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Background:Mammalian neuroglobin (Ngb) is involved in neuroprotection under oxidative stress conditions.
Results: Only under oxidative stress, human Ngb was recruited to lipid rafts by interacting with flotillin-1 and suppressed the
activation of G�i/o by acting as its guanine nucleotide dissociation inhibitor.
Conclusion: Human Ngb acts as an intracellular oxidative stress-responsive sensor to protect against cell death.
Significance: The neuroprotective mechanism of human Ngb was revealed.

Mammalian neuroglobin (Ngb) protects neuronal cells under
conditions of oxidative stress. The mechanism underlying this
function is only partly understood. Here, we report that human
Ngb exists in lipid rafts only during oxidative stress and that
lipid rafts are crucial for neuroprotection by Ngb. The ferrous
oxygen-bound form of Ngb, which exists under normoxia, is
converted to the ferric bis-His conformation during oxidative
stress, inducing large tertiary structural changes. We clarified
that ferric bis-His Ngb, but not ferrous ligand-bound Ngb, spe-
cifically binds to flotillin-1, a lipid raft microdomain-associated
protein, as well as to �-subunits of heterotrimeric G pro-
teins (G�i/o).Moreover, we found that human ferric bis-HisNgb
acts as a guanine nucleotide dissociation inhibitor for G�i/o that
has been modified by oxidative stress. In addition, our data
shows that Ngb inhibits the decrease in cAMP concentration
that occurs under oxidative stress, leading to protection against
cell death. Furthermore, by using a mutated Ngb protein that
cannot form the bis-His conformation, we demonstrate that the
oxidative stress-induced structural changes of human Ngb are
essential for its neuroprotective activity.

Mammalian neuroglobin (Ngb)3 is an oxygen (O2)-binding
heme protein that has a classical globin fold and is widely
expressed in the cerebral cortex, hippocampus, thalamus,

hypothalamus, cerebellum, and retina (1–3). Previous studies
have shown that inhibiting Ngb expression with an antisense
oligodeoxynucleotide decreases, while Ngb overexpression
increases neuronal survival after oxidative stress, supporting the
notion that mammalian Ngb protects neurons from hypoxic-
ischemic insults (4–7). Mammalian Ngb has been reported to
protect the brain from experimentally induced stroke in vivo (8,
9). Moreover, overexpression of Ngb in the hearts of transgenic
mice reduced ischemic injury to myocardial cells, which con-
tain vastly greater amounts of myoglobin (Mb) (8), suggesting
that mammalian Ngb has a novel unique function, not shared
by Mb, to protect against oxidative stress-induced cell death.
Mb is an intracellular globin that stores O2 in muscle tissue

and facilitates its diffusion from the periphery of the cell to the
mitochondria. Although Ngb shares only 20–25% sequence
identity with Mb, the key amino acid residues required for Mb
function are conserved (1). The iron atom in the heme pros-
thetic group of each globin normally exists in either the ferrous
(Fe2�) or ferric (Fe3�) redox state. In the absence of exogenous
ligands, Mb is normally pentacoordinated in the ferrous form,
leaving the sixth position available to bind exogenous ligands
such as O2 or carbon monoxide (CO), or hexacoordinated in
the ferric state, with a water molecule coordinated to the ferric
iron. In contrast, as shown in Fig. 1, both the ferric and ferrous
forms of Ngb are hexacoordinated to endogenous protein
ligands, namely proximal and distal histidine (His) residues,
and O2 or CO displaces the distal His residue of ferrous Ngb to
produce ferrous O2- or CO-bound Ngb (10).

We previously found that the ferric form of human Ngb
(HNgb) binds exclusively to the GDP-bound form of the � sub-
unit of heterotrimeric G proteins (G�) and competes with G��
for binding to G� (11, 12). Heterotrimeric G proteins consist of
G� with GTPase activity and a �� dimer (G��) and belong to a
family of proteins, whose signal transduction functions depend
on the binding of guanine nucleotides (13–15). Ligand- or sig-
nal-activated G protein-coupled receptors (GPCRs) induce the
release of GDP from G�, allowing G� to bind to GTP. Binding
of GTP to G� “turns on” the system and causes conformational
changes that result in dissociation of the GTP-bound G� from
both the receptor and G��. The GTP-bound G� and G�� can
then regulate the activity of different effectormolecules, such as
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adenylyl cyclase, and ion channels. Signal transduction is
“turned off” by the intrinsic GTPase activity of the G� protein,
which hydrolyzes bound GTP to GDP, inducing the reassocia-
tion of GDP-bound G� to G��. G� proteins are grouped into
four distinct families: G�i/o, G�s, G�q/11, and G�12/13 (14, 15).
We previously showed that ferricHNgb binds exclusively to the
GDP-bound form of G�i/o and acts as a guanine nucleotide
dissociation inhibitor (GDI) for G�i/o, whereas humanMb can-
not interact with G�i/o (12). In contrast, ferrous ligand-bound
HNgb under normoxia does not interact with G�i/o nor has
GDI activity (11, 12). Together, these findings indicated that
HNgb may be a novel oxidative stress-responsive sensor for
signal transduction in the brain (12, 16).
Although Ngb was originally identified in mammalian spe-

cies, it is also present in non-mammalian vertebrates (17, 18).
Mammalian and fish Ngb proteins share about 50% amino acid
sequence identity. Fish Ngb proteins are also hexacoordinated
globins with similar oxygen-binding kinetics (18). Previously,
we showed that zebrafish Ngb (ZNgb) has a cell membrane-
penetrating activity (19–22), but does not exhibit GDI activity
(23). To identify residues in HNgb that are crucial for its GDI
activity, we previously generatedHNgbmutants by focusing on
those residues that differ between HNgb and ZNgb and on
exposed residues with positive or negative charges on the pro-
tein surface (23). R47A, K102N, K119N, and D149A HNgb
mutants, which retained GDI activity, protected PC12 cells
against cell death caused by hypoxia/reoxygenation as did wild-
type (WT) HNgb (7). In contrast, E53Q, R97Q, E118Q, and
E151NHNgbmutants, which did not function as GDI proteins,

did not rescue cell death under oxidative stress conditions (7).
These results clearly showed that the GDI activity of HNgb is
tightly correlated with its neuroprotective activity.
Furthermore, we previously performed yeast two hybrid

screening using HNgb as bait and identified flotillin-1 as a
HNgb-binding protein (24). Flotillin-1 exists within lipid rafts,
which are detergent-resistant, cholesterol- and sphingolipid-
richmembrane domains that are involved in important cellular
processes such as signal transduction and intracellular traffick-
ing (25–29). Within the lipid rafts of the rat brain exist hetero-
trimeric G proteins (Gi, Go, and Gs), Src family protein kinases,
and some glycosylphosphatidyl inositol (GPI)-anchored pro-
teins (30–33). Flotillin-1 has been shown to recruit signaling
proteins to lipid rafts thatmediate the compartmentalization of
crucial signal transduction pathways (27, 28). Because HNgb
interacts with G�i/o, which also exists within lipid rafts, the
association betweenHNgb and flotillin-1may position it within
lipid rafts containing heterotrimeric G proteins as a means of
preventing neuronal death.
In the present study, we aimed to clarify the roles of lipid rafts

in HNgb-mediated neuroprotection. Because G�i/o proteins
have been reported to be targets of reactive oxygen species
(ROS) (34, 35), we investigated whether ferric HNgb inter-
acts with the G�i/o that is modified by ROS, thereby acting as a
GDI formodifiedG�i/o.Moreover, we substituted the distalHis
residue with Val to create an HNgb mutant (H64V HNgb) that
cannot form a bis-His conformation and investigated the sig-
nificance of the structural changes of HNgb induced by oxida-
tive stress.

EXPERIMENTAL PROCEDURES

Reagents—Rat myristoylated G�i1 was purchased from Cal-
biochem. The short splice variant of rat G�s protein was
obtained from Jena Bioscience (Jena, Germany). Horse heart
Mb, and methyl-�-cyclodextrin (M�CD) were obtained from
Sigma-Aldrich (St. Louis, MO). [8,5�-3H]GDP (20–50 Ci/
mmol) was purchased from PerkinElmer Life Sciences (Boston,
MA). Adenosine-3�,5�-cyclic monophosphorothioate, Rp-iso-
mer (Rp-cAMPS) and adenosine-3�,5�-cyclic monophosphoro-
thioate, Sp-isomer (Sp-cAMPS) were from Biolog (Bremen,
Germany). Cholesterol was from Wako chemicals (Osaka,
Japan).
Cell Culture—Rat pheochromocytoma PC12 cell line

(RCB009) was obtained from the RIKEN Cell Bank (Ibaraki,
Japan). PC12 cells were maintained in culture in Dulbecco’s
modified Eagle’s medium (DMEM) containing glucose 4.5 g/li-
ters, 10% (v/v) fetal bovine serum (FBS), 10% (v/v) heat-inacti-
vated horse serum, 100 units/ml penicillin, 100 �g/ml strepto-
mycin, and 2 mM glutamine (all from Invitrogen (Carlsbad,
CA)) in a humidified atmosphere containing 5% CO2 at 37 °C.
The medium was changed twice weekly and the cultures were
split at a 1:8 ratio once a week.
PC12 cells (CRL-1721.1) were obtained from the American

Type Culture Collection (ATCC; Manassas, VA) and main-
tained in F-12 nutrient mixture (Ham’s F-12), supplemented
with 15% (v/v) horse serum, 2.5% (v/v) FBS, 100 units/ml pen-
icillin, and 100 �g/ml streptomycin (all from Invitrogen) in a
humidified atmosphere containing 5% CO2 at 37 °C. The

FIGURE 1. Schematic illustration of the heme environmental structures of
ferrous ligand (O2 or CO)-bound, ferrous deoxy, and ferric Ngb. The distal
histidine residue of HNgb is His-64.
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mediumwas changed every 3 days, and the cultureswere split at
a 1:8 ratio once a week.
SH-SY5Y human neuroblastoma cells (CRL-2266) were

obtained from ATCC and maintained in a 1:1 mixture of
DMEM and Ham’s F-12 containing 2.5 mM glutamine, supple-
mented with 10% (v/v) FBS, 100 units/ml penicillin, and 100
�g/ml streptomycin (all from Invitrogen) in a humidified atmo-
sphere containing 5% CO2 at 37 °C. The medium was changed
every 4 days, and the cultures were split at a 1:20 ratio once a
week. Cultured cells were induced to differentiate into a neuro-
nal phenotype by treatment with 10 �M retinoic acid (Sigma-
Aldrich) over a period of 6 days (media were exchanged every 3
days during sub-culture). Differentiation was verified by mon-
itoring macroscopic changes to the cells.
Detergent Solubilization and Sucrose Density Gradient

Fractionation—HNgb cDNA was cloned into the eukaryotic
expressionvectorpcDNA3.1 (Invitrogen).Theconstructwas con-
firmedbyDNAsequencing (FASMACCo., Ltd.,DNAsequencing
services). The PC12 cells (CRL-1721.1) were grown on 100-mm
dishes until 70–80% confluence. The pcDNA3.1-HNgb expres-
sion vector was transfected using LipofectamineTM 2000 (Invitro-
gen) according to the manufacturer’s instructions. After 24 h of
transfection, the cells were incubated for 3 h in the absence or
presence of 200 �M hydrogen peroxide. The cells were washed
twicewith ice-coldbufferA (25mMTris-HCl, 150mMNaCl, 5mM

EDTA, pH 7.5) and then resuspended in 2 ml of ice-cold carbon
monoxide (CO)-saturated buffer A containing 1% Brij-58
[polyoxyethylene(20)cetyl ether], 0.4% (v/v) PMSF and complete,
EDTA-free; protease inhibitor mixture (Roche Diagnostics,
Mannheim,Germany), and incubated at 4 °C for 20min. The cells
were homogenizedwith 10 strokes of aDounce homogenizer, and
1.5 ml of the homogenate was added to an equal volume of 80%
(w/v) sucrose in buffer A. The solubilized cells (in 40% sucrose)
were overlaid successivelywith 6ml of 30% (w/v) sucrose and 4ml
of 5% (w/v) sucrose in bufferA.After centrifugation at 18,000 rpm
in a Beckman SW41 Ti rotor for 18 h at 4 °C, 12 fractions of 1 ml
eachwerecollected fromthe top.Fractions1–9wereconcentrated
with ice-cold trichloroacetic acid. The 12 gradient fractions were
analyzed by immunoblotting with rabbit anti-HNgb (FL-151)
polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA),
or rabbit anti-flotillin-1 (H-104) polyclonal antibody (Santa Cruz
Biotechnology). Can Get Signal� immunoreaction enhancer
solution (Toyobo, Tokyo, Japan) was used in the antibody dilu-
tion buffer to reduce the background level for theWestern blot
analyses.
Lipid Raft Disassembly by M�CD—Differentiated SH-SY5Y

cells were plated on poly-D-lysine-coated 96-well tissue cul-
ture plates at a density of 5.0 � 105 cells/ml for 24 h. The
pcDNA3.1-HNgb expression vector or control vector
(pcDNA3.1 empty vector) was transfected by using Lipo-
fectamineTM 2000 (Invitrogen) as directed by the manufac-
turer. After 24 h of transfection, the cells were incubated in
serum-free media containing 1.4 mM M�CD for 30 min at
37 °C. In a separate set of experiments, cholesterol was added
back to cholesterol-depleted cell cultures in order to reconsti-
tute the disassembled rafts. In brief, repletion with cholesterol
was accomplished by incubating cells in the presence of a 0.18
mM cholesterol/1.4mMM�CDmixture for 1 h at 37 °C. A stock

solution of 1.0mM cholesterol and 7.6mMM�CDwas prepared
by vortexing at 40 °C in 1ml of 7.6mMM�CDwith 20�l/liter of
cholesterol (20 mg/ml in ethanol solution). The culture
medium was replaced with fresh growth medium, and the cells
were then treated with 100 �M hydrogen peroxide for 24 h at
37 °C.
Cell Viability Assays—Cell viability was measured by trypan

blue exclusion (TBE) assays. Trypan blue was added to the cul-
tured cells, and the percentage of blue-stained cells was calcu-
lated after counting at least 1000 cells via phase contrast
microscopy. Cell viability was alsomeasuredwith CellTiter 96�
AQueous One Solution Cell Proliferation Assay Reagent (Pro-
mega, Madison,WI), containing [3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium, inner salt; MTS]. The cultured cells were incubated with
theMTS reagent at 37 °C for 4 h in a humidified, 5%CO2 atmo-
sphere. The amount of colored formazan dye formed was then
quantified bymeasuring absorbance at 490 nmwith a Beckman
Coulter DTX880 plate reader (Beckman Coulter, Fullerton,
CA). Cell viability was also assessed by lactate dehydrogenase
(LDH) assays usingCytoTox 96�Non-RadioactiveCytotoxicity
Assay kit (Promega) according to the manufacturer’s
directions.
Preparation and Purification of Glutathione S-Transferase

(GST) and a Fusion Protein of GST and Ngb—HNgb or ZNgb
cDNA was cloned into the pGEX-4T-1 vector (GE Healthcare
Biosciences, Piscataway, NJ) to produce the fusion protein
GST-Ngb (24). Overexpression of GST-Ngb and GST alone (as
a control) was induced in the Escherichia coli strain BL21 (DE3)
(Novagen, Madison, WI) by treatment with isopropyl-�-D-
thiogalactopyranoside (IPTG) for 4 h. Both GST-Ngb and GST
were purified by using glutathione-Sepharose 4B beads (GE
Healthcare Biosciences) according to the manufacturer’s
instructions. The binding buffer contained 1 mM dithiothreitol
(DTT). The purified proteinswere then loaded onto aHiTrapQ
HP cartridge (GE Healthcare Biosciences) equilibrated with 50
mM Tris-HCl, pH 8.0, and eluted with a linear NaCl gradient
from 0 to 0.7 M.
Preparation and Purification of Human Truncated Flotil-

lin-1 (a.a. 137–427)—Human truncated flotillin-1 was ex-
pressed in Escherichia coli and purified as described previously
(24).
GST Pull-down Assays of Truncated Flotillin-1—Human

truncated flotillin-1, solubilized in buffer (8 M urea, 100 mM

sodium phosphate buffer, and 10 mM Tris-HCl, pH 4.5), was
diluted 16 times with buffer B (50 mM Tris-HCl, 150 mM NaCl,
2 mM EDTA, 1% Nonidet P-40, pH 7.4 or pH 8.0) containing
EDTA-free complete protease inhibitor mixture (Roche Diag-
nostics). The diluted sample was then concentrated and incu-
bated with either GST alone or GST-Ngb immobilized on glu-
tathione-Sepharose 4B beads (GE Healthcare Biosciences) for
1 h at 4 °C. The beads were washed extensively three times with
buffer B. The samples were then resuspended in Laemmli sam-
ple buffer, heated for 5 min at 95 °C, and separated by 12.0%
SDS/PAGE. ForWestern blot analyses, the proteinswere trans-
ferred onto Hybond-P PVDF membranes (GE Healthcare Bio-
sciences), which were then blocked with phosphate-buffered
saline (PBS) and 5% skimmilk (Wako chemicals) and incubated
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with rabbit anti-flotillin-1 (H-104) polyclonal antibody (Santa
Cruz Biotechnology). The membranes were washed and then
incubated with anHRP-linked F(ab�)2 fragment of donkey anti-
rabbit IgG (GE Healthcare Biosciences).
GST Pull-down Assays using a Rat Brain Extract—Freshly

excised SD rat brains purchased from Japan SLC (Shizuoka,
Japan) were homogenized on ice in Tris-buffered saline buffer
(50 mM Tris-HCl, 100 mM NaCl, 1 mM DTT, and 1 mM EDTA,
pH 8.0) containing 1% n-octyl-�-glucoside and protease inhib-
itor mixture. The homogenates were incubated on ice, and
insoluble fractions were removed by centrifugation. The super-
natants were used in the GST pull-down assays. The experi-
mental conditions of the GST pull-down assays have been
described above for recombinant truncated flotillin-1.
Construction, Expression, and Purification of Recombinant

Human G�i1 Protein—The DNA fragment containing the
human G�i1 subunit (residues 1–354) was amplified by PCR
and cloned into the pET151/D-TOPO� vector (Invitrogen) to
be expressed as human wild-type G�i1 protein fused to a TEV
protease recognition site directly after an N-terminal tag of six
histidine residues (His-tag). The construct was confirmed by
DNA sequencing (FASMAC Co., Ltd., DNA sequencing ser-
vices). The resulting G�i1 was expressed in the Escherichia coli
strain BL21 (DE3) by induction with 30 �M IPTG for 18 h at
25 °C. Cells were extracted in buffer C (50 mM Tris-HCl (pH
8.0), 300 mM NaCl, 10 mM imidazole, 20 mM �-mercaptoetha-
nol, 0.4% (v/v) phenylmethylsulfonylfluoride (PMSF)) supple-
mented with complete, EDTA-free; protease inhibitor mixture
(Roche Diagnostics). After centrifuging at 10,000 rpm for 30
min at 4 °C, the supernatant including humanG�i1 proteinwith
His-tag was applied to a nickel affinity column (His�Bind�
resin; Novagen) equilibrated with buffer C. The column was
washed with 50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 20 mM

imidazole, 20 mM �-mercaptoethanol and 0.4% (v/v) PMSF.
G�i1 was then eluted with 50 mM Tris-HCl (pH 8.0), 300 mM

NaCl, 250 mM imidazole, 20 mM �-mercaptoethanol, and 0.4%
(v/v) PMSF. The buffer was immediately replaced with 50 mM

Tris-HCl (pH 8.0), 150 mM NaCl, 50 �M GDP, 20 mM �-mer-
captoethanol and 0.4% (v/v) PMSF. To eliminate the N-termi-
nal His-tag fromG�i1, the sample was incubated for 24 h at 4 °C
with His-tagged TEV protease (MoBiTec GmbH, Göttingen,
Germany) added in a ratio of 1:200 (w/w). The sample was then
loaded onto a His�Bind� column equilibrated with buffer C to
separate the cleaved G�i1 from the cleaved His-tag, any
uncleaved protein, and His-tagged TEV protease. The purified
G�i1 (flow-through fraction) was concentrated in 50 mM

HEPES (pH 8.0), 1mMEDTA, 2mMDTT, and 200�MGDP and
stored at �80 °C.
GST Pull-down Assays using G�i1 or G�s—G�i1 or G�s was

incubated with either GST alone or GST-Ngb immobilized on
glutathione-Sepharose 4B beads (GE Healthcare Biosciences)
in HEPES buffer (10 mM HEPES, 150 mM NaCl, 10 mM MgCl2,
10 �MGDP, 0.1% Tween 20, pH 7.4) in the absence or presence
of 10 mM NaF and 30 �M AlCl3 for 1 h at 4 °C. The beads were
washed extensively three times with the buffer, and the samples
were then resuspended in Laemmli sample buffer, heated for 5
min at 95 °C, and separated by 12.0% SDS/PAGE. For Western
blot analyses, the proteins were transferred onto Hybond-P

PVDF membranes (GE Healthcare Biosciences), which were
then blockedwith PBS and 5% skimmilk (Wako chemicals) and
incubatedwithmouse anti-G�i1 (Ab-3; cloneR4.5)monoclonal
antibody (Thermo Fisher Scientific, Fremont, CA) or mouse
anti-G�s (12) monoclonal antibody (Santa Cruz Biotechnol-
ogy). After washing, the membranes were incubated with an
HRP-linked whole antibody of sheep anti-mouse IgG (GE
Healthcare Biosciences).
Treatment of G�i1 with ROS—For preparation of ROS-

treated G�i1, 100 �M G�i1 was incubated with 1 mM hydrogen
peroxide and 1mM FeSO4 for 10min at 25 °C. Next, the protein
was purified by Sephadex G25 column chromatography. ROS-
treatedG�i1 was stored in 50mMHEPES (pH 8.0), 1mMEDTA,
and 200 �M GDP at �80 °C.
UV-Visible Spectra—Electronic absorption spectra of puri-

fied proteins in PBS (pH 7.4) were recorded with a UV-visible
spectrophotometer (UV-2450; Shimadzu, Kyoto, Japan) at
ambient temperature (�20 °C).
Preparation of Ngb Proteins—Plasmids for HNgb or ZNgb

were prepared as described previously (12, 23). A Quik-
ChangeTM site-directed mutagenesis system (Stratagene, La
Jolla, CA) was used to introduce substitutions at specific sites
according to the manufacturer’s instructions. The constructs
were confirmed byDNA sequencing (FASMACCo., Ltd., DNA
sequencing services, Atsugi, Japan). Overexpression of each
Ngb was induced in the E. coli strain BL 21 (DE 3) by treatment
with IPTG, and each Ngb protein was purified as previously
described (7, 20, 23). Briefly, soluble cell extracts were loaded
onto DEAE Sepharose anion-exchange columns equilibrated
with buffer D (20 mM Tris-HCl, pH 8.0). Ngb proteins were
eluted from the columns with buffer D containing 75 mMNaCl
and further purified by passage through Sephacryl S-200HR gel
filtration columns. Ngb proteins were then applied to a HiTrap
Q HP column (GE Healthcare Bio-Sciences) and eluted with a
0–500 mM linear NaCl gradient in buffer D. Purified Ngb was
dialyzed overnight against PBS. Endotoxin was removed from
the protein solutions by phase separation using Triton X-114
(Sigma-Aldrich) (36, 37). Trace amounts of Triton X-114 were
removed by passage through Sephadex G25 gel (GEHealthcare
Bio-Sciences) equilibrated with PBS. The protein concentra-
tion of human ferric Ngb was determined spectrophotometri-
cally using an extinction coefficient of 122 mM�1 cm�1 at the
Soret peak.
PurifiedH64VHNgbwas in the ferrousO2-bound form. Fer-

ricH64VHNgbwas obtained by treating the proteinwith a 20%
excess of K3Fe(CN)6 and quickly passing the resulting solution
over a Sephadex G25 gel filtration column equilibrated with
PBS (pH 7.4).
[3H]GDP Dissociation Assays—G�i1 complexed with [3H]GDP

(0.3 �M) was prepared by incubating 0.3 �M G�i1 with 2 �M

[3H]GDP in buffer E (20 mM Tris-HCl, 100 mM NaCl and 10 mM

MgSO4 at pH 8.0) with or without 2 mMDTT for 1.5 h at 25 °C.
Excess unlabeled GTP (2 mM) was added to monitor dissocia-
tion of [3H]GDP from G�i1 in the absence or presence of Ngb
(10 �M). Aliquots were withdrawn at 0, 5, and 10 min and were
passed through nitrocellulose filters (0.45 �m) (Advantec
Toyo). The filters were then washed three times with 1 ml of
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ice-cold buffer E and were counted in a liquid scintillation
counter (LS6500; Beckman Coulter).
Treatment of SH-SY5YCells with cAMPAnalog orAntagonist

and Hydrogen Peroxide—Differentiated SH-SY5Y cells were
plated on poly-D-lysine coated 96-well plates at a density of
5.0 � 105 cells/ml for 24 h. The pcDNA3.1-HNgb expression
vector or control vector (pcDNA3.1 empty vector) was trans-
fected by using LipofectamineTM 2000 (Invitrogen) according
to the manufacturer’s instructions. After 24 h of transfection,
cells were treated with Sp-cAMPS or Rp-cAMPS at a concen-
tration of 300 �M for 1 h. The hydrogen peroxide was then
added at 100 �M, and cells were incubated for 24 h.
cAMP Immunoassay—Differentiated SH-SY5Y cells were

seeded at 5.0 � 105/ml in 12-well cell culture plates the day
before experiments. The control vector (pcDNA3.1 empty vec-
tor) or pcDNA3.1-HNgb expression vector was transfected by
using LipofectamineTM 2000 (Invitrogen) according to the
manufacturer’s instructions. After 24 h of transfection, the cells
were treated with 100 �M hydrogen peroxide for 24 h at 37 °C.
Then, the concentrations of intracellular cAMP were deter-
mined using cAMP BiotrakTM competitive enzymeimmunoas-
say system (GE Healthcare Biosciences) according to the man-
ufacturer’s instructions.
Protein Transduction by Chariot—Protein transduction was

performed by using ChariotTM (Active Motif, Carlsbad, CA) as
described previously (7, 20). Each purified globin protein (3 �g
perwell) was incubated in the presence of dilutedChariot for 30
min at room temperature. Next, the mixture was added to cells
that had been washed in DMEM without serum. DMEM with-
out serum was added and the cells were incubated at 37 °C for

1 h; FBSwas then added to a final concentration of 2%. The cells
were incubated at 37 °C for another 2 h to allow Ngb
internalization.
Protein transduction was confirmed by Western blot analy-

ses using rabbit anti-HNgb (FL-151) polyclonal antibody (Santa
Cruz Biotechnology),mouse anti-�-actinmonoclonal antibody
(Sigma-Aldrich), or rabbit anti-Mb polyclonal antibody (Spring
Bioscience, Pleasanton, CA).
Hypoxia/Reoxygenation—PC12 cells (RCB009) were plated

on a poly-D-lysine-coated 96-well tissue culture plate at a den-
sity of 1.0 � 105 cells/ml in DMEM containing 2.0 g/liter glu-
cose, 2% (v/v) FBS, and 2 mM glutamine for 24 h. Each Ngb was
transducedwith orwithoutChariotTM.Hypoxiawas induced in
a multigas incubator (Astec, Fukuoka, Japan; set to 1%O2, with
5%CO2 and 94%N2) at 37 °C for 24 h.After hypoxia, the culture
medium was replaced with fresh DMEM containing 2.0 g/L
glucose, 2% (v/v) FBS, and 2 mM glutamine, and the cells were
incubated at 37 °C for 24 h under normoxia (95% air/5% CO2).
Statistics—Datawere analyzed by one-wayANOVA followed

by Tukey-Kramer post hoc tests.

RESULTS

Ngb Levels Increase in Lipid Rafts underOxidative Stress, and
Lipid Rafts Are Essential for the Neuroprotective Activity of
HNgb—First, we examined whether oxidative stress affects the
intracellular localization of Ngb in PC12 cells. Lipid rafts were
isolated conventionally by treatment with Brij-58. The 12 gra-
dient fractions were then analyzed by immunoblotting with
anti-flotillin-1 or anti-Ngb antibody. Flotillin-1, a marker for
lipid rafts, was found intensively in fractions 3–6 (Fig. 2A), indi-

FIGURE 2. Lipid rafts are crucial for neuroprotection by HNgb. A, Ngb increases in lipid rafts in PC12 cells during oxidative stress. PC12 cells were incubated
in the absence or presence of hydrogen peroxide. Lipid rafts were isolated by Brij58 treatment and sucrose gradient fractionation. Ngb and flotillin-1 were
separated by 15.0% and 12.0% SDS-PAGE, and detected with anti-Ngb and anti-flotillin-1 antibody, respectively. B, addition of M�CD attenuated neuropro-
tective activity by HNgb, whereas reconstruction of lipid raft domains by addition of cholesterol restored it. Differentiated SH-SY5Y cells were treated with
hydrogen peroxide, and cell viability was assessed by MTS and LDH assays. Each graph represents data from three independent experiments, each carried out
in triplicate. All data are expressed as means � S.E. of means (S.E.). *, p � 0.05, **, p � 0.01.
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cating that lipid rafts float into these fractions during centrifu-
gation. Ngb was detected not only in fractions 10–12 at the
bottom of the gradient but also in fraction 5 of lipid rafts under
hydrogen peroxide-induced oxidative stress. Thus, these
results indicate that part of Ngb is recruited to lipid rafts in
PC12 cells only during oxidative stress.
Because raft domains are enriched in cholesterol, a com-

pound that interacts with and sequesters cholesterol may be a
useful tool for investigating the structural and functional signif-
icance of plasmamembrane compartments.M�CD, known as a
lipid raft-disrupting agent, extracts cholesterol from the plasma
membrane (29, 38). To investigate the role of lipid rafts in the
signaling process, SH-SY5Y cells were pretreated with M�CD
to ablate raft structures and were exposed to hydrogen perox-
ide. Addition ofM�CD attenuated the neuroprotective activity
of HNgb (Fig. 2B) as shown by cell viability assays. To restore
cholesterol-rich raft domains, cholesterol-depleted cell cul-
tures were incubatedwith cholesterol-loadedM�CD.After raft
constitution, cells were exposed to hydrogen peroxide. Recon-
stitution of the lipid raft domains restored the neuroprotective
activity of HNgb (Fig. 2B). Taken together, these findings sug-
gest that plasma membrane compartments rich in cholesterol

participate in HNgb-mediated signal transduction pathways
during oxidative stress.
Ferric, but Not Ferrous Ligand-bound, HNgb Binds to

Flotillin-1—In the present study, we carried out GST pull-
down assays in which GST-fused HNgb or ZNgb was used to
characterize the interaction of Ngb and proteins in vitro.
Because ferrous O2-bound Ngb is unstable and is converted
into ferric Ngb very rapidly due to autoxidation (10), stable
ferrous carbonmonoxide (CO)-boundNgbwas used as amodel
of ferrous O2-bound Ngb in the following experiments. As
shown in Fig. 3A, the UV-visible spectra of GST-Ngb indicated
that both GST-HNgb and GST-ZNgb form a ferric, ferrous
deoxy, or ferrous ligand-bound state, as does untagged Ngb
(39).
Previously, we showed that ferric HNgb, which is generated

spontaneously as a result of rapid autoxidation, interacts with a
truncated human flotillin-1 protein (a.a. 137–427) and with
WT rat flotillin-1 (24). In the present study, we investigated
whether ZNgb or ferrous ligand-bound HNgb interacts with
flotillin-1. As shown in Fig. 3B, the ferric form, but not the
ferrous CO-bound form of HNgb or ZNgb interacts with trun-
cated human flotillin-1 (Fig. 3B). Moreover, we demonstrated

FIGURE 3. Structural and flotillin-1-binding properties of GST-fused HNgb or ZNgb. A, electronic absorption spectra of the ferric (bold line), ferrous deoxy
(fine line), and ferrous-CO (dotted line) forms of GST-fused HNgb or GST-fused ZNgb. The concentration of each recombinant protein was �5 �M on the basis
of heme content. The Q bands from 500 to 600 nm are enlarged by a factor of 3 on the perpendicular axis. B, GST pull-down assays with Ngb and flotillin-1.
Truncated or full-length flotillin-1 was incubated with GST-HNgb, GST-ZNgb, or GST in buffer (pH 8.0), washed, and analyzed by Western blotting with rabbit
anti-flotillin-1 polyclonal antibody.
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that ferric, but not ferrous CO-bound HNgb binds to full-
length WT flotillin-1 (Fig. 3B).
Ferric HNgb Acts as a GDI for G�i/o Modified by ROS and

Inhibits the Oxidative Stress-mediated Decrease in cAMP to
Protect against Cell Death—Using surface plasmon resonance,
we previously showed that ferric HNgb binds exclusively to
GDP-bound G�i/o, whereas ferrous CO-bound HNgb does not
interactwithG�i/o (12).Moreover, GSTpull-down assays using
GST-fused HNgb have demonstrated that GST-ferric, but not
GST-ferrous CO-bound HNgb interacts with G�i (11, 16).

These data are consistent with those obtained by surface plas-
mon resonance of untagged Ngb (12), suggesting that the GST
tag has no effect on protein-protein interactions betweenHNgb
and G�i.
In the present study, GST-HNgb, GST-ZNgb, or GST was

incubated with rat myristoylated G�i1, and Western blot anal-
yses were performed by using antibody against G�i1. As shown
in Fig. 4A, ferric bis-His HNgb, but not ferrous CO-bound
HNgb or ferric or ferrous CO-bound ZNgb, bound to the GDP-
bound form of rat myristoylated G�i1. Moreover, ferric HNgb

FIGURE 4. Structural and G�i1-binding properties of HNgb or ZNgb. A, GST pull-down assays with Ngb and rat myristoylated GDP-bound G�i1. Western blot
analyses were performed with anti-G�i1 mouse monoclonal antibody. B, comparison of HNgb binding between different forms of recombinant human G�i1.
GDP-bound G�i1 in the absence or presence of AlF4

� was incubated with GST-HNgb or GST. C, GST pull-down assays with HNgb and G�s. GDP-bound G�s was
incubated with GST-HNgb or GST, washed, and analyzed by Western blotting with anti-G�s antibody. D, GST pull-down assays with HNgb and ROS-treated G�i1.
GST-HNgb or GST was incubated with untreated or ROS-treated human G�i1. The same concentration and volume of untreated and ROS-treated human G�i1
were used. E, effects of HNgb on dissociation of GDP from untreated or ROS-treated G�i1. The amount of [3H]GDP bound to untreated G�i1 in the absence of
HNgb at 0 min was defined as 100%. Data are expressed as means � S.E. from four independent experiments. *, p � 0.05, **, p � 0.01. F, protection by HNgb
is mediated by cAMP. Differentiated SH-SY5Y cells were pretreated with Sp-cAMPS or Rp-cAMPS, and then incubated with hydrogen peroxide. Cell viability was
measured by MTS and LDH assays. Each graph represents data from three independent experiments each carried out in triplicate. Data are expressed as
means � S.E. **, p � 0.01. G, WT HNgb increases intracellular cAMP concentration under oxidative stress. Differentiated SH-SY5Y cells were treated with
hydrogen peroxide, and intracellular cAMP concentrations were determined by cAMP enzyme immunoassay kit. Data are expressed as means � S.E. from five
experiments. *, p � 0.05.
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bound to the GDP-bound form of nonmyristoylated G�i1
expressed in E. coli (Fig. 4B). Aluminum tetrafluoride (AlF4�)
can interact with G�i1-bound GDP and mimic GTP, thereby
activating G�i1 (14). In the presence of GDP and AlF4�, ferric
HNgb did not bind to activated G�i1 (Fig. 4B). Therefore, ferric
HNgb clearly interacts with the inactive (GDP-bound) form of
G�i1. Moreover, we clarified that HNgb does not bind to G�s
(Fig. 4C).
G�i/o proteins are targets of ROS, which directly activate

G�i/o without receptor activation by modification of specific
cysteine residues that exist only in G�i/o but not in other G�
families, leading to the selective activation of G�i/o under con-
ditions of oxidative stress (34, 35). ROS, such as hydroxyl radi-
cal, were generated in the presence of hydrogen peroxide and
Fe2�. GST pull-down assays showed that WT HNgb interacts
comparably with ROS-modified and non-modified G�i1 (Fig.
4D). Two cysteine residues of G�i/o have been reported to be
oxidized by ROS, leading to activation of G�i/o and dissociation
into G�i/o and G�� (35). Fig. 4E shows that modification of
G�i1 by ROS decreased the percentage of GDP-boundG�i1 at 0
min as compared with non-modified G�i1, suggesting that
modifiedG�i1 has decreased affinity forGDP.This is consistent
with previous data that G�i/o mutated on a Cys residue that is
modified byROS showeddecreased affinity forGDPunder nor-
mal conditions (40). As shown in Fig. 4E,WTHNgb functioned
as a GDI for modified G�i1, whereas the E53Q HNgb mutant
did not. Treatment with DTT significantly increased the per-
centage of GDP-bound form of G�i1 (Fig. 4E), suggesting that
cysteine residues of G�i1 are modified by ROS.

Next, we considered whether HNgb may protect neuronal
cells by increasing intracellular levels of cAMP. Sp-cAMPS and
Rp-cAMPS are an activator and an inhibitor, respectively, of
cAMP-dependent protein kinases. Incubation of cells with the
stable cAMP analog Sp-cAMPS led to protection during oxida-
tive stress induced by hydrogen peroxide (Fig. 4F). In contrast,
the cAMP antagonist Rp-cAMPS did not rescue cell death. To
verify this relationship between protection byHNgb and cAMP
levels, we inhibited cAMP signaling by adding Rp-cAMPS prior
to hydrogen peroxide treatment. This led to a significant reduc-
tion in HNgb-mediated protection (Fig. 4F). Next, we mea-
sured the intracellular concentration of cAMP in SH-SY5Y
cells transfected with the control vector or WT HNgb expres-
sion vector under hydrogen peroxide-induced oxidative stress.
As shown in Fig. 4G, WT HNgb significantly increased the
amount of intracellular cAMP under oxidative stress. Taken
together, these data suggest that neuroprotective activity by
HNgb is correlated with increasing cAMP concentration.
A Structural Change in HNgb Induced by Oxidative Stress Is

Crucial for Its Neuroprotective Activity—To investigate the
effects of structural changes in HNgb on its neuroprotective
activity, we prepared an H64V HNgb mutant, in which the dis-
tal His residue was substituted with Val, as a model of HNgb
that cannot form a bis-His conformation. The UV-visible spec-
tra recorded immediately after purification of H64V HNgb
showed features typical of ferrous O2-bound globins. Ferrous
O2-bound H64V HNgb was converted to its ferric form by the
addition of ferricyanide. The Soret peak of ferric H64V HNgb
was 406 nm, corresponding to previous observations (41, 42).

These data confirm that ferric H64V HNgb forms a mono-His
conformation as does ferric Mb.
As shown in Fig. 5A, the GST-fused H64VHNgbmutant did

not interact with human G�i1 or flotillin-1, suggesting that
H64V HNgb can be used as a model of ferrous ligand-bound
HNgb, which does not form the bis-His conformation. To
examine the effect of H64Vmutation of HNgb on the release of
GDP from G�i1, we measured the rates of GDP dissociation in
the absence or presence of HNgb. In the presence of an excess
amount of unlabeled GTP, [3H]GDP release from [3H]GDP-
bound G�i1 was inhibited by ferricWTHNgb (Fig. 5B). In con-
trast, ferric H64V HNgb did not act as a GDI for G�i1 (Fig. 5B).
Next, we tested whether H64V HNgb can protect cells against
hypoxia/reoxygenation, which induces oxidative stress by gen-
erating ROS (43). Protein transduction was achieved by using
the protein delivery reagent Chariot, which can efficiently
deliver a variety of proteins into several cell lines in a fully bio-
logically active form (7, 20, 44, 45), andwas confirmed byWest-
ern blot analyses (Fig. 5C).MTS assays showed that cell survival
was significantly enhanced by the transduction of WT HNgb
into PC12 cells (Fig. 5D). TBE assays also showed that protein
transduction ofWTHNgbwithChariot resulted in a significant
increase in cell viability (Fig. 5D). These results suggest thatWT
HNgb is effective in rescuing PC12 cell death induced by
hypoxia/reoxygenation. By contrast, H64V HNgb, which can-
not form the bis-His conformation, did not significantly rescue
cell death during oxidative stress (Fig. 5D). These results indi-
cate that oxidative stress-induced structural change in HNgb is
crucial for its neuroprotective activity. As shown in Fig. 5D,Mb,
which does not interact with G�i1 (12), did not protect PC12
cells against cell death caused by hypoxia/reoxygenation and
did not induce PC12 cell death, similar to the PBS control.

DISCUSSION

In the present study, we found that Ngb exists in lipid rafts
only during oxidative stress. In addition, our data shows that
addition of a lipid raft disruptor, M�CD, attenuates the neuro-
protective activity ofHNgb,whereas reconstruction of lipid raft
domains restores it, suggesting that lipid rafts are crucial for
Ngb-mediated neuroprotection. Because HNgb binds to flotil-
lin-1, a lipid raft microdomain-associated protein (24), and
G�i/o also exists in lipid rafts (30–33), flotillin-1 recruits HNgb
to lipid rafts, where HNgb then binds to G�i/o and acts as a GDI
for G�i/o, as a means of preventing neuronal death (Fig. 6A).
We clarified that ferric bis-His, but not ferrous ligand-bound

HNgb interacts with both flotillin-1 and G�i1. Moreover, we
showed that the H64V HNgb mutant, which cannot form a
bis-His conformation, did not interact with G�i1 or flotillin-1.
Molecular dynamics simulations of mouse ferrous deoxy and
CO-bound Ngb have documented that alteration of the His
configuration upon CO binding changes the dynamic behavior
of the CD corner, which comprises �-helices C and D and the
CD loop (46). Glu-53, which we identified as crucial for the
HNgb-G�i1 interaction (23), is located in the CD corner of
HNgb. Thus, we propose that HNgb undergoes structural
changes during oxidative stress and functions as a non-
receptor-mediated oxidative stress-responsive sensor for
neuroprotection.
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Furthermore, we showed that ferric HNgb, but not ferric
ZNgb bound to human G�i1. Previously, we generated HNgb
mutants in the amino acids that differ betweenHNgb andZNgb
and clarified that Glu-53, Arg-97, Glu-118, and Glu-151 of
HNgb are crucial for its GDI and neuroprotective activities (7,
23). By contrast, the present study showed that human flotil-
lin-1 bound to both ferric ZNgb and ferric HNgb, suggesting
that residues conserved between HNgb and ZNgb proteins are
crucial for the interaction with human flotillin-1. Further stud-
ies to identify these crucial residues are now in progress.
The G�i/o family is specifically activated by ROS produced

during conditions of oxidative stress because the cysteine resi-
dues that are modified during oxidative stress are conserved
only among G�i/o, and not among other G� families such as

FIGURE 5. Functional analyses of the H64V HNgb mutant. A, GST pull-down
assays with H64V HNgb and G�i1 or truncated flotillin-1. GST, GST-fused WT or
H64V HNgb mutant was incubated with human GDP-bound G�i1 or trun-
cated flotillin-1 in a buffer (pH 7.4). Western blot analyses were performed
with anti-G�i1 mouse monoclonal antibody or with anti-flotillin-1 rabbit poly-
clonal antibody. B, effect of the H64V mutation on dissociation of GDP from
recombinant human GDP-bound G�i1. The amount of [3H]GDP bound to G�i1
in the absence of HNgb at 0 min was defined as 100%. All data are expressed
as means � S.E. from four independent experiments. **, p � 0.01. C, Western
blot analyses of PC12 cell lysates after protein transduction. PBS, WT HNgb,
H64V HNgb or Mb was applied to PC12 cells with Chariot. The cells were then
incubated for 3 h. Cell lysates were analyzed on 15.0% SDS/PAGE and by
Western blot analyses using rabbit anti-HNgb polyclonal antibody, mouse
anti-�-actin monoclonal antibody or rabbit anti-Mb polyclonal antibody.
D, protective effect of WT or H64V HNgb or WT Mb on PC12 cell death induced
by hypoxia/reoxygenation. WT or H64V HNgb or Mb was applied to PC12 cells
with Chariot, and cell viabilities were measured by MTS and TBE assays. Data
are expressed as means � S.E. from three independent experiments, each
performed in triplicate. *, p � 0.05, **, p � 0.01.

FIGURE 6. Schematic representation of the neuroprotective mechanism
of HNgb. A, recruitment of HNgb to lipid rafts by specific interaction with
flotillin-1 under oxidative stress conditions. B, regulation of enzymatic activity
of ROS-modified G�i/o by ferric HNgb under oxidative stress conditions.
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G�s. ROS modifies Gi/o, which leads to activation of G�i/o and
dissociation into G�i/o and G�� (Fig. 6B). Activation of G�i/o
decreases the intracellular cAMP concentration, leading to cell
death (Fig. 6B). In the presence of HNgb, however, ferric bis-
His HNgb is recruited to lipid rafts by interacting with flotil-
lin-1, where it acts as a GDI for modified G�i/o, resulting in
inhibition of the decrease in intracellular cAMP concentration
(Fig. 6B). Thus, HNgb can protect against cell death.
The functional roles of G�i/o andG�s in cell survival or death

are completely opposite (47–49). G�s stimulates adenylate
cyclases to activate the cAMP signaling pathway, whereasG�i/o
inhibits adenylate cyclases. The activation ofGs has been shown
to increase glutathione and to protect neuronal cells against
oxidative stress (49). Recently, it has been reported that G�s
inhibits hydrogen peroxide-induced apoptosis of SH-SY5Y
cells (48); overexpression of a constitutively active G�s mutant
protected, while G�s siRNA augmented hydrogen peroxide-
induced apoptosis in SH-SY5Y cells (48). In addition, the pro-
tective effect of G�s was abolished by co-expressing a constitu-
tively active G�i mutant, which antagonizes G�s by inhibiting
adenylate cyclase (48). Moreover, hydrogen peroxide-induced
apoptosis was reduced by treating cells with prostaglandin E2,
which activates G�s, but was augmented by CCPA, which acti-
vatesG�i, causing a decrease in cAMP levels (48). Furthermore,
it should be also noted that a GDI and a guanine nucleotide
exchange factor (GEF) of G�i3 regulate autophagy by balancing
G protein activity antagonistically (47). These data are not at all
contradictory; rather, they indicate that either activation ofG�s
or inactivation of G�i/o leads to protection against cell death.
Therefore, regulation of the G�i/o signaling pathway by HNgb
should be used as a critical step in the decision of cell survival or
cell death.
Other hypotheses concerning the neuroprotective mecha-

nism of human Ngb have been reported (50, 51). Initially, Ngb
was suggested to be an O2 storage protein similar to Mb (1).
However, the low concentration (in the micromolar range) of
Ngb in brain tissues except for the retina perhaps argues against
a role forNgb in storing and carrying significant amounts ofO2.
Alternatively, Ngbmay act as an intracellular scavenger of ROS
and/or nitric oxide (NO) (5, 52–54). It has been reported that
both H64V HNgb andMb generate very reactive cytotoxic fer-
ryl (Fe4�) species upon treatment of the ferric form with per-
oxide (42). In the present study, we showed that neitherMb nor
H64VHNgb enhanced cell death.Moreover, our previous stud-
ies demonstrated that ZNgb and the E53Q, R97Q, E118Q, and
E151N HNgb mutants, which can act as ROS scavengers by
forming the bis-His conformation, do not inhibit cell death (7).
Therefore, we conclude that the neuroprotective effect of
human Ngb is due to its GDI activity and not to its scavenging
activity against ROS.
HNgb is the first reported sensor that consists of a single

globin domain alone, although some globin-coupled sensors in
which globin domains are fused to methyl-accepting che-
motaxis protein domains or domains for second-messenger
regulation have been reported (55). It should be also noted that
the function of Ngb proteins has been changing dynamically
throughout the evolution of life. For example, fish Ngb has a
very different function, i.e. a cell-membrane-penetrating activ-

ity, without the fusion of other domains (19). Further studies to
investigate the function of Ngb from several different species
will provide clues to not only itsmolecular evolutionary process
but also its physiological significance.
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