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The structures of N-glycans of human blood clotting factor IX were studied. N-Glycans
liberated by hydrazinolysis were N-acetylated and the reducing-end sugar residues
were tagged with 2-aminopyridine. The pyridylamino (PA-) sugar chains thus obtained
were purified by HPLC. Each PA-sugar chain was analyzed by two-dimensional sugar
mapping combined with glycosidase digestion. The major structures of the N-linked
sugar chains of human factor IX were found to be sialotetraantennary and sialotrianten-
nary chains with or without fucose residues. These highly sialylated sugar chains are
located on the activation peptide of the protein.
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Human blood clotting factor IX (Factor IX, Christmas fac-
tor) is a vitamin K-dependent plasma glycoprotein that
plays an essential role in blood coagulation (I). A deficiency
of Factor IX results in hemophilia B. This disease is cur-
rently treated with Factor IX derived mainly from human
plasma. Recently, Schnieke et al. reported the use of a
transgene designed to express Factor IX in sheep milk (2).
Recombinant Factor IX produced in milk would be of lower
cost and free of the potential infectious risk associated with
products derived from human blood. However, the clinical
use of recombinant Factor IX necessitates detailed knowl-
edge of the sugar chain structures of the native Factor IX
because they can influence biological properties of the gly-
coprotein such as its pharmacokinetics, stability, and anti-
genicity.

Factor IX undergoes several post-translational modifica-
tions, including +y-carboxylation of 12 glutamic acid resi-
dues near the N-terminal, -hydroxylation of Asp-64, and
incorporation of both N-linked and O-linked oligosaccha-
rides. Four sites have been identified in Factor IX where O-
linked oligosaccharides can be attached, including Ser-53
(3) and Ser-61 (4, 5) within the first epidermal growth fac-
tor (EGF)like domain. There are also two sites for the
attachment of N-linked oligosaccharides in the activation
peptide at Asn-157 and Asn-167 (6). The detailed structures
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of these N-linked oligosaccharides have not yet been re-
ported except for those of bovine blood clotting factor IX (7).
In the present study, the structures of N-linked sugar
chains of Factor IX were analyzed.

MATERIALS AND METHODS

Materials—Factor IX purified from human plasma by
immunoaffinity chromatography (5) was provided by the
Chemo-Serotherapeutic Research Institute (Kumamoto).
The purified preparation gave a single band on SDS-PAGE
(data not shown). PA-isomaltooligosaccharides were pur-
chased from Takara Biomedical (Kyoto). A Shodex Asa-
hipak NH2P-50 column (4.6 X 50 mm) was obtained from
Showa Denko (Tokyo), Cosmosil 5C18-P columns (1.5 X
250 and 10 X 250 mm) from Nacalai Tesque (Kyoto), a
Mono Q HR 5/5 (5.0 X 50 mm) from Pharmacia (Uppsala,
Sweden), Dowex 50W-X2 (200—400 mesh) from Dow Chemi-
cals (Richmond, VA), and a TSK-gel Sugar AXI column (4.6
X 150 mm) and TSK-gel HW-40F from Tosoh (Tokyo).
Arthrobactor ureafaciens sialidase was purchased from Na-
calai Tesque, Newcastle disease virus (NDV) sialidase and
Streptococcus pneumoniae B-galactosidase from Boehringer
Mannheim (Mannheim, Germany), bovine epididymis a-
fucosidase and jack bean B-N-acetylhexosaminidase from
Sigma (St. Louis, MO), Aspergillus sp. B-galactosidase from
Toyobo (Tokyo), Xanthomonas manihotis B-galactosidase
from New England BioLabs (Beverly, MA), and Escherichia
freundii endo-B-galactosidase from Seikagaku (Tokyo). PA-
Fuc, PA-GalNAc, PA-Gle, PA-GlcNAc, and PA-Gal were pre-
pared as described previously (8). The PA-sugar chains
listed in Table I were prepared as reported (9). A mixture of
PA-sialo sugar chains was prepared as reported previously
(10) from o,-acid glycoprotein obtained from Sigma.

Preparation of PA-Sugar Chains from Factor [X—Sugar
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TABLE I. Structures and designations of pyridylaminated sugar chains used in the studx
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chains were released from 20 nmol of Factor IX by hydraz-
nolysis (40°C for 350 h) followed by N-acetylation (11). The
sugar chains were pyridylaminated as described previously
(11). After excess reagents had been removed by evapora-
tion (11), the residue was dissolved in a small amount of
water, and the resulting solution was placed on an HW-40F
column (1.5 X 67 cm) equilibrated with 10 mM ammonium
acetate buffer, pH 6.0. PA-sugar chains were eluted with
the same buffer.

Glycosidase Digestion of PA-Sugar Chains—PA-sugar
chains (20 pmol) were digested with 10 milliunits of a-L-
fucosidase in 50 wl of 40 mM citrate—phosphate buffer, pH
6.0; with 1 milliunit of Streptococcus B-galactosidase in 10
pl of 50 mM sodium acetate buffer, pH 6.0; with 6 units of
Xanthomonas B-galactosidase in 10 pl of 50 mM sodium
acetate buffer, pH 4.5; with 13 units of Aspergillus B-galac-
tosidase in 10 pl of 50 mM ammonium acetate buffer, pH
5.0; with 10 milliunits of endo-B-galactosidase in 10 pl of 50
mM ammonium acetate buffer, pH 5.0; with 25 milliunits of
B-N-acetylhexosaminidase in 10 pl of 50 mM citrate—phos-
phate buffer, pH 5.0; with 2 milliunits of NDV sialidase in
100 pl of 50 mM ammonium acetate buffer, pH 6.5; or with

2.5 milliunits of Arthrobacter sialidase in 50 pl of 100 mM
ammonium acetate buffer, pH 5.0. The digestions were car-
ried out at 37°C for 16 h except for the NDV sialidase diges-
tion, which was performed at 37°C for 2 h. Each enzymatic
reaction was terminated by heating the solution at 100°C
for 3 min.

High-Performance Liquid Chromatography (HPLC)—
Size-fractionation HPLC was carried out on a Shodex Asa-
hipak NH2P-50 column at 25°C at the flow rate of 0.6 ml/
min. Two eluents, A and B, were used. Eluent A was aceto-
nitrile:water:acetic acid (200:800:3, v/v/v) titrated to pH 7.0
with aqueous ammonia, and Eluent B was acetonitrile:
water:acetic acid (930:70:3, v/v/v) titrated to pH 7.0 with
aqueous ammonia. The column was equilibrated with Elu-
ent B:Eluent A (32:1, v/v). After injecting a sample, linear
gradient elution was performed to Eluent B:Eluent A (2:1,
v/v) in 1 min and then to Eluent B:Eluent A (3:7, v/v) in 34
min. PA-sugar chains were detected by measuring the fluo-
rescence during the elution (excitation wavelength, 310 nm;
emission wavelength, 380 nm).

Reversed-phase HPL.C was performed on a Cosmosil
5C18-P column (1.5 X 250 mm) at the flow rate of 150 pl/
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min at 25°C. The column was equilibrated with 20 mM
ammonium acetate buffer, pH 4.0, containing 0.075% 1-
butanol. After injecting a sample, the concentration of 1-
butanol was raised linearly to 0.4% in 90 min. PA-sugar
chains were detected by measuring the fluorescence (excita-
tion wavelength, 320 nm; emission wavelength, 400 nm).

Reversed-phase HPLC was also performed on another
Cosmosil 5C18-P column (10 X 250 mm) at the flow rate of
3.0 ml/min at 25°C. Two eluents, C and D, were used. Elu-
ent C was water:acetic acid (1,000:6, v/v) titrated to pH 4.0
with aqueous ammonia, and Eluent D was water:acetic
acid:1-butanol (1,000:6:10, v/v/v) titrated to pH 4.0 with
aqueous ammonia. The column was equilibrated with Elu-
ent C:Eluent D (32:1, v/v). After injecting a sample, linear
gradient elution was performed to Eluent C:Eluent D (1:3,
v/v) in 125 min. PA-sugar chains were detected as de-
scribed above for reversed-phase HPLC.

Anion-exchange HPLC was carried out on a Mono Q HR
5/5 column at 25°C at the flow rate of 1.0 ml/min. Two elu-
ents, E and F, were used. Eluent E was aqueous ammonia,
pH 9.0, and Eluent F was 500 mM ammonium acetate
buffer, pH 9.0. The column was equilibrated with Eluent E.
After injecting a sample, linear gradient elution was per-
formed to Eluent E:Eluent F (22:3, v/) in 3 min, to Eluent
E:Eluent F (3:2, v/v) in 14 min, and then to Eluent F in 5
min. PA-sugar chains were detected as described above for
size-fractionation HPLC.,

Anion-exchange HPLC for determining PA-monosaccha-
rides was performed on a TSK-gel Sugar AXI column as
reported (12).

Reducing-End Analysis of PA-Sugar Chains—The reduc-
ing-end residues of PA-sugar chains (each 20 pmol) were
quantified by HPLC on a TSK-gel Sugar AXI column after
hydrolysis with 4 M hydrochloric acid at 100°C for 8 h in
evacuated sealed tubes, followed by N-acetylation (8).

RESULTS AND DISCUSSION

Preparation of PA-N-Linked Sugar Chains from Factor
IX—PA-sugar chains obtained from 20 nmol of Factor IX
were gel-filtered on an HW-40F column (1.5 X 67 cm). Frac-
tions of 8.6 ml were collected. To determine the elution
positions of the N-linked sugar chains, reducing-end PA-
monosaccharides were analyzed as described under “MATE-
RIALS AND METHODS.” PA-sugar chaing with the reducing-
end PA-GlcNAc were only eluted in Fraction 5, indicating
that all PA-N-linked sugar chains were eluted in this frac-
tion (data not shown). O-Linked sugar chains with reduc-
ing-end PA-GalNAc, PA-Fuc, or PA-Glc were detected in
Fractions 6-17 (data not shown).

Preparation and Separation of Desialylated PA-Sugar
Chains—PA-N-linked sugar chains were digested with
Arthrobactor sialidase, the digests were separated on a
Mono Q column, and the neutral fraction corresponding to
85% of the PA-sugar chains was collected as Fraction X
(data not shown). Fraction X thus obtained was separated
into Fractions A-H by reversed-phase HPLC (Fig. 1-1).
Fraction C was further separated by size-fractionation
HPLC and a major fraction, C1, was collected (data not
shown). All the fractions obtained gave a single peak on
size-fractionation HPLC (data not shown). The eight main
fractions (A, B, C1, D, E, F, G, and H) comprised 85% of the
amount of Fraction X.
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Structural Analysis of Fractions A-H—To determine the
structures of the PA-N-linked sugar chains, reversed-phase
and size-fractionation HPLC (two-dimensional sugar map)
were performed. The elution positions of 93 standard PA-
N-linked sugar chains have already been reported, and the
introduction of a reversed-phase scale made it possible to
predict the elution positions even if standard PA-N-linked
sugar chains were not available (9).

Fractions A—H except for Fraction D were eluted at the
positions of standard PA-sugar chains, which could be well
distinguished from other PA-sugar chains. Their structures
were further analyzed by exoglycosidase digestion com-
bined with two-dimensional HPLC mapping (Table II).
Fractions A and F were susceptible to digestion with o-L-
fucosidase, and the difference in their elution positions on
reversed-phase HPLC is characteristic of a Fucal-3 resi-
due. Fractions E and H were also susceptible to digestion
with a-L-fucosidase, and the difference in their elution posi-
tions is characteristic of a Fuca1-6 residue. Fractions B, C,
D, and G, and a-L-fucosidase digests of four fractions (A, E,
F, H) were susceptible to digestion with Streptococcus B-
galactosidase, which specifically hydrolyzes Galp1-4GlcNAc
(13), but were resistant to digestion with Xanthomonus B-
galactosidase, which hydrolyzes GalB1-3GleNAc (14), indi-
cating that all the Gal residues were linked through the
B1-4 linkage (data not shown). The results are summarized
in Table III.

Fraction D was not identified as one of the standard PA-
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Fig. 1. Reversed-phase HPLC of Fractions X, 82N, S3N, 84N,
and S5N. Elution profiles: 1, Fraction X; 2, Fraction S$2N; 3, Frac-
tion S3N; 4, Fraction S4N; 5, Fraction S5N. HPLC was performed on
a Cosmosil 5C18-P column (10.0 X 250 mm). Fractions were pooled
ag indicated by bars A-H. Arrowheads A, B, C1,D, E, F, G, and H in-
dicate the elution positions of PA-sugar chains A, B, C1, D, E, F, G,
and H, respectively. The peaks appearing at around 15 min are due
to contaminating material.
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TABLE II. HPLC analysis of sequential glycosidase digests of Fractions A-H, and their reducing ends.
HPLC
Fraction Successive treatment with glycomdases Roversed phase® SizeFractionation® Sugar chain identified’
A No treatment 53.9 11.4 26
a-L-Fucosidase 55.4 10.6 25
Streptococcus B-galactosidase 50.7 7.5 15
B-N-Acetylhexosaminidase 439 4.5 1
B No treatment 54.6 10.6 25
Streptococcus B-galactosidase 50.3 1.5 15
B-N-Acetylhexosaminidase 42.1 45 1
C1 No treatment 55.0 7.8 16
Streptococcus B-galactosidase 50.1 6.2 10
B-N-Acetylhexosaminidase 43.1 4.5 1
D No treatment 60.5 122 —
Endo-B-galactosidase 57.0 9.9 24
B-N-Acetylhexosaminidase 65.6 9.2 18
Streptococcus B-galactosidase 59.5 6.8 14
B-N-Acetylhexosaminidase 42.7 4.5 1
No treatment 60.5 12.2 —
Streptococcus B-galactosidase 55.0 8.9 —
B-N-Acetylhexosaminidase 45.2 6.1 7
Streptococcus p-galactosidase 45.0 5.2 3
E No treatment 63.3 11.2 27
a-L-Fucosidage 54.0 10.6 25
Streptococcus p-galactosidase 60.7 7.5 15
B-N-Acetylhexosaminidase 43.8 4.5 1
F No treatment 64.1 9.9 19
a-L-Fucosidase 65.0 9.2 18
Streptococcus B-galactosidase 57.4 6.8 14
B-N-Acetylhexosaminidase 42.1 45 1
G No treatment 66.1 9.2 18
Streptococcus B-galactosidase 69.0 6.8 14
B-N-Acetylhexosaminidase 42.9 4.5 1
H No treatment 73.0 9.7 20
a-L-Fucogidase 63.8 9.2 18
Streptococcus B-galactosidase 58.0 6.8 14
B-N-Acetylhexosaminidase 43.0 4.5 1

*Reversed-phase scale (9). *Glucose units. “The numbers refer to the sugar chain structures shown in Table .

TABLE III. Proposed structures of PA-sugar chains from fuman factor IX.

Sialic scad Proposed structure Molar ratio (%) Fractien
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sugar chains; however, the digest with endo-B-galactosidase
was eluted at the position of Sugar Chain 24, which was
separated from the positions of Sugar Chains 21-23 on the
two-dimensional sugar map (Table II). When the product
wag further digested with B-N-acetylhexosaminidase, a
new peak appeared at the position of Sugar Chain 18. On
further digestion with Streptococcus B-galactosidase, the
product was eluted at the position of Sugar Chain 14,
which could be well distinguished from Sugar Chains 11—
13. In addition, the digestion of Fraction D with Streptococ-
cus B-galactosidase reduced the molecular size by four ga-
lactose residues. On further digestion with B-N-acetylhex-
osaminidase, the product was eluted at the position of
Sugar Chain 7. When the product was further digested
with Streptococus B-galactosidase, a new peak appeared at
the position of Sugar Chain 3, which could be well sepa-
rated from Sugar Chains 2, 4, and 5 on the two-dimen-
sional sugar map (Table II). These results indicated that
Fraction D was a PA-tetraantennary sugar chain with a
lactosamine residue on the GlcNAc81-6Manal-6Man
branch, and all the Gal residues of Fraction D were linked
through the B1-4 linkage (Table III).

Analysis of the Sialic Acid Residues—PA-N-linked sugar
chains were separated by Mono Q HPLC (Fig. 2). Fractions
S2-S5 were collected, and a part of Fraction S5 was par-
tially desialylated with Arthrobactor sialidase. Five peaks
appeared at the elution positions of authentic asialo, mono-
sialo, disialo, trisialo, tetrasialo PA-sugar chains, indicating
that Fraction S5 contained pentasialo PA-sugar chains
(data not shown). The molar ratio of Fractions S2:53:54:S5
was 10:32:46:12.

Fraction S2 was completely digested with Arthrobactor
sialidase, which hydrolyzes Siaa2-3/6Gal. The products
were purified by Mono Q HPLC, and the neutral fraction
(S2N) was collected and analyzed by reversed-phase HPLC
(Fig. 1-2). Peaks were observed at the elution positions of
Sugar Chains C1 and G, indicating that 100% of Sugar
Chain C1 and 30% of Sugar Chain G are disialylated in
human Factor IX (Table III).

Fractions S3-S5 were analyzed in the same way. When
these fractions were desialylated with Arthrobactor siali-
dase, about 15% of them was not hydrolyzed, but a peak

4 7100
0 1234 A
oY YYY Y y i
2 oo —
z R
H i
s : =
£ " : 3
S2 .84-" [ B
’/"‘S3 SS 5
’ . I P
0 10 20

Elution time (min)

Fig. 2. Separation by Mono Q anion-exchange HPLC of PA-N-
linked sugar chains. Arrowheads 0—4 indicate the elution posi-
tions of authentic asialo, monosialo, disialo, trisialo, and tetrasialo
PA-N-linked oligosaccharides, respectively. Fractions were pooled
as indicated by bars S2, S3, S4, and S5. The peaks appearing at
around 24 min are due to contaminating material.
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appeared at the monosialo sugar chain position. This frac-
tion was resistant to re-digestion with Arthrobactor siali-
dase. This fraction was not studied further because it was
found to give many small peaks on reversed-phase HPLC.
Neutral fractions (S3N—S5N) were analyzed in the same
manner as S2N (Fig. 1 and Table III). The NDV sialidase
digests of Fractions S2-S5 revealed that 20% of the sialic
acid residues were linked through an «2-3 linkage (data
not shown). The N-linked sugar chains of human factor IX
thus consist of complex-type chains with 2-5 acidic resi-
dues. The existence of five sialic acid residues in tetraan-
tennary sugar chains (Fraction D) may indicate the exist-
ence of Siaa2-6GlcNAc. This structure predominantly ex-
ists in N-linked sugar chains of bovine factor IX, but all of
them are linked to GalB1-3GlcNAc (7). In comparison with
bovine factor IX, human factor IX contains fucosylated N-
linked sugar chains (35%), some of which may have a sialyl
Le* structure.

Bovine factor IX containg three N-linked sugar chains in
the activation peptide (residues 147-182) at Asn-158, -168,
and -173. These sugar chains were heavily sialylated, bi-
and tri-antennary sugar chains with 2-5 sialic acid resi-
dues (7). Human factor IX is composed of a single polypep-
tide chain of 416 amino acid residues. Four sites for attach-
ment of O-linked sugar chains are present in human factor
IX, including Thr-159 and -169 in the activation peptide
(residues 146-180). There are also two sites for the attach-
ment of N-linked oligosaccharides in the activation peptide
at Asn-157 and -167. These oligosaccharides on the activa-
tion peptide have a total of 7.9 acidic residues (15). The
abundance of sialic acid residues in a small region of only
35 amino acid residues may contribute to maintenance of
the conformation of factor IX, and may prevent an undesir-
able proteolytic attack until its activation by factor Xla
takes place in the coagulation process (7).

We are grateful to the Chemo-Serotherapeutic Research Institute,
Kumamoto, Japan, for kindly supplying the human blood dotting
factor IX.

REFERENCES

1. Davie, E.-W,, Fyjikawa, K., and Kisiel, W. (1991) The coagula-
tion cascade: initiation, maintenance, and regulation. Biochem-
istry 30, 10363-10370

2. Schnieke, AE., Kind, A.J., Ritchie, WA., Mycock, K., Scott,
A.R., Ritchie, M., Wilmut, L., Colman, A., and Campbell, KH.S.
(1997) Human factor IX transgenic sheep produced by transfer
of nuclei from transfected fetal fibroblasts. Science 278, 2130-
2133

3. Nishimura, H., Kawabata, S., Kisiel, W., Hase, S., Ikenaka, T,
Takao, T., Shimonishi, Y., and Iwanaga, S. (1989) Identification
of a disaccharide (Xyl-Glc) and a trisaccharide (Xyl,-Glc) O-gly-
cosidically linked to a serine residue in the first epidermal
growth factor-like domain of human factors VII and IX and pro-
tein Z and bovine protein Z.J. Biol. Chem. 264, 2032020325

4. Harris, R.J., van Halbeek, H., Glushka, J., Basa, L.J., Ling, V.T,,
Smith, K.J., and Spellman, M.W. (1993) Identification and
structural analysis of the tetrasaccharide NeuAca(2-6)GalB(1-
4)GlcNAcg1-3Fucal-O-linked to serine 61 of human factor IX.
Biochemistry 32, 656396547

5. Kuraya, N., Omichi, K., Nigshimura, H., Iwanaga, S., and Hase,
S. (1993) Structural analysis of O-linked sugar chains in hu-
man blood clotting factor IX. J. Biochem. 114, 763-765

6. Kurachi, K. and Davie, E.W. (1982) Isolation and characteriza-
tion of a ¢cDNA coding for human factor IX. Proc. Natl. Acad.

2102 ‘T $0go100 uo Aiseniun Buppd e /6io'sfeuinolpioxoqly/:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

180

10.

Sci. USA 79, 64616464

Mizuochi, T, Taniguchi, T, Fujikawa, K., Titani, K, and
Kobata, A. (1983) The structures of the carbohydrate moieties
of bovine blood coagulation factor IX (Christmas factor). J. Biol.
Chem. 258, 60206024

Makino, Y., Kuraya, N., Omichi, K., and Hase, S. (1996) Classi-
fication of sugar chains of glycoproteins by analyzing reducing
end oligosaccharides obtained by partial acid hydrolysis. Anal.
Biochem. 238, 54-59

Yanagida, K., Ogawa, H., Omichi, K., and Hase, S. (1998) Intro-
duction of a new scale into reversed-phase high-performance
liquid chromatography of pyridylamino sugar chains for struc-
tural assignment. J. Chromatogr. A 800, 187-198

Ushida, Y., Natsuka, S., Shimokawa, Y., Takatsu, Z., Shima-
mura, S., and Hase, S. (1997) Structures of the sugar chains of
recombinant macrophage colony-stimulating factor produced in
Chinese hamster ovary cells. J. Biochem. 122, 148-156

11.

12.

13.

14.

15.

Y. Makino et al.

Kuraya, N. and Hase, S. (1992) Release of O-linked sugar
chains from glycoproteins with anhydrous hydrazine and
pyridylamination of the sugar chains with improved reaction
conditions. J. Biochern. 112, 122-126

Hase, S., Hatanaka, K., Ochiai, K., and Shimizu, H. (1992)
Improved method for the component sugar analysis of glycopro-
teins by pyridylamino sugars purified with immobilized boronic
acid. Biosci. Biotech. Biochem. 58, 1676-1677

Paulson, J.C., Prieds, J.P, Glusgow, L.R., and Hill, R.L. (1978)
Sialyl- and fucosyl-transferases in the biosynthesis of asparagi-
nyl-linked oligosaccharides in glycoproteins. J. Biol. Chem. 253,
5617-65624

Wong-Madden, S.T. and Landry, D. (1995) Purification and
characterization of novel glycosidases from the bacterial genus
Xanthomonas. Glycobiology 5, 19-28

DiScipio, R.G., Kurachi, K., and Davie, E.W. (1978) Activation
of human factor IX. J. Clin. Invest. 61, 1528-1538

J. Biochem.

2T0Z ‘T $0q0100 uo Aysieniun Buiped e /Bio'seuinolploxo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

