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a b s t r a c t
Proprotein convertase 4 (PC4) is a member of Ca2+-dependent mammalian subtilases called Proprotein
convertases (PCs) or Proprotein convertases subtilisin kexin (PCSK). PC4 plays a key role in mammalian
fertilization, sperm maturation and sperm–egg fusion. Full length and C-terminal truncated rPC4 have
been expressed using Leishmania tarentolae expression system. Secreted soluble enzyme was recovered
in good yield from concentrate medium and puriﬁed by DEAE anion exchange and arginine–agarose column chromatographies. This is the ﬁrst attempt to produce rec (recombinant) PC4 by Leishmania expression system in reasonably pure and enzymatically active form. The eluted fraction contained PC4 protein
as conﬁrmed by immunoreactivity using PC4-speciﬁc antibodies. Two protein bands at 62, 53 kDa in
SDS–PAGE were attributed to C-terminal truncated PC4 forms. The fraction displayed strong protease
activity towards ﬂuorogenic Boc-RVRR-MCA and various intramolecularly quenched peptides derived
from PC4-substrates. It also cleaved proIGF-2 to produce active IGF-2 conﬁrming its role in this maturation process. Moreover PC4-mediated proteolysis was efﬁciently blocked by a newly designed prodomain
rPC4101–116 peptide with IC50 in low lM level. Similar but more potent PC4-inhibitory activity with Ki in
low nM range was observed with the tetrapeptide chloromethyl ketones, Dec-RVKR/K-cmk (chloromethyl ketone). The study showed that such PC4 inhibitors may ﬁnd potential therapeutic and clinical
applications in male fertility.
Ó 2008 Elsevier Inc. All rights reserved.

Proprotein convertase 4 (PC4)1 or Proprotein convertase subtilisin/kexin-4 (PCSK4) is a Ca2+-dependent serine protease that
cleaves inactive precursor proteins at the motif R/K/H-X-X/R/KR;, X = any amino acid except Cys [1] with KXKR being most preferred [2,3]. A schematic diagram showing various characteristic
domains of PC4 is presented in Fig. 1. Among these, prodomain
plays an important role as intramolecular chaperone and regulator
of the catalytic activity of the enzyme. The removal of this domain
is essential for the activity of the enzyme. The C-terminal P-domain plays an important role for proper folding and conformation
of the molecule and subsequently controls the ultimate activity of
the enzyme. PC4 activates protein precursors in reproductive
secretory pathway [4,5]. Its restricted expression in testicular
germ cells, ovarian macrophages and placenta suggests a possible
reproductive function [4–8]. Its role in sperm maturation, sperm–
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egg interaction and fertilization has been well documented. PC4KO (knock out) mice were subfertile with no apparent spermatogenic defect [9,10]. Sperms for PC4-KO mice have reduced ability
to bind to zona pellucida, penetrate the cumulus mass and fertilize eggs. It is not clear whether PC4-activity is required for
sperm–egg interaction, sperm production and fertilization
although a number of physiological substrates in reproductive
pathways have been associated with PC4. These include proPACAP
[11], proIGF-1/2 [8,12] and ADAM (A Disintegrin And Metalloproteinase) proteins [13] ADAM-1 (fertilina) [14], ADAM-2 (fertilinb)
[15], ADAM-3 (procyritestin) [16] and ADAM-5 [17]. For functional
activity, these molecules require selected proteolysis. This is most
likely mediated by PC4 and not by the sperm protease acrosin
since mice lacking acrosin [18] are still fertile. So far only proPACAP [11] and proIGF-2 [8,12] have been conﬁrmed as physiological
substrates of PC4. Owing to these ﬁndings, the study of PC4 enzyme, its inhibitors and substrates has drawn considerable interest. Earlier we generated rec-PC4 in extremely poor yield using
GH4C1 [2] and Hi5 cells [3]. We were only able to perform some
initial in vitro work on the enzyme and biochemical activities,
even though the enzyme was never puriﬁed. Herein we report
the use of Leishmania tarentolae expression system (LEXSY) for improved PC4 production in active form [19]. This system allows (i)
rapid gene ampliﬁcation, (ii) posttranslational modiﬁcations, (iii)
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Expression and puriﬁcation of rec-rPC4

stable expression in three convenient conﬁgurations, constitutive,
inducible and secretory and ﬁnally (iv) non-pathogenic environment LEXSY has been used in the past to generate various recombinant proteins [19–21] but here for the ﬁrst time using LEXSY,
we produced a secreted soluble PC4 in enzymologically active
form and puriﬁed it by chromatography for further biochemical
characterization. We conﬁrmed its identity by trypsin digestion
followed by mass spectrometry [22], Western blot [2] and ﬂuorescent in gel zymogram [23]. In addition, we also designed a potent
PC4-inhibitor based on its prodomain sequence as we did for
other PCs [24] and developed an additional polyclonal antibody
for the enzyme.

Plasmids containing cDNA encoding full length (FL) and C-terminally truncated (T) rPC4 sequences (27RPPI–CSAA654-V5) and
(27RPPI–WDED546-V5), respectively, with C-terminal V5-tag (designated as rPC4-FLV5 and rPC4-TV5) were ampliﬁed by transformation into Escherichia Coli. It was then stably transfected into L.
tarentolae strain by electroporation. Recombinant strains harboring
the constructs were cultured in brain heart infusion medium at
concentration of 35 g/l, supplemented with 0.25% hemin in the
presence of penicillin (10,000 units), streptomycin (10,000 lg/ml)
and nourseothricin (100 lg/ml) at 26 °C in dark with shaking
(90 rpm). Culture medium containing rec-PC4 was collected when
cell conﬂuence reached an OD600nm value of 1.5–2.0. This constituted approximately 1  108 cells per ml of culture medium. The
medium was centrifuged and the supernatant (60 ml) was
concentrated to 1.2 ml (50-fold) by centricon (cut-off MW
10 kDa) at 4 °C. Cell-bound PC4 was extracted with buffer
containing 20 mM Tris–HCl (pH 7.5) + 150 mM NaCl + 1 mM
Na2EDTA + 1 mM EGTA + 1% Triton + 2.5 mM sodium pyrophosphate + 1 mM b-glycerophosphate + 1 mM Na3VO4 and 1 lg/ml
leupeptin.
For puriﬁcation, concentrate medium obtained from rPC4-FLV5
expression was adjusted to pH 8.0 and then loaded into DEAE–sepharose column (2.5  15 cm) pre-equilibrated with buffer 25 mM
Tris + 25 mM Mes, pH 8.0 (buffer-A). Following washing with buffer-A (10 column volume), the column was treated successively
with buffer-A + 25, 50 or 100 mM NaCl, respectively (30  1 ml
each). Combined 100 mM salt pool (30 ml) containing most PC4activity was concentrated to 4 ml by centricon and loaded into
arginine–sepharose 6B column (2.5  15 cm), pre-equilibrated
with buffer-A. Following extensive washing with buffer-A, the
column was eluted with buffer-A containing arginineHCl in
increasing concentrations from 15 to 25 mM by a step of 2.5 mM
(15 fractions 0.5 ml each). PC4 assay was performed by initial rate
and/or end-time methods using 96-well plates (Dynatech,
Millipore, USA) using ﬂuorogenic Boc-RVRR-MCA [2] and IQF
peptides [3].

Materials and methods
Materials
All amino acid derivatives (L-conﬁguration), reagents, resin for
peptide synthesis, peptidyl-MCA and cmk derivatives were purchased from Bachem Inc. (King of Prussia, PA, USA), Calbiochem
Novabiochem Inc. (San Diego, CA, USA), Neosystems Inc. (CA,
USA) or PE Biosystems (Foster City, CA, USA). IQF-peptides were
prepared as described [3]. L. tarentolae gene expression kit was
from Jena Bioscience GmbH, http://www.jenabioscience.com/
cms/en/1/browse/1119_lexsy_literature.html, Germany. DEAE–sepharose and Arg–sepharose 6B were bought from Amersham
Bioscience, Piscataway, NJ, USA. Anti-V5 and PC4 antibody,
Ab-1 (against mPC423–393) were obtained from Alexis Biochemicals (San Diego, CA, USA) while the antibody Ab-2 (Fig. 1) was
generated inhouse against rPC4419–441 using MAP strategy [25].
Reagents for Western blot and SDS–PAGE were purchased from
BIO-RAD Labs (Hercules, CA, USA). Matrix-Assisted Laser Desorption (MALDI) and Surface Enhanced Laser Desorption Ionization
(SELDI) time-of-ﬂight (tof) mass spectra (MS) plates were purchased from PE-Biosystems and Ciphergen, (Fremont, CA, USA),
respectively. 1-Cyano 4-hydroxy cinnamic acid (CHCA) and 1,2dihydroxy benzoic acid (DHB) were bought from Sigma Chemical
Company, USA.
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Fig. 1. A schematic presentation showing the molecular architectures with various speciﬁc domains as indicated for rat (r) PC4 in comparison to the bacterial subtilisin and
yeast kexin homologs. Ab-1, polyclonal antiPC4 antibody developed against the peptide segment (419–440) located at the P-domain of rat PC4 sequence; Ab-2, the
commercial polyclonal antiPC4 antibody generated against the mouse sequence PC423–396 was obtained from Alexis Biochemicals Company.
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SDS–PAGE, mass spectrometry and Western
PC4 samples were electrophoresed on 12% SDS–PAGE and
stained with Coomassie dye as described [2,3]. In parallel, immunoblotting was performed after the bands were electro-transferred
onto PVDF membrane within 120 min. Immunoreactivity between
PC4 and antibody Ab-1 or Ab-2 was detected by horseradish
peroxidase conjugated with mouse anti-human IgG [2,3]. For characterization purpose, Coomassie-stained-immunoreactive PC4
bands were excised and digested with trypsin as described
(http://donatello.ucsf.edu/ingel.html) [22]. A gel band with no
protein staining served as a control. The digests were subjected
to SELDI-tof-MS and observed peaks were analyzed using peptide
mass mapping.
Fluorescent in-gel zymogram
SDS–polyacrylamide gel containing peptide-MCA-substrate
copolymerized in the gel were prepared as described in (23) with
modiﬁcation. Brieﬂy, the resolving gel consisting of 200 lM BocRVRR-MCA, 10% acrylamide, 0.37% bis-acrylamide, 0.375 M Tris–
HCl (pH 8.8) and 0.1% SDS was cast in mini-PROTEAN 3 cell—gel
cassette (Bio-Rad Laboratories, Ltd., Mississauga, Ont., Canada).
Polymerization was conducted in the dark for 1 h at room temperature. The 4% stacking gel contained 0.25 M Tris–HCl (pH 6.8),
0.03% SDS and no substrate. Puriﬁed rec-rPC4 (11.6 lg protein in
10 ll) was prepared in 1 sample buffer [0.25 M Tris–HCl (pH
6.8), 0.1% SDS and 2% glycerol] and was subjected to electrophoresis in 25 mM Tris–HCl (pH 8.3), 192 mM glycine and 0.1% SDS for
2 h at 20 mA constant current at 4 °C in the dark. The gel was then
washed in cold 50 mM Tris (pH 7.4) and 2.5% Triton X-100 for
20 min, and in distilled water 3  5 min in the dark. The gel was
incubated in assay buffer [50 mM Tris–HCl, 20 mM Hepes (pH
7.4), 10 mM CaCl2 and 0.005% Triton X-100 at 37 °C for 30 min.
Fluorescent band of rPC4-activity was observed by a Syngene (A
division of Synoptic)-transilluminator (Cambridge, England) and
ﬂuorescent images were analyzed by Gene Snap version 6.01
software.
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[2,3]. Each data point in the plots is the average of two independent experiments each performed in duplicate.
Results
Production of rec-rPC4
Presence of PC4 in Leishmania culture medium was detected by
enzyme activity assay, protein content measurement, Western
blot, SDS–PAGE analyses and ﬁnally by ﬂuorescent in-gel
zymogram.
Activity assay
As indicated by progress curves (Fig. 2A), rPC4-TV5 crude concentrate medium displayed strong protease activity towards ﬂuorogenic substrates pERTKR-MCA, Boc-RVRR-MCA and RQRR-MCA
(50 lM) as compared to control crude concentrate medium obtained
from blank plasmid. Among these, pERTKR-MCA was cleaved with
the highest degree of efﬁciency, being 2.6- and 1.8-fold more potent than for the cleavages of RQRR-MCA and Boc-RVRR-MCA,
respectively, under identical condition. Similar observations were
also noted with stop-time assay (Fig. 2B) which also indicated a
slightly lower level of activity (1.7-fold less when measured
against pERTKR-MCA) in rPC4-FLV5 crude concentrate medium
compared to rPC4-TV5 crude medium (Fig. 2B). However in both
cases a signiﬁcant amount of PC4-activity remained attached to
the cell membrane as demonstrated by its strong presence in cell lysate fraction. PC4-activity in either crude media was also detected
with synthetic IQF-peptides derived from ADAMs and proIGF-2 processing sites (Fig. 2C–F) [3]. Among those tested, Q-fertilin-a and QADAM-5 were both found to be the most potent for activity present
in rPC4-TV5 crude media, while for rPC4-FLV5 crude medium QADAM-5 alone was the best substrate. However Q-IGF-2 that contains ‘‘KXXR” motif [3] was found to be the most selective PC4-substrate, exhibiting no activity in control medium.
SDS–PAGE

Peptides were synthesized by Fmoc-solid phase chemistry [2,3]
using Fmoc-PAL-PEG resin for regular peptides and Fmoc4-Lys2Lys-Ala-Wang resin for 4-branch MAP [25]. All IQF-peptides (listed
below) were prepared according to [3]. (1) Q-hproIGF-166–74:AbzPAKSAR;SVR-Tyx-A, (2) Q-hproIGF-263–71:Abz-PAKSER;DVS-Tyx-A,
(3) Q-h/rPACAP141–151:Abz-RVKNKGRR;IAY-Tyx-A, (4) Q-hproPAC
AP141–151-mut:Abz-RVKNKGRR;IPS-Tyx-A, (5) Q-hproPACAP99–111:
Abz-DDSEPLSKR;HSDG-Tyx-A, (6) Q-mproCyritestin449–462:AbzTIA
ERGRLMR;KSKD-Tyx-A, (7) Q-mFertilin a428–440:Abz-EPGRQSRMRR;
AAN-Tyx-A, (8) Q-hFertilin b438–450:Abz-FMSKERMMR;PSFE-Tyx-A,
(9) Q-mAdam-5380–388:Abz-ERKPAR;RPR-Tyx-A and (10) Q-mAdam5380–388-mut:Abz-EPKPAR;RPR-Tyx-A (Abz, Ortho amino benzoic
acid; Tyx, 3-nitro tyrosine; mut, mutant and Q, quench). For
production of PC4 antibody Ab-2, 4-branch MAP-rPC4419–441
(MW calculated 10,165, observed 10,184), as prepared above,
was injected into rabbits as described in [25].

Coomassie, stained gels of crude PC4-TV5 and PC4-FLV5 concentrate media exhibited bands at 72 (for FL), 62, 53 and
38 kDa (Fig. 3A) largely consistent with the molecular sizes of various expected PC4 forms (explained later). The results were further
conﬁrmed by immunoblots (Fig. 3B and C) using PC4-speciﬁc antibody. Calculated molecular weights of various potential forms of
PC4 are indicated below. These included enzymatically inactive,
active and C-terminal cleaved shed forms.
From full length rPC4 construct: rPC427–654+V5 (inactive full
length) = 74,436 Da; rPC4111–654 + V5 (active full length) = 64,214 Da, rPC427–486 (inactive shed) = 51,534 Da and rPC4111–486 (active
shed) = 41,312 Da.
From truncated rPC4 construct: rPC427–546 + V5 (inactive truncated) = 59,852 Da and rPC4111–546 + V5 (active truncated) = 49,630
and rPC4111–486 (active shed) = 41,312 Da. In these calculations,
RLIR486;SL was used as the potential PC4 shed processing site. This
is based on its sequence alignment with furin and other PCs that
are known to undergo shedding during their expressions.

PC4 digestion and inhibition assay

Western blot

Recombinant proIGF-2 and synthetic IQF peptides (10 lg each)
were digested with puriﬁed rec-rPC4-FLV5 (2 ll, 25.65 U/mg),
[1 U (unit) of activity is deﬁned as one that releases 1 pmol AMC
after 1 min digestion with 50 lM Boc-RVRR-MCA]. The reaction
was terminated by adding acetic acid (2 ll) and kinetic parameters
including Ki and IC50 values for PC4-inhibition were measured

Immunoblotting on crude PC4 concentrate media and lysates is
shown in Figs. 3B and C. V5 antibody failed to detect any immunoreactive PC4 band in the media suggesting the loss of V5-tag. However,
strong anti-V5 immunoreactive bands were detected at 72, 66 and
53 kDa in cell lysates indicating the presence of intact V5-tag PC4
proteins in this fraction. However with antibody Ab-1, immunoreac-

Peptide synthesis and antibody production
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Fig. 2. (A) Progress curves showing online release of free AMC following incubation of crude rec-rPC4 with various peptidyl-MCA ﬂuorogenic substrates (50 lM ﬁnal
concentration) over a 60 min reaction period. The measured slope (S) value of each obtained curve (done in duplicate experiments) representing the level of enzyme activity
is shown in the ﬁgure. The enzyme activity corresponding to each curve was derived from 2 ll of crude concentrated (50-fold) Leishmania culture supernatant of truncated (T)
rPC4-V5. The activity was monitored as described in [6]. (B) End time assay using Boc-RVRR-MCA (50 lM) (average of three independent experiments) for full length (FL) and
truncated (T) rPC4 forms in the media and cell lysates. (C–F) Enzyme activity of 50-fold concentrated Leishmania rPC4-TV5 culture supernatant using different IQF-peptides
derived from PC4 processing sites of ADAMs and other substrates. Each assay was performed using 2 ll of crude enzyme sample representing an activity of 50 U/lg protein
[1 unit (U) of activity is deﬁned as one that releases 1 pmol of free AMC following digestion with 50 lM Boc-RVRR-MCA for 1 min] and each IQF-peptide (50 lM concentration) in 25 mM Tris + 25 mM Mes buffer containing 2.5 mM CaCl2, pH 7.4. DRFU = increase in raw ﬂuorescent unit after 1 h of digestion, S = slope of progress curve.

tive bands at 72, 62, 53 kDa were detected in truncated and full
length rPC4 media as well as in corresponding cell lysates.
Kinetic study
Proteolytic activity of rec-PC4 in two crude concentrate media
was assessed in more detail by measuring kinetic parameters for
cleavage of Boc-RVRR-MCA. As determined by Michaelis–Menten
kinetics [2,3], the measured Vmax and Km values (Fig. 3D and E)
showed near identical kinetic efﬁciency for full length and truncated PC4 with Vmax/Km = 7.2 and 12.8  109 h1, respectively.
Puriﬁcation of recombinant PC4
Although a signiﬁcant amount of PC4 protein remained attached
to the cell membrane as revealed by Western blot results on the cell
lysate, attempts were only made to purify PC4 from the crude concentrate medium obtained from rPC4-FLV5. Although the cell lysate
fraction contained a signiﬁcant amount of PC4, we did not make any
effort to purify it because of the complex nature of the fraction.
DEAE column
The anion exchange DEAE–sepharose was selected as the ﬁrst
column for puriﬁcation of rec-PC4 obtained from the culture medium of rPC4-FLV5. Our choice was based on earlier studies showing
decent results in puriﬁcation of other recombinant PCs using this

column [1–3]. Moreover like other PCs, PC4 possesses a high isoelectric point (for PC4-FLV5, calculated value = 8.36). After loading
and extensive washing with buffer-A, bound PC4 was eluted from
the column with buffer-A supplemented with 100 mM NaCl in
fraction #(48–68) as revealed by activity and protein assays
(Fig. 4A). This combined fraction was subjected to further puriﬁcation by chromatography over arginine–sepharose 6B column that
binds most of active PC4 protein. After washing of the unbound
proteins, PC4 was released by incubation with buffer-A containing
free arginineHCl. Various elution conditions using stepwise increase in arginine concentration in buffer-A were pursued. However, most effective separation, as monitored by activity assay,
was achieved with a 2.5-mM step gradient of arginine concentration beginning from 15 to 25 mM. Three separate peaks were
eluted with 17.5–20 mM arginineHCl containing buffer-A and
fractions comprising these peaks namely #(106–115), #(116–
124) and #(125–135) marked as E1, E2 and E3, respectively, were
collected (Fig. 4B). These fractions contained mostly PC4 as revealed by SDS–PAGE with Coomassie protein staining and Western
blot data (Fig. 5A and B). The data indicated the presence of three
PC4-immunoreactive bands at 62, 53 and 38 kDa in these fractions. Combined with corresponding Coomassie, stained SDS–gel
electrophoresis, it is noted that the E1-pool contained a major band
at 62 kDa and two additional faint bands at 52 kDa and 38 kDa
due to the presence of PC4 proteins (Fig. 5A and B). As anticipated,
these bands were completely absent in enzymatically inactive fractions #(20–30) and #(97–105) of arginine column. Measured en-
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Fig. 3. (A) SDS–PAGE (12%) of crude concentrate media obtained from rPC4-FLV5 and rPC4-TV5 constructs following expression in Leishmania system. The bands are
visualized by staining with Coomassie blue dye. PC4 protein bands were indicated by horizontal arrows. (B and C) Western blot analyses results of crude concentrated cell
pellet extract and supernatant from Leishmania PC4 system using anti-V5 antibody and anti-human PC4 Ab-1 antibody. Sup, concentrated supernatant; Pel, cell pellet lysate;
T, truncated PC4; FL, full length PC4. (D and E) Michealis–Menten graphs showing the kinetics of cleavage of Boc-RVRR-MCA at various concentrations by a ﬁxed amount of
crude PC4-TV5 and PC4-FLV5 concentrate media. The kinetic parameters Vmax and Km calculated from the graph are also displayed in the ﬁgure.
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treated with 100 mM NaCl in buffer-A for elution of PC4 protein following extensive wash (10 column volumes) with buffer alone (see Materials and methods). The solid
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indicates the start point where elution of PC4-activity began. The elution proﬁle of PC4-activity under increasing concentrations of free arginineHCl (as indicated in the
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zyme and speciﬁc activities (Table 1) showed 30–42-fold puriﬁcations of PC4 depending on the fractions (E1, E2 or E3) considered.
Fluorescent in-gel zymogram assay with Boc-RVRR-MCA-substrate
showed a positive band at 62 kDa for fraction E1 suggesting that
this band is proteolytically active that cleaves Boc-RVRR;MCA at
the site indicated and possibly belonged to a PC4-fragment derived
from rPC4110–678 + V5 (calculated molecular weight = 64,214) that

has lost the V5-tag (Fig. 5C). Neither 53 kDa nor 38 kDa bands
could be visible in the ﬂuorescent zymogram suggesting that these
are enzymatically inactive forms of PC4. While it is most likely that
the 53 kDa may be the shed rPC427–486 (calculated
MW = 51,534 Da), the identity of 38 kDa could not be ascertained
at the present moment. Similar zymogram proﬁle was also obtained for fractions E2 and E3 (not shown).
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Fig. 5. (A) Coomassie-stained 8% SDS–PAGE of various fractions following chromatography of rec-PC4-FLV5 concentrate medium through DEAE and subsequently arginine–
sepharose 6B columns as described in Fig. 4(B). (B) Western blot analyses of crude rec-PC4-FLV5 sample and various fractions including those containing PC4-activity
obtained from DEAE and arginine–sepharose column chromatographies. The immunoblots were performed using commercial PC4 polyclonal primary antibody Ab-1 (Alexis
Company). The immunoreactive PC4 bands at kDa 72, 62, 53 and 38 in various fractions are shown by arrows. (C) Fluorescent in-gel zymogram assay of puriﬁed rec-rPC4 (E1
pool) using the ﬂuorogenic substrate Boc-RVRR-MCA (200 lM) co-polymerized in 10% SDS–PAGE.

Characterization of PC4 bands
Identities of immunoreactive 62 and 53 kDa bands as PC4 protein were conﬁrmed by tryptic digestion followed by mass spectrometry results [22]. Thus the mass spectrum of crude digest of
53 kDa protein band exhibited peaks at m/z 1323, 1342, 1358,
1373, 1623, 1905, 2107, 2135, 3792 and 3908 (Supplementary
Fig. 1A–C, not observed in the mass spectra of blank gel or trypsin
auto-digests. These peaks were attributed to fragments rPC442–52,
rPC4148–160, rPC496–105, rPC4111–122, rPC4467–481, rPC4487–502,
rPC4467–481, rPC442–73, rPC472–89 and rPC4366–401, respectively (Supplementary Fig. 2), thus conﬁrming that 53 kDa is a PC4 protein,
most likely the inactive shed rPC427–486 (calculated molecular
weight = 51,534 Da). Using a similar approach, 62 kDa protein
band was identiﬁed as most likely the proteolytically active rPC4
protein that starts with Ser111 residue with the end amino acid at
position 678 or an upstream position (calculated molecular weight
for rPC4111–654 = 62,812 Da). Above rationalization for 53 and
62 kDa bands was consistent with the fact that both lacked V5tag as they were undetectable by V5 antibody and that only
62 kDa band was positive in the zymogram as expected. This
observation suggested proteolytic truncation of full length rPC4
protein at an unknown site upstream of V5-tag by an enzyme
endogenous to Leishmania system [26,27].
Processing by rec-rPC4-FLV5
proIGF2 processing: To test further the PC4-activity in E1-pool of
Arg-column, it was incubated with rec-proIGF-2, a known physiological substrate of PC4 [8]. As expected, immunoblot data revealed
that proIGF-2 (14 kDa) was efﬁciently cleaved in a time-depen-

dent manner yielding mature IGF-2 (7 kDa) (Fig. 6A). Presence of
PC4-activity in E1-pool was further veriﬁed by studies using a
PC4 inhibitor. As shown by progress curve assay, PC4 was inhibited
in a dose-dependent manner by Dec-RVKR-cmk (a general PCinhibitor), which at 5 lM concentration completely suppressed
the activity present in 2 ll of E1-pool with activity 25.65 U/mg protein (Fig. 6B).
Processing of synthetic IQF peptides: All synthetic IQF peptides
were efﬁciently cleaved by crude recPC4 and E1 fraction at the
expected sites (see Materials and methods). As an example, this
is shown in Fig. 7. for cleavage of Q-mFertilin-a428–440 by recPC4.
MALDI-tof MS of PC4 digest of Q-mFertilin-a428–440 showed peaks
at m/z 1924 and 1394 for undigested peptide (Abz-E-P-G-R-Q-SR-M-R-R;A-A-N-Tyx-A-CONH2, calculated MW = 1924) and the
N-terminal (NT) cleaved fragment (Abz-E-P-G-R-Q-S-R-M-R-ROH, calculated MW = 1394), respectively, conﬁrming cleavage at
RMRR;AA. The peak for carboxy terminal (CT) fragment (A-A-NTyx-A-CONH2, calculated MW = 438) could not be detected
because of its small size, poor ionization and possible overlapping
with background matrix peaks. It was further observed that NT
fragment sequentially lost one amino acid at a time from its CT
leading to peaks at m/z 1234 (NT-Arg), 1082 (NT-Arg-Arg), 949
(NT-Met-Arg-Arg), 793 (NT-Arg-Met-Arg-Arg) and 706 (NT-SerArg-Met-Arg-Arg) (Fig. 7A) suggesting the presence of carboxypeptidase Y (CpY)-like enzyme/s [28] as minor contaminant/s in recPC4 sample. This was further conﬁrmed by the observation that
sequential loss of CT-amino acids, one at a time, could be suppressed (Fig. 7B) by prior incubation with CpY-inhibitor, Gemsa
(guanidinoethyl mercapto succinic acid) [29]. It is well known that
CpY cleaves either basin or nonbasic amino acid from C-terminus
of a peptide chain.
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Table 1
Puriﬁcation of recombinant ratPC4-FLV5 obtained from concentrate medium Leishmania tarentolae expression system
Sample

Total volume
(ml)

Crude concentrate culture
medium of rec-rPC4-FLV5
100 mM NaCl pool (DEAE
column)
17.5 mM arginine fraction E1pool (Arg-column)
17.5 mM arginine fraction E2 pool
(Arg-column)
20 mM arginine fraction E3 pool
(Arg-column)

Speciﬁc activity
(E/P) (U/lg)

Yield
(%)

Fold puriﬁcation
from crude

Total protein (P)
(lg/ll)

Total enzyme
activity
(E) (U/ll)

2.9

13.5

4.65

100

—

21

0.15

14.6

97.23

108

20.9

10

0.08

11.83

147.8

88

31.8

9

0.065

12.65

194.6

94

41.8

0.1

15.9

159

118

34.2

1.2

11

Comparison of protein content and activity proﬁles of various PC4 fractions following DEAE and arginine-column chromatographies with the crude sample.
Note: , It was obtained from 60 mL of Leishmania culture medium; U, pmol of free AMC released per min following incubation at 37 °C with 50 lM Boc-RVRR-MCA. The data
are average of three independent measurements from two separate puriﬁcation experiments.

PC4-prodomain peptide inhibitor
Previously we demonstrated that the PC4-prodomain peptide,
rPC4101–110 located at the N-terminus immediately of its primary
activation site (RVKR110 SL), inhibits PC4-activity with moderate
efﬁciency [8]. However a detailed analysis about its potency and
selectivity was not properly investigated. In order to enhance
PC4-inhibition potency and selectivity, we have generated another
peptide namely rPC4101–116 that contains both P and P0 residues

mi
n

mi
n

in
5m

30

in
m

20

0

10

2
FIG
o
pr

m
in

A

1

h

2

h

4

h

kDa
22

14

6

B

RFU

Slope
155648
154957
153765
151265
151840

[Inhibitor] (nM)
0
5
5
10
10

119114 25
123214 25
80577
70195

50
50

-198
-177

5000
5000

Time (secs)
Fig. 6. (A) Western blot analyses on crude digests of recombinant proIGF-2 by
puriﬁed sample (E1 fraction) of rPC4-FLV5 obtained from DEAE followed by arginine-column chromatographies. The digestion was followed at various time points
ranging from 0 to 5 h using anti-IGF-2 antibody. (B) Progress curves showing inhibition of puriﬁed rPC4-activity by Dec-RVKR-cmk. Two microliters of puriﬁed PC4
(E1 fraction from arginine-column after DEAE) representing 25.65 U/mg protein
(where 1 U = activity that releases 1 pmol of free AMC per min from 50 lM BocRVRR-MCA) was incubated with varying concentrations ranging from 5 to 5000 nM
of Dec-RVKR-cmk. The activity was measured on line against the ﬂuorogenic substrate Boc-RVRR-MCA (50 lM).

[24–30]. This peptide at 50 lM concentration signiﬁcantly suppressed PC4-cleavage of Q-fertilin-a (Fig. 7C and D). When measured against the ﬂuorogenic substrate Boc-RVRR-MCA, rPC4101–
116
also exhibited a strong competitive inhibition of PC4 with Ki
3.8 lM as determined by Cornish-Bowden plot (Fig. 8. A). The
measured IC50 value is 20 lM for Boc-RVRR-MCA (50 lM). At
low substrate concentration (<20 lM), this peptide showed a different interactive behavior against PC4. Thus at concentrations below 1 lM, it enhanced PC4-activity depending on concentration
(by as much as 2-fold). This activation effect was less signiﬁcant
for a higher substrate concentration and was not noticeable at
P20 lM. Similar effects were also observed with another ﬂuorogenic substrate namely pERTKR-MCA suggesting that it is not a
substrate-dependent event. Such bimodal effect of prodomain derived peptide on enzyme activity has been previously reported for
PC1 enzyme, a close relative of PC4 [31]. In addition to this prodomain PC4-inhibitor, we also examined and compared the PC4inhibitory properties of two commercially available peptide chloromethyl ketones (cmk), namely Dec-RVRR-cmk, a known general
PC-inhibitor and the related Dec-RVRK-cmk. These derivatives efﬁciently inhibited recPC4-activity (present in E1 pool) with
IC50 = 16.6 ± 2.5 nM and 12.2 ± 0.7 nM, respectively (Fig. 8B and
C). To our knowledge, this is a ﬁrst demonstration of a Lys-cmk
containing peptide inhibiting a PC-enzyme.
PC4 antibody
Three antibodies namely anti-V5, anti-mPC423–393 (Ab-1) and
anti-rPC4419–441 (Ab-2) were used in the present study for immunodetection of PC4 protein. Ab-1 and Ab-2 antibodies were able
to detect 63 and/or 52/38 kDa PC4 proteins in LEXSY media
whereas anti-V5 antibody failed to detect any of these bands. This
suggested the loss of V5-tag in secreted PC4 protein. A comparative
analysis of Western blots of E1, E2 and E3 fractions using Ab-1 and
Ab-2 as primary antibodies conﬁrmed that both commercial Ab-1
and our Ab-2 antibodies were able to recognize the enzymatically
active 62 kDa PC4 protein with a high degree of efﬁciency (data not
shown).
Discussion
Selective localization of PC4 in reproductive tissues [4–7] and
its critical role in fertilization via activation of sperm surface proteins have led to an enormous interest in the study of this enzyme.
As part of our ongoing program in this ﬁeld, we have now produced
rec-rPC4 in active soluble form with much higher speciﬁc activity
(4.65 U/lg protein) using LEXSY. This is highly signiﬁcant in com-
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+
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(CT) MW 438 not observed

Fig. 7. MALDI-tof-mass spectra of crude digests of Q-mFertilin a428–440 (10 lg) with puriﬁed recombinant rPC4 enzyme [2 ll of 10-fold diluted of E1 fraction obtained from
arginine-column with overall speciﬁc activity of 2.5 U/mg protein where U = unit of activity as deﬁned previously] in the absence and presence of either carboxypeptidase Y
inhibitor, gemsa, (500 lM) or a PC4-inhibitor, rPC4101–116 peptide (20 and 50 lM). NT = N (Amino) terminal fragment and CT = C (Carboxy) terminal fragment. The puriﬁed
PC4 sample used in this experiment consisted of mostly the active 62 kDa PC4 protein. Cleavage by PC4 yielded C-terminal (CT) and N-terminal (NT) fragments as shown at
the bottom of the ﬁgure. The sequential loss of one amino acid at a time from the carboxy terminal of CT due to the action of carboxypeptidase Y (present as contaminant)
leading to various fragments is also shown in the ﬁgure. All cleavages are indicated by vertical arrowheads (;).

parison to our earlier efforts using mammalian GH4C1 [2] and Hi5
[3] cells. Moreover in this study, active rec-PC4 was puriﬁed for the
ﬁrst time by two-step chromatographic methods involving DEAE
and arginine–sepharose columns. Puriﬁed PC4 sample showed
three immunoreactive protein bands at 62, 53 and 38 kDa positions of which, only the ﬁrst exhibited a strong positive band in
ﬂuorescent in-gel zymogram, conﬁrming its protease activity towards the ﬂuorogenic substrate Boc-RVRR-MCA. This also suggested that 62 kDa protein must have lost the prodomain and
consequently starts with the sequence 111SLVV. The size 62 kDa
was explained by the loss of V5-tag + a short C-terminal tail from
rPC4111–654 + V5. One possibility is that a cleavage occurred within
the segment (600–654), most likely at HCGR617;TL. Such a cleavage, possibly an autocatalytic one, will lead to rPC4111–617 (MW
55,900). Alternatively the cleavage may occur at an unknown Cterminal site by the action of a protease/s endogenous to LEXSY
[26,27], thereby deleting the V5-tag. For inactive 52 kDa PC4
band, we propose that it may correspond to rPC427–486
(MW = 51,534 Da) generated by autocatalytic shedding at RRRLIR486;SL. Other autocatalytic sites such as LSYSRR502;GD or
RSTLVAIR523;PL may also explain the formation of the above PC4
protein band. C-terminal truncated shed forms have been reported
for transmembrane bound furin, SKI-1 as well as PC1, PC5 and PC7
[1]. Alternatively cleavage by an endogenous protease at an unknown site cannot be ruled out. Finally it is possible that the other

inactive 38 kDa PC4 protein found mainly in E2 and E3 pool may
be derived from another autocatalytic shedding at RASR404;PA
leading to the fragment rPC427–404 (MW = 42,272). Another possibility is that this band may in fact be an active rPC4111–486
(MW = 41,312), whose activity could not be detected due to instability in our ﬂuorescent zymogram condition. Further studies will
be required to validate one or more of these propositions. The
observation that a signiﬁcant amount of PC4 protein remained
bound to cell membrane supported the earlier notion that PC4
despite lacking a transmembrane domain is associated with
cell membrane possibly via GPI (glycosyl phosphatidylinositol)
anchor [9].
Our puriﬁed LEXSY rec-PC4 exhibited protease activity towards
synthetic ﬂuorogenic MCA and IQF-peptides as well as pro-proteins such as IGF-2, despite the presence of carboxypeptidase Y
(CpY) as a contaminant. We showed that this exopeptidase activity
can be easily suppressed by a speciﬁc CpY-inhibitor, gemsa. We
showed that our puriﬁed rec-PC4 efﬁciently cleaved 14 kDa proIGF-2 yielding 7 kDa mature form [9]. No additional cleavage was
noted even upon prolonged digestion conﬁrming that proIGF-2 in
reproductive tissues is a natural substrate of PC4. Presence of
CpY activity is not uncommon in many mammalian and protozoan
expression systems including LEXSY [2,3]. In future, studies could
be directed to completely remove CpY activity from the puriﬁed
PC4-activity.
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Fig. 8. (A) Graphic presentation of Cornish–Bowden plot (1/V vs inhibitor concentration) showing inhibition of puriﬁed rec-rPC4-activity by rPC4101–116 peptide. Inhibition
constant, Ki, was measured by using three different concentrations (5, 20 and 50 lM) of PC4-substrate Boc-RVRR-MCA as indicated in the ﬁgure. Raw ﬂuorescence units (RFU)
released per hour were measured with wavelengths ﬁxed at kex = 360 and kem = 470 nm and the data transformed into pmol free AMC released per hour by using standard
curve. Curves were best ﬁtted as described in Experimental Procedures. (B and C) Inhibition of rec-rPC4-activity by peptidyl chloromethyl ketones (cmks) at various
concentration levels. Sigmoidal graphs obtained from plot of enzyme activity (measured as pmol free AMC released per hour from 50 lM Boc-RVRR-MCA) of puriﬁed rec-rPC4
vs logarithm of concentration of PC4 inhibitor namely Dec-RVRR-cmk or Dec-RVRK-MCA. Measured IC50 values obtained from the graphs and corresponding standard
deviations are displayed in the ﬁgures.

In this study we also reported the production of a new polyclonal PC4-Ab developed against the C-terminal rPC4419–441 domain, which like the commercial Ab-1 antibody was able to
detect efﬁciently both 62 and 53 kDa PC4 bands. Currently development of a third PC4-Ab against a conserved domain is in progress. Such an antibody is expected to be useful for detection of
endogenous PC4 in tissue and biological samples irrespective of
species of origin.
In light of increasing interest in PC4-inhibitors for clinical and
therapeutic reasons, we have developed small PC4-inhibitors in
this study. Our data showed that Dec-RVRR-cmk and Dec-RVRKcmk both inhibited PC4-activity with a high degree of potency
(IC50 12–16 nM range). This suggested that in the context of this
tetrapeptide sequence, PC4 recognizes a Lys residue at P1 position
as efﬁciently as the Arg residue. However it will be of great interest
to examine and compare the inhibitory effects of these peptidecmks towards other PC-enzymes. Previous studies indicate that
PCs including PC4 cleave protein bonds only at the C-terminus to
Arg but not to Lys [1,2]. Therefore in this regard, the current study
provided additional information about the substrate speciﬁcity of
the enzyme. Another aspect of this study is the demonstration that

the prodomain peptide rPC4101–116 encompassing the primary
cleavage site is a strong competitive inhibitor of PC4 enzyme with
Ki 3.8 lM when measured against Boc-RVRR-MCA. However at
very low concentration, it actually activated PC4 slightly. This bimodal behavior may be explained by the fact that the peptide ﬁrst
behaved as a substrate to PC4 enzyme and then exerted its inhibitory property possibly via the cleaved fragments. The above PC4prodomain peptide also suppressed PC4-mediated cleavage of
model synthetic IQF-peptides derived from ADAMs-1, 2 and 5 in
a dose-dependent manner. Further studies need to be carried out
to study the effect of this inhibitor on the processing of full length
forms of these proteins owing to their crucial role in sperm–egg
interaction and fertilization. In fact our very recent data revealed
that this peptide, in fact, can prevent PC4 processing of ADAM-2
protein isolated from mouse sperm. Furthermore its dose-dependent inhibitory action on sperm–egg interaction and in vitro fertilization in mouse model has also been demonstrated (manuscript in
preparation). Availability of nearly pure and active soluble rec-PC4,
its synthetic inhibitors and a polyclonal antibody developed
against its C-terminal domain will be extremely valuable for further biological study and characterization of PC4 enzyme. In addi-
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tion it will also help to identify and/or conﬁrm its proposed physiological substrates. This includes not only the ADAM proteins and
IGFs but also the recently discovered epididymal antimicrobial
peptides such as HE (human epididymus) and SPAG (sperm antigen) proteins of defensin family [32] found in human epididymal
duct. Preliminary studies in our laboratory revealed that these proteins may be processed by PC4 enzyme to generate sperm binding
antimicrobial peptides but the exact cleavage site and the enzyme
responsible have yet not been identiﬁed. Based on their expression
sites and cleavage motifs, PC4 appears to be a good candidate. The
present study further indicated the role of PC4-activity in the maturation of sperm surface proteins such as ADAMs and IGF-2 and
demonstrates the potential of PC4-inhibitors as non-hormonal
contraceptive and sperm protective agents against infection. Our
study will further draw attention to increasing research in this
important ﬁeld of reproductive biology with PC4 as the central
molecule. The regulation of activity of this enzyme is an important
balancing factor for healthy conception.
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