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Haemaphysalin is a kallikrein-kinin system inhibitor from hard tick Haemaphysalis
longicornis, and consists of two Kunitz type protease inhibitor domains. Each domain
as well as haemaphysalin inhibited intrinsic coagulation by inhibiting activation of
the kallikrein-kinin system without affecting the amidolytic activities of intrinsic
coagulation factors, indicating that both domains were involved in the inhibition
through a similar mechanism to that for haemaphysalin. Reconstitution experiments
showed that the C-terminal domain contributed more predominantly to this inhibi-
tion. Direct binding assaying showed that the C-terminal domain could bind to the
cell-binding region of high molecular weight kininogen (HK), suggesting that it also
binds to the cell-binding region of factor XII. Judging from these findings, the C-ter-
minal domain may more effectively inhibit the association of factor XII and HK with
the cell surface by binding to cell-binding regions, and hence would predominantly
contribute to the inhibition of activation of the kallikrein-kinin system.

Key words: kallikrein-kinin system, Kunitz type protease inhibitor, tick.

Abbreviation: HK, high molecular weight kininogen; CTI, corn trypsin inhibitor; DS500, dextran sulfate of MW
500,000; SBTI, soybean trypsin inhibitor; S-2222, Bz-Ile-Glu-Gly-Arg-p-nitroanilide; S-2238, H-D-Phe-Pip-Arg-p-
nitroanilide; S-2302, H-D-Pro-Phe-Arg-p-nitroanilide; S-2366, pyro-Glu-Pro-Arg-p-nitroanilide; Spectrozyme®
fIXa, MeSO,-D-CHG-Gly-Arg-p-nitroanilide; DACM, N-(7-dimethylamino-4-methyl-3-coumarinyl)-maleimide;
GST, gluthathione S-transferase; RP-HPLC, reverse phase HPLC; APTT, activated partial thromboplastin time;

SPR, surface plasmon resonance; RU, resonance unit.

The kallikrein-kinin system in human plasma princi-
pally consists of three plasma proteins, factor XII, preka-
llikrein, and HK. Factor XII and the prekallikrein-HK
complex assembles on a biologic activating surface or a
negatively charged surface, and activation of the kal-
likrein-kinin system occurs. In vivo, the binding of the
prekallikrein-HK complex to a biologic activating sur-
face, such as endothelial cells, initiates activation of the
kallikrein-kinin system (1). On the cell surface, prekal-
likrein is converted to kallikrein by prolylcarboxypepti-
dase, and the kallikrein generated converts factor XII to
factor XIla (2—4). In vitro, the binding of factor XII to a
negatively charged surface initiates activation of the kal-
likrein-kinin system. On the negatively charged surface,
factor XII is autoactivated to factor XIla, which catalyzes
prekallikrein activation.

Activation of the kallikrein-kinin system is followed by
reciprocal activation of factor XII and prekallikrein, and
this accelerates the generation of factor XIIa and kal-
likrein (5). The kallikrein generated cleaves HK, releas-
ing bradykinin, a primary mediator of the inflammation.
Bradykinin induces symptoms such as redness, edema,
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and pain around the injured site (6). On the other hand,
the factor XIIa generated initiates the intrinsic coagula-
tion pathway by activating factor XI. However, the physi-
ologic significance of this pathway is questionable, since
deficiencies of factor XII, prekallikrein, and HK are not
associated with hemorrahagic diathesis (7). Therefore,
the plasma kallikrein-kinin system may play an impor-
tant role in the initiation of acute-inflammatory
responses.

Zn?* ions are involved in the binding of factor XII and
HK to a biologic activating surface (8—11). The binding of
Zn% ions to these molecules induces conformational
changes in them (12-14). These conformational changes
are essential for the binding of factor XII and HK to the
biologic activating surface (15-17). The fibronectin type
II domain and domain D5 act as cell-binding domains of
factor XII and HK, respectively, and factor XII and HK
interact with the biologic activating surface through
these cell-binding domains (18, 19). In addition, factor
XII and HK compete for the biologic activating surface,
indicating that there is a putative common receptor on
the surface, and factor XII and HK interact with this
receptor via each cell binding domain (15-17).

Blood sucking arthropods, such as mosquitoes, flies,
kissing bugs, and ticks, have various pharmacologically
active compounds in their saliva (20-22). These com-
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pounds allow arthropods to feed on blood from host
animals (23). Namely, these compounds are injected into
the host animals when arthropods feed on blood, and
inhibit host defense responses, such as coagulation, vaso-
contriction, and immune responses. Various pharmaco-
logical active compounds, such as anticoagulant mole-
cules (24, 25), platelet aggregation inhibitors (26, 27),
vasodilators (28, 29), and immunosuppressive proteins
(30), had been identified in the saliva and/or salivary
glands of these arthropods. Recently, in order to identify
novel pharmacological active molecules, extensive analy-
ses of cDNA expressed in salivary glands of blood sucking
arthropods were performed (31-33). These analyses indi-
cated that there are various pharmacological active com-
pounds (34, 35).

Earlier, we performed a mass sequence analysis of sal-
ivary gland ¢cDNA from the hard tick Heamaphysalis
longicornis, and identified a unique inhibitor of the kal-
likrein-kinin system (36). This inhibitor, named haema-
physalin, consists of two Kunitz type protease inhibitor
domains, and inhibits the intrinsic coagulation pathway
without affecting the amidolytic activities of any intrinsic
coagulation factors. We further found that haemaphysa-
lin inhibited activation of the kallikrein-kinin system by
interfering with all steps of reciprocal activation of factor
XII and prekallikrein. This finding indicated that haema-
physalin inhibited intrinsic coagulation by interfering
with activation of the kallikrein-kinin system. On the
other hand, we showed that haemaphysalin could bind
specifically to factor XII/XIIa and HK, and also bound to
their cell-binding domains, the fibronectin type II domain
of factor XII and domain D5 of HK. Therefore, we sug-
gested that haemaphysalin interferes with factor XII and
HK binding to a biologic activating surface by binding to
their cell-binding regions, thereby inhibiting their recip-
rocal activation on the surface.

In the present study, we investigated the contribution
of each Kunitz type protein domain of haemaphysalin to
inhibition of the kallikrein-kinin system activation. It
was strongly suggested that both domains as well as
haemaphysalin could inhibit the intrinsic coagulation
without inhibiting the amydolytic activities of any intrin-
sic coagulation factors. We further showed that both
domains inhibited activation of the kallikrein-kinin sys-
tem by inhibiting reciprocal activation. A direct binding
assay showed that the C-terminal domain exerted
stronger inhibitory activity toward all steps of reciprocal
activation than the N-terminal domain, indicating that
the C-terminal domain predominantly contributed to the
inhibition of activation of the kallikrein-kinin system. On
the other hand, the C-terminal domain, but not the N-
terminal domain, could bind to the cell-binding region of
domain D5 of HK, suggesting that it also binds to the
cell-binding region of the fibronectin type II domain of
factor XII. Therefore, we assumed that the C-terminal
domain more effectively inhibited the association of fac-
tor XII and HK with a biologic activating surface by bind-
ing to their cell-binding regions than the N-terminal
domain.

N. Kato et al.

MATERIALS AND METHODS

Materials—Factor IXa, factor Xa, factor Xla, factor
XII, factor XIla, prekallikrein, kallikrein, thrombin, and
HK were purchased from Enzyme Research Laboratories
(South Bend, IN). To determine protein concentrations,
the following extinction coefficients (E'%y,) and molecu-
lar weights were used: factor IXa, 14.9, 56,000; factor Xa,
11.6, 46,000; factor XIa, 13.1, 160,000; factor XII, 14.1,
80,000; factor XIla, 14.1, 80,000; prekallikrein, 11.7,
86,000; kallikrein, 11.7, 86,000; thrombin, 18.3, 37,000;
and HK, 7.01, 120,000. Citrated human normal plasma
was purchased from Bio Mérieux S.A. (Marcy I’Etoile,
France). Corn trypsin inhibitor (CTI) was obtained from
Calbiochem (San Diego, CA). Dextran sulfate of MW
500,000 (DS500) and soybean trypsin inhibitor (SBTI)
were obtained from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan) and Nacalai Tesque (Kyoto, Japan),
respectively. Chromogenic substrates (S-2222, Bz-Ile-
Glu-Gly-Arg-p-nitroanilide; S-2238, H-D-Phe-Pip-Arg-p-
nitroanilide; S-2302, H-D-Pro-Phe-Arg-p-nitroanilide;
and S-2366, pyro-Glu-Pro-Arg-p-nitroanilide) were pur-
chased from Chromogenix AB (Molndel, Sweden). Spec-
trozyme® fIXa (MeSO,-D-CHG-Gly-Arg-p-nitroanilide)
was obtained from American Diagnostica Inc. (Green-
wich, CT). Other reagents used in this study were
obtained from Wako Pure Chemical Industries, Ltd., or
Nacalai Tesque.

Preparation of Recombinant Proteins of the N-Termi-
nal and C-Terminal Domains of Haemaphysalin—Based
on the positions of cysteine residues conserved in the
Kunitz type protease inhibitor family, haemaphysalin
was divided into two domains. The N-terminal and C-ter-
minal domains consisted of Lys23—Arg89 and Asn85-
Argl162, respectively (36). The DNA fragments encoding
the N-terminal and C-terminal domains of haemaphysa-
lin were each amplified by PCR using a pair of specific
primers (N-terminal domain: forward primer, 5'-CATAT-
GAAATATCGAGCCAACCCAGCACTC-3, reverse primer,
5'-GGATCCCTACTTGATTGTTTATTGCACGTTTCTA-3;
and C-terminal domain: forward primer, 5'-CATATGCA-
ATAAACAATCAAGGTGCCTACAG-3', reverse primer, 5'-
GGATCCCTAGCGCGGGTAAGTACCTTGAGC-3'). The
amplified DNA fragments were cloned into the Ndel—
HindIII sites of expression vector pET22-b (Novagen,
Darmstadt, Germany). The constructed expression plas-
mids were introduced into the E. coli BL21(DE3) strain,
and then production of recombinant proteins was
induced by the addition of isopropyl-B-D-thiogalacto-
pyranoside. Recombinant N-terminal and C-terminal
domains formed inclusion bodies in the E. coli cells. To
obtain the inclusion bodies, E. coli cells expressing the
recombinant proteins were harvested and sonicated in 50
mM Tris-HCI, pH 8.0, containing 15 uM pepstatin A, 15
uM leupeptin, and 0.5 mM phenylmethylsulfonyl fluo-
ride. Recombinant proteins from the inclusion bodies
were refolded with a thiol-disulfide shuffling system
using reduced and oxidized glutathione (37). After the
refolding reaction, the recombinant proteins were further
purified by gel filtration chromatography on Sephadex G-
75 equilibrated with Tris-HCl, pH 7.5. To confirm
disulfide bond formation, the free SH groups derived
from Cys residues in the recombinant proteins were
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titrated using a fluorescent reagent, N-(7-dimethyl-
amino-4-methyl-3-coumarinyl)-maleimide (DACM). The
titration procedure was as described previously (36).

Preparation of Recombinant Proteins of Domains and
Peptides Derived from Factor XII and High Molecular
Weight Kininogen—The recombinant protein of the
fibronectin type II domain of factor XII was produced in
the E. coli BL21 (DE3) codon-plus RIL strain using
pET22-b, and further purified by cation exchange chro-
matography on Mono S HR5/5 (Amersham Bioscience),
followed by gel filtration chromatography on TSK2000SW
(TOSOH, Japan).

The recombinant domain D5 of HK was expressed in
the E. coli BL21(DE3) using pET22-b. Purification of
recombinant domain D5 was performed according to
Herwald et al. (14). Briefly, the expressed domain D5 was
purified by affinity chromatography on Ni-nitriloacetic
acid Sepharose (QIAGEN, Hilden, Germany), followed by
gel filtration chromatography on TSK2000SW.

Three peptides, HK383-420, HK 421-466, and HK459—
513, were named after the amino acid sequence of HK,
and produced as fusion proteins with gluthathione S-
transferase (GST) using pGEX6P-1 and the E. coli BL21
strain. All GST-peptides were purified by affinity chro-
matography on glutathione Sepharose 4B (Amersham
Bioscience), and then cleaved with PreScission™ prote-
ase to remove GST according to the manufacturer’s
instructions (Amersham Bioscience). After cleavage, all
peptides were further purified by reverse phase HPLC
(RP-HPLC) on a Wakosil 5C4 column (Wako Pure Chem-
ical Industries, Ltd, Osaka, Japan).

Assay for Inhibitory Activities of the N-Terminal and C-
Termnal Domains toward Coagulation Factors—The in-
hibitory activities of the N-terminal and C-terminal
domains toward coagulation factors, kallikrein, factor
XIla, factor XIa, factor Xa, factor IXa, and thrombin,
were assessed using chromogenic substrates. The proce-
dures were described in detail previously (36). The chro-
mogenic substrates used in each assay were as follows:
S-2302 for the kallikrein or factor XIIa assay; S-2366
for the factor XIa assay; S-2222 for the factor Xa assay;
S-2238 for the thrombin assay; and Spectrozyme® fIXa
for the factor IXa assay.

Inhibition Assay for Generation of Thrombin in
Plasma—To assess the inhibition of intrinsic coagula-
tion, assaying was performed as follows. Normal human
plasma was diluted 50-fold with 50 mM Tris-HCI, pH7.5,
containing 150 mM NaCl. The diluted plasma (40 pl) and
each sample (20 pl) were mixed, and then the kallikrein-
kinin system in the plasma was activated by the addition
of 20 ul of 100-fold diluted activated partial thromboplas-
tin time (APTT) reagent (DADE BEHRING, Liederbach,
Germany). After incubation for 10 min at 37°C, 50 mM
CaCl, (20 pl) was added to the mixture, followed by fur-
ther incubation for 20 min. The reaction was stopped by
the addition of 50 mM EDTA, pH 7.5 (100 ul), and then
the activity of the thrombin generated was photometri-
cally measured at 405 nm using chromogenic substrate,
S-2238 (38).

The inhibition of activation of the kallikrein-kinin sys-
tem in plasma was also examined. To activate the kal-
likrein-kinin system in plasma before the addition of a
sample, diluted plasma (40 ul) and 100-fold diluted APTT
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reagent (20 ul) were mixed and preincubated for 10 min
at 37°C. Each sample (20 pl) was then added to the mix-
ture, followed by further incubation for 10 min. After
incubation, 50 mM CaCl, (20 pl) was added to the mix-
ture and the generation of thrombin in the plasma was
measured as described above.

Inhibition Assay for the Reciprocal Activation of Factor
XII and Prekallikrein—The effects of the N- and C-termi-
nal domains of haemaphysalin on reciprocal activation of
factor XII and prekallikrein were examined by mean of a
reconstitution assay involving purified proteins, factor XII/
XIIa and prekallikrein/kallikrein (5, 40). All assays were
carried out on 96-microwell plates at room temperature.

To assay the effect on reciprocal activation of factor XII
and prekallikrein, factor XII (final concentration, 0.2 nM)
was preincubated with a sample for 10 min in reaction
buffer (50 mM Tris-HCI, pH 7.4, 50 mM NaCl, 1% BSA,
and 0.1% polyethylene glycol 8000). After incubation,
DS500 (0.2 pg/ml) and prekallikrein (10 nM) were added
to the mixture, and then autoactivation of factor XII and
reciprocal activation began. After 10 min incubation, a
chromogenic substrate, S-2302 (170 uM), was added to
the mixture and then the increase in absorbance at 405
nm was recorded at 5 min intervals.

To assay the effect on activation of factor XII by kal-
likrein, factor XII (20 nM) was preincubated with a sam-
ple for 10 min in reaction buffer. Kallikrein (0.2 nM) and
DS500 (0.3 pg/ml) were added to the mixture, and then
activation of factor XII was started. After 10 min incuba-
tion, SBTI (0.6 uM) and S-2302 (340 uM) were added to
the mixture, and then the activity of factor XIIa gener-
ated was monitored at 5 min intervals. The SBTI was
added to inhibit the kallikrein acitivity in the reaction
mixture.

To assay the effect on prekallikrein activation by factor
XlIIa, factor XIIa (50 pM) was incubated with a sample in
reaction buffer. After 10 min incubation, prekallikrein
(10 nM) and DS500 (0.1 pg/ml) were added to the mix-
ture, after which prekallikrein activation began. After
incubation for 5 min, CTI (100 nM) and S-2302 (170 uM)
were added to the mixture, and then the absorbance
change was recorded at 5 min intervals, as described
above. The CTI was added to avoid factor XIIa activity in
the mixture.

Binding Analysis with Surface Plasmon Resonance—
Binding of each domain of haemaphysalin to factor XII/
XIIa and HK was analyzed at 25°C by surface plasmon
resonance (SPR) spectrometry using a BIAcore 3000
instrument (BIAcore AB, Sweden). The HBS buffer (10
mM HEPES, pH 7.4, 150 mM NacCl, and 0.005% Tween
20) used in the assay was treated with Chelex 100 (BIO-
RAD, Hercules, CA) in advance. ZnCl, was added to
metal-chelated HBS buffer before each assay. Recombin-
ant proteins of each domain and target molecules were
also treated with Chelex 100 to avoid metal ions contam-
ination. Briefly, they were dialyzed against metal-
chelated HBS buffer containing 0.1% Chelex 100.

Each domain of haemaphysalin was immobilized on
the surface of a sensor chip CM4 using an amine coupling
kit according to the manufacturer’s instructions. After
immobilization, each target molecule was injected for 2
min at 20 pl/min and then the association was monitored.
After a return to buffer flow, dissociation of the sample-
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Fig. 1. Purities of Recombinant proteins
of the N-terminal and C-terminal
domains. The purities of the recombinant N-
terminal domain (A) and C-terminal domain
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RP-HPLC and SDS-PAGE. After purification
by gel filtration chromatography, the purified
recombinant proteins were subjected to RP-
HPLC on a Wakosil 5C4 column equilibrated
with 0.1% trifluoroacetic acid. The bound pro-
teins were eluted with a gradient of 0 to 80%
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acetonitrile and 0.1% trifluoroacetic acid. The
purified recombinant proteins were also ana-
lyzed by SDS-PAGE on a 15% gel, as shown in
insets.
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target molecule complex was monitored for 2 min. The
Zn%* ion dependencies of interactions were examined
using HBS buffer containing various concentrations of
ZnCl,. Regeneration of the sensor chip surface was
achieved by pulse injection of 1 M NaCl and 50 mM
EDTA, pH7.4. The exact amounts of immobilized domain
on sensor chips are indicated in the figures. The interac-
tion of each domain of haemaphysalin with domains and
peptides derived from factor XII and HK was analyzed
using a similar procedure.

Kinetic constants were determined from sensorgrams
using BIA evaluation software installed in the BIAcore
3000. In the presence of Zn2* ions, a two state binding
model was used for the calculation of kinetic constants
(Ra1> ka1, ka9, and kyy) of the interaction. The kinetic model
was as follows:

kal kaZ
A+B< AB < (AB)*
d1 dz

In the absence of Zn?* ions, the kinetic constants (Kp, &,,
and ky) of the interaction between haemaphysalin and
factor XIla well fitted a simple 1:1 Langmuir binding
model. The kinetic model was as follows:

ky
A+B&SAB
kd

RESULTS

Preparation of Recombinant Proteins of the N-Terminal
and C-Terminal Domains of Haemaphysalin—Recombin-
ant proteins of the N-terminal and C-terminal domains
were produced in E. coli cells, harvested as inclusion bod-
ies, and refolded using the disulfide shuffling system
developed for the refolding of bovine pancreatic trypsin

—0
40

Retention time (min)

inhibitor, a well known Kunitz type protease inhibitor
(37). After the refolding reaction, the recombinant pro-
teins were purified by gel filtration chromatography, and
then their purities were confirmed by SDS-PAGE and
RP-HPLC analyses (Fig. 1). After purification, disulfide
bond formation in the purified recombinant proteins was
investigated. Titration assays using a fluorescence rea-
gent, DACM, showed that the purified recombinant pro-
teins did not contain any free Cys residues (Fig. 2). In
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Fig. 2. Investigation of disulfide bond formation in the
recombinant N-terminal and C-terminal domains. The SH-
groups derived from free Cys residues in the recombinant N-termi-
nal and C-terminal domains were titrated using DACM. The solid
line (—) indicates the fluorescence intensity of B-mercaptethanol
used as a standard. The dashed lines indicates the fluorescence
intensities of 100 pM N-terminal domain (— —) and C-terminal
domain (—-). Insets (A) and (B) show SDS-PAGE analyses of the N-
terminal and C-terminal domains, respectively. Samples were
electrophoresed under reducing (lane 1) and non-reducing condi-
tions (lane 2).
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addition, the electrophoretic migration of the purified
proteins did not differ under reducing and non-reducing
conditions on SDS-PAGE analyses (Fig. 2). Thus, we con-
sidered that all Cys residues in the recombinant proteins
formed disulfide bonds intramolecularly.

Inhibition by the N-Terminal and C-Terminal Domains
of the Intrinsic Coagulation Pathway—In our earlier study,
we found that haemaphysalin could inhibit intrinsic
coagulation without affecting amidolytic the activities of
any intrinsic coagulation factors toward chromogenic
substrates. Thus, we first investigated the inhibitory
activities of the two domains toward intrinsic coagulation
factors (kallikrein, factor XIla, factor XIa, factor Xa, fac-
tor IXa, and thrombin) using appropriate chromogenic
substrates. This assay showed that both domains could
not inhibit the amidolytic activities of these coagulation
factors (data not shown).

Next, we investigated the effects of the two domains on
the intrinsic coagulation using human normal plasma.
As shown in Fig. 3, both domains inhibited generation of
thrombin in plasma activated by APTT reagent. These
results showed that both domains could also inhibit the
intrinsic coagulation without affecting the amidolytic
activities of intrinsic coagulation factors.

We further examined the inhibitory activities of the
two domains toward APTT-reagent preactivated plasma.
In this condition, the kallikrein-kinin system is already
activated before the addition of both domains. In the
absence of Ca?* ions, factor XIa was generated but could
not activate factor IX, thus preventing downstream reac-
tions. The addition of Ca2* ions allowed the cascade to
proceed, but neither domain could inhibit the generation
of thrombin, showing that they could not inhibit reac-
tions downstream of the kallikrein-kinin system in
plasma (Fig. 3). Therefore, it was suggested that both
domains as well as haemaphysalin inhibited the intrinsic
coagulation by interfering with the activation of the kal-
likrein-kinin system.

Effects of the N-Terminal and C-Terminal Domains of
Haemaphysalin on Activation of the Kallikrein-Kinin
System—Our previous study showed that haemaphysalin
inhibits activation of the kallikrein-kinin system by
interfering with all steps of reciprocal activation of factor
XII and prekallikrein. Thus, we examined the inhibition
by the two domains of the reciprocal activation in a recon-
stitution system. This assay clearly showed that both
domains could inhibit the reciprocal activation (Fig. 4A).
In addition, both domains also inhibited activation of fac-
tor XII and prekallikrein catalyzed by kallikrein and fac-
tor XIIa, respectively (Fig. 4, B and C). These results
demonstrated that each domain could inhibit all steps of
reciprocal activation, indicating that they were involved
in the inhibition of activation of the kallikrein-kinin sys-
tem. Furthermore, it was demonstrated that the C-termi-
nal domain exhibited stronger inhibitory activity than
the N-terminal domain in all assays (Fig. 4, A—C). These
results demonstrated that the C-terminal domain more
predominantly contributed to the inhibition of the kal-
likrein-kinin system than the N-terminal domain.

Interactions of the N-Terminal and C-Terminal Domains
of Haemaphysalin with Factor XII/ XIIa—The target mol-
ecules of haemaphysalin are factor XII/XIla and HK.
Haemaphysalin recognizes Zn2* ion-induced conforma-
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Fig. 3. Inhibitory effects of the N-terminal and C-terminal
domains on thrombin generation in plasma activated by
APTT reagent. The inhibitory activities of haemaphysalin (open
triangles), the-N-terminal domain (open circles), and the C-termi-
nal domain (solid circles) toward thrombin generation in human
normal plasma were examined (solid lines). In this assay, the
kallikrein-kinin system in plasma was activated after mixing of 50-
fold diluted plasma and each sample. After activation, CaCl, was
added to the mixture and then downstream cascade reactions
started. The reaction was stopped by the addition of EDTA, and
then the activity of thrombin generated was photometrically meas-
ured at 405 nm using S-2238. The inhibitiory activities of haema-
physalin (open triangles), the N-terminal domain (open circles), and
the C-terminal domain (solid circles) toward activation of the kal-
likrein-kinin system in plasma were also examined (dashed lines).
In this assay, the kallikrein-kinin system in plasma was activated
before the addition of each sample. The diluted plasma and 100-fold
diluted APTT reagent were mixed and preincubated to activate the
kallikrein-kinin system. After incubation, each sample was added
to the mixture. After activation, CaCl, was added to the mixture
and then the generation of thrombin in plasma was measured, as
described above. In all assays, negative control experiments were
performed using lysozyme (solid triangles).

tional changes of these molecules and specifically binds
to their cell-binding domains. To determine the contribu-
tions of the N-terminal and C-terminal domains to the
interaction with target molecules, we first examined the
interaction of the two domains with factor XII/XIIa in the
present work.

Both domains of haemaphysalin interacted with factor
XII in the presence of Zn?* ions. In the absence of Zn2*
ions, the N-terminal domain, but not the C-terminal
domain, could bind to factor XII (Fig. 5, A and B, and
Tables 1 and 2). Furthermore, the binding of the N-termi-
nal domain to factor XII gradually increased with the
Zn?* ion concentration (Fig. 5A). The C-terminal domain
did not interact with factor XII at below 10 uM. The bind-
ing response of the C-terminal domain to factor XII
increased depending on the Zn?* concentration over 25
uM (Fig. 5B). These results showed that effect of Zn2*
ions on the interaction with factor XII differs between the
N-terminal and C-terminal domains.

The N-terminal and C-terminal domains could interact
with factor XIIa in the presence and absence of Zn?* ions
(Fig. 5, C and D, and Tables 1 and 2). These domains
bound tightly to factor XIIa with the addition of Zn?* ions,
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Fig. 4. Inhibitory effects of the N-terminal and C-terminal
domains on reciprocal activation of factor XII and prekal-
likrein. The inhibitory effects of the N-terminal domain (open cir-
cles), C-terminal domain (solid circles), and haemaphysalin (open
triangles) on activation of the kallikrein-kinin system were investi-
gated through reconstitution assays involving factor XII/XIIa and
prekallikrein/kallikrein. In all assays, a control experiment was per-
formed using lysozyme (solid triangles). (A) Effects of the recombin-
ant proteins on the reciprocal activation of factor XII and prekal-
likrein. Factor XII (final concentration, 0.2 nM) was preincubated for
10 min with samples at room temperature. The autoactivation of fac-
tor XII and following reciprocal activation were started by the addi-
tion of prekallikrein (10 nM) and DS500 (0.2 pg/ml). After 10 min
incubation, S-2302 (170 uM) was added, and then the increase in

indicating that they could recognize the Zn2*-induced
conformational change of factor XIIa. Their interaction
with factor XIIa in the range of 10 uM to 50 uM did not
change, suggesting that they could recognize the confor-
mational change of factor XIIa at a Zn2* ion concentration
of 10 uM (Fig. 5, C and D).

The binding region for haemaphysalin on factor XII
was in the fibronectin type II domain, the cell-binding
domain of factor XII. Thus, binding of each domain of
haemaphysalin to the fibronectin type II domain was fur-
ther examined. In the absence of Zn2+ ions, both domains
weakly interacted with the fibronectin type II domain
(Fig. 6, A and B). When the concentration of Zn?* ions
increased up to 10 uM, the binding response of the N-ter-
minal domain to the fibronectin type II domain dramati-
cally increased, but that of the C-terminal domain did not
(Fig. 6, A and B). Binding of the N-terminal domain
nearly reached a plateau at a Zn2* ion concentration of 10
uM. When the Zn?* ion concentration was increased up to
50 uM, the binding response of the C-terminal domain to
the fibronectin type II domain changed (Fig. 6B). These
results indicated that both domains bound to factor XII
by recognizing the Zn2* ion-induced conformational

Sample concentration (uM)

Sample concentration (M)

absorbance at 405 nm was monitored. (B) Effects of samples on acti-
vation of factor XII catalyzed by kallikrein. Factor XII (20 nM) was
preincubated with samples for 10 min at room temperature. The
activation was initiated by the addition of kallikrein (0.2 nM) and
DS500 (0.3 pg/ml). After 10 min incubation, the factor XIIa gener-
ated was measured using S-2302 (340 pM) with SBTI (0.6 uM), an
inhibitor, to minimize kallikrein activity. (C) Effects of samples on
activation of prekallikrein catalyzed by factor XIIa. Factor XIIa (50
pM) was preincubated with samples for 10 min at room temperature.
Prekallikrein (10 nM) and DS500 (0.1 pg/ml) were added, and then
activation of prekallikrein started. After 5 min incubation, the kal-
likrein activity generated was monitored after the addition of S-2302
(170 uM) with CTI (100 nM), a factor XIIa inhibitor, to minimize fac-
tor XIIa activity.

change of the fibronectin type II domain, and that the
effect of Zn?* ions on the interaction with the fibronectin
type II domain differed between the N-terminal and C-
terminal domains.

Interactions with High Molecular Weight Kininogen—
We next investigated the interaction of each domain of
haemaphysalin with HK by SPR spectrometry. In the
presence of Zn?* ions, both domains could bind strongly to
HK (Fig. 7, A and B, and Table 2). While in the absence of
Zn?* ions, they weakly bound to HK (Fig. 7, A and B).
However, in the absence of Zn2* ions, their binding
responses to HK did not change despite increasing
concentrations of both domains. Thus, we considered that
these interactions in the absence of Zn?* ions were
artificial (data not shown). Hence we concluded that both
domains interacted with HK only in the presence of
Zn?* ions.

Domain D5, the cell-binding domain of HK, was earlier
found to be the binding region of haemaphysalin. Thus,
we examined the interaction of each domain of haema-
physalin with domain D5. Indeed, both domains could
bind to domain D5 in the presence of Zn2* ions (Fig. 8, A
and B). In contrast, they barely interacted with domain

Table 1. Kinetic constants of interaction between the N- and C-terminal domains and factor XII and factor XIlIa in the absence

of Zn?* ions.

N-terminal domain

C-terminal domain

Ligand
1ean k, (M1 s1) kg (5 K, (M) k, (M- 1) kg (s K, (M)

factor XII  3.76 +0.01 x 10  8.03£0.18 x 10  2.13 + 0.04 x 107 N.D. N.D. N.D.

factor XIla  3.26+0.05x 105 595+ 0.04x 10 1.70+0.24x10°  254+0.18x10° 4.99+0.06 x 10°  1.99 +0.16 x 10

Kinetic binding constants were obtained from sensorgram curves using kinetic evaluation software installed in the BIAcore 3000. The
kinetic fitting model used in the analyses was a simple 1:1 Langmuir binding model.
N.D., not determined because the C-terminal domain did not interact with factor XII in the absence of Zn?* ions
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D5 in the absence of Zn?* ions. These results indicated
that the N-terminal and C-terminal domains bound to
HK by recognizing the Zn?* ion-induced conformational

>
© w | 3 .
TS S sl change of domain D_5. _ . _
Tlxox x| 2 We further examined the interactions of the N-termi-
=8 &R % nal and C-terminal domains with the cell-binding region
e b e and the Zn?* ion-binding region on domain D5, using syn-
233 % thetic peptides. Two peptides, HK421-466 and HK459—
o g 513, corresponded to the Zn?* ion binding region and cell-
5 a9 Té binding region on domain D5, respectively (19, 41). Pep-
Sl2eS w tide HK383—420 did not include either region. It has been
- FNaI E reported that the free Zn?* ions concentration in the
4 %N S22 & plasma is consiflergbly 'lo.w (<0.15 pM), and that activa-
£l M HE tion of the kallikrein-kinin system proceeds in the Zn?
g < i R E ion concentration range of 5 to 10 uM (42). Thus, the
% Tg 2 assay for the interaction between the two domains and
ZIE LLLIE HK421-466 was performed with a Zn?* ion concentration
E|8 -7 778 of 10 pM, while assays for their interactions with
5 Ol 12 © © = HK383-420 and HK459-513 were performed in the
s | Fo ek absence of Zn?* ions. Both domains bound to HK421-466,
'? E g % s" but not to HK383-420 (Fig 9, A and B). While the C-ter-
é BERE R minal domain could interact with HK459-513, the N-ter-
;«s % minal domain did not. These results indicated that the C-
0| |~®&&|g terminal domain could bind to the cell-binding region on
f = PR ) domain D5, but that the N-terminal domain could not.
5| L2353
@ - o oSl R
= R DISCUSSION
2| |®e = els
0 —~ 0
% N ol o3 § Haemaphysalin is a unique kallikrein-kinin system
g g inhibitor. Haemaphysalin could inhibit intrinsic coagula-
< LT L o tion despite that it did not inhibit the amidolytic activi-
1] =} . . . . . .
g XX RE ties of any intrinsic coagulation factors. In an earlier
g 2l s |2 study, we suggested that haemaphysalin inhibits recipro-
< & fl : fl g cal activation of factor XII and prekallikrein by interfer-
= @ o8 ing with the association of factor XII and the prekal-
g ZaZ 2 likrein-HK complex with a biologic activating surface,
E o . '—SD leading to inhibition of the kallikrein-kinin system acti-
3 & So g g vation (36). Thus, we suggested that haemaphysalin
g ol 3 inhibits the intrinsic coagulation through this inhibitory
RIS RS mechanism. In this study, in order to elucidate this
L E Cls s Sl 2 . . ey . b . . . .
z | & 3 i E unique inhibitory mechanism in detail, the contribution
g ig = 088 g of the. N-t.erminal and C_-ter_min_al. domains to inl_libitio_n
g e ¥ A of activation of the kallikrein-kinin system was investi-
g g o o o %D gated
o LS &2 ’ . s ey e e .
25 _ SR We suggest that both domains can inhibit the intrinsic
212 %m w o 2 coagulation without affecting the amidolytic activities of
g ol BRI £ intrinsic coagulation factors, and showed that they could
Bs = RSB inhibit the kallikrein-kinin system by inhibiting all steps
8 D5 o of reciprocal activation of factor XII and prekallikrein.
Q — . . .
=1 3 Furthermore, both domains bound to the cell-binding
£ 3 . ’ . : :
- e e e ; . domains, the fibronectin type II domain and domain D5,
ol LT T T e f factor XII and HK, r tively. Th Its indi-
2| |B% %% £3 of factor an , respectively. These results
g sl83Qs g cated that both of them could inhibit activation of the
- A fl fl fl E B kalllikrein-kinin system through the same mechanism to
§ iy =S a '7;3 that for haemaphysalin, showing that they were involved
9 N B o §D'5 in inhibition of the kallikrein-kinin system.
§ o ,_‘5 § A reconstitution experiment showed that the C-termi-
2 5g (g2 nal domain exhibited stronger inhibitory activities
~l E f ;f < E toward reciprocal activation, factor XII activation, and
2 & é *§ N ‘é o prekalllikrein activation than the N-terminal domain.
GRS T i g These results indicated that the C-terminal domain

mainly contributed to the inhibition of activation of the
kallikrein-kinin system by haemaphysalin, while the N-
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Fig. 5. Interaction of the N-terminal and C-terminal domains
with factor XII/XIIa. Interactions of the N-terminal (A) and C-ter-
minal (B) domains with factor XII were examined in the presence
and absence of Zn?* ions. The N-terminal domain and C- terminal
domain were immobilized on a sensor chip at levels of 720 and 747
RU, respectively. Factor XII (300 nM) was injected onto each domain-
immobilized sensorchip with various concentrations of Zn2* ions (0—

(A) N-terminal domain
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Fig. 6. Interaction of the N-terminal and C-terminal domains
with the fibronectin type II domain. Binding of the N-terminal
(A) and C-terminal (B) domains to the fibronectin type II domain was
investigated. In this assay, the N-terminal and C-terminal domains
were immobilized on sensor chips at levels of 1055 (A) and 1321 RU
(B), respectively. Their binding was monitored in the absence and
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50 uM) at a flow rate of 20 ul/min. The association and dissociation
reaction was monitored for 2 min. The surfaces of sensor chips were
regenerated by injection of 1 M NaCl and 50 mM EDTA. Interactions
of the N-terminal domain (C) and C-terminal domain (D) with factor
XIIa were also examined. Factor XIIa (100 nM) was injected onto the
surface of sensor chips under each condition at a flow rate of 20 pl/
min.

(B) C-terminal domain

200 | (Zn2+)
2120
© 10 uM
2 80 0 uM
g
o 40
[0
14

0 -

40 ] ] ] ]
-100 0 100 200 300

Time after injection (sec)

presence of Zn?* ions (10 and 50 uM). The fibronectin type II domain
was injected onto a sensor chip at a flow rate of 20 pl/min. The asso-
ciation and dissociation reaction was monitored for 2 min. Regenera-
tion of the sensor chip surface was achieved by pulse-injections of 1
M NaCl and 50 mM EDTA. The solid and dashed lines are sensor-
grams in the presence and absence of Zn?* ions, respectively.
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Fig. 7. Interaction of the N-terminal and C-terminal domains
with high molecular weight kininogen. The same sensor chips
as in Figure 4 were used in assays. Interactions of the N-terminal (A)
and C-terminal (B) domains with HK (100 nM) were examined at a
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Fig. 8. Interaction of the N-terminal and C-terminal domains
with domain D5. The some sensor chips as in Figure 4 were also
used in this assay. Domain D5 of HK was injected onto the surface of
sensor chips on which the N-terminal domain (A) and C-terminal
domain (B) had been immobilized. The association and dissociation

(A) N- terminal domain

o HK421-466

HK459-513

o HK383-420
-50C 1 1 1 1

-100 0 100 200 300

Time after injection (sec)

Fig. 9. Sensorgrams of interaction of the N-terminal and C-
terminal domains with peptides derived from domain D5. The
N-terminal and C-terminal domains were immobilized on sensor
chips at levels of 1021 (A) and 978 RU (B), respectively. Three pep-
tides (1 puM), HK383-420, HK421-466 and HK 459-513, were
injected onto the sensor chips at a flow rate of 20 pl/min. Binding of
the N-terminal and C-terminal domains to HK421-466 was exam-
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flow rate of 20 pl/min in the absence and presence of Zn2* ions (10
pM). The association and dissociation reaction was monitored for 2
min. The sensor chips were regenerated by pulse-injection of 1M
NaCl and 50 mM EDTA.
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reaction was monitored for 2 min at a flow rate of 20 ul/min. Regen-
eration of sensorchips was achieved by a same procedure as
described in other assays. Assays were performed in the absence and
presence of Zn2* ions (10 uM). The solid and dashed lines are the sen-
sorgrams in the presence and absence of Zn?* ions, respectively.
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ined in the presence of 10 uM Zn2* ions, because this peptide includes
the Zn2* ion binding region of domain D5 of HK. In contrast, interac-
tions of the two domains with the other two peptides, HK383—420
and HK459-513, were examined in the absence of Zn2* ions. The
association and dissociation reaction was monitored for 2 min at a
flow rate of 20 pl/min. The sensor chips were regenerated by pulse
injection of 1 M NaCl and 50 mM EDTA.
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terminal domain played a secondary role in this inhibi-
tion, albeit that the inhibitory mechanisms are similar.

Our SPR analyses showed that the C-terminal domain
bound to the cell- binding region of domain D5 of HK. In
contrast, the N-terminal domain could not bind to this
region of domain D5. It has been reported that this cell-
binding region of domain D5 could interfere with the
binding of factor XII to a biologic activating surface, sug-
gesting that the cell-binding region on the fibronectin
type II domain exhibits structural similarity with that on
domain D5 despite significant differences in the overall
structures between these domains (17). Thus, we
assumed that the C-terminal domain could bind to the
cell-binding region on the fibronectin type II domain as
well as that on domain D5. We considered that the C-ter-
minal domain could more effectively inhibit the associa-
tion of the prekallikrein-HK complex and factor XII with
a biologic activating surface by binding directly to their
cell-binding regions than the N-terminal domain.

The N-terminal domain, on the other hand, only bound
to the Zn2* ion binding region on domain D5. A molecular
modeling study suggested that the Zn%* ion binding
region is located structurally close to the cell-binding
region on domain D5 (43, 44). Thus, the N-terminal
domain might bind in the vicinity of the cell-binding
region on domain D5 and weakly hinder the association
between HK and a biological activating surface.

Our SPR analyses showed that the effect of Zn%* ion on
the interaction with the fibronectin type II domain dif-
fered between the N-terminal and C-terminal domains.
The fibronectin type II domain has several Zn?* ion bind-
ing sites (13). Thus, this finding suggested that binding
sites on the fibronectin type II domain differed between
the N-terminal and C-terminal domains. The difference
in binding sites on target molecules between the two
domains of haemaphysalin would result in the difference
in their inhibitory activities as to activation of the kal-
likrein-kinin system.

Consequently, we suggested that the N-terminal
domain and the C-terminal domain could inhibit activa-
tion of the kallikrein-kinin system through a similar
mechanism to that for haemaphysalin. However, the con-
tribution of each domain to the inhibiton differed. The C-
terminal domain plays a predominant role in inhibition
of kallikrein-kinin system activation. The C-terminal
domain likely binds to cell-binding regions on factor XII
and HK. The C-terminal domain might more efficiently
prevent factor XII and HK from binding to a biologic acti-
vating surface than the N-terminal domain. Thus, this
domain exerted more potent inhibitory activity as to acti-
vation of the kallikrein-kinin system than the N-terminal
domain. On the other hand, the N-terminal domain
might bind in the proximity of the cell-binding regions on
target molecules. Thus, this domain plays an additional
role in inhibition. The common receptor for factor XII and
HK has not been identified yet. These domains of haema-
physalin may prove useful molecular tools for identifica-
tion of this putative receptor and for studies on the kal-
likrein-kinin system.

This study was supported by a Young Scientists Fellowship B
(to S.I), from the Japan Society for Promoting Science (JSPS):
Future Development Research (to Y. C.), and from the Japan

N. Kato et al.

Health Science Foundation (JHSF): Research on Health Sci-
ence Focusing on Drug Innovation (to H. I., No. KH23306).

REFERENCES

1. Motta, G., Rojkjaer, R., Hasan, A.A., Cines, D.B., and Schmaier
A H. (1998) High molecular weight kininogen regulates preka-
llikrein assembly and activation on endothelial cell: a novel
mechanism for contact activation. Blood 91, 516-528

2. Shariat-Madar, Z., Mahdi, F., and Schmaier, A.H. (2002) Iden-
tification and characterization of prolylcarboxypeptidase as an
endothelial cell prekallikrein activator. . Biol. Chem. 277,
17962-17969

3. Moreira, C.R., Schmaier, A.H., Mahdi, F., Motta, G., Nader,
H.B., and Shariat-Madar, Z. (2002) Identification of prolylcar-
boxypeptidase as the cell matrix-associated prekallikrein acti-
vator. FEBS Lett. 523, 167-170

4. Shariat-Madar, Z., Mahdi, F., and Schmaier, A.H. (2004)
Recombinant prolylcarboxypepetidase activates plasma preka-
llikrein. Blood 103, 4554-4561

5. Citarella, F., Wuillemin, W.A., Lubbers, Y.T., and Hack, C.E.
(1997) Initiation of contact system activation in plasma is
dependent on factor XII autoactivation and not on enhanced
susceptibility of factor XII for kallikrein cleavage. Br. J. Hae-
matol. 99, 197-205

6. Regoli, D. and Barabe, J. (1980) Pharmacology of bradykinin
and related kinins. Pharmac. Rev. 32, 1-36

7. Saito, H. (1987) Contact factor in health and disease. Semin.
Thromb. Hemost. 13, 36—-49

8. Shimada, T., Kato, H., and Iwanaga, S. (1987) Accelating effect
of zinc ions on the surface-mediated activation of factor XII
and prekallikrein. J. Biochem. 102, 913-921

9. Schousboe, I. and Halker, T. (1991) Zinc ions promote the bind-
ing of factor XII/factor XIIA to acidic phospholipids but have no
effect on the binding of high-Mr kininogen. Eur. J. Biochem.
197, 309-314

10. Rgjkjeer, R. and Schousboe, 1. (1997) The surface-dependant
autoactivation mechanism of factor XII. Eur. J. Biochem. 243,
160-166

11. van Iwaarden, F., de Groot, PG., and Bouma, B.N.(1988) The
binding of high molecular weight kininogen to cultured human
endothelial cells. JJ. Biol. Chem. 263, 4698—-4703

12. Bernardo, M.M., Day, D.E., Olson, S.T., and Shore, J.D. (1993)
Surface-independent acceleration of factor XII activation by
zinc ions. I. Kinetic characterization of the metal ion rate
enhancement. JJ. Biol. Chem. 268, 12468-12476

13. Bernardo, M.M., Day, D.E., Halvorson, H.R., Olson, S.T., and
Shore, J.D. (1993) Surface- independent acceleration of factor
XII activation by zinc ions. II. Direct binding and fluorescence
studies. J. Biol. Chem. 268, 1247712483

14. Herwald, H., Morgelin, M., Svensson, H.G., and Sjobring, U.
(2001) Zinc-dependent conformational changes in domain D5
of high molecular mass kininogen modulate contact activation.
Eur. J. Biochem. 268, 396—-404

15. Reddigari, S.R., Shibayama, Y., Brunnee, T., and Kaplan, A.P.
(1993) Human Hageman factor (factor XII) and high molecular
weight kininogen compete for the same binding site on human
umbilical vein endothelial cell. J Biol. Chem. 268, 11982—
11987

16. Joseph, K., Ghebrehiwet, B., Peerschke, E.I., Reid, K.B., and
Kaplan, A.P. (1996) Identification of zinc-dependent endothe-
lial cell binding protein for high molecular weight kininogen
and factor XII; identity with the receptor that cell binds to the
globular “heads” of Clq (gC1q-R). Proc. Natl Acad. Sci. USA
93, 8552-8557

17. Mahdi, F., Madar, Z.S., Figueroa, C.D., and Schmaier, A.H.
(2002) Factor XII interacts with the multiprotein assembly of
urokinase plasminogen activator receptor, gC1qR, and cytoker-
atin 1 on endothelial cell membranes. Blood 99, 3585-3596

18. Citarella, F., te Velthuis, H., Helmer-Citterich, M., and Hack,
C.E. (2000) Identification of a putative binding site for nega-
tively charged surfaces in the fibronectin type II domain of

J. Biochem.

2102 ‘62 Jequeldes uo A1siealun Buied e /Bio'seulnolpioixo-qly:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

Contribution of Each Domain of Haemaphyselin to Kallikrein-Kinin System Inhibition 235

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

human factor XII—an immunochemical and homology mode-
ling approach. Thromb. Haemost. 84, 1057-1065

Hasan, A.A., Cines, D.B., Herwald, H., Schmaier, A.H., and
Muller-Ester]l, W. (1995) Mapping the cell binding site on high
molecular weight kininogen domain 5. J. Biol. Chem. 270,
19256-19261

Law, J.H., Ribeiro, J.M., and Wells, M.A. (1992) Biochemical
insights derived from insect diversity. Annu. Rev. Biochem. 61,
87-111

Ribeiro, J.M. (1995) Blood-feeding arthropods: live syringes or
invertebrate pharmacologists? Infect. Agents. Dis. 4, 143-152
Stark, K.R. and James, A.A. (1996) Anticoagulants in vector
arthropods. Parasitol. Today 12, 430-437

Ribeiro, J.M. (1987) Role of saliva in blood-feeding by arthro-
pods. Annu. Rev. Entomol. 32, 463-478

Waxman, L., Smith, D.E., Arcuri, K.E., and Vlasuk, G.P. (1990)
Tick anticoagulant peptide (TAP) is a novel inhibitor of blood
coagulation factor Xa. Science 248, 593-596

van de Locht, A., Stubbs, M.T.,, Bode, W., Friedrich, T,
Bollschweiler, C., Hoffken, W., and Huber, R.(1996) The
ornithodorin-thrombin crystal structure, a key to the TAP enig-
ma? EMBO J. 15, 6011-6017

Waxman, L. and Connoly, T.M. (1993) Isolation of an inhibitor
selective for collagen-stimulated platelet aggregation from the
soft tick Ornithodoros moubata. J. Biol. Chem. 268, 5445-5449
Keller, PM., Waxman, L., Arnold, B.A., Schultz, L.D., Condra,
C., and Connolly, TM. (1993) Cloning of the cDNA and expres-
sion of moubatin, an inhibitor of platelet aggregation. J. Biol.
Chem. 268, 5450-5456

Lerner, E.A., Ribeiro, J.M., Nelson, R.J.,, and Lerner, M.R.
(1991) Isolation of maxadilan, a potent vasodilatory peptide
from the salivary glands of the sand fly Lutzomyia longipalpis.
J. Biol. Chem. 266, 11234-11236

Yuda, M., Higuchi, K., Sun, J., Kureishi, Y., Ito, M., and
Chinzei, Y. (1997) Expression, reconstitution and characteriza-
tion of prolixin-S as a vasodilator—a salivary gland nitric-
oxide-binding hemoprotein of Rhodnius prolixus. Eur. J.
Biochem. 249, 337-342

Anguita, J., Ramamoorthi, N., Hovius, J.W., Das, S., Thomas,
V., Persinski, R., Conze, D., Askenase, P.W., Rincon, M.,
Kantor, F.S., and Fikrig, E. (2002) Salp15, an Ixodes scapularis
salivary proteon, inhibits CD4 (+) T cell activation. Immunity
16, 849-859

Valenzuela, J.G., Francischetti, I.M., Pham, V.M., Garfield,
M.K., Mather, T.N., and Ribeiro, J.M. (2002) Exploring the
sialome of the tick Ixodes scapularis. J. Exp. Biol. 205, 2843—
2864

Calvo, E., Andersen, J., Francischetti, I.M., de Capurro, M., de
Bianchi, A.G., James, A.A., Ribeiro, J.M., and Marinotti O.
(2004) The transcriptome of adult female Anopheles darlingi
salivary glands. Insect. Mol. Biol. 13, 73-88

Ribeiro, J.M., Andersen, J., Silva-Neto, M.A., Pham, V.M.,
Garfield, M.K., and Valenzuela, J.G. (2004) Exploring the

Vol. 138, No. 3, 2005

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

sialome of the blood-sucking bug Rhodnius prolixus. Insect.
Biochem. Mol. Biol. 34, 61-79

Francischetti, I.M., Valenzuela, J.G., Andersen, J.F., Mather,
T.N., and Ribeiro, J.M. (2002) Ixolaris, a novel recombinant tis-
sue factor pathway inhibitor (TFPI) from the salivary gland of
the tick, Ixodes scapularis: identification of factor X and factor
Xa as scaffolds for the inhibition of factor VIIa/tissue factor
complex. Blood 99, 3602-3612

Francischetti, I.M., Mather, T.N., and Ribeiro, J M. (2004)
Penthalaris, a novel recombinant five-Kunitz tissue factor
pathway inhibitor (TFPI) from the salivary gland of the tick
vector of Lyme disease, Ixodes scapularis. Thromb Haemost.
91, 886-898

Kato, N., Iwanaga, S., Okayama, T., Isawa, H., Yuda, M., and
Chinzei, Y., (2005) Identification and Characterization of the
Plasma Kallikrein-Kinin System Inhibitor, Haemaphysalin,
from Hard Tick, Haemaphysalis longicornis. Thromb. Hae-
most. 93, 359-367

Altman, J.D., Henner, D., Nilsson, B., Anderson, S., and Kuntz,
I.D. (1991) Intracellular expression of BPTI fusion proteins
and single column cleavage/affinity purification by chymot-
rypsin. Protein Eng. 4, 593-600

Sun, J., Yamaguchi, M., Yuda, M., Miura, K., Takeya, H., Hirai,
M., Matsuoka, H., Ando, K., Watanabe, T., Suzuki, K., and
Chinzei, Y. (1996) Purification, characterization and cDNA
cloning of a novel anticoagulant of the intrinsic pathway, (pro-
lixin-S) from salivary glands of the blood sucking bug, Rhodn-
ius prolixus. Thromb. Haemost. 75, 573-577

Ulmer, J.S., Lindquist, R.N., Dennis, M.S., and Lazarus, R.A.
(1995) Ecotin is a potent inhibitor of the contact system prote-
ases factor XIIa and plasma kallikrein. FEBS Lett. 365, 159—
163

Samuel, M., Pixley, R.A., Villanueva, M.A., Colman, R.W., and
Villanueva, G.B. (1992) Human factor XII (Hageman factor)
autoactivation by dextran sulfate. Circular dichroism, fluores-
cence, and ultraviolet difference spectroscopic studies. /. Biol.
Chem. 267, 19691-19697

De La Cadena, R.A., and Colman, R.W. (1992) The sequence
HGLGHGHEQQHGLGHGH in the light chain of high molecu-
lar weight kininogen serves as a primary structural feature for
zinc-dependent binding to an anionic surface. Protein Sci. 1,
151-160

Rgjkjeer, R. and Schmaier A.H. (1999) Activation of the plasma
kallikrein/kinin system on the endothelial cell membranes.
Immunopharmacology 43, 109-114

Colman, R.W., Jameson, B.A., Lin, Y., Johnson, D., and Mousa,
S.A. (2000) Domain 5 of high molecular weight kininogen (kini-
nostatin) down-regulates endothelial cell proliferation and
migration and inhibits angiogenesis. Blood 95, 543-550
Pixley, R.A., Lin, Y., Isordia-Salas, I., and Colman, R.W. (2003)
Fine mapping of the sequences in domain 5 of high molecular
weight kininogen (HK) interacting with heparin and zinc. oJ.
Thromb. Haemost. 1, 1791-1798

2102 ‘62 Jequeldes uo A1siealun Buied e /Bio'seulnolpioixo-qly:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

	Contribution of the N-Terminal and C-Terminal Domains of Haema�physalin to Inhibition of Activati...
	Noriko Kato1, Takahide Okayama1, Haruhiko Isawa2, Masao Yuda3, Yasuo Chinzei3 and Shiroh Iwanaga1,
	1Laboratory of Chemistry and Utilization of Animal Resources, Faculty of Agriculture, Kobe Univer...
	Received January 9, 2005; accepted May 24, 2005

	Haemaphysalin is a kallikrein-kinin system inhibitor from hard tick Haemaphysalis longicornis, an...
	Key words: kallikrein-kinin system, Kunitz type protease inhibitor, tick.
	Abbreviation: HK, high molecular weight kininogen; CTI, corn trypsin inhibitor; DS500, dextran su...
	MATERIALS AND METHODS
	Materials
	Preparation of Recombinant Proteins of the N-Terminal and C-Terminal Domains of Haemaphysalin
	Preparation of Recombinant Proteins of Domains and Peptides Derived from Factor XII and High Mole...
	Assay for Inhibitory Activities of the N-Terminal and C- Termnal Domains toward Coagulation Factors
	Inhibition Assay for Generation of Thrombin in Plasma
	Inhibition Assay for the Reciprocal Activation of Factor XII and Prekallikrein
	Binding Analysis with Surface Plasmon Resonance

	RESULTS
	Preparation of Recombinant Proteins of the N-Terminal and C-Terminal Domains of Haemaphysalin
	Inhibition by the N-Terminal and C-Terminal Domains of the Intrinsic Coagulation Pathway
	Effects of the N-Terminal and C-Terminal Domains of Haemaphysalin on Activation of the Kallikrein...
	Interactions of the N-Terminal and C-Terminal Domains of Haemaphysalin with Factor XII/XIIa
	Table 1.



	Kinetic constants of interaction between the N- and C-terminal domains and factor XII and factor ...
	Interactions with High Molecular Weight Kininogen
	Table 2.


	Kinetic constants of interaction between the N- and C-terminal domains and proteins of the kallik...
	DISCUSSION
	REFERENCES





