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ABSTRACT: Cerebrovascular deposition of fibrillar 39-42 amino acid amyloidâ-protein (Aâ), a condition
known as cerebral amyloid angiopathy (CAA), is a key pathological feature of Alzheimer’s disease and
related disorders including hereditary cerebral hemorrhage with amyloidosis-Dutch type (HCHWA-D).
Severe cases of CAA, particularly in HCHWA-D, lead to recurrent and often fatal hemorrhagic strokes.
Although the reasons for this pathological consequence remain unclear, alterations in proteolytic hemostasis
mechanisms have been implicated. For example, the Aâ parent molecule protease nexin-2/amyloidâ-protein
precursor (PN-2/AâPP), which is elevated in HCHWA-D cerebral vessels with Aâ deposits, is a potent
inhibitor of coagulation factor XIa (FXIa). Here we show that fibrillar HCHWA-D Aâ binds PN-2/AâPP,
but not its isolated Kunitz-type proteinase inhibitor (KPI) domain, in a saturable, dose-dependent manner
with a Kd of ≈28 nM. Neither PN-2/AâPP nor its KPI domain bound to nonfibrillar HCHWA-D Aâ. The
fibrillar A â binding domain on PN-2/AâPP was localized to residues 18-119. PN-2/AâPP that bound to
fibrillar HCHWA-D A â immobilized either in plastic wells or on the surface of cultured cerebrovascular
smooth muscle cells was active in inhibiting FXIa. Quantitative kinetic measurements revealed that fibrillar
HCHWA-D Aâ caused a>5-fold enhancement of FXIa inhibition by PN-2/AâPP. Similar stimulatory
effects on FXIa inhibition by PN-2/AâPP were also observed with fibrillar wild-type Aâ. However, fibrillar
Aâ had no effect on the inhibition of trypsin by PN-2/AâPP. These findings suggest that fibrillar Aâ
deposits in cerebral vessels can effectively localize and enhance the anticoagulant functions of PN-2/
AâPP, thereby contributing to a microenvironment conducive to hemorrhaging.

Cerebrovascular deposition of amyloid, also known as
cerebral amyloid angiopathy (CAA),1 is a key pathological
feature of Alzheimer’s disease and related disorders including
hereditary cerebral hemorrhage with amyloidosis-Dutch type
(HCHWA-D) (1-5). The CAA observed in patients with
AD and patients with HCHWA-D share a common amyloid
subunit known as the amyloidâ-protein (Aâ) (4, 6, 7). Aâ
is a 39-42 amino acid peptide that has the propensity to
self-assemble into insoluble,â-sheet-containing fibrils (7, 8).
Aâ is proteolytically derived from a large transmembrane
precursor protein, termed the amyloidâ-protein precursor
(AâPP), which is encoded by a gene located on chromosome
21 (9, 10). Individuals with HCHWA-D have a point
mutation in their AâPP gene that results in a glutamine for
glutamic acid substitution at position 22 in the Aâ domain
(11). Full-length AâPP is translated from primarily 3

alternatively spliced mRNAs, resulting in polypeptides of
695, 751, and 770 amino acids: the latter 2 species contain
an additional Kunitz-type serine proteinase inhibitor (KPI)
domain (12, 13).

Secreted 751/770 isoforms of AâPP are analogous to the
previously described cell-secreted proteinase inhibitor pro-
tease nexin-2 (PN-2) (14). In earlier studies, we showed that
both purified PN-2/AâPP and its recombinantly expressed
KPI domain are tight-binding inhibitors of certain serine
proteinases, most notably several enzymes of the blood
coagulation cascade including factors XIa, IXa, and Xa (14-
18). Moreover, PN-2/AâPP and its isolated KPI domain can
inhibit the clotting of plasma in vitro (16). These properties,
coupled with the finding that PN-2/AâPP is an abundant,
secreted plateletR granule protein, suggest that this protein
may have a physiological function in regulating the clotting
process at sites of vascular injury (19-22).

Severe cases of CAA, particularly in HCHWA-D, are
characterized by recurrent and often fatal hemorrhagic strokes
(2, 4, 5). Although the reasons for this pathological conse-
quence remain unresolved, it has been proposed that fibrillar
Aâ deposition disrupts the integrity of the vessel wall through
the degeneration of cerebrovascular cells leading toward a
tendency for vessel rupture (5, 23, 24). In addition, there is
pathological accumulation of AâPP in the cerebral vessel
walls afflicted with Aâ deposition (25, 26). The abnormal
accumulation of fibrillar Aâ and AâPP in the vessel wall
may influence the activity of certain hemostatic proteinases
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in a manner that may also contribute to the development of
hemorrhages. For example, fibrillar Aâ can potently stimulate
the activity of tissue plasminogen activator (27, 28). In
addition, the pathological accumulation of PN-2/AâPP, an
inhibitor of several key coagulation enzymes, could contrib-
ute to an elevated anti-coagulant environment. In this regard,
the present study was undertaken to investigate the interac-
tions between fibrillar Aâ and PN-2/AâPP with respect to
inhibition of coagulation factor XIa (FXIa). Here we show
that fibrillar Aâ mediates the high-affinity binding of PN-
2/AâPP and stimulates its ability to inhibit FXIa. These
findings suggest that cerebrovascular fibrillar Aâ deposits
can localize and enhance the anti-coagulant functions of PN-
2/AâPP within the cerebral vessel wall, possibly contributing
to the hemorrhagic strokes that are characteristic of CAA.

EXPERIMENTAL PROCEDURES

Materials.HCHWA-D Aâ1-40 and wild-type Aâ1-42 were
synthesized by solid-phase F-moc amino acid chemistry,
purified by reverse-phase HPLC, and structurally character-
ized as previously described (29). The lyophilized Aâ
peptides were resuspended in sterile distilled water to a
concentration of 1 mg/mL immediately prior to use. For
preparation of fibrillar Aâ, the peptides were resuspended
at a concentration of 10 mg/mL in sterile distilled water and
incubated at 37°C for several days. Theâ-sheet secondary
structure of the fibrillar Aâ peptide preparations was
confirmed by circular dichroism spectroscopy and transmis-
sion electron microscopy (TEM) as previously described
(30). The anti-PN-2/AâPP mouse monoclonal antibody
(mAb) P2-1, which specifically recognizes an epitope in the
amino-terminal region of PN-2/AâPP, was prepared as
previously described (14). PN-2/AâPP was immunopurified
from conditioned cell culture medium as described (15). The
recombinant KPI domain of PN-2/AâPP was expressed in
the Pichia pastorissystem and purified as described (31).
Both purified PN-2/AâPP and its KPI domain were bio-
tinylated according to the manufacturer’s protocol using the
Pierce EZ Sulfo-link Biotin (Rockford, IL). Human factor
XIa was obtained from Enzyme Research Laboratories
(South Bend, IN). Bovine trypsin was from Sigma (St. Louis,
MO). The chromogenic substrates pyro-Glu-Pro-Arg-p-
nitroanilide (S-2366) and carbobenzoxy-Val-Gly-Arg-p-
nitroanilide (Chromozym TRY) were purchased from Chro-
mogenix (Westchester, OH) and Roche Biochemicals
(Indianapolis, IN), respectively. Secondary peroxidase-
coupled sheep anti-mouse IgG was purchased from Amer-
sham (Arlington Heights, IL). Supersignal Dura West
chemiluminescence substrate was purchased from Pierce
(Rockford, IL).

Cloning, Expression, and Purification of AâPP18-119 in
P. pastoris.Human AâPP exon 2-3 was amplified from
AâPP-770 cDNA by PCR using Taq polymerase (Roche
Biochemicals) and the primers 5′-CTGGAGGTACCCACT-
GATAAT-3′ (top strand) and 5′-AACTAAGCAGCGG-
TAGCGAATCAC-3′ (bottom strand) and inserted into the
T-A cloning vector pCR2.1 vector (Invitrogen, San Diego,
CA). The integrity of the AâPP exon 2-3 PCR product was
confirmed by sequencing. Subsequently, both the amplified
product and theP. pastorisvector PICZRB (Invitrogen) were
cleaved withEcoRI, and the fragment was inserted in-frame.
The PICZRB vector contains a gene for zeocin antibiotic,

and it also carries the AOX1 gene to utilize methanol as its
main carbon source. After verification that the insert was in
the proper orientation by restriction digest analysis, plasmid
DNA was isolated and linearized withSacI. Competent wild-
type P. pastorisstrain X33 was transformed using lithium
chloride transformation. To screen clones for high expressors,
clones were grown in YPD media with up to 500µg/mL
zeocin and then in BMGY agar plates containing 2 mg/mL
zeocin. The high-expressing clones were then inoculated into
25 mL of BMGY media, and the cultures were induced with
methanol (to a final concentration of 2%) for 3 days. The
yeast cells were pelleted by centrifugation, and the culture
supernatant containing secreted AâPP18-119 was collected.
AâPP18-119 was immunopurified from culture supernatant
using a mAbP2-1-Sepharose column (15). The recombinant
AâPP18-119 fragment was eluted from the immunoaffinity
column with 100 mM ammonium acetate, pH 2.5, frozen,
lyophilized, and stored at-70 °C until use.

Solid-Phase Binding Assays.Fifty nanograms of freshly
solubilized or fibrillar HCHWA-D Aâ1-40 in 100 µL of
phosphate-buffered saline (138 mM NaCl, 2.7 mM KCl, 8.1
mM Na2HPO4, 1.2 mM KH2PO4, pH 7.2) (PBS) was dried
down in 96-well microtiter plates (Corning, Cambridge, MA)
overnight at 37°C. Using this coating procedure, equivalent
amounts of each form of peptide were retained in the
microtiter wells. The wells were rinsed with PBS 3 times
and blocked with 100µL/well of PBS containing 1 mg/mL
bovine serum albumin (BSA) for 1 h atroom temperature.
After rinsing 3 times with PBS, increasing concentrations
of biotinylated-PN-2/AâPP, biotinylated-KPI domain, or
biotinylated-AâPP18-119 in PBS containing 0.1 mg/mL BSA
were incubated in triplicate (100µL/well) for 1 h at room
temperature. After the wells were rinsed with PBS 3 times,
100 µL of streptavidin-conjugated horseradish peroxidase,
at a dilution of 1:800 in PBS containing 0.1 mg/mL BSA,
was added for 1 h atroom temperature. The binding of the
biotinylated ligands was detected using the colorimetric
substrateo-phenylenediamine dihydrocholride. Briefly, the
substrate was diluted in buffer (0.1 M sodium citrate, pH
4.5) to a final concentration of 1 mg/mL. H2O2 was added
to a final concentration of 0.012% immediately before the
addition of 100µL of the substrate to each microtiter well.
The solution was developed for approximately 30 min at
room temperature and quenched by the addition of 50µL of
4 N H2SO4 solution to each well. The conversion of the
colorimetric substrate was measured at a wavelength of 490
nm using a Molecular Dynamics Vmax kinetic plate reader
(Sunnyvale, CA). The theoreticalBmax andKd for the binding
of PN-2/AâPP or AâPP18-119 to fibrillar HCHWA-D Aâ1-40

were derived using the MacCurve Fit program.
Human CerebroVascular Smooth Muscle Cell Culture.

Primary cultures of human cerebrovascular smooth muscle
(HCSM) cells were established and characterized as previ-
ously described (32). The HCSM cells used in these studies
were between passages 4-7 and maintained in 24-well tissue
culture dishes with Dulbecco’s minimum essential medium
containing 10% fetal bovine serum (Gemini Bio-Products,
Calabasas, CA), nonessential amino acids, and antibiotics
(GibCo, BRL, Grand Island, NY). For experiments, near-
confluent cultures of HCSM cells were placed in serum-
free medium containing 0.1% BSA overnight prior to
treatment. Freshly solubilized HCHWA-D Aâ1-40 at a final
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concentration of 25µM was added to the cultures in serum-
free medium and incubated at 37°C for 6 days. Cell viability
was monitored using a fluorescent live/dead cell assay
(Molecular Probes, Eugene, OR) following the manufactur-
er’s protocol.

TEM Analysis of HCSM Cell-Surface Aâ Fibrils. For
analysis of HCHWA-D Aâ1-40 cell-surface fibrils, HCSM
cells were grown to near-confluence on Transwell mem-
branes (Corning CoStar, Cambridge, MA). The cells were
placed in serum-free media containing 0.1% BSA overnight
and then incubated in the absence or presence of freshly
resuspended HCHWA-D Aâ1-40 at a concentration of 25µM
for 6 days. After incubation, the cells were rinsed in PBS 3
times, fixed with 2% paraformaldehyde/2.5% glutaraldehyde
for 20 min at room temperature, and then rinsed again with
PBS 3 times. The membranes were treated with 2% OsO4

for 20 min, washed extensively with distilled water, then
block-stained with uranyl acetate, extensively rinsed with
distilled water, and dehydrated with a graded series of ethanol
rinses. The membranes were infiltrated with Spurr’s resin,
sliced into thin strips, flat-embedded, and cut into 90µm
sections. The sections were viewed with a JEOL 1200 EX
transmission electron microscope at 80 kV.

Immunoblotting Analyses of AâPP.Near-confluent cultures
of HCSM cells were incubated in the presence or absence
of 25 µM HCHWA-D Aâ1-40 for 6 days. After incubation,
the HCSM cells were rinsed with PBS 3 times, and the cells
were solubilized in a lysis buffer containing 50 mM Tris-
HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 5 mM
EDTA, and proteinase inhibitor cocktail (Roche Biochemi-
cals, Indianapolis, IN). The cell lysates were centrifuged at
14000g for 10 min to remove insoluble material. Protein
concentrations were determined by the method of Bradford
(33). Cell lysates were stored at-70 °C until analysis.
Equivalent aliquots of the cell lysate samples were electro-
phoresed in nonreducing sodium dodecyl sulfate-10%
polyacrylamide gels (SDS-PAGE), and the proteins were
electroblotted onto Hybond nitrocellulose membranes (Am-
ersham, Rockford, IL). Unoccupied sites on the membranes
were blocked with 5% nonfat milk overnight in PBS with
0.05% Tween-20. The membranes were probed with mAbP2-1
(5 µg/mL) and then incubated with a secondary peroxidase-
coupled sheep anti-mouse IgG antibody at a dilution of
1:1000. The peroxidase activity on the membranes was
detected using an enhanced chemiluminescence system and
analyzed using a Fluor-S Multi-Imager (Bio-Rad Laborato-
ries, Hercules, CA) with the manufacturer’s Multi-Analyst
software.

FXIa Inhibition Measurements. Microtiter plates contain-
ing immobilized Aâ peptides, prepared as described above,
were rinsed and then blocked with a solution of 50 mM Tris-
HCl, 150 mM NaCl, pH 7.5 (TBS), containing 0.1% BSA
for 30 min at room temperature. After rinsing, 100µL
aliquots of TBS/0.01% BSA containing purified PN-2/AâPP
or purified KPI domain were added and incubated for 1 h at
room temperature. Alternatively, microtiter tissue culture
plates containing fixed HCSM cells that were treated with
HCHWA-D Aâ1-40, prepared as described above, were
blocked with TBS/0.1% BSA. In either case, the wells were
then rinsed 3 times and then incubated with TBS/0.01% BSA
containing 1 nM FXIa for 1 h at 37 °C. Chromogenic
substrate S-2366 was added to a final concentration of 0.5

mM, and the rate of substrate cleavage was measured at an
absorbance of 405 nm for 30 min in a kinetic micotiter plate
reader.

In other experiments, purified PN-2/AâPP (10 nM) was
incubated in the absence or presence of increasing concentra-
tions of fibrillar or nonfibrillar Aâ peptides for 30 min at
37 °C. Then FXIa (10 nM) or trypsin (10 nM) was added to
the reaction and incubated for an additional 1 h at 37°C.
Chromogenic substrate S-2366 (for FXIa) or Chromozym
TRY (for trypsin) was then added to a final concentration
of 0.5 mM, and the rate of substrate cleavage was measured
at an absorbance of 405 nm for 15 min in a kinetic micotiter
plate reader. The inhibition equilibrium constants (Ki) for
purified PN-2/AâPP and FXIa in the presence or absence
of fibrillar HCHWA-D A â1-40 were determined by the
method of Bieth (34) as previously described (14, 15, 31).

RESULTS

Fibrillar A â Binds PN-2/AâPP in a Region Outside of Its
KPI Domain. Previous studies have shown that cerebral
vessels of HCHWA-D patients containing fibrillar Aâ
deposits also exhibit a pathologic accumulation of PN-2/
AâPP (25). In addition, purified PN-2/AâPP can bind to
cerebral vessels that contain fibrillar Aâ (26). This suggests
that the fibrillar Aâ deposits in these cerebral vessels may
mediate the binding of PN-2/AâPP. To directly test this idea,
we determined if purified PN-2/AâPP binds to fibrillar and
nonfibrillar preparations of HCHWA-D Aâ1-40 immobilized
in microtiter wells. As shown in Figure 1, biotinylated-PN-
2/AâPP exhibited saturable, dose-dependent binding to
fibrillar HCHWA-D A â1-40. In contrast, no binding was
detected with the nonfibrillar form of HCHWA-D Aâ1-40.
Additionally, the KPI domain of PN-2/AâPP did not bind
to either fibrillar or nonfibrillar HCHWA-D Aâ1-40 peptide
(Figure 1). This latter finding indicated that the region on

FIGURE 1: Dose-dependent binding of PN-2/AâPP to fibrillar
HCHWA-D Aâ1-40 in a solid-phase binding assay. Fifty nanograms
of soluble or fibrillar HCHWA-D Aâ1-40 in 100 µL of PBS was
dried down overnight in triplicate wells of a 96-well microtiter plate.
After washing, the wells were incubated with increasing concentra-
tions of biotinylated-PN-2/AâPP or biotinylated-KPI domain fol-
lowed by a streptavidin-horseradish peroxidase conjugate. The
binding of biotinylated-ligand was detected using the colorimetric
substrateo-phenylenediamine dihydrochloride and measured at a
wavelength of 490 nm using a Molecular Devices Vmax microplate
reader. (b) PN-2/AâPP + fibrillar A â; (O) PN-2/AâPP + non-
fibrillar A â; (9) KPI domain+ fibrillar A â; (0) KPI domain+
nonfibrillar Aâ. Data represent the means( SD for triplicate
samples from two separate experiments. TheKd for the binding of
biotinylated-sAâPP to fibrillar HCHWA-D Aâ1-40 (28 nM) was
calculated using the MacCurve Fit program.
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PN-2/AâPP responsible for its binding to fibrillar HCH-
WA-D Aâ1-40 resides outside the KPI domain.

A number of ligand binding domains on PN-2/AâPP have
been localized within the amino-terminal region of the protein
upstream from the KPI domain (35-37). To further define
the region on PN-2/AâPP responsible for its binding to
fibrillar HCHWA-D A â1-40, we expressed AâPP amino-
terminal fragments as free secreted proteins using the yeast
P. pastoris expression system (38). The AâPP amino-
terminal fragments were screened for their ability to block
biotinylated-PN-2/AâPP binding to fibrillar HCHWA-D
Aâ1-40 using the solid-phase binding assay described above.
TheP. pastorisexpressed fragment AâPP18-119, encoded by
AâPP exons 2-3, was purified by immunoaffinity chroma-
tography using mAbP2-1 (15). The purified AâPP18-119

migrated at≈10 kDa on SDS-PAGE (Figure 2A). Purified
AâPP18-119 retained the ability to block biotinylated-PN-2/
AâPP binding to fibrillar Aâ (Figure 2B). However, neither
exon 2 nor exon 3 expressed alone exhibited any competing
activity, suggesting that both exons are required for formation

of an active fibrillar Aâ binding domain (data not shown).
This observation is consistent with a recent report showing
that this particular region of sAâPP possesses three disulfide
bonds and is highly structured (39). Since we identified that
AâPP18-119 can compete for intact PN-2/AâPP binding to
fibrillar HCHWA-D A â1-40, we next measured its binding
to the same type of fibrillar Aâ using the same solid-phase
binding assay. Biotinylated-AâPP18-119 also exhibited dose-
dependent and saturable binding toward fibrillar HCHWA-D
Aâ1-40 with aKd ≈ 28 nM (Figure 2C), virtually the identical
result obtained for biotinylated-PN-2/AâPP binding to fibril-
lar HCHWA-D Aâ1-40.

PN-2/AâPP Bound to Fibrillar HCHWA-D Aâ1-40 Is
Functionally ActiVe toward Inhibiting Coagulation FXIa.The
above findings indicated that fibrillar Aâ strongly binds PN-
2/AâPP. We next wanted to determine if PN-2/AâPP retained
its ability to inhibit proteinases while bound to fibrillar Aâ.
Coagulation FXIa was chosen since this proteinase is potently
inhibited by PN-2/AâPP (15, 40), and elevated levels of PN-
2/AâPP-FXIa complexes have been detected in HCHWA-D

A B

C

FIGURE 2: Dose-dependent binding of AâPP18-119 to fibrillar HCHWA-D Aâ1-40 in a solid-phase binding assay. (A) AâPP18-119 was
recombinantly expressed using the yeastPichia pastorisexpression system and was purified by immunoaffinity chromatography as described
under Experimental Procedures. Immunopurified AâPP18-119 was analyzed by SDS-PAGE and staining with Coomasie Brilliant Blue. (B)
Fifty nanograms of fibrillar HCHWA-D Aâ1-40 in 100µL of PBS was dried down overnight in triplicate wells of a 96-well microtiter plate.
After washing, the wells were incubated with 50 nM biotinylated-PN-2/AâPP in the absence or presence of increasing concentrations of
AâPP18-119 followed by a streptavidin-horseradish peroxidase conjugate. The binding of biotinylated-PN-2/AâPP was detected using the
colorimetric substrateo-phenylenediamine dihydrochloride and measured at a wavelength of 490 nm using a Molecular Devices Vmax
microplate reader. Data represent the mean( SD from quadruplicate samples from two independent experiments. The concentrations of
AâPP18-119 are: lane 1, 0; lane 2, 25 nM; lane 3, 50 nM; lane 4, 250 nM. (C) Fifty nanograms of fibrillar HCHWA-D Aâ1-40 in 100 µL
of PBS was dried down overnight in triplicate wells of a 96-well microtiter plate. After washing, the wells were incubated with increasing
concentrations of biotinylated-PN-2/AâPP (O) or biotinylated-AâPP18-119 (b) followed by a streptavidin-horseradish peroxidase conjugate.
The binding of biotinylated-PN-2/AâPP was detected using the colorimetric substrateo-phenylenediamine dihydrochloride and measured
at a wavelength of 490 nm using a Molecular Devices Vmax microplate reader. Data represent the means( SD for triplicate samples from
two separate experiments. TheKd for the binding of AâPP18-119 to fibrillar HCHWA-D Aâ1-40 (28 nM) was calculated using the MacCurve
Fit program.
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patients (41). Figure 3 shows that in the presence of fibrillar
HCHWA-D Aâ1-40, PN-2/AâPP was retained and ap-
preciable FXIa activity was observed (lane 2). Although the
KPI domain is a potent inhibitor of FXIa (31), no inhibition
was observed because of its lack of binding to fibrillar Aâ
(lane 3). This demonstrated that fibrillar Aâ can bind and
localize PN-2/AâPP with its proteinase inhibitory properties
intact.

We next examined the FXIa inhibitory function of PN-
2/AâPP in the presence of fibrillar Aâ in a relevant cell
culture paradigm. Smooth muscle cells within the cerebral
vessel wall are the site of fibrillar Aâ deposition in CAA
(24-26). We recently showed that HCHWA-D Aâ1-40 forms
fibrils on the surface of cultured HCSM cells and mediates
the pathological accumulation of PN-2/AâPP (30). The
assembly of HCHWA-D Aâ1-40 fibrils on the surface of
HCSM cells is visualized by TEM analysis (Figure 4B). A
subsequent pathological response is the robust binding of
endogenous PN-2/AâPP to the Aâ fibrils and its subsequent
accumulation on the surface of the HCSM cells (Figure
4C,D). As shown in Figure 4E, the accumulation of endog-
enous HCSM cell PN-2/AâPP on its cell surface via the
assembled HCHWA-D Aâ1-40 fibrils resulted in increased
inhibition of FXIa. Together, these data indicate that PN-2/
AâPP bound to HCHWA-D Aâ1-40 fibrils can functionally
inhibit FXIa. Furthermore, the latter findings show an
elevated FXIa-inhibiting environment present at the surface
of HCSM cells treated with HCHWA-D Aâ1-40.

Fibrillar A â Enhances the Inhibition of FXIa by PN-2/
AâPP.Since fibrillar Aâ can bind and localize PN-2/AâPP,
we sought to determine if this interaction alters the efficiency
of PN-2/AâPP proteinase inhibitory function. Purified PN-
2/AâPP was incubated in the absence or presence of
increasing concentrations of freshly resuspended nonfibrillar
or fibrillar HCHWA-D Aâ1-40. As shown in Figure 5A,
increasing concentrations of fibrillar HCHWA-D Aâ1-40

stimulated the ability of PN-2/AâPP to inhibit FXIa.

Maximum stimulation was achieved at≈25 µg/mL fibrillar
HCHWA-D Aâ1-40, resulting in a lowering of theKi from
150 to 28 pM. In contrast, increasing concentrations of
nonfibrillar HCHWA-D Aâ1-40 had no effect on the ability
of PN-2/AâPP to inhibit FXIa. Importantly, under the
concentrations used in these experiments, neither nonfibrillar
nor fibrillar HCHWA-D Aâ1-40 affected the enzymatic
activity of FXIa in the absence of PN-2/AâPP (data not
shown).

We next investigated the specificity of this stimulatory
effect on the proteinase inhibitory properties of PN-2/AâPP.
As shown in Figure 5B, increasing concentrations of fibrillar
HCHWA-D Aâ1-40 did not enhance the ability of PN-2/
AâPP to inhibit trypsin. This indicates that stimulation of
PN-2/AâPP inhibitory activity is not a general effect but
appears restricted to certain target proteinases. In the above
studies, we used fibrillar HCHWA-D Aâ1-40 which contains
the E22Q substitution. To exclude the possibility that these
findings are due to the HCHWA-D mutant form of Aâ, we
performed studies using fibrillar wild-type Aâ. Figure 5B
shows that fibrillar wild-type Aâ1-42 exhibits a nearly
identical stimulatory effect on PN-2/AâPP inhibition of FXIa.
Similarly, increasing concentrations of fibrillar wild-type
Aâ1-42 did not enhance the ability of PN-2/AâPP to inhibit
trypsin (data not shown). This indicates that the structure of
the Aâ fibril is responsible for its binding to PN-2/AâPP
and stimulation of its inhibition of FXIa.

DISCUSSION

Severe cases of CAA, such as those found in HCHWA-
D, are characterized by cerebrovascular deposition of fibrillar
Aâ and accompanied by abnormal accumulations of PN-2/
AâPP (1, 2, 24-26). The reason as to why PN-2/AâPP
collects under these conditions and what the consequences
are of this pathological accumulation remain unclear. In the
present study, we show that fibrillar Aâ mediates the high-
affinity binding of PN-2/AâPP but not its KPI domain. It is
of interest that this interaction requires fibrillar Aâ, the
predominant form found in CAA, since the nonfibrillar form
of Aâ was incapable of binding PN-2/AâPP or its isolated
KPI domain (Figure 1). This newly identified fibrillar Aâ
binding domain appears to reside in the amino-terminal
region of PN-2/AâPP. This was supported by the finding
that the recombinantly expressed amino-terminal fragment
AâPP18-119 retained the ability to compete for PN-2/AâPP
binding to fibrillar Aâ (Figure 2B). Moreover, the AâPP18-119

fragment exhibited essentially the same binding properties
to fibrillar Aâ as did intact PN-2/AâPP (Figure 2C).
However, expressing smaller recombinant amino-terminal
fragments of AâPP failed to yield an active fibrillar Aâ
binding fragment. Recently, the crystal structure has been
reported for a similar region of the AâPP molecule,
AâPP28-123 (39). This analysis has revealed the amino-
terminal region of AâPP is highly structured, containing three
disulfide bonds, highâ-strand content, and oneR-helix.
Therefore, the smaller amino-terminal fragments of AâPP
were likely deficient in possessing the correct conformation
of an active fibrillar Aâ binding domain. Future site-directed
mutagenesis studies are planned to further define the precise
site within AâPP18-119 that is responsible for binding fibrillar
Aâ. Together, these findings suggest that fibrillar Aâ deposits

FIGURE 3: PN-2/AâPP bound to immobilized fibrillar HCHWA-D
Aâ1-40 is functionally active in inhibiting coagulation FXIa. One
microgram of fibrillar HCHWA-D Aâ1-40 in 100 µL of TBS
(hatched bars) or 100µL of TBS alone (black bars) was dried down
overnight in triplicate wells of a 96-well microtiter. After washing,
the triplicate wells were incubated with a 100µL of TBS containing
100 nM PN-2/AâPP or KPI domain for 1 h at 37°C. After washing,
the wells were incubated with 100µL of TBS containing 1 nM
FXIa for 1 h at 37°C. Then 50µL of TBS containing 1.5 mM of
the FXIa chromogenic substrate S-2366 was added, and the rate of
substrate hydrolysis was measured at a wavelength of 405 nm using
a Molecular Devices Vmax microtiter plate reader. Data represent
the means( SD for triplicate samples from two independent
experiments. Lanes 1, no inhibitor control; lanes 2, PN-2/AâPP;
lanes 3, KPI domain.
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in CAA may mediate the high-affinity binding of PN-2/AâPP
in the cerebral vessel wall.

PN-2/AâPP bound to immobilized fibrillar Aâ retained
its ability to inhibit coagulation FXIa (Figure 3). This
observation indicates that when PN-2/AâPP is bound to
fibrillar A â through its amino-terminal 18-119 region, its
KPI domain is accessible to target proteinases. To investigate
this property in a setting more biologically relevant to CAA,
we examined the inhibition of FXIa by PN-2/AâPP bound
to fibrillar Aâ in our HCSM cell culture paradigm. When
pathogenic forms of Aâ are added to HCSM cells in culture,
they assemble into an elaborate network of fibrils on the
surfaces of these cells (Figure 4B). We have previously
shown that these cell-surface fibrils mediate the binding and
marked accumulation of endogenous PN-2/AâPP on the
HCSM cells, eventually leading to cell death (30, 42-44).
Here we show that the accumulation of HCSM cell PN-2/
AâPP mediated by fibrillar Aâ (Figure 4C,D) results in
increased inhibition of FXIa at the cell surface (Figure 4E).
This suggests that PN-2/AâPP bound to fibrils on the surfaces
of cerebrovascular cells, as observed in HCHWA-D and
severe cases of CAA, can functionally inhibit coagulation
FXIa.

Although PN-2/AâPP bound to fibrillar Aâ was function-
ally active in inhibiting FXIa, it was unclear if fibrillar Aâ
binding modulated the efficiency of this inhibition. Indeed,
fibrillar A â was found to exert a dose-dependent enhance-
ment of FXIa inhibition by PN-2/AâPP (Figure 5A). This
was due to the binding of fibrillar Aâ to PN-2/AâPP since
freshly resuspended nonfibrillar Aâ, which exhibits no
binding to PN-2/AâPP (Figure 1), had no effect on the
inhibition of FXIa. Additionally, in these experiments neither
freshly resuspended nonfibrillar Aâ nor fibrillar Aâ had any
effect on the enzymatic activity of FXIa (data not shown).
The maximum stimulatory effect was achieved at≈25 µg/
mL fibrillar A â. An identical stimulatory effect was observed
with both fibrillar HCHWA-D mutant Aâ1-40 and fibrillar
wild-type Aâ1-42, indicating that it is theâ-sheet fibrillar
structure of Aâ, not the presence of HCHWA-D E22Q
substitution, that is responsible for the binding and stimula-
tion of PN-2/AâPP. Either form of fibrillar Aâ increased
the potency of FXIa inhibition by PN-2/AâPP greater than
5-fold (Figure 5). This is very similar to the level of
stimulation that heparin exerts on the inhibition of FXIa by
PN-2/AâPP (15). It is noteworthy that the binding domains
for heparin and Zn2+ also reside in the amino-terminal region

FIGURE 4: PN-2/AâPP bound to HCSM cell-surface fibrillar HCHWA-D Aâ1-40 is functionally active in inhibiting coagulation of FXIa.
(A and B) Near-confluent cultures of HCSM cells grown on Transwell membranes were incubated in the absence (A) or presence (B) of
25 µM HCHWA-D Aâ1-40 for 6 days. The cells were rinsed, fixed, and prepared for TEM analysis as described under Experimental
Procedures. The samples were viewed with a JEOL 1200 EX transmission electron microscope at 80 kV under identical conditions. Scale
bar ) 0.25 µm. The arrow points to the extensive Aâ fibrils on the cell surface. (C and D) Near-confluent cultures of HCSM cells were
incubated in the absence (lanes 1) or presence (lanes 2) of 25µM HCHWA-D Aâ1-40 for 6 days. (C) After 6 days, the culture medium was
removed, and the HCSM cells were rinsed, solubilized, subjected to SDS-PAGE, and subsequently analyzed for PN-2/AâPP by
immunoblotting using mAbP2-1 as described under Experimental Procedures. (D) The relative levels of HCSM cell-surface-associated
PN-2/AâPP were determined by quantitative immunoblotting as described under Experimental Procedures. The data presented are the
mean( SD of six separate determinations and expressed as fold increase over control levels. (E) Near-confluent cultures of HCSM cells
were grown in 96-well plates and incubated in the absence (lane 1) or presence (lane 2) of 25µM HCHWA-D Aâ1-40 for 6 days. The cells
were rinsed, fixed, and incubated with 100µL of TBS containing 1 nM FXIa for 1 h at 37°C. Then 50µL of TBS containing 1.5 mM of
the FXIa chromogenic substrate S-2366 was added, and the rate of substrate hydrolysis was measured at a wavelength of 405 nm using a
Molecular Devices Vmax microtiter plate reader. Data represent the means( SD for triplicate individual samples from two independent
experiments.
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of PN-2/AâPP (35, 36) and these two factors also enhance
the inhibition of FXIa by PN-2/AâPP (15, 40). This suggests
that ligands which bind to this general amino-terminal region
of PN-2/AâPP can influence its FXIa inhibitory properties.
Although the inhibition of FXIa by PN-2/AâPP was en-
hanced by fibrillar Aâ, the inhibition of trypsin activity was

not (Figure 5B). This indicates that the stimulatory effect of
PN-2/AâPP FXIa inhibitory properties is not a general effect
and is likely restricted to specific target proteinases. Similar
findings were previously observed with the stimulatory
effects of heparin or Zn2+ on PN-2/AâPP proteinase inhibi-
tory properties (15, 40). Together, these studies demonstrate
that fibrillar Aâ binding can augment the inhibition of
coagulation FXIa by PN-2/AâPP.

The reasons why severe CAA often results in cerebral
hemorrhage are still unresolved. However, degeneration and
loss of smooth muscle cells and their replacement with Aâ
fibrils have been proposed to contribute to the loss of vessel
wall integrity (23-26). In this regard, previous studies have
suggested that cerebrovascular Aâ deposits cause smooth
muscle cell degeneration in vivo (1, 23-26). Further
supporting this notion, our recent cell culture studies indicate
that pathogenic forms of Aâ can induce apoptotic cell death
and other pathologic responses, including marked increases
in PN-2/AâPP, in HCSM cells (42-45). These in vitro
cellular pathologic responses clearly involve the assembly
of Aâ into cell-surface fibrils (30). This is consistent with
the correlation between the fibrillar Aâ deposition, cere-
brovascular cytotoxicity, and the pathological accumulation
of PN-2/AâPP that is observed in HCHWA-D and severe
CAA.

In addition to smooth muscle cell degeneration, alterations
in proteolytic hemostatic mechanisms may also contribute
to the development of cerebral hemorrhage in CAA. For
example, previous studies have shown that fibrillar forms
of Aâ can potently stimulate the activity of tissue type
plasminogen activator (27, 28). This could result in activation
of plasminogen at sites of cerebrovascular fibrillar Aâ
deposition. Plasmin that is generated can either directly (46)
or indirectly, through activation of matrix metalloproteinases
(47, 48), proteolytically degrade extracellular matrix com-
ponents. This could significantly undermine the integrity of
the vessel wall. The present findings suggest that in CAA
cerebrovascular fibrillar Aâ deposits may mediate the binding
and accumulation of PN-2/AâPP. Moreover, when bound
to fibrillar Aâ, PN-2/AâPP may exhibit elevated inhibition
of coagulation FXIa. The pathological accumulation of PN-
2/AâPP may exacerbate any loss of vessel wall integrity by
providing an elevated anti-coagulant environment, thereby
contributing to the hemorrhaging process.
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