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(Background: The VDAC receptor, a major mitochondrial protein, is also present in the plasma membrane of normal brain

Results: VDAC binds t-PA and stimulates plasminogen activation in normal and injured brain cells.
Conclusion: Formation of the ternary VDAC-t-PA-plasminogen complex enhances both t-PA activity and plasminogen

Significance: This ternary complex may play a significant role in normal and injured brain physiology.
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The voltage-dependent anion channel (VDAC), a major pore-
forming protein in the outer membrane of mitochondria, is also
found in the plasma membrane of a large number of cells where
in addition to its role in regulating cellular ATP release and
volume control it is important for maintaining redox homeosta-
sis. Cell surface VDAC is a receptor for plasminogen kringle 5,
which promotes partial closure of the channel. In this study, we
demonstrate that VDAC binds tissue-type plasminogen activa-
tor (t-PA) on human neuroblastoma SK-N-SH cells. Binding of
t-PA to VDAC induced a decrease in K,,, and an increase in the
Vax for activation of its substrate, plasminogen (Pg). This
resulted in accelerated Pg activation when VDAC, t-PA, and Pg
were bound together. VDAC is also a substrate for plasmin;
hence, it mimics fibrin activity. Binding of t-PA to VDAC occurs
between a t-PA fibronectin type I finger domain located
between amino acids Ile® and Asn®” and a VDAC region includ-
ing amino acids *’GYGFG?*. These VDAC residues correspond
to a GXXXG repeat motif commonly found in amyloid 3 pep-
tides that is necessary for aggregation when these peptides form
fibrillar deposits on the cell surface. Furthermore, we also show
that Pg kringle 5 is a substrate for the NADH-dependent reduc-
tase activity of VDAC. This ternary complex is an efficient pro-
teolytic complex that may facilitate removal of amyloid 3
peptide deposits from the normal brain and cell debris from
injured brain tissue.

The voltage-dependent anion channel (VDAC)? is a small,
30-35-kDa protein originally identified in the outer membrane
of mitochondria where it functions as the major pore-forming
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protein (1). VDAC is also found in the plasma membrane of a
large number of cells (2) where it plays several roles, including
the regulation of cellular ATP release and volume control (3).
Cell surface VDAC is an NADH-dependent reductase (4), and it
may play a significant role in the maintenance of redox home-
ostasis in normal cells (2).

Studies in rats show that VDAC is densely localized in
regions of the brain, including the caudate nucleus, hippocam-
pus, hypothalamus, and cerebellum (5). VDAC is a receptor for
plasminogen kringle 5 (K5), which can induce a decrease in
intracellular pH and hyperpolarization of the mitochondrial
membrane (6). The interaction of plasminogen (Pg) with
VDAC also promotes partial closure of the channel, leading to
inhibition of the transport of ATP and other metabolites across
the mitochondrial membrane (7). Both Pg and tissue-type Pg
activator (t-PA) are present in neurons and microglia, and both
are constitutively active in the central nervous system (CNS)
(8). In addition to its participation in fibrinolysis, t-PA is pro-
posed to have roles in synaptic plasticity, long term potentia-
tion, and neuronal migration (9). Although the urokinase-type
Pg activator (u-PA) is expressed in the inflamed CNS of both
rodents and humans (10), it is not generally found in the normal
CNS (8). Therefore, it is still hypothesized that activation of Pg
by t-PA is a key process that participates not only in normal
remodeling but also in neurodegenerative disease processes in
the CNS (9).

Pg and t-PA in the normal brain are concentrated in the
hippocampus (11), a region that also contains high concentra-
tions of VDAC (5). Because Pg/t-PA activities are actively
involved in brain pathologies (12), we hypothesized a role for
VDAC as a regulator of the functional interaction between
these two proteins in the brain.

For these studies, we used the human neuroblastoma SK-
N-SH cell line as an in vitro model, and this cell line expresses
VDAC on the cell surface (13). Receptor binding assays dem-
onstrated that both Pg and t-PA bind with high affinity to sites
on these cells. Proteins known to act as t-PA receptors are the
low density lipoprotein receptor-related protein receptor (LRP)
(14), annexin II (15), and the mannose receptor (CD-206) (16);
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however, VDAC has not previously been identified as a t-PA-
binding protein. In this report, we demonstrate that t-PA binds
to human VDAC at a site near its NH,-terminal region. In addi-
tion to binding Pg, VDAC binds to and stimulates t-PA activity
upon Pg activation. In vitro experiments demonstrated that
after plasmin is formed VDAC becomes its substrate, thereby
behaving in a manner analogous to fibrin. Furthermore, after Pg
was activated by t-PA, VDAC reduced Pg K5 via its NADH-de-
pendent oxidoreductase activity, which may ultimately be a
necessary mechanism for inhibiting the K5 proapoptotic effects
on the cell surface. We also investigated this phenomenon in
injured brain cells and found that overexpression of VDAC
enhanced t-PA-mediated Pg activation.

EXPERIMENTAL PROCEDURES

Materials—Porcine pancreatic elastase, gastric mucosa pep-
sin, trypsin inhibitor, potassium ferricyanide, B-NADH, gluta-
thione (GSH), and iodoacetamide were purchased from Sigma.
Na'?°I was obtained from PerkinElmer Life Sciences. The chro-
mogenic substrates VLK-pNA (S-2251), IPR-pNA (S-2288),
and EGR-pNA (S-2444) were purchased from Diapharma
(West Chester, OH). 3-(N-Maleimidylpropionyl)biocytin
(MPB) was purchased from Molecular Probes (Eugene, OR).
Horseradish peroxidase-conjugated streptavidin was pur-
chased from Calbiochem EMD Biosciences. The amyloid 3
peptide analogues AB 1-42, AB 1-28, AB 25-35, A3 29-40,
and AB 31-42 were purchased from Bachem Americas, Inc.
(Torrance, CA). The VDAC !'°GKSARDVFTKGYGFG-
LIKLDL?*® (Gly'°-Leu®) and t-PA *°’CQGDSGGPLVC>"
peptides were obtained from Genemed Synthesis, Inc. (San
Antonio, TX).

Proteins—Human Pg purified by affinity chromatography on
L-lysine-Sepharose (17) was digested with elastase and fraction-
ated by gel and affinity chromatography to obtain essentially
pure mini-Pg (mPg), K1-3, K4, and K5 (18 -21). A functionally
active human microplasminogen (uPg) without kringle struc-
tures was produced by incubation of Pg with urokinase-free
plasmin at an alkaline pH (22). Human t-PA was purchased
from American Diagnostica Inc. (Stamford, CT). Human u-PA
was purchased from Calbiochem. Human VDAC was produced
in Escherichia coli and purified from clones obtained from
Genecopeia (Germantown, MD) as described previously (23).
Radioiodination of proteins was performed by the method of
Markwell (24). The **°I label was incorporated at 2 X 107 cpm/
nmol of protein, and the radioactivity was measured with a GE
Healthcare-LKB Biotechnology 1272 y-counter.

Antibodies—The goat polyclonal IgG against human Pg
(H-14), mouse monoclonal IgG against human LRP1 (A2MRa-
2), rabbit polyclonal IgG against human annexin II (H-50), rab-
bit polyclonal IgG against human CD-206 (H-300), goat poly-
clonal IgG against the NH,-terminal region of human VDAC
(N-18), and goat polyclonal IgG against the COOH-terminal
region of human VDAC (C-20) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). The rabbit polyclonal
IgG against cytochrome ¢ oxidase IV (COX IV) was purchased
from Cell Signaling Technology (Beverly, MA). The rabbit anti-
body against the 21-amino acid sequence Lys**’~Lys®*® of
human VDAC was prepared and purified as described previ-
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ously (6). Goat IgG was purchased from Sigma. Anti-rabbit IgG
F(ab’),-FITC was purchased from Jackson ImmunoResearch
Laboratories (West Grove, PA), and anti-goat IgG F(ab'),-phy-
coerythrin-Cy7 was purchased from Santa Cruz Biotechnology.

Cell Culture—Human neuroblastoma SK-N-SH cells were
obtained from the American Type Culture Collection (Manas-
sas, VA) and grown in minimum Eagle’s medium containing 2
mM L-glutamine, 1.5 g/liter sodium bicarbonate, 0.1 mm non-
essential amino acids, 1.0 mm sodium pyruvate, 10% fetal
bovine serum (FBS), and 100 units/ml penicillin/streptomycin,
all purchased from Invitrogen.

t-PA Binding Analysis—The cells were grown in 96-well strip
culture plates until the monolayers were confluent. The cells
were then rinsed in Hanks” balanced salt solution (HBSS). All
binding assays were performed at 4 °C in serum-free RPMI
1640 medium containing 2% bovine serum albumin (BSA).
Increasing concentrations of '**I-labeled t-PA were incubated
with the cells for 60 min. Free and bound ligands were separated
by aspirating the incubation mixture and washing the cell
monolayers rapidly three times with RPMI 1640 medium con-
taining 2% BSA. The cells were stripped from the plates, and the
radioactivity was determined. The bound t-PA was calculated
after the subtraction of nonspecific binding, which was meas-
ured in the presence of 50 um unlabeled t-PA. The K, and B,
were determined after Scatchard plot analyses using the statis-
tical program GraphPad Prism® 5 from GraphPad Software,
Inc. (San Diego, CA).

Pg and t-PA Binding Rates to Apoptotic Cells—Confluent SK-
N-SH cell monolayers were incubated with increasing concen-
trations of staurosporine (STS), a known inducer of apoptosis
(25), in a cell culture chamber for 16 h at 37 °C. At the end of this
incubation, the cells were rinsed in serum-free RPMI 1640
medium. Increasing concentrations of unlabeled Pg or t-PA at
4°C in serum-free RPMI 1640 medium containing 2% BSA
were incubated with cells for 60 min in separate culture plates.
The free ligand was separated by aspirating the incubation mix-
ture and washing the cell monolayers rapidly three times with
RPMI 1640 medium containing 2% BSA. The bound t-PA was
then assessed by measuring the rate of t-PA activity on the
chromogenic substrate S-2288 (0.3 mm) in serum- and phenol
red-free RPMI 1640 medium. The resulting t-PA hydrolysis of
S-2288 was monitored by measuring the change in absorbance
at a wavelength of 405 nm over time using a Molecular Devices
Thermomax kinetic plate reader. In separate plates processed
as described above, the bound Pg was monitored by measuring
the resulting hydrolysis of S-2251 at a wavelength of 405 nm as
described for t-PA. The cell-bound Pg and t-PA were calculated
from calibration curves measuring the rate of activity of t-PA or
plasmin (Pg + t-PA) versus concentration of the ligand.

Determination of Pg Activation Rate—Coupled assays were
used to evaluate the initial rate of Glu-Pg activation by t-PA by
monitoring the amidolytic activity of the generated plasmin
(Pm) (26). Glu-Pg was incubated in 96-well microtiter plates at
37 °Cin 20 mMm HEPES, pH 7.4 in a total volume of 200 ul with
the plasmin substrate S-2251 (0.3 mm). Pg activation was initi-
ated by the addition of 0.55 nm t-PA. The resulting Pm hydrol-
ysis of S-2251 was monitored as described above. The initial
velocities (v,) were calculated from plots of A . ,,,,, versus time>
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using the equation v; = b(1 + K,,,/S,)/ ek, (27) where K, is the
apparent Michaelis constant of S-2251 hydrolysis by Pm, £, is
the empirically determined catalytic rate constant for Pm
hydrolysis of S-2251 (3.2 X 10* M min ™~ '(mol of Pm) '), and €is
the molar extinction coefficient of p-nitroanilide at 405 nm
(8800 M ' cm ™) (28).

Heat-induced Aggregation of VDAC—VDAC solutions (0.5
mg/ml) in 20 mm HEPES, pH 7.4 were heated for 30 min in a
thermostated bath at 40, 50, 60, 70, and 100 °C followed by
cooling to room temperature. The temperatures and heating
time were chosen based on the kinetics of the aggregation proc-
ess that occurs in globular proteins during heat-induced dena-
turation (29).

Determination of Plasmin, t-PA, and u-PA Amidolytic
Activities—Plasmin amidolytic activity was determined after
incubation of Glu-Pg with u-PA (2 pm) in 20 mm HEPES, pH 7.4
in a total volume of 175 ul. The plasmin substrate VLK-pNA
(0.3 mm; 25 pul) was added to the mixture, and substrate hydrol-
ysis was monitored at 405 nm as described above. The t-PA
amidolytic activity was measured by incubating t-PA (5.5 nm)
with the chromogenic substrate S-2288 (0.3 mm) for 20 min at
37 °C in 20 mm HEPES, pH 7.4 in a total volume of 200 ul. The
reaction was monitored at 405 nm. The u-PA amidolytic activ-
ity was determined by incubating u-PA (20 pm) with the chro-
mogenic substrate S-2444 (0.3 mm), and substrate hydrolysis
was monitored as described above.

Flow Cytometric Analyses of Living, Apoptotic, and Dead
Cells—SK-N-SH cells seeded at 6 X 10° cells/well in 6-well
culture plates were allowed to grow until they reached 80%
confluence. The cells were then incubated with increasing con-
centrations of STS as described above. After this period, both
STS-treated and non-treated cells were rinsed with PBS and
harvested using a cell scraper. The cells were counted manually
with a hemocytometer and resuspended in HBSS at a density of
1 X 10° cells/ml. After rinsing twice with 1 ml of 0.5% BSA in
HBSS, the cells were incubated with anti-VDAC N-18 antibody
(4 pg/10° cells) and anti-COX IV antibody (4 ug/10° cells) or an
isotype control, goat IgG (4 ug/10° cells) or rabbit IgG (4 ug/10°
cells), in 0.5% BSA in HBSS for 1 h at 4 °C. After two washes
with 1 ml of 0.5% BSA in HBSS, secondary anti-goat IgG
F(ab’),-phycoerythrin-Cy7 and anti-rabbit IgG F(ab'),-FITC
were added to the cells at a concentration of 1 ug/10° cells in
0.5% BSA in HBSS and incubated for 30 min at 4 °C in the dark.
The cells were then washed twice with 1 ml of HBSS and resus-
pended in 1 ml of 1X Annexin V Binding Buffer (BD Biosci-
ences). Each sample (200 ul) was transferred to a 96-well plate,
and 5 ul of 7-aminoactinomycin (BD Biosciences) and 5 ul of
annexin V (BD Biosciences) were added to each well for stain-
ing according to the manufacturer’s instructions to assess the
number of dead and apoptotic cells, respectively. After a
10-min incubation at room temperature in the dark, we
assessed antibody binding on a Guava EasyCyte Plus instru-
ment (Millipore, Billerica, MA). The data analyses were per-
formed using Flow]o version 7.5 software and GraphPad Prism
5.0.

Determination of VDAC NADH-ferricyanide Reductase
Activity—The assays were performed at 37 °C in 1-ml reactions
containing VDAC (100 nM) and -NADH (25 um) in 50 mm
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Tris-HCI, pH 8.0. The reaction was initiated by the addition of
potassium ferricyanide (500 nym; control) or Pg fragments (200
nM). The reaction rates were measured at 340 nm following a
decrease in absorbance for 10 min. The rate of enzymatic activ-
ity was calculated using an extinction coefficient of 6220 M~ '
cm ™! for NADH at this wavelength.

Measurement of VDAC mRNA Levels by Reverse Tran-
scription—Total RNA from untreated or STS-treated SK-N-SH
cells was extracted by a single step method using the RNeasy®
Mini kit (Qiagen, Valencia, CA) according to the manufactur-
er’s instructions. Total RNA was reverse transcribed with 1 ug
of RNA in a 20-ul reaction mixture using Moloney murine leu-
kemia virus reverse transcriptase (200 units) and oligo(dT) as
the primer for 1 h at 42 °C. The resulting cDNA (5 ul) was used
as a template, and a 237-bp segment of the VDAC1 ¢cDNA was
amplified using a 21-mer upstream primer (5'-GGCCT-
GACGTTTACAGAGAAA-3') that was identical to the posi-
tions corresponding to amino acids Gly®*~Lys’* and a 21-mer
downstream primer (5'-CTCGTAACCTAGCACCAGAGC-
3’) complementary to positions Ala'*'-Glu'*” of the amino
acids encoded in the VDAC1 mRNA. A 302-bp segment of the
human B-actin cDNA, which was the constitutive internal con-
trol, was co-amplified using a set of PCR primers (30) provided
in an R&D Systems kit (Minneapolis, MN). The amplification
was performed in a Whatman Biometra T3 thermal cycler for
35 cycles (one cycle, 94 °C for 45 s and 72 °C for 45 s). The PCR
products were analyzed on 1.2% (w/v) agarose-ethidium bro-
mide gels. The gels were photographed, and the intensities of
the VDACI and B-actin mRNA bands were evaluated and
quantified as VDAC1/B-actin ratios.

Gel Electrophoresis and Immunoblotting—Recombinant
VDAC was analyzed on a 4—20% polyacrylamide gel (1.2 mm
thick; 14 X 10 cm) containing 0.1% SDS under reducing condi-
tions. A discontinuous Laemmli buffer system was used (31).
The gels were stained with 0.25% Coomassie Brilliant Blue
R-250. The proteins were electroblotted onto nitrocellulose
membranes (32). The molecular weights were determined
using a set of dye-conjugated M, markers (Fermentas Life Sci-
ences, Glen Burnie, MD). The membranes were thoroughly
rinsed with PBS and then incubated with 3% BSA in PBS for 1 h
atroom temperature to block the non-conjugated areas. For the
detection of Pg forms, the membranes were incubated with a
goat anti-human Pg IgG (Santa Cruz Biotechnology) followed
by incubation with a rabbit anti-goat IgG conjugated to horse-
radish peroxidase and detected with a peroxidase substrate as
described previously (33).

Reduction of Pg Forms by VDAC—Pg forms were incubated
with VDAC for 2 h at 37 °C in PBS. The mixture was then
incubated with MPB (100 wm) for 30 min at room temperature
followed by quenching of the unreacted MPB with GSH (200
M) for 10 min at room temperature. Unreacted GSH and other
free sulfhydryls in the system were blocked with iodoacetamide
(400 um) for 10 min at room temperature. The proteins were
then mixed with a non-reducing Laemmli buffer and separated
by 10% SDS-PAGE. Then the proteins were transferred to
nitrocellulose membranes, thoroughly rinsed with PBS, and
incubated with 3% BSA in PBS for 1 h at room temperature to
block non-conjugated areas. Finally, the membranes were incu-
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FIGURE 1. Binding of t-PA to human neuroblastoma SK-N-SH cells and immobilized VDAC. Experiments were performed on cells grown in 96 strip-well
tissue culture plates (2 X 10* cells/well) or in plates containing VDAC immobilized on 96 strip-well tissue culture plates. A, increasing concentrations of
12%|-labeled t-PA were added to SK-N-SH cell monolayers. Inset, Scatchard plot analysis of the binding isotherm. B, inhibition of binding of '*°I-labeled t-PA (100
nm) to SK-N-SH cell monolayers by a single concentration (500 nw) of different competitors identified under the horizontal axis. C, increasing concentrations of
2%|-labeled t-PA were added to VDAC immobilized on 96 strip-well tissue culture plates. Inset, Coomassie Brilliant Blue staining of 10% SDS-PAGE (non-
reducing conditions) of human recombinant VDAC. D, inhibition of binding of '?*I-labeled t-PA (100 nm) to immobilized VDAC by a single concentration (500
nm) of different competitors identified under the horizontal axis. The data are the means = S.D. (error bars) from experiments performed in triplicate (n = 6).%,
p < 0.05 versus non-treated cells (NT). B/F, bound/free.
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FIGURE 2. Effect of VDAC on t-PA, u-PA, and Pm amidolytic activities. The amidolytic activity of t-PA, u-PA, and Pm was determined with the chromogenic
substrates S-2288, S-2244, and S-2251, respectively. Increasing amounts of VDAC were added to wells in 96-well culture plates containing a single concentra-
tion of each protease (10 nm t-PA or u-PA and 100 nm Pm). Changes in absorbance were recorded for 20 min at a wavelength of 405 nm. A, effect of VDAC on
t-PA amidolytic activity. B, effect of VDAC on u-PA amidolytic activity. C, effect of VDAC on Pm amidolytic activity. D, effect of increasing concentrations of
tranexamic acid (TXA) on t-PA (10 nm) amidolytic activity in the presence of VDAC (100 nm). The data are the means = S.D. (error bars) from experiments
performed in triplicate (n = 6).
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bated with streptavidin-peroxidase to detect the MPB-labeled
proteins (34).

Statistics—GraphPad Prism version 5.0 software (GraphPad
Software, Inc.) was used to determine the standard deviation of
the experimental data. The significance of differences between
the controls and different treatments was determined by a one-
way analysis of variance and unpaired Student’s ¢ tests.

RESULTS

Binding of t-PA to Human Neuroblastoma SK-N-SH Cells—
t-PA bound to SK-N-SH cells in a dose-dependent manner with
high affinity. Analysis of the binding isotherm (Fig. 14) identi-
fied a large number of binding sites for t-PA on the surface of
these cells (B,,,, = 9 X 10° = 2 X 10° molecules/cell), and a
Scatchard plot analysis (Fig. 14, inset) indicated a high affinity
(K, = 34 = 4 nm) of t-PA for these cells. We then studied the
binding of t-PA (100 nm) to cells in the presence of antibodies to
known t-PA receptors, LRP, annexin II, and CD-206 (14-16),
and compared their effect with antibodies against VDAC NH,-
or COOH-terminal regions. We also assessed the antagonistic
effect on t-PA binding to SK-N-SH cells with a peptide includ-
ing amino acid residues '°GKSARDVFTKGYGFGLIKLDL*®
(Gly'°~Leu®) of the VDAC NH,-terminal region and the amy-
loid B peptide analogues AB 1-42, AB 1-28, AB 25-35, Af3
29 -40, and AB 31-42, which are known to bind to t-PA (35).
Furthermore, we also evaluated the effect of unlabeled t-PA and
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the *?CQGDSGGPLVC>'? peptide, which contains Ser®'? at
the t-PA active site. The results (Fig. 18) show almost no inhi-
bition of t-PA binding to SK-N-SH cells in the presence of anti-
bodies against LRP, annexin-II, and CD-206 or the anti-
COOH-terminal region of VDAC, whereas t-PA binding to
these cells was significantly inhibited by antibodies against the
NH,-terminal region of VDAC. Only the A 1-42, A3 25-35,
AB29-40,and AB 31-42 peptides significantly inhibited t-PA
binding to the SK-N-SH cells, whereas the A3 1-28 peptide did
not have a significant effect. Similarly, the VDAC NH,-terminal
domain peptide (Gly'°~Leu®°) inhibited t-PA binding to these
cells. Unlabeled t-PA significantly inhibited '*°I-labeled t-PA
binding to the cells, whereas the t-PA 599CQGDSGGPLVC®Y?
peptide did not affect binding.

Binding of t-PA to Immobilized VDAC—">°1-Labeled t-PA
bound to immobilized VDAC in a dose-dependent manner
(Fig. 1C) with an affinity within the same order of magnitude as
that observed for SK-N-SH cells (43 *= 8 nm). As observed
above, the binding of t-PA to VDAC was inhibited by an anti-
body against the NH,-terminal region of VDAC and the amy-
loid B peptide analogues AB 1-42, AB 25-35, A3 29-40, and
AP 31-42 and the VDAC NH,-terminal domain peptide (Fig.
1D). The A3 1-28 peptide did not significantly inhibit binding.
As expected, unlabeled t-PA significantly inhibited '**I-labeled
t-PA binding, whereas the **?CQGDSGGPLVC®'® peptide did
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not affect '**I-labeled t-PA binding to immobilized VDAC.
These results confirm the observation described above, sug-
gesting that t-PA binds to the VDAC receptor in SK-N-SH cells
within its NH,-terminal region. These amyloid 8 peptide ana-
logues contain four glycine residues between residues 29 and
35, which are known as the GXXXG repeat motif. These resi-
dues facilitate the conversion of an a-helical or random AB to a
B-sheet and eventual fibril formation (36). These fibrils bind to
t-PA and modify its kinetic properties (37). VDAC also contains
a GXXXG repeat motif at amino acids *°GYGFG>*. Our results
suggest that this motif may be involved in the interaction
between t-PA and VDAC.

Effect of VDAC on the Enzymatic Activity of Plasminogen
Activators and Plasmin—The Pg activators t-PA and u-PA
were incubated with VDAC. The amidolytic activity of t-PA or
u-PA (10 nm) was determined with the chromogenic substrates
S-2288 and S-2244 (6 mm), respectively. Increasing amounts of
VDAC stimulated the amidolytic activity of t-PA (Fig. 24),
whereas the amidolytic activity of u-PA remained unchanged
(Fig. 2B). Human Pg (0.1 M) was incubated with u-PA (10 nm)
for 60 min prior to the plasmin amidolytic activity assay with
the chromogenic substrate S-2251 (6 mm). Increasing amounts
of VDAC did not change the plasmin activity (Fig. 2C), suggest-

TABLE 1

Kinetic parameters of Glu-Pg activation by t-PA in the presence of
VDAC

Koo'/ K,
Protein Viax K, k.. k./K, -foldincrease
mol Pm/min X 101 M s pu st
None 54.2 019 016 0.84
VDAC 111.1 011 058 527 6.27
A 25
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ing that VDAC only affects t-PA activity. We also assessed the
effect of VDAC on t-PA amidolytic activity in the presence of
tranexamic acid, which inhibits kringle-dependent binding of
t-PA to fibrin or cell receptors (38, 39). Increasing amounts
of tranexamic acid (1-10 mm) did not change the stimulatory
activity of VDAC (100 nMm) on t-PA amidolytic activity (Fig.
2D), suggesting that interaction of t-PA with VDAC is
kringle-independent.

Effect of VDAC on t-PA-mediated Plasminogen Activation—
Initial velocities of Pg activation by t-PA were obtained under
steady-state conditions. The velocity curves in the absence or
presence of VDAC (100 nm) show a dose-dependent increase in
the activation velocity (Fig. 3A4). The rates of plasmin formation
were plotted against the initial Pg concentration, and the data
were extrapolated to the Michaelis-Menten equation by non-
linear regression using GraphPad Prism version 5 to determine
the k_,, and K, (Table 1). The kinetic constants obtained for
t-PA are consistent with previously reported values (27). The
stimulatory effect of VDAC was caused primarily by a decrease
in K, and an increase in V, .. The k_,/K,, for the activation
reaction calculated from these data increased from 0.84 to 5.27
uM s resulting in an overall 6.27-fold increase in activation
efficiency. We also evaluated whether increasing concentra-
tions of the anti-VDAC N-18 IgG (Fig. 3B) and the anti-VDAC
235-255 IgG (Fig. 3C) could inhibit the activation of Pg (200
nMm) by t-PA (10 nm) in the presence of VDAC (100 nm). We
observed a decreasing rate of Pg activation as the concentration
of both antibodies increased, confirming that the formation of a
ternary complex among t-PA, Pg, and VDAC is necessary to
activate this mechanism. Because protein aggregation has been

STS (nM)

*)

-
(=3
(=]

p 500

200
h 100
P 0

80
60
40
20

Pg bound
(molecules/cell x 10

0 v v v v v
0 200 400 600 800 1000 1200
Pg (nM)

D STS (nM)

Ezoo

500

:g i « wwe | EUntreated

35

30 A

25 A

20 -

15

10 -
5

Number of Cells(%)

Live

Apoptotic
VDAC+ 8DAC+

FIGURE 4. Effect of STS on t-PA or Pg binding and VDAC expression in SK-N-SH cells. Experiments were performed on cells grown in 96-well tissue culture
plates (2 X 10* cells/well). A, increasing concentrations of t-PA were added to SK-N-SH cell monolayers in the absence or presence of three different STS
concentrations (100, 200, and 500 nm). B, increasing concentrations of Pg were added to SK-N-SH cell monolayers in the absence or presence of three different
STS concentrations (100, 200, and 500 nm). C, analysis of VDAC expression on live and dead untreated SK-N-SH neuroblastoma cells by flow cytometric analysis.
D, flow cytometric analyses of VDAC expression on SK-N-SH neuroblastoma cells incubated with two STS concentrations (200 and 500 nm) for 16 h. The data are
the mean = S.D. (error bars). ***, p < 0.001 compared with the untreated control. *, p < 0.05; **, p < 0.01.
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reported as a major cofactor for t-PA-mediated plasmin forma-  the presence of 100, 200, and 500 nm STS. Binding of t-PA and
tion on injured brain cells (40), we also assessed whether aggre- ~ Pg was then assessed. The results show that binding of t-PA
gated VDAC (produced by heat denaturation) could act as a  (Fig. 4A4) and Pg (Fig. 4B) increased as the concentration of STS
cofactor for t-PA-mediated plasmin formation. Although expo-  increased. Using flow cytometric techniques, we evaluated the
sure of VDAC to heat induced a modest decrease in the rate of  Jevels of VDAC in untreated live and dead cells and found that
plasmin formation by t-PA (Fig. 3D), the protein exposed to  the dead cells had a higher percentage of VDAC-positive cells

100 °C continued to stimulate Pg activation (2-fold), supporting (Fig. 4C). We then found that a larger population of both live
the role of aggregated VDAC as a major cofactor in this

mechanism.

The Role of VDAC in Injured Cells—The function of VDAC in
apoptotic or dead cells was further investigated in SK-N-SH
neuroblastoma cells exposed to increasing concentrations of
STS. Cells cultured in 96-well plates were incubated for 16 h in

and apoptotic cells treated with STS showed expression of
VDAC compared with the untreated cell populations (Fig. 4D).
The results are summarized in Table 2. Analyses of the mRNA
levels by PCR amplification showed a decrease of VDACI1
mRNA expression in cells treated with STS compared with
untreated SK-N-SH cells (Fig. 54). Because a common process
in apoptotic cells is the migration of mitochondria toward the

TABLE 2 surface (41) and VDAC is a major protein in the outer mem-
!(Effect oflstaurosporine on VDAC expression by SK-N-SH neuroblas-  },rane of mitochondria (1), we investigated whether its expres-
oma cells
The data are the mean = S.D. sion on the cell surface was correlated with the expression of
Cell population another major mitochondrial membrane enzyme, COX1V (42),
VDAC-positive VDAC-positive on SK-N-SH cells treated with STS. We found that increases in
Treatment live cells apoptotic cells VDAC (Fig. 5B) and COX 1V (Fig. 5C) are correlated (Fig. 5D) in
' % cells treated with STS. These experiments suggest that the
0.2 uMm staurosporine 36.2 = 3.8¢ 27.4 + 4.3% . £ VDAC A h £ £ ini d cells i
0.5 M staurosporine 311 + 4.6° 331 + 5.1° increase of V expression at the surface of injured cells is
Untreated 17.0 £ 3.8 15.6 = 3.6

the result of mitochondrial migration toward the surface.
“ p < 0.001 compared with the untreated control.
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FIGURE 5. Effect of STS on VDAC and COX IV expression at the surface of SK-N-SH cells. A, cell monolayers in 6-well culture plates (2.5 X 10° cells/well) were
incubated in culture medium containing increasing concentrations of STS (50, 100, 200, and 500 nm) at 37 °C overnight. Isolation of the total RNA and
measurements of VDAC1 mRNA by reverse transcription-PCR were performed as described under “Experimental Procedures.” Ethidium bromide-stained gels
were photographed and analyzed by densitometric scanning. VDACT mRNA levels were expressed as relative VDACT mRNA/B-actin mRNA ratios. The values
represent the means = S.D. (error bars) of three separate experiments. B, flow cytometric analysis of VDAC expression on live, dead, and apoptotic SK-N-SH
neuroblastoma cells incubated with two STS concentrations (200 and 500 nw) for 16 h. C, flow cytometric analysis of COX IV expression on live, dead, and
apoptotic SK-N-SH neuroblastoma cells incubated with two STS concentrations (200 and 500 nm) for 16 h. D, flow cytometric analysis of co-expression of VDAC
and COX IV on live, dead, and apoptotic SK-N-SH neuroblastoma cells incubated with two STS concentrations (200 and 500 nwm) for 16 h. The data are the
mean = S.D. (error bars). ***, p < 0.001 compared with the untreated control.
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FIGURE 6. Effect of VDAC and the VDAC N-terminal domain Gly'°—Leu3°
peptide on the activation of Pg and its truncated forms by t-PA. Pg and its
truncated forms at a single concentration (100 nm) were activated by t-PA (10
nm) in the presence of a single concentration of VDAC (100 nm). The amidol-
ytic activity of the corresponding Pm forms was monitored with the chromo-
genic Pm substrate S-2251. A, t-PA-mediated activation of Pg, mPg, and u.Pg
inthe presence (+) orabsence (—) of VDAC. B, t-PA-mediated activation of Pg,
mPg, or uPg in the presence (+) or absence (—) of the VDAC N-terminal
domain Gly'°-Leu® peptide. The data are the means * S.D. (error bars). **,
p <0.001 and*, p < 0.05 from experiments (n = 6) performed in the presence
of VDAC or Gly'°~Leu° peptide and compared with t-PA-mediated activation
of the Pg forms in the absence of these proteins.

We also evaluated the in vitro effect of VDAC on t-PA-me-
diated activation of Pg structural forms, such as mPg or uPg.
The results demonstrate that VDAC also stimulated t-PA-me-
diated activation of these Pg structural forms (Fig. 6A4). A sim-
ilar action was observed with the Gly'°~Leu® peptide of the
VDAC NH,-terminal domain (Fig. 6B), confirming that this
VDAC region is involved in the binding and stimulation of t-PA
activity. VDAC binds Pg or mPg via K5 (6); however, t-PA-
mediated activation of uPg, which lacks K5, was also stimulated
in addition to t-PA-mediated activation of Pg or mPg. Further-
more, the VDAC Gly'°~Leu® peptide, which does not bind to
either Pg form, also stimulated t-PA activity. It is clear from this
experiment that uPg in the solution phase (Fig. 6, A and B, lanes
5 and 6, respectively) is as good a substrate for the VDAC-t-PA
complex or the Gly'°~Leu®® peptide't-PA complex as Pg or
mPg (Fig. 6, A and B, lanes 2 and 4, respectively). Therefore,
although VDAC bound to both t-PA and Pg, only the catalytic
efficiency of t-PA was enhanced as a consequence of this inter-
action as shown above in Table 1.

Control of Pg Activity by VDAC—Pg and Pm bind to VDAC
via its K5 domains (6), and VDAC is a receptor that functions as
a ferricyanide reductase on the cell surface, an activity that is
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maintained by the solubilized VDAC protein (43). We hypoth-
esized that K5 could also serve as a substrate for this VDAC
reductase activity. We found that the recombinant human
VDAC is active as an NADH-ferricyanide reductase and as a
K5-dependent reductase for all the Pg forms except wPg, which
lacks this structural domain (Fig. 7A). The NADH-K5-depen-
dent reductase activity was also tested in Pg fragments (200 nm)
incubated with t-PA (5 nm) and VDAC (100 nMm) for 2 h and then
labeled with MBP. The fragments were resolved by 10% SDS-
PAGE, transferred to a nitrocellulose membrane, and blotted
with streptavidin-peroxidase to detect the MPB label. Only the
Pg fragments containing the K5 domain incorporated MBP
after reduction with VDAC (Fig. 7B). The results of this exper-
iment also suggest that the NADH-dependent reductase activ-
ity is specific for Pg because no incorporation of MBP was
observed in the t-PA size range (70 kDa; lanes 8 and 9). Because
it was reported previously that plasmin is a key protease in the
degradation of injured neuronal cells (40) and that this activity
is stimulated by a cofactor that in turn is degraded by plasmin,
we investigated whether plasmin degrades VDAC. The results
demonstrate that VDAC in addition to its capacity to stimulate
Pg activation may also be a substrate for plasmin. Proteolytic
degradation was observed only when VDAC was incubated
with Pg and t-PA and was absent when VDAC was incubated
with t-PA alone, Pg alone, or Pg and t-PA in the presence of the
plasmin inhibitor aprotinin (Fig. 7C). Although the samples
were separated under reducing conditions, the appearance of
higher molecular weight protein bands in the mixture contain-
ing plasmin-digested VDAC could be the result of nonspecific
peptide aggregation (Fig. 7C, lane 3).

DISCUSSION

The Pm proteolytic cascade is primarily involved with fibrin
proteolysis and cell migration. This process begins with the
localized synthesis and secretion of t-PA and u-PA, activating
Pg to yield the active serine protease Pm, which then proteo-
lyzes its target proteins (44). The role of the Pm system in the
brain has been intensely scrutinized mainly because Pg and
t-PA are synthesized in neurons and microglia (11) and because
Pm generation has been implicated in neuronal loss (45, 46).
Furthermore, the expression of Pg in the brain is critical for
resistance to neurodegenerative disease and vice versa (47). On
the cell surface, Pg binds to a large and heterogeneous number
of receptors (48, 49). A common consequence of the association
of Pg with cell surface receptors is the change in K, between Pg
and its activators that promotes Pm formation even in the
absence of fibrin, facilitates specific signaling pathways (49),
and protects Pm from inhibition by the primary Pm inhibitor
a,-antiplasmin (50), thereby facilitating its proteolytic activity.
Thus, the finding that VDAC, a known Pg receptor (6), also
functions as a t-PA-binding protein prompted us to investigate
the physiology of the interaction between these three proteins.

The activity of t-PA is strongly enhanced by fibrin, and t-PA
is therefore predominantly responsible for plasmin-catalyzed
fibrin dissolution in the maintenance of vascular hemostasis
(51). In addition to fibrin, t-PA is activated by numerous unre-
lated proteins, including denatured forms of albumin, fibrino-
gen, and endostatin (35), all of which contain cross- structure
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and B-NADH (25 um) in 50 mm Tris-HCl, pH 8.0. The reaction was initiated by the addition of potassium ferricyanide (500 nm) (positive control) or Pg fragments
(200 nm). The rates were measured as described under “Experimental Procedures.” A, effect of Pg forms on the NADH-dependent oxidoreductase activity of
VDAC. The data are the means = S.D. (error bars). B, reduction of Pg forms by VDAC. The assays were performed as described under “Experimental Procedures.”
The three Pg forms were incubated with t-PA in the presence or absence of VDAC and then incubated with MPB (100 um) for 30 min at room temperature
followed by quenching of the unreacted MPB with GSH (200 um) for 10 min at room temperature. Unreacted GSH and other free sulfhydryls in the system were
blocked with iodoacetamide (400 um) for 10 min at room temperature. The proteins were separated by 10% SDS-PAGE under non-reducing conditions,
transferred to nitrocellulose membranes, and incubated with streptavidin-peroxidase to detect the MPB-labeled proteins. Lanes 1-3, blots of activated Pg,
mPg, and n.Pg incubated with a goat anti-human Pg IgG followed by incubation with an alkaline phosphatase-conjugated secondary antibody and developed
using 5-bromo-4-chloroindolyl-3-phosphate nitroblue tetrazolium. Lanes 4 -6, blots of Pg, mPg, and uPg activated with t-PA in the absence of VDAC followed
by incubation with MPB and separation by electrophoresis. The proteins were transferred to nitrocellulose and incubated with streptavidin-peroxidase. Lanes
7-9, blots of Pg, mPg, and uPg activated with t-PA in the presence of VDAC followed by incubation with MPB, separation by electrophoresis, transfer to
nitrocellulose, and reaction with streptavidin-peroxidase. C, proteolytic degradation of VDAC by t-PA-mediated Pg activation. VDAC (10 ng) was incubated
with Pg alone (0.5 n.g), Pg (0.5 ng) and t-PA (0.1 ng), or Pg (0.5 ng) with t-PA (0.1 g) and aprotinin (1 ug) for 2 h at 37 °C. The proteins were separated by 4-20%

SDS-PAGE under reducing conditions and stained as described under “Experimental Procedures.”

motifs that are typical of misfolded proteins with amyloid-like
properties (52). These observations help explain the mecha-
nism by which t-PA binds such diverse ligands. It is known that
amyloid B peptides stimulate t-PA-mediated Pg activation (37)
but have no effect on u-PA-mediated Pg activation (54). Our in
vitro experiments suggest that the cofactor activity of VDAC is
specific for t-PA and does not affect preformed plasmin, which
also binds to VDAC (6). This specificity was further confirmed
because VDAC also stimulated t-PA-mediated uPg activation.
This Pg form lacks the K5 necessary to bind to VDAC, and it is
present only in the solution phase. Although we have not tested
the capacity of uPg to bind to VDAC, both K5 and uPg possess
a benzamidine-binding site (19); therefore, we hypothesize that
uPg binds to VDAC. In the cellular environment, this mecha-
nism may act as an alternative to activation for uPg bound to
glucose-regulated protein 78 (GRP78) (55). VDAC and GRP78
are co-localized at the cell surface (55). K5 binds GRP78 with an
affinity 5-fold higher than that of uPg (55); however, K5 and
uPg bind to different sites on GRP78 (55). From previous stud-
ies, we know that uPg binds to human umbilical vein endothe-
lial cells and prostate cancer 1-LN cells (6, 55). Although we
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have not assessed uPgbinding to neuroblastoma SK-N-SH cells
or immobilized VDAC, we hypothesize that the reduction of K5
by VDAC on the surface may confer uPg a kinetic advantage
over K5 for binding to VDAC on the cell surface.

The activation of Pg by t-PA produces plasmin, which spe-
cifically cleaves A 1-40 in the NH,-terminal region between
Arg® and His®. The AB 640 peptide adopts a strong 3-sheet
secondary structure, which acts as a potent stimulator of t-PA
activity in vitro (56). In situ generated amyloid 3 peptides have
the potential to bind to VDAC, which by opening the channel
may induce apoptosis if left unchecked (57). Maintaining
VDAC in an open state requires the binding of aggregated amy-
loid B peptide; however, Pm prevents this aggregation (58) and
in turn further stimulates t-PA activity (56). The effect of the
amyloid B peptides on t-PA was only partially antagonized by
tranexamic acid or fibrin monomers, suggesting that they bind
via lysine-dependent or lysine-independent sites on t-PA (35).
The lysine-independent amyloid B peptide-binding site is a
fibronectin type I finger domain located in the NH,-terminal
region that binds to the aggregated amyloid 8 peptide (34). Our
results suggest that this site may be involved in the binding of
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t-PA to VDAC. As discussed above, the ?GSNKG?® repeat
motif is present in all amyloid B peptides and significantly
inhibits the binding of t-PA to SK-N-SH cells or VDAC. A sim-
ilar motif, *°GYGFG?*, is also present in the VDAC NH,,-ter-
minal domain and appears to mediate binding of VDAC to
t-PA. Our data suggest that VDAC provides a binding site for
t-PA via a mechanism that is independent of cross-3-sheet for-
mation, similar to the binding of the AB 6 —40 peptide (56). A
further confirmation of the lack of cross-B-sheet formation
between VDAC and t-PA was inferred from the inability of the
t-PA peptide **?CQGDSGGPLVC®"? containing the GDSGG
motif to act as a competitor of t-PA binding to SK-N-SH cells or
immobilized VDAC.

VDAC may act as a non-fibrin cofactor that stimulates t-PA-
mediated Pg activation and as suggested by our data may act in
either the normal native state or the aggregated state. It is
known that protein aggregates formed in injured brain cells act
as cofactors for t-PA-mediated Pg activation in a large number
of nonviable brain cells, and this is independent of species, cell
lineage, or type of injury (40). We found that a normal culture of
SK-N-SH neuroblastoma cells contains numerous dead cells
expressing VDAC in a greater ratio than VDAC expressed by
living cells. Similarly, the induction of apoptosis in SK-N-SH
cells by STS increased the expression of VDAC compared with
a population of untreated cells. This overexpression of VDAC
was accompanied by an increase in t-PA and Pg binding. It is
known that t-PA-mediated plasmin generation coincides with
rapid necrosis and formation of aggregates in injured neurons
(40). During this stage, there is a significant reduction in cell
size, which depends on plasmin-mediated proteolytic degrada-
tion (39). Our data suggest that during injury VDAC overex-
pressed at the cell surface may originate from the migration of
mitochondria toward the surface, and we know from a previous
study that mitochondrial VDAC binds Pg K5 (6). Furthermore,
our data also suggest that VDAC in addition to facilitating
t-PA-mediated plasmin generation may also serve as a plasmin
substrate in a manner similar to fibrin (51).

In normal cells, VDAC interacts with Pg K5 and induces
hyperpolarization of the mitochondrial membrane (6), which
results in partial closure of the channel, leading to inhibition of
ATP transport and other metabolites across the mitochondrial
membrane (7). These non-fibrinolytic roles of Pg make it an
important player in the CNS physiology of both healthy and
diseased states (47). Pg K5 is a highly specific antiangiogenic
molecule (59) that affects endothelial cell adhesion, prolifera-
tion, and migration (60). Thus, after Pg is converted to Pm on
the cell surface, K5 is rapidly inactivated by disulfide reductases,
such as phosphoglycerate kinase (61) and annexin II (62), and
proteolysis of Pm occurs. Because annexin II also serves as a
receptor of t-PA and Pg (49) and is able to reduce K5, a similar
function for the VDAC in complex with t-PA and Pg is not an
uncommon mechanism for the binding and release of these
proteins from the cell surface. Because K5 binding to VDAC
induces apoptosis (55), this mechanism would increase the pro-
tection of the cell from harm by this molecule at the cell surface
level.

Based on the experimental evidence from our laboratory and
others, we constructed a working model that illustrates the
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FIGURE 8. Model illustrating the interactions of VDAC with t-PA and Pg on
the cell surface. Pg binds VDAC at a site including the amino acid sequence
Gly***-Leu?*’. Binding of t-PA at a site including the amino acid sequence
Gly?°-Gly** promotes activation of Pg by t-PA. The Pm generated may pro-
teolyze the AB 1-42 peptide, which in turn may displace t-PA from the VDAC
receptor by competing for binding to VDAC. The Pm-truncated AB 1-42 pep-
tide cannot aggregate and is rapidly cleared from the receptor surface. Addi-
tionally, Pm can be released from the receptor through reduction of its K5 via
the VDAC NADH-dependent oxidoreductase activity.
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interactions and possible functions of VDAC, t-PA, and Pg on
the cell surface (Fig. 8). Pg binds to a VDAC domain including
amino acids Gly***-~Leu®*” via its K5 (6). t-PA binds via its
fibronectin type I finger domain, which is located between
amino acids Ile’ and Asn®’, to a domain in VDAC including
amino acids *°GYGFG?*. Binding of t-PA to VDAC is facilitated
by exposure of its NH,-terminal region, which in the plasma
membrane is facing toward the surface of the cell (63). Pg bind-
ing to VDAC induces closure of the channel, whereas t-PA may
be involved in the opening of the channel. Both functions may
lead to apoptosis; however, once converted to Pm, the K5
region may be reduced by the NADH-dependent activity of
VDAC, and Pm would be rapidly released from the surface of
the channel. At the NH, terminus, t-PA can be displaced from
VDAC by amyloid 8 peptides on the surface. These amyloid 8
peptides have the potential to aggregate and bind to VDAC,
leading to apoptosis (64). However, Pm prevents aggregation of
these amyloid B peptides via cleavage of A3 1—40 between Arg®
and His®, a site in the RHDS sequence of A8 known to promote
cell adhesion (53), and maintains the capacity of the A peptide
to stimulate Pg activation or displace t-PA from VDAC. We
hypothesize that such a mechanism may facilitate the rapid
removal of A3 peptides from the cell surface in a normal brain,
thereby preventing apoptosis. However, in injured brain tissue,
the fibrin-mimicking activity of aggregated VDAC may poten-
tiate t-PA-mediated plasmin formation, thereby enhancing cell
proteolytic degradation, which facilitates the removal of cellu-
lar debris.
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