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Abstract
Human H-kininogen (120 kDa) plays a role in many pathophysiological processes and inter-

acts with the cell surface through protein receptors and proteoglycans, which mediate H-

kininogen endocytosis. In the present work we demonstrate that H-kininogen containing

bradykinin domain is internalized and different endogenous kininogenases are present in

CHO-K1 cells. We used CHO-K1 (wild type) and CHO-745 (mutant deficient in proteogly-

cans biosynthesis) cell lines. H-kininogen endocytosis was studied using confocal micros-

copy, and its hydrolysis by cell lysate fraction was determined by immunoblotting.

Bradykinin release was also measured by radioimmunoassay. H-kininogen interaction with

the cell surface of CHO-745 cells resulted in bradykinin release by serine proteases. In

CHO-K1 cells, which produce heparan and chondroitin sulfate proteoglycans, internaliza-

tion of H-kininogen through its bradykinin domain can occur on lipid raft domains/caveolae.

Nevertheless bradykinin-free H-kininogen was not internalized by CHO-K1 cells. The H-

kininogen present in acidic endosomal vesicles in CHO-K1 was approximately 10-fold

higher than the levels in CHO-745. CHO-K1 lysate fractions were assayed at pH 5.5 and in-

tact H-kininogen was totally hydrolyzed into a 62 kDa fragment. By contrast, at an assay pH

7.4, the remained fragments were 115 kDa, 83 kDa, 62 kDa and 48 kDa in size. The anti-

pain-Sepharose chromatography separated endogenous kininogenases from CHO-K1 ly-

sate fraction. No difference was detected in the assays at pH 5.5 or 7.4, but the proteins in

the fraction bound to the resin released bradykinin from H-kininogen. However, the proteins

in the unbound fraction cleaved intact H-kininogen at other sites but did not release bradyki-

nin. H-kininogen can interact with extravascular cells, and is internalized dependent on its

bradykinin domain and cell surface proteoglycans. After internalization, H-kininogen is pro-

teolytically processed by intracellular kininogenases. The present data also demonstrates

that serine or cysteine proteases in lipid raft domains/caveolae on the CHO cell can hydro-

lyze H-kininogen, thus releasing kinins.
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Introduction
Kinins, including bradykinin, kallidin (Lys-bradykinin) and Met-Lys-bradykinin, are a family
of vasoactive and proinflammatory peptides. Kallidin and Met-Lys-bradykinin are converted
very rapidly to bradykinin by aminopeptidases [1]. Bradykinin was discovered 65 years ago by
Rocha e Silva et al. [2] and possesses multiple biological activities. In addition to being a well-
known vasodilator and vasopermeability factor, bradykinin exhibits proangiogenic effects, in-
cluding the stimulation of cell proliferation, tube formation, and the survival of cultured endo-
thelial cells. Furthermore, bradykinin promotes angiogenesis in the rabbit cornea, the chick
embryo chorioallantoic membrane, nude mouse xenograft assays, the rat subcutaneous sponge
model, and mouse ischemic hindlimb. Bradykinin is involved in pathological states, including
hypertension and inflammation [3].

The precursors of kinins in mammals are high (H) and low (L) molecular weight kinino-
gens, glycoproteins synthesized in liver that exist predominantly in blood plasma but are also
found in other body fluids and organs, including the kidney, and in cells such as neutrophils.
Kininogens are multifunctional and multidomain glycoproteins related to cystatins (family 1:
stefins; family 2: cystatins; family 3: kininogens). Both native forms possess an identical N-ter-
minal heavy chain, which corresponds to domains D1-D2-D3, a short domain D4 (the brady-
kinin moiety), and because of an alternative splicing of the gene transcript, two different C-
terminal light chains; L-kininogen possesses a single D5 domain (D5L), whereas H-kininogen
possesses a D5 domain (D5H) as well as a D6 domain. Indeed, both kininogens are encoded by
a single gene (also referred to as the K gene) located on chromosome 3 that consists of eleven
exons and ten introns [4].

In humans, bradykinin and Lys-bradykinin are generated by the proteolytic cleavage of kini-
nogens by a family of serine proteases called kallikreins produced in plasma and tissue. In the
liberation of bradykinin, H-kininogen is a superior substrate of plasma kallikrein, and L-kini-
nogen is a superior substrate of tissue kallikrein. However, both kininogens are substrates to
both forms of kallikrein and the liberated bradykinin and Lys-bradykinin molecules are potent
vasoactive peptides [5]. Two pharmacologically distinct kinin receptor subtypes have been
identified, which are named B1 and B2 receptors, which are members of the G-protein coupled
receptor (GPCR) family and are initiators of complex intracellular signaling networks [6].

Human plasma kallikrein and activated factor XII (at a much lower rate) are both capable of
the proteolytic digestion of H-kininogen with the subsequent release of bradykinin (proangio-
genic) and residual cleaved bradykinin-free H-kininogen (anti-angiogenic) [7], [8]. These pro-
teins exert effects in most tissues of the cardiovascular system throughout the life of an
individual. Many actions of these proteins are mediated through the effects of plasma kallikre-
in, cleaved bradykinin-free H-kininogen and bradykinin to stimulate production of intra- and
extracellular messengers and effectors in a variety of cells. There is a large body of evidence
demonstrating that the plasma kallikrein-kinin system drives regional blood flow via bradyki-
nin-induced B2 receptor activation and promotes intravascular thrombus formation via factor
XI activation after an injury [9].

Human tissue kallikreins or glandular kallikreins are serine proteases distinguished from
plasma kallikrein by their catalytic mechanisms and the proteins targeted for cleavage. Tissue
kallikreins are synthesized as inactive pre-proenzymes and are widely expressed in diverse
human tissues and cells, including the kidney, pancreas, colon, pituitary gland, erythrocytes,
central nervous system, spleen, adrenal glands and neutrophils. Tissue kallikrein cleaves ei-
ther H-kininogen or L-kininogen at Met-Lys and carboxy-terminus Arg-Ser sites, resulting
in the subsequent liberation of the decapeptide Lys-bradykinin. In vivo, the decapeptide
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Lys-bradykinin can be easily converted into the nonapeptide bradykinin by cleavage at the
Lys–Arg bond [5].

H-kininogen binds to a wide variety of proteins on the surface of cardiovascular cells in a
specific, reversible, and saturable manner and is dependent on Zn2+. The cells of the intravas-
cular compartment, including platelets, neutrophils, monocytes, macrophages, astrocytes and
vascular smooth muscle cells, assemble the proteins of the plasma kallikrein-kinin system on
their surface. Membrane-binding proteins of H-kininogen include the globular head domains
of the complement component C1q (gC1qR), urokinase plasminogen activator receptor (u-
PAR), and cytokeratin 1(CK1). H-kininogen binding to endothelial cells has been shown to be
dependent largely on domain 5 but also on domain 3, and bradykinin links the two sites and
contributes to binding in the intact protein [10].

Kininogen binding on the surface of target cells is important for the accumulation of precur-
sor of kinins. When H-kininogen is proteolyzed by plasma kallikrein or other proteases to
form its cleaved form without bradykinin, membrane tropomyosin also functions as a binding
site uniquely for the bradykinin-free H-kininogen form. Although the proangiogenic activities
of the plasma kallikrein-kinin system are mediated by B1R and B2R, a different receptor sys-
tem(s) may be involved in the inhibition of cell proliferation, adhesion, anti-apoptosis and an-
giogenesis, and u-PAR has been shown to mediate intracellular signaling [11]. Kolte et al. [12]
demonstrated that H-kininogen regulates endothelial cell function in human pulmonary artery
endothelial cells in plasma kallikrein-deficient conditions by stimulating a considerable and
dose-dependent increase in the intracellular calcium level, which in turn stimulates the produc-
tion of endothelial nitric oxide and prostacyclin (PGI2).

On the cell surface, H-kininogen binds to heparan sulfate (HS) or chondroitin sulfate (CS)
proteoglycans (PGs) [13], [14], and HSPG appear to play a critical role in recruiting kinin pre-
cursors from the plasma and in the assembly of components triggering the release of active ki-
nins from their precursors in proximity to their target cells [15]. Indeed, glycosaminoglycans
(GAGs) that accumulate in the inflammatory fluids could act as pro- or anti-inflammatory me-
diators depending on different factors within the cell environment [16]. The H-kininogen in-
teraction with HS on the cell surface results in its endocytosis into acidic vessels [17].

The present study examines the interaction of H-kininogen with cells using tumor epithe-
lial cell lineages Chinese Hamster Ovary, CHO-K1 and CHO-745, which differ from each
other with respect to GAG biosynthesis [18]. On the surface of both types of cells, most H-
kininogen remains intact, and the endocytosis of bradykinin-containing H-kininogen (120
kDa) but not bradykinin-free H-kininogen is mediated by proteoglycans. In the absence of
PG on the cell surface, bradykinin is released mainly by serine proteases. The intact H-kini-
nogen is hydrolyzed by lysate fractions prepared from CHO-K1 cells at pH 5.5 and 7.4, and
the lysate fractions purified on antipain-Sepharose demonstrate the presence of different en-
dogenous kininogenases.

Material and Methods

Reagents
All chemicals obtained from commercial sources were of the best grade available. SuperSignal
West Pico Chemiluminescent Substrate, the biotinylation kit (NHS-LC-Biotin) and EDC (1-etil–
3–(3–dimetilaminopropil)carbodiimidacloridrato were purchased from Pierce Biotechnology
Inc. (Rockford, IL, USA). The inhibitors captopril, aprotinin, thiorphan, trans-epoxysuccinyl-l-
leucylamido-(4-guanidino)butane (E-64), benzamidine, phenylmethylsulfonylfluoride (PMSF),
antipain, 1,10-phenanthroline (o-phe), goat IgG anti-mouse IgG peroxidase-conjugated and goat
IgG anti-rabbit IgG peroxidase-conjugated antibodies were purchased from Sigma-Aldrich Co.
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(St. Louis, MO, USA). The inhibitor JA-2 [N-[1(R,S)-carboxy-3-phenylpropyl]-Ala-Aib-Tyr-p-
aminobenzoate], originally from Ian Smith of the Baker Heart Research Institute, Australia, was
kindly provided by Prof. A.C.M. Camargo (Instituto Butantan, São Paulo, SP, Brasil). H-kinino-
gen was obtained from EMD Biosciences Inc. (La Jolla, CA, USA); bradykinin-free H-kininogen
was purchased from Enzyme Research Laboratories (South Bend, IN, USA). Lyso Tracker (LT)
Red DND-99, 4’-6-diamidino-2-phenylindole dihydrochloride (DAPI), goat IgG anti-mouse
FITC-conjugated antibody, and the Alexa Fluor 488 Protein Labeling kit were obtained from
Molecular Probes/Invitrogen Detection Technologies (Eugene, OR, USA). Molecular weight
standards for SDS-electrophoresis Prestained Broad Range or Kaleidoscope Prestained molecular
weight standards were purchased from Bio-Rad Laboratories Ltd. (Hercules, CA, USA). Mem-
brane Immobilon-P transfer membrane (PVDF) was obtained fromMillipore Corporation (Bil-
lerica, MA, USA). Fluoromont-G was purchased from Electron Microscopy Sciences (Hatfield,
PA, USA). FITC-conjugated streptavidin, FITC-conjugated donkey IgG anti-rabbit IgG and
Texas Red dye-conjugated streptavidin were obtained from Jackson ImmunoResearch Laborato-
ries, Inc. (West Grove, PA, USA). Fluoromount-G was purchased from Electron Microscopy Sci-
ences (Hatfield, PA, USA). The Densitometer Quick Scan Flur Vis was fromHelena Laboratories
(Beaumont, KS, USA). Both Sephadex G-25 (PD-10 column) and AH Sepharose 4B resins were
obtained from GEHealthcare (Buckinghamshire, UK).

Rabbit IgG anti-caveolin-1-(N-20) was purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). According to human H-kininogen structure [8] the mouse IgG anti-
bradykinin (clone MBK3) was produced against synthetic bradykinin (recognizes the peptide
in human H-kininogen R363-R371) and purchased from Alexis Biochemicals (Lausen, LT, Swit-
zerland); the mouse IgG anti-kininogenD6 (HKL1, against peptide sequence S543-M554 in H-
kininogen domain6) was kindly provided by Prof. Dr. Werner Müller-Esterl (Institute for Bio-
chemistry II, University Hospital, Frankfurt, Germany) [19]; the rabbit IgG anti-human H-
kininogen (recognizes whole molecule) was produced following the protocol established by our
group [20], and the serum was purified on Immobilized Protein A obtained from Thermo Sci-
entific (Rockford, IL, USA), the rabbit IgG anti-bradykinin produced against synthetic bradyki-
nin recognizes in human H-kininogen bradykinin (R363-R371), lysyl-bradykinin (K362-R371)
and methionyl-lysyl-bradykinin (M361-R371) [21]. Tyr-bradykinin and rabbit IgG anti-bradyki-
nin were kindly supplied by Prof. K. Shimamoto (II Department of Internal Medicine, Sapporo
Medical University, Sapporo, Japan).

Cell lines and culture conditions
The epithelial cell lines CHO-K1 and CHO-745 (the mutant deficient in xylosyltransferase)
[18] were gifts from Dr. Jeffrey D. Esko (Department of Cellular and Molecular Medicine, Gly-
cobiology Research & Training Center, University of California-San Diego, La Jolla, California,
USA). The protocols used in this study were approved by the Ethics Committee on Research of
EPM/UNIFESP (CEP 0016/11). Cells were cultured in a humidified incubator containing 2.5%
CO2 at 37°C, grown in culture medium [Ham F-12 nutrient mixture medium supplemented
with 10% (v/v) heat-inactivated fetal calf serum containing 10 U penicillin and 10 μg/ml strep-
tomycin] and grown to confluence on 60-mm dishes.

Bradykinin release
A radioimmunoassay was performed to measure bradykinin release according to the proce-
dure described previously [17]. Briefly, CHO-745 cells were grown to confluence on 35-mm
dishes, and H-kininogen (200 nM) interaction with cells was analyzed in the presence of two
different buffers: (1) HEPES-Tyrode pH 7.35 [135.0 mM NaCl, 2.7 mM KCl, 11.9 mM

Bradykinin Release Avoids H-Kininogen Endocytosis

PLOS ONE | DOI:10.1371/journal.pone.0121721 March 30, 2015 4 / 18



NaHCO3, 0.36 mM NaH2PO4, 14.7 mM HEPES, 50.0 μM Zn2+, 1.0 mMMg2+, 2.0 mM Ca2+,
3.5 mg/mL dextrose, 3.5 mg/mL bovine serum albumin (BSA)] or (2) MES-Tyrode pH 5.5
[135.0 mM NaCl, 2.7 mM KCl, 11.9 mM NaHCO3, 0.36 mM NaH2PO4, 14.7 mMMES,
50.0 μM Zn2+, 1.0 mMMg2+, 2.0 mM Ca2+, 3.5 mg/mL dextrose and 3.5 mg/mL (BSA)]. HK
(200 nM) was incubated with cells in the absence (control) or presence of kininase inhibitors
(50 nM JA2, 50 nM thiorphan, 2 μM captopril), kininase inhibitors and serine protease inhib-
itors (10 μM aprotinin, 100 μM benzamidine, 1 mM PMSF) or kininase inhibitors and a cys-
teine protease inhibitor (9 μM E-64). After 3 h at 37°C, the incubation buffer of each sample
was collected and mixed with ethanol (1:20, v/v) for 10 min at 70°C to extract kinin. Solutions
were freeze-dried and dissolved in 250 μL egg albumin buffer (0.1% egg albumin in 0.01 M
phosphate buffer pH 7.0, 0.14 M NaCl, 0.1% NaN3, 30 mM EDTA, 3 mM o-phe). Aliquots
(50 μL) were incubated with 100 μL of rabbit IgG anti-bradykinin (1:25,000) and [125I]-la-
beled Tyr-bradykinin (100 μL) for 20 h at 4°C. In total, 400 μL of 0.1% bovine γ-globulin in
0.01 M phosphate buffer pH 7.0, 0.14 M NaCl, and 0.1% NaN3 and 800 μL of 25% polyethyl-
ene glycol 6000 solution were added to the samples, which were incubated for 10 min at 4°C.
Finally, the samples were centrifuged at 2,000 g for 20 min at 4°C; the supernatants were re-
moved, and the pellets were submitted to radiation counting (Cobra II Auto-Gama, Packard
BioScience, CT, USA). The total amount of bradykinin released was calculated, and the data
are presented as the mean ± SD, n = 3.

In addition to bradykinin release measured by radioimmunoassay, investigations were con-
ducted to analyze the structure of H-kininogen present in the incubation buffer of CHO-K1
and CHO-745 cells. Briefly, a 35-mm plate containing confluent CHO-K1 or CHO-745 cells
was incubated with intact H-kininogen (200 nM) in a single volume of HEPES-Tyrode pH
7.35, without BSA, and in the absence of kininase inhibitors. At the end of a specific time point
between 0 min and 3 h, an aliquot of the incubation buffer was removed and mixed with elec-
trophoresis (SDS-PAGE) sample buffer containing the reducing agent β-mercaptoethanol. Fol-
lowing the procedure described below, immunoblotting studies were performed using rabbit
IgG anti-H-kininogen (recognizes whole kininogen molecule). After detection by chemilumi-
nescence, the first antigen-antibody complex was removed. The same PVDF membrane was in-
cubated with mouse IgG anti-bradykinin antibody (recognizes R363-R371 sequence in H-
kininogen), and the complex was detected by chemiluminescence. Each figure is representative
of the results from three experiments conducted in duplicate.

Immunocytochemistry and endocytosis of H-kininogen
Immunocytochemistry experiments were performed in fixed cells, and the H-kininogen was bio-
tinylated as reported previously [22]. CHO-K1 or CHO-745 cells were grown on glass coverslips
for 3 days at 37°C. The medium was removed, and the cells were washed with serum-free F12
medium added to 50 μMZn2 +. In experiments where caveolin was detected, cells were incubated
with biotin-H-kininogen (200 nM) diluted in serum-free F12 medium with 50 μMZn2+ for 1 h
at 37°C. The biotin-H-kininogen was removed by aspiration, and the cells were fixed with 2.0%
paraformaldehyde in 10 mM sodium phosphate and 150 mMNaCl pH 7.4 (PBS). The cells were
subsequently permeabilized with PBS containing 0.01% saponin and 1.0% BSA at room temper-
ature. Rabbit IgG anti-caveolin-1 was added at room temperature, and donkey IgG anti-rabbit
IgG-FITC was added at room temperature; the biotin-H-kininogen detection was performed
with streptavidin-Texas Red conjugated at room temperature. Cells were incubated with DAPI
and mounted on glass slides with Fluoromount-G diluted in PBS (2:1, v/v).

In experiments in which the H-kininogen was detected by mouse IgG anti-bradykinin (rec-
ognizes R363-R371 sequence in H-kininogen), cells were first washed with serum-free F12
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medium with 50 μMZn2+ and were incubated with LysoTracker Red DND-99 (500 nM) for
20 min diluted in serum-free F12 medium plus 50 μMZn2 +. Alternatively, cells were pre-
treated for 24 h with 50 mM sodium chlorate diluted in medium with 50 μMZn2+. After the
addition of LysoTracker Red DND-99, H-kininogen (200 nM) was added in the absence or
presence of serine protease inhibitors [10 mM aprotinin, 1.0 mM PMSF and 100 mM benzami-
dine] diluted in serum-free F12 medium plus 50 μMZn2+ for 3 h at 37°C. The H-kininogen
was removed by aspiration, and the cells were fixed and permeabilized as described above. The
mouse IgG anti-bradykinin (recognizes R363-R371 sequence in H-kininogen) was added for 1 h,
followed by the addition of goat IgG anti-mouse FITC-conjugated antibody at room tempera-
ture. The cells were incubated with DAPI and mounted on glass slides with Fluoromount-G.
The cells were examined using a scanning confocal microscope.

The endocytosis experiments were performed in real time at 37°C; H-kininogen-Alexa 488
and bradykinin-free H-kininogen-Alexa 488 were prepared as described previously [17]. Brief-
ly, living CHO cells grown on coverslips were washed with serum-free F12 medium plus 50 μM
Zn2+ and incubated for labeling the endocytic compartments with 0.5 μM LT Red DND-99 for
20 min. After washing with serum-free F12 medium plus 50 μM Zn2+, the cells were incubated
with H-kininogen-Alexa 488 (80 nM) or bradykinin-free H-kininogen-Alexa 488 (80 nM) di-
luted in serum-free F12 medium plus 50 μM Zn2+. The fluorescent signals of LT Red DND-99
and Alexa 488 (green) as well as the phase contrast micrographs were monitored in real time at
37°C with a confocal laser scanning microscope every 5 min. Each figure is representative of
the results from three experiments conducted in duplicate.

The labeled molecules in acidic compartments were analyzed using an inverted confocal
laser-scanning microscope (Zeiss LSM-780, Carl Zeiss, Jena, Germany). Donkey IgG anti-rab-
bit IgG-FITC conjugated and goat IgG anti-mouse FITC-conjugated antibodies were visualized
under a 488-nm excitation from a CW Argon ion laser, and its emission was detected at 490–
550 nm (green channel). LT Red and streptavidin-Texas Red conjugated antibodies were ob-
served with a HeNe2 laser with excitation at 633 nm, and fluorescence emission was detected at
640–670 nm (red channel). Nuclear compartments were stained with DAPI and visualized
under 359 nm excitation from a multiphoton laser, and emission was detected at 450–470 nm.
Cells were also imaged by differential interference contrast microscopy (DIC) using a HeNe2
laser at 633 nm. False color fluorescent images and transmitted light images (1080 × 1080 pix-
els) were stored, quantified and managed using the resident LSM Image Browser software
(Carl Zeiss, Jena, Germany). This allowed fluorescence intensity profiles and colocalization
rates to be measured, thereby providing mean (± SD) intensity values for the green and red
emission channels of each image.

Preparation of lysate fractions from CHO-K1 cells
In the preparation of lysate fractions, CHO-K1 cells were grown in 75 cm2 flasks to confluence
followed by incubation with 3.73 mg/mL pancreatin. The cell suspension was added to the cul-
ture medium, the solution was collected in a tube, and the supernatant was discarded after cen-
trifugation. Buffer solution (50.0 mM sodium acetate, pH 5.5 or 20.0 mMHEPES, 5.0 mM
NaCl, pH 7.4) was added to the cell pellet, and the number of cells was counted. The cells were
washed two more times with the same buffer solution at pH 5.5 or pH 7.4, and chilled buffer
(5.0 ml) was added. The cells were ruptured using a vertical sonicator (3 cycles/30 seconds each
cycle and 30 seconds stop between each sonication), and the cell lysates were centrifuged at
9,000 g for 30 min at 4°C. The lysate fraction was separated and stored at -80°C.

Antipain is an inhibitor that blocks the activity of both serine and cysteine proteases [23].
An antipain-Sepharose resin, prepared according to Toyo-Oka and Masaki [24], was pre-
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equilibrated with 50 mM sodium acetate, pH 5.5, and the lysate fraction from CHO-K1 cells
prepared in the same buffer was mixed with resin for approximately 30 min. Several washings
were performed with the same buffer to separate the protein not bound to antipain, and the
protein retained to resin was eluted by 50.0 mM sodium acetate, 0.5 M NaCl, pH 5.5. Subse-
quently, the samples were subjected to gel filtration chromatography on Sephadex G-25 for
both fractions retained or not retained by removing the high concentration of salt.

Kininogenase activity present in the lysate fraction of CHO-K1 cells
The protein concentration was determined by the Bradford method using Coomassie Blue dye
G250. In the studies of H-kininogen hydrolysis at different time course, a single volume of sam-
ple was prepared by maintaining the proportion of intact H-kininogen (1.0 mg) to CHO-K1
lysate fraction (3.5 mg). All samples were incubated in 50.0 mM sodium acetate, pH 5.5 or
20.0 mMHEPES, 5.0 mMNaCl, pH 7.4 at 37°C. At predetermined terms, an aliquot of incuba-
tion sample was withdrawn, and the reactions were stopped with sample buffer for electropho-
resis and frozen immediately.

The separation of proteins was performed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) under reducing conditions [25]. After the protein was electro-
blotted onto a PVDF membrane, a primary antibody and a secondary antibody were used. The
antigen-antibody complex was developed with the SuperSignal chemiluminescent substrate
[26]. In an attempt to characterize the fragments of H-kininogen, different primary antibodies
were used after the first development by stripping the antigen-antibody complex from the
PVDF membrane. The membrane was incubated for 30 min at 56°C with a stripping solution
[80.0 mM tris pH 7.35 containing 69.0 mM SDS and 0.78% β-mercaptoethanol (v/v)], and the
same protocol was repeated by incubation with primary and secondary antibodies and devel-
opment by chemiluminescence. The intact H-kininogen or fragments were detected with rabbit
IgG anti-H-kininogen, mouse IgG anti-bradykinin (recognizes R363-R371 sequence in H-kini-
nogen) or mouse IgG anti-kininogenD6 (recognizes S543-M554 sequence in H-kininogen do-
main6). Each figure is representative of the results from three experiments conducted
in duplicate.

Statistical analysis
The results are shown as mean ± SEM and the statistically significant differences were estimat-
ed using analysis of variance and Dunnett’s multiple comparison test accepting a P-value of
0.05 or less as statistically significant.

Results
In this work, we present the results of kinin release in incubation buffer measured by radioim-
munoassay after H-kininogen incubation on the surface of CHO-745 cells, which express re-
duced levels of glycosaminoglycans. The amount of bradykinin in the incubation buffer at pH
7.35 in the presence of kininase inhibitors was two-fold higher than (2.290 ± 0.085 ng/106

cells) the levels in the absence of kininase inhibitors (1.144 ± 0.040 ng/106 cells); in the presence
of serine protease inhibitors, bradykinin release was very low (0.079 ± 0.001 ng/106 cells), indi-
cating that bradykinin release was blocked by 97%. However, in these cells, bradykinin release
in the presence of cysteine protease inhibitors was not blocked (2.570 ± 0.210 ng/106 cells).
Nevertheless, under the same conditions but at pH 5.5, almost no bradykinin release was de-
tected in the incubation buffer of these cells (data not shown).

The same experiment was performed at pH 7.35, and the structure of H-kininogen in the in-
cubation buffer of CHO-745 and CHO-K1 cells at different time points was verified by
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immunoblotting; the results are presented in Fig. 1. In Fig. 1A, in CHO-745 cells the rabbit IgG
anti-H-kininogen demonstrates partial H-kininogen hydrolysis. In 0 min time point H-kinino-
gen (115 kDa) was detected (85.2 ± 3.9%, n = 5) and a fragment of 62 kDa in size was also de-
tected (4.8 ± 2.5%, n = 5); after 1 h incubation there was partial H-kininogen hydrolysis and
the amount of 115 kDa band decreased significantly (70.4 ± 5.9%, n = 5, P< 0.05) and the 62
kDa fragment in size increased significantly (17.3 ± 5.3%, n = 5, P< 0.05); at the end of incuba-
tion (3 h) the H-kininogen 115 kDa in size remained uncleaved but decreased significantly
(66.8 ± 8.2%, n = 5, P< 0.001) and the 62 kDa fragment in size increased significantly
(24.2 ± 7.7%, n = 5, P< 0.001). In Fig. 1B, after stripping the membrane and using the mouse
IgG anti-bradykinin (recognizes R363-R371 sequence in H-kininogen), a 115 kDa band was ob-
served corresponding to the intact H-kininogen containing the bradykinin domain. However,
the 62 kDa band detected by the polyclonal anti-H-kininogen antibody was not identified by
the monoclonal anti-bradykinin antibody. In Fig. 1C in CHO-K1 cells, the rabbit IgG anti-
H-kininogen indicates that in 0 min time point H-kininogen 115 kDa in size was detected
(95.5 ± 1.5%, n = 5) and a fragment of 62 kDa in size was also detected (2.0 ± 0.7%, n = 5); after
1 h incubation there was partial H-kininogen hydrolysis and the amount of 115 kDa band de-
creased significantly (78.0 ± 4.8%, n = 5, P< 0.0001) and the 62 kDa fragment in size increased
but no significantly (7.0 ± 0.7%, n = 5); at the end of incubation (3 h) the H-kininogen 115 kDa
in size remained uncleaved but decreased significantly (73.9 ± 3.7%, n = 5, P< 0.0001) and the
62 kDa fragment in size increased significantly (15.2 ± 3.6%, n = 5, P< 0.0001). Similarly,
Fig. 1D demonstrates that after stripping the membrane, the mouse IgG anti-bradykinin anti-
body detected the bradykinin domain inside H-kininogen (115 kDa), indicating the integrity of
the samples. However, the 62 kDa band detected by the polyclonal anti-H-kininogen antibody
was not identified by the monoclonal anti-bradykinin antibody.

Confluent CHO-K1 or CHO-745 cells in 35-mm plates were incubated with intact H-kini-
nogen (200 nM) in a single volume of HEPES-Tyrode pH 7.35, without BSA, in the absence
of kininases inhibitors. At the end of a specific time point (0, 10 min, 20 min, 30 min, 1 h, 2 h,
3 h) an aliquot of the incubation buffer was removed and mixed with SDS-PAGE sample buffer
containing the reducing agent β-mercaptoethanol. Immunoblot studies were performed using
rabbit IgG anti-H-kininogen, and after detection by chemiluminescence, the first antigen-anti-
body complex was removed. The same PVDF membrane was incubated with mouse IgG anti-
bradykinin (recognizes the peptide in H-kininogen R363-R371), and the complex was detected
by chemiluminescence. (A) and (B) represent CHO-745 cells developed with rabbit IgG anti-
H-kininogen or mouse IgG anti-bradykinin, respectively; (C) and (D) represent CHO-K1 cells
developed with rabbit IgG anti-H-kininogen or mouse IgG anti-bradykinin, respectively. The
calculated molecular weights (kDa) are presented on the right side of all panels.

Fig 1. H-kininogen structure determined in the incubation buffer of CHO cells.

doi:10.1371/journal.pone.0121721.g001
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Fig. 2 demonstrates that the H-kininogen-Alexa 488 endocytosis was strongly dependent on
the presence of proteoglycans at the cell surface. In the wild type CHO-K1 cells, the H-kinino-
gen-Alexa 488 endocytosis (2,719.00 ± 0.001 pixels/cells) was approximately 10-fold higher
than the endocytosis in the CHO-745 mutant defective in proteoglycans biosynthesis
(225.00 ± 0.001 pixels/cell).

Lysosomes/endosomes of living CHO-K1 or CHO-745 cells grown on coverslips were la-
beled with 0.5 μM LT Red DND-99 in serum-free F12 medium with 50 μMZn2+ at 37°C for
20 min. After washing with serum-free F12 medium plus 50 μM Zn2+, the cells were incubated
with H-kininogen-Alexa 488 (80 nM) diluted in serum-free F12 medium plus 50 μMZn2+. The
fluorescent signals of LT DND-99 (red) and Alexa 488 (green) as well as the phase contrast mi-
crographs were monitored in real time at 37°C with a confocal laser scanning microscope every
5 min and the figures correspond to 30 min of endocytosis. Endocytosis by CHO-K1 cells in
the presence of zinc: H-kininogen-Alexa 488 (A), lysosomes/endosomes labeled with LT Red
DND-99 (B), merged images and diphasic contrast (C); absence of H-kininogen endocytosis
by CHO-745 cells in the presence of zinc: H-kininogen-Alexa 488 (D), lysosomes/endosomes
labeled with LT Red DND-99 (E), merged images and diphasic contrast (F). The orange-yellow
signals are indicative of colocalization.

However, Fig. 3 demonstrates that the bradykinin-free H-kininogen-Alexa 488 (green) and
LT Red DND-99 did not colocalize within endosomal acidic vesicles in CHO-K1 (45.5 ± 0.001
pixels/cell).

Lysosomes/endosomes of living CHO-K1 cells grown on coverslips were labeled with
0.5 μM LT Red DND-99 in serum-free F12 medium with 50 μMZn2+ at 37°C for 20 min. After
washing with serum-free F12 medium plus 50 μMZn2+, the cells were incubated with

Fig 2. H-kininogen internalization in the presence of zinc and PGs.

doi:10.1371/journal.pone.0121721.g002
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bradykinin-free H-kininogen-Alexa 488 (80 nM) diluted in serum-free F12 medium plus
50 μMZn2+. The fluorescent signals of LT DND-99 (red) and Alexa 488 (green) as well as the
phase contrast micrographs were monitored in real time at 37°C with a confocal laser scanning
microscope every 5 min and the figures correspond to 30 min of endocytosis. Normal endocy-
tosis: (A) bradykinin-free H-kininogen-Alexa 488, (B) lysosomes/endosomes labeled with LT
Red DND-99, (C) merged images and diphasic contrast. The orange-yellow signals are indica-
tive of colocalization.

The involvement of caveola in H-kininogen endocytosis by CHO-K1 was evaluated in
serum-free F12 medium with 50 μMZn2 +. Fig. 4 demonstrates that in CHO-K1 cells (A-C),
caveolin was labeled by rabbit IgG anti-caveolin-1 (163.00 ± 0.002 pixels/cells) and was 57.5%
colocalized with biotin-H-kininogen (93.70 ± 0.002 pixels/cell). In CHO-745 (D-F), caveolin
was labeled (436.70 ± 0.002 pixels/cell), but the colocalization with biotin-H-kininogen was
41.1% (179.70 ± 0.002 pixels/cell).

CHO-K1 or CHO-745 cells grown on coverslips were incubated with biotin-H-kininogen
(200 nM) diluted in serum-free F12 medium plus 50 μMZn2+ for 1 h at 37°C. The cells were
fixed and permeabilized, and rabbit IgG anti-caveolin-1 was added. Detection was achieved
using a donkey IgG anti-rabbit IgG-FITC conjugated antibody. The biotin-H-kininogen detec-
tion was achieved with a streptavidin-Texas Red conjugated antibody. (A-C) Colocalization of
H-kininogen and caveolin in CHO-K1 cells: (A) caveolin detected by rabbit IgG anti-caveolin-
1 and donkey IgG anti-rabbit IgG-FITC conjugated antibodies (green); (B) biotin-H-kininogen
developed with a streptavidin-Texas Red conjugated (red); and (C) composite of images pre-
sented in (A) and (B). (D-F) Colocalization of H-kininogen and caveolin in CHO-745 cells:
(D) caveolin detected by rabbit IgG anti-caveolin-1 and donkey IgG anti-rabbit IgG-FITC con-
jugated antibodies (green); (E) biotin-H-kininogen developed with a streptavidin-Texas Red
conjugated (red); and (F) composite of images presented in (D) and (E). The orange-yellow sig-
nals are indicative of colocalization.

The endocytosis of H-kininogen, containing the bradykinin domain, was evaluated by
mouse IgG anti-bradykinin (recognizes R363-R371 sequence in H-kininogen). Fig. 5 depicts H-
kininogen binding (344.0 ± 0.002 pixels/cell) and endocytosis (210.0 ± 0.001 pixels/cell) with
colocalization with Lyso Tracker Red in acidic vesicles (61%) in CHO-K1 cells (Fig. 5 A-C).
The effect of GAGs on the endocytosis process of H-kininogen containing the bradykinin do-
main was confirmed by the treatment of CHO-K1 cells with sodium chlorate (50 mM), an in-
hibitor of GAG sulfation [27]. Sodium chlorate treatment promoted a reduction in both H-
kininogen binding (92.0 ± 0.002 pixels/cell) and endocytosis (64.0 ± 0.001 pixels/cell) in

Fig 3. Endocytosis of bradykinin-free H-kininogen by CHO-K1 cells.

doi:10.1371/journal.pone.0121721.g003
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CHO-K1 cells (Fig. 5 D-F), with 70% colocalization in acidic vesicles with Lyso Tracker Red.
In the presence of serine protease inhibitors (Fig. 5 G-I), CHO-K1 bound H-kininogen
(351.0 ±0.002 pixels/cell), followed by endocytosis (160.0 ± 0.001 pixels/cell) and 45% colocali-
zation with Lyso Tracker Red inside acidic vesicles. In CHO-745 cells (Fig. 5 J-L), lower H-kini-
nogen binding (172.0 ± 0.002 pixels/cell) and endocytosis (97.0 ± 0.002 pixels/cell) were
observed, with 56% colocalization in acidic vesicles with LysoTracker Red. These results dem-
onstrate that the endocytosis of H-kininogen containing the bradykinin domain is mediated by
GAG and the bradykinin release is not intracellular but occurs at the cell surface.

CHO-K1 or CHO-745 cells were grown on coverslips and incubated with LT Red DND-99
(0.5 μM) in serum-free F12 medium plus 50 μMZn2 + for 20 min to label lysosomes/endo-
somes. CHO-K1 cells were pretreated or not for 24 h with sodium chlorate (50 mM) diluted in
medium plus 50 μMZn2+. After LT Red DND-99 treatment, H-kininogen (200 nM) was added
in the absence or presence of serine protease inhibitors (10 mM aprotinin, 1.0 mM PMSF and
100 mM benzamidine) diluted in serum-free F12 medium plus 50 μMZn2+ for 3 h at 37°C.
The cells were fixed and permeabilized, and bradykinin was detected by mouse IgG anti-brady-
kinin (recognizes the peptide in H-kininogen R363-R371) complexed to goat IgG anti-mouse
FITC-conjugated antibody. The cells were examined by confocal fluorescence microscopy. The
endocytosis and intracellular localization of H-kininogen containing the bradykinin domain
(green) are indicated by colocalization with acidic vesicles previously labeled with LT Red
DND-99 (red). Normal endocytosis by CHO-K1: H-kininogen containing bradykinin (A), ly-
sosomes/endosomes labeled with LT Red DND-99 (B), and merged images (C); CHO-K1 cells
treated with sodium chlorate: H-kininogen containing bradykinin (D), lysosomes/endosomes

Fig 4. Cell surface colocalization of H-kininogen and caveolin.

doi:10.1371/journal.pone.0121721.g004
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labeled with LT Red DND-99 (E), and merged images (F); CHO-K1 cells in presence of serine
protease inhibitors: H-kininogen containing bradykinin (G), lysosomes/endosomes labeled
with LT Red DND-99 (H), and merged images (I); and absence of H-kininogen containing bra-
dykinin endocytosis by CHO-745 cells: H-kininogen containing bradykinin (J), lysosomes/

Fig 5. Endocytosis of H-kininogen containing the bradykinin domain by CHO-K1 cells.

doi:10.1371/journal.pone.0121721.g005
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endosomes labeled with LT Red DND-99 (K), and merged images (L). The orange-yellow sig-
nals are indicative of colocalization and the nucleus was stained in blue with DAPI.

The lysate fraction of CHO-K1 cells was prepared after sonication as described in the Mate-
rial and Methods section. Fig. 6 presents the kininogenase activity assayed at pH 7.4 or pH 5.5
over time. H-kininogen fragments were detected by rabbit IgG anti-H-kininogen. At pH 7.4
(Fig. 6A), H-kininogen (115 kDa) was partially hydrolyzed after 5 min incubation with the ly-
sate fraction, and protein bands of 115 kDa (95.4%), 83 kDa (3.4%) and 62 kDa (1.3%) were de-
tected. After 4 h, the protein bands detected were 115 kDa (44.2%), 83 kDa (23.6%), 62 kDa
(28.7%) and 48 kDa (3.5%). At pH 5.5 (Fig. 6B), H-kininogen (115 kDa) was also partially hy-
drolyzed after 5 min incubation with the lysate fraction, yielding protein bands of 115 kDa
(70.0%), 83 kDa (5.5%), 78 kDa (11.9%) and 62 kDa (12.7%). However, after 4 h, H-kininogen
was hydrolyzed remaining 14.9% as 115 kDa and generating a fragment of 62 kDa in size
(73.0%).

A single volume of sample was prepared, maintaining the proportion of intact H-kininogen
(1.0 mg) to CHO-K1 lysate fraction (3.5 mg). All samples were incubated in buffer at pH 7.4 or
pH 5.5 at 37°C. At predetermined times (5 min, 15 min, 30 min, 1 h, 2 h, 4 h), an aliquot of in-
cubation sample was withdrawn, and the reactions were stopped with sample buffer for
SDS-PAGE under reducing conditions and frozen immediately. After the protein was electro-
blotted onto PVDF membranes, a primary antibody and a secondary antibody were used. The
antigen-antibody complex was developed with the SuperSignal chemiluminescent substrate.
(A) HEPES 20.0 mM, NaCl 5.0 mM, pH 7.4 and (B) sodium acetate 50.0 mM, pH 5.5. Control
sample “C”: H-kininogen (1.0 μg) 4 h incubation in the buffer. The calculated molecular
weights (kDa) are presented on the right side.

In an attempt to separate the enzymes present in the lysate fraction prepared from
CHO-K1, antipain was used as a ligand in affinity chromatography. The fractions retained or
not retained on the resin were tested for their kininogenase activity. The analysis of H-kinino-
gen or its fragments was accomplished by switching antibodies after stripping the same mem-
brane. The experiment was performed in triplicate. To confirm the results, the order of
addition and removal of antibodies was switched. The antibodies used included rabbit IgG
anti-H-kininogen, mouse IgG anti-bradykinin and mouse IgG anti-kininogenD6 (recognizes
S543-M554 sequence in H-kininogen domain6). Fig. 7 presents the experiments performed with
the lysate fractions of CHO-K1 retained or not by antipain-Sepharose assayed at pH 5.5 or pH
7.4. Fig. 7A demonstrates that the rabbit IgG anti-H-kininogen detected protein bands of 115
kDa, 83 kDa, 78 kDa and 62 kDa, indicating that H-kininogen was hydrolyzed partially, which
was similar at both pHs, for both lysate fractions, and for samples retained or not on the resin.
Fig. 7B demonstrates that the mouse IgG anti-bradykinin detected, at both pHs, that the frac-
tion not retained partially hydrolyzed H-kininogen, with protein bands of 115 kDa, 83 kDa
and 78 kDa, indicating bradykinin. The fraction retained on the resin hydrolyzed H-kininogen
at both pHs, releasing bradykinin more efficiently. Finally, Fig. 7C demonstrates that mouse

Fig 6. Kininogenase activity present in lysate fractions from CHO-K1 cells.

doi:10.1371/journal.pone.0121721.g006
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IgG anti-kininogenD6 detected the 78 kDa and 62 kDa fragments at both pHs and in both ly-
sate fractions, retained or not on the resin, indicating that the protein bands contain the amino
acid sequence corresponding to S543-M554 (D6 domain). The pH of the buffer did not influence
the activity of either lysate fraction, retained and not retained on antipain-Sepharose, and both
lysate fractions differed from each other with respect to bradykinin release.

H-kininogen (1.0 μg) was incubated at pH 5.5 or pH 7.4 with lysate fractions from CHO-K1
cells (4.0 μg), retained or not on antipain-Sepharose, for 4 h at 37°C. The proteins under reduc-
ing conditions were separated by 13% SDS-PAGE. A primary antibody and secondary antibody
were used, and the antigen-antibody complex was developed with the SuperSignal chemilumi-
nescent substrate. In an attempt to characterize the fragments of H-kininogen, different

Fig 7. Immunoblotting of H-kininogen cleavage by lysate fractions from CHO-K1 cells separated by
affinity chromatography.

doi:10.1371/journal.pone.0121721.g007
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primary antibodies were used after the first development by stripping the antigen-antibody
complex from the PVDF membrane according to the Methods section. (A) the first antibody is
rabbit IgG anti-H-kininogen; (B) the first antibody is mouse IgG anti-bradykinin (recognizes
the peptide in H-kininogen R363-R371); and (C) the first antibody is mouse IgG anti-kinino-
genD6 (recognizes S543-M554 sequence in H-kininogen domain6). Control sample “C”: H-kini-
nogen (1. 0 μg). The calculated molecular weights (kDa) are presented on the right side.

Discussion
The present work demonstrates that the bradykinin domain present in H-kininogen promotes
endocytosis mediated by proteoglycans and there are different kininogenases inside CHO cells.
Considering the kinin release in CHO-K1 incubation buffer that has been previously reported
[17] and comparing these findings to the kinin release in CHO-745 incubation buffer in the
present report, our data clearly demonstrate that at pH 7.35, serine or cysteine proteases on the
cell surface hydrolyze H-kininogen, thereby releasing bradykinin (Fig. 1). The bradykinin re-
lease by cysteine proteases may be controlled by GAGs/PGs, consistent with the regulation of
these enzymes by GAGs as previously reported [28]. Moreover, H-kininogen binding to
heparan and chondroitin sulfate GAGs efficiently interferes with bradykinin release by kalli-
krein, a serine protease, in plasma and on endothelial surfaces [29]. In endothelial cells, brady-
kinin stimulates the synthesis of HSPG secreted into the medium and produces an anti-
mitogenic effect on the cell cycle [30].

In CHO-K1 cells, the internalization of the H-kininogen containing the bradykinin domain
is mediated by GAGs/PGs (Fig. 2). The inhibition of GAG sulfation blocks endocytosis, and in
the presence of serine protease inhibitors, no significant change in endocytosis is detected.
Thus, intact H-kininogen internalization is dependent on GAGs (Fig. 5).

Tumor cells can modulate tumor progression by processing H-kininogen and releasing
proangiogenic bradykinin and anti-angiogenic bradykinin-free H-kininogen [7]. According to
our data, the process can occur on lipid raft domains/caveolae, as demonstrated by the colocali-
zation of H-kininogen with caveolin-1 (Fig. 4). In our previous work we demonstrated that in
CHO-K1 pretreated with methyl-β-cyclodextrin H-kininogen endocytosis is prevented and it
did not colocalize with transferrin in the early phase of the endocytic process strongly indicat-
ing that the endocytosis is not dependent on clathrin [17]. Consistent with our findings, FXII
binding to HUVECs depends on intact caveolae on the cellular surface [31], and caveolae har-
bor proteoglycans [32]. The bradykinin-free H-kininogen does not internalize as shown in the
present work (Fig. 3) and as recently reported by our group [33], and it can act as anti-angio-
genic molecule, as previously reported [34].

The plasma and tissue kallikrein-kinin systems represent a metabolic cascade that, when ac-
tivated, triggers the release of vasoactive kinins [35]. The kallikreins are serine proteases divid-
ed into the two major categories of plasma kallikrein and kallikrein-related peptidases, which
differ significantly in their location in the plasma or tissues, respectively, and in their molecular
weights, substrate specificity, gene structure and kinin generated [36], [37]. Some proteases
from the cysteine protease family have also been described as kininogenases, but not all of
them release kinins [38]. Using purified proteins in vitro, our group demonstrated H-kinino-
gen hydrolysis by cathepsin B at three sites, generating fragments of 80 kDa, 60 kDa and 40
kDa at pH 6.3 [39]. Moreover, in human colon cancer cells, caveolin-1 affects the expression
and localization of cathepsin B and pro-urokinase and their receptors, thereby mediating cell-
surface proteolytic events associated with invasion [40]. Furthermore, caveolin-1 enhances tis-
sue kallikrein 6 secretion by these cells [41].
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In our previous work, we reported cell-associated H-kininogen hydrolysis (fragment of 82
kDa) in CHO-K1 after 3 h incubation [17]. In the present work, we report that lysate fraction
of CHO-K1 is more effective in the total cleavage of intact H-kininogen (115 kDa) at pH 5.5
after 4 h incubation. Nevertheless, the lysate fraction also possesses kininogenase activity at pH
7.4, producing fragments of 83 kDa, 62 kDa and 48 kDa, including intact H-kininogen at 115
kDa (Fig. 6). Because the hydrolysis patterns are so similar at pH 5.5 and pH 7.4, it is possible
that a single kininogenase present in the crude lysates works with a pH optimum of 5.5 that
can still work at pH 7.4, but more slowly.

These findings suggest the role of cysteine proteases in H-kininogen processing on the cell
surface and in acidic endosomal vesicles. The affinity chromatography using antipain-Sephar-
ose of the CHO-K1 lysate fraction was performed and successfully separated kininogenases.
There was no difference in the assays at pH 5.5 and 7.4, but the proteins in the fraction bound
to resin released bradykinin from H-kininogen, whereas the proteins in the fraction unbound
to resin cleaved H-kininogen at other sites but did not release bradykinin (Fig. 7).

Taken together, the data in the present work support the hypothesis that after blood vessel
injury, H-kininogen can interact and bind to the surface of non-endothelial cells. On lipid raft
domains/caveolae or endosomes, PGs mediate the endocytosis of intact H-kininogen, which
can be processed by different classes of proteases [42] [43]. The cleavage produces H-kininogen
fragments that may play roles as cystatins, effectors of the innate immunity, angiogenesis and
coagulation [44].
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