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A novel hyaluronan-binding protein (PHBP) was purified from human plasma by affinity
chromatography on hyaluronan-conjugated Sepharose. The contaminating IgM and albu-
min in the partially purified preparation were removed with anti-IgG antibody-conjugated
Sepharose and anti-albumin antibody-conjugated Sepharose, respectively, and no other
contaminant was observed. Finally, 800 ug of PHBP was isolated from 500 ml of human
plasma. PHBP gave a single 70-kDa band on SDS-PAGE under non-reducing conditions,
and 50-kDa and 17-kDa bands under reducing conditions. Thus, PHBP was a heterodimer
composed of 50-kDa and 17-kDa subunits, bridged by a disulfide linkage. Both subunits
had novel N-terminal amino acid sequences, indicating that PHBP was a novel hyaluronan-
binding protein in human plasma. The amino acid sequence deduced from the nucleotide
sequence of the cloned PHBP cDNA exhibited significant homology to that of hepatocyte
growth factor activator (HGFA). The results of Northern blot analysis indicated that liver,
kidney, and pancreas expressed PHBP mRNA. The predicted structure of PHBP showed
three epidermal growth factor (EGF) domains, a kringle domain and a serine protease
domain, from its N-terminus, although HGFA has a fibronectin type II domain, an EGF
domain, a fibronectin type I domain, an EGF domain, a kringle domain, and a serine
protease domain, from its N-terminus.

Key words: hepatocyte growth factor, hyaluronic acid, macrophage-stimulating protein,

plasma protein, serine protease.

Hyaluronic acid (HA), a high molecular weight polysaccha-
ride composed of repeating N-acetyl glucosamine and D-
glucuronic acid subunits, is an abundant glycosaminoglycan
present in ECM, connective tissue, cartilage, bone marrow,
and synovial fluid (I). Several proteins have HA binding
properties and are found in various tissues. Thus, CD44
was found on the SV.3T3 cell surface (2, 3). RHAMM
(receptor for HA-mediated motility) was found in the
culture media of 3T3 cells and chick embryo fibroblasts (4).
HABPs (hyaluronic acid-binding proteins) were found in
chick embryo (5). Hyaluronectin was found in human brain
(6, 7). Proteoglycan core proteins and link proteins were
found in cartilage (8-10), and TSG-6 was found as a tumor
necrosis factor-inducible protein in human fibroblasts (11).
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In the catabolism of ECM, proteolysis and its control
mechanism have been studied to some extent for matrix
metalloproteinases (MMPs) (12-14) and tissue inhibitors
of matrix metalloproteinases (TIMPs) (15, 16). The degra-
dation of HA and its regulation mechanism, however, have
not been elucidated clearly. Only limited knowledge is
available on hyaluronidase (PH-20) on sperm membrane
(17). When we searched for HA-binding proteins in human
plasma using HA-conjugated Sepharose, we found that only
one protein specifically bound to the column. In this paper,
we describe the purification of a novel HA-binding protein
(PHBP) from human plasma and the molecular cloning of
its cDNA.

MATERIALS AND METHODS

Materials—Human umbilical cord HA was obtained from
Sigma. EAH-Sepharose was purchased from Pharmacia.
Molecular weight markers for SDS-PAGE were obtained
from GIBCO BRL, and lysylendopeptidase was from Wako
Pure Chemicals. Restriction enzymes were purchased from
Nippon Gene, Toyobo, or Boehringer Mannheim. Recom-
binant Taq DNA polymerase was obtained from Takara
Shuzo (Kyoto). *?P-labeled nucleotides and nylon mem-
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branes (Hybond N) were purchased from Amersham
Japan. Nitrocellulose filters were from Schleicher and
Schuell. Multiple Tissue Northern Blot and QUICK-
Clone™ ¢DNA (human liver) were purchased from
Clontech Laboratories. A random-primer labeling kit was
obtained from Du Pont-New England Nuclear.

Purification of PHBP—HA-Sepharose was prepared
according to the method of Tengblad (18). Briefly, EAH-
Sepharose (50 ml), HA (100 mg), and N-ethyl-N’-(3-
dimethylaminopropyl)-carbodiimide (5 g) were mixed in
200 ml of distilled water, and then the pH was adjusted to
4.5 with 0.1 N HCl. The mixture was rotated at room
temperature overnight. The gel was washed with 0.5 M
NaCl, 0.1 M sodium acetate, pH 4.0, and then 0.5 M NaCl,
0.1 M Tris-HCIl, pH 8.3, three times alternately. Then, the
resulting HA-Sepharose was washed with phosphate-
buffered saline (PBS). Human plasma (500 ml) was applied
to the HA-Sepharose column (50 ml) at the flow rate of 150
ml/h. After washing with 0.5 M NaCl containing 10 mM
sodium phosphate and 0.1% NP-40, pH7.0 (500 ml),
followed by with distilled water (100 ml), the bound
proteins were eluted with 0.2 M glycine-HCl, pH 2.5. The
absorbance of the eluate was monitored at 280 nm, after
neutralization with 1 M Tris. The contaminating IgM and
albumin in the PHBP preparation were removed by passage
through columns of anti-IgG antibody-conjugated Sepha-
rose and anti-albumin antibody-conjugated Sepharose,
respectively, as described previously (19).

Electrophoresis—SDS-PAGE was performed according
to the method of Laemmli (20) in slab gels (10% gel or
12.5% gel) under reducing or non-reducing conditions.
After electrophoresis, proteins in a gel were stained with
0.1% Coomassie Brilliant Blue G-250 in 10% acetic acid and
30% methanol for 30 min, and then the gel was destained in
10% acetic acid and 30% methanol.

Amino Acid Sequence Analysis—After electrophoresis,
proteins in the gel were transferred to a Pro Blot membrane
(Applied Biosystems) in 20 mM Tris containing 150 mM
glycine and 20% methanol electrically. The proteins on the
membrane were stained with 0.1% Coomassie Brilliant
Blue G-250 in 1% acetic acid and 40% methanol for 1 min,
and then the membrane was destained with 50% methanol.
The protein bands were cut off and their N-terminal amino
acid sequences were analyzed with a 473A Protein Sequen-
cer (Applied Biosystems). For intra-molecular amino acid
sequence analysis, the purified PHBP (70 ug) was reduced
and carboxymethylated according to the method of Cleland
(21). The carboxymethylated PHBP was digested with 1 ug
of lysylendopeptidase at 37°C overnight in 10 mM Tris-
HC], pH 7.0. The peptides were separated by HPLC on a
Syn Chropak RP-P column (2.1 X 250 mm; Syn Chrom) as
follows. The digested sample was applied to the column,
which had been equilibrated with 5% acetonitrile in 0.1%
trifluoroacetic acid (TFA). The peptides were eluted with a
linear gradient of acetonitrile (6-50%, 45 min) in 0.1% TFA
at the flow rate of 0.5 ml/min. The peptide peaks were
monitored by measuring the absorbance at 214 nm and
appropriate peaks were collected. The N-terminal amino
acid sequence of each material was analyzed as above.

Preparation of a Specific Screening Probe for PHBP
c¢DNA—Several sense and antisense mixed oligonucleotide
primers were synthesized based on the amino acid se-
quences of the peptides generated on digestion of PHBP
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with lysylendopeptidase. Various combinations of the
primers were used for PCR with QUICK-Clone™ ¢DNA
(human liver; Clontech Laboratories) as a template for
amplification of a PHBP cDNA fragment. The reaction
mixture (100 x1) comprised 10 mM Tris-HCl, pH 8.3, 50
mM KCl, 1.5 mM MgCl,, 0.001% gelatin, 0.5 ug cDNA, 0.2
mM of each dNTP, 2.5 units of recombinant Taq DNA
polymerase, and 0.5 4 M primer. The reaction mixture was
overlaid with one drop of light mineral oil. The reactions
were carried out for 5 cycles (94°C: 30 s, 37°C: 308, 72°C:
1 min), and 30 cycles (94°C: 30 s, 55°C: 30 8, 72°C: 1 min},
followed by final extension at 72°C for 5 min, using a DNA
thermal cycler (Perkin Elmer Cetus). When the primers
(N1 and C1) based on the amino acid sequences, TVCLPD-
GSFPSECHISGWGVTETGK (primer N1, TLCLPD, sense,
64-fold degeneracy) and PGQDTCQGDSGGPLTCEK (pri-
mer C1, GPLTCEK, antisense, 256-fold degeneracy) were
used for PCR, an about 250-bp DNA fragment was ampli-
fied. To confirm the PCR product, it was reamplified using
primers N2 (CHISGW) and C2 (QDTCQGD), which were
based on other amino acid sequences within the same
peptides.

Screening of Human Liver ¢cDNA—The PCR product
subcloned into pUC119 was labeled with [a-**P]dCTP by
the random priming method (22) (Du Pont-New England
Nuclear Kit) for use as a screening probe. The labeled probe
was used in a conventional plaque hybridization procedure
(23) to screen a human liver cDNA library constructed in
the Agtll phage vector (Clontech Laboratories). The
hybridization was carried out in a solution comprising 5 X
SSC, 5xDenhardt’s, 50 mM Tris-HCI, pH 7.5, 100 xg/ml
of denatured salmon sperm DNA, 0.1% SDS, 10% dextran
sulfate, and 50% formamide at 42°C. The membranes were
washed with 2 X SSC containing 0.1% SDS at room temper-
ature and then with 0.1 X SSC containing 0.1% SDS at 50°C.
Several rounds of screening were carried out to obtain
positive clones.

Characterization of the Isolated Positive Clones and
Construction of Full Length ¢cDNA—The inserts of two
independent positive clones (C7-1 and C8-1) were mapped
using several restriction enzymes and then subcloned into
the pUC119 vector. After subcloning of the inserted DNA,
the nucleotide sequence was determined by the dideoxynu-
cleotide chain termination method (24) with a Shimadzu
DNA sequencer model DSQ1000. The sequence of clone
C8-1 was all included in that of clone C7-1, which did not
contain the full length cDNA of PHBP. In order to construct
the full length ¢cDNA, the 5-end of the PHBP transcript
was amplified by the PCR technique according to the
method described by Edwards et al. with a slight modifica-
tion (25). To obtain the (—)-strand of PHBP cDNA, the
human liver cDNA (QUICK Clone™ cDNA; Clontech) was
amplified using primer PHBP-anti-900, which is comple-
mentary to the nucleotide sequence just downstream of the
5-end of clone C7-1. The reaction was performed as
follows: 7 min at 96°C for initial denaturation, 25 cycles of
amplification using a step program (96°C, 1 min; 55°C, 1
min; 72°C, 2 min), and final extension at 72°C for 15 min.
The excess amounts of primers and dANTP were removed
with a Centricon-30 (Amicon, USA). The sample was
concentrated to 23 xl by centrifugation under reduced
pressure. The (—)-strand ¢cDNA was then tailed with
poly(C) at its 3'-end by terminal deoxynucleotidyltrans-
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ferase with 1 mM dCTP. After heat treatment of the
reaction mixture at 65°C for 15 min, the mixture was
diluted to 300 x1 with 10 mM Tris-HCl, 1 mM EDTA, pH
8.0. The diluted mixture (10 x1) was amplified with primer
amp-dG-20 [5-CCGAATTCGG(G)z-3']) and primer
PHBP-anti-900. Both primer amp-dG-20 and primer
PHBP-anti-900 contain EcoRI recognition sites at their
5’-ends for subcloning. The PCR reaction was carried out as
follows; the reaction mixture was denatured at 95°C for 5
min and then cooled to 72°C, followed by the addition of 2.5
units of Tag DNA polymerase, and then was overlaid with
one drop of mineral oil. For initial extension, the reaction

a)

a-1) a-2)

:
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mixture was annealed at 50°C for 2 min and then extended
at 72°C for 30 min. The following amplification was carried
out with a step program (94°C, 1 min; 50°C, 1 min; 72°C, 2
min, 35 cycles) and final extension at 72°C for 15 min. The
PCR product (5'-RACE) was extracted with phenol/chloro-
form, digested with EcoRI, and then separated on a 1.5%
agarose gel. The resulting PCR product was subcloned into
the EcoRI-digested pUC119 plasmid vector.

Northern Blot Analysis—A Multiple Tissue Northern
Blot (Clontech Laboratories), which had been blotted with
polyadenylated RNA from various human tissues, was used
to analyze the expression of PHBP mRNA. The filter was

b)

50 kbDa
Sequence 1 ( Minor ): FSLMSLLESLDPDWT
Sequence 2 ( Major ): SLLESLDPDWTPDQY

17 kDa
Sequence 1 ( Minor ): IYGGFKSTAGKHPWQ

Sequence 2 ( Major ): STAGKHPWQASIQSS

Fig. 1. Purification of PHBP from human plasma. (a)
SDS-PAGE. (a-1) The eluate from a HA-Sepharose col-
umn was analyzed by SDS-PAGE (10% gel) under non-
reducing (1) or reducing (2) conditions. After electropho-
resis, proteins in the gel were stained with Coomassie
Brilliant Blue G-250. (a-2) The fraction (PHBP) passing
through anti-IgG antibody-Sepharose and anti-albumin
antibody-Sepharose columns was analyzed by SDS-PAGE
(12.5% gel) as described above (2 zg/lane). M: molecular

weight marker proteins. (b) The N-terminal amino acid sequences of the 50- and 17-kDa materials of PHBP. After SDS-PAGE under reducing
conditions, the 50- and 17-kDa bands were transferred to a Pro Blot membrane (Applied Biosystems) and then stained with Coomassie Brilliant
Blue G-250. Each band was cut out and subjected to sequence analysis with a 473A Protein Sequencer.

a) b)
0250 F Peak 13: PGQDTCQGDSGGPLTCER
Peak 14: LKPVDGHCALESK
Peak 18: FTCACPDQFK
E Peak 19: HPYTGPSCSQVVPVCRPNPCONGATCSRHK
ﬁ . Peak 24: PWCFIK
= Peak 25: FLNWIK
© ®
o Oowsr # Peak 26: TVCLPDGSFPSGSECHISGWGVTETGK
Q
= Peak 34: MXRTVNQHACLYWNSHLLLQENYNMFMEDA
fe]
° Fig. 2. Intra-molecular amino acid sequence anal-
7] yses of PHBP. (a) HPLC of the digest of reduced and
g carboxymethylated PHBP with lysylendopeptidase.
Reduced and carboxymethylated PHBP (70 xg) was
j digested with lysylendopeptidase (1 u4g) at 37°C over-
night in 10 mM Tris-HCl, pH 7.0. The digested sample
05~ T T ~ - - was applied to a column of Syn Chropak RP-P (2.1 X150
- B " " i " v ¥ : mm; Syn Chrom), which had been equilibrated with 5%
Time ( min ) acetonitrile, 0.1% TFA. After washing with the same

solution, peptides were eluted with a linear gradient of

acetonitrile (5-50%, 45 min) in 0.1% TFA at the flow rate of 0.5 mi/min. (b) The N-terminal amino acid sequences of the PHBP peptides. The
N-terminal amino acid sequences of the PHBP peptides obtained as above were analyzed with a 473A Protein Sequencer.
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a)
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Fig. 3. Molecular cloning of PHBP cDNA.
(a) Schematic representation of the restriction
map, the PCR probe, the cDNA clones and the
sequence strategy for the PHBP ¢cDNA. The

0 Pvull Hinc Hindlll 1 Xbal Acd 2 Jb boxed bar denotes the PHBP coding sequence
— b . + : T oriented in the 5" to 3’ direction. The nucleotide
Pvul Psd Accl scale is given at the top. The PCR product which
1 was used for screening of the human liver
— coding region — ¢DNA library, the cDNA clone (C7-1) isolated
from the human liver cDNA library, and the
5-RACE cDNA are aligned with the restriction
C7-1 clone map. Horizontal arrows indicate the direction
5'-RACE and extent of the sequencing. (b) Nucleotide
sequence of PHBP c¢cDNA and the deduced
= Probe produced by PCR amino acid sequence. The nucleotide sequence
of the constructed cDNA for PHBP is shown on
. the first line and the amino acid sequence
deduced from the nucleotide sequence is shown
-~ - on the second line. The amino acid sequences
B - N which were confirmed protein chemically are
— = —_— —_— underlined. Nucleotide residues are numbel.'ed
from +1 at the first base of the putative
initiation codon. A polyadenylation signal is
indicated by a double underline. The potential
N-glycosylation sites are shown by thick

underlines.

b)

CCTGAATCCTTGGAGACTGACATTTTTCCCCCCTAAAGGCATAGACAACAAAAGAAATTTTATTGAGAGGAAAACACAAGTCC TTAAACTGCAAAG -1
ATGTTTGCCAGGATGTCTGATCTCCATGTTCTGCTGTTAATGGCTCTCCTGGGARAAGACAGCCTGTGGGTTCTCCCTGATGTCTTTATTGGAAAGCCTG 99
M F A R M § D L H V L L L M AL V G K P A ¢ G FPF S L M 5 L L E 85 L 33
GACCCAGACTGGACCCCTGACCAGTATGATTACAGCTACGAGGATTATAATCAGGAAGAGAACACCAGTAGCACACTTACCCATGCTGAGAATCCTGAC 198
D P D W T P D Q Y D Y &8 ¥YRB D Y N Q E E NTTP 8 S T L T HOAUZENUPD 66
TGGTACTACACTGAGGACCAAGCTGATCCATGCCAGCCCAACCCCTGTGAACACGGTGGGCACTGCCTCGTCCATGGGAGCACCTTCACATGCAGCTGC 297
W Y ¥ 7 E D Q A D P C Q P NP CZPEBHGGDTCULV HEGS TP T C Ss C 99
CTGGCTCCTTTCTCTGGGAATAAGTGTCAGAAAGTGCAAAATACGTGCAAGGACAACCCATGTGGCCGGGGCCAATGTCTCATTACCCAGAGTCCTCCC 396
L A P P 8§ G N K C Q K V Q N T C X D NP CGRGOQETCUL I T Q 5 P P 132
TACTACCGCTGTGTCTGTAAACACCCTTACACAGGTCCCAGCTGCTCCCARGTGGTTCCTGTATGCAGGCCAAACCCCTGCCAGAATGGEGCTACCTGC 495
Y ¥ R ¢ V ¢ X H P Y T G P 8 C 8 Q V V P V C R P NP C O N G A T C 165
TCCCGGCATAAGCGGAGATCCAAGTTCACCTGTGCCTGTCCCGACCAGTTCAAGGGGAAATTCTGTGAAATAGGTTCTGATGACTGCTATGTTGGCGAT 594
§E R H K R R 8 K P T C A C P D O F K G K P ¢C PP I G 858 D D C Y V G D 198
GGCTACTCTTACCGAGGGAARAATGAATAGGACAGTCAACCAGCATGCGTGCCTTTACTGGAACTCCCACCTCCTCTTGCAGGAGAATTACAACATGTTT 693
G Y 8 Y R G K M N R T V N 9 H A C L Y W N 88 H L L L Q E N Y N M P 231
ATGGAGGATGCTGAAACCCATGGGATTGGGGAACACAATTTCTGCAGAAACCCAGATGCGGACGAAAAGCCCTGGTGC TTTATTAAAGTTACCAATGAC 792
M E D A B THGI G EHWNDPFCRUNUPDADTEIKUZPWCUPr I KV T ND 264
AAGGTGAMAATGGGAATACTGTGATGTCTCAGCCTGC TCAGCCCAGGACGTTGCCTACCCAGAGGAAAGCCCCACTGAGCCATCAACCAAGCTTCCEGGG 891
X VvV X W E Y ¢C DV 8 A C S5 A Q DV A Y P EE® 5 P T E P S T K L P G 297
TTTGACTCCTGTGGAAAGACTGAGATAGCAGAGAGGAAGATCAAGAGAATCTATGGAGGCTTTAAGAGCACGGCGGGCAAGCACCCATGGCAGGCGTCC 990
F D 8 ¢ G K T E I A B R K I KIR 1 Y G G F XK 5 T A G K H P W O A S5 330
CTCCAGTCCTCGCTGCCTCTGACCATCTCCATGCCCCAGGGCCACTTCTGTGGTGGGGCGCTGATCCACCCCTGCTGGGTGCTCACTGC TGCCCACTGE 1089
L Q 8 s L P L T I S M P Q G H PFP C G G AL 1 BHP CW UV L T™ AAIH C 363
ACCGACATAAAAACCAGACATCTAAAGGTGGTGCTAGGGGACCAGGACCTGAAGAAAGAAGAATT TCATGAGCAGAGCTTTAGGGTGGAGAAGATATTC 1188
T D I XK TR HUL K V VL GGD Q DL K K EPF HEOQS PF RV EIXKTITF 396
AAGTACAGCCACTACAATGAAAGAGATGAGATTCCCCACAATGATATTGCATTGCTCAAGTTAAAGCCAGTGGATGGTCACTGTGCTCTAGAATCCARA 1287
K Y 8 H Y N E R D E I P H N D I A L L K L K P V D G H C A L E 85 K 429
TACGTGAAGACTGTGTGCTTGCCTGATGGGTCCTTTCCCTC TGGGAGTGAGTGCCACATC TCTGGCTGGGGTGTTACAGAAACAGGAAAAGGGTCCCGC 1386
Y v R T VvV ¢ L P D G s P P 6 G S8 B C BRI 8 G W GV T EBE T G K G 8 R 462
CAGCTCCTGGATGCCAAAGTCAAGCTGATTGCCAACACTTTGTGCAACTCCCGCCAACTCTATGACCACATGATTGATGACAGTATGATCTGTGCAGGA 1485
Q L L D A K V KL I A NT L C NS R R Q L Y DH M I DD S M I C A @G 495
AATCTTCAGAAACCTGGGCAAGACACCTGCCAGGGTGACTC TGGAGGCCCCCTGACCTGTGAGAAGGACGGCACCTACTACGTC TATGGGATAGTGAGC 1584
N L Q X P G Q DT C Q G D 8 @6 G P L T™ ¢ P K DGT VY Y V Y G I V 8§ 528
TGGGGCC TGGAGTGTGGGAAGAGGCCAGGGGTCTACACCCAAGTTACCAAATTCC TGAATTGGATCAAAGCCACCATCAAAAGTGAAAGTGGCTTCTAA 1683
W 66 L BE C G K R P G V Y T Q VT K F L N W I XK A T 1 K 8 E 8§ G F *++ 560
GGTACTGTCTTCTGGACCTCAGAGCCCACTCTCCTTGGCACCCTGACACCGGGAGGCCTCATGGCCAACAATGGACACC TCCAGAGCCTCCAGGGGACC 1782
ACACAGTAGACTATCCTACTCTAAGCAGAGACAACTGCCACCCAGCCTGGGCC TTCCCAGACCAGCATTTGCACAATATCACCAGGCTTCTTCTGCCTC 1881
CCTTGGTAACCCAAGGAATGATGGAATCAACACAACATAGTATGTTTGC TTTCCTTACCCAATTGTACCTTC TAGAAAATCAGTGTTCACAGAGACTGC 1980
CTCCACCACAGGCATCCTGCAAATGCAGACTCCAGAATCCCCAGCATCAGCGGGAACCACCATCACATCTTTATTCCTCAGCCCAGACACTCGAGGCAC 2079
TCAACAGAATCAGCCATCCACGTCTAGGTATCAGAGAGGACCACAARATACAACATTCTCCATCTGCTTTCAGAGTTATTATTTTAATAAAGGAAGATCT 2178
GGGATGGGCTGGTGGGCCATTCCAGCTTGCCGAAATCAAGCCATCTGAAGCCTGTC TCTGGTGAACAAAC TTCCTCTC TGGCCTCTCAGGAATCAGGGT 2277

GGCATGGCTCACAACAGCAGGGCCTTCTTCTTTTT 2312
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prehybridized for 2 h at 42°C and then hybridized at 42°C
for 16 h in a solution comprising 50% formamide, 10X
Denhardt’s, 5 < SSPE, 2% SDS, and 100 g /ml of denatur-
ed salmon sperm DNA. The cDNA probe was labeled with
[a@-**P}dCTP by the random-primer method (22), and then
added to the hybridization solution to give a final concentra-
tion of 10® cpm/ml. The filter was washed twice with 2 X
SSC containing 0.05% SDS at room temperature for 20
min, and then washed twice with 0.1 X SSC containing 0.1%
SDS at 50°C for 20 min, and then exposed for 20 h with an
intensifying screen at —70°C.

RESULTS

Purification of PHBP—When human plasma was applied
to a column of HA-Sepharose, a small fraction (0.02%) of
plasma proteins bound to the column and were eluted with
0.2 M glycine-HCI, pH 2.5. These HA-binding proteins
gave >203-, 70-, and 50-kDa bands on SDS-PAGE under
non-reducing conditions, and 80-, 55-, 50-, and 28-kDa ones
under reducing conditions (Fig. 1, a-1). From these results,
we assumed that IgM and albumin contaminated the eluate.
Then, the HA-Sepharose column eluate was applied to
columns of anti-IgG antibody-conjugated Sepharose and
anti-albumin antibody-conjugated Sepharose. The result-
ing eluate gave a single band of 70 kDa on SDS-PAGE
under non-reducing conditions (Fig. 1, a-2, lane 1). Finally,
800 xg of HA-binding protein (PHBP) was purified from
500 ml of human plasma. The purified PHBP bound to
newly prepared HA-Sepharose, indicating the direct bind-
ing of PHBP to HA (data not shown). N-Terminal amino
acid sequence analysis of PHBP revealed several se-
quences, suggesting that PHBP was composed of several
peptides. PHBP gave 50- and 17-kDa bands on SDS-PAGE
under reducing conditions (Fig. 1, a-2, lane 2), and both
materials exhibited two N-terminal amino acid sequences,
respectively (Fig. 1b). Sequence 2 (major sequence) started
from the fifth amino acid of sequence 1 (minor sequence) in
the 50-kDa material, and sequence 2 (major sequence)
started from the seventh amino acid of sequence 1 (minor
sequence) in the 17-kDa material. These results suggested
the trimming of four and six amino acids from the N-
terminals of the 50- and 17-kDa materials, respectively. A
homology search of these sequences with the published
databanks [Genetyx CD30, NBRF-PDB (PIR) Rel. 44 and
SWISS-PROT Rel. 31] indicated that PHBP was a novel
protein and the sequence of the 17-kDa material showed
partial homology to that of hepatocyte growth factor
activator (HGFA), which is known as a serine protease
(data not shown). From these results, we concluded that
PHBP was a novel HA-binding heterodimer, in which the
two subunits were bridged by disulfide linkage(s).

Intra-Molecular Amino Acid Sequence Analyses of
PHBP—PHBP (70 xg) was reduced and carboxymethylat-
ed, and then digested with lysylendopeptidase (1 ug). The
digested sample was applied to a reversed-phase HPLC
column and the peptides were separated (Fig. 2a). The
N-terminal amino acid sequence of each peptide supported
that PHBP was a novel protein (Fig. 2b), and peak
materials 13, 18, and 24 showed significant homologies to
HGFA (data not shown). Peak materials 11, 12, 17, 21, and
22 gave two or three amino acids at every step, while peak
materigals 36 and 37 showed no detectable sequences.
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Isolation and Sequencing of PHBP ¢DNA Clones—PCR
was applied to amplify the cDNA fragment encoding PHBP
from human liver cDNA. The PCR product amplified with
the two mixed oligonucleotide primers (N1 and C1) was
about 250 bp in size and was confirmed to encode the amino
acid sequences of the peptides which were used for the
design of the PCR primers, the nested PCR and nucleotide
sequence analysis (data not shown). After subcloning of the
amplified cDNA fragment into the pUC119 plasmid vector,
it was used as a probe to clone the full-length PHBP ¢cDNA
from a human liver ¢DNA library. Approximately 8 x10°
clones of the cDNA library were screened with the
37p.labeled probe, two positive clones being isolated. These
two clones (clones C7-1 and C8-1) were sequenced and
found to be truncated at their 5'-ends. The full length cDNA
of PHBP was constructed as described under “MATERIALS
AND METHODS.” Figure 3a shows a restriction map of clone
C7-1, the region of the probe produced by PCR, the 5'-
RACE, and the sequencing strategy for PHBP ¢cDNA. The
constructed cDNA had an overall length of 2,312 bp and
contained an open reading frame encoding 560 amino acid
residues. The molecular weight of the precursor of PHBP
was calculated to be 62,670 from the sequence. The
complete nucleotide sequence of PHBP ¢DNA and the
amino acid sequence deduced from it are shown in Fig. 3b.
Although the nucleotide sequence surrounding the first
in-frame initiation codon at nucleotides 1-3, GCCTGAT-
GT, does not match well the consensus sequence, CCACCA-
TGG, described by Kozak (26, 27), this codon appears to be
the most likely candidate for the translation start site
because this methionine is followed by 23 hydrophobic
amino acid residues, which may be in a signal peptide
sequence (28). The second in-frame codon, ATG, 9 bp
downstream from the first in-frame one, is also possibly the
initiation codon. The third in-frame codon, ATG, 24 bp
further downstream from the second in-frame one, is
unlikely to be the initiation codon because the putative
signal peptide is too short. As shown in Fig. 3b, the C7-1
clone included a 3"-poly(A) tail and the consensus polyade-
nylation signal, AATAAA (29), positioned at 46 nucleo-
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Fig. 4. Northern blot analysis of PHBP mRNA in human
tissues. A Multiple Tissue Northern Blot obtained from Clontech was
used for hybridization with the PHBP ¢DNA. The filter was hybrid-
ized with the **P-1sbeled ¢cDNA probe and visualized by autoradiogra-
phy.
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tides upstream of the first A of the poly(A) tract.

Distribution of the PHBP Message in Adult Human
Tissues—The expression of PHBP mRNA in human adult
tissues was examined by Northern blot hybridization. A
Multiple Tissue Northern Blot (Clontech Laboratories),
which had been blotted with polyadenylated RNAs from
human adult heart, brain, placenta, lung, liver, skeletal
muscle, kidney, and pancreas, was probed with the
37p.labeled cDNA (clone C7-1). Two hybridized signals (3
and 2.3 kb) were detected in the liver, kidney and pancreas
(Fig. 4). A small band of 1.3 kb was observed for the
pancreas besides the signals of 3 and 2.3 kb. In skeletal
muscle, only a 6 kb band was detected. The significance of
the appearance of these 1.3- and 6-kb bands is not clear at
present.

DISCUSSION

HA-binding proteins have been found in several tissues,
although HA-binding proteins in plasma have not been
reported so far. In this paper, we described the purification
and characterization of a novel HA-binding protein (PHBP)
in human plasma. The HA-Sepharose column eluate con-
tained only PHBP, IgM, and albumin, suggesting that
PHBP was a major HA-binding protein in human plasma
(Fig. 1b), and the contaminating IgM and albumin could be
removed with anti-IgG antibody-Sepharose and anti-albu-
min antibody-Sepharose, respectively. Our results indicat-
ed that PHBP was a disulfide-bonded heterodimer. Se-
quence 2 of the 50-kDa material showed cleavage on the
C-terminal side of methionine, and sequence 2 of the 17-
kDa material showed cleavage on the C-terminal side of
lysine, therefore, the cleavage of both N-termini might be

61' TSVISETPATSAPEAEGPQSGGLPPPPRAVP SPQAQALTE
MF LHVLLLMAL

121' ACTSEGSAHRKWCATTHNYDRDRAWGYC
34" DPDWTPDQYDYSYEDYNQEENTSSTLT

181" PQSY

92" GS KD
*

238" >

148"

TPPPGGPA

298"
206"

357
266"

417"
323"
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caused by different proteolytic enzymes.

We isolated two independent cDNA clones (C7-1 and
C8-1) encoding PHBP from a human liver cDNA library.
Clone C7-1 was found to contain the full sequence of clone
C8-1 insert cDNA and to be truncated at the 5-end. In
order to obtain the full length ¢cDNA, the 5-end of the
human PHBP transcript was amplified by the PCR tech-
nique. The nucleotide sequence of the constructed cDNA
(nucleotides —96 to 2312) contained the full open reading
frame, starting at nucleotides 1-3 of the initiation codon
and terminating at nucleotides 1681-1683 of a stop codon
(TAA). The 1,680 bp open reading frame coded for a
polypeptide of 560 amino acid residues. All amino acid
sequences of the peptides generated on digestion of PHBP
with lysylendopeptidase are included in this reading frame,
supporting that this cDNA encodes PHBP (Fig. 3b).

A homology search of the nucleotide sequence of PHBP
c¢DNA revealed that it was identical to that of hepatocyte
growth factor activator (HGFA)-like mRNA registered in
DDBJ by Kitamura et al. (accession number, D49742). The
c¢DNA of HGFA-like mRNA is 3,008 bp in length, while
PHBP cDNA is 2,312 bp in length. This discrepancy is due
to the utilization of a different polyadenylation signal in the
3’-region of the PHBP transcript. The precursor of PHBP
consists of 560 amino acid residues. The overall amino acid
sequence of the PHBP precursor shows significant sequence
homology (about 31%) to that of HGFA (30). Interestingly,
the PHBP precursor is about 100 amino acid residues
shorter than the HGFA precursor. HGFA consists of
characteristic structural domain, a type I and a type II
fibronectin domains, two EGF domains, a kringle domain
and a serine protease domain, while PHBP consists of three
EGF domains, a kringle domain and a serine protease

CRFPFRYGGRMLH EGFA
TACGFSLMSLLESL PHBP

DRWARVRQG HGFA
GQCLITQSP PHBP

468" -SD| HGFA
381" KKEEF RDEIPH PHBP

527"
439"

587"
497"

646' RPPRRLVAPS
555" KSESGF

Fig. 5. Similarity of the amino acid
sequences of PHBP and HGFA. Se-
quences were aligned using the Genetyx
program (SDC, Tokyo). Identical amino
acid residues are shown by black boxes.
BGFA Asterisks indicate cysteine residues
PHBP conserved in the two sequences.
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domain. The N-terminal amino acids of the 50- and 17-kDa
fragments of PHBP correspond to Phe, and Ile,, in the
deduced amino acid sequence, respectively. Thus, a mature
form of PHBP may be produced on proteolytic cleavage of
the peptide bond between Arg;q,-Ile;s, of a single peptide
precursor. However, the 17-kDa fragment is much smaller
than the molecular mass calculated from the amino acid
sequence from Ile,q, to Phegs; of the C-terminus, suggesting
further proteolytic degradation in the C-terminal region of
the fragment. The 17-kDa fragment is unlikely to contain
Ser,ss, which is essential for serine protease activity as an
active site. It is notable that the peptide corresponding to
Phe;,s-Lysss; was recovered on digestion of PHBP with
lysylendopeptidase. Therefore, PHBP should have the
C-terminal region which is absent from the 17-kDa frag-
ment, although we could not identify the C-terminal region
as a band on SDS-PAGE. We detected weak proteolytic
activity in the PHBP preparation with ITI as a substrate
(data not shown). The weak protease activity of PHBP
might be explained by the finding that a major portion of
our PHBP preparation is degraded in the C-terminal
catalytic domain; an active form of PHBP as a serine
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protease would consist of a 50-kDa fragment and an about
25-kDa fragment corresponding to Ile,, -Phess;, which
containg an intact catalytic domain.

All cysteine residues contained in three-fourths of the
C-terminal region of the PHBP precursor are located
virtually identically to those of HGFA with the exception of
Cyssss in HGFA (Fig. 5). Therefore, PHBP is predicted to
have a similar secondary structure to that of HGFA in this
region. The predicted structural domains in the PHBP
precursor are shown in Fig. 6. PHBP as well as HGFA is
synthesized as a single peptide precursor, and then may be
converted to a two-chain form of 50- and 25-kDa fragments
linked by a disulfide bond. In the case of HGFA activation,
the HGFA precursor is truncated at its N-terminal region,
resulting in the 34-kDa active form containing a catalytic
domain. On the other hand, active PHBP derived from the
precursor may still retain the N-terminal domains through
disulfide-bonded linkages.

The HGF'-converting enzyme reported by Mizuno et al. is
also a heterodimeric protein, which has similar enzymatic
properties to HGFA (31). But the molecular mass (90 kDa)
of the HGF-converting enzyme consisting of 65- and
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Fig. 6. Schematic representation of the putative structure of catalytic triad of the serine protease active site are indicated by the
PHBP. Possible disulfide linkages are based on the sequence similar-  bold characters. The cysteines linked by disulfide bonds are indicated
ity to HGFA. The putative sites for proteolytic processing to generate by the outlined characters.

active PHBP are indicated by arrows. Amino acids for the potential
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32-kDa fragments clearly differs from that of PHBP.
Although the function of PHBP has not been clarified yet,
PHBP may exhibit its biological functions on binding to HA
in ECM, connective tissue, cartilage, bone marrow, and
synovial fluid. The protease which activates the PHBP
precursor and the natural substrate of active PHBP should
be elucidated.

The results of Northern blot analysis showed that PHBP
was expressed in liver, skeletal muscle, kidney, and
pancreas. The sizes of the signals, however, varied with the
tissue. In liver, two signals were detected. The band of 3 kb
may correspond to the HGFA-like mRNA registered by
Kitamura et al. The other band, 2.3 kb, should correspond
to PHBP mRNA. Besides the signals detected in liver, a
strong hybridization signal (1.3 kb) was detected in pan-
creas. This signal is too short to encode PHBP. A large band
(6 kb) was also detected in skeletal muscle. At present, it is
unknown whether these bands reflect an alternatively
spliced form of PHBP mRNA or a cross-hybridized mRNA.

Regarding the ECM-stabilizing activity of the ITI family,
the heavy chains of the family are cleaved and bind to HA
firmly (32-37). However, the enzyme involved in the
cleavage of the heavy chains of the ITI family and the
mechanism by which the heavy chains bind to HA tightly
have not been elucidated. Although several proteases could
cleave ITI (38), and human leukocyte elastase cleaved HC2
of ITI preferentially (39), PHBP might also be a candidate
of the enzyme concerned in this process, because PHBP
exhibited HA binding properties and cleaved HC2 of ITI
weakly. Further work is needed to elucidate the natural
substrate and the nature of PHBP.

We are grateful to Ms. Kiyomi Saito for her skillful technical
assistance.
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