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We have cloned a human ¢cDNA encoding a new serine
protease that has been called polyserase-2 (polyserine
protease-2) because it is the second identified human
enzyme with several tandem serine protease domains in
its amino acid sequence. The first serine protease do-
main contains all characteristic features of these en-
zymes, whereas the second and third domains lack one
residue of the catalytic triad of serine proteases and are
predicted to be catalytically inactive. This complex do-
main organization is also present in the sequences of
mouse and rat polyserase-2 and resembles that of poly-
serase-1, which also contains three serine protease do-
mains in its amino acid sequence. However, polyserase-2
lacks additional domains present in polyserase-1, in-
cluding a type II transmembrane motif and a low-den-
sity lipoprotein receptor A module. Enzymatic analysis
demonstrated that both full-length polyserase-2 and its
first serine protease domain hydrolyzed synthetic pep-
tides used for assaying serine proteases. Nevertheless,
the activity of the isolated domain was greater than that
of the entire protein, suggesting that the two catalyti-
cally inactive serine protease domains of polyserase-2
may modulate the activity of the first domain. Northern
blot analysis showed that polyserase-2 is expressed in
fetal kidney; adult skeletal muscle, liver, placenta, pros-
tate, and heart; and tumor cell lines derived from lung
and colon adenocarcinomas. Finally, analysis of post-
translational processing mechanisms of polyserase-2 re-
vealed that, contrary to those affecting to the mem-
brane-bound polyserase-1, this novel polyprotein is a
secreted enzyme whose three protease domains remain
as an integral part of a single polypeptide chain.

Proteolytic enzymes or proteases are a diverse group of pro-
teins that perform a common biochemical reaction, the hydrolysis
of peptide bonds. Proteases were first described as gastric juice
enzymes involved in the nonspecific degradation of dietary pro-
teins. However, multiple studies have demonstrated that they

* This work was supported by grants from the Comisién Interminis-
terial de Ciencia y Tecnologia-Spain, Gobierno del Principado de Astu-
rias, Fundacién la Caixa, and European Union (FP5, Cancer De-
gradome-FP6). The Instituto Universitario de Oncologia is supported by
Obra Social Cajastur-Asturias and Red de Centros de Cancer-Instituto
Carlos III, Spain. The costs of publication of this article were defrayed
in part by the payment of page charges. This article must therefore be
hereby marked “advertisement” in accordance with 18 U.S.C. Section
1734 solely to indicate this fact.

The nucleotide sequence(s) reported in this paper has been submitted
to the GenBank™ / EBI Data Bank with accession number(s) AJ627034,
AJ784938, and AJ784939.

+ To whom correspondence should be addressed. Tel.: 34-985-106282;
Fax: 34-985-103564; E-mail: santical@uniovi.es.

This paper is available on line at http://www.jbc.org

may also act as highly specific processing enzymes and perform a
selective and limited cleavage of specific substrates (1). These
proteolytic processing events are essential for the regulation of
multiple events such as cell cycle progression, tissue morphogen-
esis and remodeling, cell proliferation and migration, ovulation,
angiogenesis, hemostasis, apoptosis, and autophagy (1-6). Con-
sistent with these diverse and essential roles of proteases in
living organisms, structural changes in these enzymes or alter-
ations in their expression patterns underlie many pathological
conditions such as metabolic diseases, neurodegenerative disor-
ders, cardiovascular alterations, arthritis, and cancer (7). This
large and growing functional complexity of proteases in both
normal and pathological conditions results from the presence in
all organisms of multiple enzymes with the ability to catalyze
proteolytic processing reactions. To date, more than 550 pro-
teases and protease homologs have been annotated in the hu-
man, mouse, and rat genomes (7, 8) (www.merops.ac.uk; web.
uniovi.es/degradome). The complexity of protease systems is also
apparent in other model organisms such as Caenorhabditis el-
egans, Drosophila melanogaster, and Arabidopsis thaliana,
whose genomes encode a similar number of proteases as verte-
brate genomes (9) (www.merops.ac.uk).

Recently, and as part of our studies aimed at characterizing
mammalian degradomes (the complete set of proteases present
in these organisms), we have identified and cloned a human
liver cDNA encoding an unusual mosaic protease called poly-
serase-1 (polyserine protease-1) (10). This protein exhibits a
complex modular architecture composed of a type II transmem-
brane motif, a low-density lipoprotein receptor A module, and
three tandem serine protease domains. Interestingly, analysis
of post-translational processing mechanisms of polyserase-1
revealed that it is synthesized as a membrane-bound protein
that undergoes a series of proteolytic processing events to gen-
erate three independent serine protease domains. The complex
mosaic architecture of polyserase-1 is conserved in the pre-
dicted sequence for its mouse and rat orthologs, although the
putative functional advantages derived from this multidomain
architecture are still unclear. Nevertheless, similar mosaic
structures can also be found in serine proteases from other
organisms. This is the case for ovochymase from Xenopus lae-
vis, which also possesses three serine protease modules that
are post-translationally released from a single polyprotein
product (11). Likewise, oviductin from X. laevis or Bufo japoni-
cus contains two serine protease domains that also undergo
proteolytic processing events to generate independent units
(12, 13). Furthermore, analysis of the genome sequence of
D. melanogaster and C. elegans has also revealed the occur-
rence of some predicted genes with several serine protease
modules, although it is not known whether they are an integral
part of a single polyprotein or are post-translationally cleaved
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(14, 15). Taken together, these findings suggest that the evo-
lutionary design of polyproteases may represent an additional
strategy for increasing the complexity of the degradome from
different species (1). In this work, we have evaluated the pos-
sibility that the human genome could encode additional mosaic
proteases similar to polyserase-1 and found a gene coding for a
protein with three tandem serine protease domains that has
been called polyserase-2. We report the cloning of a full-length
cDNA for this protein as well as an enzymatic analysis of the
recombinant protein produced in eukaryotic cells. We also an-
alyze the tissue distribution of polyserase-2 and demonstrate
that, contrary to the membrane-bound polyserase-1, this novel
polyprotein is a secreted enzyme whose serine protease do-
mains remain as an integral part of the initial protein product.

EXPERIMENTAL PROCEDURES

Materials—Restriction endonucleases and other reagents used for mo-
lecular cloning were from Roche Applied Science. Double-stranded DNA
probes were radiolabeled with [a-*2P]dCTP (3000 Ci/mmol) from Amer-
sham Biosciences, using a commercial random-priming kit purchased
from the same company. Nylon filters containing polyadenylated RNAs
from human tissues were from Clontech. PCR amplifications were per-
formed with the Expand™ High Fidelity PCR system (Roche Applied
Science). Reverse transcription-PCRs were carried out using the Thermo-
script reverse transcription-PCR system from Invitrogen.

Bioinformatic Screening of the Human Genome and cDNA Cloning—
Human polyserase-1 ¢cDNA sequence and the BLAST program were
used to look for regions of the human genome that could encode new
polyserine proteases. These bioinformatic searches led us to the iden-
tification of a region in chromosome 16p11.2 that showed a structural
organization similar to that of the gene encoding polyserase-1 (10).
Then, a PCR-based strategy was used to clone the full-length ¢cDNA for
this putative novel polyprotease. First, specific oligonucleotides derived
from the identified genomic sequences were used to screen a panel of
human ¢DNA libraries. The sequences of the designed primers were as
follows: poly2-f1 (forward), 5'-TCTCCAGATATTGCCAGGGAT-3'; and
poly2-rl (reverse), 5-TGTGTCTCAGTCTCCTCCCCA-3'. All PCRs
were performed in a GeneAmp 2400 PCR system from PerkinElmer Life
Sciences for 40 cycles of denaturation (94 °C, 20 s), annealing (63 °C,
20 s), and extension (68 °C, 60 s). After cloning of the PCR-amplified
products in pBlueScriptIl (Invitrogen), the identities of the products
were confirmed by nucleotide sequencing using the DR terminator
TaqFS kit and the ABI-PRISM 310 automatic DNA sequencer
(PerkinElmer Life Sciences). The 5'- and 3’-ends of the cloned ¢cDNA
were extended by successive rounds of rapid amplification of cDNA
ends. Finally, the full-length cDNA was obtained by PCR amplification
using primers ATGpoly?2 (forward; 5'-ATGGCCCGGCACCTGCTCCTC-
3') and ENDpoly2 (reverse; 5'-TTAGCTCTGGATCAGGAGAGT-3').
The PCR conditions for this amplification were as described above, but
with 280 s of extension. The sequences of the mouse and rat ortholog
¢DNAs were deduced using the human sequence as a query to search
the available mouse and rat genome sequences (16, 17). Then, the
deduced sequences were confirmed by reverse transcription-PCR am-
plifications using RNA extracted from mouse and rat liver, respectively.

Chromosomal Mapping and Gene and Protein Structure Analysis—
Identified genomic sequences were mapped to a specific human chro-
mosomal region through the Ensembl genome browser at www.
ensembl.org. Gene analysis was carried out using different programs
available at www.hgmp.mrc.ac.uk. Protein structural analysis was per-
formed using different programs available at www.expasy.org. All the
remaining bioinformatic analysis were carried out using the tools avail-
able at www.hgmp.mrc.ac.uk.

Northern Blot Analysis—Nylon filters containing poly(A)*™ RNA of
diverse human tissues were prehybridized at 42 °C for 3 h in 50%
formamide, 5X saline/sodium phosphate/EDTA, 10X Denhardt’s solu-
tion, 2% SDS, and 100 pg/ml denatured herring sperm DNA. Hybrid-
ization was performed with a radiolabeled 656-base pair BamHI-Nhel
fragment of polyserase-2 cDNA. After hybridization for 20 h under the
same conditions used for prehybridization, filters were washed with
0.1x SSC, 0.1% SDS for 2 h at 50 °C and autoradiographed.

Construction of Expression Vectors and Western Blot Analysis—Full-
length ¢cDNA encoding polyserase-2 was first cloned between HindIII
and Xhol of a modified pCEP4 expression vector (Invitrogen). To do
this, the full-length ¢cDNA encoding polyserase-2 was PCR-amplified
with oligonucleotides 5'-TTAAAGCTTCCATGGCCCGGCACCTGCTC-

Human Polyserase-2

C-3" and 5'-TCACTCGAGCTAGCTCTGGATCAGGAGAGTC-3’, where
the HindIII and Xhol sites are underlined. Additionally, two oligo-
nucleotides (5'-CTAGCAGACTACAAGGACGACGATGACAAG-3’' and
5'-CTAGCTTGTCATCGTCGTCCTTGTAGTCTG-3') were used to in-
troduce a FLAG epitope at the Nhel site at position 1684, located
between the second and third serine protease domains, in a position
where the putative activation sites were not affected. The resulting
vector, pPCEP-pol2, was used to transfect HeLa, COS-7, and 293-EBNA
cells using Lipofectamine reagent (Invitrogen). Two additional vectors
lacking the activation domain present in the first module of poly-
serase-2 were prepared in the same modified vector indicated above.
One of these constructs contained the first serine protease domain of
the polyserase-2 (pCEP-pol2spd1) with a FLAG epitope at the C termi-
nus, whereas the second construct contained the entire protein (pCEP-
pol2AAD). These new constructs were used for transfection experiments
as described above. When indicated, tunicamycin at a final concentra-
tion of 1 ug/ml was added to the wells. Conditioned medium obtained
from the different cell lines was dialyzed against phosphate-buffered
saline buffer and concentrated about 10-fold using Microcon Filter
Devices (Amicon). Alternatively, conditioned medium was precipitated
with an equal volume of cold acetone. Then, the expression of the
recombinant proteins was analyzed by Western blot using the anti-
FLAG M2 antibody (Sigma). Blots were visualized with an enhanced
chemiluminescence kit according to the manufacturer’s instructions
(Amersham Biosciences).

Immunocytochemical Analysis—After transfection, COS-7 or HeLa
cells were fixed with 4% paraformaldehyde in phosphate-buffered sa-
line. Then, the cells were permeabilized for 5 min with 0.2% Triton
X-100 in phosphate-buffered saline. Blocking was performed with 1.5%
fetal bovine serum in phosphate-buffered saline. Blocked slices were
incubated for 2 h with several dilutions of the primary anti-FLAG
antibody, followed by a 2-h incubation with a secondary fluorescein-
conjugated sheep anti-mouse antibody (Amersham Biosciences). To vi-
sualize DNA in the cell nucleus, 4',6’'-diamidino-2-phenylindole hydro-
chloride was added to the samples at 100 ng/ml. Then, the slides were
coverslipped in the presence of Vectashield medium (Vector Laborato-
ries) and imaged by fluorescence microscopy.

Enzymatic Analysis—Different batches of COS-7 and 293-EBNA
cells were transfected with pCEP-pol2, pCEP-pol2spdl, pCEP-
pol2AAD, and empty pCEP vectors. After 48 h, the supernatants of
these cultures were harvested, and the presence of similar levels of the
recombinant proteins pol2, pol2spdl, and pol2AAD was assessed by
Western blot and by Coomassie Blue staining of the recombinant deg-
lycosylated proteins, followed by densitometry. The putative enzymatic
activity of these proteins was analyzed by using the synthetic fluores-
cent substrates N-t-Boc-Gln-Ala-Arg-AMC,' N-t£-Boc-Gln-Gly-Arg-
AMC, N-t-Boc-Ala-Phe-Lys-AMC, and N-¢-Boc-Val-Leu-Lys-AMC. Rou-
tine assays were performed at 37 °C at a substrate concentration of 50
MM in an assay buffer containing 50 mm Tris'HCl (pH 7.5), 150 mMm
NaCl, and 1% Me,SO. The fluorometric measurements were made in an
LS55 PerkinElmer Life Sciences spectrofluorometer (A,, = 360 nm,
Aem = 460 nm). The fluorescence units were standardized with AMC
(Sigma). The enzymatic activity of each sample was detected as the
increase in fluorescence at 37 °C for different times. Conditioned me-
dium from cells transfected with the empty vector was assayed as a
control. These control proteolytic activities were subtracted from those
of pol2-, pol2spd1-, and pol2AAD-containing supernatants. For inhibi-
tion assays, the conditioned media were preincubated for 1 h at 37 °C
with 2 mM synthetic proteinase inhibitors (Calbiochem), and the hydro-
lyzing activity of the resulting samples was determined by fluorometric
measurements as described above.

RESULTS

Identification and Characterization of a New Human Poly-
serine Protease—We used the recently described sequence of
polyserase-1 and the BLAST algorithm to look for regions in
the human genome that could encode serine proteases with
several protease domains embedded within the same polypep-
tide chain. This bioinformatic search allowed us to identify a
region in chromosome 16p11.2 that contained coding informa-
tion for three serine protease domains located very close to each
other. After PCR experiments with RNA from human liver, we
confirmed that these three protease domains were encoded by

! The abbreviation used is: AMC, 7-amino-4-methylcoumarin.
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Fic. 1.Deduced amino acid sequence and domain organization of human polyserase-2 cDNA. A, the deduced amino acid sequence is
shown in single-code letter. The three serine protease domains are underlined. The putative N-glycosylation sites are indicated with a black dot.
The residues (His, Asp, and Ser) corresponding to the catalytic triad of the first serine protease domain are shaded in black. Equivalent residues
of the second and third serine protease domains are shaded in gray, indicating the Ser (second serine protease domain) and Pro (third serine
protease domain) residues that differ from those expected for an active serine protease. B, schematic representation of the domain structure of

polyserase-2.

a single gene. Computer analysis of the identified cDNA indi-
cated that it codes for a protein of 855 amino acids, with a
predicted molecular mass of 93 kDa, containing nine potential
N-glycosylation sites (GenBank™ accession number AJ627034)
(Fig. 14).

Further analysis of the cloned ¢cDNA confirmed that the

identified protein possesses structural hallmarks characteris-
tic of serine proteases (14, 18), although it also exhibits some
particular features (Fig. 1, A and B). Thus, the sequence con-
tains a recognizable signal peptide (positions 1-22), which pre-
dicts that this protein is directed to the secretory pathway.
Following this hydrophobic sequence, there is a propeptide
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Fic. 2. Relationships between polyserase-2 and other serine proteases. A, comparison of the primary structure of the three serine
protease domains of polyserase-2 with other related proteins. Active site amino acids are marked with a black dot. Pol2spd and pollspd indicate
the different serine protease domains of polyserase-2 and polyserase-1, respectively. B, organization of the human polyserase-2 gene and
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Fic. 3. Analysis of polyserase-2 expression in human tissues and tumor cell lines. Approximately 2 ug of polyadenylated RNA from the
indicated tissues or tumor cell lines was hybridized with a probe specific for polyserase-2. The positions of the RNA markers are shown. The filters
were subsequently hybridized with an actin probe to ascertain the differences in RNA loading among the different tissues.

domain that ends in a conserved Arg residue (position 46),
which corresponds to the activation site found in most mem-
bers of this family of proteolytic enzymes (19). This site is
followed by the first serine protease domain (positions 47—289)
that includes the catalytic triad required for the activity of the
serine proteases. This triad comprises the residues His®’,
Asp'®, and Ser?*2. This last residue is included within the
conserved motif Gly-Asp-Ser-Gly-Gly (positions 241-245) char-
acteristic of serine proteases. Following the first serine prote-
ase domain, two additional serine protease modules can be
recognized. However, these additional domains are preceded by
sequences unrelated to the conserved activation motif present
in the first domain of the identified polyprotease as well as in
most serine proteases. In addition, the second and third serine
protease domains contain some remarkable changes in resi-
dues that would conform their catalytic triad. Thus, the second
protease domain of the polyprotease (positions 327-552) dis-
plays the characteristic Asp and Ser residues of the triad at
positions 410 and 510 but lacks the His residue, which is
substituted by a Ser residue at position 363. Likewise, the third
serine protease domain contains conserved His and Ser resi-
dues (at positions 630 and 766, respectively) but lacks a con-
served Asp that is replaced by a Pro residue (position 679). It is
also noteworthy that the putative catalytic Ser residues pres-
ent in the second and third domains of the polyprotease are
found within regions (Asn-Asp-Ser-Arg-Trp and Met-Thr-Ser-
Ala-Pro), which do not resemble the consensus sequence Gly-
Asp-Ser-Gly-Gly characteristic of serine proteases. Based on
these structural characteristics, we propose that the second
and third serine protease domains of the polyprotease are
catalytically inactive. It is also remarkable that the first cata-
lytic domain exhibits some additional features of serine pro-
teases (Figs. 1 and 2). Thus, the six Cys residues involved in the
formation of three disulfide bonds in the catalytic region
(Cys™®—Cys®8, Cys2°¢—Cys?2®, and Cys?*°—Cys?%7) are conserved
in the first protease domain of the polyprotein. The second
domain also contains six conserved Cys residues (Cys>4®

Cys®%*, Cys?"?—Cys*®, and Cys®°~Cys®34), whereas the third

domain maintains five of these residues (Cys®®-Cys®3!,
Cys™®"—Cys™?!, and Cys”®?) but lacks the last Cys potentially
involved in the formation of the third disulfide bond. As in
other serine proteases, a fourth disulfide bond is predicted to be
formed between Cys®® located at the propeptide of the first
protease domain and Cys'”® of the catalytic region of this
domain; equivalent disulfide bonds should be formed between
Cys®2® and Cys*** of domain 2 and Cys®®® and Cys”*! of domain
3. The formation of the first of these predicted disulfide bonds
would imply that the catalytic domains of the polyprotease
should still remain linked to the main polypeptide chain even
after cleavage at the activation site. All these structural fea-
tures are also conserved in the sequence of the putative mouse
and rat orthologs, whose sequence was deduced by using the
identified human sequence as query and then amplified by
reverse transcription-PCR using RNA from mouse and rat liver
(GenBank™ accession numbers AJ784939 and AJ784938).
The percentage of identity between the human polyprotein and
its predicted mouse and rat orthologs is 80.2% and 79.5%,
respectively. The genes encoding the mouse and rat polypro-
teins are located in chromosomes 7F4 and 1p36, within regions
syntenic to chromosome 16p11.2, where the human gene is
located. In summary, and according to this structural analysis,
we can conclude that the cloned human, mouse, and rat cDNAs
encode a novel polyprotein with three serine protease domains,
which we have tentatively called polyserase-2.

Relationship of Polyserase-2 to Other Serine Proteases—The
predicted amino acid sequences of each of the three serine
protease domains of polyserase-2 exhibit a significant degree of
identity with different enzymes belonging to this catalytic
class. Thus, the first domain shows the highest percentage of
identity with yl-tryptase (42%) (20), pancreasin (42%) (21),
different members of the type II transmembrane serine pro-
teinase family such as matriptase (40%) and matriptase-2
(40%) (22—-24), and the three serine protease domains of poly-
serase-1 (41%) (10). The second domain is most closely related
to matriptase-2 (33% identities), prostasin (30%) (25), e-tryp-
tases (29%) (26), and the three serine protease domains of

comparison with other serine protease genes. The relative positions of the exons are indicated by boxes. In the case of matriptase, only the
exon/intron organization of its serine protease domain is represented. H, D, and S refer to positions of the codons that encode the catalytic triad
amino acids in each protease gene. C, phylogenetic tree of different human serine proteases related to polyserase-2. The analysis was performed
using the serine protease domain of the different proteins and the Phylogeny Interface Environment program supplied by the Human Genome

Mapping Project.
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Fic. 4. Immunocytochemical detection and analysis of recombinant polyserase-2 expression in human cell lines. A, image captured
by fluorescence microscopy of COS-7 cells transfected with pCEP-pol2 and incubated with an anti-FLAG antibody followed by incubation with a
secondary fluorescein-conjugated antibody (FITC). This signal was not detected in cells transfected with an empty vector. The observed cytoplasmic
fluorescence indicates that polyserase-2 is not a membrane-anchored protease. DNA in the cell nucleus was visualized with 4',6’-diamidino-2-
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polyserase-1 (29%) (10). Finally, the third domain also shows a
similar percentage of identity with these same proteins (30%
with prostasin, 29% with matriptase-2, 29% with e-tryptase,
28% with yl-tryptase, and 27% with the serine protease do-
mains of polyserase-1). Alignment of the three protease do-
mains of polyserase-2 with some representative members of
these serine proteases confirmed the common features shared
by these enzymes, and the sequence conservation around the
amino acids forming the catalytic triad of the first protease
domain was particularly remarkable (Fig 2A).

Analysis of the exon-intron organization of the catalytic re-
gion of the first serine protease domain showed that it is
similar to that found in the equivalent region of matriptase and
matriptase-2 genes, as well as to that corresponding to the two
active domains of the polyserase-1 gene (Fig. 2B; data not
shown). By contrast, the genomic region that comprises the
initial exons encoding the signal sequence and the propeptide
of polyserase-2 is similar in size to that found in the o/B-
tryptase genes, with the exception that three coding exons are
found in the case of polyserase-2, but only two exons are pres-
ent at the equivalent region of o/B-tryptases (Fig. 2B). The
y-tryptase or pancreasin genes also contain two coding exons,
but they are embedded within much longer genomic sequences.
However, exon-intron organization of the second and third
domains of polyserase-2 resembles that found in the y-tryptase
and pancreasin genes, as well as that found in the third pro-
tease domain of polyserase-1 (Fig. 2B; data not shown). The
phylogenetic tree analysis shown in Fig. 2C confirmed that the
three serine protease domains of polyserase-2 are closely re-
lated to each other and that they are only distantly related to
members of both the type II transmembrane serine proteinase
and tryptase/pancreasin subfamilies of serine proteinases.

Tissue Distribution of Polyserase-2—Northern blots containing
poly(A)* RNAs from a variety of fetal and adult human tissues
were used to determine the pattern of polyserase-2 expression
(Fig. 3). Using a specific probe for polyserase-2, a band of ~5 kb
was detected in fetal kidney as well as in adult skeletal muscle,
liver, placenta, and heart. An additional polyserase-2 transcript
of ~2.2 kb and of lower intensity could also be detected in pla-
centa and prostate. This transcript was also observed in the
human tumor cell lines SW480 and A549, which were derived
from colon and lung adenocarcinomas, respectively. The major
band could correspond to a transcript for the full-length poly-
serase-2 cDNA, whereas the minor transcript could derive from
an alternative splicing event and result in a protein lacking one
or two of the serine protease domains. Consistent with this, the
conceptual translation of the human expressed sequence tag
BM768456 indicates the existence of an alternative splicing in
exon 13 of the gene. The corresponding full-length cDNA would
lack the region comprised between guanine 1981 and guanine
2167 (Fig. 1). The consequence of this splicing event is a frame-
shift that causes the introduction of a premature stop codon at
the beginning of the third domain, resulting in a protein with
only two complete serine protease domains. Bioinformatic
analysis using different programs available at the NIX tool at
www.hgmp.mrc.ac.uk/allowed us to predict a polyserase-2 tran-
script of ~5.5 kb. Nevertheless, several putative polyadenylation
sites are predicted in the polyserase-2 gene, suggesting that
different mRNA transcripts can be generated for this gene.
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Production of Recombinant Polyserase-2 in Transfected Hu-
man Cells—COS-7, 293-EBNA, and HeLa cells were trans-
fected with the plasmid pCEP-pol2, and an anti-FLAG anti-
body was used to immunolocalize the polyserase-2 recombinant
protein. As can be seen in Fig. 4A, the fluorescent signal de-
tected in COS-7 cells is predominantly cytoplasmic, and there
is no staining at the cell surface. Similar results were obtained
in 293-EBNA and HeLa transfected cells (data not shown). In
all cases, some cells exhibit an eccentric perinuclear immuno-
fluorescence, which is indicative of the presence of these pro-
teins in the endoplasmic reticulum or in the Golgi apparatus. It
is remarkable that the fluorescent signal can be detected only
if the polyserase-2 transfected cells have been previously per-
meabilized but is absent if samples were not treated with
Triton X-100 (data not shown). This situation clearly differs
from that observed in polyserase-1, in which the corresponding
fluorescent signal can be detected without permeabilization of
the cells, as a consequence of its membrane localization (10).
According to this finding, we conclude that polyserase-2 is not
a membrane-anchored protein and that it is likely secreted to
the extracellular medium.

To further evaluate this possibility, conditioned medium of
cells transfected with pCEP-pol2 and pCEP-pol2AAD vectors
was analyzed by Western blot using anti-FLAG monoclonal
antibodies. As shown in Fig. 4B, two immunoreactive bands of
~100 and 130 kDa were detected in cells transfected with the
polyserase-2 constructs. These bands were absent in cells
transfected with the empty vector. To determine whether the
presence of both polyserase-2 immunoreactive bands could be
due to differences in the degree of N-glycosylation, transfected
cells were treated with tunicamycin and then analyzed by
Western blot as described above. As can be seen in the left
panel of Fig. 4B, a single major band of ~100 kDa was detected
for polyserase-2 in the presence of this inhibitor of N-glycosy-
lation. SDS-PAGE analysis of this conditioned medium from
transfected cells treated with tunicamycin also showed the
presence of a 100-kDa band that was absent in the medium of
cells transfected with the empty vector (Fig. 4B, right panel).
These results strongly suggest that this enzyme is partially
glycosylated and secreted outside the cell, remaining soluble in
the extracellular medium. The expression of the first serine
protease domain was also analyzed by transfection with the
pCEP-pol2spd1 vector (Fig. 4B). Western blot analysis using an
anti-FLAG monoclonal antibody revealed the presence of a
wide and diffuse immunoreactive band slightly higher than 37
kDa, the expected size for this recombinant truncated protein
plus the epitope. This finding again suggests that this first
serine protease domain is glycosylated, as can be inferred from
the number of potential N-glycosylation sites predicted in this
region of the polyserase-2 amino acid sequence.

Enzymatic Activity of the Recombinant Polyserase-2—To in-
vestigate the enzymatic activity of human polyserase-2, we
used about 4 ng of the recombinant proteins detected in the
conditioned medium of the different transfections (Fig. 5B,
inset; data not shown). Only the two constructs lacking the
prodomain, pol2spd1 and pol2AAD, showed measurable activ-
ities against a panel of synthetic fluorescent peptides com-
monly used for assaying serine proteinases. Thus, pol2spdl
hydrolyzed the peptides N-t-Boc-Gln-Ala-Arg-AMC and N-t-

phenylindole hydrochloride (DAPI). B, expression of the different recombinant proteins employed in this work. Left panel, Western blot of dialyzed
and concentrated medium conditioned by COS-7 cells transfected with a plasmid encoding FLAG-tagged polyserase-2 (pol2), polyserase-2 lacking
the activation domain (pol2AAD), and the first serine protease domain lacking the activation domain (pol2spd1). Pol2(T) indicates treatment with
tunicamycin, and C- indicates conditioned medium from cells transfected with the empty vector. The concentration of the SDS-PAGE gel was 12%,
and the molecular mass markers (in kDa) are indicated on the left. Right panel, 8% Coomassie Blue-stained SDS-PAGE gel of 600 ul of conditioned
medium precipitated with acetone and showing a band corresponding to deglycosylated polyserase-2, indicated by an arrowhead. Polyserase-2
identity was confirmed by Western blot analysis with an anti-FLAG M2 antibody.
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Fic. 5. Analysis of the enzymatic activity of polyserase-2 on
synthetic peptides. A, synthetic fluorescent peptides N-t-Boc-Gln-
Ala-Arg-AMC, N-t-Boc-Gln-Gly-Arg-AMC, N-t-Boc-Ala-Phe-Lys-AMC,
and N-t-Boc-Val-Leu-Lys-AMC (50 uM) were incubated with 10 ul of the
first catalytic module of polyserase-2 (pol2spdI) in 50 mMm Tris-HC], 150
mM NaCl, pH 7.5, at 37 °C, in a final volume of 100 pul. The fluorometric
measurements were made at A,, = 360 nm and A, = 460 nm. B, for
inhibition assays, synthetic peptide N-¢-Boc-Gln-Ala-Arg-AMC was in-
cubated with polyserase-2 in the presence or absence of 2.5 mm EDTA,
10 um E-64, or 2 mMm 4-(2-aminoethyl)-benzenesulfonyl fluoride
(AEBSF), and fluorescence was measured as described above. The ac-
tivity of the full-length polyserase-2 lacking the activation domain
(pol2AAD) against N-¢t-Boc-Gln-Ala-Arg-AMC was also measured. Inset,
Western blot showing equivalent amounts of Pol2AAD and Pol2spd1
proteins (indicated by arrows). C-, conditioned medium from cells trans-
fected with the empty vector. The obtained data were derived from four
different transfections carried out in COS-7 cells. Similar results were
obtained when 293-EBNA cells were used.

Boc-GIn-Gly-Arg-AMC and, to a lesser extent, N-t-Boc-Ala-
Phe-Lys-AMC and N-t-Boc-Val-Leu-Lys-AMC (Fig. 5A).
Pol2AAD showed a similar pattern of activity, although the
activity of this protein was less than that observed for the first
module of polyserase-2 (Fig. 5B). These data also indicate a
preference of polyserase-2 for substrates with an Arg instead of
Lys in position P1 (Fig. 5A), as described previously for other
related proteins such as pancreasin (21) or matriptase-2 (23,
24). The activity of both recombinant proteins was substan-
tially abolished with the serine proteinase inhibitor 4-(2-ami-
noethyl)-benzenesulfonyl fluoride, but not with EDTA or E-64,
thereby providing additional evidence for their classification as
serine proteases.

DISCUSSION

The detailed exploration of the human genome offers the
possibility to identify all members of large and complex protein
families, such as proteolytic enzymes that represent about 2%
of currently annotated genes in mammalian genomes (7). In
this work, we describe the finding of a new human protease
tentatively called polyserase-2 to emphasize its structural re-

Human Polyserase-2

lationship with polyserase-1, a complex mosaic polyprotein also
containing three serine protease domains within a single
polypeptide chain. The approach followed to identify polyser-
ase-2 was first based on a genomic search for regions encoding
serine protease domains that were very close to each other.
After identification of candidate regions and a series of PCR
and rapid amplification of cDNA end experiments using liver
cDNA as template, a full-length cDNA for human polyserase-2
was finally cloned and characterized.

The structural analysis of the sequence predicted for polyser-
ase-2 revealed some striking similarities compared with that of
polyserase-1 but also revealed clear differences in their modu-
lar architecture. Thus, both proteases contain three tandem
serine protease domains in their respective amino acid se-
quences. However, the polyserase-2 architecture is less com-
plex because of the lack of additional domains such as a type II
transmembrane sequence and a low-density lipoprotein recep-
tor A module present in polyserase-1 (10). Consistent with
these structural differences, experimental analysis demon-
strated that polyserase-2 is detected as a soluble protease,
whereas polyserase-1 is associated with the plasma membrane
through its type II transmembrane sequence. Further compar-
ative analysis of the three protease domains of both polypro-
teins revealed some additional differences between them. Thus,
we have reported previously that the first two protease do-
mains of polyserase-1 are proteolytically active, whereas the
third module is inactive because of the presence of an Ala
residue instead of the catalytic Ser residue in the active site.
However, analysis of the polyserase-2 structure indicated that
its first protease domain was the only one containing all char-
acteristic features of serine proteases, whereas the second and
third domains lacked one characteristic residue of the catalytic
triad of these enzymes and were predicted to be catalytically
inactive. In agreement with these structural findings, enzy-
matic analysis demonstrated that both full-length polyserase-2
and its first serine protease domain have the ability to hydro-
lyze fluorogenic peptides used for assaying serine proteases. In
addition, these proteolytic activities were extensively blocked
by inhibitors of serine proteases but not by inhibitors of other
classes of enzymes, thereby reinforcing the classification of
polyserase-2 as a serine protease. Interestingly, kinetic analy-
sis demonstrated that the activity of the first protease domain
of polyserase-2 produced as an independent unit was greater
than that of the entire protein, which includes the two addi-
tional protease domains predicted to be catalytically inactive.
According to these results, it is tempting to speculate that these
modules located at the C-terminal region of polyserase-2 could
act as dominant negative binding proteins with ability to reg-
ulate the activity of the first serine protease domain of the
polyprotein.

Analysis of putative post-translational processing mecha-
nisms occurring in human polyserase-2 also revealed interest-
ing differences compared with those affecting human polyser-
ase-1 and other polyserine proteases identified in amphibians.
Thus, the three protease domains present in polyserase-2 are
not cleaved from the original translation product and remain as
an integral part of a single polypeptide chain. By contrast,
polyserase-1 undergoes a complex series of proteolytic events
that lead to the generation of three independent serine prote-
ase units (10). Likewise, amphibian oviductin and ovochymase
also release their respective protease modules after translation
of a single polyprotein product (11-13). Structural analysis of
the sequences preceding the catalytic domains of these modules
may provide an explanation for the observed inability of poly-
serase-2 to generate independent protease units. Thus, al-
though the first catalytic domain of this polyprotein is preceded
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by a propeptide that ends in a conserved Arg residue present in
the activation site of serine proteases, this domain should still
remain anchored to the main chain through a conserved disul-
fide bond. However, the second and third domains are preceded
by sequences completely unrelated to these activation motifs,
thereby making unlikely that they can be separated from the
original translation product.

To date, it is difficult to understand the putative functional
advantages derived from the complex polyprotein designs occur-
ring in both polyserases as well as in two unrelated human
metalloproteases, such as angiotensin-converting enzyme (27—
29) and carboxypeptidase D (30), that also contain different pro-
tease domains in their amino acid sequences. In this work, and as
a very preliminary attempt to elucidate the physiological func-
tions of the newly identified polyserase-2, we have examined the
expression pattern of polyserase-2 in human tissues and tumor
cell lines. Northern blot analysis of human tissues showed that
this polyprotein is predominantly expressed in fetal kidney and
in adult skeletal muscle, liver, placenta, prostate, and heart. This
expression pattern somewhat resembles that of polyserase-1,
which is also produced by all these fetal and adult tissues. Sim-
ilarly to polyserase-1, polyserase-2 is also detected in several
cancer cell lines, opening the possibility that both polyproteins
could participate in some of the protease-mediated processes
associated with tumor development and progression (31-35) Also
in this regard, it is remarkable that the 16p11.2 chromosomal
region, where the polyserase-2 gene is located, has been associ-
ated with different genetic abnormalities linked to human ma-
lignancies such as myxoid liposarcoma (36) and acute myeloid
leukemia (37). Unidentified loci for paroxysmal kinesigenic cho-
reoathetosis (38), familial juvenile hyperuricemic nephropathy
(39), and autosomal dominant myxomatous mitral valve prolapse
(40) have also been linked to this region. The identification of the
in vivo substrates of polyserase-2 and the elucidation of the
functional role of this protease in normal tissues could help to
ascertain whether it is a direct target of any of these genetic
abnormalities. In this regard, identification of the murine or-
tholog of human polyserase-2 raises the possibility of generating
mice deficient in this gene, which would contribute to clarifica-
tion of the role of this enzyme in both physiological and patho-
logical processes.
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