit conformational rearrangement. All four subunits of the homotetramer are uniformly and
independently oxidized by H2O2, and the oxidized homotetramer is stabilized at low temperatures.
Over time, subunits unfold forming disulfide−linked aggregates with the catalytic cysteine oxidized
to a sulfinic acid, resulting from thiosulfinic ester hydrolysis via the highly reactive thiosulfonic
ester intermediate. Molecular Dynamic Simulations provide additional mechanistic insights linking
GAPDH subunit oxidation with generating a putative signaling conformer. The low−temperature
stability of the H2O2−oxidized subunit conformer provides an operable framework to study mecha-
nisms associated with gain−of−function activities of oxidized GAPDH to identify novel targets for
the treatment of neurodegenerative diseases.

Keywords: oxidative stress; redox signaling; glyceraldehyde−3−phosphate dehydrogenase;
hydrogen peroxide; two−cysteine redox switch; thiosulfinic ester; thiosulfonic ester; neurodegenerative
disease; Molecular Dynamic Simulation

1. Introduction

H2O2 is an essential redox cofactor constitutively produced by cell metabolism, pri-
marily by the NAD(P)H oxidases of immune cells and mitochondria. H2O2 produced
by innate immune cells is a potent bacteriostatic agent contributing to host defense [1,2].
In vitro and in vivo pathological levels of various reactive oxygen species (ROS) contribute
to apoptotic and necrotic cell death [3,4] via specific signaling mechanisms [5,6]. Following
redox modification GAPDH forms complexes with chaperone proteins that are translocated
to both nucleus and mitochondria [7–13], binds and activates enzymes [14], and a substrate
for post−translational enzymatic modification [15]. Very little is known regarding how
these modifications induce and modulate the structure of the signaling conformer and initi-
ate proapoptotic functions of oxidized GAPDH directly involved in the pathophysiology
of neurodegenerative diseases [16–22]. Recently, a high correlation of S−glutathionylated
GAPDH in the blood correlated with the progression of Alzheimer’s Disease (AD) [23], and
GAPDH was identified as one of four hub genes associated with AD in a gene profiling
study [24].

Different species of ROS modify aspects of GAPDH−induced redox signaling by
a variety of mechanisms. Nitrosative stress results in S−nitrosylation of the active site
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catalytic cysteine residue (CcSH), which is sufficient to induce GAPDH subunit binding to
the chaperone protein Siah−1, and translocation of the complex to the nucleus, initiating
apoptosis [25–28]. H2O2 initially oxidizes CcSH residue initially to a stabilized sulfenic acid
(CcSOH), which is readily reduced by excess thiol and reactivates enzyme activity [29,30].
Cc(SOH) can be further oxidized by H2O2 to cysteine sulfinic (CcSO2H) and sulfonic
acids (CcSO3H), both refractory to thiol reduction and enzyme reactivation [31–34] and is
thought to represent one mechanism for redox signaling by GAPDH. However, the subunit
crystal structures of GAPDH of native and subunits modified to cysteine sulfonic acid are
isomorphous [35], presenting a conundrum for defining a mechanism for how oxidation of
the catalytic cysteine residue of GAPDH promotes association with the variety of identified
chaperone proteins [36].

Another observation linking H2O2 oxidation of GAPDH potentially resulting in a
signaling conformer is that Cc(SOH) can form an intrasubunit disulfide bond via nucle-
ophilic attack by an almost universally conserved vicinal cysteine Cv(SH), four residues
downstream of Cc(SH). It is difficult to explain how disulfide bond formation could com-
pete with the reduction of Cc(SOH) and reactivation of dehydrogenase activity by cellular
glutathione (GSH), given the established stability of Cc(SOH) in purified GAPDH in vitro
in the absence of thiol(>0.5 h) [30]. This observation has strong mechanistic support from in
silico Molecular Dynamic Simulations (MDS) demonstrating that the 9Å spatial separation
between Cc(SOH) and Cv(SH) is stabilized, and in addition, local steric effects strongly
hinder the approach between the cysteine sulfur atoms [34]. It should be noted the active
site intrachain disulfide was detected following S−glutathionylation of GAPDH [37], al-
though this result appears to be somewhat controversial, at least in vitro [38]. Cv(SH) has
been suggested to play no direct role in the GAPDH oxidation mechanism whereby the en-
zyme is irreversibly inactivated by H2O2 [34], although the presence of Cv(SH) is essential
for GAPDH activation of endonuclease APE1 regulating DNA repair and transcriptional
factors during oxidative stress [39].

In this study, we examine in detail various aspects of the H2O2 oxidation process
of GAPDH using a variety of experimental conditions, probing the kinetics of chemical
and biophysical transformations within oxidized subunits, in order to consolidate the dis-
parate observations associated with GAPDH and H2O2 redox signaling. We demonstrate
for the first time that sequential oxidation of Cc(SH) and Cv(SH) by H2O2 is critical for
redox−active participants mediating the irreversible inactivation of GAPDH and formation
of a putative metastable subunit signaling conformer. We identify additional redox path-
ways that link these events with the concomitant formation of the active site sulfonated
cysteine, intra and intersubunit disulfide bonding, subunit unfolding, and aggregation [12].

2. Results
2.1. Stoichiometry and pH−Dependent Kinetics of GAPDH Oxidation

In order to establish the identity of oxidizable residues and their relative subunit distri-
bution within the GAPDH homotetramer, it is first necessary to measure the stoichiometric
ratio of H2O2 consumed oxidizing one mol GAPDH tetramer and the kinetic constants as-
sociated with the overall oxidation process. The most facile H2O2 oxidation process within
proteins involves the heterolytic cleavage of the dioxygen bond by nucleophilic attack by
the cysteine anion, where the reaction rate will be sensitive to its pKa. The pH dependence
of H2O2 oxidation kinetics can yield useful information with respect to the mechanism.

End−point titrations of the number of mol H2O2 consumed oxidizing one mol porcine
(p)−GAPDH to measure reactant stoichiometry were determined to be 8.1± 0.6 (n = 3). The
kinetics of H2O2 consumed oxidizing GAPDH at 37 ◦C were measured independently at pH
7, 7.8, and 9 (reported optimal GAPDH enzyme activity is at pH 8.5[40]), and second−order
rate plots were constructed from the kinetic measurements and reactant stoichiometric
ratios (Supplementary Figure S1). The kinetics of H2O2 consumption were monophasic
at pH 7 (bimolecular rate constant (k) = 9.4 M−1s−1) and biphasic at higher pH. The rate
constant for H2O2 oxidation of p−GAPDH at pH 7 at 37 ◦C is in good agreement with
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published data for r−GAPDH of 11.4 M−1s−1 and 10 M−1s−1 at pH 7.5 at 22 ◦C [37,41].
This is similar to the rate constant obtained for the H2O2 oxidation of cysteine [42]. (We
discuss these controversial observations in detail in Supplementary Note 1). The resolved
rate constants for oxidation reactions that increase (k′) and decrease (k′ ′) with rising pH
were as follows: pH 7.8, k′ = 13.7 M−1s−1, k′ ′ = 6.6 M−1s−1; pH 9.0, k′ = 25.6 M−1s−1 and
k′ ′ = 2.6 M−1s−1. Experimental designs to investigate the identity of the pH−dependent
biphasic H2O2 oxidation steps at 37 ◦C were as follows. The thiol oxidizing agent io-
dosobenzoic acid (IOB) selectively oxidizes Cc(SH) to sulfenic acid, Cc(SOH) [29] inactivat-
ing enzyme activity and quenching the NAD+/thiolate [Cc(S−)] charge−transfer Racker
absorption at 365 nm [43], both process reversed by addition of excess thiol [30,43]. The
time−courses of IOB and H2O2 oxidation of p−GAPDH at pH 7 correlated with Racker
absorption quenching and loss of enzyme activity assayed in the absence of dithiothre-
itol (DTT) (Figure 1a). Enzyme activity after incubation with IOB and H2O2, declined to
2.5 ± 2.8% and 4.2 ± 2.3% control (n = 4), respectively. DTT addition restored the activity
of the IOB−oxidized enzyme to 95.3 ± 5.7%, in contrast to only 12.9 ± 7.9% with the
H2O2−oxidized p−GAPDH.

The pH dependence of p−GAPDH Cc(S−)−−NAD+ Racker absorption was shown to
increase with raising the buffer pH [43], as demonstrated in Figure 1b. Measurement of the
pseudo−first−order rate constants for Racker absorption quenching after H2O2 oxidation
also increased with increasing the buffer pH, measured at pH 7 at 37 ◦C (k1), 7.8 (k2), and 9
(k3) (Figure 1b). The ratios of rate constants k2/k1 = 1.44, and k3/k1 = 2.34 correlated with the
same ratios of pH−dependence of the bimolecular rate constants k′ (k′pH7.8/k′pH7 = 1.46,
k′pH9/k′pH7 = 2.7), but not with k′ ′ (k′ ′pH7.8/k′ ′pH7 = 0.7, k′ ′pH9/k′ ′pH7 = 0.28). These results
establish that Step 1 is the H2O2 oxidation of Cc(SH) to Cc(SOH), indicating Step 2 is
associated with an H2O2 oxidation step that renders GAPDH refractory to enzyme activity
reactivation by excess thiol (DTT).
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is increased by rising pH following the addition of excess H2O2 to p−GAPDH at 14 °C. Fitted rate 
constants (k) and extrapolated initial absorption intensities (y0) were calculated from mono−expo-
nential decays curve−fits. (C) Loss and recovery of DTNB titratable cysteines/mol in native and 
H2O2−oxidized p, human (h), and yeast (y)−GAPDH (Mean ± SD, n = 4). (D) The fractional total con-
sumption of H2O2 (y, left ordinate) and fractional total binding of IAA (y, right ordinate) plotted 
against the fractional inactivation of GAPDH subunit enzyme activity (x). The data were fitted to 
the power function, yα = xβ. The ratio of exponents determines the stoichiometric ratio of reactants 
from start to finish of the inactivation process. 

The pH dependence of p−GAPDH Cc(S−)−−NAD+ Racker absorption was shown to 
increase with raising the buffer pH [43], as demonstrated in Figure 1b. Measurement of 
the pseudo−first−order rate constants for Racker absorption quenching after H2O2 oxida-
tion also increased with increasing the buffer pH, measured at pH 7 at 37 °C (k1), 7.8 (k2), 
and 9 (k3) (Figure 1b). The ratios of rate constants k2/k1 = 1.44, and k3/k1 = 2.34 correlated with 
the same ratios of pH−dependence of the bimolecular rate constants k′ (k′pH7.8/k′pH7 = 1.46, 
k′pH9/k′pH7 = 2.7), but not with k′′ (k′′pH7.8/k′′pH7 = 0.7, k′′pH9/k′′pH7 = 0.28). These results establish 
that Step 1 is the H2O2 oxidation of Cc(SH) to Cc(SOH), indicating Step 2 is associated with 
an H2O2 oxidation step that renders GAPDH refractory to enzyme activity reactivation by 
excess thiol (DTT). 

There were no significant differences noted in the hydrolysis−stable amino acid com-
position between native and H2O2−oxidized irreversibly inactivated p−GAPDH. Methio-
nine sulfoxide and cysteine sulfonic acid was undetectable in the oxidized sample (Sup-
plementary Table S1). Tryptophane content (measured by fluorescence quantum yield) 
was also not significantly different between samples of native and H2O2−oxidized en-
zymes. The possible oxidation states of cysteine, commonly observed in proteins, are 
listed in Scheme 1, and all species (including cysteine) are either destroyed or modified 
by the high−temperature hydrolysis protocol with the exception of cysteine sulfonic acid, 

Figure 1. (A–D) Kinetics and stoichiometry of cysteine residues oxidized by H2O2. (A) Corre-
lation of loss of p−GAPDH activity and quenching of Racker absorption by the selective Cc(SH)
oxidizing agent IOB and H2O2 (in the absence of reducing agents) at 14 ◦C. The similarity of the
time−dependence of inactivation by IOB is consistent with H2O2 oxidation of Cc(SH) to Cc(SOH)
inactivating the enzyme. (B) pH dependence of initial Racker absorption and rate of Racker absorp-
tion quenching is increased by rising pH following the addition of excess H2O2 to p−GAPDH at
14 ◦C. Fitted rate constants (k) and extrapolated initial absorption intensities (y0) were calculated
from mono−exponential decays curve−fits. (C) Loss and recovery of DTNB titratable cysteines/mol
in native and H2O2−oxidized p, human (h), and yeast (y)−GAPDH (Mean ± SD, n = 4). (D) The
fractional total consumption of H2O2 (y, left ordinate) and fractional total binding of IAA (y, right
ordinate) plotted against the fractional inactivation of GAPDH subunit enzyme activity (x). The data
were fitted to the power function, yα = xβ. The ratio of exponents determines the stoichiometric ratio
of reactants from start to finish of the inactivation process.

There were no significant differences noted in the hydrolysis−stable amino acid
composition between native and H2O2−oxidized irreversibly inactivated p−GAPDH.
Methionine sulfoxide and cysteine sulfonic acid was undetectable in the oxidized sample
(Supplementary Table S1). Tryptophane content (measured by fluorescence quantum yield)
was also not significantly different between samples of native and H2O2−oxidized enzymes.
The possible oxidation states of cysteine, commonly observed in proteins, are listed in
Scheme 1, and all species (including cysteine) are either destroyed or modified by the
high−temperature hydrolysis protocol with the exception of cysteine sulfonic acid, which
was below the limit of quantitation (BLQ). Modification of cysteines by H2O2 oxidation
of GAPDH by 5,5−dithio−bis−(2−nitrobenzoic acid (DTNB) oxidation of cysteines was
determined by 2−nitro−5−thiobenzoic acid (TNB) absorption (ε412 = 14,150 M−1cm−1

in p−GAPDH, humans (h−GAPDH), and yeast (y−GAPDH). The primary structure of
their subunit homotetramers contains 16, 12, and 8 cysteines/mol GAPDH, respectively
(Supplementary Figure S2). After rapid H2O2 oxidation and denaturation in the DTNB
buffer, in four separate experiments, the mean DTT reactive cysteines lost/mol GAPDH
from each species were 8.28, 7.05, and 7.23 (Figure 1c), equivalent to 2.07, 1.76, and 1.81
cysteines/subunit, respectively. The maximal TNB absorption following DTNB treatment
of the H2O2−oxidized enzymes diminished for r− and h−GAPDH over time (see below).
DTNB titratable thiol restoration for p−, h−, and y−GAPDH yielded 88.6%, 93.8%, and
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81.5% following a cycle of DTT reduction and spin−column buffer exchange (SCBE),
respectively (Figure 1c). The reversible loss of both DTNB titratable cysteines/subunit for
y−GAPDH points to Step 2 as Cv(SH) to Cv(SOH) oxidation.
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Scheme 1. List (1−7) of Common post−translational redox oxidation state values of cysteine residue
sulfur atoms found in native cellular proteins and peptides discussed in the manuscript. The sulfur
and sulfur − sulfur oxidation states are sown in parenthesis. The list is by no means exhaustive but
cover all oxidation states of cysteine discussed in this study.

The premise that both H2O2 oxidation steps are necessary and sufficient to form irre-
versibly inactivated GAPDH subunits is verifiable experimentally at pH 7, as described in
the Materials and Methods. The fractional consumption of H2O2 (y) as a function of the
fractional thiol−irreversible inactivation of r−GAPDH (x) from initiation to completion
of the oxidation process (Figure 1d) and fitted to a power function yα′ = x β′ , where the
exponents α′ and β′ are the stoichiometric ratios of the reactants. To irreversibly inac-
tivate one GAPDH subunit (β′ = 1), the consumption of ~two mol H2O2 are apparent
(α′ = 2.14 ± 0.13, r2 = 0.97). When the same analysis is applied to GAPDH inhibition
using iodoacetic acid (IAA) to selectively alkylate all four Cc(SH) residues/tetramer abol-
ishing subunit enzyme activity (Figure 1d), the results yielded the established value of
α′ = 1.10 ± 0.07 (r2 = 0.95) [43]. These results support the premise that both oxidation steps
are necessary and sufficient for irreversible inactivation of GAPDH subunit activity.

2.2. Identification of Redox−Active Cysteine Intermediates

We established that the targets of H2O2 oxidation of GAPDH are the two active
site cysteine residues. In this section, we explore the sequence of redox steps that result
in irreversible enzyme inactivation. Using MS techniques, we determine the identity
and oxidation states of the cysteine residues and the degree of homogeneity of these
modifications within the four subunits comprising the homotetramer, after achieving
redox equilibrium.

Denaturation of GAPDH following Steps 1 and 2 should afford rapid condensation
of sulfenic acids to thiosulfinic esters [44] and be available for reaction with two mol TNB
forming two mol mixed disulfide [45]. In the absence of competing nucleophiles, the four
thiosulfinic esters/GAPDH tetramer would be expected to stoichiometrically react with the
eight remaining cysteines/GAPDH tetramer. Investigation of this premise was conducted
by rapid H2O2 oxidation of r−GAPDH and denaturation in DTNB and 0.1% sodium
dodecyl sulfate (SDS) buffer at room temperature (RT). Initially, four of the eight DTNB
titratable cysteines were lost after oxidation (compared to the native enzyme), (Figure 2a),
and as predicted, the liberated TNB was quantitively consumed by the oxidized enzyme.
As a control, TNB reaction with the naturally occurring thiosulfinic ester, allicin (S−allyl
prop−2−ene−1−sulfinothioate) [45], is also shown in Figure 2a, resulting in a rate constant
of 37.1 M−1 s−1.
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Figure 2. (A,B) Evidence for thiosulfinic ester and disulfide formation after H2O2 oxidation of
GAPDH. (A) Kinetics of TNB absorption of native and H2O2−oxidized r−GAPDH [3.8 nmol/mL]
rapidly denatured in the presence of DTNB and 0.1% at RT. TNB released after DTNB oxidation
was relatively stable over time (~16 mol TNB/mol GAPDH), as was a control sample of TNB added
to the buffer. In contrast, TNB released after DTNB oxidation in H2O2−oxidized r−GAPDH de-
clined over time. Similar kinetics for TNB consumption was observed for admixed TNB and allicin,
(2:1 mol/mol). The stoichiometry and kinetic data were used to calculate the bimolecular rate con-
stants for H2O2−oxidized r−GAPDH and allicin demonstrating that the data are consistent with the
presence of thiosulfinic esters in the H2O2−oxidized enzyme. (B) The digital SDS−polyacrylamide
gel electrophoresis (PAGE) composite figure was constructed by interleaving lanes from different
unreduced and reduced gels. (L1) molecular weight markers. (L2) native r−GAPDH. (L3, and L4)
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unreduced and reduced H2O2−oxidized r−GAPDH incubated post−oxidation for 2 h showing the
presence of DTT−sensitive gel−shifted banding mobility of >~36 kDa, due to intrasubunit disulfide
bonding. (L5 and L6) unreduced and reduced H2O2−oxidized r−GAPDH after denaturation and
overnight incubation at pH 8.2, proving the presence of disulfide−linked subunit multimers. The
data show evidence for the formation of an intrasubunit disulfide bond formation after incubation
of the oxidized enzyme, which equilibrates at mildly alkaline conditions to form DTT−sensitive
intrasubunit multimers.

Measurement of the bimolecular rate constant for TNB reaction with thiosulfinic
ester from TNB absorption requires an accurate determination of the stoichiometry of
total bound cysteinylthionitrobenzoate (see Materials and Methods and Supplementary
Scheme SI for details). After a total of 3 h additional time of incubation a total of 16.6 ± 0.2
and 15.2 ± 0.3 (n = 4) mol TNB/mol were recovered from native and H2O2−oxidized
r−GAPDH, respectively. From the data and stoichiometry, a bimolecular rate constant of
42.3 M−1 s−1 was calculated for TNB reacting with the oxidized enzyme. These results are
consistent with a mechanism whereby H2O2 oxidizes Cc(SH) and Cv(SH) to a thiosulfinic
ester in all subunits of the GAPDH homotetramer followed by reaction of the thiosulfinic
ester with all inter/intra downstream cysteines forming eight mol disulfides/mol GAPDH.

These results became progressively less reproducible with time if the H2O2−oxidized
enzyme at 14 ◦C was not immediately denatured but allowed to incubate for a further
5–20 min at 14 ◦C prior to denaturation in the DTNB buffer. The following experiments
were conducted to investigate this discrepancy. Samples of native and H2O2−oxidized
r−GAPDH were incubated at 14 ◦C under N2 for 2 h and denatured in 0.1% SDS buffer,
and cysteines alkylated with N−ethylmaleimide (NEM). Disulfide content in the denatured
alkylated enzymes was measured using 2−nitro−5−thiosulfobenzoate (NTSB) reagent
(alkylation and NTSB protocols are described in the Materials and Methods). Disulfide con-
tent yielded 0.2 ± 0.1 and 3.7 ± 0.6 (n = 4) disulfides/mol native and oxidized r−GAPDH,
respectively. The same samples (minus NEM alkylation) were also probed for cysteine
content with DTNB, yielding 16.12 ± 0.60 and 3.88 ± 0.36 cysteines/mol native and oxi-
dized r−GAPDH, respectively. Redox modification of the thiosulfinic esters must occur
in the H2O2−oxidized enzyme to explain the recovery of half the expected total number
of disulfides.

The relative inter and/or intrasubunit distribution of the ~four mixed disulfides/
homotetramer in the post−oxidation incubation was probed by SDS−PAGE gel−shift [46].
Aliquots from native and H2O2−oxidized samples were either stored at −80 ◦C [set (a)]
or adjusted to pH 8.5, incubated overnight under N2, and then stored at −80 ◦C [set
(b)]. Native r−GAPDH (Figure 2b Lane 1) migrated at ~36 kDa. An unreduced sample
from set (a) resulted in additional bands with higher mobility than the subunit monomer
(Lane 3), collapsing to a single band at ~36 kDa after reduction (Lane 4). This confirms the
appearance of ‘gel−shifted’ higher mobility disulfide−linked subunits of GAPDH after
long storage [38].

An unreduced sample from set (b) migrated as clusters of higher molecular weight
bands (Lane 5) that migrated at ~36 kDa after reduction (Lane 6). The mean relative
migration of each cluster in Lane 5 was interpolated from standards (Lane 1). Each cluster
migrated at unary multiples of GAPDH subunit monomer MW (see Figure 2b right vertical
text), confirming the presence of heterogeneous populations of intersubunit disulfide
multimers. Moreover, these results indirectly confirm the presence of at least one disulfide
and one reduced cysteine in H2O2−oxidized GAPDH, which forms within the same subunit
before denaturation.

We next addressed the conundrum of how a modification to the thiosulfinic ester dur-
ing incubation can account for these results and attempted to identify the DTNB−unreactive
cysteine residue. Electrospray Ionization Quadrupole Time−of−flight/Mass Spectrom-
etry (ESI−QTOF/MS) analysis of native r−GAPDH and a reduced sample from set (a),
yielded major peaks at 35,693 and 35,724.5 Da, respectively (Supplementary Figure S3).
There was also a mass increase of 31.5 Da, approximately that of an additional two oxy-
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gen atoms/subunit. In order to identify the DTNB−unreactive cysteine noted above, an
unreduced sample from set (a) was denatured, and all cysteines alkylated with iodoacetic
acid (IAA) and incubated at 6 ◦C for two weeks (to oxidize all thiosulfinic acids to sulfonic
acids by dissolved oxygen in the buffer) with a companion sample of native r−GAPDH.
ESI−QTOF/MS analysis of the native and H2O2−oxidized and alkylated r−GAPDH sam-
ples yielded two major peaks. The differences in mass between the sample peaks were
+107 and +105 Da. (Supplementary Figure S3). After subtraction of the mass of one car-
boxymethylated cysteine (+58.05), a mass increase of +49 and +47 Da is consistent with the
addition of three oxygen atoms to each subunit.

Next, we used Liquid Chromatography Tandem Mass Spectrometry (LC/MS/MS) to
analyze a peptide map of trypsin−digested peptide mapping of a sample of r−GAPDH oxi-
dized with H2

18O2 followed by simultaneously reduction−alkylation with iodoacetamide−
tris(2−carboxyethyl)phosphine) (TCEP−IAM) in 6 M urea followed by SCBE and mailed to
Alphalyse for analysis. A search of the Mascot results of the MS/MS peptide fragmentation
data of residues 143–159 for alkylated or oxidized modifications at C7, Cc(SH) and C11,
Cv(SH), and the database queried for 16O and 18O isotopic distribution. Results showed
that carbamidomethyl cysteine was the only modification at C11, with the conversion of C7
to either cysteine sulfinic acid, Cc(SO2H), or sulfonic acid, with Cc(SO3H) in approximately
equal abundance. The majority (~80%) of each peptide species had one 18O atom (Table 1)
indicating that (to the nearest integer) one, not two 18O atoms in the Cc(SO2H)/Cc(SO3H)
residues derived from H2

18O2. Supporting this finding, no peptide species with more than
one 18O atom were detected. A second significant finding from the data is that sulfenic acid
condensation must proceed in a directional manner via nucleophilic attack by Cc(SOH) on
Cv(SOH), and not vice versa.

Table 1. Mass Spectrometry of modifications to the H2O2−oxidized tryptic peptide fragment of
r−GAPDH subunits. (a) The active site cysteine residue LC/MS/MS data of (C7, Cc(SH) and
vicinal (C11, Cv(SH) “IVSNASCTTNCLAPLAK” inactivated with 90 heavy atom% H2

18O2−oxidized
r−GAPDH detected in the Mascot database search with a Mascot probability score above 19. The
table shows the peptide residue mass modifications and associated elution retention times and peak
areas. Estimated oxygen isotopic ratios are corrected for the 10% isotopic abundance of 16O in the
H2

18O2 reagent. (b) LC/MS approximate estimates of the areas of the extracted ion chromatograms
of the active site tryptic peptide from H2O2−oxidized r−GAPDH from sample set [a]. The data were
searched by Mascot against the r−GAPDH sequence for modifications to the charge/mass (m/z)
ratios of the 17−mer, which does not distinguish between C7 and C11 modifications. The results
indicate that after the first round of alkylation with NEM, ~3% of the tryptic peptide both Cc(SH) and
Cv(SH) were unavailable to be alkylated by NEM but readily alkylated with IAM after reduction,
indicating the presence of a disulfide bond between the two residues [47]. ~97% of the peptide was
modified to cysteine sulfonic acid while ~76% of Cv(SH) was unavailable for modification with NEM.
From Table 1a we demonstrate that C7 is exclusively oxidized to its sulfinic acid showing that the
majority of (Cv(SH) residue was disulfide−bonded to an intrasubunit downstream cysteine, and
unavailable for alkylation with IAM.

Peptide Sequence Modifying
Alkylating Agent: IAM R.T. [min] Peak Area *Estimated

Isotopic Ratio

IVSNASCc[+48]TTNCv[+57]LAPK Cc(SO3H)
Cv(Carbamidomethyl) 15.33 8.79 × 107 17%

(16O3)

IVSNASCc[+50]TTNCv[+57]LAPK Cc(S16O2
18OH)

Cv(Carbamidomethyl)
15.52 2.7 × 108 83%

(16O2,18O)

IVSNASCc[+32]TTNCv[+57]LAPK Cc(SO2H)
Cv(Carbamidomethyl) 15.18 8.6 × 107 21%

(16O2)

IVSNASCc[+34]TTNCv[+57]LAPK Cc(S18O16OH)
Cv(Carbamidomethyl)

15.4 2.3 × 108 79%
(16O,18O)
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Table 1. Cont.

Peptide Sequence Charge
Modifying

Alkylating Agents:
NEM then IAM

R.T.
[min] Peak Area

Summed
Relative Peak

Area (%)

IVSNAS*CTTN*CLAPK 2+ *2 × Carbamidomethyl 24.38 5.39 × 105 3.31

IVSNAS*CTTN*CLAPK 3+ *2 × Carbamidomethyl 24.38 5.83 × 105 3.31

IVSNAS*CTTN*CLAPK 2+ *C(SO3H),
*C(Carbamidomethyl) 27.29 1.74 × 107 76.42

IVSNAS*CTTN*CLAPK 3+ *C(SO3H),
*C(Carbamidomethyl) 27.29 8.42 × 106 76.42

IVSNAS*CTTN*CLAPK 2+ *C(SO3H),
*C(Ethyl pyrrolidinedione) 30.56 5.07 × 106 20.26

IVSNAS*CTTN*CLAPK 3+ *C(SO3H),
*C(Ethyl pyrrolidinedione) 30.56 1.79 × 105 20.26

In the next step, we used LC/MS for trypsin−digested peptide mass analysis to verify
that Cv(SH) was disulfide−bonded and that Cc(SH) was oxidized to Cc(SO2H) within
the same subunit. We prepared a sample from set (a) by alkylation with NEM and SCBE
followed by simultaneous alkylation−reduction with IAM−TCEP followed by SCBE and
oxidation of all Cc(SO2H) residues to Cc(SO3H) by HOCl [48] and sent to Alphalyse for
analysis. A search of the Mascot analysis of the peptide residues 143–159 containing both
(C7)Cc(SH) and (C11)Cv(SH) revealed three modified peptides. The summed ion−extracted
chromatogram (+2, and +3) peak areas showed that IAM alkylated approximately 3.3%
of the peptide at both C7and11, 76.4% modified as C7or11(SO2H) and C7or11IAM, and 20.3%
modified as C7or11(SO2H) and C11or11NEM. From the MS/MS data in Table 1, where the
modification to the sulfinic acid was exclusively determined to be at C7, the MS results in
Table 1 demonstrate that a small proportion of the peptide is modified to its disulfide [37]
and demonstrate that the primary equilibrium H2O2 oxidation products of r−GAPDH
subunits are as follows: (1) Cc(SO2H); (2) CvSSC(y,z); and (3) Cy,z(SH), where the subscripts
y and z represent either of the two downstream cysteine residues from Cv(SH).

We conclude from these observations that subunit thiosulfinic esters must undergo
further redox modification during the post−oxidation incubation period to be consistent
with the experimental data. For example, cysteine thiosulfinic esters undergo hydrolysis at
neutral pH (t1/2 ~15 m) to form forming cysteine thiosulfonic ester as an intermediate [44], a
transformation that would be consistent with the experimentally determined products [44].

2.3. Steps 1 and 2 Are Exclusively Consecutive

There are three possible mechanistic orders (listed in bold roman numerals in Scheme 2)
for the order in which subunit H2O2 oxidation of Cc(SH) and Cv(SH) occurs to yield
Cc(SOH) and Cv(SOH): These are either exclusive consecutive (i) Cc(SOH) then Cv(SOH)
and (ii) vice versa; or two parallel consecutive where either residue is the first residue oxi-
dized (iiia and iiib). We made two observations that lend support for mechanism (i), where
the oxidation of Cc(SH) occurs prior to oxidation of Cc(SH). The rate of oxidation of Cc(SH)
at pH 9 qualitatively dominates the initial phase of the second−order H2O2 consumption
kinetics (Supplementary Figure S1) and also, the rate increase for the formation of Cc(SOH)
with rising pH (Figure 1b) quantitatively mirrors the increase in the measured value of the
pH dependence of k′ (and opposite to that of k′ ′ as noted above).
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Scheme 2. Possible orders for consecutive reaction mechanisms for H2O2 oxidation of CcSH and
CvSH. Mechanisms (i) and (ii) occur in exclusive consecutive orders of reaction, resulting in either
Intermediate 1a or 1b. Mechanisms (iiia) and (iiib) are randomly consecutive orders of reaction.
The ratio of the products of these irreversible consecutive reactions (Intermediates 1a and 1b) are
determined by the ratios of k′: k′ ′. The experimental observations described in the text favor
mechanism (i) indicating that H2O2 oxidation of Cv(SH) is contingent on oxidation of Cc(SH).

2.4. In Vitro Evidence That Cv(SH) Is a Major Factor in Mediating Irreversible GAPDH Activity
by H2O2

A point mutation at C152S in h−GAPDH renders the enzyme resistant to H2O2 oxida-
tive inactivation [34]. We confirmed this finding by comparing H2O2 oxidation responses
of GAPDH from purified cytosolic extracts between two wt subspecies of Lactobacilli. Some
species utilize H2O2 secretion to control their microflora environment [49]. L. acidophilus
(an H2O2−secreting strain where Cv(SH) is replaced by serine) and L. plantarum (retaining
CvSH, a non−secretor) [49]. (Table 2 shows the correlation between Lactobacilli with CvS
replacement and H2O2 secretory activity).

Table 2. Correlation of GAPDH active site primary sequences of five non−H2O2 secretors and five
H2O2 secreting Lactobacilli, where Cv(SH) is replaced by serine. (Sources: ##Phenotypic data [50];
#sequence data, SIB Bioinformatics Resource.

Lactobacillus Species Accession No. Active Site H2O2 Secretor?

L. plantarum Q88YH6 SCTTNC No

L. fermentum B2GAL7 SCTTSC No

L. rhamnosus C2JVV2 SCTTNC No

L. brevis U2QJ09 SCTTNC No

L. dulbrueckii O32755 SCTTNS Yes

L. acidophilus Q5FL51 SCTTNS Yes

L. crispatus Q5K118 SCTTNS Yes

L. johnsonii C2E5E9 SCTTNS Yes

L. gasseri DIYHE7 SCTTNS Yes
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The IC50 values for H2O2 inhibition of GAPDH from L. plantarum with or without DTT
in the assay buffer were 385 and 420 µM (Figure 3), as expected from the DTT−irreversible
condensation of Cc(SOH) and Cv(SOH) following H2O2 oxidation. In contrast, the IC50
values for H2O2 inhibition of GAPDH from L. acidophilus assayed in the absence of DTT in
the assay buffer were 558.7 µM, but activity was largely restored when DTT was present
in the assay buffer, with an estimated irreversible inhibition of ~10% at 5 mM H2O2. This
relatively minor inhibition of L. acidophilus GAPDH by H2O2 is consistent with the sluggish
rate (0.4 M−1s−1) for H2O2 oxidation of Cc(SOH) to Cc(SO2H), as previously observed for
C34(SOH) oxidation by H2O2 to C34(SO2H) in human serum albumin [51]. This result adds
support to the premise that Cv(SH) is required for thiol−irreversible GAPDH inactivation
by H2O2 and agrees with the isotopic H2

18O2 results that the formation of Cc(SO2H) is not
a major mechanism of GAPDH inactivation by H2O2.
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Figure 3. Inactivation of GAPDH in H2O2−secreting and non−secreting Lactobacilli. Dose–response
of H2O2 inhibition of GAPDH activity in cytosol extracts from L. plantarum, a non H2O2 secreting
species and L. plantarum, an H2O2 secreting species measured in the presence and absence of DTT in
the assay buffer. IC50 values for H2O2 inhibition of GAPDH activity calculated from 4−parameter
logistic regression analysis of the data The recovery of enzyme activity in the presence of DTT in the
species with a CvS replacement (L. acidophilus) supports the premise that Cv(SH) is required for the
thiol−irreversible GAPDH inactivation by H2O2.

2.5. Subunit Unfolding following H2O2 Oxidation

In this section, we directly compare subunit unfolding kinetics after the formation of
the CcS(O)SCv intrachain bond by H2O2 oxidation of p−GAPDH with subunit unfolding
kinetics after the formation of the CcSSCv intrachain bond after DTNB oxidation of CcSH.
The formation of the thiosulfinic ester should afford identical unfolding kinetics (measured
by exposure of a reduced downstream cysteine) as the disulfide, and thiosulfinic ester
sulfur–sulfur bonds have similar lengths (~3.1Å) and would provide direct experimental
support that the two processes follow mechanistically similar pathways.

In the presence of DTNB [52] formation of the intrasubunit disulfide, Cc(SS)Cv in
lobster (l−GAPDH) subunits arises from the initial rapid oxidation of Cc(SH) by DTNB
(phase 1) forming the mixed disulfide and TNB release. Phase two TNB release results from
a nucleophilic attack on the mixed disulfide, forming Cc(SS)Cv, and a second TNB release,
followed by phase 3, where subunit unfolding exposes buried C(SH) residues to further
reaction with DTNB and TNB release.
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This concept is used to measure the pseudo−first−order rate constants (kα, kβ, and
kγ) for the three kinetically resolvable DTNB oxidation phases at 14 ◦C using p−GAPDH,
calculated from TNB absorption and binding stoichiometry. The established values for the
stoichiometric ratios for DTNB oxidization of l−GAPDH and TNB release were one each
for both phases of TNB release [52] used for the calculation of kα, and kβ.

Measurement of the stoichiometry of bound cysteinylthionitrobenzoate (for calculation
of kγ.) is measured after the third phase of DTNB oxidation of p−GAPDH is essentially com-
plete. Cysteinylthionitrobenzoate adducts after DTT reduction of a control sample of native
denatured p−GAPDH denatured in the presence of excess DTNB yielded the expected
~four mol TNB/mol subunit (Figure 4c [A]). The stoichiometry of cysteinylthionitroben-
zoate adducts after DTT reduction from a sample of p−GAPDH following completion of
the third phase (Figure 4c [C]) yielded the expected stoichiometry of ~two mol TNB/mol
subunit. The kinetic data and numerical values of rate constants calculated from the
absorption and stochiometric data kα, kβ , and kγ are shown in Figure 4a.
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Figure 4. (A–C) Temporal relationship between GAPDH H2O2 irreversible inactivation, subunit
unfolding, NAD+ dissociation, and aggregation: (A) Kinetic plots of DTNB reactivity with na-
tive p−GAPDH at 14 ◦C by DTNB oxidation of Cc(SH) (kα obs), Cc(SS)Cv disulfide formation
(kβ obs), and DTNB oxidation of the two downstream cysteines following subunit unfolding (kγ obs).
(B) Kinetic plot of DTNB reacting with the single cysteine residue exposed after subunit unfolding in
H2O2−oxidized r−GAPDH subunits at 14 ◦C. (C) Binding stoichiometry of cysteinylthionitroben-
zoate adducts to r−GAPDH subunits after incubation with DTNB and SDS−denaturation and SCBE
in DTT buffer, as measured by TNB release. [A] TNB release from native p−GAPDH. [B] TNB released
from SDS−denatured H2O2−oxidized r−GAPDH after a 3 h incubation in the denaturing DTNB
buffer (cf Figure 1c). [C] TNB released from p−GAPDH after completion of the DTNB oxidation
kinetic experiment in panel (A) for a total extra incubation of 3 h. [D] TNB release after a sample of
pre−H2O2−oxidized r−GAPDH after completion of the DTNB oxidation kinetic experiment in panel
(B) for a total extra incubation of 3 h. Following measurement of the TNB binding stoichiometry, the
values of kγ obs and kδ obs could then be calculated.

The kinetic experiment was repeated using the undenatured H2O2−oxidized p−GAPDH
to follow subunit unfolding by exposure of buried cysteines to DTNB (Figure 4b). Experi-
mental controls were first performed to measure the stoichiometries of bound cysteinylth-
ionitrobenzoate to a sample of H2O2−oxidized p−GAPDH rapidly denatured in DTNB
buffer and a prolonged incubation to first directly reproduce the data presented in Figure 1c.
After SCBE and DTT reduction, ~four mol TNB/mol p−GAPDH were recovered (Figure 4c
[B] as expected.

Next, the stoichiometry of bound cysteinylthionitrobenzoate was measured after 4 h
incubation of the H2O2−oxidized undenatured enzyme with DTNB after completion of
the DTNB oxidation, resulting in the recovery of ~one mol TNB/mol p−GAPDH subunit
(Figure 4c [D]), enabling calculation of the rate constants (kδ) of the kinetics of buried
cysteine residue exposure (Figure 4b), showing approximate equivalence to kγ (Figure 4a).

These data support an unfolding mechanism for the H2O2−oxidized GAPDH subunit
that occurs because of conformational strain induced by the formation of an intrachain
thiosulfinic ester and re−confirms that only one of the four cysteine residues remains
reduced after incubation of the oxidized enzyme.

The second indicator of subunit unfolding was the measurement of dissociation
of bound NAD+ from native and H2O2−oxidized enzymes at 14 ◦C. Dissociation of
NAD+ during the timescale for irreversible loss of enzyme activity was relatively mi-
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nor (Figure 5a), clearly dissociating the kinetics of irreversible enzyme inactivation. NAD+

dissociation from H2O2−oxidized r−GAPDH increased over time (Figure 5b). Modeling
the data to a generalized limited first−order protein unfolding process, a comparison of
the results support a time−dependent exposure of buried cysteines. The data yielded
kdiss = 19.95 ± 1.75 × 10−6 s−1, indicating a temporal connection between subunit unfold-
ing and subunit NAD+ dissociation. Subunit aggregation at 14 ◦C was monitored by
forward−angle light scatter (Figure 5c). The data plotted with simulated kinetics of NAD+

dissociation over the same time−course show GAPDH subunit aggregation lagged the
subunit unfolding process.
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observation, we conducted a more quantitative analysis and determined that the confor-
mation was stable at 4 °C, and its stability was highly temperature−dependent. Analysis 
of the CD spectra at 4 °C was used to measure conformational changes within the homo-
tetramer secondary structure between native and H2O2−oxidized p−GAPDH, found to be 
associated with a 34.4% loss of α−helix and an increase in both β−strand (+17.8%) and 
random coil (+12.5%) (Figure 6a). Loss of α−helical domains is associated with greater lo-
cal subunit conformational flexibility. The CD spectra measured over two hours showed 
that the conformation adopted by the oxidized enzyme at low temperature was stable 
allowing for a realistic timeframe for analysis of its properties. 

Figure 5. (A–C) Temporal dissociation between H2O2−mediated loss of r−GAPDH enzyme ac-
tivity, NAD+ dissociation, and subunit aggregation. (A) Comparison between time−dependent
DTT−irreversible GAPDH activity enzyme activity and dissociation of NAD+ from H2O2−oxidized
r−GAPDH over 1350 s at 14 ◦C) (B) NAD+ dissociation for 150 min at 14 ◦C in control and
H2O2−oxidized r−GAPDH, modeled to a limited first−order protein unfolding process. The similar-
ity of the resulting rate constant to that obtained in Figure 4b indicates that both exposure to buried
cysteines and NAD+ dissociation arise from subunit unfolding after H2O2 oxidation. (C) r−GAPDH
aggregation over 30 h at 14 ◦C. The data show that H2O2 irreversible GAPDH enzyme inactivation,
subunit unfolding, and subunit aggregation are temporally distinct.

2.6. H2O2 Oxidation Perturbs Subunit Structure

Conformational modifications involving a decrease in α−helical content in H2O2−
oxidized GAPDH using CD spectroscopy were first reported in ref. [38]. Building on
this observation, we conducted a more quantitative analysis and determined that the
conformation was stable at 4 ◦C, and its stability was highly temperature−dependent.
Analysis of the CD spectra at 4 ◦C was used to measure conformational changes within
the homotetramer secondary structure between native and H2O2−oxidized p−GAPDH,
found to be associated with a 34.4% loss of α−helix and an increase in both β−strand
(+17.8%) and random coil (+12.5%) (Figure 6a). Loss of α−helical domains is associated
with greater local subunit conformational flexibility. The CD spectra measured over two
hours showed that the conformation adopted by the oxidized enzyme at low temperature
was stable allowing for a realistic timeframe for analysis of its properties.
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p−GAPDH at 4 °C. Secondary structure parameters from the analysis are tabulated in the insert and 
show a significant loss of α−helix. The spectra were unchanged between measurement within the 
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that the subunit rearrangement was stabilized at low temperature. (B) Combined overlaid gel filtra-
tion chromatograms of native and oxidized p−GAPDH at 4 °C. Calibrator MW standard protein 
elution profiles are shown in black. Native p−GAPDH protein content, native enzyme activity, 
H2O2−oxidized p−GAPDH protein content, and p−GAPDH residual enzyme activity all co−elute 
from the column at the expected MW of p−GAPDH homotetramer at ~148 kDa. 

Having established that the H2O2−oxidized conformer was stable for 2 h, the influ-
ence of H2O2−oxidized GAPDH on the quaternary structure was probed by gel filtration 
at 4 °C during this time frame. Chromatograms of native and H2O2−oxidized p−GAPDH 
resulted in overlapping tetramer elution and enzyme activity profiles (Figure 6b). We pre-
viously demonstrated that when GAPDH is inactivated by ~95% by H2O2, the Michaelis 
constants for D−glyceraldehyde−3−phosphate (G3P), NAD(H), and Pi are not significantly 
perturbed [53]. These data show that irreversible enzyme inactivation and subunit sec-
ondary structural changes are not associated with either subunit dissociation or interfer-
ence with adjacent subunit enzyme kinetic parameters. 

  

Figure 6. (A,B). H2O2 oxidation of GAPDH is accompanied by significant secondary structural
changes in the absence of subunit dissociation. (A) CD spectra of native and H2O2−oxidized
p−GAPDH at 4 ◦C. Secondary structure parameters from the analysis are tabulated in the insert
and show a significant loss of α−helix. The spectra were unchanged between measurement within
the shortest timeframe for oxidation and spectra collection and after 1−2 h incubation at 4 ◦C,
showing that the subunit rearrangement was stabilized at low temperature. (B) Combined overlaid
gel filtration chromatograms of native and oxidized p−GAPDH at 4 ◦C. Calibrator MW standard
protein elution profiles are shown in black. Native p−GAPDH protein content, native enzyme activity,
H2O2−oxidized p−GAPDH protein content, and p−GAPDH residual enzyme activity all co−elute
from the column at the expected MW of p−GAPDH homotetramer at ~148 kDa.

Having established that the H2O2−oxidized conformer was stable for 2 h, the influence
of H2O2−oxidized GAPDH on the quaternary structure was probed by gel filtration at 4 ◦C
during this time frame. Chromatograms of native and H2O2−oxidized p−GAPDH resulted
in overlapping tetramer elution and enzyme activity profiles (Figure 6b). We previously
demonstrated that when GAPDH is inactivated by ~95% by H2O2, the Michaelis constants
for D−glyceraldehyde−3−phosphate (G3P), NAD(H), and Pi are not significantly per-
turbed [53]. These data show that irreversible enzyme inactivation and subunit secondary
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structural changes are not associated with either subunit dissociation or interference with
adjacent subunit enzyme kinetic parameters.

2.7. MD Analysis of CvSH Oxidation by H2O2

The active site environment within the hydrated crystal structure of an isolated subunit
h−GAPDH [36] was used to construct a van der Waals contact surface diagram demon-
strating that in the native enzyme, the Cv(SH) (C156) sulfur atom is located at the back of
the ~6Å hydrophilic pocket within the hydrophobic boundary region, accounting for the
inability of an H2O2 molecule within the active site pocket to be able to dock close enough
to oxidize C156 in the native enzyme. MDS analysis was applied after C152 was converted
to C152(SOH) and H2O 440, closest to C156, was replaced by H2O2 within the Molecular
Operating Environment (MOE).

Following energy minimization of the structure (Figure 7a), H2O2 formed a strong
H−bond with the hydroxyl oxygen atom of Y314, the second proton forming a strong
H−bond with the oxygen atom of C152(SOH). The H2O2 oxygen atom furthest from C156
formed an exchangeable H−bond with the proton of the positively charged tautomer of
the Nε2 imidazole of H179 and an H−bond with the T153 hydroxyl proton. The distance
between the oxygen atom of the docked H2O2 closest to the sulfur atom of C156 was 3.31Å,
located at the interface (3.32Å) of their van der Waal’s radii (1.52Å and 1.8Å) for SN2 nucle-
ophilic attack. The exchangeable H−bonded proton donated by H178 facilitates heterolytic
oxygen bond fission of H2O2, promoting the water leaving group. The contribution of the
acidic protons of both H179 and CcS(OH) to H2O2 docking and bond fission provides a
rationale for the experimental data demonstrating decreasing reactivity of Cv(SH) with
H2O2 with increasing pH.
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two sulfur centers are within the van der Waals contact distance for covalent bond formation. For-
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as well as the C152 sulfinic acid proton and delocalized Y314 π−orbitals promote nucleophilic attack 
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provides a rational basis for the experimental data proving directional nucleophilic attack resulting 
in a thiosulfinic acid with the sulfinyl center at C152 and the sulfenyl center at C156. (C). A plausible 

Figure 7. (A–C). MDS analysis of the environment of C152 and C156 within an isolated h−GAPDH
subunit to explore the mechanistic interpretation of the biochemical data. (A) The catalytic region of
h−GAPDH (PDB1u8f) within the crystal structure of an isolated subunit shows the placement of an
H2O2 juxtaposed to C156 (Cv(SH). After MDS, the H2O2 molecule docks forming strong bifurcated
hydrogen bond donors (T153, H179) and strong hydrogen bond acceptors (C152 sulfenic acid and
Y314) which polarize and activate the H2O2 molecule for nucleophilic attack by C156. The acidic
protons contributed by H179 and C152 sulfenic acid provide a rational basis for the observed decline
in H2O2 oxidation of C156 with rising pH (B). Following Steered Molecular Dynamics (SMD), the two
sulfur centers are within the van der Waals contact distance for covalent bond formation. Formation
of strong H−bonds between the C156 sulfinic acid acidic proton and C152 sulfinate oxygen, as well
as the C152 sulfinic acid proton and delocalized Y314 π−orbitals promote nucleophilic attack of its
sulfur atom on C156 sulfenic acid sulfur atom as water is an excellent leaving group. The model
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provides a rational basis for the experimental data proving directional nucleophilic attack resulting
in a thiosulfinic acid with the sulfinyl center at C152 and the sulfenyl center at C156. (C). A plausible
mechanistic reaction pathway for thiosulfonic ester formation is shown depicting a polarizing
H−bond donor (T154) and acceptors (H179 and Y314) of a water oxygen atom at the van der Waals
covalent sulfur–oxygen bond radius promoting hydroxyl attack on the sulfinyl sulfur center of
thiosulfinic ester forming the thiosulfonic ester.

2.8. MDS Analysis of the Secondary Structure of Oxidized GAPDH

Native subunit sulfur centers of C151 and C156 are separated by 8.6Å, their approach
being stabilized by both residues contributing to α−helix and by steric hindrance of the
perpendicular Y314 phenol ring [43]. Electrostatic interactions between the sulfur d2sp3
octahedral electron orbitals and the Y314 π−system also enhance their spatial arrangement.
C152(SOH) and C156(SOH) were annotated within MOE, followed by 300 ps MDS, and
energy−minimized. The subunit adopted a new stable secondary structure. The first seven
residues of the catalytic domain (S151−L157) within the stretch of α−helix are converted
to random coil (Supplementary Figure S4). Rearrangement of the H−bonding network
was evident: Y314 H−bonds with both C152(SOH) and C156(SOH); H179 H−bonds with
T154 and C156(SOH); and T153 H−bonds with T177. α−helix stability is further disrupted
by amide H−bond formation between T153 and N155. The conversion of S151−L157 to
random coil may directly influence the observed loss of the downstream α−helix (residues
211–221) because of the β−hairpin ‘structural ambivalence’ of this region [54].

Following MDS and energy minimization, the degrees of freedom for the spatial
separation of C152(SOH) and C156(SOH) are increased by the loss of α−helix. The aromatic
ring axis of Y313 is displaced 2.5Å and tilted 84◦ to the plane of the path, joining the sulfur
centers. Additionally, the random coil sequence in the native subunit residues 224–227
(containing the critical Siah1 binding residue, K227 [55]) forms a 225–226 three−residue
turn. Leucine L228 now participates in the 228–234 β−strand. Global secondary structural
features showed an overall net loss of 11 α−helix residues (Supplementary Figure S4). The
distance separating the C152(SOH) and C156(SOH) sulfur centers is reduced to 7.2Å, just
outside the range for sulfenic acid condensation (<5 Å).

2.9. Reaction Pathway for Condensation of the Sulfenic Acids

Steered Molecular Dynamics (SMD) [56] was used to explore if the MDS timescale
is too short to sample a limiting energy barrier to a closer approach to the sulfur centers.
A distance restraint function was applied between the two sulfur atoms of C152(SOH)
and C156(SOH) (defined within MOE) within the earlier energy minimized structure with
upper and lower boundaries of 4Å and 5Å as the external force. The 100 ps restrained
simulation at 300◦K was then annealed to 0◦K and energy minimized (Figure 7b). The
sulfur centers are now 3.8Å which is within the distance for covalent bond formation. The
ring axis of Y314 was displaced by 5.6Å and tilted 36.5◦ to the plane of the path, joining
the sulfur centers and removing any steric hindrance of Y314 (Supplementary Figure S5).
The secondary structure of the isolated subunit was perturbed with a loss of 29 α−helix,
five β−strand, and a gain of 22 random coil residues, in good agreement with CD data for
the homotetramer (Figure 5a). This concordance shows that subunit–subunit interactions
accommodate the conformational rearrangement.

The local environment of the sulfenic acids in the SMD energy minimized structure
was inspected to predict the directional nucleophilic attack by C152(SOH) on C156(SOH)
(Figure 7b) to support the validity of the model. A strong H−bond (1.72Å) is present
between the hydroxyl proton of C152(SOH) and the hydroxyl oxygen of C156(SOH). The
hydroxyl proton of C156(SOH) is polarized by its proximity to the delocalized Y314 π
orbital centroid (3.26Å), promoting water as the leaving group. Steric hindrance for the
sulfur–sulfur center approach by Y314 is orientationally perturbed by forming a strong
H−bond between its hydroxyl proton with the backbone amide carbonyl oxygen of V178
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(1.47Å) predicting the experimentally determined directional sulfenic acid condensation
for thiosulfinic ester formation.

2.10. Pathway for the Formation of a Thiosulfonic Ester

The structure resulting from the earlier simulation was modified within MOE to a
thiosulfinic ester, and energy−minimized. A water molecule was placed with its oxygen
atom constrained at the van der Waals contact distance (3.31Å) from the partial positively
charged thiosulfinic ester sulfinyl center. After local energy minimization, a strong negative
polarized transition state of the water oxygen atom is observed (Figure 7c). The oxygen
atom of the water molecule forms an H−bond acceptor from the T154 hydroxyl proton. Two
water protons form a strong H−bond with the Nδ1 proton acceptor of histidine H179, and
with the Y314 hydroxyl oxygen. The H−bonding network provides a plausible mechanism
for orientation and proton abstraction of the water molecule for nucleophilic attack by
OH− to form the thiosulfonic ester.

2.11. Subunit Instability following Thioester Formation

The SMD structure resulting from the prior simulation was modified within MOE to
accommodate the thiosulfonic ester followed by 500 ps MDS at 300◦K and energy mini-
mization. The resulting structure revealed a loss of global subunit secondary structure,
dissociation of NAD+

, and solvent accessibility of C244. Complete subunit unfolding in
silico was also observed in h−GAPDH subunits after C151/C155 disulfide bond forma-
tion [34].

We note that destabilization of the monomeric subunit observed after 500 ps of MDS
in silico shows that after the formation of the thiosulfinic ester, an intermediary metastable
conformation (i.e., the signaling conformer) should in theory be too short−lived to be
observable by biochemical and biophysical techniques. This apparent disconnect between
the in silico result using MDS analysis on the isolated subunit and the homotetrameric CD
analysis of the homotetramer potentially arises from the stabilizing influence of the adjacent
subunits of the GAPDH homotetramer. It will be of interest to explore this possibility when
more advanced MDS computational analytical methods are available for analysis of the
H2O2−oxidized homotetrameric crystal structure.

2.12. The Redox−Balanced Reactions of H2O2 Oxidation of GAPDH

The overall H2O2 oxidation of GAPDH involves the three cysteine residues: Cc(SH)
(C152); Cv(SH) (C156); and Cx(SH) (C247) in each subunit of the homotetramer. In the case
of GAPDH from species with a fourth downstream cysteine residue (porcine or rabbit in
this study), the disulfide bond can equilibrate between any pair of intra or intersubunit
cysteines other than the oxidized catalytic cysteine sulfinic/sulfonic acids (see Section 2.2).
The utility of focusing biochemical studies on the mechanism of GAPDH oxidation by H2O2
from enzyme species with four rather than three C(SH) residues/subunit is clear from an
examination of Scheme 3, as one reduced cysteine is preserved in both p− and r−GAPDH,
providing confidence that sulfur redox equilibrium is reached for proper interpretation
of results. Using rapid oxidation and denaturation conditions with excess DTNB, the
product of Step (3) is detectable. During an incubation period, the product of Step (4) was
predicted from the products found in Step (5). Attempts to investigate the kinetics of Step
(4) using biochemical methods were not successful for reasons that may arise from the
highly electrophilic and nucleophilic character of thiosulfonic esters [47].
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3. Discussion

In this study, we uncover key elements of the mechanism by which H2O2 oxidation
of GAPDH irreversibly inactivates enzyme activity, which is coupled with the formation
of a metastable conformer that we propose is the major H2O2 redox signaling species of
GAPDH. We demonstrate that the H2O2 oxidation process of each subunit of the GAPDH
homotetramer follows the same mechanistic path resulting in a homogenously oxidized
conformer that is stable for at least 2 h at 4 ◦C. This discovery provides an operable
framework for future studies to further explore cognate binding proteins and enzymatic
chemical modifications of the putative signaling conformer.

We use MDS, using the crystal structure of an isolated subunit as a tool, to probe
the active site hydrogen−bonding network to rationalize and support the biochemical
observations while recognizing the limitations of MDS as a surrogate computational model
for the homotetramer. However, we note the strong concordance between the calculated
loss of α−helix within the oxidized homotetramer by CD in vitro and the computational
calculated loss within the isolated subunit in silico. SMD is obviously a ‘forced’ shortcut to
overcome computational limitations to demonstrate (but not prove) that a reaction pathway
for the observed formation of the intrachain sulfur–sulfur bond is mechanistically feasible.

The conformational rearrangement of inactivated subunits within the homotetramer
does not have a major influence on adjacent unoxidized subunit enzyme kinetic measure-
ments [53] or the NAD+ co−factor binding (see Section 2.5) at least until the oxidized
subunit unfolds. The corollary of this observation is that (prior to subunit unfolding)
contacts between adjacent subunits allow for conformational rearrangement of a single
oxidized subunit within the homotetramer, which may be sufficient to initiate binding to
cognate partner signaling proteins. The ‘induced fit’ model of protein–protein interactions
explains how low−affinity interactions with a cognate partner promote conformer selection
where protein flexibility is intrinsic to molecular recognition to the detriment of recogni-
tion specificity [57]. This concept may apply to the less intrinsically ordered metastable
conformation adopted by H2O2−oxidized GAPDH subunits.

Formation of the thiosulfonic ester occurs during the lifetime of the metastable oxi-
dized subunit, although kinetic analysis of this elusive transformation is beyond the scope
of this study. Both thiosulfinate and thiosulfonic esters are reactive electrophiles, although
the latter species is also nucleophilic [47]. The existence of a highly electrophilic thiosul-
fonic ester at the active site of cellular GAPDH oxidized in situ (first proposed by Jeong
et al. [33]) may explain the detection of low−abundance modifications of GAPDH in the
environment of the crowded chemically diverse cytosol [32,33]. Our data also rationalize
that in oxidatively stressed cells, GAPDH can be found as disulfide−linked aggregates
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with other GAPDH subunits or other proteins, in addition to subunit active site cysteines
modified to its sulfinic/sulfonic acid [18,19,34,58–61].

Given the pivotal role of GAPDH in cell signaling, adequate buffering of the steady−state
concentration of a signaling conformer is a critical requirement for mediating cell fate deci-
sions. The consecutive GAPDH two−cysteine switch, applicable to H2O2 oxidative stress
response, has features that meet these expected criteria. In a healthy neuron at physiologi-
cal H2O2 levels, the probability of H2O2 activation of the GAPDH subunit two−cysteine
switch would be low [62]. This emphasizes the requirement for a fast response time for ini-
tiation of the irreversible signaling conformation once the switch is set. These are precisely
the conditions under combined oxidative and metabolic stress (as cytosolic G3P, NAD+,
glutathione, and ATP levels fall [63–65]) which provide an appropriate number of signaling
subunits contributing to an appropriately scaled physiological oxidative stress response.

In conclusion, future studies enabling a more complete and accurate characterization
of the metastable signaling conformer of GAPDH, with respect to chemical modification
and chaperone binding, should facilitate a greater understanding of signaling pathways
involved in cell fate decisions, assisting identification of new targets for therapeutic inter-
vention, particularly for chronic neurodegenerative diseases [4,16,18].

4. Materials and Methods
4.1. GAPDH Preparation

Reagents were purchased from Sigma−Aldrich (St. Louis, MO) unless otherwise
indicated. GAPDH from four species: human erythrocyte (h−GAPDH), porcine muscle;
(p−GAPDH) (discontinued), rabbit muscle (r−GAPDH), and yeast (y−GAPDH). A total
of 1–5 mg GAPDH were reconstituted at 1 mg/mL in 1 mM EDTA, 1 mM NAD+, 5 mM
Na2HAsO4, pH 7.5, and incubated at 4 ◦C overnight. Buffer exchange/desalting was
accomplished using 7000 MW cutoff Pierce ZebaTM Spin Desalt Columns (Pierce Biotech-
nology, Rockford, IL, USA), equilibrated according to the manufacturer’s instructions. The
sample volume added to the columns, never exceeded the mid−range of recommended
sample volume to insure efficient buffer exchange). The method is referred to in the text
as Spin Column Buffer Exchange (SCBE). Samples were centrifuged at 14,000× g and
0.45 µm filtration, followed by two rounds of spin−column buffer exchange (SCBE) with
50 mM Na4P2O7, 1 mM EDTA, and 1 mM NAD+ at the target pH 7. Protein concentration
measurements in experimental samples were measured using the Pierce (Rockford, IL,
USA) BCA protein assay kit. During this study, p−GAPDH was discontinued by Sigma
and replaced with r−GAPDH, the two homotetramer subunits have 98.8% amino acid
sequence homology, and as far as the studies reported in this manuscript, no differences
were ever observed between the enzymes regarding H2O2 oxidation.

4.2. GAPDH Activity Assay

GAPDH was assayed as follows [66]. The assay buffer comprised 50 mM Na4P2O7,
1 mM EDTA, 1 mM NAD+, 5 mM NaHAsO4 containing 50µg catalase, 0.1% BSA, (S−alkylated
with NEM and exhaustively dialyzed) pH 7.5. A 5 mM DTT was included in the assay
buffer where indicated. Assays (250 µL) were conducted in 96−well microtiter plates,
initiated by addition of 15 µL 50 mM D−glyceraldehyde 3−phosphate. Initial rates of
NADH formation were measured at 340 nm (ε = 6220 M−1cm−1) in a multi−mode BioTek
Synergy HT spectrophotometer (Winooski, VT).

4.3. H2O2 Standardization and Assay

2–3% H2O2 and H2
18O2 (90 atom%) were diluted to ~100 mM. The reagents were

standardized at 240 nm (ε = 43.6) and diluted to 65 mM and stored in 0.1 mL aliquots at
−80 ◦C. Sample [H2O2] was measured using the Amplex™ Red H2O2 assay kit (Invitrogen
(Carlsbad, CA, USA) according to the manufacturer’s instructions, resorufin absorption
was measured at 570 nm after addition of 20 µL sample for assay.
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4.4. Measurement of Reduced Cysteines

GAPDH cysteine content was measured using 5,5′−dithiobis−2−nitrobenzoate
(DTNB) [67] with modifications. An aliquot of GAPDH was added to the buffer con-
taining 5 mM DTNB, 50 mM Na4P2O7, 0.1% SDS, pH 7.5, and cysteine content measured
by TNB absorption (ε412 = 14,100 M−1cm−1). Stoichiometry of Cysteinylthionitrobenzoate
(CSSTNB) adducts of GAPDH were determined by removal of TNB and unreacted DTNB
by SCBE into 50 mM Na4P2O7, 0.1% SDS, pH 7.5, and protein concentration determined.
TNB absorption was measured after addition of 5 mM DTT to reduce CSSTNB, to calculate
mol TNB/mol subunit binding stoichiometry.

4.5. Oxidation of GAPDH by H2O2 and Cysteine Titration

The rate of GAPDH oxidation was controlled by varying the concentration of GAPDH
and/or H2O2. Excess unreacted H2O2 was removed either by SCBE or by addition of 25 µL
of washed catalase−conjugated agarose beads/mL (Sigma−Aldrich #C9284), removed by
a 10 s pulse spin at 14,000× g.

Rapid oxidation method. Rapid oxidation was used for all experiments unless indicated
otherwise. The reaction buffer contained 2.5 µM GAPDH in 50 mM Na2HAsO4, 1 mM
NAD+

, pH 7.0. The oxidation was initiated by the addition of 1.5 mM H2O2 for 10 min at
14 ◦C. At the end of this period, GAPDH activity both in the presence and absence of 5 mM
DTT was reduced to ~95% of native GAPDH activity. Enzyme activity recovered in the
presence of DTT is referred to as reversible inactivation of GAPDH, while enzyme activity
that cannot be recovered in the presence of DTT is referred to as irreversible inactivation
of GAPDH.

Post−oxidation incubation conditions. For determining the status of thiosulfinic ester
formation, after rapid oxidation and SCBE, the oxidized enzyme was immediately dena-
tured with 0.1% SDS, followed by addition of DTNB, which immediately reacts with the
two unoxidized cysteine residues/subunit, with release of two mol TNB/subunit, and two
cysteinylthionitrobenzoate adducts. The two mol TNB then react with the thiosulfinic ester
to form a total of four cysteinylthionitrobenzoate adducts.

4.6. Demonstration That both Oxidation Steps Irreversibly Inactivate Enzyme Activity

The premise that H2O2 oxidation Steps 1 and 2 are both necessary and sufficient to
form irreversibly inactivated GAPDH subunits is verifiable experimentally.

In the following consecutive equation, two cysteines in each GAPDH subunit (E)
are oxidized in two steps by H2O2, followed by a third step resulting in an irreversibly
inactivated enzyme (P):

E + H2O2
k′→ E(SOH) + H2O2

k′′→ E(SOH)2
k′′′→ P

In the absence of competing reactants (such as thiol reducing agents) where H2O2
oxidation of cysteine is kinetically irreversible, and in the special case at pH 7 where
k = k′ = k′′ :

E + 2H2O2
k→ E(SOH)2

k′′′→ P

When k′′′ > k, the consecutive bimolecular reactions above will appear kinetically 3rd
order, as the overall reaction rate will depend on the square of the H2O2 concentration.
For a general case, where it is the ratio of stoichiometries of the reactants that is to be
determined the rate equation can be expressed in terms of a power law [68], such that the
initial reaction rate of formation of P (r) depends only on the product of the concentrations
of reactants raised to the powers of their reaction orders:

r0 = k[P]x × [H2O2]y

For elementary reactions, if the reaction goes to completion ([H2O2] in excess) for the
condition k′′′ > k, at any time during the reaction, the reaction orders are equal to their
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stoichiometric coefficients, and the rate equation for the reaction rate applies throughout
the course of the reaction:

r = k[P]1 × [H2O2]2

The initial activity of native GAPDH is designated P0. The reaction is initiated at
t = 0 by addition of excess H2O2 at concentration Bo required for completion of GAPDH
subunit oxidation. Samples are withdrawn at times t during the oxidation process, for (i)
determination of the remaining enzyme activity in the presence of excess DTT (P′), and
(ii) the concentration of H2O2 remaining in the sample (B′). Data are collected over time
until P′ is reduced to ~5% Po. From these results, the fractional consumption of H2O2
(y) = (Bo−B′) as a function of the corresponding fractional inactivation of subunit activity
(x) = (Po−P′) modeled to a power function will have the general form yα ′ = x β ′, where
α′/β′ yields the ratio of the reacting stoichiometries for GAPDH DTT irreversible subunit
inactivation by H2O2. Analysis of the data fit parameters is evaluated for a value of α′/β′

~2 demonstrates that k′′′ > k and tests the hypothesis that both oxidation steps are both
necessary and sufficient to irreversibly inactivate GAPDH activity.

4.7. Detection of Disulfides Using NTSB

Total GAPDH inter−and intrasubunit cystine (CSSC) residues were quantitated using
the disodium 2−nitro−5−thiosulfobenzoate (NTSB) reagent described by Thannhauser
et al. [69]. H2O2−oxidized GAPDH after incubation was alkylated with 50 mM NEM at
pH 7, and subject to SCBE. A sample was taken for measurement of protein concentration
and 25 µL sample was added to the assay solution by dilution of the NTSB solution 1:100
in 3 M guanidine thiocyanate, 0.1 M Na2SO3, 200 mM Tris, 3 mM EDTA pH 9.5. Alkaline
sulfitolysis of one mol disulfide in the presence of NTSB yields one mol TNB, quantitated
by absorption at 412 nm, and total mol disulfide/mol subunit determined.

4.8. Kinetics of DTNB Reaction with Native and H2O2−Oxidized GAPDH

DTNB reaction with l−GAPDH was described in detail in [52]. DTNB rapidly oxidizes
Cc(SH), yielding four mol TNB/mol l−GAPDH and four mol Cc(SSTNB). The second phase
comprises nucleophilic attack by Cv(S−) yielding Cc(SS)Cv and an additional four mol
TNB/mol GAPDH, and results in a conformational strain within the subunits, exposing the
remainder of the buried subunit cysteines to the solvent, and oxidation by DTNB during
the third phase, because of subunit unfolding. The reaction with native and oxidized
r−GAPDH with DTNB, containing two buried cysteines/subunit in addition to Cc(SH)
and Cv(SH) was followed over time by continuous monitoring of the absorption at 412 nm
at 14 ◦C. The three resolvable pseudo−first−order rate constants for each phase were
obtained for native r−GAPDH using the stoichiometries of 1:1:2 for the three phases of
the oxidation. Kinetics of H2O2−oxidized r−GAPDH subunit unfolding, as measured
by exposure of buried cysteines were probed by both TNB absorption in the presence of
DTNB was observed to assess similarities between subunit unfolding between the native
DTNB and H2O2/DTNB−oxidized enzymes. The rate constant for DTNB reaction with
H2O2−oxidized r−GAPDH was calculated from the absorption kinetics and total binding
stoichiometry of C(SSTNB).

4.9. SDS−PAGE Analysis

Disulfide cross−linked p−GAPDH subunits were visualized using SDS−PAGE gel−shift
analysis. using Bio−Rad (Hercules CA) Mini−Protean® TGX™ pre−cast 10% cross−linked
10−well slab gel cassettes. Samples were diluted with 2 × Laemmli sample buffer. Gels
were either run as directed by the manufacturer with samples unreduced or reduced by
addition of 10 mM DTT (pH 6.8) and boiling. MW standards were run on each gel (Precision
Plus Protein™ Kaleidoscope™ Pre−stained Protein Standards), which were photographed
after completion of the electrophoresis. Pinpricks were used to mark the positions of
the standards on the gels prior to visualizing using Bio−Rad Silver Stain Plus Kit. Gels
were photographed at various development time intervals during silver deposition for
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selection of optimal development for maximized clarity independently for the unreduced
and reduced gels. Digital images from unreduced and reduced lanes were interleaved into
one image, with no selective lane digital manipulation.

4.10. Thiosulfinic Ester Determination

Cysteine thiosulfinic ester (C(S(=O)S)C) was measured by following the loss of TNB
absorption at 412 nm as described for diallylthiosulfinic ester (allicin) [45], where two mol
thiol (in this case TNB) react with one mol CyS(=O)Cy to form two mol of the mixed disul-
fide (CSSTNB). Allicin was prepared exactly as described in ref. [70] and stored in aliquots
frozen at −80 ◦C for single use at 10× working concentration. The stoichiometry of thiol
reacting with allicin (2 mol/mol) occurs in two steps the first step is rate−determining [45]
shown in the following scheme:

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 27 of 32 
 

 

buffer. Gels were either run as directed by the manufacturer with samples unreduced or 
reduced by addition of 10 mM DTT (pH 6.8) and boiling. MW standards were run on each 
gel (Precision Plus Protein™ Kaleidoscope™ Pre−stained Protein Standards), which were 
photographed after completion of the electrophoresis. Pinpricks were used to mark the 
positions of the standards on the gels prior to visualizing using Bio−Rad Silver Stain Plus 
Kit. Gels were photographed at various development time intervals during silver deposi-
tion for selection of optimal development for maximized clarity independently for the 
unreduced and reduced gels. Digital images from unreduced and reduced lanes were in-
terleaved into one image, with no selective lane digital manipulation. 

4.10. Thiosulfinic Ester Determination 
Cysteine thiosulfinic ester (C(S(=O)S)C) was measured by following the loss of TNB 

absorption at 412 nm as described for diallylthiosulfinic ester (allicin) [45], where two mol 
thiol (in this case TNB) react with one mol CyS(=O)Cy to form two mol of the mixed di-
sulfide (CSSTNB). Allicin was prepared exactly as described in ref. [70] and stored in ali-
quots frozen at −80 °C for single use at 10× working concentration. The stoichiometry of 
thiol reacting with allicin (2 mol/mol) occurs in two steps the first step is rate−determining 
[45] shown in the following Scheme 4: 

 
Scheme 4. The steichiometry of thiol reacting. 

4.11. GAPDH Size Exclusion Gel Filtration Chromatography 
Native and oxidized GAPDH was chromatographed using 100 mL Sephadex G−100 

column, equilibrated at 4 °C with 100 mM NaCl, 50 mM Na4P2O7, 1 mM EDTA. The col-
umn was calibrated with 0.4 mL 100 mM NaCl, 50 mM phosphate, 1 mM EDTA containing 
13% sucrose buffer with the following standards: Cholesterol oxidase (Mr ~38,000); alka-
line phosphatase (Mr ~80,000) and aldolase (Mr ~158,000). The 0.4 mL fractions were col-
lected. After calibration, 3.3 mg native or H2O2−oxidized samples of p−GAPDH were chro-
matographed, and the eluate fractions were assayed for both GAPDH activity and protein 
content. 

4.12. CD Spectroscopy of Native and Oxidized GAPDH 
The 200–250 nm CD spectra (1.5 nm bandwidth) on an aliquot of native p−GAPDH 

(0.325 mg/mL in a 0.1 cm cell) was averaged and recorded for 3 s at 0.5 nm intervals in an 
AVIV 60 DS spectrometer at 4 °C. The CD spectra of oxidized p−GAPDH were taken as 
rapidly as possible after SCBE (equilibrated at 4 °C), and again after incubation in the CD 
quartz cell for an interval of 1 h at 4 °C. Analysis of the data was performed using CDPro 
(http://lamar.colostate.edu/~sreeram/CDPro/main.html) after conversion of the CD data 
to molar ellipticity units) using the SELCON3, CDSSTR, and CONTINLL algorithms to 
calculate relative α−helix, β−strand, and random coil, expressed as % of total residues. The 
arithmetic means of the structural results were calculated to remove bias, and the best fit 
(CDSSTR) is shown for clarity. 

4.13. Measurement of NAD+ Dissociation during H2O2 Oxidation of GAPDH 
0.1 mL samples from GAPDH were concentrated in an Amicon 30 kDa MWCO spin 

filter and repeatedly centrifuged during the oxidation reaction at 13,000× g to generate at 

S

O

S
S
OHS

NO2HOOC

S+ TNB + TNB+
S

O2N COOH

S
Slow Fast

4.11. GAPDH Size Exclusion Gel Filtration Chromatography

Native and oxidized GAPDH was chromatographed using 100 mL Sephadex G−100
column, equilibrated at 4 ◦C with 100 mM NaCl, 50 mM Na4P2O7, 1 mM EDTA. The
column was calibrated with 0.4 mL 100 mM NaCl, 50 mM phosphate, 1 mM EDTA con-
taining 13% sucrose buffer with the following standards: Cholesterol oxidase (Mr ~38,000);
alkaline phosphatase (Mr ~80,000) and aldolase (Mr ~158,000). The 0.4 mL fractions were
collected. After calibration, 3.3 mg native or H2O2−oxidized samples of p−GAPDH were
chromatographed, and the eluate fractions were assayed for both GAPDH activity and
protein content.

4.12. CD Spectroscopy of Native and Oxidized GAPDH

The 200–250 nm CD spectra (1.5 nm bandwidth) on an aliquot of native p−GAPDH
(0.325 mg/mL in a 0.1 cm cell) was averaged and recorded for 3 s at 0.5 nm intervals in an
AVIV 60 DS spectrometer at 4 ◦C. The CD spectra of oxidized p−GAPDH were taken as
rapidly as possible after SCBE (equilibrated at 4 ◦C), and again after incubation in the CD
quartz cell for an interval of 1 h at 4 ◦C. Analysis of the data was performed using CDPro
(http://lamar.colostate.edu/~sreeram/CDPro/main.html) after conversion of the CD data
to molar ellipticity units) using the SELCON3, CDSSTR, and CONTINLL algorithms to
calculate relative α−helix, β−strand, and random coil, expressed as % of total residues.
The arithmetic means of the structural results were calculated to remove bias, and the best
fit (CDSSTR) is shown for clarity.

4.13. Measurement of NAD+ Dissociation during H2O2 Oxidation of GAPDH

0.1 mL samples from GAPDH were concentrated in an Amicon 30 kDa MWCO spin
filter and repeatedly centrifuged during the oxidation reaction at 13,000× g to generate at
least 25 µL of filtrate to determine free [NAD+] in the filtrate by HPLC. Total [NAD+] and
GAPDH activity were determined in a sample taken from the upper chamber. Bound and
free NAD+ were quantitated by UV absorption of the HPLC eluents using authentic NAD+

standards injected onto the column.

4.14. Mass Spectrometry Methods

For ESI−QTOF analysis, samples of native and oxidized GAPDH were dissolved in
6:4 CH3CN/H2O, 0.1% HCOOH. The samples (5 µL, at a flow rate of 10 µL/min) were
injected either directly via 50 µm tubing attached to the nebulizing needle or first injected
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onto an RPLC for MS analysis by ESI−QTOF mass spectrometry (Thermo API−III TQ with
an ion−spray interface, Thermo Scientific, Waltham, MA, USA). Data were collected every
3.78 s at a step size of 0.1 Da.

4.15. Protein Identification by nano−LC−QTOF Peptide Sequencing and Database Search

r−GAPDH samples were analyzed by Alphalyse Inc. (Odens, Denmark). Protein
samples were reduced and alkylated with iodoacetamide (IAM) and subsequently digested
with trypsin. The resulting peptides were concentrated by lyophilization and re−dissolved
for injection on a Dionex nano−LC system and MS/MS analysis on a Bruker Maxis Im-
pact QTOF instrument (Billerica Middlesex County, MA, USA). The identified database
protein sequences are shown in the Results together with the obtained mass spectrometric
peptide maps. The resulting peptides were analyzed on a nano−LC system connected to a
Thermo Orbitrap MS/MS instrument. The MS/MS spectra were used for a Mascot (Matrix
Science, Boston, MA, USA) database search against a custom database containing specific
protein sequences.

4.16. Peptide Mapping with Protein Digestion and LC/MS

Enzymatic digestion. A 5 µg (10 µL) of the GAPDH sample was diluted in 63 µL
50 mM NH4HCO3 buffer and digested with 4% trypsin (Promega, Madison, WI.) for 3 h at
30 ◦C. The resulting peptides were desalted by mixed cation exchange and concentrated by
Speed Vac lyophilization. The sample was resuspended in 0.1% formic acid and the peptide
mapping was performed on a Dionex UltiMate 3000 LC system (Thermo Scientific) coupled
to a Bruker Maxis Impact mass spectrometer. The peptides were separated on a ReproSil
C18 column (120Å, 3 µm, 15 cm, ID 100 µm, PepSep) using a 30 min gradient with a flow
rate of 0.45 µL/min. The MS analysis was performed in positive mode and the peptides
were ionized using a Captive Spray source with the following parameters: Capillary 1500
V; NanoBooster 0.2 bar and dry N2 gas (3.0 L/min at 150 ◦C. The mass spectrometer was
set for Information Dependent Acquisition in the mass range of 50–2200 m/z. Up to five
ions were selected for fragmentation and recorded as MS/MS scans. The selection criteria
for fragmentation included a preferred charge state of the precursor ion between +2 and +6.
Fragmentation was performed using collision−induced dissociation energy with collision
energy ranging from 31–45 eV.

4.17. Database Searching and Data Analysis

The raw files were searched through Mascot against an r−GAPDH database. The
Mascot software finds matching proteins in the database by their peptide masses and
peptide fragment masses. For the database search, the search parameters included peptide
mass tolerance of 15 ppm and fragment mass tolerance of 0.5 Da. Two missed cleavages
were allowed. The peptide identification is based on a probability−scoring algorithm. Only
peptides with a mascot score above 20 were used for further data analysis. Data were
further manually evaluated in Data Analysis 4.4 (Bruker) and Skyline 20.2.0.343 (MacCoss
Lab). For the Skyline analysis, the Mascot search result was used to create a Skyline library
and raw data were then imported into the program. Skyline was used to evaluate extracted
ion chromatogram traces and isotopic analysis of the peptides.

4.18. Preparation of GAPDH Purified from L. plantarum and L. acidophilus

Cell pellets from L. plantarum and L. acidophilus were grown in 2 L 70142 Lactose
broth (Fluka Analytical, Radnor, PA). Cells were lysed in 5 mL of 50 mM Tris pH 8.0,
0.1 mg/mL lysozyme, 1 mM PMSF, 5 mM EDTA followed by sonication and diluted to
45 mL in 0.1% alkylated BSA, 10 mM DTT and centrifuged 30,000× g. Supernatants were
concentrated to ~0.4 mL in 100 kDa MWCO Centricon® Plus−70 (Millipore, Bedford, MA,
USA) units and GAPDH concentrated on 100 mL Sephadex G−100 columns, exactly as
previously described, except that 1 mM EDTA, 1 mM NAD+ and 50 mNa4P2O7 pH 7 was
used to equilibrate the columns. The six 0.4 mL eluting fractions with the highest enzyme
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activity were pooled (~2.5 mL) and concentrated to 0.5 mL in Centriprep® 30 NMWCO,
followed by SCBE. The specific activities of GAPDH in the two semi−purified enzyme
preparations were 7.8 and 10.1 µM NAD+ reduced/min/mg total protein for L. plantarum
and L. acidophilus GAPDH respectively, the later preparations were diluted to equalize total
GAPDH activity.

4.19. h−GAPDH Active Site Computational Model Methods

The crystal structure of h−GAPDH (PDB1u8f) was used as an active site model. The
Molecular Operating Environment (MOE), 2019.01; Chemical Computing Group, 1010
Sherbrooke St. West, Suite #910, Montreal, QC, Canada, was used to construct, solvate,
display, and energetically minimize the model. Merck’s Molecular Force Field (MMFF94s
with all MOE parameterization was used with a maximum non−bonded cutoff distance
of 12.0Å. The GB/VI generalized solvation model with implicit solvent electrostatics [71].
All bound water molecules as determined within the crystal structure were included and
immersed in a generated 6Å spherical shell of TIP3 waters. The complex was gently relaxed
by tethering the backbone, then minimizing to an rms gradient of 0.05Å. To evaluate if two
atomic centers within a protein could potentially approach within a distance for covalent
bonding, a modification of MD was employed. The Steered Molecular Dynamics (SMD)
method was used [56]. The SMD method imposes an external force in a directional manner
(energy) between the atomic centers during MD simulation. In our case distance constraints
between atoms were used to provide directionality. This technique allows for the sampling
of other conformational states that are separated by higher energy barriers, crossing transi-
tions between equilibrium states that are relatively rare events on the timescale of normal
MD timescales (~100 ps), and circumvents the need for long simulation times (~s × 10−3)
that require supercomputing availability. However, for the nucleophilic attack simulations
of peroxide on C152 and C156, the Amber12:EHT force field and parameterization were
used because of its overall increased accuracy, particularly for small molecules.

4.20. Data Analysis

All curve−fitting and statistical analyses were performed using GraphPad Prism
v. 6.04. All data are presented as the mean (x) and its associated variance, σ (±1 SD).
Significance between data sets was determined by ANOVA. For experiment where technical
multiple samples (y) are used to determine (x), the result is expressed as x± SD, (n = y). In
experiments where the mean is calculated from the results of y separate experiments, the
result is expressed as x± SD, (N = y).
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