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of inhibitors from cytosolic fractions demonstrated a
precursor–product relationship. Within the cytosolicRecently, we reported the identification and partial
fraction, 26-, 29-, and 30-kDa inhibitors were detectedcharacterization of three serine protease inhibitors
in the early chases (0 and 15 min) but they form precur-(Mr 33,000, 31,000, and 27,000) from the extracellular
sors to the synthesis of the 33-kDa inhibitor which ac-matrix (ECM) of human umbilical vein endothelial
cumulated in the later chases (30 min to 1 h). Whencells and skin cells. Here, we report that a full-length
pulse-chase experiments were performed in the pres-cDNA clone for the 33-kDa inhibitor from SV-40 trans-
ence of tunicamycin, synthesis as well as sequestrationformed human skin fibroblasts (t12FB) is identical to
of the three inhibitors into ECM was completely inhib-a recombinant trypsin/tissue factor pathway inhibitor
ited. In the presence of tunicamycin, the cells synthe-called TFPI-2 from placenta. By immunoblotting, the

three inhibitors from ECM and cell lysates demon- sized and sequestered a single 25.5-kDa inhibitor into
strated cross-reactivity with an antiTFPI-2 IgG. To fur- ECM. Peak quantities of the 25.5-kDa inhibitor ap-
ther elucidate how these inhibitors are related, pulse- peared in the ECM after 6 h chase while they were
chase labeling of t12FB with [35S]methionine followed 1 h for the 27- and 31-kDa inhibitors and 3 h for the
by immunoprecipitation with antiTFPI-2 IgG was per- 33-kDa inhibitor. To further support that the three in-
formed on ECM and cytosolic proteins. A precursor– hibitors are related but only differ in the extent of
product relationship did not exist between the three glycosylation, the 33-kDa inhibitor from the t12FB
inhibitors from ECM. In contrast, the various species ECM was deglycosylated with N-glycosidase F and the

products were identified by immunoblotting with anti-
TFPI-2 IgG. The enzyme released the 31-, 27-, and 25.5-

Certain commercial equipment, instruments, and materials are kDa inhibitors from the 33-kDa inhibitor. Collectively,
identified in this paper in order to specify the experimental procedure these results demonstrate that the ECM-associated 33-,
as completely as possible. In no case does such identification imply 31-, and 27-kDa inhibitors are biosynthetic products ofa recommendation or endorsement by the National Institute of Stan-

a single gene with differential glycosylation. The 25.5-dards and Technology nor does it imply that material, instruments,
kDa inhibitor is unglycosylated, whereas 27- and 30-or equipment identified is necessarily the best available for the pur-

pose. to 31-kDa inhibitors are partially glycosylated and the
1 This work was supported in part by National Institutes of Health 33-kDa inhibitor is fully glycosylated. Inhibition of gly-

Research Grants AR 41045 and AR 33625 (to D.T.W.) and HL 35246 cosylation significantly retarded the rate of secretion
(to W.K.) and by a grant from Northwestern Memorial Hospital (to

of the inhibitor but did not prevent its association withC.N.R.).
ECM. Quantitation of the inhibitors with cell-condi-2 To whom correspondence should be addressed. Fax: (312) 908-

1984. tioned medium and ECM fractions reveals that 70–75%
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83BIOSYNTHESIS OF NOVEL SERINE PROTEASE INHIBITORS

were ECM-associated and 25–30% cell-associated. T98G and cDNA cloning revealed that it is identical to
None or very little of the inhibitors (0–2%) remained TFPI-2 (21) and to a 30- to 36-kDa placental inhibitor
in a conditioned medium. Because they are primarily designated placental protein 5 or PP5 (22).
associated with ECM, the inhibitors may play a major This study was designed to investigate (i) if one of
role in ECM remodeling and turnover. q 1996 Academic the ECM-associated inhibitors is TFPI-2 and (ii) if the
Press, Inc. three ECM-associated inhibitors are structurally re-

Key Words: extracellular matrix; serine protease in- lated. A full-length cDNA clone for the 33-kDa inhibitor
hibitors; fibroblasts; glycosylation; tissue factor path- was characterized and found it to be identical to TFPI-
way inhibitor-2. 2. The results suggest that the three inhibitors are

biosynthetic products of a single gene with different
levels of glycosylation. We also report that inhibition
of glycosylation did not prevent the inhibitor from bind-

Several studies have demonstrated that the extracel- ing to ECM but significantly delayed its secretion and
lular matrix (ECM)3 functions as a reservoir of a vari- accumulation in the ECM.
ety of growth factors (1–4), growth factor binding pro-
teins (5, 6), cytokines (7), proteases (8, 9), and protease MATERIALS AND METHODS
inhibitors (10–14). It has been suggested that the se- Reagents. Phorbol 12-myristate 13-acetate (PMA) and tuni-
questration of these growth regulatory molecules camycin were purchased from Sigma Chemical Co. (St. Louis, MO).

N-Glycosidase F (PNGase F) was purchased from Boehringer-Mann-within the ECM protects them from rapid inactivation
heim Biochemicals (Indianapolis, IN). Protein A-Sepharose and hep-(11, 15). For example, plasminogen activator inhibitor-
arin-Sepharose beads were purchased from LKB/Pharmacia Biotech-1 (PAI-1), which is rapidly inactivated in solution, re- nology Inc. (Uppsala, Sweden). RPMI, glutamine, fetal bovine serum

mained active for more than 6 h after binding to ECM (FBS), and trypsin-EDTA were purchased from Northwestern Uni-
(15). Similarly, ECM-bound basic fibroblast growth fac- versity Cancer Center, Tissue Culture Facility. 3* RACE (rapid am-

plification of cDNA ends) kit was obtained from Life Technologiestor and transforming growth factor-bwere stored in the
Inc. (Gaithersburg, MD). TA-cloning kit was purchased from In-matrix as active forms and released with full biological
Vitrogen (San Diego, CA). RNAZol was purchased from TEL-TESTactivity upon proteolysis of the matrix by plasmin and Inc. (Friendswood, TX). ECL reagent system was a product of Amer-

related serine proteases (16). Thus, cultured cells de- sham Life Sciences (England). [35S]Methionine was purchased from
posit matrices that are composed of not only structural ICN Radiochemicals (Irvine, CA). Recombinant TFPI-2 (rTFPI-2)

was purified from baby hamster kidney cell culture medium as de-macromolecules but also growth regulatory molecules
scribed (20). Antibodies against rTFPI-2 were generated in rabbitswhich play important roles in matrix remodeling.
(23) and the IgG fraction was purified by protein A column chroma-Previously, we reported the partial characterization tography.

of three novel serine protease inhibitors, related to the Quantitation of inhibitors in serum-free conditioned medium, cell
superfamily of Kunitz-type serine protease inhibitors, lysate, and ECM of dermal fibroblasts. SV-40 transformed human

skin fibroblasts (t12FB) were cultured in RPMI containing 10% FBS,from the ECM of human skin cells (17, 18) and human
50 mg penicillin, and 50 mg/ml streptomycin (24). Cells were grownumbilical vein endothelial cells (HUVEC) (19). These
to subconfluence in 100-mm tissue culture dishes or six-well Costarinhibitors have molecular sizes of 33, 31, and 27 kDa; culture plates and the medium was replaced with serum-free me-

inhibited the gelatinolysis and caseinolysis by trypsin, dium supplemented with PMA, at a concentration of 100 ng/ml. After
plasmin, a-chymotrypsin, and pancreatic elastase but culturing the cells overnight, serum-free conditioned medium (CM)

was collected and cells were lysed by incubation with lysis buffernot by thrombin, thermolysin, and papain; and re-
containing PBS, 0.5% Triton X-100 for 20 min at 237C. Inhibitorsquired acid for partial extraction from ECM. The syn-
from CM and cell lysate proteins were concentrated by heparin-Seph-thesis of the three inhibitors was increased several-fold arose chromatography (18). Heparin-Sepharose-bound proteins were

in cells after treatment with phorbol esters (17–19). extracted directly into 1.51 SDS–PAGE sample buffer. The ECM
The enzyme inhibitory profiles, molecular size, and the was prepared as described before (17, 19). Briefly, cell monolayers

were washed three times with PBS and removed from culture dishesKunitz classification of the inhibitors closely resembled
by incubation with lysis buffer as described above. The remainingthose of a recombinant 32-kDa trypsin/tissue factor
ECM was washed three times with 20 mM Tris–HCl, pH 7.40, 100pathway inhibitor, designated TFPI-2 (20). Recently, a mM NaCl, 0.1% (v/v) Tween 80 and five times with PBS. The ECM-

29-kDa trypsin inhibitor was isolated from the condi- bound inhibitors were extracted by incubation of the ECM with 1.51
SDS–PAGE sample buffer without dithiothreitol for 30 min at 237C.tioned medium of the human glioblastoma cell line
In some experiments, PMA was added to cells already in incubation
with tunicamycin for 8–14 h. After adding PMA, the cells were cul-
tured overnight and CM, cell lysate proteins, and ECM-bound inhibi-3 Abbreviations used: ECM, extracellular matrix; t12FB, SV-40
tors were collected as described above. The inhibitors from CM, celltransformed human foreskin fibroblasts; PMA, phorbol-12-myristate
lysate, and ECM fractions were identified by immunoblotting with13-acetate; FBS, fetal bovine serum; CM, serum-free conditioned me-
antiTFPI-2 IgG and quantitated by scanning the inhibitor bandsdium; TFPI-2, tissue factor pathway inhibitor-2; u-PA, urokinase
with an imaging densitometric scanner (Model GS-670, Bio-Rad Lab-type plasminogen activator; PP5, placental protein-5; PNGase F, N-
oratories, Richmond, CA).glycosidase F; RACE, rapid amplification of cDNA ends; BSA, bovine

serum albumin; ECL, enhanced chemiluminescence; MMP, matrix Immunoblotting. CM, cell lysate, and ECM samples were boiled
for 3 min and proteins were separated by SDS–PAGE using 12 ormetalloprotease.
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15% polyacrylamide gels (25). After electrophoresis, proteins were gies Inc.) was annealed to 1 mg of total cellular RNA and then reverse
transcribed with SuperScript reverse transcriptase. After the reverseelectroblotted onto nitrocellulose membranes as described (26) and

blocked with 4% nonfat dry milk in 10 mM Tris–HCl, 150 mM NaCl, transcription reaction, RNA was degraded by treatment of the reac-
tion mixture with RNase H and the remaining cDNA was mixed withpH 7.4, containing 0.1% Tween 20 (TTBS) for 2 h at 237C. Then, the

membranes were incubated for 2 h at 237C or overnight at 47C with a 100-ml PCR mixture containing 100 to 1000 nM 3 *- and 5*-primers
(Life Technologies Inc.). The 5*-primers consisted of either a degener-normal rabbit serum or antiTFPI-2 IgG, diluted 1:3000 in TTBS

containing 1% BSA. After several washes, the membranes were incu- ate oligonucleotide [5*-CAA(G)TTT(C)ATT(CA)ATT(CA)AAT(C)-
C(T)T-3*; amino acid sequence AEQEP is common to 33- and 31-kDabated for 1 h with a peroxidase-conjugated secondary antibody, di-

luted 1:3000 in TTBS, 1% BSA. The immunoreactive proteins were inhibitors, shared homology to TFPI-2] or a single oligonucleotide
sequence [5*-CGATGCTGCTCAGCCACAC-3 *; nt 104–123, aminoidentified using the enhanced chemiluminescence (ECL) reagent sys-

tem, following the manufacturer’s instructions. acid sequence AAQEP of TFPI-2 shared homology to the 33- and 31-
kDa inhibitors]. After incubation of the reaction mixture for 5 minPulse-chase metabolic labeling and immunoprecipitations. t12FB
at 947C, a 30-cycle PCR was carried out with denaturing, annealing,were cultured to subconfluence in 100-mm tissue culture dishes. For
and extension temperatures set at 927C, 1 min; 527C,1 min; and 727C,these experiments, cell monolayers were incubated for 3 h with 100
3 min, respectively. The amplified cDNA products were separatedng/ml PMA in growth medium. The cells were rinsed three times with
by electrophoresis on 1% agarose gels. cDNA products of approxi-PBS and once with RPMI without glutamine/methionine/cysteine. In
mately 1.2 kb were purified and subcloned into TA-vector. The recom-some experiments, PMA was added to cells already in incubation
binants were isolated, and plasmid DNA was purified and sequencedwith 1 mg/ml tunicamycin for 12 h. Cell cultures were then labeled
using an Applied Biosystems 373 A sequencer (29), as adopted bywith 50 mCi/ml [35S]methionine (1153 Ci/mmol) for 20 min in RPMI
Applied Biosystems Inc. for fluorescent DNA sequencing. Cycle se-without glutamine/methionine/cysteine. The cells were then chased
quencing using the M13 universal primer in the presence of dye-for different time periods, as indicated in the figure legends, by cul-
conjugated dideoxyterminators was carried out according to the man-turing the cells in 10% FBS containing growth medium. After the
ufacturer’s protocol.chase, the medium was discarded and the cell layers were washed

A NdeI restriction endonuclease recognition sequence 5*-CATATG-four times with PBS. Then, the cultures were lysed in 3 ml of lysis
3 * at the initiation site and a BamHI recognition sequence 5*-GGA-buffer containing PBS, 0.5% Triton X-100 for 20 min at 237C. Triton
TTC-3 * after the termination codon of the inhibitor gene was intro-X-100-soluble proteins were collected by centrifugation (20 min at
duced by PCR. The PCR product was digested with NdeI and BamHI22,000g and 47C). ECM-bound inhibitors were extracted as described
restriction endonucleases and the inhibitor gene was cloned into thepreviously (17, 18). Briefly, ECM-bound inhibitors were collected
respective sites of the pRE expression vector (30). A recombinantafter incubation for 30 min at 237C with 3 ml of a buffer containing
was isolated in E. coli C600 lambda lysogen. E. coli strain MZ10.1 M glycine–HCl, pH 3.0. The extract was immediately neutralized
carrying the pRE1 recombinant plasmid containing the inhibitorwith 1.5 M Tris–HCl, pH 8.8, and diluted with an equal volume of
gene was grown in 50 ml of LB medium containing ampicillin (5030 mM Tris–HCl, pH 7.4, containing 1% Triton X-100. Both cell
mg/ml) at 327C to an A650 of 0.40. At this temperature, the synthesislysate and ECM-bound proteins were subjected to immunoprecipita-
of the recombinant inhibitor in the bacterial culture was uninduced.tion with normal rabbit serum or antiTFPI-2 IgG. Briefly, 1-ml ali-
A 30-ml aliquot of this culture was saved for estimating the back-quots of the radiolabeled cell lysate and ECM-associated proteins
ground synthesis of the recombinant inhibitor. The synthesis of thewere incubated with 1 ml of antiTFPI-2 IgG or normal rabbit serum
recombinant inhibitor was induced in the remainder of the cultureovernight at 47C. The antigen–antibody complexes were captured
by diluting with an equal volume of fresh LB, previously equilibratedonto protein A-Sepharose beads by end-over-end rotation of the reac-
to 507C, and then immediately placing the culture in a 407C wa-tion mixtures with beads for 1 h at 237C. The beads were pelleted
terbath shaker for 2 h. Cells were collected by centrifugation atby centrifugation and washed three times with cold 15 mM Tris–
10,000g for 15 min and washed with 25 mM Tris–HCl buffer, pHHCl, pH 7.40, 0.5% Triton X-100, 0.15 M NaCl (buffer A) and two
7.50 (buffer A). The cells were suspended in buffer A and broken bytimes with buffer A containing 10% KCl. Finally, protein A-Sepha-
passage through a French pressure cell at 10,000 psi. The cell lysatesrose beads were washed twice with 15 mM Tris–HCl, pH 7.4, and
were examined by SDS–PAGE to evaluate the level of expression ofresuspended in 70 ml of 1.51 SDS–PAGE sample buffer. The immu-
the 33-kDa inhibitor gene product. The extract from the heat-inducednoprecipitates were boiled for 3 min, and proteins from aliquots of
but not from the uninduced bacteria contained the 25-kDa recombi-30 ml were separated by SDS–PAGE using 12% polyacrylamide gels
nant protein. The cell lysate extract containing the recombinant in-and identified by autoradiography. AntiTFPI-2 immunoreactive pro-
hibitor protein was centrifuged at 10,000g for 15 min and the pelletteins were quantitated by scanning the autoradiograms with a densi-
was washed three times with cold 15 mM Tris–HCl, pH 7.4, buffertometric scanner.
and extracted with 15 mM Tris–HCl, pH 7.4, 6 M urea for 2 h at

Treatment of ECM-bound proteins and rTFPI-2 with N-glycosidase 237C. The extract was centrifuged at 22,000g for 15 min and the
F. rTFPI-2 (2 mg) or t12FB ECM-associated proteins (7 mg) were supernatant was used as the source of the recombinant inhibitor
heat denatured in the presence of 0.2% SDS in 100 mM phosphate protein.
buffer, pH 7.0, 10 mM EDTA. The reaction mixtures were diluted
with an appropriate volume of 1% Triton X-100 to make the concen-
tration of this detergent fivefold higher than that of SDS. Then, 2 RESULTS
units of PNGase F was added to each reaction mixture to a final
reaction mixture volume of 300 ml. The reaction mixtures were incu- cDNA Cloning and Identification of the 33-kDa
bated at 377C and aliquots (35 ml) were removed at time points indi- Inhibitor as TFPI-2
cated in the figure legends. The samples were made to 11 by diluting
the samples with 51 SDS–PAGE sample buffer. Aliquots (20 ml) Microsequencing analysis of the 33- and 31-kDa in-
were separated on 12% polyacrylamide gels and products were identi- hibitors revealed that the amino-terminal amino acid
fied by immunoblotting with antiTFPI-2 IgG. sequence of the 33-kDa inhibitor shared 70–90% ho-

cDNA cloning and protein expression in Escherichia coli. cDNA mology to that of the mature TFPI-2 (18). The first five
clones for the 33-kDa inhibitor were identified by 3 * RACE as de- residues [AA(E)QEP] between the two matrix-associ-scribed previously (27). Briefly, monolayers of t12FB were incubated

ated inhibitors are identical and found in TFPI-2 atwith PMA for 6 h and total cellular RNA was isolated using guanidine
thiocyanate (RNAZol) reagent (28). Adaptor primer (Life Technolo- matching positions. To isolate cDNA clones for both
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mal microvascular endothelial cells also cross-reacted
with antiTFPI-2 IgG (Rao, unpublished data). Normal
rabbit serum did not recognize the inhibitors from the
ECM of control and PMA-treated t12FB (Fig. 2A, lanes
3 and 7, respectively). However, normal rabbit IgG
faintly cross-reacted with one or two proteins between
the molecular sizes 30 and 33 kDa in cytosolic proteins

FIG. 1. Nucleotide sequence (nucleotides 898 to 1189) of the com- of control (Fig. 2A, lane 2) and PMA-treated t12FB
plete 3 * untranslated region of the 33-kDa inhibitor cDNA. The new (Fig. 2A, lane 6). At present, it is not clear if these
sequence that was not determined by Sprecher et al. (20) for TFPI- proteins are the novel 33- and 31-kDa serine protease
2 is underlined.

inhibitors or irrelevant proteins which might nonspe-
cifically reacts with IgG because of overloading of these
two lanes with cytosolic proteins. Serum-free growth
medium did not contain any antiTFPI-2 IgG-reactiveinhibitors, 3 * RACE was performed using a single oligo-
proteins (Fig. 2B, lane 4).nucleotide primer (to the sequence AAQEP, nt 104–

The immunoblotting technique using the ECL re-123 of TFPI-2 cDNA) or a degenerate oligonucleotide
agent system readily detected 0.1 to 0.3 ng of recombi-primer (to the sequence AEQEP, sequence common to
nant TFPI-2 (data not shown). Intensities of the 33-,both inhibitors). Sixteen different cDNAs were selected
31-, and 27-kDa inhibitor bands were scanned in anand their 5* nucleotide sequences were determined.
imaging densitometric scanner, and their total (inThe nucleotide sequences of all the cDNAs were identi-
terms of peak areas) in each compartment was deter-cal with TFPI-2. The two strands of 1 of the 16 cDNA
mined and adjusted to the total volume of the sample.clones designated ECM-33SPI-2 which has a length of
It was found that in both control and PMA-treated941 nucleotides were completely sequenced. The nucle-
cells, 70–75% of the inhibitors were associated withotide and deduced amino acid sequence of the ECM-
ECM, 25–30% with cells, and only 0–2% with CM.33SPI-2 were identical to TFPI-2. Sprecher et al. (20)
These data confirm our previous observations whichisolated a partial cDNA clone for the placental TFPI-
indicated that the inhibitors are primarily associated2. The TFPI-2 cDNA was missing about 58 nucleotides
with ECM (17). By reverse zymography (17) we couldat the 3 * end of the TFPI-2 mRNA. It was possible
not detect the three inhibitors from the cytosolic frac-to determine the entire nucleotide sequence of the 3 *
tion of both control and PMA-treated t12FB. However,untranslated region extending into the poly(A) tail be-
these cytosolic inhibitors were readily detected by anti-cause of the application of 3 * RACE. The entire nucleo-
TFPI-2 antibody, suggesting that the identification oftide sequence of the 3 * untranslated end of the TFPI-

2/33-kDa mRNA was shown in Fig. 1.

33-, 31-, and 27-kDa Serine Protease Inhibitors Are
Related to TFPI-2: A Majority of the Inhibitors Are
Associated with ECM

cDNA cloning studies revealed that the 33-kDa in-
hibitor is identical to TFPI-2 from placenta. To further
understand how the three ECM-associated inhibitors
are related to one another, immunoblotting analysis of
the three inhibitors from t12FB was performed with a
polyclonal antibody to TFPI-2. The experiment was
also designed to determine the distribution of anti-
TFPI-2 cross-reactive inhibitors in CM, cell, and ECM

FIG. 2. Cross-reactivity of 33-, 31-, and 27-kDa inhibitors with anti-compartments. These antibodies do not cross-react
TFPI-2 IgG. CM, cell lysate, and ECM samples from control andwith TFPI (W. Kisiel, unpublished data). As shown in
PMA-treated cells were prepared as described under Materials andFig. 2B, antiTFPI-2 IgG intensely cross-reacts with the Methods and subjected to SDS–PAGE using 15% acrylamide slab

three inhibitors from cell lysate (lanes 2 and 6) and gels. The proteins were electroblotted onto nitrocellulose membranes
ECM (lanes 3 and 7) of both control (lanes 2 and 3) and subjected to immunoblotting with normal rabbit serum (A) and

antiTFPI-2 IgG (B). In A and B, the samples are as follows: lanes 1,and PMA-treated (lanes 6 and 7) t12FB. The 33-kDa
2, and 3 are CM, cell lysate, and ECM, respectively, from controlinhibitor was detected from the CM of PMA-treated
t12FB; lanes 5, 6, and 7 are CM, cell lysate, and ECM, respectively,t12FB (lane 5) but not in the control cells (lane 1). from PMA-treated t12FB. In lane 4, serum-free medium was in-

These three inhibitors from human foreskin fibro- cluded as control. The 33-, 31-, and 27-kDa inhibitors are marked
by arrowheads to the left of lane 7 in B.blasts, neonatal keratinocytes, and transformed der-
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hibitors gradually accumulated in the ECM of cells
subjected to chases from 0 to 3 h. The 31-kDa inhibitor
appears to be a doublet of 30 and 31 kDa. Peak quanti-
ties of the 33-kDa inhibitor were observed in the ECM
of cells subjected to 3 h chase. The highest levels of the
27-kDa inhibitor appeared in the ECM of cells sub-
jected to 1 h chase, whereas the 30- to 31-kDa inhibitors
were equally maximal after 1- and 3-h chases. After 3 h
chase all three inhibitors gradually declined, indicating
that they were degraded. Thus, the steady-state accu-
mulation of the three inhibitors in ECM indicates that
the smaller species of inhibitors are neither degrada-
tion products from the 33-kDa inhibitor nor precursors
to the synthesis of the 33-kDa inhibitor. The inhibitors
also displayed different half-lives, approximately 20–
22 h for the 30- to 31-kDa doublet, 5 h for the 27-kDa
inhibitor, and 3 h for the 33-kDa inhibitor.

Within the Cytoplasm 27- and 30- to 31-kDa
Inhibitors Are Precursors to the Synthesis
of the 33-kDa Inhibitor
Radiolabeled cytosolic proteins were also immuno-

precipitated with normal rabbit serum (Fig. 4A) or anti-
TFPI-2 IgG (Fig. 4B). As shown in Fig. 4B, three species
of inhibitors, Mr 26,000, 29,000, and 31,000, were de-
tected in immunoprecipitates from cells after 0 h chase.
Compared to the cells from 0 h chase, the cells from

FIG. 3. Pulse-chase labeling of the inhibitors from the extracellular 0.25 h chase contained 25–40% less of these inhibitors.
matrix (ECM) of PMA-treated t12 fibroblasts. Cells (41 106 cells in 100- In addition, this sample contains new higher molecular
mm dishes) were pulsed for 20 min with [35S]methionine and chased for size species at Mr 33 kDa as a faint band. When theintervals ranging from 0 to 48 h. The inhibitors from the ECM were

chase was increased from 0.25 to 0.5 h, the 26-, 29-,immunoprecipitated with antiTFPI-2 IgG (B) or normal rabbit serum
(A). In A and B, lane MW contains molecular weight standards and and 31-kDa inhibitors were undetected or weakly de-
their sizes were represented in A only. The 33-, 30- to 31-, and 27-kDa tected. In these cells, the 33-kDa inhibitor was readily
inhibitors are marked to the right of lane 48 in B. detectable. By 0.75 h chase, the cells contain 33-kDa

species as the prominent inhibitor immunoprecipitable
with antiTFPI-2 IgG. The 29- and 31-kDa inhibitors do
not appear as clear bands but are detected as a faintthe inhibitors by immunoblotting is more sensitive

than the function-based reverse zymography assay. broad smear. In cells from chases of 1, 3, and 6 h, the
33-kDa inhibitor was the major species immunoprecipi-Compared to untreated cells, cells treated with PMA

contained threefold higher levels of the inhibitors, in table with antiTFPI-2 IgG. Indeed, the immunoprecipi-
tates from cells after 3 and 6 h chase contain only theboth the cytosolic and ECM fractions (Fig. 2B, lanes 6

and 7 compared to lanes 2 and 3). 33-kDa inhibitor. The half-life of the cytosolic 33-kDa
inhibitor was approximately 6 h. In addition to the four
TFPI-2-related inhibitors, two proteins of Mr 77,000Within ECM, 33-, 31-, and 27-kDa Inhibitors Do Not
and 80,000 were detected in immunoprecipitates fromDisplay a Precursor–Product Relationship
0 to 3 h chase (Fig. 4B). The 77- and 80-kDa proteinsAs antiTFPI-2 IgG strongly cross-reacted with all are also detected in immunoprecipitates with normalthree inhibitors, the antibody was used to investigate rabbit serum (Fig. 4A) and therefore represent nonspe-whether the smaller species of inhibitors are precursors cific contaminants. These data clearly suggest that theto the synthesis of the larger 33-kDa inhibitor or degra- smaller 26-, 29-, and 31-kDa inhibitors are acting asdation products from the 33-kDa inhibitor. PMA- precursors to the synthesis of the 33-kDa inhibitortreated t12FB were labeled for 20 min with radioactive within the cytoplasm.methionine and chased with unlabeled amino acid for
Tunicamycin Blocked the Synthesis of 27-, 30- to 31-,0 to 48 h. ECM-bound proteins were extracted and sub-

and 33-kDa Inhibitorsjected to immunoprecipitation with normal rabbit se-
rum (Fig. 3A) or antiTFPI-2 IgG (Fig. 3B). The inhibi- Pulse-chase experiments with cell lysate inhibitors

demonstrated a precursor–product relationship be-tors were identified by autoradiography. The three in-
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tween the smaller 26-, 29-, and 31-kDa inhibitors and
the mature 33-kDa inhibitor. To assess if N-linked gly-
cosylation is involved in the formation of the 33-kDa
inhibitor, pulse-chase labeling of cells was performed
in the presence of tunicamycin, and antiTFPI-2 IgG-
immunoprecipitable cytosolic inhibitors were identified
by autoradiography. As shown in Fig. 5B, antiTFPI-2
IgG immunoprecipitated bands of 26-, 29-, and 31-kDa
inhibitors from the cytosolic proteins of cells subjected
to 0 h chase (lane 0). In contrast, cells in the presence of
tunicamycin contained only a 25.5-kDa inhibitor (lane
marked 0 / T). The 25.5-kDa inhibitor is the only spe-
cies detected with antiTFPI-2 IgG from tunicamycin-
treated cells subjected to 0.25, 0.5, 0.75, 1, and 3 h
chase. It was barely detected in cells after 6 h chase
(lane 6/ T) and not detected from cells after 24 h chase
(lane 24 / T). Several proteins between the molecular
sizes of 45,000 and 90,000 were also detected in all
the immunoprecipitates with antiTFPI-2 IgG. These
proteins were also detected with normal rabbit serum

FIG. 5. Effect of tunicamycin on the pulse-chase labeling of cytosolic
inhibitors from PMA-treated t12 fibroblasts. Prior to incubation of cells
with PMA, the cells were incubated with 1 mg/ml of tunicamycin for 12
h. Cells were pulsed for 20 min with [35S]methionine and chased for
intervals ranging from 0 to 24 h. The cytosolic inhibitors were immuno-
precipitated with antiTFPI-2 IgG (B) or normal rabbit serum (A). In A
and B, the lane MW contains molecular weight standards and their
sizes were represented in A only. Lane 0 in A and B contained immuno-
precipitates from PMA-treated cells only. The samples from cells
treated with tunicamycin were represented by the addition / T. The
location of the 25.5-kDa inhibitor was marked to the right of lane 24
/ T in B. The location of the 26- and 29 kDa inhibitors in lane 0 was
also marked to the left of lane MW in B.

(Fig. 5A), indicating that they are nonspecific contami-
nants. These results suggest that tunicamycin blocked
the synthesis of 27-, 29-, 30-, 31-, and 33-kDa inhibitors
in PMA-treated t12FB.

Glycosylation Is Required for the Rapid Secretion of
the Inhibitors But Is Not Required for the Binding
of the Inhibitors to ECM

The rate of secretion and the binding of the 25.5-kDa
unglycosylated inhibitor to ECM were assessed usingFIG. 4. Pulse-chase labeling of cytosolic inhibitors from PMA-
two different approaches. In the first approach, whichtreated t12 fibroblasts. Cells were pulsed for 20 min with [35S]-
determined the rate of secretion of the unglycosylatedmethionine and chased for intervals ranging from 0 to 48 h. The

inhibitors were immunoprecipitated with antiTFPI-2 IgG (B) or nor- inhibitor, 0.1 M glycine–HCl, pH 3.0, extracts of radio-
mal rabbit serum (A). In A and B, lane MW contains molecular labeled ECM from pulse-chase experiment described
weight standards and their sizes were represented in A only. The above (Fig. 5) were subjected to immunoprecipitation26-, 29-, and 31-kDa inhibitors are marked to the left of lane MW

with antiTFPI-2 IgG. The results are shown in Fig. 6.in B. The location of the 33-kDa inhibitor was marked to the right
of lane 48 in B. A single inhibitor species of 25.5 kDa was detected in
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for protein stability (31). Quantitation of the 25- to 26-
kDa inhibitor species (lanes 3 to 6) from tunicamycin-
treated cells reveals that it constitutes 40 to 50% of all
the four inhibitors of the control cells (lane 2). The 25.5-
kDa inhibitor was not detected in the CM or cell lysates
from tunicamycin-treated cells. In comparison, the 33-
, 31-, and 27-kDa inhibitors were detected in the cytosol
and CM of PMA-treated cells (data not shown). When
combining the 25.5-kDa inhibitor in the cytosolic, CM,
and ECM fractions from tunicamycin-treated cells, it
represented 25 to 30% of the three glycosylated inhibi-
tors from control cells.

The 33-kDa Inhibitor Is Deglycosylated to Produce the
FIG. 6. Effect of tunicamycin on the pulse-chase labeling of inhibi- Unglycosylated 25.5-kDa Inhibitor and Partially
tors from the extracellular matrix (ECM) of PMA-treated t12 fibro- Glycosylated 27- and 31-kDa Inhibitorsblasts. Prior to incubation of cells with PMA, the cells were incubated
with 1 mg/ml of tunicamycin for 12 h. Cells were pulsed for 20 min The experiments described above with and without
with [35S]methionine and chased for intervals ranging from 0 to 24 tunicamycin revealed that the 33-kDa inhibitor is the
h. The inhibitors from the ECM were immunoprecipitated with anti-

final product of the addition of N-linked oligosaccha-TFPI-2 IgG or normal rabbit serum (not shown). Lane MW contains
rides to an unglycosylated inhibitor protein of approxi-molecular weight standards. Lane 0 contained an immunoprecipitate

from PMA-treated cells. The samples from cells treated with tuni- mately 25.5 kDa. The intermediates in this conversion
camycin were represented by the addition / T. The 25.5-kDa inhibi- process appears to be 27- and 30- to 31-kDa inhibitors.
tor was marked to the right of lane 24 / T. To investigate if the 33-kDa inhibitor is the N-glycosyl-

ation product of the lower molecular size 25.5-, 27-, and
31-kDa inhibitors, the 33-kDa inhibitors from PMA-the ECM from tunicamycin-treated cells subjected to
treated t12FB ECM and rTFPI-2 were deglycosylatedchases for 3 h (lane 3 / T), 6 h (lane 6 / T), and 24 h
with N-glycosidase F and the products were identified(lane 24 / T). The ECM of the cells from 6 h chase
by immunoblotting with antiTFPI-2 IgG. The results(lane 6 / T) contained the peak amounts of the 25.5-
are shown in Fig. 8. rTFPI-2 also contains a minor butkDa inhibitor. In contrast, the peak amount for the 27-
detectable 31-kDa inhibitor as the contaminant (Fig.and 30- to 31-kDa inhibitors was at 1 h and for the 33-
8A, lane 1). Nonetheless, degradation of rTFPI-2 withkDa inhibitor at 3 h (Fig. 3B). Thus, the rate of secre-

tion of nonglycosylated inhibitor was one-sixth that of
the 27- and 31-kDa inhibitors.

The second approach was the use of immunoblotting
analysis to quantitate the nonglycosylated inhibitor se-
questered in the ECM by t12FB in the presence of tuni-
camycin during an overnight culture. For this experi-
ment, cells were plated in six-well culture plates, ex-
posed to 0.5–3 mg/ml of tunicamycin for 8 h, and then
treated with PMA for 16 h. ECM was extracted into
250 ml of 1.51 SDS–PAGE sample buffer and 30-ml
aliquots were subjected to immunoblotting with anti-
TFPI-2 IgG. The results are shown in Fig. 7. As shown

FIG. 7. Extracellular matrix (ECM) association of the unglycosylated
before (Fig. 2B, lane 6), the ECM from control t12FB inhibitor. Cells (0.2 1 106) were plated in six-well Costar plates. Prior
contains the 33-, 30- to 31-, and 27-kDa inhibitors (lane to the addition of PMA to the confluent cultures, the cells were treated

with the following concentrations of tunicamycin for 8 h in growth2). In contrast, the ECM of cells treated with tuni-
medium: lane 2, 0 mg/ml; lane 3, 0.5 mg/ml; lane 4, 1 mg/ml; lane 5, 2 mg/camycin 0.5 mg/ml (lane 3), 1 mg/ml (lane 4), 2 mg/ml
ml; and lane 6, 3 mg/ml. Tunicamycin was kept during the subsequent(lane 5), and 3 mg/ml (lane 6) contains a single inhibitor incubation of the cells with PMA for an additional 16 h. The inhibitors

of approximately Mr 25,500. The molecular size of the from CM, cell lysates, and ECM were prepared as described under
25.5 inhibitor species was compared to that of a recom- Materials and Methods. An equal amount of the sample from each

treatment was separated by SDS–PAGE using 12% polyacrylamidebinant inhibitor from E. coli which lacked glycosylation
gels and immunoblotted with antiTFPI-2 IgG. Immunoblots for the(lane 1). The inhibitor from cells treated with 3 mg/ml
inhibitors from CM and cell lysates were not shown. An immunoblottunicamycin comigrated with the E. coli recombinant of the inhibitors from ECM fraction was shown. Lane 1 contains recom-

inhibitor (lane 1). The E. coli recombinant inhibitor binant inhibitor protein from E. coli (25.6 kDa) as a molecular size
marker for the unglycosylated inhibitor.contained an extra glycine at its amino-terminal end
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inhibitors within the cytosolic compartment. Within
the cytosol, but not in the ECM, the lower molecular
size inhibitors are synthesized first and they form pre-
cursors to the fully mature 33-kDa inhibitor. The sec-
ond line of evidence comes from pulse-chase kinetic
experiments in the presence of tunicamycin. Tuni-
camycin effectively inhibits N-linked glycosylation of
membrane and secreted glycoproteins by blocking the
transfer of N-acetylglucosamine to the dolichyl phos-
phate (32). In the presence of tunicamycin, a single
25.5-kDa inhibitor is synthesized and incorporated into
ECM. The higher molecular size inhibitors were nei-
ther synthesized nor sequestered into ECM. This obser-FIG. 8. Deglycosylation of rTFPI-2 and the 33-kDa inhibitor by N-
vation clearly demonstrate that the 27-, 30- to 31-, andglycosidase F. Two micrograms of rTFPI-2 (A) and 7 mg of a crude

mixture of t12FB ECM proteins (B) were treated with N-glycosidase 33-kDa inhibitors are biosynthetic products involving
F for intervals ranging from 0 min to 16 h. The reaction was stopped the addition of N-linked glycosylation of an unglycosyl-
by the addition of SDS–PAGE sample buffer and stored at 0207C ated 25.5-kDa inhibitor protein. The third line of evi-
until analysis. Samples were separated by SDS–PAGE using 12%

dence is obtained from experiments using N-glycosi-polyacrylamide gels under nonreducing conditions and subjected to
dase F to convert rTFPI-2 or the 33-kDa inhibitor fromimmunoblotting with antiTFPI-2 IgG. In A and B, the lanes repre-

sent the time of incubation of the proteins with the enzyme: lane 1, t12FB ECM into smaller inhibitors. The enzyme
0 min; lane 2, 15 min; lane 3, 30 min; lane 4, 45 min; lane 5, 1 h; cleaves all types of asparagine-bound N-glycans when
lane 6, 3 h; lane 7, 6 h; and lane 8, 16 h. the amino group, as well as the carboxyl group, is pres-

ent in a peptide linkage (33). N-Glycosidase F gener-
ated 31- and 25.5-kDa inhibitors from both rTFPI-2
and the 33-kDa inhibitor from t12FB ECM.N-glycosidase F produced 31-kDa and in particular

Based on these three lines of evidence, we hypothe-25.5-kDa inhibitors which accumulated as the deglyco-
size the following sequential events leading to the bio-sylation of the inhibitor progressed from 15 min
synthesis of the newly identified ECM-associated 33-,through 16 h (Fig. 8A, lanes 2–8). Similarly, N-glycosi-
30- to 31-, and 27-kDa serine protease inhibitors (Fig.dase F converted the 33-kDa inhibitor from ECM into
9). A nascent 25.5-kDa inhibitor undergoes posttrans-three major species of Mr 31, 000, 27, 000, and 25, 500
lational modifications involving N-linked glycosylation(Fig. 8B, lanes 2–8). In the sample incubated for 16 h,
to synthesize the partially glycosylated 27- and 30- to95% of the 33-kDa inhibitor is converted into 31- and
31-kDa inhibitors. Glycosylation of the nascent inhibi-25.5-kDa inhibitors (lane 8). These data suggest that
tor occurs in the intracellular component, but mostthe removal of N-linked sugars from the 33-kDa inhibi-
likely in the endoplasmic reticulum as usual. A certaintor produces 31-, 27-, and 25.5-kDa inhibitors, sug-
proportion of these partially glycosylated inhibitor pro-gesting that the three inhibitors are related but only
teins are secreted and sequestered into ECM. The re-differ in the extent of their glycosylation.
maining pool of the intracellular 30- to 31-kDa inhibi-
tors undergoes further glycosylation to produce the

DISCUSSION fully glycosylated 33-kDa inhibitor which is also se-
questered into ECM. Certain batches of the t12FBWe report that the 33-, 30- to 31-, and 27-kDa ECM-

associated serine protease inhibitors are biosynthetic ECM, in addition to the partially and fully glycosylated
inhibitor species, also contain a 25- to 26-kDa inhibitorproducts of a single gene with different degrees of glyco-

sylation. All three inhibitors are glycosylated products protein (Fig. 8, lane 1). Thus, a minor proportion of the
unglycosylated inhibitor is also secreted and seques-of a nascent inhibitor protein of approximately 25.5

kDa. Significantly, the different glycosylation forms of tered into ECM.
A most noticeable effect of tunicamycin on the bio-this inhibitor are readily sequestered into ECM and

function as independent inhibitors. We also report that synthesis of the ECM-associated inhibitors is that the
drug significantly delayed the rate of secretion of theblocking the inhibitor from glycosylation significantly

delayed its secretion but did not prevent the inhibitor unglycosylated inhibitor into ECM. Unlike the par-
tially glycosylated 27- and 30- to 31-kDa inhibitorsfrom binding to ECM. cDNA cloning revealed that the

33-kDa inhibitor is identical to TFPI-2. which accumulated in the ECM in peak amounts 1 h
after their synthesis, the unglycosylated 25.5-kDa in-Three lines of evidence support that the 33-, 30- to

31-, and 27-kDa inhibitors are products of a single gene hibitor was detected in peak amounts after 6 h of syn-
thesis. Thus, the rate of secretion of the unglycosylatedwith different degrees of glycosylation. The first line of

evidence comes from pulse-chase kinetic analysis of the inhibitor is one-sixth that of the partially glycosylated
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FIG. 9. Schematic representation of the biosynthesis of ECM-associated 33-, 30- to 31-, and 27-kDa serine protease inhibitors.

inhibitors. A similar inhibition in the secretion of sev- sites (Ref. 20 and this investigation). Although 16 inde-
pendent cDNA clones were sequenced, a cDNA cloneeral ECM proteins was also observed. In murine terato-

carcinoma-derived parietal yolk sac cells, tunicamycin different from TFPI-2 was not found. These observa-
tions and those derived from pulse-chase kinetic stud-markedly delayed the secretion of laminin (34). In hu-

man fibroblast cultures, the cells treated with tuni- ies with and without tunicamycin and N-glycosidase F
treatment experiments clearly suggest that the smallercamycin secreted procollagenase and fibronectin (35)

at a rate fivefold less than that of control cells. In addi- 30- to 31- and 27-kDa matrix-associated inhibitors are
underglycosylated forms of the mature 33-kDa inhibi-tion, the number of oligosaccharide moieties per heavy

chain has been shown to influence the rate of immuno- tor. Interestingly, the various species of inhibitors are
found in the ECM and all are functional by reverseglobulin secretion (36). Thus, glycosylation appears to

be required for the rapid secretion of the 33-, 31-, and zymography (16–18).
Distribution studies suggest that the ECM from vari-27-kDa inhibitors also. Apart from this role, glycosyla-

tion does not appear to be necessary for the binding of ous cell types including normal human keratinocytes,
foreskin fibroblasts, and dermal microvascular endo-the inhibitors to ECM (components) and in their anti-

protease activity. By reverse zymography, we observed thelial cells contained more than 70% of the 33-, 31-,
and 27-kDa inhibitors. The inhibitors were not found inthat 31- and 27-kDa inhibitors derived from the 33-

kDa inhibitor retained antiprotease activity (Rao, un- their conditioned media (Rao, unpublished data). The
specific association of the three novel serine proteasepublished data). Nevertheless, reverse zymography is

a qualitative assay and, therefore, subtle differences inhibitors with ECM is of significant physiological im-
portance. ECM remodeling is critical to a number ofmight still exist in the apparent inhibition constants

of the unglycosylated, partially glycosylated, and fully physiological and pathological processes which include
fertilization, embryonic development, cell migration,glycosylated inhibitor species. Similarly, the various

glycosylation forms of inhibitors might be binding to angiogenesis, wound healing, and tumor invasion and
metastasis (37). Recently, Petersen et al. measured theECM (components) with different affinities.

The nucleotide and the deduced amino acid sequence inhibitory properties of the human rTFPI-2/PP5/ECM-
associated 33-kDa serine protease inhibitor (from thisof the 33-kDa inhibitor cDNA from t12FB were identi-

cal to those of TFPI-2 from placenta. The mature pro- investigation) and found that it is a potent inhibitor of
factor V11a-tissue factor, plasmin, trypsin, chymotryp-tein (rTFPI-2/33-, 31-, and 27-kDa matrix-associated

inhibitors) contains 213 amino acids with 18 cysteine sin, cathepsin G, plasma kallikrein, and factor XIa. The
inhibitor was not active against the amidolytic activi-residues and two consensus N-linked glycosylation
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