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Several factors regulate nerve growth factor (NGF), which is
formed from pro-NGF by intracellular and extracellular enzy-
matic cleavage. The close proximity betweenmast cells express-
ing the protease tryptase and NGF-producing smooth muscle-
like peritubular cells in the testes of infertile patients led us to
examine whether tryptase is among those factors. Human peri-
tubular cells express functional tryptase receptors (PAR-2).
Recombinant enzymatically active �-tryptase increased NGF
levels in the culture medium of primary human peritubular
cells, but the peptide agonist for PAR-2 (SLIGKV) did not. Nei-
ther tryptase nor the peptide increased NGF mRNA levels. To
test whether the increase in NGF is due to enzymatic activity of
tryptase acting on pro-NGF, supernatants of peritubular cells
and synthetic pro-NGF were treated with tryptase. Results of
Western blot studies indicate enzymatic cleavage of pro-NGFby
active tryptase. Heat-inactivated tryptase or SLIGKV was not
effective. Mass spectrometry analysis of in vitro cleavage prod-
ucts from recombinant tryptase and synthetic pro-NGF
revealed multiple cleavage sites within the pro-NGF sequence.
The results also indicate the generation of mature NGF and
smallerNGF fragments as a result of tryptase action. Thus, tryp-
tase-secretingmast cells in the vicinity of pro-NGF/NGF-secret-
ing cells in any human tissue are likely able to alter the ratios of
pro-NGF/NGF. As NGF and pro-NGF have different affinities
for their receptors, this indicates a novel way by which mast
cells, via tryptase, can modify the microenvironment in human
tissues with regard to neurotrophin actions.

Expression and secretion of the prototype neurotrophin
nerve growth factor (NGF) can be regulated by different factors.
Forskolin, interleukin-1 (IL-1), andplatelet-derived growth fac-
tor (PDGF) are able to increase the level of NGF mRNA (1),
catecholamine, histamine, lipopolysaccharide (LPS), and
tumor necrosis factor (TNF)-� for example can regulate syn-
thesis and/or secretion of NGF (2–4).

Neurotrophins, including NGF, are produced as precursor
molecules. The pro regions of neurotrophins appear to be
important for correct folding and direct neurotrophins to the
regulated secretory pathway (5, 6). Proneurotrophins can be
cleaved intracellularly by furin or proconvertases (7, 8), whereas
after secretion, extracellular plasmin or matrix metalloprotei-
nase type 7 is responsible for cleaving pro-NGF. NGF finally is
degraded by plasmin-activated matrix metalloproteinase 9 (9).
NGF binds two classes of receptors, the common low affinity

p75NTR and the more selective high affinity tropomyosin-re-
lated kinase (Trk A) receptor. Activation of these by NGF has
been linked to life or death of target cells (10–12). Recently,
pro-NGF has also been implicated in the regulation of cell fate.
Rather than being an inactive precursor, pro-NGFwas found to
bind to sortilin, which interacts and binds p75NTR and thus
links this molecule to cell death (8, 13, 14). It appears that the
ratio of pro-NGF to NGF and the presence of receptors (TrkA/
p75NTR and sortilin) determine the balance between life and
apoptosis (15) at least in typical neuronal targets.
It is clear by now that NGF is expressed not only by neuronal

tissues (e.g. sympathetic neurons (16) and dorsal root ganglia
(17)) but by many different tissues outside the nervous system.
These include cells of the ovary (18–20), bone marrow (21),
hair follicles (22), liver (23), urinary bladder (24), retina (25),
prostate cells (26), oral mucosal keratinocytes (27), and sper-
matids (28). NGF is also produced and released by cells of the
immune system, namely mast cells, which also respond to NGF
(29, 30).
Results of our previous studies showed that the smoothmus-

cle-like peritubular cells, which form the cellular components
of the wall of the seminiferous tubule in man, are among the
non-neuronal cell types able to produceNGF (31) aswell as glial
cell line-derived neurotrophic factor (32). The secretion of both
factors occurs constitutively but may be further regulated by
local factors, which can be derived from immune cells.
At least two types of immune cells accumulate in the peritu-

bular wall ofmenwith fertility problems, namelymast cells (see
Fig. 1) and macrophages, and both are a source of TNF-� (33–
35).When this cytokine was added to isolated human testicular
peritubular cells (HTPCs),3 NGFmRNA andNGF protein pro-
duction and accumulation in themedium increased (31). How-
ever, TNF-� failed to affect glial cell line-derived neurotrophic
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factor produced by HTPCs and equivalent cells isolated from
the testes of infertile men (HTPC-Fs; (32)).
Likewise, tryptase, the major mast cell product found in all

humanmast cells, including testicular mast cells (see Fig. 1 and
Ref. 36)), did not alter glial cell line-derived neurotrophic factor
levels (32), although functional tryptase receptors (protease-
activated receptor-2 (PAR-2)) are present (37). Whether tryp-
tase may be able to affect NGF production of testicular peritu-
bular cells or any other cell types is not known. Tryptase is a
serine protease with multiple known functions, including the
activation of the cell surface receptor PAR-2, a G-protein-cou-
pled receptor expressed by many cells, including human testic-
ular peritubular cells (32, 38, 39). Proteolytic cleavage is neces-
sary for PAR-2 activation and signaling. However, humanmast
cell tryptase is also known to cleave a number of extracellular
proteins, thereby catalyzing the activation of complement C3,
converting prostromelysin to stromelysin (MMP3), whereas
cleavage of fibrinogen results in a loss of clotting potential (40,
41). Tryptase furthermore degrades fibronectin, calcitonin
gene-related peptide, vasoactive intestinal peptide, kininogen
(42–48), and IgE (49). Mast cells via the enzymatic actions of
tryptase therefore are able to regulate functions of PAR-2-ex-
pressing target cells and in addition are able to control different
aspects of the local microenvironment. Based on the in vivo
situation in the peritubular wall of male infertility patients in
which tryptase-positive mast cells are in close contact with
peritubular cells, we examined the ability of tryptase to regulate
pro-NGF/NGF secretion and processing using primary HTPCs
and HTPC-Fs.

EXPERIMENTAL PROCEDURES

Isolation of HTPC/-Fs, Cell Culture, and Human Testicular
Samples—Isolation of HTPC/-Fs was performed as described
(31, 32, 38). All participants granted written informed consent.
The local ethics committee approved the study and the use of
the cells. Patients displayed either normal spermatogenesis or
impaired spermatogenesis and testicular fibrosis based on his-
tological analyses. Cells were cultured in DMEM � 10% fetal
calf serum (FCS; both from PAA GmbH, Cölbe, Germany).

Treatment with 10 and 100 �M SLIGKV (NeoMPS, Strasbourg,
France) or 10, 100, and 1000 ng/ml human recombinant skin
�-tryptase (Promega, Mannheim, Germany) was performed as
detailed below. For all experiments, freshly isolated or cryopre-
served cells from passages 5–12 were used.
Immunocytochemistry—Immunofluorescencemethodswere

performed as described (38, 50) with the following antisera:
pro-NGF polyclonal antiserum (Alomone, Jerusalem, Israel;
1:50; rabbit) and NGF polyclonal antiserum (Chemicon Inc.,
Temecula, CA; 1:100; rabbit). Controls consisted of incubation
with non-immune normal serum (rabbit; 1:5000) instead of
specific antibodies or omission of the primary antibody.
Isolation of RNA and RT-PCR—Cells from at least four

patients per experiment were grown to subconfluence, washed
twice with PBS, and suspended in RLT buffer (Qiagen GmbH,
Hilden, Germany) containing 1% �-mercaptoethanol (accord-
ing to the manufacturer’s protocol). Isolation of RNA (Qiagen
RNeasy minikit) was followed by reverse transcription using
random 15-mer primers. Four hundred nanograms of total
RNA were used for further RT-PCR experiments (32, 34, 35).
PCR products were visualized by ethidium bromide staining in
agarose gels. Negative controls (e.g. omitting the respective
input cDNA) were performed. All primers spanned at least one
intron. The following primers were used: NGF, forward sense
primer 5�-AGG GAG CAG CTT TCT ATC CTG-3� and
reverse antisense primer 5�-GGC AGT GTC AAG GGA ATG
C-3� yielding a 185-bp fragment; and cyclophilin, forward sense
primer 5�-CTC CTT TGA GCT GTT TGC AG-3� and reverse
antisense primer 5�-CAC CAC ATG CTT GCC ATC C-3�
yielding a 325-bp fragment. Identities of PCR products were
verified by sequencing (34, 35). For semiquantitative studies,
intensities of bands were evaluated as described (51) using
Image J (National Institutes of Health, Bethesda, MD; version
1.37) and normalized to those of cyclophilin.
Real Time Quantitative PCR (qRT-PCR)—Expression levels

of NGF (forward sense primer 5�-AGC TTT CTA TCC TGG
CCA CA-3� and reverse antisense primer 5�-CAG TGT CAA
GGG AAT GCT GA-3�) were quantified using qRT-PCR with
RNA from four different patients. The primer pairs were
intron-spanning to exclude co-amplification of genomic DNA.
The cDNAwas diluted 1:50, and duplicates were used to quan-
tify the expression of NGF in each cDNA sample using a
DyNAmo HS SYBR Green qPCR kit (Finnzymes, Espoo, Fin-
land). Expression levels of the respective gene were normalized
to the level of the ribosomal housekeeping gene L19 (RPL19)
(52, 53).
Western Blotting—HTPC/-Fs were seeded on 60-mm dishes

(Nunc GmbH& Co. KG,Wiesbaden, Germany) and incubated
in 2 ml of DMEM without FCS with/without tryptase (1000
ng/ml), heat-inactivated tryptase (1000 ng/ml; 15min at 95 °C),
or the PAR-2 agonist peptide SLIGKV (100 �M) for 24 h. For
concentration and purification of the supernatants, centrifugal
filters (Amicon Ultra-4 3000, Millipore, Cork, Ireland) were
used. For in vitro experiments, synthetic human pro-NGF
(ProSpec-Tany TechnoGene Ltd., Israel; Lot Number
808PRONGF01) was treated with/without recombinant
human tryptase (1000 ng/ml), heat-inactivated tryptase (1000
ng/ml; 15 min at 95 °C), or SLIGKV (100 �M) for 24 h at 37 °C.

FIGURE 1. Mast cells are abundant in infertile men. Mast cells are encoun-
tered in human testicular biopsies from men with impaired spermatogenesis
(for details, see Ref. 33). They are identified by immunohistochemistry and
contain immunoreactive tryptase (A). These cells accumulate in the peritubu-
lar compartment (arrows in A) and show the typical features of mast cells,
including electron-dense vesicles at the ultrastructural level (B).
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Immunoblotting was performed as described (34) using the
same specific antisera as for immunocytochemistry (anti-hu-
man pro-NGF antiserum at 1:400 and anti-humanNGF antise-
rum at 1:500). All Western blots were repeated with cells or
supernatants from 6–12 different patients. For preadsorption
of pro-NGF antiserum, equal amounts of antiserum and pep-
tide (provided by Alomone) were incubated at room tempera-
ture for 2 h (n � 2). After centrifugation, the supernatant was
used for the incubation. Intensities of bands were evaluated as
described (51) using Image J.
Cell Viability Assay—Cell viability was estimated by mea-

suring ATP content, which correlates with cell number and/or
viability (54, 55). For the ATP assay, cells were cultured on
24-well plates (Nunc GmbH & Co. KG) and treated with/with-
out 1000 ng/ml tryptase, 1000 ng/ml heat-inactivated tryptase
(15 min at 95 °C), or 100 �M SLIGKV for 24 h. For the reaction,
100 �l of media plus 100 �l of CellTiter-Glo� reagent (Pro-
mega, Mannheim, Germany) were added. In the dark, contents
of wells were mixed on a plate shaker at 500 rpm for 2 min and
then incubated for 10 min. The luminescence of each sample
wasmeasured on awhite 96-well plate (NuncGmbH&Co. KG)
in a plate-reading luminometer (Fluostar Optima, BMG
Labtech, Offenburg, Germany). All measurements were per-
formed in quadruples with cells from seven different patients.
NGF ELISA—Cells were stimulated with tryptase (10, 100,

and 1000 ng/ml) or the PAR-2 agonist peptide SLIGKV (10 and
100 �M) in DMEM without serum, and supernatants were col-
lected after 24 h. These concentrations were chosen because 10
and 1000 ng/ml tryptase and 10 and 100 �M SLIGKV robustly
induce increases in intracellular calcium levels indicative of
activation of PAR-2 (not shown). All samples for this assaywere
prepared under serum-free conditions to prevent interference
of serum contents with NGF detection as recommended by the
manufacturer. All samples were stored at �20 °C until use.
Measurements of secreted NGF levels were performed using
the NGF Emax ImmunoAssay System (Promega, Madison, WI)
according to the manufacturer’s protocol. Briefly, Nunc Max-
iSorp 96-well plates (NuncGmbH&Co. KG)were coated over-
night with polyclonal NGF antiserum. The following day sam-
pleswere added and captured by amonoclonal antibody against
NGF followed by signal detection. Absorbancewasmeasured at
450 nm using a Fluostar photometer (Fluostar Optima, BMG
Labtech). All measurements were performed at least in dupli-
cate with cells from 10 different patients and were normalized
to cellular protein (31, 34).
LC-MS/MS Analyses—As forWestern blotting experiments,

4 �l of sample containing 200 ng of synthetic human pro-NGF
(treated for 24 h at 37 °C with 1000 ng/ml recombinant human
tryptase) was reduced by addition of 0.4 �l of 45 mM DTT and
incubation at 55 °C for 30 min. Alkylation was performed by
addition of 0.4 �l of 0.1 M iodoacetamide and incubation at RT
for 30 min. Samples were diluted in 0.1% formic acid to a final
volume of 40 �l and subjected to LC-MS/MS analysis. Chro-
matographic separation of peptides was performed using a
nano-HPLC system (Ettan MDLC, GE Healthcare Europe
GmbH, Freiburg, Germany). Samples were loaded on a
reversed phase trap column at a flow rate of 10 �l/min (loading
buffer, 0.1% formic acid; trap column, C18 PepMap 100, 5-�m

bead size, 300-�m inner diameter, 5-mm length (LC Packings,
Sunnyvale, CA)) and subsequently separated on an analytical
column (Reprosil-Pur C18 AQ, 3 �m, 150 mm � 75 �m (Dr.
Maisch GmbH, Ammerbuch-Entringen, Germany)). Solvent
A consisted of 0.1% formic acid, and solvent B was composed
of 84% acetonitrile in 0.1% formic acid. Separation was per-
formed at a flow rate of 280 nl/min and an 80-min gradient
from 0% B to 30% B followed by a 30-min gradient from 30%
B to 60% B.
Mass spectrometry was performed on an LTQ Orbitrap XL

mass spectrometer (Thermo Fisher Scientific, San Jose, CA) on
line-coupled to the nano-HPLC system. For electrospray ioni-
zation, a distal coated SilicaTip (FS-360–50-15-D-20, New
Objective, Woburn, MA) and a needle voltage of 1.4 kV were
used. The MS method consisted of cycles of one full MS
Orbitrap scan (resolution, 60,000; mass range, 300–2000 m/z)
and five data-dependent LTQ MS/MS scans (parallel acquisi-
tion; 35% collision energy). The dynamic exclusion was set to
30 s. MS/MS data were analyzed with Mascot version 2.1.03
(Matrix Science, Boston, MA) using the following parameters:
(i) enzyme, none; (ii) fixed modification, carbamidomethyl
(Cys); (iii) variable modification, oxidation (Met); (iv) peptide
tolerance, 10 ppm; (v) MS/MS tolerance, 0.8 Da; (vi) pep-
tide charge, 1�, 2�, and 3�; and (vii) instrument, ESI-TRAP.
The International Protein Index (IPI) human database (Release
3.70) supplemented with the sequence of the recombinant pro-
NGF protein (sequence as provided by the manufacturer with-
out N-terminal signal peptide) was used.
Statistical Analyses—Data analysis and statistics were per-

formed using PRISM 4.0 (GraphPad Software, Inc., San Diego,
CA). Statistical analysis was performed using the repeated
measures analysis of variance test. Differences between the
groups were evaluated with the appropriate post-test (Dun-
nett). Data shown represent the means � S.E.

RESULTS

Tryptase, but Not SLIGKV, IncreasedAmounts of NGF inCell
Culture Supernatant—To investigate whether human recom-
binant �-tryptase can alter the levels of NGF produced by
HTPCs and HTPC-Fs within 24 h, NGF levels in cell culture
supernatants were determined by a commercial ELISA (n � 10
patients; Fig. 2). Two different concentrations of tryptase (100
and 1000 ng/ml) were effective and in a concentration-depen-
dent manner significantly elevated the levels of NGF. Themax-
imum increase was 1.9-fold over basal secretion, and up to 218
pg of NGF/mg of cellular protein were detected in the
supernatants.
When the PAR-2 agonist peptide SLIGKV (10 and 100 �M)

was tested, levels of NGF in the cell culture media remained
unchanged, although 10 �M SLIGKV, like 100 and 1000 ng/ml
tryptase, robustly activated PAR-2 as judged from elevated
intracellular Ca2� (not shown). The response of HTPCs and
HTPC-Fs to tryptase and SLIGKV did not differ, and hence the
data shown do not distinguish between the groups.
Tryptase and SLIGKV Did Not Influence Cell Viability or

NGFmRNALevels—Neither tryptase nor SLIGKV affected cel-
lular ATP levels, a measure of cell viability (n � 7 patients; Fig.
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3A). Hence, possible negative effects of SLIGKV that mayman-
ifest over a 24-h period can be ruled out.
Semiquantitative RT-PCR (n � 5 patients) and qRT-PCR

(n� 4 patients) showed that the levels of NGFmRNAwere not
affected after 24 h of treatment with tryptase (100 ng/ml) or the
agonist peptide SLIGKV (100 �M; Fig. 3B). Therefore, NGF
does not alter mRNA levels of NGF.
NGF and Its Precursor Pro-NGF in Peritubular Cell Cultures

and Supernatant—The existence of the proteins NGF and pro-
NGF in the cultured cells was confirmed by immunocytochem-
istry (n � 2; Fig. 4A). The 17-kDa protein NGF and a 37-kDa
precursor pro-NGF were detected in lysates of HTPCs and
HTPC-Fs (n� 12) and in the conditioned culturemedium (n�
6) byWestern blotting using two antisera, one recognizing both
the pro region of NGF and NGF and another recognizing only
mature NGF (Fig. 4B).
Pro-NGF Is a Substrate for Tryptase—Recombinant human

�-tryptase (1000 ng/ml tryptase) when added to the cell-free
supernatants of HTPCs for 24 h reduced the intensities of
immunoreactive pro-NGF bands detected in Western blots by
13–52% when compared with untreated controls (n � 3 exper-
iments; Fig. 5A).

To further investigate the possibility that tryptase can cleave
pro-NGF, synthetic pro-NGF instead of conditioned culture
medium was used next. Results of Western blots showed that
recombinant human �-tryptase (1000 ng/ml; n � 5; Fig. 5B)
added for 24 h abolished immunoreactive pro-NGF, a result in
line with enzymatic cleavage of pro-NGF by active tryptase.
When tryptase was heat-inactivated (1000 ng/ml; n � 4) and
when SLIGKV (100 �M; n � 5) was used instead, pro-NGF
remained readily detectable. The specificity of the pro-NGF
antiserum was verified by preadsorption with the peptide used
for immunization (Fig. 5B).
Cleavage Sites of Pro-NGF—Results from LC-MS/MS dem-

onstrate that under the in vitro conditions used multiple sites
within the synthetic pro-NGF and NGF molecules are accessi-
ble to cleavage by recombinant tryptase (see Table 1). Fig. 6
shows the cleavage sites of pro-NGF obtained by treatment
with recombinant human tryptase (arrows). The pro-NGF

sequence contains multiple tryptase cleavage sites, including
the site at which furin, proconvertases, andMMP7 are reported
to cleave mature NGF (red arrow). This is evident from the
detection of peptide SSSHPIFHR (see Table 1 and Fig. 6B). In
addition, three cleavage sites within the mature NGF sequence
were identified (see Fig. 6).

FIGURE 2. NGF levels are increased by tryptase but not by SLIGKV. Using
ELISA techniques, we detected that tryptase (100 and 1000 ng/ml) but not the
agonist peptide SLIGKV (10 and 100 �M) statistically significantly augmented
NGF levels after 24 h. Results are means (bars) plus S.E. are from n � 10 indi-
vidual HTPC/-F cultures and were normalized to untreated controls. *, p �
0.05; **, p � 0.01.

FIGURE 3. Tryptase and SLIGKV do not influence cell viability or NGF
mRNA levels. A, both tryptase and SLIGKV did not alter cellular ATP levels
(n � 7; means � S.E.; RLU, relative luminescence units). B, semiquantitative
RT-PCR (n � 5; top) and quantitative real time PCR (n � 4; bottom) showed that
levels of NGF mRNA were not significantly affected by treatment with tryp-
tase or the agonist peptide SLIGKV after 24 h. Bars are means � S.E.; n.s.,
not significant).

FIGURE 4. NGF and its precursor pro-NGF in human peritubular cells and
culture supernatant. A, immunocytochemistry of NGF and pro-NGF in cul-
tured cells (n � 2). B, NGF (17 kDa) and pro-NGF (37 kDa) were detected in
lysates of HTPC/-Fs (L; n � 12) and in the conditioned culture medium (S; n �
6) by Western blotting. Note that the NGF antibody recognizes both pro-NGF
and NGF, whereas the pro-NGF antibody does not recognize NGF.
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DISCUSSION

The results of this study show that human �-tryptase can
cleave pro-NGF. Consequently, the levels of pro-NGF are low-
ered, and mature NGF and likely also smaller NGF fragments
may result from tryptase action. As all human mast cells con-
tain tryptase, the results imply that active, tryptase-secreting
mast cells in the vicinity of pro-NGF/NGF-secreting cells in any
human tissue may be able to alter the ratios of pro-NGF/NGF

and thus may fundamentally modify the actions of
pro-NGF/NGF.
Tryptase is a large tetrameric 135-kDa serine protease con-

tained in all human mast cells (36). The biological functions of
tryptase are not fully known but are in part mediated by a spe-
cific receptor, PAR-2, a G-protein-coupled receptor activated
by tryptase and certain other serine proteases. PAR-2 is
expressed and functional in human testicular peritubular cells
(37, 38). The enzymatic activation of this receptor can be mim-
icked by a small peptide analog (SLIGKV) lacking enzymatic
activity. Although the initial signaling (i.e. elevations of intra-
cellular Ca2�) can be induced by the agonist peptide and tryp-
tase in human peritubular cells, only tryptase augmented in a
concentration-dependent manner the levels of NGF in the cell
culture supernatant of HTPC/-Fs. SLIGKV failed to affect NGF
levels beyond basal levels. This is not due to possible toxic
effects of this peptide as cell viability was not altered. In con-
trast, the levels ofNGFmRNAwere affected by neither tryptase
nor the analog. Thus, NGF gene expression is not altered by
tryptase at least in human peritubular cells. Therefore, enzy-
matic activity of tryptase not related to PAR-2 activation was
tested next. We found in cell-free assays using antibody detec-
tion that tryptase, but not heat-inactivated tryptase or the
PAR-2 agonist, were effective in abolishing immunoreactive
pro-NGF, implying enzymatic cleavage of pro-NGF.
The enzymatic activities of tryptase have been shown not

only to catalyze the activation of its receptor (PAR-2) but also to
alter the microenvironment around a mast cell by enzymatic
cleavage of a number of extracellular proteins (see Introduc-
tion), resulting in activation or inactivation of these molecules.
The cleavage of proteins occurs in general after arginine or
lysine. However, reports from the literature indicate that the
preferential cleavage sites of tryptase are characterized by

FIGURE 5. Tryptase can cleave pro-NGF. A, a reduction in the levels of
pro-NGF became obvious by Western blot detection of pro-NGF (n � 3)
after treatment of the supernatant of HTPCs with or without 1000 ng/ml
tryptase for 24 h. B, Western blot studies indicate a decrease of synthetic
pro-NGF after treatment with tryptase (1000 ng/ml; 24 h; n � 8) but no
decrease by SLIGKV (100 �M; n � 8) or heat-inactivated tryptase (1000
ng/ml; n � 7). Specificity of the pro-NGF antibody was shown by pread-
sorption (n � 2).

TABLE 1
MS/MS analysis of recombinant pro-NGF treated with tryptase
Shown is a list of peptides identified with precursor mass accuracies �5 ppm and Mascot ion scores �25. Arrows indicate tryptase cleavage sites. Start and stop positions
refer to the sequence of the recombinant pro-NGF. M(ox), oxidized methionine.

Ion score Delta mass Start Stop

ppm
-2MEPHSESNVPA2G 30 1.73 1 11
-2MEPHSESNVPAG2H 32 0.46 1 12
-2MEPHSESNVPAGH2T 61 1.21 1 13
-2M(ox)EPHSESNVPAGH2T 65 1.25 1 13
H2TIPQVHWTK2L 27 �0.73 14 22
K2LQHSLDT2A 50 1.59 23 29
K2LQHSLDTALR2R 60 �0.01 23 32
K2LQHSLDTALRR2A 28 0.46 23 33
Q2HSLDTALR2R 36 �0.35 25 32
H2SLDTALR2R 49 0.74 26 32
L2DTALR2R 34 0.26 28 32
R2ARSAPAAAIAAR2V 48 0.76 34 45
A2RSAPAAAIAAR2V 57 0.91 35 45
R2SAPAAAIAAR2V 85 0.07 36 45
S2APAAAIAAR2V 48 �1.16 37 45
A2PAAAIAAR2V 61 1.57 38 45
A2AIAAR2V 28 1.29 41 45
T2RNITVDPR2L 31 1.13 51 58
R2NITVDPR2L 40 0.83 52 58
R2NITVDPRLFK2K 41 0.97 52 61
N2ITVDPR2L 29 0.82 53 58
R2SPRVLF2S 27 1.21 67 72
P2RVLFSTQPPR2E 35 2.22 69 78
R2VLFSTQPPR2E 72 �1.17 70 78
F2EVGGAAPFNR2T 37 0.26 89 98
R2SSSHPIFHR2G 28 0.45 105 113
K2ALTMDGKQAAWR2F 50 2.66 192 203
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preceding amino acids containing proline at position P4 and
by a preference for a positive charged amino acid (e.g. argi-
nine or lysine) at P3 but with little specificity at position P2
(56, 57). The optimal sequence for �-tryptase cleavage is
therefore described as P4 Pro, P3 Arg/Lys, P2 X, and P1
Lys/Arg in many of the macromolecular substrates known at
least in vitro (56).
If applied to the human pro-NGF sequence, several cleav-

age sites are possible. One is identical to the natural cleavage
site of furin (7, 58). Under in vitro conditions using commer-
cially available synthetic pro-NGF and recombinant tryp-
tase, we found unambiguous experimental evidence for
cleavage. Interestingly, cleavage of the synthetic pro-NGF
molecule occurred at multiple locations. Tryptase cleavage
could be demonstrated at the site of action of furin, procon-
vertases, and MMP7, which create mature NGF. Finally,
cleavage at three sites within the sequence of mature NGF
was detected. Taken together, these results show that tryp-
tase degrades pro-NGF and NGF.
Tryptase is a large molecule contained in all human mast

cells. It is thought that the tetrameric complex once released

from mast cells may be enzymatically active only in the close
vicinity of these cells. Mast cells are found in close proximity to
NGF-producing cells, e.g. in the testicular peritubular wall but
also in other tissues of the human body, including the repro-
ductive tract (59). Changes in the numbers of mast cells associ-
ated with human disease have been reported, e.g. in male infer-
tility (33), endometriosis, and polycystic ovarian syndrome (60,
61). Therefore, it must be assumed that the levels and ratios of
pro-NGF and NGF are strongly affected by active tryptase-se-
creting mast cells. Given the preferential affinities of pro-NGF/
NGF to receptors linked to cell death or survival, mast cells
appear to play an unexpected role in the fate of target cells in
health and disease.
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FIGURE 6. Tryptase cleaves pro-NGF in vitro. A, cleavage sites of tryptase in the pro-NGF sequence (blue) and mature NGF sequence (black) as found by
LC-MS/MS analyses in vitro using synthetic human pro-NGF and recombinant human tryptase. Arrows indicate cleavage sites. The cleavage site that is shared
by tryptase, furin, and proconvertases is indicated by a red arrow. Note the multiple cleavage sites of the enzyme tryptase within the pro-NGF molecule and the
three sites within the mature NGF region. B, MS/MS spectrum of peptide SSSHPIFHR. The N terminus of the peptide represents the N terminus of functional NGF.
Annotation of characteristic y and b fragment ions was performed using Scaffold 2.04 software. C, MS/MS spectrum of peptide ALTMDGKQAAWR. The peptide
represents an internal fragment of functional NGF. Annotation of characteristic y and b fragment ions was performed using Scaffold 2.04 software.
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