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ABSTRACT: Human tissue factor pathway inhibitor is a protease inhibitor with three tandem Kunitz-type
inhibitory domains. The recombinant protein (r-hTFPI) was produced using Chinese hamster ovary cells,
and its polypeptide and carbohydrate chain structures were analyzed. The complete amino acid sequence,
composed of 276 residues, was determined using a protein sequencer after protease digestion and it was
identical to that predicted from the cDNA sequence. Among three potentialN-glycosylation sites, both
Asn117 and Asn167 were fullyN-glycosylated but Asn228 was not. Thr175 was also fullyO-glycosylated,
but Ser174 was partiallyO-glycosylated. Carbohydrate composition and mass spectrometric analyses of
the undecapeptide OG-11 (residues Leu170∼Leu180) showed that twoO-linked carbohydrate chains consisted
of a type-1 core structure (Gal-GalNAc-Ser/Thr) with 0-3 mol ofN-acetylneuraminic acid(s). TheN-linked
carbohydrate chains were analyzed by two-dimensional carbohydrate mapping combined with sequential
glycosidase digestion, after the reducing-ends of carbohydrate residues were tagged with 2-aminopyridine
and non-reducing-end sialic acids were removed with sialidase. All theN-linked structures in r-hTFPI
were complex-type carbohydrate chains with one fucose residue attached to the reducing-end GlcNAc
and consisted of bi-, tri-, and tetraantennary carbohydrate chains in the ratio 1.9:1.3:1.0. Fucosylated tri-
and tetraantennary carbohydrate chains with one or twoN-acetyllactosaminyl repeats were also found
(30% of carbohydrate chains determined). Thus, the region between Kunitz domains 2 and 3 encoded by
exon 7 was highly glycosylated by twoO-linked carbohydrate chains at Ser174and Thr175and oneN-linked
carbohydrate chain at Asn167. These results indicated that the region is occupied by a cluster of three
bulky and acidic carbohydrate chains.

Tissue factor pathway inhibitor (TFPI)1 is a Kunitz-type
protease inhibitor with three tandem inhibitory domains
(Kunitz domains 1-3). TFPI inhibits the initial reactions
of the tissue factor-mediated blood coagulation pathway,
interacting with factor Xa via Kunitz domain 2 and with the
tissue factor-factor VIIa complex via Kunitz domain 1 [see
review by Broze et al. (1990)]. TFPI uniquely binds
lipoproteins, heparin, and proteoglycans on vascular endo-
thelial cells, which are supposed to be mediated at least by

Kunitz domain 3 and the carboxy-terminal basic domain of
TFPI (Valentin et al., 1993; Enjyoji et al., 1995). Human
recombinant TFPI has been expressed in various cells,
includingEscherichia coli(Diaz-Collier et al., 1994), yeast
(Petersen et al., 1993), and mammalian cells from CHO
(Wun et al., 1992; Enjyoji et al., 1995), mouse C127, baby
hamster kidney, and SK hepatoma (Wun et al., 1992). The
structure and function of TFPI has been studied using
recombinant full-length and truncated TFPI [see reviews by
Lindahl et al. (1992), Novotny (1994), Petersen et al. (1995),
Broze (1995), and Wun (1995)]. The potential use of
recombinant TFPI as a new anticoagulant reagent has been
proven in experimental, reconstituted systems and also in
animal models.
Although TFPI has three potentialN-glycosylation sites,

their structures have not been studied on both recombinant
and plasma-derived TFPI. The carbohydrate portions of
glycoproteins play important roles in their stability, suscep-
tibility toward proteases, turnover rate, and probably in
interactions with proteins and carbohydrates, such as lipo-
proteins, heparin, and proteoglycan. Since it is very difficult
to obtain a large quantity of plasma-derived TFPI, we
investigated the structures of carbohydrate and glycosylation
sites of recombinant TFPI from CHO cells and tried to extend
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this information to plasma-derived TFPI. In this study, we
found that one of three potentialN-glycosylation sites is not
glycosylated and we identified two additionalO-glycosyla-
tion sites. We determined their carbohydrate structures by
HPLC and mass spectrometry and revealed that a cluster of
carbohydrate chains is present between Kunitz domains 2
and 3 of TFPI.

EXPERIMENTAL PROCEDURES

Materials. Human r-TFPI was expressed in CHO cells
and purified as described (Enjyoji et al., 1995). Lysylen-
dopeptidase (Achromobacterprotease I) and thermolysin
were purchased fromWako Pure Chemical Industries (Osaka,
Japan). V8 (Staphylococcus aureus) protease was from ICN
Biomedicals (Costa Mesa, CA). Bovine kidneyR-L-fucosi-
dase was purchased from Boehringer Mannheim (Tokyo,
Japan). Sialidase (Arthrobacter ureafaciens) was from
Nacalai Tesque Inc. (Kyoto, Japan).â-Galactosidase and
â-N-acetylhexosaminidase from jack bean and endo-â-
galactosidase fromEscherichia freundiiwere purchased from
Seikagaku Kogyo Co., Ltd. (Tokyo, Japan). PA-sugar
chains were purchased from Takara Shuzo Co., Ltd. (Shiga,
Japan) or Nakano Vinegar Co., Ltd. (Aichi, Japan). All other
chemicals were analytical grade or of the highest quality
commercially available.
Preparation of Peptides for Sequence Analysis.A sample

containing 1.1 mg (23 nmol) of r-hTFPI was reduced with
dithiothreitol and thenS-pyridylethylated by the addition of
4-vinylpyridine. After dialysis against water, half of the
sample was digested with lysylendopeptidase at a 1:100
weight ratio overnight at 37°C in 50 mM Tris-HCl buffer,
pH 9.0, containing 4 M urea and the other half was digested
with V8 protease at a 1:25 weight ratio overnight at 37°C
in 0.1 M NH4HCO3 containing 2 M urea. They were
separated on a column of COSMOSIL 5C18-300 (4.6× 150
mm, Nacalai Tesque, Inc., Kyoto, Japan) at a flow rate of
0.5 mL/min, using a Waters model 625 LC system equipped
with a Waters 991J photodiode array detector. Peptides were
eluted with a linear gradient of 0%-40% acetonitrile in
0.05% trifluoroacetic acid for 40 min and 40%-80%
acetonitrile in 0.05% trifluoroacetic acid for the next 10 min.
The peak fractions were collected manually, and peptides
were analyzed by amino acid analysis. Fractions containing
two or more peptides were further purified using a Waters
µBondasphere C18 (5µm, 300 Å, 2.1× 150 mm) and/or
C8 (5µm, 300 Å, 2.1× 150 mm) column under the same
conditions described above except for the flow rate, which
was 0.2 mL/min.
Amino Acid Composition and Sequence Analysis.Samples

were hydrolyzed in 5.7 M hydrochloric acid containing 1%
phenol in evacuated sealed tubes at 110°C for 20 h,
converted to PTC derivatives, and then PTC-amino acids
were quantified using a Waters Pico-Tag system (Heinrikson
& Meredith, 1984). The amino acid sequence of each
peptide was determined using an Applied Biosystems model
473A protein sequencer (Foster City, CA), equipped with a
model 610A data analysis system.
Sugar Composition Analysis.A dried sample (0.01-10

nmol of sugars or a glycopeptide) was hydrolyzed using a
mixture of equal amounts of 4 M trifluoroacetic acid and 4
M hydrochloric acid under reduced pressure at 100°C for 4
h in a sealed tube. After acetylation of the free amino groups,

the hydrolysate was pyridylaminated using a PALSTATION
model 1000 (Takara Shuzo Co.) with CA5100 pyridylami-
nation reagent kits (Takara Shuzo Co.). The reaction mixture
was dissolved in water, and a portion of the solution was
analyzed by anion-exchange HPLC with a PALPAK Type-A
(4.6 mm × 150 mm, Takara Shuzo Co., Ltd.) column
(Takemoto et al., 1985; Suzuki et al., 1991).

Preparation of O-Glycosylated Peptide.Reduced and
S-pyridylethylated r-hTFPI (about 20 nmol) was digested
with lysylendopeptidase, and the digests were separated by
RP-HPLC as described above. The fraction containing
peptide K12-13, in which main contaminant was peptide
K8-9, was evaporated and dissolved in 100µL of 0.2 M
HCOONH4 buffer (pH 7.0) containing 8 M urea. Thereafter,
68 µL of distilled water and 32µL of 1 mg of thermolysin/
mL in 50% glycerol were added. After a 16 h incubation at
37 °C, the digest was separated using RP-HPLC (COSMO-
SIL 5C18-300) with a linear gradient of acetonitrile from
0% to 40% within 80 min. To identify the peptide carrying
O-linked sugar chains, aliquots of each peak were dried and
acid hydrolyzed. The hydrolysate was derivatized with
phenylisothiocyanate, and the GalNAc content was analyzed
using a Pico-Tag amino acid analyzer.

Mass Spectrometric Analysis.Mass spectrometric analysis
was performed using a PE-Sciex API-III triple-quadrupole
mass spectrometer (Ontario, Canada) equipped with an
ionspray ion source in the positive mode. The molecular
mass of peptide OG-11 dissolved in 100µL of 0.05% TFA-
acetonitrile (1:1) was measured by introducing the glyco-
peptide into the mass spectrometer through a fused silica
tube (100µm i.d.) at a flow rate of 2µL/min. The daughter
ion spectrum of OG-11 was obtained in the triple-quadrupole
daughter scan mode by selectively introducing OG-11 (m/z
1388.4) from Q1 into the collision cell (Q2) and observing
the daughter ions in Q3. The resolution of Q1 and Q3 was
about 500 and 1500, respectively.

Preparation of N-Linked Carbohydrate Chains. N-Linked
carbohydrate chains were liberated by the hydrazinolysis (100
°C, 10 h) of about 2.4 mg of r-hTFPI, and their free amino
groups wereN-acetylated as reported (Hase et al., 1984).
The reducing ends of the carbohydrate chains were pyridy-
laminated without the loss of sialic acid residues (Kondo et
al., 1990) using a PALSTATION model 1000 with CA5000
pyridylamination reagent kits (Takara Shuzo Co., Ltd.). The
pyridylamino derivatives of carbohydrate chains thus ob-
tained were purified by gel filtration on a Sephadex G-15
column (8× 200 mm: Pharmacia Biotech, Tokyo, Japan)
equilibrated with 10 mM acetic acid and then digested with
1 unit of sialidase fromArthrobactor ureafaciensin 0.5 mL
of 0.1 M acetate buffer (pH 5.0). To confirm the removal
of sialic acid from the carbohydrate chains, a portion was
separated by HPLC using an anion-exchange column con-
taining PALPAK Type-N (Takara Shuzo Co., Ltd.). Car-
bohydrate chains were eluted by a linear gradient from 0%
to 55% solvent B for 110 min at a flow rate of 1.0 mL/min
at 40°C, using a two-solvent-system: 50 mM triethylamine-
acetic acid (pH 7.3) containing 40% acetonitrile as solvent
A and 1 M triethylamine-acetic acid (pH 7.3) containing 50%
acetonitrile as solvent B. Carbohydrate chains were identi-
fied using a fluorescence detector with excitation at 310 nm
and emission at 380 nm.
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Two-Dimensional Sugar Mapping Analysis of N-Linked
Carbohydrate Chains.The structures ofN-linked carbohy-
drate chains were analyzed by means of two-dimensional
sugar mapping (Tomiya et al., 1988) using RP-HPLC
(PALPAK Type-R, Takara Shuzo Co., Ltd., or Nakano ODS-
A, Nakano Vinegar Co., Ltd.) and size-fractionation HPLC
(TSK-GEL Amide-80, Tosoh Co., Tokyo). The PA-
carbohydrate chains derived from peaks H and I, and their
glycosidase digests were analyzed by PALPAK Type-R and
those from other peaks were analyzed by NAKANO ODS-
A. The samples were eluted from PALPAK Type-R using
a linear gradient from 5% to 55% solvent B for 100 min at
40 °C at a flow rate of 1.0 mL/min or eluted from Nakano
ODS-A and TSK-GEL Amide-80 as described by Tomiya
et al. (1988). Carbohydrate chains were identified using a
fluorescence detector with excitation at 320 nm and emission
at 400 nm. Elution positions of PA-carbohydrate chains were
normalized by the elution positions of PA-glucose oligomers
(Takara Shuzo, Co., Ltd.) and expressed as glucose units.
The peak area was used to calculate the percentage of each
carbohydrate chain, since the relative fluorescence is the same
on a molar basis for each component (Hase et al., 1984).
Glycosidase Digestion of Asialo PA-Carbohydrate Chains.

Asialo PA-carbohydrate chains were digested withâ-galac-
tosidase,â-N-acetylhexosaminidase, andR-fucosidase as
described (Tomiya et al., 1987; Tsuda et al., 1988). Diges-
tion with endo-â-galactosidase (10 milliunits) proceeded in
15 µL of 0.1 M acetate buffer (pH 5.8). Digestion with
â-galactosidase (2.5 milliunits) andâ-N-acetylhexosamini-
dase (10 milliunits) simultaneously proceeded in 15µL of
0.1 M citrate-phosphate buffer (pH 4.5) and that withâ-N-
acetylhexosaminidase (10 milliunits) and endo-â-galactosi-
dase (5 milliunits) in a mixture of 7.5µL of 0.1 M citrate-
phosphate (pH 5.0) and 7.5µL of 0.1 M acetate buffers (pH
5.8). All digestions were performed at 37°C for 15 h, and
the reactions were stopped by boiling the solutions at 100
°C for 5 min. The digested carbohydrate chains were
analyzed by RP-HPLC and size fractionation HPLC as
described above.

Numbering of Carbohydrate Chains.The code numbering
of carbohydrate chains is based on that reported by Tomiya
et al. (1988).
Homology Search.The amino acid sequence, Pro151-

Phe181, of human TFPI encoded by exon 7, was compared
with 121 043 sequences stored in the PIR and the SWISS
PROT Protein Sequence Databases using the algorithm of
the computer program BLASTP (Altschul et al., 1990).

RESULTS

Amino Acid Sequence Analysis.Reduced andS-pyridyl-
ethylated r-hTFPI was digested with lysylendopeptidase or
V8 protease. The lysylendopeptidase digest was separated
by RP-HPLC. The V8 protease digest was first separated
into four fractions by gel-filtration through Tosoh G3000SW.
Each fraction was examined by RP-HPLC. The major
portion (about 90%) of the amino acid sequence of r-hTFPI
was determined using 17 peptides isolated from the lysylen-
dopeptidase digests. The remainder was determined using
four peptides from the V8 protease digests. The results of
the sequence analysis are summarized in Figure 1. The
amino acid sequence was identical to that predicted from
the cDNA sequence. As reported previously, the actual and
predicted amino acid compositions of r-hTFPI were also
identical (Enjyoji, et al., 1995). These results indicated that
the r-hTFPI is a full-length molecule with 276 amino acid
residues.
There is a phosphorylated Ser residue at position 2 (Ser2)

in the TFPI produced by HepG2 cells and in the recombinant
TFPI expressed in murine fibroblast C127 cells (Girard et
al., 1990). Here, the amino acid sequence analysis of peptide
K1 and the entire molecule showed that the yield of PTH-
Ser at second cycle of Edman degradation was not decreased.
The mass spectrum of peptide K1 showed a molecular mass
of 2310.9 amu (data not shown), which is almost the same
as calculated mass of peptide K1 without phosphorylation
(2311.4 amu). These data suggested that the r-hTFPI
expressed in CHO cells was not phosphorylated at Ser2.

FIGURE 1: Amino acid sequence of recombinant human TFPI. K, lysylendopeptidase peptides; E, V8 protease peptides; thick gray bars,
PTH-amino acids identified using a protein sequencer; *, no PTH-amino acid was identified; #, the yield of PTH-amino acid was extremely
low.
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Structural Analysis of O-Linked Carbohydrate Chains.
The neutral and amino sugar composition analyses of whole
r-hTFPI molecule showed that the sugar ratio of GalNAc:
GlcNAc:Man:Fuc:Gal was 1.9:7.3:3.0:1.2:5.9. The presence
of GalNAc indicated that there areO-linked carbohydrate
chains in r-hTFPI. A lysylendopeptidase peptide, K12-13,
corresponding to Asn145-Lys213, has a potential lysylen-
dopeptidase cleavage site at Lys176. However, it was not
cleaved. Sequence analysis of the peptide K12-13 showed
that yield of PTH-Ser at Ser174 was low and PTH-Thr at
Thr175 was undetectable. These results suggest that Ser174

was partially and Thr175 fully O-glycosylated.
To obtain a shorter peptide carrying Ser174 and Thr175,

peptide K12-13 was digested with thermolysin and the
digest was separated by RP-HPLC. Aliquots of each peak
were acid hydrolyzed to detect GalNAc and it was found in
peptide OG-11 (Figure 1). The amino acid composition and
sequence of peptide OG-11 (Table 1) showed that it was an
undecapeptide, corresponding to Leu170-Leu180, in which
both Ser174 and Thr175 were glycosylated. About 2 mol of
GalNAc and Gal were detected per mol of peptide OG-11
(Table 1). These data suggested thatO-linked carbohydrate
chains with a type-1 core structure, Gal-GalNAc-Ser/Thr,
were attached to Ser174and Thr175, respectively, although the
sialic acid content was not analyzed.
We confirmed the structure ofO-linked carbohydrate

chains by means of ion spray mass spectrometry of peptide
OG-11. Several signals withm/zof 1388.4, 1242.8, 1161.8,
1097.2, and 1016.2, were identified (Figure 2). These ions
were doubly charged according to an isotopic distribution
of them. The calculated molecular mass of these ions were
2774.8, 2483.6, 2321.6, 2192.4, and 2030.4 Da, respectively.
The multiple ions resulted either from the heterogeneity of
the glycopeptide OG-11 or from fragmentation of the
oligosaccharide chains in the orifice of the mass spectrometer.
The calculated molecular weight of the polypeptide chain
of OG-11 was 1170.4 Da. The observed ion withm/z1388.4
(molecular mass: 2774.8) corresponded to the mass of OG-
11 with 2 mol of HexNAc, 2 mol of Hex, and 3 mol of
NeuAc. Other ions were attributable to the losses of NeuAc
and/or Hex as shown in Figure 2.
The doubly charged parent ion ofm/z1388.4 was analyzed

by tandem mass spectrometry (Figure 3). Many daughter
ions were detected, and the charge state of the daughter ions
was confirmed from their isotopic distribution, Fragments
tagged with “#” were doubly charged. The presence of 2
mol of HexNAc, 2 mol of Hex, and 3 mol of NeuAc was
confirmed from the pattern between doubly-charged ions at

m/z 586.0 (peptide portion) and atm/z 1388.2 (parent ion)
and from the pattern of singly-charged ions overm/z1170.6.
Fragment ions atm/z 687.5 and 1373.8 were assigned to be
peptides with only HexNAc. However, no signal cor-
responded to the glycopeptide with only Hex, calculatedm/z
of 1333 (singly charged), or 667 (doubly charged). There-
fore, theO-linked carbohydrate chains were confirmed to
be the type 1 core structure attached by HexNAc. The
singly-charged small ions, fromm/z 203.9 to 657.2, were
attributed to the oxonium ions of a monosaccharide or a
carbohydrate chain released from the peptide portion, which
supports the above carbohydrate structures. The glycosyl
linkage of NeuAc could not be completely determined.
However, NeuAc-HexNAc and NeuAc-Hex linkages were
suggested by carbohydrate oxonium ions atm/z 495.1 and
454.3, which corresponded to the mass of one HexNAc plus
one NeuAc and to one Hex plus one NeuAc, respectively.
The sugar composition, amino acid sequence, and mass

spectrometric analyses demonstrated that the undecapeptide
OG-11 is a glycopeptide with the twoO-linked carbohydrate
chains that consist of the type-1 core structure at Ser174 and
Thr175.
Structural Analysis of N-Linked Carbohydrate Chains.

Human TFPI has three potentialN-glycosylation sites.
Amino acid sequence analyses of peptides K8-9 and K12-
13 from the lysylendopeptidase digest revealed that Asn117

and Asn167 were almost fully glycosylated because PTH-
Asn was not detected at those positions (Figure 1). In
contrast, PTH-Asn was clearly detected on Asn228 of K15.
These results suggested that one of the three potential
N-glycosylation sites, Asn228, was not glycosylated.
To analyze the structure of theN-linked carbohydrate

chains, PA-derivatizedN-linked carbohydrate chains were
obtained from r-hTFPI as described under Experimental
Procedures and examined by means of anion-exchange
HPLC, using a PALPAK Type-N column. The PA-
carbohydrates from r-hTFPI were separated into more than
fifty peaks. Under these conditions, PA-carbohydrate chains
were separated mostly depending on their negative charge
and partly on their structural differences. We compared the
profile with those of authentic PA-carbohydrate chain

Table 1: Amino Acid and Carbohydrate Compositions and Amino
Acid Sequence of Peptide OG-11

amino acid compositiona

Glx 1.4 (1), Ser 2.4 (2), Thr 2.1 (2), Pro 2.0 (2), Val 0.9 (1),
Leu 1.8 (2), Lys 0.9 (1)

carbohydrate compositiona

GalNAc 1.9 (2), Gal 2.2 (2)

amino acid sequenceb

a Numbers in parentheses represent rounded values.b XXX: not
identified. Yield of PTH amino acids is expressed in picomoles.

FIGURE 2: Ion spray mass spectrum of glycopeptide OG-11. The
positive-ion spectrum was obtained between 1000 and 1600 Da.
Step size, 0.1 amu; dwell time, 1 ms per step; ionspray voltage,
5000 V, and orifice potential, 90 V.
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standards and PA-carbohydrate chains released from bovine
fetuin (data not shown). The results indicated that the
carbohydrate chains of r-hTFPI presumably consist mainly
of monosialo (about 40% of total carbohydrate chains), some
asialo and disialo (about 20%-30%, respectively), and few
trisialo carbohydrate chains. After sialidase digestion, scat-
tered peaks settled into the asialo fraction. This result
suggests that all the negative charges of carbohydrate chains
released from r-hTFPI expressed in CHO cells were carried
by sialic acids, not by sulfation of the carbohydrate chains,
although sulfatedN-linked carbohydrate chains have been
found on TFPI produced by rabbit arterial endothelial cells
(Colburn & Buonassisi, 1988; Warn-Cramer et al., 1991) and
recombinant TFPI expressed in human kidney 293 cells
(Smith et al., 1992).
A completely asialated PA-carbohydrate chain mixture was

separated by RP-HPLC (Figure 4), and the eight major peaks,
named C, D, E, H, I, J, M, and O, were analyzed by the
two-dimensional sugar mapping combined with sequential
glycosidase digestion as described under Experimental
Procedures. The carbohydrate structures of these PA-
carbohydrate chains were elucidated by glycosidase digestion
as indicated in Figure 5. The glucose units of each digest
on size-fractionation and RP-HPLC were compared with
those of standard PA-carbohydrate chains or with those
reported by Tomiya et al. (1988). PA-carbohydrate chains

and their glycosidase digests from peaks H, I, and O were
identified from the elution positions of standard PA-
carbohydrate chains.
The elution position and the manner of glycosidase

digestions suggested the carbohydrate structure from peak

FIGURE 3: Daughter ion spectrum from them/z 1388.4 in Figure 2. The spectrum was obtained between 50 and 2400 Da. Step size, 0.1
amu; dwell time, 1 ms per step; ionspray voltage, 5000 V, and orifice potential, 90 V. The collision energy was 20 V. The collision gas
was argon, and the gas density was 2.8× 1014 molecules/cm2. Fragment ions marked by “#” were doubly protonated.

FIGURE 4: The elution profile of asialated PA-carbohydrate chains
obtained from r-hTFPI on RP-HPLC using Takara PALPAK Type-
R. PA-derivatives ofN-linked carbohydrate chains were prepared
and digested with sialidase as described under Experimental
Procedures. The chromatographic conditions are also as described
under Experimental Procedures.
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C to be the known triantennary complex-type carbohydrate
chain of code number 310.18, having three branches, Galâ1-
4GlcNAcâ1-6, Galâ1-4GlcNAcâ1-2 linked to ManR(1-6),
and Galâ1-4GlcNAcâ1-2 linked to ManR(1-3), each of
which attached to the fucosyl trimannosyl core. However,
three other structures could be possible for the structure of
peak C, depending on branching of the core. One of the
candidates was a fucosyl triantennary carbohydrate chain of
code number 310.8. But the possibility was excluded by its
different elution position on reversed phase HPLC (17.7
glucose units). The elution position of the second candidate,
code number 310.19 (Tomiya et al., 1993), having Galâ1-
4GlcNAcâ1-6 and Galâ1-4GlcNAcâ1-2 branches linked to
ManR(1-6) and Galâ1-4GlcNAcâ1-4 branch to ManR(1-3),
is very close to that of code number 310.18 (310.18) 11.2/
9.0 vs 310.19) 11.4/9.2 glucose units on ODS/Amide).
Furthermore, the elution position of the third candidate,
having Galâ1-4GlcNAcâ1-6 branch linked to ManR(1-6) and
Galâ1-4GlcNAcâ1-4 and Galâ1-4GlcNAcâ1-2 branches to
ManR1-3, had not been reported. In order to confirm the
structural assignment, the intact PA-derivative from peak C
was completely digested withâ-galactosidase, and then the
digest was subjected to partial digestion withâ-N-acetyl-
hexosaminidase. The digest was separated by size-fraction-
ation HPLC (Amide-80), and the mono-GlcNAc fraction
(5.0-5.3 glucose units) was collected. This fraction was
analyzed by reversed phase HPLC (ODS-A). As a result,
three types of mono-GlcNAc components were obtained.
Their elution positions were 12.7/5.1, 10.3/5.3, and 10.2/
5.1 glucose units on the ODS/Amide column, which cor-
responded to those of carbohydrate numbers, 110.1, 110.6,
and 110.2, respectively. These published structures are one
GlcNAc linked byâ1-2 and byâ1-6 to the Man(R1-6) arm

of fucosyl trimannosyl core and byâ1-2 to Man(R1-3),
respectively. If peak C was number 310.19 or the unpub-
lished structure described above, the mono-GlcNAc com-
pound (number 110.7, 11.0/5.0 glucose unit), one GlcNAc
linked to the Man(R1-3) arm byâ1-4 linkage, should have
been observed, instead of number 110.2 or 110.1. On the
basis of these results, the carbohydrate structure from peak
C was assigned as code number 310.18 and shown in Table
2.
In contrast with peaks C, H, I, and O, PA-carbohydrates

from peaks D, E, J, and M were not converted into the core
after the subsequent digestion withâ-galactosidase and with
â-N-acetylhexosaminidase. However, they were converted
into core structures by simultaneous digestion by these two
glycosidases, which released both Gal and GalNAc residues
despite of the repeated structure of Galâ1-4GlcNAc residues
(LacNAc). On the other hand, they were susceptible toE.
freundiiendo-â-galactosidase, which recognizes specifically
LacNAc repeat structure and converts R-GlcNAcâ1-3Galâ1-
4GlcNAc-R′ into R-GlcNAcâ1-3Gal and GlcNAc-R′ (Spoon-
cer et al., 1984; Fukuda et al., 1984). These results suggested
that carbohydrate chains from peaks D, E, J, and M were
complex-type with LacNAc tandem repeat(s).
The elution positions of the PA-carbohydrate chain from

peak J and its glycosidase digests were the same as those of
the tetraantennary carbohydrate chain (number 410.42),
which has one LacNAc repeat on the GlcNAc(â1-2) branch
attached to the Man(R1-6) arm of the fucosyl trimannosyl
core. The elution positions of the PA-carbohydrate chain
from peak M and its digests were the same as those of the
carbohydrate chain (number 410.52), which has LacNAc
repeats on both branches of Man(R1-6). The carbohydrate
chains from peaks D and E were supposed to be fucosyl

FIGURE 5: Two-dimensional sugar mapping of the PA-carbohydrate chains isolated in Figure 4. The scales are expressed in glucose units.

Arrows indicate changes in elution positions after digestion with glycosidases: (f
a
), â-galactosidase; (f

b
), â-N-acetylhexosaminidase;

(f
c
), R-fucosidase; (f

d
), endo-â-galactosidase, and (f

e
), endo-â-galactosidase withâ-N-acetylhexosaminidase. Circles indicate the elution

position of each PA-carbohydrate chain;b, identified by co-elution with standard PA-carbohydrate chain;., identified by the elution
position, referring to that reported by Tomiya et al. (1988);O, the elution position of PA-carbohydrate chain not reported; (0), elution
position after simultaneous digestion withâ-galactosidase andâ-N-acetylhexosaminidase.

Carbohydrate Structure of Recombinant TFPI Biochemistry, Vol. 35, No. 20, 19966455

+ +

+ +



triantennary complex-type with one or more tandem LacNAc
repeats, but their mapping data did not correspond to those
previously reported. We therefore examined these structures
by using glycosidase digstions in combination with endo-
â-galactosidase. A branch without one or more LacNAc
repeat is lost after subsequent digestion withâ-galactosidase
and withâ-N-acetylhexosaminidase, whereas a branch with
LacNAc repeat is removed by the subsequent digestion with
â-N-acetylhexosaminidase and with endo-â-galactosidase or
by the simultaneous digestion of these two glycosidases. The
elution position of PA-carbohydrate chain from peak D was
the same as that of number 110.3, one Galâ1-4GlcNAc

linked to the Man(R1-6) arm of fucosyl trimannosyl core
by â1-2 linkage, after the subsequent digestion withâ-ga-
lactosidase and withâ-N-acetylhexosaminidase, and as that
of number 210.12, two Galâ1-4GlcNAc linked to Man(R1-
6) by aâ1-6 and to Man(R1-3) byâ1-2, after the simulta-
neous digestion with these two glycosidases. These results
indicate that one LacNAc repeat existed on theâ1-2 branch
of the Man(R1-6), Galâ1-4GlcNAc residues linked to Man-
(R1-6) byâ1-6 linkage, and linked to Man(R1-3) byâ1-2.
In the same way, the carbohydrate structure from peak E
was determined. The carbohydrate derivative was identified
to be code number 110.8 after the subsequent digestion with

Table 2: Elucidated Structures ofN-Linked Carbohydrate Chains in r-hTFPIa

a The structures of eight major peaks of PA-carbohydrate chains from Figure 4 were determined as shown in Figure 5. The relative amounts of
the carbohydrate chains were calculated from the peak areas in Figure 4.
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â-galactosidase and withâ-N-acetylhexosaminidase, and to
be code number 210.4 after the subsequent digestion with
endo-â-galactosidase and withâ-N-acetylhexosaminidase.
These results indicate that the carbohydrate chain from peak
E was fucosyl triantenna having LacNAc repeated branch
linked to Man(R1-6) byâ1-6 linkage, as shown in Table 2.
All of the carbohydrate chains were of the complex-type

with oneR1-6 linked fucose residue attached to reducing-
end GlcNAc. The main component (peak I) was a bianten-
nary carbohydrate chain. Triantennary (peaks C, D, E, and
O) and tetraantennary (peaks H, J, and M) carbohydrate
chains were also identified. Some of the triantennary and
tetraantennary carbohydrate chains (peaks D, E, J, and M)
had one or two LacNAc repeats (30% ofN-linked carbohy-
drates structurally determined).

DISCUSSION

This study showed that the r-hTFPI from CHO cells was
a full-length glycoprotein with twoN-glycosylation sites
(Asn117and Asn167) among three potential glycosylation sites
and with two O-glycosylation sites (Ser174 and Thr175).
Although no clear rule has been established forO-glycosy-
lation sites, a proline residue at+3 reportedly makes
O-glycosylation favorable (Dwek, 1995). In fact, proline
was located at+3 of Thr175. No evidence of other post-
translational modification was found, such as phosphorylation
at Ser2 as reported by Girard et al. (1990). The Asn117 in
Kunitz domain 2 wasN-glycosylated, whereas Asn228, one
of three potentialN-glycosylation sites, in Kunitz domain 3
was not. Since the carbohydrate chain at Asn117 locates near
the reactive site of Kunitz domain 2, it may influence the
function of the domain.
All of the N-linked carbohydrate chains in r-hTFPI were

complex-type carbohydrate chains with one fucose residue
attached to the reducing-end GlcNAc. They consisted of
biantennary (44.4% of the chains determined), triantennary
(31.7%), and tetraantennary (23.9%) carbohydrate structures.
Since these branched structures are formed depending mainly
on the amino acid sequence and conformation of proteins
(Takeuchi & Kobata, 1991), the same distribution of the
branched structures is supposed to be found in plasma-
derived TFPI. Their non-reducing ends featured a LacNAc
repeat (about 30% of the carbohydrate chains determined).
This is often found in recombinant proteins from CHO cells,
e.g., erythropoietin (Takeuchi et al., 1988), interferon-â1
(Kagawa et al., 1988), gp120 from human immunodefi-
ciency-virus (Mizuochi et al., 1988), and interleukin-6 (Orita
et al., 1994). Although the role of the LacNAc repeat has
not been established, Fukuda et al. (1989) have suggested
that it is related to the metabolism of the glycoproteins in
liver. Since this repeat is supposed to be characteristic of
recombinant proteins from CHO cells, our results do not
necessarily mean that plasma-derived TFPI has this structure.
Although we did not examine the sialyl bonds ofN-linked
carbohydrate chains in r-hTFPI, NeuAcs are supposed to be
attached to Gal byR2-3 linkages, since almost all ofN-linked
carbohydrates in the recombinant proteins from CHO cells
have theR2-3 linkages.
SinceN-linked carbohydrate chains from r-hTFPI lost their

negative charge after sialidase digestion, we found no
evidence to support the presence of sulfated carbohydrate
chains as found on rTFPI from human kidney 293 cells

(Smith et al., 1992).N-Linked sulfated carbohydrate chains
are generated by a combination of a specific GalNAc-
transferase and 4-sulfotransferase. Smith et al. have specu-
lated that a sulfated carbohydrate chain is linked to Asn228,
since the recognition sequence, Pro-Phe-Lys, for GalNAc-
transferase has been found at theN-terminal of Asn228.
However, evidence has not been directly presented for the
presence ofN-glycosylation at Asn228 of rTFPI from 293
cells. In addition, they found that [35S]SO4 was incorporated
into TFPI expressed in human kidney 293 cells but not in
CHO or HepG2 cells. Our finding that Asn228 in r-hTFPI
from CHO cells was not glycosylated is consistent with their
results.
The structure ofO-linked carbohydrate chains in r-hTFPI

was determined to be a type-1 core structure with sialic acids.
This type ofO-linked carbohydrate chain is found in the
activation peptide portion of human factor IX (Agarwala et
al., 1994) and many recombinant proteins (Inoue et al., 1993;
Tsuda et al., 1990; Sasaki et al., 1987; Oheda et al., 1988;
Kodama et al., 1993). The failure of lysylendopeptidase to
cleave the Lys176-Val177 bond indicated that the twoO-
glycosyl carbohydrate chains at Ser174 and Thr175 interfered
with the interaction of the protease with r-hTFPI. In addition
to the twoO-glycosylated sites, the presence of a carbohy-
drate chain at Asn167will also influence the susceptibility of
this region between Kunitz domains 2 and 3 toward various
proteases. We compared the amino acid sequence of this
carbohydrate-rich region encoded by exon 7 (van der Logt
et al., 1991; Girard et al., 1991; Enjyoji et al., 1993) with
the corresponding regions of TFPI from other species (Kamei
et al., 1994; Wesselschmidt et al., 1990; Enjyoji et al., 1992;
Girard et al., 1994). The homology with human TFPI was
striking in that from monkey, rabbit, rat and dog, with an
identity of 29 to 90% (Figure 6). The potentialN-
glycosylation site, Asn167, was found in TFPI from all species
reported except in rat TFPI. The potentialO-glycosylation
site, Thr175, was also found in TFPI from all these species
except the dog. The potentialO-glycosylation site, Ser174,
was found in TFPI from monkey and dog. These results
suggest that TFPI from all of these species has a carbohydrate-
rich region between Kunitz domains 2 and 3, like human

FIGURE 6: Comparison of amino acid sequence and glycosylation
sites of the region encoded by human TFPI exon 7 with the
corresponding regions of TFPI from monkey, rabbit, rat, and dog
and with homologous sequence in other proteins. The identical
amino acid residues with those of human TFPI are shaded. The
numbers of the identical amino acid residues per total amino acid
residues and the percentages are also shown. (1) Human TFPI 151-
181 (Wun et al., 1988); (2) monkey TFPI 151-181 (Kamei et al.,
1994); (3) rabbit TFPI 152-182 (Wesselschmidt et al., 1990); (4)
rat TFPI 149-185 (Enjyoji et al., 1992); (5) canine TFPI 144-
174 (Girard et al., 1994); (6) human T-cell receptorR chain C region
(142 residues), 76-91 (Yanagi et al., 1985); (7) human non-
erythroid spectrin (fodrin)R chain (2472 residues) 1997-2020
(Moon & McMahon, 1990). “*” marks glycosylation sites found
in r-hTFPI.
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TFPI. Although the cluster of carbohydrate chains in this
region presumably influences the conformation of TFPI and
its susceptibility to proteases, the significance of this
carbohydrate-rich region remains to be established. Leuko-
cyte elastase preferentially cleaves a peptide bond between
Kunitz domains 1 and 2 of r-hTFPI (Higuchi et al., 1992),
while proteases cleaving other regions in TFPI have not been
identified. On the other hand, Broze et al. (1994) suggested
the presence of carboxy-terminally truncated forms of TFPI
in normal plasma, which deleted both the carboxy-terminal
basic domain and Kunitz domain 3. It is of interest to know
which proteases generated these truncated forms of TFPI, if
the presence of three bulky and acidic carbohydrate chains
in the region between Kunitz domains 2 and 3 of plasma-
derived TFPI is assumed. As shown in Figure 6, the amino
acid sequence encoded by human exon 7 has a striking
identity with the C-region of the human T-cell receptorR
chain (Yanagi et al., 1985) and the human non-erythroid
spectrin (fodrin)R chain (Moon & McMahon, 1990), in
which Thr residues corresponding to Thr175were preserved.
Studies on the structure of the carbohydrate chains of

several recombinant proteins, have established that the
carbohydrate structures of recombinant glycoproteins are also
dependent on the cell-types used for the expression of the
recombinant proteins. Among various mammalian cells,
CHO cells synthesize recombinant proteins with carbohy-
drates similar to human counterparts (Utsumi et al., 1989;
Kagawa et al., 1988; Hara et al., 1993). Therefore, the
present findings of the glycosylation sites and the branched
structures of carbohydrates of r-hTFPI can be generally
applied to plasma-derived TFPI, although those of plasma
TFPI and endothelial cell-associated TFPI should be deter-
mined. Particularly, sulfation ofN-linked carbohydrates in
plasma-derived TFPI should be examined more in detail,
since that of TFPI produced by human umbilical endothelial
cells has been described (Broze et al., 1990). In any event,
the present information may facilitate understanding of the
various functions of TFPI, such as the inhibition of factor
Xa and tissue factor-factor VIIa, interactions with lipopro-
teins, proteoglycans, and heparin, as well as the susceptibility
toward proteases in plasma and leukocytes.
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