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Abnormal proteolytic processing of b-amyloid pre-
ursor protein (APP) underlies the formation of amy-
oid plaques in aging and Alzheimer’s disease. The
roteases involved in the process have not been iden-
ified. Here we found that spontaneous proteolysis of
ntact APP in detergent-lysed human platelets gener-
ted a N-terminal fragment that was immunologically
ndistinguishable from secreted APP, reminiscent of
he action of a putative a-secretase. This proteolysis of
PP was inhibited by EDTA, suggesting that a metal-
ependent protease was involved. Among the several
etals tested, calcium was the only one that enhanced
PP proteolysis and the reaction was blocked by
GTA as well as by several calpain inhibitors. The
PP fragments generated by spontaneous proteolysis

n platelet lysates were identical to those produced by
xposure of partially purified APP to exogenous cal-
ain. Finally, the secretion of APP from intact plate-

ets was inhibited by cell-permeable calpain inhibi-
ors. Taken together, these results suggest that normal
rocessing of APP in human platelets is mediated by a
alcium-dependent protease that exhibits calpain-like
roperties. © 2000 Academic Press

Key Words: Alzheimer; amyloid; calcium; calpain;
ging.

Alteration in the proteolytic processing of b-amyloid
recursor protein (APP) leading to amyloid plaques is
prominent feature in patients with Alzheimer’s dis-

ase (AD). Amyloid plaques predominantly contain
-amyloid peptide (Ab), a 39–43-amino acid peptide
erived from APP. Physiologically, APP is mostly
leaved within the Ab domain at the Lys16-Leu17 bond
n the cell surface by an unidentified protease known

1 To whom reprint request should be addressed at Neuroscience
esearch Laboratory, Medical Research & Development Service

151), Department of Veteran Affairs Medical Center, P.O. Box 4125,
ay Pines, FL 33744. E-mail: hugo.fernandez@med.va.gov.
170006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
f APP (APPs). Alternatively, APP is cleaved by b- and
-secretases to produce Ab (1–4).
Considerable research efforts have been devoted to

he identification of the foregoing secretases and a
umber of proteases have been proposed as potential
andidates for putative a-secretase. These include mul-
icatalytic protease, gelatinase A, metalloendopepti-
ase, proteosome, two yeast proteases (Yap3 and
kc7), glycosyl-phosphatidylinositol-linked aspartyl

roteases, and TNF-a-converting enzyme (5–11). In
ost cells, the major product of a-secretase, APPs, is
uch more abundant than Ab (4). This characteristic
ay allow a-secretase activity to be traced with less

ifficulty. Previous studies including our own have
hown that platelets are the primary circulating repos-
tory for APP and Ab (12–14). Inasmuch as APP pro-
essing in platelets is similar to that in neuronal cells,
latelets offer an excellent model for the study of APP
rocessing.

ATERIALS AND METHODS

aterials

Fresh platelets were obtained from the blood of healthy volunteers.
onoclonal antibodies 22C11 (to APP N-terminus) was purchased

rom Boehringer Mannheim (Indianapolis, IN), Dako (to Ab8-17)
rom Dako Co. (Carpinteria, CA), and 4G8 (to Ab17-24) from Senetek
LC (Maryland Heights, MO). Polyclonal antibody 369 to C-terminal
esidues 645–694 of APP695 was a gift from Dr. Samuel Gandy
Rockefeller University). The epitope-specificities of these antibodies
re shown (Fig. 1). Peptides Ab1-16 and Ab17-28 were from QCB,
nc. (Hopkinton, MA). Trypsin and protease K were from Boehringer
annheim (Indianapolis, IN). Calpastatin (recombinant) was from
alBiochem (San Diego, CA). Thrombin, iodoacetate, benzamidine,
protinin, pepstatin A, calpeptin, E64d, E64c, A23187, calpain (80
Da subunit of rabbit skeletal muscle m-calpain), calpain inhibitor I
nd II, and a calpastatin-derived peptide (27 amino acids corre-
ponding to residues 162–188 of muscle calpastatin) were all from
igma (St. Louis, MO).



M

f
H
K
m
w
C
i
K
s
2

w
t
p
v
i
(
fi

b
E
a
(
T
m
c
w
a
b
f

c
i
c
K
l
p
0
t

R

r
a
t
p
1
e
a

c
h
k

N
c
o
o
p
t
p
b
i
m
C
b
1
(
r
b
A
m
t
v
s

i

f
a
i
1
i
p
w

Vol. 273, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ethods
APP proteolysis in lysed platelets. Platelets were washed by dif-

erential centrifugation as previously described (14, 15) and lysed in
EPES-Triton buffer (1% Triton X-100, v/v, 140 mM NaCl, 5 mM
Cl, 20 mM HEPES, pH 7.2) to yield platelet lysates (108 platelets/
l). To determine the effects of metal ions, the following metal salts
ere used: ZnSO4 z 7H2O; MgCl2 z 6H2O; MnCl2; CaCl2 z 2H2O;
uSO4 z 5H2O; FeCl2, and Pb(NO3)2. To examine the effects of vary-

ng pH, the buffers contained 1% Triton X-100, 140 mM NaCl, 5 mM
CL plus one of the following buffering systems: pH 5.2, 10 mM

odium acetate; pH 6.1, 20 mM MES; pH 7.2, 20 mM HEPES; pH 8.5,
0 mM Tris; and pH 9.2, 10 mM sodium carbonate.

SDS–PAGE and Western blotting. Pre-cast polyacrylamide gels
ere used in a Novex Mini-Cell electrophoresis system according to

he manufacturer’s protocol (Novex, San Diego, CA). The electro-
horesis conditions and sample preparation were essentially as pre-
iously reported (16, 17). The immunoreactive proteins were visual-
zed with an enhanced chemiluminescent (ECL) detection kit
Amersham, Arlington Heights, IL) and exposed to Kodak X-OMAT
lms.

Partial purification of platelet APP. Washed platelets were solu-
ilized at 4°C in the HEPES-Triton buffer plus 10 mM EDTA, 10 mM
GTA, and 0.1 mg/ml leupeptin. The suspension was centrifuged
nd the supernatant was applied to a heparin-Sepharose column
Pharmacia, Piscataway, NJ) equilibrated in a Tris buffer (10 mM
ris–HCl, pH 7.4, 140 mM NaCl, 2.7 mM KCl, 10 mM EDTA, and 10
M EGTA). Unbound materials were extensively washed with 10-

olumn volumes of the buffer, and the bound proteins were eluted
ith a 0–0.6 M NaCl gradient in the same buffer plus 10 mM EGTA
nd 0.1 mg/ml leupeptin. The fractions were collected and screened
y Western blotting with antibody 22C11 and the APP-containing
ractions were pooled.

APP secretion from intact platelets. Fresh platelets were prein-
ubated at a density of 5 3 107 platelets/ml with the protease inhib-
tors added at various concentrations for 20 min at 37°C. The prein-
ubation buffer contained 20 mM Tris, pH 7.4, 150 mM NaCl, 5 mM
Cl, 2 mM MgCl2, and 1 mM CaCl2. After preincubation, the plate-

ets were washed (except for the experiment with EGTA) and resus-
ended in the same buffer. The platelets were activated by adding
.1 mM A23187 (18). After incubating for additional 10 min at 37°C,
he reaction suspension was centrifuged and analyzed.

ESULTS

In studies attempting to isolate platelet APP, we
epeatedly observed that when fresh platelets lysed in

detergent-containing buffer in the absence of pro-
ease inhibitors, APP in the lysates underwent rapid
roteolysis (i.e., from an apparent molecular weight of
20–140 kDa to 100–120 kDa) as evidenced by West-
rn blotting using antibody 22C11 (Fig. 2A, lanes 1–2;
lso see Fig. 3). This APP proteolysis followed a time

FIG. 1. The specificity of the antibodies used in this study. Ab
ndicated by “a.” The specificity of the antibodies has been described
171
ourse identical to that we previously observed for the
ydrolysis of talin and filamin, two platelet proteins
nown to be rapidly degraded by calpain (15).
Since antibody 22C11 is specific to the APP
-terminus (19), it was clear that the cleavage oc-

urred at the C-terminal region of APP. The migration
f the resulting 100–120 kDa band was similar to that
bserved for APPs released from intact platelets (com-
are lanes 2 and 9), suggesting that this band could be
runcated in the same manner as APPs. To confirm this
ossibility, we tested the immunoreactivity of APP
ands to a battery of epitope-specific antibodies. As
llustrated in Fig. 2, the 120–140 kDa band was im-

unoreactive to antibody 369 against the APP
-terminus (20) (lane 3), whereas the 100–120 kDa
and showed no reaction (lane 4). Moreover, the 120–
40 kDa band was reactive to both Dako (21) and 4G8
22) (lanes 5 and 7), whereas the 100–120 kDa only
eacted to Dako, not to 4G8 (lanes 6 and 8). Preincu-
ation of Dako and 4G8 with corresponding peptides
b1-16 and Ab17-28, respectively, abolished their im-
unoreactivity (not shown). These characteristics of

he APP bands were compatible with those in the pre-
ious reports (12, 13, 23–25) and suggested that the
pontaneous proteolysis of intact APP (120–140 kDa)

main is depicted as open boxes with the a-secretase cleavage site
previous studies (19–22).

FIG. 2. Full-length, secreted APP, and C-terminal fragment
ound in lysed platelets. Platelets were lysed in HEPES-Triton buffer
nd analyzed either immediately (0 min, lane 1) or after 30 min of
ncubation (lane 2) at 22°C. Identical samples were used in panels
–2 through panels 7–8 but probed with different antibodies as
ndicated. Lane 9, secreted APP (APPs) from the A23187-activated
latelets was probed with 22C11 (also see Fig. 9). Western blotting
as performed using 8% gels for all panels.
do
in
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n the cell lysates occurred preferentially within the Ab
omain at or near Lys16. This was reminiscent of the
ction of a putative a-secretase.
To characterize this protease, we tested the effects of
protease inhibitor cocktail comprising PMSF, NEM

n-ethylmaleimide), pepstatin A, and EDTA, i.e., inhib-
tors to four classes of proteases: serine-, cysteine-,
spartic-, and metallo-proteases, respectively. This
ocktail effectively blocked the APP proteolysis in the
ysates (Fig. 3, lane 2). To identify the active compo-
ent(s) in the cocktail responsible for the inhibitory
ctivity, the effects of individual inhibitors were exam-
ned. NEM and EDTA blocked the proteolysis, but
MSF and pepstatin A had no effect (Fig. 3, lanes 3–6),
uggesting that the protease was both cysteine- and
etal-dependent. This was confirmed using additional

nhibitors. As shown (Table 1), other cysteine protease
nhibitors such as E64c, iodoacetic acid, and leupeptin
ere also effective, whereas serine protease inhibitors

uch as aprotinin, TPCK, and benzamidine failed to
how any inhibitory activity. Also, the APP proteolysis
ccurred over a wide pH range, but was maximal at pH
.2 (Fig. 4).
To identify the specific metal ion(s) required for the

rotease activity, we examined the effects of a group of
ivalent metals. Results in Fig. 5 revealed that calcium
as the only metal that accelerated the rate of prote-
lysis. Consistent with this, EGTA abolished the stim-
lating effect of calcium (Fig. 5; “Ca11 1 EGTA”). Cal-
ium stimulated the reaction in a time- (not shown)
nd concentration-dependent manner (Fig. 6). At 0.1
M, it showed a moderate effect (lane 3), and at higher

oncentrations it progressively accelerated APP cleav-

FIG. 3. Effects of the protease inhibitors in the proteolysis of
PP. Platelets were lysed and incubated as described in Fig. 2. Lane
, platelets boiled immediately in the absence of inhibitors (0 min);
ane 2, in the presence of the protease inhibitor mixture (MIX); lane
, PMSF (2 mM); lane 4, pepstatin A (PEPS)(2 mM); lane 5, NEM (5
M); lane 6, EDTA (5 mM). Incubation was for 30 min at 22°C.
amples were analyzed by Western blotting with 22C11.
172
ge (lanes 4–5). Thus, calcium was required for the
ctivity of this protease.
Because this protease was similar to calpain, we

etermined the effects of several calpain inhibitors
Table 1). APP proteolysis was also blocked by cal-
astatin, a highly calpain-specific inhibitor (26, 27).
he effect of calpastatin was evident even in the pres-
nce of added calcium (Fig. 6, lane 6). To rule out the
ossibility that the inhibitory effect of calpastatin may
ave been caused by contaminants in the commercial
alpastatin preparation, we determined the action and
pecificity of a synthetic peptide derived from calpasta-
in (CPS-P) (27, 28). The inhibitory activity of this
eptide in the platelet lysates was as potent as that of
alpastatin (lanes 7).

Effects of Protease Inhibitors in APP Proteolysis*

Inhibitors Concentration (mM) APP cleavage (%)

ontrol 2 100 6 12
MSF 2 102 6 16
protinin 2 85 6 21
epstatin A 2 92 6 9
PCK 1 90 6 11
enzamidine 2 95 6 12
eupeptin 1 23 6 5
GTA 2 17 6 2
DTA 2 15 6 5
64c 2 25 6 6
EM 5 12 6 3

odoacetate 2 18 6 5
alpain inhibitor I 2 17 6 4
alpain inhibitor II 2 25 6 7
alpastatin 2 13 6 3

*Platelet lysates were incubated for 30 minutes at 22°C. Samples
ere analyzed by Western blotting with 22C11. The inhibitory ef-

ects were expressed as remaining proteolytic activity relative to the
ontrol. The effect of each inhibitor was determined in comparison
ith the same solvent used for the inhibitor. Results are means 6
.D.M. of three separate experiments.

FIG. 4. pH dependence of APP proteolysis. Aliquots of platelet
uspension were lysed in buffers of different pH. The ingredients of
ach buffer were described under Materials and Methods. The incu-
ation was for 30 min at 22°C. Western blotting with 22C11. Results
ere shown as the means 6 S.E.M. of three separate experiments.
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Further studies showed that the inhibition of APP
roteolysis took place gradually as the CPS-P concen-
ration increased and there was an intermediate stage
here part of the intact APP was degraded (Fig. 7A,

ane 2). The peptide concentration giving 50 percent
nhibition (IC50) was 0.18 6 0.1 mM (Fig. 7B). Notably,
PP was completely protected from degradation by 2

FIG. 5. Effects of various metal ions in the proteolysis of APP.
latelet lysates were incubated for 10 min at 22°C with the indicated
etals at 2 mM each. The samples were analyzed by Western blot-

ing with 22C11. The relative extent of APP proteolysis was mea-
ured against a defined scale using the intact 120–140 kDa band at
ime zero as 0% (minimum cleavage) and the complete disappear-
nce of this band as 100% (maximum cleavage). “Ca11 1 EGTA,” 2
M calcium added together with 5 mM of EGTA. “Ctrl,” control.

FIG. 6. Calcium concentration-dependence of APP proteolysis.
latelet lysates were incubated in the absence (lanes 1–2) or pres-
nce of calcium (lanes 3–5) at the concentrations and incubation time
ndicated. SDS–PAGE analysis was performed on 10% gel followed
y Western blotting with 22C11. Lanes 6–7, 2 mM calpastatin (CPS)
nd 1 mM calpastatin-derived peptide (CPS-P), respectively, added
rior to the addition of 1 mM calcium. Arrowhead, a 30 kDa frag-
ent.
173
M CPS-P even when the incubation was extended to
6 h (Fig. 7A, lane 5). In contrast, APP in the control
ysates was degraded beyond detection (lane 6). Inter-
stingly, the hydrolysis of talin and filamin was also
nhibited when APP proteolysis was inhibited by
PS-P (data not shown).
To further examine the potential relationship of this

rotease to calpain, we studied its cleavage specificity.
n addition to APPs, the spontaneous proteolysis of
PP by this protease also generated a 30 kDa fragment
hose appearance was in accordance with the decrease
f APPs (Fig. 6, arrowhead). This fragment was not
eld in 8% gels (see Fig. 2 and Fig. 3), but was seen at
he bottom of 10% gels (Fig. 6). As shown in Fig. 8
10–20% gradient gel), addition of calcium to the ly-
ates accelerated the appearance of this fragment
lanes 2 and 3). In turn, partially purified APP incu-
ated with exogenous m-calpain (29) generated the
ame APP fragments (lane 4) but at an even acceler-
ted rate (5 min). After 10 min, APPs was completely
egraded to 30 kDa (lane 5). The cleavage of APP was
ot due to the platelet calpain contaminating the APP
reparation because preincubation of the purified APP
id not result in any degradation (lane 6). Notably, the

FIG. 7. Dose-dependent inhibition of APP proteolysis by
alpastatin-derived peptide (CPS-P). (A), aliquots of platelet lysates
ere incubated for 1 h at 22°C in the absence (lane 1) or presence of
PS-P (lanes 2–4) at the concentrations indicated. Lanes 5–6, the

ncubation was extended to 16 h with or without the peptide. Sam-
les were analyzed on a 10–20% gradient gel and Western blotting
ith 22C11. (B), a plot of the scanning data from (A, lanes 1–4) using

ane 1 as 0% of inhibition and lane 4 as 100% inhibition.
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ragments generated by calpain were different from
hose generated by trypsin or protease K. The latter
nzymes clipped off a ;80 kDa and a ;55 kDa frag-
ent from APP, respectively, but no 30 kDa band was

bserved (lanes 7–8).
Since the above experiments were conducted in a

ell-free system, we also tested whether calpain medi-
ted APP secretion in intact cells. As shown in Fig. 9,
PPs secretion was induced when platelets were stim-
lated by calcium ionophore A23187 (lane 0), and the
ffect was blocked by EGTA. The activation of calpain
y A23187 was confirmed by the hydrolysis of talin and
lamin (data not shown) (18). Under these conditions,
PPs secretion was reduced in a concentration-related
anner by E64d and calpeptin (CPT), two cell-

ermeable calpain inhibitors (13, 18).

ISCUSSION

We report here that proteolysis of intact APP by a
rotease in the platelet lysates generates a N-terminal
ragment that is immunologically indistinguishable
rom APPs, suggesting that the cleavage occurs at or
ear Lys16, thus may be the action of a-secretase. We
lso show that this a-like proteolysis is completely
nhibited by calpastatin (Fig. 6; Table 1) or CPS-P after
6 h of incubation in the lysates (Fig. 7A). This sug-
ests that the possibility of the proteolysis being me-
iated by other proteases than calpain is unlikely,
ince such proteases would have cleaved APP in the

FIG. 8. Comparison of APP fragments generated by the platelet
rotease and by exogenous calpain. Platelet lysates were incubated
n the absence (lanes 1–2) or presence (lane 3) of calcium for the time
ntervals indicated. Lanes 4–5, partially purified APP incubated
ith m-calpain (Calp; U, unit) plus calcium. Lane 6, partially puri-
ed APP (pAPP) incubated for 30 min without additions. Lanes 7–8,
PP incubated with trypsin (Tryp) or protease K (Prot. K) for com-
arison. Two short lines indicate the position of APP before and after
roteolysis. Arrows, two faint bands at 80 and 55 kDa, respectively.
rrowhead, 30 kDa fragment. All samples were analyzed on 10–20%
ris-tricine gel followed by Western blotting with 22C11.
174
ur finding that APPs secretion from intact platelets is
nhibited by EGTA and calpain inhibitors (Fig. 9) fur-
her supports the involvement of calpain, or a calpain-
ike protease, in APP normal processing.

If the observed APP proteolysis in the lysates is
ediated by the putative a-secretase, then why can

his protease preserve its cleavage specificity in a cell-
ree system? Many proteases loose their cleavage spec-
ficity when cells are lysed; yet, calpain may be an
xception. It is well-known that calpain preserves its
leavage specificity after cells are lysed by detergents.
ndeed, filamin, talin, spectrin and tau, the four best-
nown calpain-specific substrates (30), are cleaved by
he enzyme at the same or similar sites either in intact
ells or in lysed cells (15, 31, 32). While the reason for
his is not fully understood, it must be noted that
alpain is a dominant protease in platelets (15, 18) and,
nlike many other proteases, its cleavage activity is
ighly site-specific (30).
APP normal secretion is regulated by signal trans-

uction pathways (4, 20). Our review of the literature
evealed that many agents which enhance APPs secre-
ion also activate Ca21 signals, whereas other reagents
hich decrease APPs secretion also inhibit Ca21 action

33, 34). This indicates that APPs cleavage/secretion is
ikely mediated by a Ca21-dependent protease. Our
ndings and those by Buxbaum et al. (35) and Jolly-
ornetta et al. (36) support this view.
Yamasaki et al. (37) and Zhang et al. (38) have further

hown that several calpain inhibitors enhance the pro-
uction of Ab in cultured cells. Frautschy et al. (39) and
thers (40) have found that infusion of leupeptin into rat
rain leads to accumulation of Ab and Ab-containing

FIG. 9. Calpain inhibitors reduce APPs secretion from intact
latelets. Washed platelets were preincubated with the inhibitors at
he concentration indicated (mM). After activation by A23187, the
eaction suspension was centrifuged and supernatant (medium) and
ells were analyzed by Western blotting with 22C11. Cell, platelets
efore activation. CPT (calpeptin) and CPS-P were at 50 mM each.
ote that E64c and CPS-P, two cell-impermeable inhibitors, did not

how the inhibitory effect. APPs secretion did not occur in the pres-
nce of EGTA (3 mM), but preserved in the cells after incubation
lane “EGTA/Cel”).
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f such peptides in cultured cells (41, 42). These reports
re consistent with the possibility that a calpain-like
rotease acts as a-secretase. Thus, inhibition of calpain
ould provide extra intact APP as substrates for the

ncreased production of Ab. Recent studies have estab-
ished that a-secretase competes with b-/g-secretases for
he same APP pool (11, 38, 43).

Can calpain be a candidate for a-secretase? This re-
uires calpain to penetrate the membrane and function
n the cell surface. While calpain activity is mostly found
n the cytosol and on the inner-side of membranes (30),

cGowan et al. (44) and Schmaier et al. (45) have ob-
erved that calpain can also function on the platelet out-
ide surface. It thus appears that calpain, or one of its
ubtypes (30), may be considered as a reasonable
-secretase candidate for further investigation.
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