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Nerve growth factor (NGF) plays an important role in regulating
mammalian neuronal/embryonic development, angiogenesis, and
other physiological processes andhas recently been investigated as
a potential treatment for the neurodegenerative disorder, Alzhei-
mer disease. In this study, we provide evidence that human NGF
may also function as ametalloproteinase inhibitor, based on stud-
ies of NGF from snake venom. Originally, our aim was to isolate
snake venom metalloproteinases targeting platelet receptors
and/or ligands relevant to hemostasis and thrombosis, usingNi2�-
agarose as a purification step based on the conserved metal ion-
coordinationmotif in venommetalloproteinases.However, subse-
quent analysis of cobra (Naja kaouthia) venom led to the
unexpected discovery that cobra venomNGFbound toNi2�-agar-
ose, eluting at�15mM imidazole, enabling aone-steppurification.
The identity of the purified protein was confirmed by mass spec-
trometryandN-terminal sequenceanalysis.Partial co-purification
of NGFwithinmetalloproteinase-enriched venom fractions led us
to test whether NGF affected metalloproteinase activity. Venom
NGFpotently inhibitedmetalloproteinases isolated from the same
or different venom and specifically bound to purified Nkmetallo-
proteinase immobilized on agarose beads. HumanNGF also inter-
acted with humanmetalloproteinases because it blocked metallo-
proteinase-mediated shedding of the platelet collagen receptor,
glycoprotein (GP)VI, and associated with recombinant ADAM10
by surface plasmon resonance. Together, these results suggest that
NGF can function as ametalloproteinase inhibitor.

The identification and characterization of mammalian nerve
growth factor (NGF)3 was aided by the serendipitous discovery
of a functionally related snake venom NGF (1, 2). Venom NGF
potently induces neural outgrowth, and its presence in reptilian
venom glands pointed to rat salivary glands as amajor source of
mammalian NGF (2). Subsequently, NGF was found to play a
role in mammalian neuronal/embryonic development and in
human diseases including the neurodegenerative disorder,
Alzheimer disease (2–5). In this regard, the use of NGF gene

therapy (whereautologous fibroblastsweregeneticallymodified to
express NGF) to treat Alzheimer disease in phase 1 trials has been
reported (6). NGFmay have other physiological functions. Mam-
malian NGF (designated as “� subunit”) regulates the esterase
activity of a � subunit of an NGF-containing oligomeric complex,
where dissociation of NGF from the complex increases esterase
activity (7, 8). Increased amounts of NGF or pro-NGF are also
present at inflammatory sites in lung and other tissue, andNGF is
implicated inpromotingwoundhealing (9–12).However, the rea-
sonwhyNGF is a significant component in snake venom(1, 2) and
its role in envenomation are not known.
Snake venom metalloproteinase-disintegrins have provided

unique probes for analyzing platelet receptors, including glyco-
protein (GP)Ib� (themajor ligand-binding subunit of theGPIb-
IX-V complex) or the collagen receptor, GPVI, which form an
adhesion/signaling complex on platelets that initiates throm-
bus formation (13–17). For example, we previously showed that
mocarhagin, a cobra venom metalloproteinase-disintegrin, se-
lectively cleavesGPIb�within an anionic sequence of the extra-
cellular domain at Glu282/Asp283 and abolishes binding of von
Willebrand factor and other ligands (17, 18). In contrast,
alborhagin, a viper venom metalloproteinase-disintegrin, po-
tently activates platelets via an interaction with GPVI (19). Sur-
face expression of platelet GPVI and GPIb� is also regulated by
metalloproteinase-mediated shedding, involving activation of
endogenous platelet metalloproteinases of the ADAM (a disin-
tegrin and metalloproteinase) family (20–26).
Our original aim was to isolate metalloproteinase-disintegrins

that targetplatelet receptorsor their ligandsby fractionating snake
venoms on Ni2�-agarose, an approach based on the conserved
metal ion coordination sequence (HEXXHXXGXXH) within
the catalytic domain of venom metalloproteinase-disintegrins
(13, 27). The use of this approach is supported by binding of a
purified venom metalloproteinase to Ni2�-agarose, eluting at
�10 mM imidazole (27). However, when crude cobra (Naja
kaouthia) venom was applied to Ni2�-agarose, an �13-kDa
protein bound to the resin, eluting at�15mM imidazole. Char-
acterization of this protein and its partial co-isolationwithmet-
alloproteinase-enriched venom fractions led us to test whether
venomNGF regulatedmetalloproteinase activity. These results
suggest that NGF acts as an inhibitor of metalloproteinase-
disintegrins.

EXPERIMENTAL PROCEDURES

Materials—Snake venom from N. kaouthia was obtained
from Sigma. Murine anti-GPIb� monoclonal antibodies, AK2
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directed against residues Leu36–Gln59, andWM23, against the
mucin-like extracellular domain, have been previously de-
scribed (14, 15, 18, 24). Murine monoclonal antibodies, 6B12,
against an ectodomain epitope of human GPVI, and 14A2,
against the platelet receptorCD151 that activates Fc�RIIa, have
also been described elsewhere (14, 20, 28). Glycocalicin, the
soluble ectodomain fragment of human platelet GPIb�, was
purified as described previously (14, 18, 29). The GPVI agonist,
collagen-related peptide (CRP), with amino acid sequence
GCO(GPO)10GCOG-NH2 where O represents hydroxypro-
line, was prepared as described elsewhere (14, 20). Recombi-
nant human NGF and ADAM10 were purchased from R&D
Systems, Minneapolis, MN.
Snake Venom Metalloproteinases—A cobra venom metal-

loproteinase-disintegrin, mocarhagin, was purified from
Naja mocambique mocambique venom as described previ-
ously (18, 30). Mocarhagin cleaves platelet GPIb� at Glu282/
Asp283 and abolishes binding of vonWillebrand factor and anti-
GPIb� antibody AK2 (14, 15, 18). Nk metalloproteinase from
cobra (N. kaouthia) venom was purified using the same meth-
ods (27).
Ni2�-Agarose Chromatography—Crude lyophilized venom

(0.1 g) fromN. kaouthiawas dissolved in 10ml of TS buffer and
loaded at �30 ml/h onto a 10 � 1-cm column of Ni2�-agarose
equilibrated with TS buffer at room temperature (27). After
washing with the same buffer until the A280 of the eluate
returned to base line, bound protein was eluted by a linear
100-ml 0–30 mM imidazole gradient in TS buffer, and 5-ml
fractions were collected. Aliquots of fractions were analyzed by
electrophoresis on SDS 5–20% exponential gradient polyacryl-
amide gels and either stainedwith Coomassie Blue orWestern-
blottedwith rabbit anti-mocarhagin antibody, as described pre-
viously (19). Fractions containing an �13-kDa protein were
pooled, concentrated using an Amicon ultrafiltration device
(YM10 membrane), and dialyzed into TS buffer.
Mass Spectrometry and N-terminal Sequence Analysis—Ma-

trix-assisted laser desorption/ionization-time of flight mass
spectrometry of purified venom NGF was carried out by
Dr. Simon Harris, Monash University, Melbourne, Australia.
N-terminal sequence analysis was performed using previously
described methods (18, 19).
Snake VenomMetalloproteinase Assays—Snake venommet-

alloproteinase activity was assayed in two ways. First, a purified
soluble extracellular portion of GPIb�, glycocalicin (�30
�g/ml, final concentration) in TS buffer containing either 1mM

ZnCl2, 1 mMCaCl2 or 10mM EDTAwas treated withmocarha-
gin (5 �g/ml, final concentration) for 60 min at 22 °C in the
absence or presence of venom NGF (0.1–60 �g/ml). Samples
weremade 10mM in EDTA to stop the reaction and analyzed by
SDS 5–20% polyacrylamide gel electrophoresis and immuno-
blotting with rabbit anti-glycocalicin IgG as described else-
where (14).
Second, washed platelets were isolated from venous blood

and resuspended at 1 � 108 platelets/ml in Tyrode’s buffer as
described previously (14, 19, 20). After treatmentwith eitherTS
buffer alone orNkmetalloproteinase (5�g/ml, final concentra-
tion) for 60 min at 22 °C in the presence of 1 mM ZnCl2, 1 mM

CaCl2 and in the absence or presence of venom NGF (0.1–60

�g/ml), samples were made 0.1% (w/v) in BSA by adding 0.1
volume of a 1% (w/v) stock solution, and 40-�l samples were
added in triplicate to microtiter wells coated with either 1%
(w/v) BSA in TS buffer (BSA/TS) or anti-FLAG (negative con-
trol),WM23, or AK2 (50�l of 1�g/ml solution in TS buffer, for
3 h at 22 °C) as described previously (27). After aspiration of the
coating solution, wells were blocked for 1 hwith 100�l BSA/TS
and washed four times with 100-�l aliquots of BSA/TS before
the addition of platelets. After 1 h, wells were aspirated and
washed four times with BSA/TS, and platelet adhesion was
determined using anti-glycocalicin IgG (1 �g/ml in TS buffer),
washing four timeswithBSA/TS, and visualized using anhorse-
radish peroxidase-conjugated anti-rabbit secondary IgG and
the chromogenic substrate, tetramethylbenzidine (Sigma). The
A450 was measured in a microtiter plate reader 3550 (Bio-Rad).
Specific binding was calculated from total binding by subtract-
ing the nonspecific binding to control (anti-FLAG) IgG-coated
wells.
Binding of VenomNGF toNk-coated Beads—PurifiedNk (0.1

mg) was dialyzed into coupling buffer (0.1 M NaHCO3, pH 8.0)
and conjugated to 10 ml of a 1:1 mixture of Affi-Gel 10 and
Affi-Gel 15 N-hydroxysuccinimide-derivatized agarose beads
(Bio-Rad), as described elsewhere (27, 31). To measure binding
of venom NGF to Nk-coated beads, a 25% (v/v) suspension of
Nk Affi-Gel 10/15 and venom NGF (5 �g/ml, final concentra-
tion) purified as described above was suspended in a final vol-
ume of 0.2 ml in TS buffer. Parallel assays contained 1 mM

ZnCl2, 1 mM CaCl2, 10 mM EDTA, or 1 M NaCl. After 30 min at
22 °C, beads were pelleted by centrifugation (14,000� g; 5 min;
22 °C), andNGF in the supernatantwas analyzed by SDS 5–20%
polyacrylamide gel electrophoresis and staining with Coomas-
sie Blue.
Effect of Human NGF on Metalloproteinase-mediated Shed-

ding of Human Platelet GPVI—The shedding of GPVI from
washed human platelets (1 � 108/ml) in Tyrode’s buffer con-
taining 1 mM ZnCl2, 1 mM CaCl2 was induced by the GPVI-
selective agonist, CRP (2.5 �g/ml, final concentration), or by
the Fc�RIIa agonist, 14A2 (anti-CD151), using previously de-
scribed methods (14, 20, 28), in the absence or presence of
humanNGF (0–40�g/ml, final concentration). After 30min at
22 °C, samples were made 10 mM in EDTA, platelets were pel-
leted by centrifugation (14,000 � g; 5 min; 22 °C), and superna-
tants were analyzed for shed soluble fragment of GPVI (�55
kDa) by immunoblotting with anti-GPVI antibody (6B12) and
visualized using ECL (14, 20).
Surface PlasmonResonance—The association of humanNGF

with recombinant human metalloproteinase, ADAM10, was
measured by surface plasmon resonance using a Biacore T100
optical biosensor (GEHealthcare,Melbourne, Australia) main-
tained at 25 °C (20). Aliquots (5–10 �l) of ADAM10 (10 �g/ml
in 10mMHEPES-saline, pH 7.0, containing 0.005% (v/v) surfac-
tant-P20) or buffer alone were immobilized on activated sensor
chips (Series S CM5; GE Healthcare) to an equivalent of 200–
250 resonance units using a flow rate of 10�l/min, and then the
flow cell was blocked according tomanufacturer’s instructions.
Aliquots (20 �l) of human NGF (10–40 �g/ml) in 10 mM

HEPES saline, pH 7.0, containing 1 mM ZnCl2 and 0.005% (v/v)
surfactant-P20, were passed over the ADAM10 surface or a
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control surface at a constant flow rate of 10 �l/min, and reso-
nance changes were recorded. For some analyses, 5 mM EDTA
was included in the elution buffer. The response from the con-
trol surface was subtracted from that of the ADAM10 surface.
Binding analysis was based on published ligand-receptor frag-
ment interactions (32).

RESULTS

Isolation of Snake VenomNGF—Ni2�-agarose chromatog-
raphy of N. kaouthia venom revealed a protein of �13 kDa
under reducing conditions (Fig. 1A) that eluted after the
main metalloproteinase peak at �15 mM imidazole. This
protein was not immunoreactive to anti-mocarhagin (a
snake venom metalloproteinase-disintegrin) antibody (data
not shown), suggesting that it was not a metalloproteinase-
derived fragment. The identity of the purified protein (Fig.
2A), which co-migrated on SDS-polyacrylamide gels with
human NGF, was confirmed as venom NGF by mass spec-
trometry and N-terminal sequence analysis. A single species
with mass of �13,000 was detected (Fig. 2B), and the N-ter-
minal 14 amino acid residues were identical to NGF from
N. kaouthia and other venoms (Fig. 2C).

Inhibition of Snake Venom Met-
alloproteinases by Venom NGF—
The finding that both venom NGF
(this study) and metalloproteinase-
enriched fractions of snake venom
(27) associated with Ni2�-agarose
led us to test whether venom NGF
may affect metalloproteinase ac-
tivity. Initially, we tested this pos-
sibility using a snake venom metal-
loproteinase, mocarhagin, which was
previously shown to inactivate
platelet GPIb� by selective proteol-
ysis of the von Willebrand factor
receptor (GPIb�) at Glu282/Asp283,
thereby eliminating the von Will-
ebrand factor-binding domain (17,
18). Mocarhagin-dependent prote-
olysis of glycocalicin, a purified sol-
uble ectodomain fragment ofGPIb�
containing the Glu282/Asp283 cleav-
age site (17, 18), was inhibited by
venom NGF in a dose-dependent
manner (Fig. 3A). Second, we tested
whether NGF inhibited a metallo-
proteinase isolated from venom of
the same species, N. kaouthia (27).
A microtiter assay was used to
measure the cleavage of platelet
GPIb� by cobra Nk metalloprotein-
ase. Like mocarhagin, Nk cleaves
GPIb� ectodomain to generate the
same digestion pattern (27). In this
assay, two previously characterized
anti-GPIb� monoclonal antibodies,
AK2 and WM23, with epitopes

either N-terminal or C-terminal, respectively, of the proteolyti-
cally sensitive sequence encompassing Glu282/Asp283, were
immobilized on plastic, and adhesion of washed platelets was
measured. GPIb�-dependent platelet adhesion was discrimi-
nated from nonspecific binding using wells coated with control
antibody (anti-FLAG) or BSA. We previously showed that
binding to AK2-coated wells, but not wells coated withWM23,
anti-FLAG, or BSA, is inhibited either by soluble AK2 or by
pretreating platelets withNkmetalloproteinase (27). Using this
assay, it was shown that Nk-dependent cleavage of platelet
GPIb� was inhibited by venom NGF (Fig. 3B).
Binding of VenomNGF to Nk-coated Beads—Purified venom

NGF bound directly to Nk metalloproteinase immobilized on
agarose beads. Binding in the presence of Zn2�/Ca2� (repre-
sented by loss of NGF in the supernatant) was inhibited either
by EDTA or by the inclusion of 1 M NaCl in the binding assay
(Fig. 3C). EDTA and NaCl were also shown to dissociate mam-
malian NGF from the oligomeric complex with esterase (7, 8).
Effect of Human NGF onMetalloproteinase-dependent Shed-

ding of Platelet GPVI—Because venomNGF was able to inhibit
activity of venom metalloproteinases, we addressed whether
human NGF could inhibit human metalloproteinase activity.

FIGURE 1. Ni2�-Agarose chromatography of N. kaouthia venom. Ni2�-Agarose chromatography of venom
(0.1 mg/10 ml TS buffer) analyzed by SDS 5–20% polyacrylamide gel electrophoresis (reducing conditions) and
Coomassie Blue staining is shown, demonstrating load, flow-through (F), lag (L), and eluted (E) fractions. The
A280 elution profile (solid line) and the linear 0 –30 mM imidazole gradient (dashed line) are shown in the lower
panel.
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FIGURE 2. Characterization of snake venom NGF. A, SDS 5–20% polyacrylamide gel (reducing conditions) stained with Coomassie Blue of venom NGF (vNGF,
lane 1) from N. kaouthia venom or recombinant human NGF (hNGF, lane 2). B, analysis by matrix-assisted laser desorption/ionization-time of flight mass
spectrometry reveals an abundant species with mass of 13,049. Peaks at 13,260 and 13,482 presumably represent single (“�206”) or double (“�412”) sinapinic
acid matrix adducts within acceptable limits of accuracy. A minor peak at 6,530 (with no corresponding adduct at �206) may indicate the presence of a minor
low abundance protein, and the peak at 6,636 may indicate a doubly charged species, although further analysis was not performed in detail. No higher mass
peaks were detected up to 40,000 (not shown). C, comparison of human NGF, mouse NGF, and venom NGF from N. kaouthia or other species. Residue numbers
refer to the N. kaouthia NGF, the black line is the N-terminal sequence determined in this study, and highlighted residues are non-identical or non-conserved in
N. kaouthia NGF. Zn2�-binding sites in murine NGF involving residues His84 and Asp105 (33) are marked by an asterisk. Accession numbers/gi numbers are:
human NGF, 1SG1B/49258981; mouse NGF, P01139; N. kaouthia, P61899/48429019; Naja atra, A58566/7438538; Naja naja, P01140/128164; Crotalus durissus
terrificus, AAG30924/11120560; Vipera russelli, AAA03282/263157; Daboia russellii russellii, P30894/400499; Bungarus multicinctus, AAB25729/266299.
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To do this, we utilized an assay for ectodomain shedding of
platelet GPVI, previously shown to involve activation of endog-
enous platelet metalloproteinases (20, 24). Treating washed
human platelets with the GPVI-selective ligand, CRP, resulted
in release into the supernatant of a soluble �55-kDa ectodo-
main fragment detectable using an anti-GPVI antibody, 6B12
(Fig. 4). CRP-induced shedding involves platelet metallopro-
teinases because it is inhibited by EDTA or a broad specificity
metalloproteinase inhibitor, GM6001 (20). Recombinant hu-
man NGF (Fig. 2A) inhibited ectodomain shedding of platelet
GPVI induced by CRP in a dose-dependent manner (Fig. 4),
with �90% inhibition when compared with shedding in the
absence of NGF under the same conditions. Human NGF (40
�g/ml, final concentration) had no effect on CRP-induced GPVI-
dependent platelet aggregation (data not shown), suggesting
that NGF was not competing for CRP binding to GPVI nor
interfering by an unknown mechanism with GPVI signaling,
required for aggregation and ligand-induced shedding (20). In
support of this, NGF also inhibited GPVI shedding induced by
activation of the Fc receptor, Fc�RIIa, using the anti-platelet
antibody, 14A2 (28), with a similar dose response as observed
for CRP (Fig. 4). HumanNGF also associated with immobilized
recombinant ADAM10 in a dose-dependentmanner by surface
plasmon resonance (Fig. 5). No association of NGF was
observed using a control surface, and binding to ADAM10 wasFIGURE 3. Effect of NGF on snake venom metalloproteinase activity.

A, venom NGF inhibits mocarhagin-dependent digestion of glycocalicin. Gly-
cocalicin (GC; �30 �g/ml, final concentration) was treated with mocarhagin
(Moc; 5 �g/ml or �0.1 �M, final concentration) in TS buffer containing 1 mM

ZnCl2, 1 mM CaCl2 for 60 min at 22 °C in the absence or presence of venom
NGF (vNGF, 0 –22 �g/ml or 0 –1.8 �M for NGF monomer, final concentration).
Samples were analyzed on SDS-polyacrylamide gels (reducing conditions)
and blotted with rabbit anti-glycocalicin IgG visualized using horseradish per-
oxidase-conjugated secondary antibody and ECL. B, venom NGF blocks Nk-
dependent inhibition of GPIb�-dependent platelet (PLT) adhesion to AK2.
Washed platelets (1 � 108/ml) were treated with Nk metalloproteinase (5
�g/ml, final concentration) in the absence or presence of venom NGF (0 – 40
�g/ml) for 60 min at 22 °C. Platelet adhesion to microtiter wells coated with

anti-GPIb� monoclonal antibody, AK2 (with epitope lost following Nk treat-
ment, upper diagram), was measured using anti-glycocalicin IgG as described
under “Experimental Procedures.” Nk-dependent cleavage was confirmed by
measuring platelet adhesion to WM23-coated wells, where the epitope is
unaffected by Nk (27). The error bars represent 1� S.D. C, binding of venom
NGF to Nk-coated beads. Purified venom NGF (5 �g/ml, final concentration)
incubated with Nk-agarose beads (25% (v/v) suspension) in TS buffer for 30
min at 22 °C in the presence of EDTA, 1 mM ZnCl2, 1 mM CaCl2, or 1 M NaCl was
analyzed after pelleting the resin by centrifugation and SDS-polyacrylamide
gel electrophoresis and Coomassie Blue staining.

FIGURE 4. Human NGF (hNGF) inhibits metalloproteinase-dependent
shedding of human platelet GPVI. Metalloproteinase-dependent GPVI
shedding from washed human platelets was induced by CRP (2.5 �g/ml, final
concentration) (A) or the monoclonal antibody, 14A2 (5 �g/ml, final concen-
tration (B); it activates platelets via Fc�RIIa) in the absence or presence of
human NGF after 30 min at 22 °C. Supernatant fractions were analyzed by
SDS-polyacrylamide gel electrophoresis (reducing conditions), immunoblot-
ting with anti-GPVI antibody (6B12 or 1A5), and visualizing with horseradish
peroxidase-conjugated secondary antibody and ECL. Platelet lysate contain-
ing intact GPVI is run as a blotting control.
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divalent cation-dependent and inhibitable by inclusion of 5mM

EDTA to the analysis buffer (not shown). These data indicate an
association and rapid dissociation of the isolated components
in a cell-free system.

DISCUSSION

In this study, we show that (i) snake venom NGF can be
isolated from N. kaouthia venom by a single-step purification
on Ni2�-agarose, elutable by imidazole; (ii) venom NGF inhib-
its venom metalloproteinase-dependent proteolysis of platelet
glycoprotein (GP)Ib�; and (iii) human NGF inhibits human
metalloproteinase-mediated ectodomain shedding of GPVI
from platelets. The combined results suggest that NGF can
inhibit metalloproteinases.
We initially investigated the use of Ni2�-agarose chromatog-

raphy for isolating snake venom metalloproteinases based on
the presence of a conservedmetal ion coordination sequence in
venom metalloproteinases and the preliminary finding that a
purified metalloproteinase, Nk, bound Ni2�-agarose and was
eluted by�10mM imidazole (27). In the course of these studies,
it was observed that an �13-kDa protein was purified from
N. kaouthia venom run on Ni2�-agarose, eluting at imidazole
concentrations �15 mM. Mass spectrometry and N-terminal
sequence analysis (100% identity of 14 residues) confirmed that
this protein was venom NGF. Binding of venom NGF to Ni2�-
agarose is consistent with the presence of Zn2�-binding sites in
murine NGF (involving residues His84 and Asp105) (33) (Fig.
2C), and Zn2� stabilizes the oligomeric complex involving
mammalian NGF (NGF � subunit) and esterase (� subunit) (7,
8). The N-terminal sequence of venom NGF also contains a
conserved His-rich sequence, 3HXXHXXGXH11 (Fig. 2C), sim-
ilar but not identical to the metal ion coordination motif,
HEXXHXXGXXH, in metalloproteinase-disintegrins.
Venom NGF inhibited mocarhagin-dependent cleavage of a

purified soluble GPIb� fragment (glycocalicin) containing the
mocarhagin cleavage site (17, 18), inhibited cleavage of GPIb�
on platelets by Nk metalloproteinase isolated from the same
venom as NGF (N. kaouthia) (27), and bound directly to Nk
metalloproteinase-coated beads. One of the functions of NGF
in venommay be to act as a metalloproteinase inhibitor to pre-
vent autodigestion (19), a function previously reported for

other venom constituents (34). The NGF concentration in
snake venom is high relative to the amount of metalloprotein-
ase in the same venom (1, 27) and consistentwith a role forNGF
as an inhibitor in venom. NGF from other snake venoms is
highly conserved (Fig. 2C), suggesting that this may be a com-
mon role. The prevalence of NGF in venom glands is consistent
with their derivation from salivary glands, a potent source of
NGF in other animals (2). In prey, mast cell proteases, such as
carboxypeptidase A and others, play an important role in
defense of envenomation (35), and venom (metallo)proteinase
inhibitors may also potentially contribute to venom toxicity.
These results obtained with venomNGF raise the possibility

thatmammalianNGFmay also function as ametalloproteinase
inhibitor. Human NGF is �80% identical to venomNGF based
on primary sequence, and 6 Cys residues forming three disul-
fide bonds are conserved (Fig. 2C). In this study, the effect of
human NGF on the activity of mammalian metalloproteinases
was assessed using a previously described assay involving met-
alloproteinase-mediated shedding of human platelet GPVI (20,
24, 28). Ligand-induced shedding of GPVI was inhibited by
human NGF in a dose-dependent manner, consistent with the
inhibitionof plateletmetalloproteinases byhumanNGF.GPVI-
dependent platelet reactivity is proportional to GPVI surface
levels in a graded fashion (reviewed in Refs. 25 and 26), suggest-
ing that if shedding was only partially blocked by low concen-
trations of NGF, this could have a significant effect on platelet
reactivity. The specific platelet metalloproteinase implicated in
GPVI shedding is ADAM10 of the ADAM family of sheddases
(24–26), and human NGF was also shown to associate with
ADAM10 by surface plasmon resonance. Although we did not
determine in our study whether NGF can inhibit other mem-
bers of the metalloproteinase family, it is interesting to note
that NGF can also inhibit the proteolytic activity of esterases (7,
8), and determining the broader inhibition profile ofNGF could
be worthwhile in future studies.
Surface expression of twomajorNGF receptors expressed on

nerve cells, p75NTR and TrkA, is also regulated by ADAM17-
dependent ectodomain shedding, thereby controlling cellular
responses to NGF-mediated cross-linking of TrkA-TrkA or
TrkA-p75NTR (5, 36, 37). Activation of ADAM family metallo-
proteinases (such as ADAM9, ADAM10, and/or ADAM17)
also controls proteolytic processing of amyloid precursor pro-
tein (39), a process that also occurs on human platelets (40, 41).
The relative activity of different metalloproteinases may there-
fore control normal (neuroprotective) versuspathological (neu-
rotoxic) processing of this protein.NGF, acting as ametallopro-
teinase inhibitor, may at least in part regulate this processing
under certain conditions and/or regulate other pathophysiol-
ogy involving NGF. Furthermore, our results provide a poten-
tial functional link between NGF and GPVI-dependent platelet
function in that NGF-dependent inhibition of GPVI shedding
could increase platelet reactivity. Clinical data from Alzheimer
disease patients (n � 30) indicate decreased levels of soluble
GPVI in plasma (38). The potential role of NGF in regulating
metalloproteinase-mediated events, parameters such as physi-
ological, pathological, and therapeutic concentrations of NGF,
relative localization of binding partners, and the possible regu-

FIGURE 5. Human NGF interacts with recombinant human ADAM10. Ali-
quots of purified hNGF (0.8 –3.2 �M) were passed over CM5 sensor chip flow
cells containing immobilized ADAM10 or a control surface as described under
“Experimental Procedures.” The response from the control surface was sub-
tracted from that of the ADAM10 surface.
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lation of platelet reactivity through inhibition of GPVI/shed-
dase activity warrants further investigation.
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