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ABSTRACT: A novel serine protease was found in human prostate by degenerate oligonucleotide PCR
amplification and cloned. The zymogen form of this enzyme, named prostinogen, is composed of 240
amino acid residues with an amino-terminal propiece of 5 residues and a 235-residue mature enzyme.
The transcript has a signal peptide of 15 amino acid residues. The mature enzyme has 41% sequence
identity with prostate specific antigen (PSA). Prostinogen was expressed inEscherichia coliand refolded
from inclusion bodies. The zymogen, with a molecular mass of 28 kDa, was readily activated by agarose-
immobilized trypsin to generate prostin, a serine protease, which cleaves the chromogenic substrate (N-
benzoyl-L-Ile-L-Glu-L-Gly-L-Arg-p-nitroaniline hydrochloride) (S-2222). Recombinant prostin readily
activates the precursor of PSA (pro-PSA) by cleavage of the amino terminal Arg7-Ile8 peptide bond.
These results indicate that prostin may be a physiological activator of pro-PSA following its own proteolytic
activation, as part of a cascade system involving a series of serine protease precursor proteins in the
prostate.

Prostate specific antigen (PSA),1 a serine protease pro-
duced by the prostate (1-5), has been extensively used as a
marker for prostate cancer since the mid-1980s (6-10). It
has chymotrypsin-type specificity toward its physiologic
substrates, semenogelin I and II (11), which are the major
gel-forming proteins in seminal plasma. PSA has also been
implicated in growth regulation because it cleaves IGFBP3
(12) and PTHrp (13, 14), which are proteins associated with
cellular growth regulation and breast cancer metastasis,
respectively. PSA is a member of the human tissue kallikrein
family (15, 16) and is synthesized as a zymogen (pro-PSA)
(15). Pro-PSA is activated by human glandular kallikrein-1
(hGK1, hK2), another prostate-specific kallikrein (17, 18),
and possibly by other serine protease(s) produced within the
prostate (19).

Several serine proteases in addition to PSA and hK2 have
been isolated from the human prostate. Prostasin (20) was
purified from seminal plasma using an aprotinin-agarose

column. This protein is expressed in prostate, liver, salivary
gland, kidney, lung, pancreas, colon, and bronchus. Its
physiologic function has not yet been determined. More
recently, another member of the tissue kallikrein family
named prostase (KLK4 and KLK-L1) was reported, initially
by Nelson et al. (21) and subsequently by other independent
groups (22, 23). This protein is produced primarily by the
prostate but also has a high level of expression in the testis,
mammary gland, adrenals, uterus, thyroid, and salivary
glands (23). Although its function is unknown, it is homolo-
gous to porcine enamel matrix protease that is involved in
tooth remodeling (24). TMPRSS2, a membrane-associated
serine protease, was found by exon-trapping on chromosome
21 (25). It was subsequently shown to be expressed primarily
in the prostate (26), as well as in the pancreas.2 Immuno-
histochemistry studies have localized this protein to the basal
cells of the prostate gland, but its physiological function is
as yet unknown. All these serine proteases that have trypsin-
type substrate specificities are potential physiologic activators
of pro-PSA. Chymotrypsin-type enzymes other than PSA
have also been detected in seminal plasma by several groups
(27, 28). These enzymes are not involved in pro-PSA
activation because of differences in substrate specificity.

We previously demonstrated the activation of pro-PSA by
several serine proteases, including hK2, and theorized that
pro-PSA may require a cascade-like series of proteolytic
activations (a PSA cascade) involving multiple serine pro-
teases (19), analogous to the blood coagulation system (29).
We proceeded to search for other serine proteases that are
produced at significant levels within the prostate. A recently
described, improved method of degenerate oligonucleotide
PCR (30) was utilized to identify other potential activator-
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(s) of the pro-PSA cascade. One product of this search was
a novel serine protease precursor identified from a human
prostate cDNA library (CLONTECH). This protein was then
cloned, expressed, and refolded. It was activated by trypsin-
agarose to generate the active form that was subsequently
shown to activate pro-PSA. The proteolytic activity toward
pro-PSA was significantly higher than that of hK2. We have
named this protein’s precursor form, prostinogen (GenBank
Accession No. AF303046), and its active form, prostin.
Prostin may well be a primary physiologic activator of pro-
PSA.

EXPERIMENTAL PROCEDURES

Degenerate Oligonucleotide PCR Amplification. Degener-
ate primers were designed using the consensus-degenerate
hybrid oligonucleotide primers (CODEHOP) algorithm (30)
(http://blocks.fhcrc.org/codehop.html/) by entering the con-
sensus sequences flanking the catalytic histidine residue (for
5′ end primer) of 10 serine proteases (PSA, chymotrypsin,
factor X, factor XII, hK2, plasma kallikrein, plasmin,
prothrombin, tissue plasminogen activator, and trypsin) and
the catalytic serine residue (for the 3′ end primer) of eight
of the same serine proteases. The resultant 5′ primer was
5′-GCT GGG TGC TGA CCG CNG CNC AYT G-3′, and
the 3′ primer was 5′-CCA GGG GGC CGC CNS WRT CNC
C-3′. Degenerate alphabet was from CODEHOP (30) (http://
blocks.fhcrc.org/blocks/help/CODEHOP/degen.html). Mara-
thon cDNA library from the human prostate (CLONTECH)
2 µL, degenerate primers at 1.2µM (final) each, Advantage
PCR mix and buffer (CLONTECH), and 0.2 mM (final)
dNTP were mixed in a total volume of 20µL for PCR
amplification according to the manufacturer’s instructions.
Temperature cycles were 94°C for 5 min; 35 cycles of 94
°C for 1 min, 65°C for 1 min, 68°C for 1 min; followed by
68 °C for 5 min. The PCR products were subcloned into
2.1-TOPO vector using a TA cloning kit (Invitrogen). TA
flanking primers were used for PCR amplification of the
expected∼450-bp inserts. By restriction digestion of the
inserts, the redundant and known transcripts were identified.
For example,NaeI was used for prostase, elastase, protein
C, and TMPRSS2;Bsu36I was for PSA and hK2;StyI was
for TMPRSS2, chymotrypsin, chymotrypsin B1, NES1 (31),
kidney kallikrein, and prostin;ApoI was for granzyme K and
kidney kallikrein (see Table 1) (32). Unique inserts were
sequenced using M13 forward or reverse primers employing
the ABI Prism Big Dye Terminator Cycle Sequencing Ready

Reaction kit (Perkin-Elmer), G60 spin columns (BioRad),
and the Applied Bioscience Automated sequencer (Perkin-
Elmer).

Cloning of Prostinogen. The 5′ and 3′ cDNA sequences
were obtained from a prostate Marathon-ready cDNA library
(a generous gift from Wen-Feng Xu of Zymogenetics, Inc.)
by rapid amplification of cDNA ends (RACE) (33). The
RACE PCR amplification methods were optimized using a
“touchdown” thermal cycling program (34) and sequential
nested-primer reactions. Oligonucleotide primers were de-
signed from the 450-bp sequence from the degenerate PCR
above. PCR (33) was performed with a Perkin-Elmer/Cetus
DNA thermal cycler and thermostable DNA polymerase
KlenTaq (CLONTECH) according to the manufacturer’s
instructions. PCR products were cloned (TOPO TA cloning
kit, Invitrogen) and sequenced by the methods described
above.

Northern Blot Analysis and Multiple Tissue PCR. A region
on the 3′ untranslated cDNA (467 bp) that does not have
significant sequence identity with other serine proteases was
PCR amplified using two primers, UNT F 5′-TTC TAG CCT
ATC TCC TGT GCC CCT GAC TGA-3′ and UNT R 5′-
TTC AGA CGA ATC ATC TCA TTT AAT CCT CAC-3.′
The subsequently purified (Qiagen) PCR product and Beta-
actin cDNA (CLONTECH) were radiolabeled with [R-32P]-
dCTP (6000 Ci/mmol; 1 Ci) 37 Gbq; Amersham) by
random priming (Prime-It II kit, Stratagene) to a specific
activity of 109 cpm/µg. Human multiple-tissue Northern blots
(CLONTECH) representing 16 different human tissues were
prehybridized with ExpressHyb solution (CLONTECH)
according to the manufacturer’s instructions with a final
probe concentration of 106 cpm/mL. The blots were washed
for 1 h at room temperature in 2× standard saline citrate/
0.05% SDS and for 1 h at 65°C in 0.1× standard saline
citrate/0.1% SDS and visualized by using a Molecular
Dynamics Phosphorimager SF after overnight exposure. For
multiple tissue PCR (CLONTECH), PCR amplification of
cDNA from various human tissues was performed according
to the manufacturer’s instructions for 32 cycles using two
PCR primers: UP2 5′-AGG GAA ACC ATG AAG AGG
AAC TGA CT-3′ and LP2 5′-AAC AGC CCT TTG AAG
TCA GCA ATA AG-3′ and produced the expected 476-bp
band. Control primers were used for 30 cycles.

Expression and Refolding of Prostinogen. The majority
of procedures were described previously (19). The cDNA
of prostinogen (including a 9-amino acid sequence upstream
to the activation site) was inserted immediately behind the
initiatior methionine codon of a pET12 vector to construct
pET12-prostinogen according to the published methods (19).
Primers used were PET F 5′-CAT ATG GCA TCC ACA
GCC CAG GAT GGT GAC-3′ and PET R 5′-GGA TCC
TCA GTT CCT CTT CAT GGT TTC CCT-3′. Escherichia
coli strain BL21(DE3) was transformed, the protein was
expressed, and the inclusion bodies were purified and
solubilized by the previously published methods (19) with
some modifications. Solubilization of the inclusion body
required a pH of 3.8. The solubilized inclusion bodies (∼40
mg in 20 mL) were refolded by diluting into 8 L of 2 M
urea, 50 mM Tris-HCl, pH 8.8, 0.5 M NaCl, 0.1 M NH4Cl,
1 mM EDTA, 10 mM benzamidine, 1.25 mM reduced
glutathione, and 0.5 mM oxidized glutathione followed by
slowly stirring for 24 h at 4°C. The final concentration of

Table 1: Serine Proteases Identified in Human Prostate cDNA
Library by Degenerate Oligonucleotide PCR Amplification

1. prostinogen
2. prostate specific antigen (PSA, KLK3)
3. Human glandular kallikrein (hK2, KLK2)
4. prostase (KLK4, KLK-L1)
5. TMPRSS2
6. kidney kallikrein (KLK1)
7. testisin
8. NES1
9. protein C (coagulation factor)

10. trypsin
11. chymotrypsin
12. chymotrypsin B1
13. elastase IIA
14. granzyme K
15. unknown serine protease
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the protein was∼5 µg/mL. The refolding buffer was
degassed and flushed under nitrogen prior to use. The
refolded sample was then dialyzed against 80 L of 10 mM
Tris-HCl, pH 8.8, with three buffer changes. NaCl at 0.1 M
and Tween 20 at 0.01% were added, and the sample was
concentrated to 4 mL by ultrafiltration using a PM10
membrane (Amicon). The concentrated protein was stored
at -20 °C until use.

ActiVation of Prostinogen by Immobilized Trypsin. Trypsin-
agarose (Sigma), 200µL was gently washed four times by
mixing with 1.0 mL of 1 mM HCl and centrifuged at low
speed (Picofuge, Stratagene). Trypsin activity of the wash
was measured as follows: the trypsin-agarose pellet was
suspended in 100µL of wash solution, and the supernatant
(45 µL) obtained by centrifugation was taken for assay. The
sample was incubated at room temperature with 5µL of 10×
buffer (1 M NaCl, 1 M Tris-HCl, pH 7.5) and 50µL of 1
mM S-2222, and the absorbance change (405 nm) was
measured using a plate reader as described (19). After
confirming that there was no residual activity in the wash
solution, the trypsin-agarose pellet was resuspended with 100
µL of water and used for the activation of prostinogen. Crude
refolded prostinogen (100µL, 0.19 mg) was mixed with 5
µL of trypsin-agarose and 5µL of buffer containing 1 M
NaCl, 1 M Tris-HCl, pH 7.5, in a total volume of 110µL.
The sample was incubated at 37°C; gentle mixing was
required every minute to keep the trypsin-agarose in suspen-
sion. The reaction was terminated by 20 s centrifugation at
low speed (Picofuge) of the 25µL samples taken at various
time points (0, 15, 30, and 60 min). After centrifugation, 15
µL of the 25µL aliquots were removed for measurement of
amidolytic activity. Care was taken not to pipet any trypsin-
agarose at the bottom of the tube. The sample was mixed
with 30 µL of water and 5µL of 10× buffer, and then
transferred to an ELISA plate; 50µL of 1 mM S-2222 was
added to each sample (0.5 mM final). The absorbance
increase at 405 nm was monitored at room temperature at
1-min intervals for 15 min. Control reactions were carried
out in the absence of prostinogen.

ActiVation of pro-PSA by Prostin and by hK2. Recombi-
nant pro-PSA (19) (5 µg) was incubated at 37°C with 33.7
µg of crude prostin (prepared by trypsin activation of crude
prostinogen as described above) in a final 50µL of 0.1 M
Tris-HCl, pH 7.5, and 0.1 M NaCl. At various time intervals,
the reaction was stopped by the addition of 5µL of aprotinin
(0.02 mg/mL). To measure the amidolytic activity of the
newly generated active rPSA, 50µL of 1 mM S-2586 (0.5
mM final) was added to the above reaction, and the
absorbance was monitored as above. As a control, 33.7µg
of crude prostinogen (supernatant sample from time zero
activation with trypsin-agarose above) was used instead of
the activated prostin. Recombinant hK2 (19) (0.75µg) was
incubated with recombinant pro-PSA (5µg) and the enzyme
activity of rPSA (activated PSA) was measured in the same
fashion as by prostin above. The amount of hK2 was the
same as prostin, estimated to be 0.75µg by SDS-PAGE
[calculation was based on the intensity of 28 kDa band
contained in a crude prostin sample compared to the known
amount of PSA (2µg) in an adjacent lane, Figure 5, lanes 1
and 2].

Measurement of the Amidolytic ActiVity of Prostin Against
other Chromogenic Substrates. Prostin (20.5µg of crude

preparation containing an estimated 0.45µg of prostin) in
the same buffer condition as for S-2222 above, was incubated
at room temperature with 50µL of S-2586 (Arg-Pro-Tyr-
pNA), S-2251 (Val-Leu-Lys-pNA), or S-2302 (Pro-Phe-
Arg-pNA) 0.5 mM final, and the increase in absorbance (405
nm) was measured by a plate reader as above. The amidolytic
activities were expressed as the amounts ofpNA generated
(mg of protein)-1 min-1.

Other Procedures. Protein concentrations were determined
by micro BCA protein assay (Pierce) using bovine serum
albumin as a standard. Protein sequence analysis and SDS-
PAGE were performed according to the previously published
methods (19). Protein bands were visualized by staining with
Coomassie Brilliant Blue. Trypsin-agarose (TPCK-treated
bovine pancreatic trypsin attached to beaded agarose) was
from Sigma (T-4019). The remaining materials were as
described previously (19).

RESULTS

Degenerate Oligonucleotide PCR Amplification and Clon-
ing of Prostinogen. Degenerate oligonucleotide PCR primers
were designed using short stretches of conserved peptide
sequences from 8 to 10 different serine proteases (see
Experimental Procedures). These proteases are primarily
trypsin-type, except for PSA and chymotrypsin. This is
because we wished to focus our initial search to trypsin-
type proteases, which in general are activators of pro-
enzymes in various proteolytic cascades. Other conserved
chymotrypsin-type sequences may be used in the future
design to search for serine proteases involved in relatively
nonspecific degradative processes. PCR amplification of a
human prostate cDNA library produced the expected 450
bp-sized fragments. The fragments were subcloned into a
TA vector and transformed, and the bacterial colonies were
isolated. Of∼500 individual colonies (inserts), over 90%
were identified as containing redundant and/or known serine
protease sequences by restriction digest analysis (see Ex-
perimental Procedures). The unique inserts were sequenced
and compared to known serine proteases (BLAST search).
The presence of 15 different serine proteases was thus
demonstrated (Table 1). This plethora of serine proteases
identified in a single cDNA library using a single pair of
degenerate primers was a highly unusual result. At the time
of the initial sequence analyses, four of the 15 serine
proteases had not been reported. Subsequently, two were
described in the literature, prostase (21) and testisin (35).
The 450-bp novel sequences from the remaining two clones
were used to design oligonucleotide primers for subsequent
5′ and 3′ RACE from human prostate cDNA library
(CLONTECH). The sequence of the 5′ end including the
start codon could not be obtained from the Clontech cDNA
library. Therefore, 5′ RACE was performed on a human
prostate cDNA library from Zymogenetics, Inc. One of the
two RACE reactions was successful. A composite sequence
(Figure 1) was generated from the overlapping sequences
of the 450-bp middle segment and the fragments from the
5′ and 3′ RACE reactions. Subsequent PCR amplification
using primers complementary to the start and stop codon
regions (1 to 768) generated the expected sequence of
prostinogen, and the sequence was confirmed for both
strands.
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The human multiple tissue Northern blot analysis (see
below for details) using the radiolabeled probes based on
the 3′ prime RACE demonstrated the presence of a 1.3-kb
transcript in testis and also a very low level in the prostate,
an approximately 1.5 kb transcript was also seen at low levels
in the human colon.

Sequence Analysis and Tissue Distribution of Prostinogen.
Figure 1 shows the amino acid and cDNA sequences of
human prostinogen. It is the precursor of a serine protease
composed of a signal peptide of 15 residues, a propiece of
5 residues, and a serine protease of 235 residues. The
zymogen has a calculated molecular mass of 28.0 kDa and
a pI of 8.27 in the absence of glycosylation. The expected
cleavage between Lys5-Leu6 results in the mature enzyme
having the catalytic triad His46, Asp90, and Ser.193 When
compared to other serine proteases identified in the prostate

gland, prostin has 41% amino acid sequence identity with
PSA, 43% with hK2, 38% with prostase, 31% with TM-
PRSS2, and 35% with prostasin (Figure 2). A BLAST search
with the prostinogen sequence also identified the partial
sequence of a serine protease-like protein named ACO
(Genbank Accession Number S45356) (36), found in the
human brain and having 69% sequence identity with prostin.
This sequence was reported as a serine protease-like protein
although the investigators were unable to obtain the 5′ end
sequence including the activation site.

The presence of the acidic residue Glu187 in prostinogen
is similar to most trypsin-type enzymes that have an Asp at
this position. The active enzyme has anN-terminal sequence
of Leu-Leu-Glu-Gly instead of the more common Ile-
Val-Gly-Gly sequence. The Lys5 prior to the Leu-Leu-
Glu-Gly indicates that the activation of prostinogen requires

FIGURE 1: Nucleotide sequence of prostinogen cDNA and deduced amino acid sequence. The proposed signal peptide sequence is underlined
and its cleavage site is indicated with a dotted downward arrow. The pro-piece sequence is underlined twice and the activation cleavage site
is indicated with a solid downward arrow. The catalytic triad residues are boxed. A variant polyadenylation signal, ATTAAA, is underlined
with a dotted line. The potentialN-glycosylation site is circled.
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another trypsin-type serine protease. A potentialN-glyco-
sylation site occurs at Asn216 followed by anN-glycosylation
signal sequence of Asn-Thr-Thr-Lys.

Northern blots with multiple tissue Northern membranes
(CLONTECH) showed that prostinogen is produced prima-
rily in the human testis (Figure 3). A low level transcript of
slightly larger size was also identified in the colon (Figure
3). Results of the multiple tissue (MTC panel I and II) PCR
(CLONTECH) demonstrated that there was also expression
of prostinogen by the prostate, kidney, and pancreas (Figure
4).

Expression and Refolding of Prostinogen. E. coli BL21-
(DE3) was transformed with the expression plasmid, pET12-
prostinogen. The cells were induced by IPTG and harvested,
and inclusion bodies were prepared as described previously
(19). The inclusion bodies were solubilized, and prostinogen
was refolded as described in Experimental Procedures. As
in the refolding of pro-PSA (19), a significant proportion of
the soluble prostinogen was incorrectly folded. This was
illustrated by the multiple bands in the unreduced sample
(Figure 5, lane 1). When the samples were reduced, the
predominant band of 32 kDa was seen for both prostinogen

and pro-PSA (Figure 5, lanes 3 and 4). These results showed
that the multiple bands seen in the nonreduced sample (Figure
5, lane 1) were essentially all incorrectly refolded proteins.
Under the above conditions, 3 mg of soluble prostinogen
was routinely obtained from 20 mg of inclusion bodies. On
the basis of the intensity of the 28-kDa band of prostinogen
(Figure 5, lanes 1) as compared to the 28-kDa band of
purified pro-PSA (Figure 5, lane 2), approximately 33µg
of correctly folded prostinogen was obtained with an overall
yield of ∼0.2%. Pro-PSA was refolded with an overall yield
of 24% (19). The homogeneous preparation of correctly
refolded prostinogen will require improvement of refolding
conditions.

ActiVation of Prostinogen with Trypsin-Agarose. We
utilized trypsin-agarose for the prostinogen activation experi-
ments, in which prostinogen was incubated with trypsin-
agarose, the trypsin-agarose was removed by centrifugation,
and the generated prostin activity was measured using
S-2222. Extensive wash of trypsin-agarose was required to
remove any leached trypsin activity, because trypsin also
cleaves S-2222. The crude refolded prostinogen was incu-
bated with thoroughly washed trypsin-agarose at an enzyme-

FIGURE 2: Comparison of prostin with other serine proteases identified in the prostate by amino acid sequence alignment. The identical
sequences are shaded black; the conserved sequences are shaded gray. Dashes represent gaps to bring the sequences into better alignment.
The catalytic triad, His, Asp, Ser, is circled.
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to-substrate weight ratio of 1:7600, assuming the specific
activity of trypsin-agarose is equal to free trypsin. The
concentration of the refolded prostinogen was estimated to
be 22µg/mg of crude prostinogen from the intensity of the
28-kDa band. After the incubation and removal of trypsin-
agarose, the prostin activity was measured using S-2222. As
shown in Figure 6, the enzyme activity of prostin gradually
increased over a 1-h incubation, whereas the incubation of
trypsin-agarose or prostinogen alone showed no activity. At
the 1 h incubation, the calculated amidolytic activity of
prostin was 2.1µmol of pNA (mg of prostin)-1 min-1 toward

S-2222 (0.5 mM final). Prostin was completely inhibited by
aprotinin.

ActiVation of pro-PSA by Prostin. Although hK2 was
previously shown to activate pro-PSA, other serine proteases
in seminal plasma are also potential physiologic activators
of pro-PSA (19). It was previously demonstrated that another
yet unidentified partially purified serine protease could also
activate pro-PSA (19). In the previous study, the degree of
activation of pro-PSA by hK2 was shown to be significantly
lower than that by trypsin (19). To test for serine proteases
that might have higher rates of pro-PSA activation, we
therefore examined pro-PSA activation by prostin. Prostin
was generated from prostinogen as described above. Pro-
PSA was incubated with prostin or prostinogen (supernatant
sample from time zero activation with trypsin-agarose above)
at an approximate molar ratio of 7:1 (based on SDS-PAGE
estimate as above), and the reaction was stopped with
aprotinin as describe above. Aliquots were analyzed for PSA
activity employing S-2586 as substrate (Figure 7). Prostin
at this concentration had no activity toward S-2586. A rapid
activation of the PSA zymogen by prostin was observed
within 10 min, whereas no activity was observed with the
reactions containing prostinogen. The activation level achieved
by prostin was equal to the maximum (100%) activation of

FIGURE 3: Multiple tissue Northern analysis of prostinogen.
Prostinogen is expressed primarily in the testis as an approximately
1.3 kb transcript. A faint 1.5-kb band is seen in the colon. The
human glyceraldehyde-3-phosphate dehydrogenase control is shown
on the lower panel.

FIGURE 4: Multiple tissue cDNA PCR analysis of prostinogen. The
expected 476-bp band is seen in the kidney, pancreas, prostate, and
testis. The human glyceraldehyde-3-phosphate dehydrogenase
control is shown on the lower panel.

FIGURE 5: SDS-PAGE analysis of recombinant prostinogen and
recombinant pro-PSA. Lane 1, prostinogen (unpurified, 15µg); lane
2, pro-PSA (2µg); lanes 3 and 4, reduced prostinogen and pro-
PSA, respectively.

FIGURE 6: Time course of prostinogen activation with trypsin-
agarose. Unpurified prostinogen (190µg) was activated with
trypsin-agarose (5µL) in 110 µL total volume. The reaction was
terminated at various times by centrifugation of 25µL aliquots.
Enzyme activity of 15µL of the samples was measured using the
substrate S-2222 (0.5 mM final). Activated prostin (black circles)
showed substantial amidolytic activity, while prostinogen (triangles)
and the control (sample without prostinogen; open circles) did not
show any activity.
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pro-PSA by trypsin (19). The level of activation by hK2 was
significantly lower than that of prostin. Therefore, prostin is
the most efficient activator of pro-PSA identified to date.

Measurements of Amidolytic ActiVity Against other Chro-
mogenic Substrates.Prostin was incubated with S-2586,
S-2251, and S-2302, and the increase in absorbance (405
nm) was measured according to Experimental Procedures.
On the basis of the estimated level of pure prostin in the
crude preparation (see above), the calculated specific activity
was 0.12µmoles ofpNA (mg of prostin)-1 min-1 against
S-2302 (0.5 mM final). Prostin had much higher activity
toward S-2222 [2.10µmol of pNA (mg of prostin)-1 min-1

at 0.5 mM final]. Prostin showed low level activity against
S-2251 and had no amidolytic activity against S-2586. Thus,
prostin had significant activity against both S-2222 and
S-2302, which have an Arg-pNA cleavage site. These data
and the presence of the acidic residue Glu187 indicate clearly
that prostin is a trypsin-type protease.

DISCUSSION

In our search for potential activator(s) of the PSA cascade,
we identified a novel serine protease, prostinogen, from a
human prostate cDNA library. It contains the catalytic triad,
His, Asp, and Ser, of serine proteases in the conserved
positions, and it has a substantial amino acid sequence
identity with PSA, hK2, prostase, TMPRSS2, and prostasin.
Recombinant prostinogen was produced inE. coli and
refolded. The activation of prostinogen with trypsin-agarose
generated the active form, prostin. Prostin exhibited ami-
dolytic activity toward S-2222. Furthermore, prostin activated
pro-PSA, much better than hK2, which was previously shown
to activate pro-PSA (19). These findings indicate that prostin
may be a primary physiologic activator of pro-PSA.

Serine proteases are involved in numerous biological
processes. Some enzymes, such as trypsin and chymotrypsin,
rapidly digest a wide variety of proteins. Others, mostly
trypsin-type proteases, activate only a restricted number of
pro-enzymes through limited proteolysis. For example, in
the blood coagulation system, the clotting factors activate
specific downstream pro-enzymes in a “cascade-like” man-
ner, such that a minute amount of upstream activation can

result in an amplification that leads to rapid clot formation
(29). In the prostate, a similar cascade-like process may well
be operational (19). During fertilization, a seminal clot must
form almost instantaneously, yet it must also dissolve within
minutes to allow the release of motile sperm. Every zymogen
of prostate-associated serine proteases discovered to date,
including prostin, hK2, prostasin, prostase, and TMPRSS2,
requires limited proteolysis for its activation. Because these
proteases are trypsin-type in specificity, they are all potential
activators of PSA and of each other [except prostase which
has an unusual cleavage site, Gln4-Ile5 (21) for activation].
Of these proteases, only hK2 and prostin have been tested
so far for their ability to activate pro-PSA. Prostin has
stronger activity toward pro-PSA than does hK2; therefore,
it is a potential primary physiologic activator of pro-PSA.
Furthermore, because pro-hK2 has a very similar pro-piece
to that of pro-PSA, prostin may also activate pro-hK2. The
interactions between these serine proteases are greatly
clarified by the production and characterization of recom-
binant proteins.

The likely role of serine proteases in prostatic diseases is
perhaps somewhat subtle and more complex. This is because
there are no known protein deficiencies that result in
particular diseases, analogous to hemophilias that result from
defects in the blood coagulation cascade. It is therefore
difficult to accurately attribute a specific pathological func-
tion to a given enzyme. Nonetheless, PSA has been shown
to cleave IGFBP3 (12) and PTHrp (12), which may lead to
abnormal growth of prostate cells. The ultimate consequence
may be the development of cancer or benign prostatic
enlargement. Perhaps the strongest evidence thus far for the
role of serine proteases in prostate cancer is the fact that the
cancer cells overexpress urokinase-type plasminogen activa-
tor (uPA) (37, 38). uPA activates plasminogen to generate
plasmin (39). Plasmin, in turn activates metalloproteases,
including procollagenase (40, 41). Prostate cancer cells thus
may overproduce proteolytic enzymes that aid their invasion
through adjacent connective tissue. We have shown that
recombinant hK2 can activate the precursor form of uPA to
urokinase (19). This reaction points to the possibility that
the interaction between hK2 and uPA may be involved in
malignant processes, and as a result, hK2 may become a
future target for anticancer drugs. hK2 is produced only by
the prostate, while uPA is ubiquitous. Future studies will
help determine if overexpression of specific serine proteases
is involved in the development and progression of certain
cancers.

There are several published procedures for the identifica-
tion of novel serine proteases. Blood clotting factors have
been identified by studies of patients having bleeding
disorders caused by deficiencies of specific proteins. More
recently, molecular biology techniques have been used to
identify members of protein families that are not clearly
associated with a particular pathological state. For example,
because serine proteases have very distinctive conserved
stretches of amino acid sequences, similar genes have been
identified in cDNA databases. Other approaches include
DNA subtraction, exon trapping, and degenerate oligonucle-
otide PCR amplification. In this study, we were able to
improve the conventional degenerate oligonucleotide tech-
nique by applying the method of Rose et al. in designing
more efficient primers based on the conserved regions of

FIGURE 7: Time course of pro-PSA activation by prostin. Pro-PSA
(5 µg) was activated with unpurified prostin (34µg, black circles),
unpurified prostinogen (34µg; open circles), or hK2 (0.75µg;
triangles), and the reaction was terminated with aprotinin (0.1µg).
The estimated concentrations of prostin and prostinogen were
equivalent to the level of hK2. Enzyme activity was measured using
S-2586 (0.5 mM final).
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serine proteases (30). As a result, a total of 15 different serine
proteases were identified in a human prostate cDNA library
(CLONTECH). It is likely that these PCR primers could be
used to identify additional serine proteases in other tissue
(normal or pathological) cDNA libraries as well.3 Further-
more, by designing new primers based on other serine
proteases, e.g., chymotrypsin-type proteases, we may dis-
cover other novel proteases having completely different
physiologic functions.

Of the 15 different prostate serine proteases identified here,
we found one novel protease that can activate pro-PSA. The
zymogen of this protease, named prostinogen, was expressed
in E. coli and refolded. The refolding procedure was,
however, challenging on several fronts. First, solubilization
of the inclusion bodies required a much lower pH (3.8) than
that used for recombinant pro-PSA (8.5). When testing the
pH condition of the refolding buffer, we found that a pH of
8.8 or higher was required for keeping prostinogen in
solution. During the shift of pH from 3.8 to 8.8, the overall
yield decreased, probably due to formation of protein
aggregates in the refolding buffer. Another reason for the
lower yield may have been caused by two additional Cys
residues in prostinogen, which could form improper disulfide
bonds and thus result in protein aggregates. SDS-PAGE
analysis of refolded pro-PSA prior to purification had fewer
high molecular weight bands than did prostinogen (data not
shown), indicating that pro-PSA has less tendency to form
protein aggregates. Finally, several other conditions were
tested to optimize refolding but failed to produce any
improvement. These procedures included addition of poly-
ethylene glycol or arginine, or altering salt concentrations
and the levels of oxidized/reduced glutathione. In the future,
the refolding protocol may be improved substantially by
testing additional conditions and utilizing more sensitive
methods to quantitate properly refolded protein, such as by
enzyme assays described above.

Northern blot analysis and multiple tissue PCR amplifica-
tion demonstrated that prostinogen is expressed at high levels
in the human testis and at somewhat lower levels in the
prostate, kidney, and pancreas. These findings may be a result
of the biological characteristics that are salient to prostinogen.
For example, its production by the testis suggests possible
androgen regulation of its expression. Its expression by the
kidney may indicate a common embryological origin, as the
fetal development of the kidneys, ureters, bladder, and
prostate are closely associated. Pancreatic expression, on the
other hand, suggests that prostin may also have a role in
digestion. In pathological states such as cancer metastasis,
prostin may participate in the degradation of tissue.

Future studies of prostinogen will better elucidate the
potential biological role of this protein in prostatic diseases.
The development of antibodies directed against peptide
epitopes or purified recombinant protein will improve the
estimation of its expression levels in prostate cancer as well
as in benign prostatic hyperplasia and prostatitis. Improved
refolding and purification procedures for recombinant pros-
tinogen may facilitate the discovery of other physiologic
substrates and lead to the identification of its own physi-
ological activator(s). The ultimate goal of these studies is

the development of better tools for the diagnosis and
management of prostatic diseases.
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