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Bdellin-KL is a trypsin-plasmin inhibitor from Hirudo nipponia, whose N-terminal se-
quence was identified as a non-classical Kazal-type. A cDNA clone encoding the inhibi-
tor was isolated by reverse transcription-PCR and 5' rapid amplification of cDNA ends.
The cDNA showed an open reading frame of 155 amino acids comprising one signal pep-
tide and two separated domains. The C-terminal domain consists of distinct internal
repeats, including HHEE and HHDD. The bdellin-KL sequence, from the constructed
genomic library of Korean leech, was determined for the 2109 bases comprising the
open reading frame and flanking regions (3' and 5'). The promoter region contains
potential regulatory sequence motifs, including TATA, CAAT, and GC boxes. To charac-
terize the properties of each domain, an N-tenninal fragment was prepared by limited
proteolysis of the intact protein. The inhibitory activity of the region was as potent as
that of the intact protein. This suggests that the compact domain plays an important
part in the inhibitory action of bdellin-KL. The C-terminal domain was revealed to have
binding affinity to ions such as Ca2+, Zn2+, Fe3+, and Fe2+ without an influence on the
inhibitory activity. This study demonstrates that bdellin-KL may be a novel bifunctional
protein with two distinct domains.

Key words: bdellin, Hirudo nipponia, leech genomic library, plasmin inhibitor, trypsin
inhibitor.

Leeches are known to possess various protease inhibitors
whose biological functions are not clearly understood, but
which have been shown to act as effective inhibitors of
serine proteases. Recently, a trypsin-plasmin inhibitor with
potent activity within a wide temperature and pH range
was purified from Hirudo nipponia (1). It was named as
bdellin-KL due to its amino acid composition and N-termi-
nal sequence, which are similar to bdellin B-3 from a Euro-
pean leech that has also been partially sequenced (2).
Bdellin-KL has disulfide bridges and a reactive site in the
N-terminal region comprising about 40 amino acids, and
has highly charged amino acids in the remaining region.
Therefore, we expect that the inhibitor has a unique struc-
ture consisting of an N-terminal compact domain with a
reactive site, and a C-terminal domain with an interesting
sequence composed of His, Glu, Asp, and Gly. Large concen-
trations of bdellins are present in the salivary glands as
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well as other organs of leech, with high levels in the repro-
ductive organ (3,4). Moreover, the concentrations of bdellin
along with several inhibitors increase remarkably within a
few weeks after feeding blood (5). However, the entire pri-
mary structure and biological function of the protein are
not yet revealed. Details of the primary structure and char-
acteristics of bdellin-KL are essential for understanding the
physiological function of this protein in vivo.

In this study, we establish the complete primary struc-
ture, including the C-terminal region with a highly charged
repetitive sequence, of bdellin-KL by cDNA cloning, and
describe the genomic sequence from the constructed library
of Korean leech. We also analyze the biochemical properties
of each of the domains and evaluate the application of the
protein to a biologically active peptide.

MATERIALS AND METHODS

Materials—Leeches collected from local ponds were kept
in laboratory water tanks and fed on porcine blood (6). Por-
cine pancreatic trypsin, porcine blood plasmin, iV-benzoyl-L-
arginine p-nitroanilide (BAPNA), and endoproteinase Asp-
N (sequencing grade) were purchased from Sigma. IPTG,
X-gal, and PCR molecular markers were from Promega.
The RNA ladder, all restriction endonucleases and T4 DNA
ligase were from New England Biolabs. Hybond™-N, [a-
^SJdATP, [a-32P]dCTP, and fy-^JATP were purchased
from Amersham. Indo-1 and Phen Green were obtained
from Molecular Probes. Escherichia coli strain ER1647 was
used for plating libraries, amplification, titering, and
screening. E. coli strain BM25 was used for automatic sub-
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cloning and DH5a was used as a host organism for trans-
formation.

Preparation of mRNA and cDNA Synthesis—Total leech
RNA was extracted by the acid guanidinium thiocyanate/
phenol/chloroform method (7). The poly (A)+ mRNA fraction
was prepared using a polyA tract mRNA isolation kit
(Promega). The first strand cDNA was synthesized from
the mRNA using an EcoRI-NotI-idT)18 primer. For 5'
RACE, cDNA was synthesized using a Marathon™ cDNA
amplification kit (CLONTECH).

PCR Amplification and cDNA Cloning—For amplifica-
tion of the cDNA encoding the N-terminal part of bdellin-
KL, a degenerate sense primer [PR1: 5'-GARTGYGTNT-
GYACNAARGA-31 and a degenerate antisense primer
[PR2: 5'-CCYTCRCANGCRTGYTCRTG-3q were designed
on the basis of the amino acid sequence corresponding to
amino acid residues 21-27 and 54-60, respectively. Thirty
cycles of PCR using TaKaRa Ex Taq polymerase were per-
formed as follows: 1 min at 94°C, 30 s at 49°C, and 30 s at
72°C. To identify the 3' end of the cDNA sequence, a nested
sense primer [PR3: 5'-AAGACGGTGTCACCTACGACAAC-
3T was used together with a primer containing an EcoRI-
Notl site [PR4: 5'-AACTGGAAGAATTCGCGGCCG-31.
Then 5' RACE was performed to clone the remainder of the
cDNA using an antisense primer [PR5: 5'-TCCACAAATC-
CTTCGCAGGCATGTTCGT-31 and an adapter primer API
(CLONTECH). The products of each PCR were subcloned
into pT7Blue(R)T vector (Novagen) and sequenced by the
dideoxy chain termination method (8) using a Sequenase
version 2.0 kit (USB) or on Automated DNA Sequencer
(Perkin Elmer ABI PRISM 377).

Northern Blot Analysis—Total RNA (20 \x.g) was sepa-
rated in a 1.0% agarose gel containing 2.2 M formaldehyde
and then transferred to a Hybond™-N membrane. A cDNA
probe specific to bdellin-KL was labeled with [a-32P]dCTP
using the Prime-a-Gene™ labeling system (Promega). Hy-
bridization was performed at 68°C for 2 h in a QuikHyb
hybridization solution (Stratagene) containing 100 jjug-ml"1

sonicated salmon sperm DNA. The membrane was washed
twice in 2x SSC containing 0.1% SDS at room tempera-
ture, and once in 0.2X SSC containing 0.1% SDS at 60°C

Isolation of Genomic DNA and Construction of a Leech
Genomic Library—Leeches (5 g) were frozen in liquid nitro-
gen and ground with a prechilled mortar. After treatment
in 90 ml lysis buffer containing RNaseA and collagenase at
50°C for 2 h, proteinaseK was added and the sample was
incubated for 12 h. Purification of genomic DNA was per-
formed a using Genomic-tip™ kit (QIAGEN). The purified
genomic DNA (50 |xg) was partially digested with Sau3Al
at 37°C for 30 min and a 7-15 kb region of DNA was eluted
from a 0.5% agarose gel. The size-fractionated DNA (2 |xg)
was ligated to \BlueSTAR vector with T4 ligase overnight
at 4°C. Packaging of recombinant phages was performed
with a PhageMaker® system (Novagen). Recombinant
phages were amplified once on agar plates using E. coli
strain ER1647. The procedures for growth, purification of
phage particles, and extraction of phage DNA were per-
formed according to the manufacturer's instructions.

Screening of the Genomic Library and Isolation of Bdel-
lin-KL Genomic Clones—The bacteriophage plaques (5 x
104 plaques/150 mm plate) were lifted onto a Hybond™-N
membrane. Hybridization was carried out at 42°C for 24 h
using the same radioactive probe used for the Northern

blot analysis in 30% formamide, 5X Denhardt's solution,
5X SSPE, and 100 (Jig/ml salmon sperm DNA. The filters
were washed three times in 2X SSC containing 0.1% SDS
at 20°C and twice in 0.2X SSC containing 0.1% SDS at
68°C, and autoradiographed. Positive plaques were selected
and subcloned into BM25.8 according to the manufacturer's
instructions.

Southern Blot Analysis—Genomic DNA (10 |xg) was
digested with restriction enzymes, electrophoresed in a
0.7% agarose gel, and transferred to a Hybond™-N mem-
brane. Hybridization and membrane washing were per-
formed as for the Northern blot analysis.

Identification of tsp—To identify a tsp, primer extension
analysis was performed as described by Boorstein and
Craig (9). For DNA sequencing and reverse transcription,
primers complementary to nucleotides 99-120 [5'-AAG-
TCTTCAACTTCTACTCACCC-31 and codons 51-73 [5'-
CTGTATCTGCGTTGATGGCGACC-31 were synthesized.

Purification of the N-Terminal Fragment by Limited Pro-
teolysis—Bdellin-KL was prepared as described previously
(1). The intact protein was treated with endoproteinase
Asp-N in 100 mM Tris-Cl (pH 8.0) at 37°C for 15 h. The
digested peptides were separated by RP-HPLC using a
Vydac218TP Clg column with a gradient from 0.1% TFA in
water to 0.1% TFA in 80% acetonitrile. The purified pep-
tides were sequenced at the N-terminus by the automated
Edman degradation method on an Applied Biosystem 476A
protein sequencer. The molecular mass of the N-terminal
fragment was determined by COMPACT matrix-assisted
laser desorption ionization-mass spectrometry (MALDI-MS
II, KRATOS Analytical) (10).

Kt Determination of the N-Terminal Fragment—Varying
concentrations of the N-terminal fragment were incubated
with either porcine pancreatic trypsin (90 nM) or porcine
blood plasmin (3 (JLM) for 15 min. After adding 2.4 mM
BAPNA, the residual enzyme activity was determined by
measuring the A410 of the reaction at 30 s intervals. The
inhibition constants (K) of the N-terminal peptide to each
enzyme were estimated by tight-binding analysis as de-
scribed by Stone and Hofsteenge (11). Active site titrations
of trypsin and plasmin were performed using p-nitrophenyl
p'-guanidinobenzoate (p-NPGB) HC1 (12).

pH and Temperature Effects on the Inhibitory Activity of
the N-Terminal Fragment—After incubation of the N-ter-
minal fragment under varying pH and temperature condi-
tions for 40 min, the solution was diluted 500-fold with 100
mM Tris-Cl (pH 8.0), and then the trypsin inhibitory activ-
ity was determined by comparison with controls. The incu-
bation buffers used were 50 mM glycine-HCl (pH 2.0), 20
mM HEPES (pH 7.0), and 50 mM glycine-NaOH (pH 12.0).

Ion-Binding Assay—The bdellin-KL was mixed with di-
valent ions, and fluorescence spectra were obtained on a
fluorometer using first indo-1 as Ca2+ and Zn2+ probes (13,
14) and Phen Green as Fe2+ and Fe3+ probes. After mixing
0.1 \>M. of bdellin-KL or its N-terminal fragment with a fif-
teen-fold excess of each ion, 1 p.1 of 1 mM probe was added
and the change in fluorescence was measured. A mixture of
each ion and probe without peptide, and separate mixtures
of peptide, each ion, 3 |xM EGTA, and the probe were used
as controls. Excitation was performed for indo-1 at 355 nm
and for Phen Green at 492 nm.

We observed whether the ions modulate the inhibitory
activity of the protein. After mixing 50 \il of 30 uJM bdellin-

J. Biochem.

 at Islam
ic A

zad U
niversity on Septem

ber 30, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Leech-Derived Trypsin-Plasmin Inhibitor 433

KL with 50 M.1 of each ion (at 100 uM), 50 jil of 1 \xM en-
zyme, such as trypsin or plasmin, was added. The absor-
bance change at 405 nm was monitored after the addition
of 100 n,l of 1 mM BAPNA. The percentage of inhibition
(%/) was calculated as %I = (1-V/VO) x 100, where Vj and
Vo are the velocities (abs./min) with and without inhibitor.

RESULTS

Cloning and Sequencing of Bdellin-KL cDNA—From the
first strand cDNA, a 120-bp DNA fragment corresponding
to amino acid residues 21-60 of bdellin-KL was amplified
by PCR with the degenerate primers PR1 and PR2. Based
on the DNA sequence, the 3' end of cDNA was amplified
with primers PR3 and PR4. After 5'- RACE with primers
PR5 and API, the cDNA sequence was completed by com-
bining the overlapping sequences from each PCR product
(Fig. 1A) (GenBank accession No. AF223972).

There is an open reading frame of 465 nucleotides encod-
ing a protein of 155 amino acids. The 18 residues from the

(A)

(kb)

30 —

2 0 —

10 —

0 5 —

(B)

H/E B/E H/B

Fig. 2. Northern and Southern blot analysis of bdellin-KL. (A)
Northern blot analysis. Twenty micrograms of total leech RNA was
separated in a 1.0% agarose/formaldehyde gel, blotted onto a Hy-
bond™-N membrane, and hybridized with a probe, [a-32P]dCTP-la-
beled bdellin-KL cDNA. The size marker is an RNA ladder from
New England Biolabs. (B) Southern blot analysis. Ten micrograms of
genomic DNA was digested with HindllVEcoRI (H/E), BamW
EcoRI (B/E), or HindllVBamm (H/B), electrophoresed in a 0.7%
agarose gel, and blotted onto the Hybond™-N membrane. Hybrid-
ization was performed with the bdellin-KL cDNA probe. The size
marker is a Hindlll digest of lambda DNA.
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Fig. 1. Nucleotide and deduced amino acid se-
quences of the bdellin-KL cDNA. (A) The nucle-
otide sequence of the cDNA encoding bdellin-KL and
its deduced amino acid sequence (GenBank acces-
sion No. AF223972). There is an open reading frame
of 465 nucleotides encoding a protein of 155 amino
acids. (B) Rearrangement of the deduced amino acid
sequence of bdellin-KL. The signal peptide is under-
lined and the arrow denotes the reactive site The
disulfide bridge pattern, shown as dotted lines, was
elucidated for bdellin B-3 (4). Positively charged
amino acids are shown in shaded boxes and nega-
tively charged amino acids in open boxes.
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first Met are a leader sequence containing a signal. The
last 137 residues correspond to native bdellin-KL with a
calculated molecular mass of 16,137.0 Da. The deduced
amino acid sequence showed that the C-terminal region,
accounting for more than 65% of the total sequence, has
unique repeats including HHEE, HHDD, HHDDE, and
HKEDD (Fig. IB).

From Northern blot analysis of the total leech RNA, only
one hybridization signal was observed at about 900 bases
(Fig. 2A). The difference in length between the 711 bp
cDNA clone and the mRNA is likely due to the post-tran-
scriptional addition of a poly (A) tail or to a 5'-untranslated
region of the mRNA that was not copied into cDNA.

Genomic Sequence Analysis of Bdellin-KL—Screening of

the constructed genomic library revealed a clone encoding
bdellin-KL, and its sequence was determined up to 2,109
bases (Fig. 3) (GenBank accession No. AF272790). The
clone contains an open reading frame (ORF) composed of 3
exons and 2 introns spanning about 1 kb. The exon-intron
organization was determined by comparing the nucleotide
sequence with the cDNA sequence. The sequence of each
exon-intron junction completely matched the consensus se-
quence for splicing acceptor/donor sites (GT/AG rule) {15).

The transcription start point (tsp) in bdellin-KL gene was
determined by primer extension analysis (Fig. 4). Two ex-
tension products, 121 and 122 nt in length, were observed,
corresponding to T and G located 59 and 60 bp upstream of
the start codon (ATG), respectively. The +1 position was
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AAGCCGGATAATAATAATAATAATAATAATAA
TAATAATAATAATAATAATAATAATAATAATAATAATAATAATAATAATAATAATAATAA
TAATAATAATAATAATAATAATAATAATAATAATAATAATAATAATAATAATAATAATAA
TAATAATAATAATAATAATAATAATACCCAAGTCACTCATCAAATTTTATTTTTTCAAGC
CAAAGTTTTTTTTCCAAATTATCTCGGCTGTTTTGAAGTTGCAAAAAACGTTCAAGCGAC

GATA-1
ATTTTCGAACATTAACATTAACAAAGGCTCCATCCAGCTTCAGTTAATTTACCAGCGGTT

CAAT
GGTCGCTAATCTCGGCGAAAAGGAAAGCAAATCCACAAGCTTACTTGTATTTTTGTGAAA

SP-1 AP-3
AATGACAAGAAACTTAAATTTAGAAAAAAACAACCCTTAGGATTGAAGACAGATGGTGCA

Pit-1 E box
TTTTAGACTCACGGCATCAATCAAACCAAGAGCTAAGACCGGTTCTGATTAACTGAACAC

CAAT AP-1
GGAGCAGTCTAGACGAGGTACCACGGCGAGCTTATATAAAGACACTCGTGATAAGTCGTG
| SP-1 TATA GATA-1
GTAGGGTTATCTCTTTTTCCTCTAGTTGCGTTTTCTCTGCGGATAAACACTTGAAACAAC

GATA-1 Pit-1
|ATGAAGCTTTTGTTCGCTTTGGCCGTTTTTGGTGCTCTGG|GTGAGTAGAAGTTGAAGACT

AP-1
TTTTTTTTGTCGGTAAAATGATTGAAGACAAATGCTTAATTTCAGGGAATATTTTAAAGC
ATATCTCTGGTTTTTTTGTGTTTGTAACAATAAAATTATAATTTATCCGAAGTTTCGGTT
GATA-1

ACTGTCAAGTTACAGATGGTAATTTGAGAATGTCAGCAAGACAAAATTCAATAATTTCCT
£ box

CCAGATTTAGTTACAAAATACAACTACTGAATATCTTAAATATTTTATCTTATATATAAA
GATA-1, P i t - 1 GATA-1

GATA-1
frACAGAATGCGTCTGCACCAAGGAACTGCTGAGAGTTTGCGGAGAAGACGGTGTCACCTAJ
|CGACAACTCATGTCTGGCTACGTGCCA|GTCAGTAAATCTATTTTATTACTTAATGAACTA
ATTGATTAGTATTGTTTGTTACTATTATTATTATTATTATTATTATTATTATTATTAATA
GTATTATTAGTTACTATTATCACAGAGATACGAGATTAGATGCATTAGATTACATAAGGA
AATAACTTCAAACACCAAAACTAAAATAAACATCAAAACCATCTTTCACAGJTGGAACGTC
|AGTTGCCCACGAACATGCCTGCGAAGGATTTGTGGAGCACCACGAAGATGAACATCACGA
|GGGCGAAGAGCACAAGGAGGAAGGTCACGAAGGTCATGATGATCATCATGACGATGGTCA|
|CGAGGAGCACCACGAGGGAGAAGAGCACAAAGATGAGCATCACGAGGAGGGTCATGATGA|
|TCATCACGAGGAGGGTCACCGATGATCACCATGACGACGAACACAAGGAAGATCACCATG|
|ACGACGAACACAAGGAAGATGATCATCATGACGACGAACACAAGGATGATGATCATCACG|
|AGGAGCACCACGATTAGJTCGGTGTCTTGGGCAACAGACCGAGTCCTTTTTCTTGTTGCCG
TAGAACAGTTAACCGGTTCAATAGCTTAGAGTATTTTTTTCCTTACTTTATATTTTTTTA
TTTCGGAATCATTCTGCTGATGATGTAAATCTCAATCGAATGTATCCTGTTGCAGAGACG
AATGACGTAAACATGTTGTTGACATGAAAATATGAAGTTTTTCAAATGTCAGAGCTAGAA
ATAAAGTCTAACAAATAATCAAACTACCCCCTCTTAAGAGTAAGGCTAACGATAGCTACG
ACTTCAGCTTAACCAAAAAACTGTTAAGAATCCGCTGCCAAGCTACCTTTACTTTTTTTT
TTATTTTTTTATTTATTTTATTAGACACAATTGAAGGGCCCAATTGGACCACTAACACAA
TTGCAAGAAAAAAAAAAACCAAAAAACATCGACCGGCGTGTACAACAGGGGCAGCATATA
GATTAAAGTGCATTTAAATAATGGGTTAAGGCAAGGG

Fig. 3. Nucleotide sequence of the
bdellin-KL gene (GenBank accession
No. AF272790). Nucleotide numbering
begins at the transcription start point (ar-
row). The exon is boxed, and the start and
stop codons are in bold face. The unusual
ATA repeats are underlined. The poten-
tial CAAT boxes, TATA box, GC boxes,
transcription factor binding sites, and the
polyadenylation signal are shadowed.
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assigned to an intense band and corresponded to the G res-
idue.

To define DNA regulatory elements that may mediate
the expression of the bdellin-KL gene, the 5'-flanking
region was analyzed (Fig. 3). A consensus TATA box se-
quence (TATAAA) was found at -26 bp from the tsp. CAAT
sequences were found at -103 bp and -271 bp. Two puta-
tive Spl boxes were located 39 bp and 230 bp upstream as
CACGGCG and CTCGGCG, respectively. From -395 bp to
-565 bp, the sequence ATA was repeated. Two API ele-
ments were found at positions -75 and +102. Some poten-
tial binding sites for specific transcription factors such as
GATA-1, E box, and Pit-1 were found in the 5'-flanking
region as well as the first intron of the ORF. The canonical
polyadenylation signal (AATAAA) was found 222 bp down-
stream of the stop codon.

Southern blot analysis was performed after digestion of
the genomic DNA with HindllVBamBI, BamHUEcoRI, and
HindlWEcoBl. This revealed that more than two copies of
the bdellin-KL gene are present in the genome (Fig. 2B).

The N-Terminal Domain as a Protease Inhibitor—The N-
terminal region comprising 48 amino acids (amino acid res-
idues 19-66) was purified from RP-HPLC and identified by
N-terminal amino acid sequencing and mass spectrometry.
This region contains various amino acids with the reactive
site Lys26 and all disulfide bridges (4), while the remaining

A T G C

C-terminal region consists of several repetitive combina-
tions of four amino acids (H, E, D, and G). Therefore, we
specified the N-terminal region with the reactive site and
disulfide bridges as an N-terminal domain and the remain-
ing region as a C-terminal domain.

By tight-binding inhibition analysis (11), the inhibition
constants (JQ of the N-terminal fragment were estimated
to be (3.58 ± 1.24) x 10"9 M (means ± SD) for trypsin and
(8.64 ± 4.37) X 10"9 M for plasmin (Table I). In the case of
intact native bdellin-KL, the inhibition constants (JQ were
(1.36 ± 0.42) X 10-9 M for trypsin and (1.56 ± 0.64) X 10"9

M for plasmin. These results demonstrate that protein has
inhibitory activity in the N-terminal domain only.

The inhibitory activity of the N-terminal fragment was
not strongly influenced by pH or temperature (Fig. 5). More
than 90% of the activity remained up to 90°C at neutral pH
and 50°C at extreme pH. After denaturation and S-pyridyl-
ethylation of the fragment, however, the inhibitory activity
was lost. According to these results, the inhibitory activity
of bdellin-KL appears to depend on the structure of the N-
terminal domain being maintained by three disulfide
bridges.

The C-Terminal Domain as a Binding Region to Charged
Molecule—In the C-terminal part of bdellin-KL, charged
amino acids (H, D, and E) are distributed regularly, as
mentioned previously. This region is likely to be involved in
molecular interactions (1, 2). We investigated whether the
protein binds to ions commonly present in the leech body
(Ca2+, Zn2+, Fe3+, and Fe2+). We obtained fluorescence spec-
tra of the protein after incubation with fifteenfold amounts
of each ion (Fig. 6). Compared with the fluorescence spec-
trum of Ca2+ alone, that of a mixture of bdellin-KL and
Ca2+ decreases markedly to the levels of a mixture to which
EGTA is added. Also in the Zn2+, Fe3+, and Fe2+-binding
assays, the fluorescence spectra of the mixture of bdellin-
KL and each ion showed a marked decrease compared to
mixture of ion alone. These results indicate that bdellin-KL
binds to these ions. Moreover, the fluorescence spectra of
the N-terminal fragment with each ion showed patterns
similar to those of each ion. This shows that the C-terminal
domain plays a part in ion-binding.

AASAC;
CGTTTI

JTCGTGGTAGGGTTATCTCTTTT7CCTCTAGTTG
AAACACTTGAAACA

Fig. 4. Primer extension analysis. The arrows indicate tsp corre-
sponding to the nt G and T in the sequence below. The +1 position
was assigned to the more intense band corresponding to nt G. The
start codon (ATG) is in bold face and the first exon is shadowed. The
sequencing primer used is underlined.

TABLE I. Comparison of the inhibitory activities of the
intact protein and the N-terminal fragment.

Intact ptotein
(Residues 19-155)

N-terminal fragment
(Residues 19-66)

Trypsin K, (M)
Plasmin K, (M)

(1.36 ± 0.42) X lCT9

(1.56 ± 0.64) X 10"9
(3.58 ± 1.24) x 10"9

(8.64 ± 4.37) x 10"9

60 •

40 60
Temperature (

Fig. 5. Temperature and pH effects on the inhibitory activity
of the N-terminal fragment. The trypsin inhibitory activity of the
N-terminal fragment was measured after 40 min incubation at var-
ious temperatures and at three different pH: (a) 50 mM glycine-HCl
(pH 2.0); (•) 20 mM HEPES (pH 7.0); (A) 50 mM glycine-NaOH (pH
12.0). The percentage of inhibition (%/) was calculated as %/ = (1-
AJAO x 100, where A, and Ao are the absorbance at 405 nm with and
without inhibitor.
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Fig. 6. Ion-binding assay of bdellin-
KL. The fluorescence spectra of bdellin-
KL after incubation with ions were ob-
tained for (A) Ca2+, (B) Zn2+, (C) Fe3+,
and (D) Fe2+. We used indo-1 for Ca2+

and Zn2+ probes and Phen Green for
Fe2+ and Fe3+ probes. Following the mix-
ing of 0.1 JJLM bdellin-KL or its N-termi-
nal fragment with a fifteenfold excess of
each ion, 1 (xl of 1 mM probe was added
and the change in fluorescence was mea-
sured. (—) ion alone; (A) bdellin-KIVion
mixture; (...) addition of 3 (JLM EGTA to
the bdellin-KIVion mixtures; (•) N-ter-
minal fragment/ion mixtures. Excitation
was at 355 nm for indo-1 and at 492 nm
for Phen Green.

(C)

350 400 450 500 550

Wavelength (nm)
600 350 400 450 . 500 550 600

Wavelength (nm)

350-

450 500 550 600

Wavelength (nm)

450 500 550 600

Wavelength (nm)

These ions modulate the inhibitory activity of the protein
both before or after ion-binding. We conclude that the C-ter-
minal domain serves as a binding region for ions without
influencing the inhibitory activity (Fig. 7).

DISCUSSION

Recently, a trypsin-plasmin inhibitor, bdellin-KL, was puri-
fied from H. nipponia (1). This protein was found to contain
high compositions of four amino acids: H, E, D, and G.
However, the entire amino acid sequence was not deter-
mined by peptide analysis due either to a lack of fragments
or to excessive disintegration after proteolytic enzyme

treatment. For further characterization, molecular cloning
approaches were needed to determine the primary struc-
ture of the inhibitor.

A unique repeated sequence in the C-terminus of bdellin-
KL was revealed by a combination of RT-PCR and 5'-RACE
techniques on mRNA from H. nipponia. The C-terminal
part is composed of repeated sequences, HHEE or HHDD.
A common characteristic of the alignments is that two posi-
tively charged amino acids are followed by two or three
negatively charged amino acids with an occasional inser-
tion of Gly between the repeats. There was a little discrep-
ancy between the deduced amino acid sequence and the
sequence of native bdellin-KL. We confirmed that the clone

J. Biochem.
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Fig. 7. Effect of ion-binding on the inhibitory activity. For
trypsin (A) and plasmin (B), the inhibitory activities of bdellin-KL
were measured after ion-binding. After mixing 50 (xl of 30 (JLM bdel-
lin-KL with 50 JJLI of 100 |xM each ion, 50 \y\ of 1 JJLM enzyme was
added. The absorbance change at 405 nm was monitored after add-
ing 100 JJLI of 1 mM BAPNA. The percentage of inhibition (%/) was
calculated as%7 = (1-V/VO x 100, where V, and Vo are the velocity
(abs./min) with and without inhibitor.

obtained really encodes bdellin-KL by internal peptide
sequencing and amino acid analysis. The identified internal
sequence after trypsin treatment is DEHHEEGHDDHH-
HEEGHD, which corresponds to amino acid residues 102-
118. Therefore, the most probable explanation for the dif-
ferences between the sequences would be errors in the se-
quence analysis of native bdellin-KL.

In the case of bdellin-KL, all six cysteines are in the N-
terminal part and are involved in disulfide bonds (4). The
N-terminal fragment was not digested by further incuba-
tion with endoproteinase Asp-N, even though two more
cleavage sites are present. Moreover, the inhibitory activity
of the region is as potent as that of the intact protein and
very stable over wide ranges of pH and temperature. This
result shows that the N-terminal domain constitutes a
compact structure resistant to proteolysis and plays an im-
portant role in the inhibitory action of bdellin-KL.

Some proteins with similar internal repeats have been
found. The histidine rich protein (HRP) from Plasmodium
falciparum demonstrates the existence of a heme-binding
site (HHAANA) {16). Histidine, glutamate, and aspartate
are repeated in the histidine-rich Ca2+-binding protein
(HCP) from sarcoplasmic reticulum (17). The structural
motif HD/EXXH is common in proteins that bind divalent
metal ions with high affinity, especially Zn2+ (18). There-
fore, we expected that bdellin-KL would bind highly
charged molecules such as heme, divalent ions, and other
charged molecules. In practice, the C-terminal domain
shows binding affinity for Ca2+, Zn2+, Fe3+, and Fe2+ with-
out an influence on the inhibitory activity.

The bdellin-KL gene includes several potential binding

sites for tissue-specific transcription factors such as E box,
Pit-1, and GATA-1. The E box has been shown to be a B-
cell and myocyte-specific transcription factor binding site
(19), while the Pit-1 binding site is found in genes ex-
pressed specifically in the anterior pituitary gland (20).
GATA-1 has been determined to play key roles in the regu-
lation of a number of different erythroid-specific genes (21),
and in the generation of hematopoietic cell types (22). Con-
sidering the hypothetical role of bdellin in blood preserva-
tion in leeches (5), and the similar sequences of heme
binding sites in histidine rich proteins from P. falcifarum
(16), the presence of GATA-1 consensus sequences support
the possible function of bdellin-KL in blood preservation.
Thus, the C-terminal part may sequestrate or release heme
while the N-terminal part regulates protease activity. Bdel-
lin might also be involved in sperm-egg interactions. The
concentrations of bdellin are present in the reproductive
organ, and bdellin strongly inhibits acrosin, which occurs in
the acrosome of spermatozoa (23). GATA-1 has also been
suggested to regulate genes during the earliest stage of
spermatogenesis (24, 25). There have been some reports
that trypsin inhibitors might control such sperm functions
as Ca2+ influx in the acrosome reaction and the activation
of acrosin and other serine proteases (26). Therefore, we
would expect that the C-terminal part plays a part in inter-
actions with charged molecules while the N-terminal part
acts as a protease inhibitor during acrosome reaction.

In the present study, we have deduced the primary struc-
ture of bdellin-KL by molecular cloning and demonstrate
that the protein is a novel bifunctional inhibitor with two
distinct domains. While the N-terminal domain acts as a
stable trypsin-plasmin inhibitor, the C-terminal domain
serves as a binding region for charged molecules. In addi-
tion, the gene sequence analyses provide a clue to the
structure-function relationship of bdellin, and may be help-
ful for understanding multifunctional proteins in vivo.
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