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The glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has multiple functions,
including mediating oxidative stress-induced neuronal cell death. This process is associated with
disulfide-bonded GAPDH aggregation. Some reports suggest a link between GAPDH and the pathogenesis
of several oxidative stress-related diseases. However, the pathological significance of GAPDH aggregation
in disease pathogenesis remains unclear due to the lack of an effective GAPDH aggregation inhibitor. In
this study, we identified a GAPDH aggregation inhibitor (GAI) peptide and evaluated its biological profile.
The decapeptide GAI specifically inhibited GAPDH aggregation in a concentration-dependent manner.
Additionally, the GAI peptide did not affect GAPDH glycolytic activity or cell viability. The GAI peptide
also exerted a protective effect against oxidative stress-induced cell death in SH-SY5Y cells. This peptide
could potentially serve as a tool to investigate GAPDH aggregation-related neurodegenerative and
neuropsychiatric disorders and as a possible therapy for diseases associated with oxidative stress-

induced cell death.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) was first
identified as a glycolytic enzyme [1]. However, GAPDH also has
non-glycolytic functions, such as DNA repair [2], membrane fusion
and transport [3], transcriptional regulation [4], and oxidative
stress-induced cell death [5]. In cells, GAPDH acts as an oxidant-
stress sensor. Under oxidative stress conditions, GAPDH trans-
locates to the nucleus [6], which induces p53-dependent tran-
scription of apoptotic genes [7] and activates poly(ADP-ribose)
polymerase-1 [8]. We previously reported that oxidative stress
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leads to disulfide-bonded GAPDH formation, which results in
amyloid-like GAPDH aggregation and contributes to cell death [9].
We also reported the critical role of the GAPDH active site cysteine-
152 in aggregation. Cysteine-152 is easily oxidized, and substituting
the residue with alanine abolishes GAPDH aggregation and cell
death [10].

Several neurodegenerative disorders occur under oxidative
stress conditions, such as stroke, Alzheimer's disease, and Parkin-
son's disease. Protein aggregation and subsequent accumulation
have been identified as key determinants in the pathogenesis of
these diseases [11,12]. Several studies have indicated a relationship
between GAPDH aggregation and oxidative stress-induced brain
damage [10,13,14]. More recently, we reported that GAPDH/
amyloid-beta coaggregates, which plays a pathogenic role in Alz-
heimer's disease [15]. However, the pathological significance of
GAPDH aggregation is not fully understood, largely due to lack of an
effective GAPDH aggregation inhibitor.

Here, we tested a theoretically designed GAPDH aggregation
inhibitor (GAI) peptide in vitro to evaluate its characteristics,
including potency, specificity, and pharmacological activity. We
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also discuss potential therapeutic applications.
2. Materials and methods
2.1. Compounds and peptide synthesis

All chemicals were analytical grade. Dopamine was obtained
from Wako pure chemicals (Osaka, Japan). The GAI peptide
(SNASCTTNAL) and the inverse peptide (LANTTCSANS) were syn-
thesized by Sigma-Aldrich-Japan-Genosys (Hokkaido, Japan). The
purity was >95%, as assessed by high-performance liquid chro-
matography (HPLC) and liquid chromatography-mass spectrometry
(LC-MS).

2.2. Cloning, expression, and purification of human GAPDH

Human GAPDH cDNA was generated as reported previously [9].
For bacterial expression, cDNA was cloned into the pBAD-HisA
vector (Invitrogen, Carlsbad, CA) using Sacl and Kpnl sites. The
construct coding region sequence was identical to that of human
GAPDH (GenBank accession No. M33197). The construct was
transformed into the gap(—) Escherichia coli strain W3CG [16]. Re-
combinant GAPDH proteins were expressed and purified as
described previously [9]. Briefly, transformants were cultured for
2 h at 37 °Cin M63 medium containing 50 pg/ml ampicillin, 15 pg/
ml tetracycline, and 0.2% (w/v) L-(+)-arabinose. After 24 h, the cells
were pelleted using centrifugation (3000x g for 15 min at 4 °C) and
resuspended in lysis buffer containing 50 mM sodium phosphate
(pH 8.0), 300 mM Nacl, 30 mM imidazole, 10% glycerol, and 2 mM
2-mercaptethanol. The supernatants were incubated with Ni-NTA
agarose resin (50% slurry, QIAGEN Japan, Tokyo, Japan) for 2 h at
room temperature with rocking. The resin was washed with 50 mM
phosphate buffer (pH 8.0) containing 300 mM NaCl, 50 mM imid-
azole, 10% glycerol, and 2 mM 2-mercaptethanol. The proteins
bound to the resin were eluted with 50 mM phosphate buffer (pH
8.0) containing 300 mM Nacl, 300 mM imidazole, 10% glycerol, and
2 mM 2-mercaptethanol and the eluates were immediately mixed
with 1 mM NAD™, 1 mM dithiothreitol and 1 mM EDTA/2Na, fol-
lowed by incubation at 4 °C overnight. The reduced proteins were
loaded directly onto a PD-10 column (GE Health Care Bioscience
Japan, Tokyo, Japan) equilibrated with G2’ buffer (50 mM Tris—HCI
[pH 8.0], 150 mM NaCl, 1 mM EDTA/2Na, and 5% glycerol).

2.3. Evaluation of GAI peptide for GAPDH aggregation inhibitory
activity

Human recombinant GAPDH solutions (5 pM) containing 0, 1, 3,
10, 30, 60, 100, or 300 uM GAI peptide were added to individual
wells in a 96-well plate. The plates were incubated for 48 h at 37 °C.
The turbidity was measured spectrophotometrically using the
absorbance at 405 nm on a VERSAmax micro-plate reader (Mo-
lecular Devices Japan), and ICsyp was calculated using GraphPad
Prism (ver. 6, GraphPad Software, Inc.). To examine the selective
activities of the GAI peptide, the effect of 50 uM cysteine or 50 pM
inverse peptide on these turbidities of GAPDH aggregation was
investigated by the same procedures.

2.4. The effect of GAI peptide on GAPDH enzyme activity

An assay mixture containing 50 mM triethanolamine (pH 8.9),
0.2 mM EDTA/2Na, and 50 mM K;PO4 was mixed with 10 nM
GAPDH, 10 uM GAI peptide, and 1 mM NAD™*. The enzyme reaction
was initiated with the addition of 2 mM GAP. GAPDH enzyme ac-
tivity was measured for 1 min at 25 °C via the change in absorbance
at 340 nm using a VERSAmax micro-plate reader.

2.5. Cytotoxicity of GAI peptide on PC12 cells

PC12 cells in Dulbecco's modified Eagle medium (DMEM) were
plated at a cell density of 3.13 x 10° cells/cm? into a 96-well plate
coated with 0.5 mg/ml poly-p-lysine hydrobromide. The cells were
incubated for 72 h at 37 °C with 1 mM of GAI peptide (20-fold molar
concentration against the ICsy value). The cell viability was
measured using a Cell Titer Glo Luminescent Cell Viability Assay kit
(Promega, WI) according to the manufacture's protocol.

2.6. The effect of GAI peptide on dopamine-induced cell death

SH-SY5Y neuroblastoma cells in Dulbecco's modified Eagle
medium/Ham's F12 medium (DMEM/F12, 1:1) were plated at a
density of 3.2 x 10* cellsjcm? in a 96-well plate and immediately
treated with a single dose of GAI peptide (10, 30, or 100 pM) or
100 pM cysteine. Cells were incubated for 30 min at 37 °C. The cells
were then treated with either 200 M dopamine or vehicle (DMEM/
F12) and incubated at 37 °C for 48 h. The cell viability was measured
as described above.

2.7. Statistical analysis

All data are represented the mean + SEM of independent ex-
periments as indicated the numbers (N) in each figure legend. For
statistical analysis, two groups and multiple groups were compared
with unpaired Student's t tests or Dunnet's multiple tests after one-
way analysis of variance (ANOVA), respectively.

3. Results and discussion

In order to develop a GAPDH aggregation inhibitor (GAI) pep-
tide, we designed a decapeptide that is 90% identical to the GAPDH
sequence of the active site, which contains the aggregation-
associated cysteine-152. This design was based on the previous
observation that cysteine-152 oxidation triggers GAPDH aggrega-
tion (Fig. 1A). Further, substituting the peptide equivalent of
cysteine-156 with an alanine prevented the formation of
intramolecular-disulfide bonds (Fig. 1B).

We evaluated the GAI peptide for GAPDH aggregation inhibition.
The GAI peptide inhibited aggregation in a concentration-
dependent manner (ICsp = 53.2 pM, Fig. 2A). Because the GAI
peptide contains a cysteine residue, this inhibition could poten-
tially be attributed to the antioxidative property of the cysteine. To
examine this possibility, we compared the GAPDH aggregation-
inhibition effect of the GAI peptide with that of cysteine alone.
Additionally, we assessed the sequence-specificity of the GAI pep-
tide using an inverse peptide. Treatment with cysteine or the in-
verse peptide did not attenuate GAPDH aggregation (Fig. 2B). These
results indicate that the GAI peptide inhibits GAPDH aggregation,
both in an antioxidative activity-independent and a sequence-
specific manner.

Next, to determine whether treatment with the peptide might
cause adverse effects, we assessed the effects of the GAI peptide on
GAPDH enzyme activity and cell viability. GAPDH's glycolytic ac-
tivity depends on the aggregation-associated cysteine-152 and
disrupting it may reduce catalysis. However, the GAI peptide did
not affect GAPDH enzyme activity even at a 1000-fold higher
concentration of GAI peptide (Fig. 3A). Additionally, treatment with
1 mM GAI peptide did not affect cell viability (Fig. 3B). These results
suggest that the GAI peptide does not disturb cellular homeostasis,
inhibit irreversibly, or covalently bind to GAPDH.

Finally, we examined the cytoprotective effect of the GAI peptide
against dopamine-induced cell death. High concentrations of
dopamine are known to cause robust oxidative stress [17]. Similar
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