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Background: The aims of this study were to develop
immunologic reagents and a sensitive and specific im-
munoassay for human kallikrein 13 (hK13) and to exam-
ine the presence of hK13 in human tissues and biolog-
ical fluids.
Methods: Recombinant hK13 protein was produced and
purified with use of a Pichia pastoris yeast expression
system. The protein was used as an immunogen to
generate mouse monoclonal and rabbit polyclonal anti-
hK13 antibodies. A sandwich-type immunoassay was
developed with these antibodies. The assay was used to
measure hK13 in various biological fluids and tissue
extracts. Immunohistochemical analysis was also per-
formed on nondiseased and cancerous prostatic sec-
tions.
Results: The hK13 immunoassay had a detection limit
of 0.05 �g/L and showed no cross-reactivity with homol-
ogous kallikreins. The assay was linear at 0–20 �g/L,
and within-and between-run CVs were <10% (n � 12).
hK13 was detected in tissues, including esophagus,
tonsil, trachea, lung, cervix, and prostate. hK13 was also
found in seminal plasma, amniotic fluid, follicular
fluid, ascites of ovarian cancer patients, breast milk, and
cytosolic extracts of ovarian cancer tissues. hK13 was
immunohistochemically localized in epithelial cells of

both nondiseased and cancerous prostate. hK13 appears
to be overexpressed in 50% of ovarian cancer tissues
compared with healthy ovarian tissues. Recovery of
active enzyme added to milk or amniotic fluid was
70–98%, but was <20% when added to serum, suggest-
ing rapid sequestration by protease inhibitors. In fluids
and tissue extracts, hK13 was found in its free (�30 kDa)
form.
Conclusions: This immunofluorometric assay for hK13
may be used to examine the value of hK13 as a disease
biomarker and to further explore the physiologic and
pathobiologic role of this enzyme in human disease.
© 2003 American Association for Clinical Chemistry

Serine proteases are proteolytic enzymes and play impor-
tant roles in physiologic processes, including digestion,
coagulation, fibrinolysis, apoptosis, cell migration, tissue
remodeling, and inflammation. The kallikreins are a sub-
family of the serine protease enzyme family (1, 2). The
human kallikrein gene family was, until recently, thought
to include only three members: KLK1, which encodes for
pancreatic/renal kallikrein (hK1);4 KLK2, which encodes
for human glandular kallikrein 2 (hK2); and KLK3, which
encodes for prostate-specific antigen (PSA; hK3) (3 ). The
best known of the three classic human kallikreins is PSA,
an important biomarker for prostate cancer diagnosis and
monitoring (4 ). Recently, new serine proteases with high
degrees of homology to the three classic kallikreins were
cloned. These newly identified serine proteases have now
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been included in the expanded human kallikrein gene
family. The entire human kallikrein gene locus on chro-
mosome 19q13.4 now includes 15 genes, designated
KLK1–KLK15; their respective proteins are known as hK1–
hK15 (5 ). The genomic organization and other structural
and functional characteristics of these genes and their
encoded proteins have recently been reviewed (6 ).

KLK13, previously known as KLK-L4, is one of the
newly identified kallikrein genes. KLK13 was cloned with
use of the positional candidate approach. The gene resides
on chromosome 19q13.4, spans �10 Kb of genomic DNA
sequence, and has five coding exons and four introns (7 ).
The protein has 47% and 45% sequence identity with PSA
and hK2, respectively (7 ). At the mRNA level, KLK13
expression is highest in the mammary gland, prostate,
testis, and salivary glands (7 ). The function of the protein
is still unknown. KLK13, like all other members of the
human kallikrein family, is predicted to encode a secreted
serine protease that is likely present in biological fluids.
However, no suitable method for measuring hK13 protein
with high sensitivity and specificity has been described.
Given the prominent role of PSA as a cancer biomarker
and the recent demonstration that other members of this
gene family are also potential cancer biomarkers (8–12),
we hypothesized that hK13 may also have utility as a
disease biomarker. To further investigate the diagnostic
and other clinical applications of this protein, it will be
necessary to develop highly sensitive and specific proce-
dures for its quantification in biological fluids and tissues.
Because no known natural source of hK13 exists, we
expressed this protein in yeast, purified the recombinant
protein to homogeneity, generated monoclonal and poly-
clonal antibodies, and developed an immunofluorometric
method for hK13 quantification. Using this assay, we
studied the tissue expression of hK13 and preliminarily
report that hK13 is overexpressed in ovarian cancer
tissues.

Materials and Methods
cloning of klk13 cDNA into the yeast expression
system
Recombinant hK13 was produced in the Pichia pastoris
yeast expression system (Invitrogen). Two primers were
designed to amplify the KLK13 cDNA sequence: the
forward primer was 5�-TCC AAG GAA TTC AAC ACC
AAT GGG ACC-3�, and the reverse primer was 5�-CCA
TTG TCT AGA TTG GGA CAT TCA GGT-3�. Human
salivary cDNA was used as a template. PCR was carried
out in a 20-�L reaction mixture, containing 1 �L of cDNA,
10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 200
�M deoxynucleoside triphosphates, 100 ng of primers,
and 2.5 U of Pfu DNA polymerase (Stratagene), in an
Eppendorf master cycler. The PCR conditions were 94 °C
for 5 min, followed by 94 °C for 30s, 62 °C for 30s, 72 °C
for 30 s, and a final extension at 72 °C for 5 min. The PCR
product was then cloned into the yeast expression vector
pPICZ�A by standard procedures (13 ). The sequence of

the construct was confirmed with an automated DNA
sequencer.

production of hK13 in yeast
The pPICZ�A vector containing the KLK13 cDNA se-
quence was introduced into the yeast strains X-33, KM71,
and GS115. A stable clone was selected from the X-33
strain according to the manufacturer’s recommendations
(Invitrogen). hK13 was produced by growing the stable
yeast clone in a medium containing 10 g/L yeast extract,
20 g/L peptone, 100 mmol/L potassium phosphate (pH
6.0), 13.4 g/L yeast nitrogen base, and 40 mg/L biotin in
a 30 °C shaking incubator (250 rpm). hK13 production
was induced with 5 mL/L methanol over 6 days. The cells
were subsequently pelleted by centrifugation, and the
supernatant was collected. A hK13 rabbit polyclonal pep-
tide antibody (produced in house) was used to monitor
hK13 production by Western blot analysis.

characterization of hK13 by mass spectrometry
Polyacrylamide gels were stained with Coomassie G-250
for visualization, and selected bands were subsequently
excised and destained with 300 mL/L acetonitrile in 100
mmol/L ammonium bicarbonate. Each band was then
reduced (10 mmol/L dithiothreitol in 50 mmol/L ammo-
nium bicarbonate, pH 8.3) and alkylated (50 mmol/L
iodoacetamide in 50 mmol/L ammonium bicarbonate, pH
8.3) before overnight trypsin digestion. Peptide fragments
were then extracted with 50 mL/L acetic acid, evaporated
dry on a Savant concentrator, and reconstituted in 10 �L
of a solution of methanol–water–acetic acid (500:495:5 by
volume).

All nanoelectrospray mass spectrometry (MS) experi-
ments were conducted on a Q-star (PE/Sciex) hybrid
quadrupole/time-of-flight instrument, for high resolution
and online tandem MS (MS/MS) experiments (14 ). Con-
ventional mass spectra were obtained by operating the
quadrupole in a radiofrequency-only mode while a
pusher electrode was pulsed at a frequency of �7 kHz to
transfer all ions to the time-of-flight analyzer. MS/MS
experiments on trypsin-digested peptides identified in
survey scans were conducted with use of a nanoelectros-
pray source. Precursor ions were selected by the first
quadrupole while a pusher electrode was pulsed (fre-
quency �7 kHz) to transfer fragment ions formed in the
radiofrequency-only quadrupole cell to the time-of-flight
analyzer. Mass spectral resolution was typically 9000–
10 000. Scan durations of 1 and 2 s were set for conven-
tional and MS/MS mass spectral acquisition, respectively.
Collisional activation was performed using nitrogen col-
lision gas with typically a 30-V offset between the DC
voltage of the entrance quadrupole and the radiofrequen-
cy-only quadrupole cell. Data were acquired and pro-
cessed by LC Tune and Biomultiview programs from
PE/Sciex.

78 Kapadia et al.: hK13 Immunoassay
D

ow
nloaded from

 https://academ
ic.oup.com

/clinchem
/article/49/1/77/5639033 by guest on 21 August 2022



purification of hK13 with cation-exchange and
reversed-phase chromatography
The recombinant hK13 was purified from yeast culture
supernatants by cation-exchange chromatography using
CM-Sepharose fast flow (Pharmacia Biotech) and re-
versed-phase liquid chromatography using a C4 column
(0.45 � 5 cm; Vydac). The presence of hK13 in various
fractions was identified by Western blotting with an
anti-hK13 peptide antibody. In summary, CM-Sepharose
beads previously activated with 1 mol/L KCl were equil-
ibrated in 10 mmol/L MES buffer (pH 6.5). The yeast
culture supernatant was first absorbed on CM-Sepharose
beads by incubation at 4 °C overnight under agitation.
The beads were then washed with 10 mmol/L MES buffer
(pH 6.5), and hK13 was eluted with 300 mmol/L KCl in 10
mmol/L MES buffer (pH 6.5). Trifluoroacetic acid as
ion-pairing agent was added into this eluate (final con-
centration, 10 mL/L), which was then loaded on a C4

column equilibrated with 1 mL/L trifluoroacetic acid in
water. A linear gradient (1% per min) of acetonitrile from
15% to 50% in 1 mL/L trifluoroacetic acid was then
performed. The fraction containing hK13 was evaporated
on a SpeedVac (Savant). The purified material was then
separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) and stained with Coomassie
Blue to assess its purity and its molecular mass. The
protein concentration of the purified hK13 was deter-
mined by the bicinchoninic acid method, which uses
bovine serum albumin (BSA) as calibrator (Pierce Chem-
ical Co.).

assessment of hK13 protein glycosylation
hK13 protein glycosylation was assessed by treatment
with the deglycosylation enzyme PNGaseF and the Gel
Code glycoprotein staining reagent set according to the
manufacturer’s recommendations (Pierce).

assessment of hK13 enzymatic activity
The enzymatic activity of recombinant hK13 protein was
assessed with use of the fluorogenic substrates FSR-7-
amido-4-methylcoumarin (AMC) and VPR-AMC. We
used 10 mmol/L Tris (pH 7.5), 0.1 mol/L NaCl, 5 g/L
BSA as a buffer and mixed 5 �L of 10 mmol/L substrate
solution, 1 �L of enzyme (1–600 ng), and 94 �L of buffer.
We then incubated the samples at 37 °C for 30 min and
added 700 �L of 125 mL/L acetic acid to stop the reaction.
We measured the fluorescence at an excitation wave-
length of 300 nm and emission of 460 nm. We used trypsin
as the positive control. The fluorogenic substrates were
purchased from Bachem.

n-terminal sequencing of hK13 recombinant
protein
N-Terminal sequencing of purified recombinant hK13, blot-
ted on polyvinyldifluoride membranes and stained with
Coomassie blue, was performed with the Edman degrada-
tion method on an automated amino acid sequencer.

production of polyclonal antibodies against
hK13
The purified recombinant hK13 protein was used as an
immunogen to immunize rabbits and mice. hK13 (100 �g)
was injected subcutaneously into BALB/c female mice and
New Zealand White female rabbits. The protein was diluted
1:1 in complete Freund’s adjuvant for the first injection and
in incomplete Freund’s adjuvant for the subsequent injec-
tions. Injections were repeated six times at 3-week intervals.
Blood was drawn from the animals and tested for antibody
generation. To test for production of anti-hK13 polyclonal
antibodies in mice and rabbits (see below), we used the
following immunoassay. Sheep anti-mouse or goat anti-
rabbit IgG (Jackson ImmunoResearch) was immobilized on
96-well white ELISA plates. The mouse/rabbit serum was
then applied to the plates at different dilutions ranging from
1:500 to 1:50 000 [100 �L/well; diluted in 60 g/L BSA, 50
mmol/L Tris (pH 7.80), 0.5 g/L sodium azide]. After incu-
bation (1 h) and washing, biotinylated recombinant hK13
was then added to each well (5–10 ng/well). Finally, after
incubation (1 h) and washing, alkaline phosphatase-conju-
gated streptavidin was added, the wells were incubated (15
min) and washed, and the alkaline phosphatase activity was
detected with time-resolved fluorescence (for details, see
below).

production and characterization of
monoclonal antibodies
Female BALB/c mice were immunized with recombinant
hK13 protein. The immune splenocytes were fused with
murine myeloma cells by standard hybridoma technol-
ogy. Briefly, 100 �g (200 �L) of hK13 was diluted 1:1 in
complete Freund’s adjuvant for the first injection and in
incomplete Freund’s adjuvant for subsequent injections
and administered subcutaneously three times at 3-weeks
intervals. Two weeks after the third injection, the mouse
received an intraperitoneal injection of aqueous hK13, and
3 days later it was sacrificed and its spleen removed. To
generate monoclonal anti-hK13 antibodies, the spleno-
cytes were fused with the Sp2/0 myeloma cells with use
of polyethylene glycol 1500. The fused cells were cultured
in 96-well plates in DMEM (Invitrogen) containing 200
mL/L fetal calf serum, 200 mmol/L glutamine, 10 g/L
OPI (oxaloacetic acid, pyruvic acid, insulin), and 20 g/L
HAT (hypoxanthine, aminopterin, thymidine; Sigma) at
37 °C in a 5% CO2 atmosphere for 10–14 days. The
supernatants were collected and screened for positive
clones by the following immunoassay. Sheep anti-mouse
IgG, Fc fragment-specific antibody (Jackson ImmunoRe-
search) was immobilized on 96-well white ELISA plates.
Tissue culture supernatants diluted 10-fold in a general
diluent [containing 60 g/L BSA, 50 mmol/L Tris (pH
7.80), and 0.5 g/L sodium azide] were applied to the
plates and incubated for 1 h; the wells were then washed
six times. Biotinylated recombinant hK13 was then added
(5–10 ng/well) and incubated for 1 h, and the plates were
washed. Finally, alkaline phosphatase-conjugated strepta-
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vidin was added and incubated for 30 min, the plates
were washed, and the alkaline phosphatase activity was
detected with time-resolved fluorescence, as described
elsewhere (15 ). The positive clones were expanded se-
quentially in 24-well and 6-well plates in complete me-
dium (reducing the fetal calf serum to 150 mL/L and
changing the HAT to HT). Supernatants were further
tested by performing IgG isotyping, and clones were
subjected to limiting dilution. The clones were then ex-
panded in flasks to generate large amounts of superna-
tants in serum free-medium (CD-1 medium; Invitrogen)
containing 200 mmol/L glutamine.

purification of monoclonal anti-hK13
antibodies
Tissue culture supernatants containing monoclonal anti-
bodies were diluted twofold in 20 mmol/L sodium phos-
phate buffer (pH 7.0) and injected into a HiTrap Protein G
column (Pharmacia). After the column was washed with
20 mmol/L sodium phosphate, the antibodies were eluted
with 0.1 mol/L glycine buffer (pH 2.7). The eluted anti-
body solutions were neutralized and then dialyzed over-
night in 0.1 mol/L sodium bicarbonate solution.

immunofluorometric assay for hK13
Standard assay procedure. For the polyclonal assay (mouse
polyclonal/rabbit polyclonal), white polystyrene microti-
ter plates were coated with sheep anti-mouse IgG, Fc
fragment-specific antibody (100 �L of coating antibody
solution containing 500 ng of antibody diluted in 50
mmol/L Tris buffer, pH 7.80 in each well) by incubation
overnight. The plates were then washed six times with the
washing buffer (9 g/L NaCl and 0.5 g/L Tween 20 in 10
mmol/L Tris buffer, pH 7.40). Mouse anti-hK13 poly-
clonal antiserum was diluted 500-fold in a general diluent
[60 g/L BSA, 50 mmol/L Tris (pH 7.80), 0.5 g/L sodium
azide], and 100 �L was applied to each well. After a 1-h
incubation, the plates were washed six times with wash-
ing buffer.

hK13 calibrators or samples were then pipetted into
each well (50 �L/well along with 50 �L of the general
diluent) and incubated for 1 h with shaking; the plates
were then washed with washing buffer six times. Subse-
quently, 100 �L of rabbit anti-hK13 antiserum diluted
1000-fold in buffer A (containing the components of the
general diluent plus 25 mL/L normal mouse serum, 100
mL/L normal goat serum, and 10 g/L bovine IgG) was
applied to each well and incubated for 30 min; plates were
then washed as described above. Finally, 100 �L/well
alkaline phosphatase-conjugated goat anti-rabbit IgG (Fc
fragment-specific), diluted 2000-fold in buffer A, was
added to each well and incubated for 30 min, and plates
were washed as above.

Diflunisal phosphate (100 �L of a 1 mmol/L solution)
in substrate buffer (0.1 mol/L Tris, pH 9.1, 0.1 mol/L
NaCl, and 1 mmol/L MgCl2) was added to each well and
incubated for 10 min. Developing solution (100 �L, con-

taining 1 mol/L Tris base, 0.4 mol/L NaOH, 2 mmol/L
TbCl3, and 3 mmol/L EDTA) was pipetted into each well
and mixed for 1 min. The fluorescence was measured with
a time-resolved fluorometer, the Cyberfluor 615 Immuno-
analyzer (MDS Nordion). The calibration and data reduc-
tion were performed automatically, as described else-
where (15 ). For the monoclonal antibody assay (two
monoclonal antibodies), white polystyrene microtiter
plates were coated directly with one monoclonal antibody
specific for hK13 (code 2-17; 500 ng/well). The plates were
then washed six times with the washing buffer. Subse-
quently, hK13 calibrators were added along with a second
biotinylated monoclonal antibody (code 11C1; 50 ng/
well). Detection was achieved with alkaline phosphatase-
conjugated streptavidin. Diflunisal phosphate and devel-
oping solution were added as stated above. For the
monoclonal/polyclonal immunoassay configuration,
mouse monoclonal 11C1 was used for directly coating
microtiter plates and the rabbit polyclonal antibody was
used for detection, with the procedures described above.
More details about such procedures have been described
elsewhere for similar immunoassays for hK6 (8 ) and hK10
(9 ).

Determination of the sensitivity of the hK13 immunoassay.
Recombinant hK13 was used to generate the calibration
curve. hK13 calibrators were prepared by diluting the
purified recombinant hK13 in the general diluent. These
calibrators were then used to define the detection limit of
the assay.

Determination of the specificity of the hK13 immunoassay.
Biological fluids and recombinant hK13 were used to
determine the specificity of the developed immunoassay.
These samples were first measured by the standard assay
procedure described above. The mouse and rabbit anti-
hK13 antisera were then successively replaced with sera
from the same animals, obtained before immunization
(preimmune sera). The samples were measured again,
and the fluorescence counts were compared with the
counts obtained by the standard assay. The cross-reactiv-
ities of other homologous proteins were investigated
using purified recombinant hK1–hK15 (available in
house), all diluted in the general diluent.

human tissue cytosolic extracts and biological
fluids
Human tissue cytosolic extracts were prepared as follows:
Various frozen human tissues (0.2 g) were pulverized on
dry ice to fine powders. Extraction buffer [1 mL, contain-
ing 50 mmol/L Tris (pH 8.0), 150 mmol/L NaCl, 5
mmol/L EDTA, 10 g/L NP-40 surfactant, 1 mmol/L
phenylmethylsulfonyl fluoride, 1 g/L aprotinin, and 1
g/L leupeptin] was added to the tissue powders, and the
mixture was incubated on ice for 30 min with repeated
shaking and vortex-mixing every 10 min. Mixtures were
then centrifuged at 14 000g at 4 °C for 30 min. The
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supernatants (cytosolic extracts) were then collected. The
biological fluids were leftovers of samples submitted for
routine biochemical testing. All tissue cytosolic extracts
and biological fluids were stored at �80 °C until use.

recovery
Recombinant hK13 was added to the general diluent
(control), to male and female normal sera, and to various
biological fluids at different concentrations; the samples
with added hK13 were measured with the monoclonal/
monoclonal, monoclonal/polyclonal, and polyclonal/
polyclonal hK13 immunoassays. Recoveries were then
calculated after subtraction of the endogenous concentra-
tions.

fractionation of biological fluids with size-
exclusion hplc
To determine the molecular mass of the protein detected
in the biological fluids and tissue extracts, various sam-
ples were fractionated with gel-filtration chromatogra-
phy, as described elsewhere (8, 9). The fractions were
collected and analyzed for hK13 by the developed immu-
noassay.

immunohistochemistry
Rabbit polyclonal antibody was raised against full-length
hK13, as described above. Immunohistochemical staining
for hK13 was performed according to a standard immu-
noperoxidase method. Briefly, paraffin-embedded tissue
sections (4 �m) were fixed and dewaxed. Endogenous
peroxidase activity was blocked with 30 mL/L aqueous
hydrogen peroxide for 15 min. Sections were then treated
with 4 g/L pepsin at pH 2.0 for 5 min at 42 °C and blocked
with 20 mL/L protein blocker (Signet Laboratories) for 10
min. The primary antibody was then added at a 1:1000
dilution for 1 h at room temperature. After the plates were
washed, biotinylated anti-rabbit antibody (Signet), di-
luted fourfold in antibody dilution buffer (Dako), was
added. After incubation and washing, streptavidin-
tagged horseradish peroxidase was added for 30 min at
room temperature. After washing, detection was achieved
with diaminobenzidine for 5–10 min. The slides were then
counterstained with hematoxylin and then mounted with
coverslips.

Results
production, purification, and characterization
of recombinant hK13 protein
hK13 is predicted to be a secreted serine protease. Hydro-
phobicity and structural homology analysis suggested
that the active form of hK13 starts from amino acid 26
(segment 1–20 represents the signal peptide and segment
21–25 is the activation peptide) (7 ). The cDNA encoding
for this active form of hK13 was cloned into a P. pastoris
yeast expression system. Expression in yeast produced a
higher molecular mass protein (� 50 kDa) and much
smaller amounts of a 28-kDa protein. Both proteins were

visible on Western blots (data not shown). The bands
representing the 50- and 28-kDa proteins were excised
from Coomassie-stained gels, and selected trypsin di-
gested fragments were sequenced by MS/MS. The partial
sequence VSGWGTTTSPQVNYPK was identified from
the peptide fragments and precisely matched the frag-
ment expected for amino acids 159–174 of hK13 (7 ). Four
other fragments also matched the sequence (data not
shown).

We postulated that the higher molecular mass recom-
binant hK13 protein is highly glycosylated. To explore
this possibility, we separated this protein by SDS-PAGE
and stained the gels with Coomassie blue before and after
digestion with the deglycosylating enzyme PNGaseF (Fig.
1A). On treatment with PNGaseF, the molecular weight of
the recombinant hK13 protein was reduced to 25–28 kDa,
consistent with the molecular mass of the nonglycosy-
lated hK13 protein (7 ). Staining for glycoproteins with
acidic fuchsin sulfite was abolished by treatment with
PNGaseF (Fig. 1B).

The N-terminal sequence of the purified recombinant
hK13 was VLNTNG, confirming that the protein repre-
sented the active form of the enzyme because activation
occurs after cleavage of a K 2 V bond between amino
acids 25 and 26 of the pre-proenzyme (6, 7).

hK13 cleaved the two trypsin substrates, FSR-AMC
and VPR-AMC, in a concentration-dependent manner.
For example, under the experimental conditions outlined,
hK13 activity produced an increase in the fluorescence of
the substrate FSR-AMC, from 1.1 to 1.9 arbitrary units
with 10 ng of hK13, to 6.9 arbitrary units with 100 ng of
hK13, and to 14.5 arbitrary units with 160 ng of hK13 in 30
min at 25 °C. For the substrate VPR-AMC, the enzyme
increased the fluorescence from 0.5 arbitrary units to 1.9
arbitrary units with 10 ng of enzyme, to 13.9 arbitrary
units with 100 ng of enzyme, and to 35.5 arbitrary units
with 160 ng of enzyme.

production of antibodies and development of
the immunofluorometric assay
Recombinant hK13 protein was used as an immunogen in
mice and rabbits to generate polyclonal and monoclonal
antibodies. These antibodies were then used for immuno-
histochemical localization of hK13 (see below) and for the
development of three different versions of an ELISA-type
immunofluorometric assay. Among the three assay con-
figurations (polyclonal mouse coating antibody/poly-
clonal rabbit detection antibody, monoclonal mouse coat-
ing antibody/polyclonal rabbit detection antibody, and
monoclonal mouse coating antibody/biotinylated mono-
clonal mouse detection antibody), the most sensitive was
based on a monoclonal/polyclonal configuration. In se-
lected cases, all three research configurations were used,
as indicated in the text. Below, we will describe the
characteristics of the developed ELISA-type immunoflu-
orometric procedure.
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sensitivity, detection limit, specificity, linearity,
and precision of the hK13 immunofluorometric
assay
Sensitivity. A typical calibration curve for the hK13 im-
munofluorometric assay is shown in Fig. 2. The detection
limit, defined as the concentration of hK13 that can be
distinguished from zero with 95% confidence, was 0.05
�g/L. These data were obtained with the mouse mono-
clonal (11CI)/rabbit polyclonal immunoassay configura-
tion, which was more sensitive than the other two assay
configurations (monoclonal/monoclonal and polyclonal/
polyclonal immunoassays).

Specificity. For all assay configurations, we confirmed that
the assay specifically measures hK13. When we replaced
mouse and rabbit antisera with preimmune mouse and
rabbit sera, the fluorescence signals of hK13-positive
samples were reduced to nearly zero (data not shown).
Recombinant hK1, hK2, hK3, hK4, hK5, hK6, hK7, hK8,
hK9, hK10, hK11, hK12, hK14, and hK15 proteins did not
produce measurable readings, even at concentrations
1000-fold higher than that of hK13.

Linearity and precision. Samples of milk, seminal plasma,
and amniotic fluid were linear on dilution. Within- and
between-run imprecision was assessed with various hK13
calibrators and clinical samples. In all cases, the CVs were
3–8% (n � 12).

hK13 in selected human tissue extracts and
biological fluids
The highest tissue extract concentrations of hK13 were in
esophagus and tonsil, followed by salivary gland, pros-
tate, kidney, skin, trachea, ureter, testis, breast, lung, and
thyroid (Fig. 3). A similar pattern was also seen in fetal
tissues (Fig. 3).

In biological fluids, the highest concentrations were
seen in seminal plasma, followed by amniotic fluid, breast
milk, and follicular fluid (Table 1). Cerebrospinal fluid
contained only traces of hK13. hK13 was below the
detection limit of the assay in all male and female serum
samples from healthy individuals.

Fig. 1. SDS-PAGE of purified recombinant hK13 before and after treatment with PNGaseF.
(A), lane 1, positive control (horseradish peroxidase); lane 2, negative control (soybean trypsin inhibitor); lane 3, recombinant hK13 (identified by arrow); lane 4,
recombinant hK13 after treatment with PNGaseF. The higher molecular mass band represents PNGaseF, and the lower molecular mass band (� 28 kDa) represents
deglycosylated hK13. (B), gel was stained with acidic fuchsin sulfite, a glycoprotein stain (Pierce). Note the staining of the glycoproteins, horseradish peroxidase
(positive control), and hK13 in lanes 1 and 3. Lane M, molecular mass markers.

Fig. 2. Typical calibration curve for the hK13 immunoassay.
The background fluorescence (zero calibrator) has been subtracted from all
measurements. The dynamic range of the assay is 0.05–20 �g/L.
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ovarian cancer cytosols and ascites fluids
Among 20 ovarian carcinoma extracts, 10 were positive
for hK13, with concentrations ranging from 0.2 to 15
�g/L. None of the 10 extracts from either healthy ovarian
tissue or benign ovarian disease were highly positive (Fig.
4). Among 44 ascites fluid samples from women with
advanced ovarian carcinoma, all were positive for hK13,
with values ranging from 0.1 to 20 �g/L. The mean (SD)
and median values were 2.3 (4.2) and 0.8 �g/L, respec-
tively.

recovery of hK13 from biological fluids
Recoveries of recombinant hK13 added to amniotic fluid
and milk were 70–98% (range) but were 5–10% with male
and female sera. This low recovery was verified with all

three versions of the developed immunoassay. Recoveries
were similar (5–10%) for serum (from men and women)
when we used hK13 from amniotic fluid and seminal
plasma (data not shown).

fractionation of biological fluids with size-
exclusion hplc
In gel-filtration column chromatography, immunoassay-
able hK13 of tissue extracts consistently eluted in a peak
corresponding to a molecular mass of �30 kDa, consistent
with the molecular mass of free (noncomplexed) hK13.
This single peak was present in an esophageal extract,
seminal plasma, amniotic fluid, and follicular fluid. By
contrast, in ascites fluid from ovarian cancer patients, we
also detected a small peak corresponding to a molecular
mass of �100 kDa (Fig. 5).

immunohistochemistry
We localized hK13 immunohistochemically in both non-
malignant and malignant prostatic tissues (Fig. 6). Stain-
ing was mostly cytoplasmic in epithelial cells, whereas
stroma was negative. Some nuclear staining of epithelial
cells was also evident.

Discussion
The KLK13 gene was cloned using the positional candi-
date approach and found to be down-regulated in breast
cancer tissues and breast cancer cell lines (7 ). On the basis

Fig. 3. Tissue expression of hK13 protein.
Human tissues were pulverized, and cytosolic extracts were prepared, as described in Materials and Methods. The hK13 concentration was then measured with the
ELISA. Results were normalized for total protein content and are expressed as ng of hK13/mg of total protein.

Table 1. Analysis of hK13 in biological fluids.

Biological fluid na

hK13, �g/L
Positivity
rate, %Range Mean (SD) Median

Seminal plasma 10 86–406 274 (108) 284 100
Amniotic fluid 20 16–88 45 (20) 41 100
Breast milk 10 3.8–30 8.6 (7.9) 5.9 100
Follicular fluid 6 0.08–5.6 1.5 (1.0) 0.81 100
Cerebrospinal

fluid
10 0–0.24 0.15 (0.14) 0.09 90

Male/female
sera

(21/21) 0 0 0 0

a Number of samples.
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of its chromosomal location and structural similarities
with other kallikreins, KLK13 was classified as a novel
member of the kallikrein gene family (5–7). Because there
is no known natural source of hK13, we expressed it in
relatively large amounts in a P. pastoris expression system.
Compared with the predicted molecular mass of hK13 (7 ),
the protein in yeast is present in two forms, nonglycosy-
lated (�28 kDa) and heavily glycosylated (50 kDa), the
latter being the predominant species. This protein repre-
sents the active form of the enzyme and has trypsin-like
cleavage specificity, as demonstrated by synthetic sub-
strates.

Our most sensitive assay was based on a mouse
monoclonal coating/rabbit polyclonal detection antibody
configuration. This assay is highly sensitive and specific,
detecting hK13 at concentrations �0.05�g/L. Size-exclu-
sion HPLC of biological fluids indicated that this assay
detects only one immunoreactive peak of the expected
molecular mass (�30 kDa). These data suggest that our
immunoassay detects the free fraction of hK13, although

in ascites fluid from an ovarian cancer patient, there is
another peak, likely representing hK13 bound to a pro-
teinase inhibitor or another interacting protein. These
possibilities are currently under investigation.

We identified hK13 in seminal plasma, amniotic fluid,
follicular fluid, and breast milk, suggesting that this
enzyme is secreted by cells of male and female reproduc-
tive organs. The enzyme was immunohistochemically
localized in prostatic tissues (Fig. 6). Unlike other kal-
likreins (e.g., hK6 and hK10) (8, 9), hK13 is not present at
appreciable amounts in cerebrospinal fluid. Similarly, the
concentration of hK13 in serum of healthy men and
women appears to be very low, below the detection limit
of our assay (�0.05 �g/L). The availability of this highly
specific and sensitive immunoassay will facilitate further
studies to examine whether the hK13 concentration in
serum is altered in disease states, including cancer. It is
already known that at least four kallikreins (hK2, hK3,
hK6, and hK10) are serologic cancer biomarkers (4, 10–
12).

Our immunoassay revealed that the recovery of recom-
binant hK13 from serum was incomplete, with values
ranging from 5% to 10%. We did not observe differences
among the monoclonal/monoclonal, monoclonal/poly-
clonal, and polyclonal/polyclonal immunoassay configu-
rations. We postulated that serum contains proteinase
inhibitors or other interacting proteins that bind to free
hK13. Our recombinant protein is enzymatically active
and may be sequestered by excess proteinase inhibitors
such as �2-macroglobulin. It is already well known that
two other kallikreins, hK3 (PSA) and hK2, form com-
plexes with many proteinase inhibitors in serum (16–25).
This proposal merits further investigation.

It has already been demonstrated that multiple kal-
likreins are overexpressed in ovarian carcinoma [re-

Fig. 4. Quantification of hK13 protein in ovarian tissue extracts.
We analyzed extracts from 10 healthy ovaries, 10 ovaries with benign disease,
and 20 with ovarian cancer. Results are expressed as ng of hK13/mg of total
protein. In 50% of the ovarian cancer tissue extracts, hK13 protein is overex-
pressed compared with extracts from healthy and benign tissue.

Fig. 5. Fractionation of ascites fluid from an ovarian cancer patient by
size-exclusion HPLC.
The fractions were analyzed for hK13 by the developed ELISA. There are two
immunoreactive peaks, one at fractions 38 and 39, corresponding to a molecular
mass of �30 kDa (free hK13). Another, smaller peak elutes at fractions 30–32
and corresponds to a molecular mass of �100 kDa. We postulate that this peak
represents hK13 bound to a proteinase inhibitor.
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viewed in Ref. (26 )]. There is experimental evidence that
these kallikreins may form a cascade enzymatic pathway
similar to the pathways of coagulation and fibrinolysis. In
this report, we present the first evidence that hK13 is also
overexpressed in a subset of patients with ovarian carci-
noma (Fig. 4). We also report relatively high concentra-
tions of hK13 in ascites fluid of women with ovarian
cancer. These data suggest that hK13 should be added to
the growing number of kallikreins that are overexpressed
in ovarian carcinoma.

In conclusion, we describe for the first time production of
recombinant hK13 proteins, production of antibodies, and
development of highly sensitive and specific immuno-
logic assays for hK13 quantification. We further demon-
strate the presence of hK13 in human tissues and biolog-
ical fluids. In the future, it may be worthwhile to study
hK13 expression in disease states and examine whether
hK13 concentration in serum can serve as a disease biomar-
ker similar to other kallikreins (hK2, hK3, hK6, and hK10).

This work was supported by the Canadian Breast Cancer
Research Initiative of the National Cancer Institute of

Canada (E.P. Diamandis) and by the Van Slyke Research
Society of the AACC (G.M. Yousef). We would like to
thank MDS Proteomics (Toronto, Ontario, Canada) for
performing MS analyses.

References
1. Bhoola KD, Figueroa CD, Worthy K. Bioregulation of kinins: kal-

likreins, kininogens, and kininases. Pharmacol Rev 1992;44:1–
80.

2. Clements J. The molecular biology of the kallikreins and their roles
in inflammation. In: Farmer S, ed. The kinin system. New York:
Academic Press, 1997:71–97

3. Riegman PH, Vlietstra RJ, Suurmeijer L, Cleutjens CB, Trapman
J. Characterization of the human kallikrein locus. Genomics 1992;
14:6–11.

4. McCormack RT, Rittenhouse HG, Finlay JA, Sokoloff RL, Wang TJ,
Wolfert RL, et al. Molecular forms of prostate-specific antigen and
the human kallikrein gene family: a new era. Urology 1995;45:
729–44.

5. Diamandis EP, Yousef GM, Clements J, Ashworth LK, Yoshida S,
Egelrud T, et al. New nomenclature for the human tissue kallikrein
gene family. Clin Chem 2000;46:1855–8.

6. Yousef GM, Diamandis EP. The new human tissue kallikrein gene
family: structure, function, and association to disease. Endocr Rev
2001;22:184–204.

7. Yousef GM, Chang A, Diamandis EP. Identification and character-

Fig. 6. Immunohistochemical localization of hK13 protein in paraffin-embedded prostatic tissues (needle biopsies) using the polyclonal hK13 rabbit
antibody.
There is moderate cytoplasmic positivity with minimal nuclear staining and negative stroma. (A), prostate cancer, case 1; (B), prostate hyperplasia, case 1; (C), prostate
cancer, case 2; (D), prostate cancer and hyperplasia, case 3. (Original magnification for panels A–D, �400).

Clinical Chemistry 49, No. 1, 2003 85
D

ow
nloaded from

 https://academ
ic.oup.com

/clinchem
/article/49/1/77/5639033 by guest on 21 August 2022



ization of KLK-L4, a new kallikrein-like gene that appears to be
down-regulated in breast cancer tissues. J Biol Chem 2000;275:
11891–8.

8. Diamandis EP, Yousef GM, Soosaipillai AR, Grass L, Porter A,
Little S, et al. Immunofluorometric assay of human kallikrein 6
(zyme/protease M/neurosin) and preliminary clinical applications.
Clin Biochem 2000;33:369–75.

9. Luo LY, Grass L, Howarth DJC, Thibault P, Ong H, Diamandis EP.
Immunofluorometric assay of human kallikrein 10 and its identifi-
cation in biological fluids and tissues. Clin Chem 2001;47:237–
46.

10. Diamandis EP, Yousef GM, Soosaipillai AR Bunting P. Human
kallikrein 6 (zyme/protease M/neurosin): a new serum biomarker
of ovarian carcinoma. Clin Biochem 2000;33:579–83.

11. Luo L-Y, Bunting P, Scorilas A, Diamandis EP. Human kallikrein
10: a novel tumor marker for ovarian carcinoma? Clin Chim Acta
2001;7:806–11.

12. Diamandis EP, Okui A, Mitsui S, Luo LY, Soosaipillai A, Grass L, et
al. Human kallikrein 11: a new biomarker of prostate and ovarian
carcinoma. Cancer Res 2002;62:293–300.

13. Sambrook J, Fritsch EF, Maniatis T. Molecular cloning: a labora-
tory manual, 2nd ed. Cold Spring Harbor, NY: Cold Spring Harbor
Laboratory, 1989:6.1–6.58.

14. Shevchenko A, Wilm M, Mann M. Peptide sequencing by mass
spectrometry for homology searches and cloning of genes. J
Protein Chem 1997;16:481–90.

15. Christopoulos TK, Diamandis EP. Enzymatically amplified time-
resolved fluorescence immunoassay with terbium chelates. Anal
Chem 1992;64:342–6.

16. Stenman UH, Leinonen J, Alfthan H, Rannikko S, Tuhkanen K,
Alfthan O. A complex between prostate-specific antigen and
�1-antichymotrypsin is the major form of prostate-specific antigen
in serum of patients with prostatic cancer: assay of the complex
improves clinical sensitivity for cancer. Cancer Res 1991;51:
222–6.

17. Lilja H, Christensson A, Dahlen U, Matikainen MT, Nilsson O,

Pettersson K, et al. Prostate-specific antigen in serum occurs
predominantly in complex with �1-antichymotrypsin. Clin Chem
1991;37:1618–25.

18. Stephan C, Jung K, Lein M, Sinha P, Schnorr D, Loening SA.
Molecular forms of prostate-specific antigen and human kallikrein
2 as promising tools for early diagnosis of prostate cancer.
Cancer Epidemiol Biomark Prev 2000;9:1133–47.

19. Saedi MS, Zhu Z, Marker K, Liu RS, Carpenter PM, Rittenhouse H,
et al. Human kallikrein 2 (hK2), but not prostate-specific antigen
(PSA), rapidly complexes with protease inhibitor 6 (PI-6) released
from prostate carcinoma cells. Int J Cancer 2001;94:558–63.

20. Zhang WM, Finne P, Leinonen J, Vesalainen S, Nordling S,
Rannikko S, et al. Characterization and immunological determina-
tion of the complex between prostate-specific antigen and �2-
macroglobulin. Clin Chem 1998;44:2471–9.

21. Zhou AM, Tewari PC, Bluestein BI, Caldwell GW, Larsen FL.
Multiple forms of prostate-specific antigen in serum: differences
in immunorecognition by monoclonal and polyclonal assays. Clin
Chem 1993;39:2483–91.

22. Grauer LS, Finlay JA, Mikolajczyk SD, Pusateri KD, Wolfert RL.
Detection of human glandular kallikrein, hK2, as its precursor
form and in complex with protease inhibitors in prostate carci-
noma serum. J Androl 1998;19:407–11.

23. Grauer LS, Charlesworth MC, Saedi MS, Finlay JA, Liu RS,
Kuus-Reichel K, et al. Identification of human glandular kallikrein
hK2 from LNCaP cells. J Androl 1996;17:353–9.

24. Deperthes D, Chapdelaine P, Tremblay RR, Brunet C, Berton J,
Hebert J, et al. Isolation of prostatic kallikrein hK2, also known as
hGK-1, in human seminal plasma. Biochim Biophys Acta 1995;
1245:311–6.

25. Mikolajczyk SD, Millar LS, Kumar A, Saedi MS. Prostatic human
kallikrein 2 inactivates and complexes with plasminogen activator
inhibitor-1. Int J Cancer 1999;81:438–42.

26. Yousef GM, Diamandis EP. Kallikreins, steroid hormones and
ovarian cancer: is there a link? Minerva Endocrinol 2002;27:157–
66.

86 Kapadia et al.: hK13 Immunoassay
D

ow
nloaded from

 https://academ
ic.oup.com

/clinchem
/article/49/1/77/5639033 by guest on 21 August 2022


