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Monoclonal Antibodies to Protease Nexin 1 That Differentially Block Its 
Inhibition of Target Proteases? 
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ABSTRACT: Protease nexin 1 (PN-1) is a protease inhibitor secreted by cultured fibroblasts that forms 
complexes with certain serine proteases; the complexes bind back to the cells and are internalized and 
degraded. In the present studies, a panel of PN-1 monoclonal antibodies (mAbs) was isolated; none showed 
detectable cross-reactivity with four related plasma protease inhibitors. Four purified mAbs (mAbpl, mAbp6, 
mAbp9, and mAbpl8) were tested for their ability to block the formation of complexes between PN-1 and 
target proteases. mAbpl, as well as a rabbit polyclonal anti-PN-1 IgG preparation, did not block formation 
of '251-thrombin-PN-l complexes. mAbp6, mAbp9, and mAbp18 blocked the formation of 1251- 
thrombin-PN- 1 and 1251-urokinase-PN- 1 complexes a t  stoichiometric concentrations of mAb and PN-1. 
Studies on their ability to block formation of '2SI-trypsin-PN-l complexes showed that mAbpl8 also blocked 
this reaction at  stoichiometric concentrations with PN-1 whereas mAbp6 and mAbp9 blocked less effectively. 
Thus, mAbp18 appears to bind a t  or close to the reactive center of PN-1. The blocking mAbs should be 
useful in studies to probe physiological functions of PN- 1. 

R o t e a s e  nexin 1 (PN-1)' is a 45-kDa protease inhibitor first 
detected in the medium from cultured human fibroblasts 
(Baker et al., 1980) and subsequently shown to be secreted 
by a variety of cultured cells (Eaton & Baker, 1983). It 
rapidly inhibits thrombin, urokinase, plasmin, and trypsin by 
forming stable 1:l complexes at the protease catalytic serin; 
residue (Baker et al., 1980; Scott et al., 1985). Several results 
indicate that PN-1 regulates proteases at and near the surface 
of cells in the extravascular compartment (Cunningham et al., 
1986). First, it is detectable in only minute amounts in plasma 
(Baker & Gronke, 1986). Second, cells that secrete PN-1 
rapidly bind, internalize, and degrade protease-PN- 1 com- 
plexes (Low et al., 1981), providing a localized mechanism 
for their clearance. Third, the surface of fibroblasts accelerates 
the inactivation of thrombin by PN-1 (Farrell & Cunningham, 
1986). This activity residues in the extracellular matrix and 
is mostly due to heparan sulfate (Farrell & Cunningham, 
1987). Finally, active PN-1 is localized on the extracellular 
matrix of human fibroblasts (Farrell et al., 1988). 

Studies on the functions of PN-1 have shown that it can 
modulate thrombin-stimulated cell division (Low et al., 1982), 
an activity that requires the proteolytic activity of thrombin 
(Glenn et al., 1980). Added PN-1 can also inhibit degradation 
of the extracellular matrix of smooth muscle cells brought 
about by urokinase that is released by fibrosarcoma cells 
(Bergman et al., 1986). PN-1 may also play an important 
regulatory role in the brain since a protease inhibitor that is 
identical with PN-1 is secreted by glioma cells and stimulates 
neurite outgrowth from neuroblastoma cells (Gloor et al., 
1986). 

This report describes mAbs that block PN-1 activity and 
will provide much needed tools to better define the above and 
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other possible physiological functions of PN- 1. 

MATERIALS AND METHODS 
Materials. PN- 1 was purified as previously described 

(Farrell et al., 1986). Purified antithrombin I11 and heparin 
cofactor I1 were provided by Dr. David Farrell. C1 inhibitor 
was purified from human plasma by (NH4),S04 precipitation, 
ioe-exchange chromatography, and heparin-Sepharose chro- 
matography (W. E. Van Nostrand and D. D. Cunningham, 
unpublished results). Human a-thrombin (Fenton et al., 1977) 
was a gift of Dr. John W. Fentofi, I1 (New York State De- 
partment of Health, Albany, NY). a,-Protease inhibitor was 
a gift of Dr. James Travis, University of Georgia, Athens, GA. 
Urokinase (35-kDa form), bovine trypsin, and ovalbumin 
(grade V) were from Sigma, St. Louis, MO. The nonsecreting 
mouse myeloma P3X63-Ag8.653 (Kearney et al., 1979) was 
purchased from American Type Culture Collection, Rockville, 
MD. Microtiter 96-well tissue culture dishes were from Falcon 
Plastics, Oxnard, CA. All hybridoma reagents were purchased 
in the form of a kit (HyBRL Prep Kit) from Bethesda Re- 
search Laboratories, Bethesda, MD. Streptavidin-biotinylated 
horseradish peroxidase preformed complex and biotinylated 
sheep anti-mouse IgG were from Amersham, Arlington 
Heights, IL. Horseradish peroxidase conjugated goat anti- 
mouse IgG was from Cappel Laboratories, Malvern, PA. 

Preparation of Hybridomas. Eleven-week-old female 
BALB/c mice were immunized intraperitoneally with PN-1 
(50 pg emulsified in 0.2 mL of Freund's complete adjuvant) 
every week for a period of 5 weeks. For three of the five 
immunizations, PN-1 was incubated at 100 OC for 2 h prior 
to emulsification with Freund's complete adjuvant. Four days 
after the last immunization, the mice were injected in the tail 
vein with 25 Fg of PN-1 dissolved in 0.2 mL of phosphate- 
buffered saline (PBS). Three days later, splenocytes (1.1 X 
los cells) from an immunized mouse were fused with 2.8 X 

~~ 

' Abbreviations: PN-1, protease nexin I ;  mAb, monoclonal antibody; 
PBS, phosphate-buffered saline; ELISA, enzyme-linked immunosorbent 
assay; SDS, sodium dodecyl sulfate; kDa, kilodalton(s). 
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FIGURE 1 : Effects of various anti-PN- 1 antibodies on formation of I2%thrombin-PN- 1 complexes. The experimental protocol is described 
under Materials and Methods. Rabbit polyclonal IgG: (lane 1) IZSI-thrombin; (lane 2) lZ5I-thrombin + IgG (4.0 pM); (lane 3) IZ5I-thrombin + PN-1; (lanes 4-8) IZSI-thrombin + PN-1 + 0.2,0.4, 1.0, 2.0, or 4.0 pM IgG, respectively. mAbp1: (lane 1) IZ5I-thrombin + mAbpl (4.0 
pM); (lane 2) 12%thrombin + PN-1; (lanes 3-7) lZ5I-thrombin + PN-1 + 0.2,0.4, 1.0, 2.0, or 4.0 pM mAbp1, respectively. mAbp6: (lane 
1) '2sI-thrombin + mAbp6 (1.0 pM); (lane 2) IZSI-thrombin + PN-1; (lanes 3-7) IZSI-thrombin + PN-1 + 0.02,0.1,0.2, or 1.0 p M  mAbp6, 
respectively. mAbp9: (lane 1) IZSI-thrombin + mAbp9 (2.0 pM); (lane 2) I2%thrombin + PN-1; (lanes 3-7) IZSI-thrombin + PN-1 + 0.1, 
0.2, 0.4, 1.0, and 2.0 p M  mAbp9, respectively. mAbp18: (lane 1) IZSI-thrombin + mAbp18 (4 pM); (lane 2) IZ5I-thrombin + PN-1; (lanes 
3-7) *2SI-thrombin + PN-1 + 0.2, 0.4, 1.0, 2.0, or 4.0 p M  mAbp18, respectively. The arrow indicates the position of IZSI-thrombin-PN-l 
complexes. 

lo7 myeloma cells. The procedures employed were as de- 
scribed in the instruction manual provided with the HyBRL 
Prep Kit, except that poly(ethy1ene glycol) 1540 was used to 
fuse the cells. The fused cells were plated onto 96-well mi- 
crotiter plates and grown in Dulbecco's modified Eagle's 
medium containing 15% fetal calf serum and hypoxanthine, 
aminopterin, and thymidine for 17 days as described in the 
HyBRL Prep Kit. Then, this medium was replaced with either 
growth medium or growth medium supplemented with hypo- 
xanthine and thymidine. Approximately 21 days after fusion, 
hybridoma supernatants were tested for the production of 
antibody to PN- 1 by enzyme-linked immunosorbent assay 
(ELISA). The positive hybridomas were cloned by limiting 
dilutions at an average cell density of 0.5-1 cell per well using 
lo5 splenocytes per well as the feeder layer. Positive mono- 
clonal cultures were expanded into 24-well plates and then into 
25 an2 tissue culture flasks. Cells from confluent 25 cm2 flasks 
were then injected intraperitoneally into mice which had been 
primed with 0.25 mL of pristane 3-14 days prior to inoculation 
to promote formation of antibody-rich ascites fluid. 

Subtype Classification of mAbs. Antibody subclasses for 
each of the monoclonal hybridoma lines were identified with 
a Hybridoma Sub-Isotyping Kit (Behring Diagnostics, La 
Jolla, CA) according to the accompanying instruction manual. 

Purification of mAbs. mAbs were purified by using an 
Affi-Gel Protein A MAPS I1 Kit (Bio-Rad, Richmond, CA) 
as described in the accompanying instruction manual. 

Protein Determination. The concentration of polyclonal 
antibodies and purified mAbs was determined spectrophoto- 
metrically by using an extinction coefficient (1% w/v; 1 cm) 
of 14 (Ey et al., 1978). PN-1 concentration was estimated 
by using an extinction coefficient (1% w/v; 1 cm) of 16.2 
(Scott et al., 1985). 

Iodination of Proteins. Thrombin, trypsin, urokinase, and 
mAbs were iodinated as previously described (Glenn et al., 
1980). 

Inhibition Studies. PN-1 (0.2 pM) was incubated for 60 
min at 37 OC with various concentrations (0.02-4.0 pM) of 
either mAb or polyclonal antibody in PBS containing 0.01% 
bovine serum albumin in a volume of 20 pL. In some ex- 
periments, heparin (0.2 mM final concentration) was incubated 
with PN-1 prior to addition of antibody. Following the an- 
tibody incubation, a 5-pL aliquot of '251-protease (diluted in 
0.01% bovine serum albumin) was added to each tube and 
incubated with the PN-l/antibody solution for 15 min at 37 
OC. The final concentration of '251-protease was 0.04 pM. The 

specific activities of the various proteases were 25 OOO cpm/ng 
for thrombin and trypsin and 13 400 cpm/ng for urokinase. 
The reaction was quenched by adding 25 pL of Laemmli 
SDS-polyacrylamide gel sample dilution buffer. The indi- 
vidual samples were run on 7.5% SDS-polyacrylamide gels 
according to Laemmli (1970). Autoradiograms were then 
prepared from the gels. To quantitate protease-PN-1 com- 
plexes, the autoradiograms were aligned with the dried gels, 
the '251-labeled complexes were excised from the gels, and 
radioactivity was measured in a y counter. 

RESULTS 
Isolation and Properties of PN-I mAbs. Eight microtiter 

wells out of 293 contained hybridomas which secreted anti- 
PN- 1 antibodies. Subsequent cloning by limiting dilution 
resulted in 21 stable monoclonal hybridoma lines which se- 
creted anti-PN- 1. All 21 mAbs were shown to be specific for 
PN-1 by ELISA. Each clone was incubated with subclass- 
specific rabbit anti-mouse IgG in an ELISA to identify the 
type of antibody secreted. These studies showed that each 
clone secreted only one class of immunoglobin. 

To determine the uniqueness of the PN-1 epitopes recog- 
nized by the mAbs, we tested the ability of all 21 mAbs to 
cross-react with 4 plasma inhibitors of serine proteases. The 
ELISA response for all 21 mAbs increased with increasing 
concentrations of PN-1 but showed no detectable binding to 
up to 1 pg of antithrombin I11 (Rosenberg & Damus, 1973), 
heparin cofactor I1 (Tollefsen et al., 1983), C1 inhibitor (Sim 
et al., 1980), or al-protease inhibitor (Batty et al., 1980) (data 
not presented). 

Ability of Antibodies To Block Formation of Protease- 
PN-I Complexes. The ability of the four purified mouse mAbs 
(mAbpl, mAbp6, mAbp9, and mAbpl8) and the rabbit po- 
lyclonal IgG to block formation of '251-thrombin-PN-l com- 
plexes was assessed in the experiments described in Figure 1. 
When various concentrations of purified anti-PN- 1 polyclonal 
IgG were preincubated with PN-1 and then incubated with 
'251-thrombin, there was no apparent inhibition of 1251- 
thrombin-PN-1 complex formation with a 20-fold molar excess 
of antibody over PN-1. (In subsequent experiments, even a 
100-fold molar excess of antibody over PN-1 did not inhibit.) 
mAbpl also did not detectably inhibit '251-thrombin-PN-l 
complex formation over the concentration range shown. These 
results showed that the rabbit polyclonal IgG and mAbpl bind 
to epitopes which are remote from the crucial thrombin in- 
teraction sites on PN-1. In contrast, mAbp6, mAbp9, and 
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and denatured PN-1 with the expectation that this might 
increase the number of PN-1 epitopes available to their im- 
mune system. The polyclonal rabbit IgG directed against 
highly purified native PN-1 failed to block its abilit to form 
complexes with thrombin even at a 100-fold molar excess of 
IgG over PN-1. These antibodies, however, are useful for 
immunoprecipitating both PN- 1 and protease-PN- 1 complexes 
as well as reacting with PN-1 in immunoblots, immuno- 
fluorescence studies, and ELISA (Farrell et al., 1987). We 
also isolated a mAb (mAbp1) that did not block the ability 
of PN-1 to complex thrombin. It effectively immunopreci- 
pitated thrombin-PN-1 complexes ( S .  L. Wagner, unpublished 
results), consistent with the interpretation that the PN-1 ep- 
itope it recognized was remote from the PN-1 reactive center 
as well as recognition/binding domains that directly interact 
with thrombin. 

Three of the mAbs studied (mAbp6, mAbp9, and mAbpl8) 
blocked the ability of PN-1 to form complexes with thrombin 
and urokinase at stoichiometric concentrations of the mAbs 
and PN-1. This suggested that they might recognize epitopes 
at or close to the reactive center of PN-1. To explore the 
possibility that they might interact differently with PN-1, we 
examined their ability to block the formation of protease-PN-1 
complexes involving a smaller protease. These studies showed 
that mAbpl8 also blocked the formation or lZST-trypsin-PN-l 
complexes at stoichiometric concentrations of mAbp18 and 
PN-1. In contrast, mAbp6 and mAbp9 blocked this reaction 
only when the molar ratio of mAb to PN-1 reached 5.0. This 
difference was also observed in experiments which showed that 
mAbpl8 inhibited the rate of formation of complexes between 
IZ51-trypsin and PN-1 more effectively than mAbp9 (S. L. 
Wagner, unpublished results). 

The PN-1 mAbs will be valuable for several studies. One 
of them has already been used to immunopurify PN- 1 and a 
form of PN-1 that binds heparin with a low affinity (Van 
Nostrand et al., 1988). This will facilitate isolation and study 
of these molecules from specific fluids and tissues. The mAbs 
which block the antiprotease activity of PN-1 will be partic- 
ularly useful in defining its physiological functions. For ex- 
ample, PN-1 binds to the extracellular matrix of fibroblasts 
(Farrell et al., 1987); the blocking mAbs should facilitate 
studies to determine if it regulates degradation of the matrix. 
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FIGURE 2: Effects of anti-PN-1 mAbs on formation of 'ZSI-uro- 
kinase-PN- 1 complexes (panel A) and IZSI-trypsin-PN- 1 complexes 
(panel B). The experimental protocol is described under Materials 
and Methods. (m) mAbpl; (a) mAbp6; (0) mAbp9; (e) mAbpl8. 
The arrow on the abscissa indicates the concentration of PN-1 in the 
reaction mixture. 

mAbp18 completely inhibited 1251-thrombin-PN- 1 complex 
formation at stoichiometric mAb and PN- 1 concentrations 
(Figure 1). 

The mAbs that prevented 1251-thrombin-PN- 1 complex 
formation could do this by binding to the reactive center. 
Alternatively, they could bind to other PN-1 regions required 
for binding or recognition of thrombin but perhaps not other 
proteases. We therefore tested the ability of mAbp6, mAbp9, 
and mAbpl8 to block formation of other protease-PN- 1 
complexes. Figure 2 (panel A) shows that similar results were 
obtained with urokinase: mAbp6, mAbp9, and mAbp18 
blocked formation of 1251-urokinase-PN- 1 complexes at 
stoichiometric concentrations of mAb and PN- 1, while mAbpl 
did not block this reaction. Since thrombin and urokinase are 
similar in size (36 and 35 kDa, respectively), the smaller 
protease trypsin (22 kDa) was used to further probe the 
binding of these mAbs. As shown in Figure 2 (panel B), 
mAbp6 and mAbp9 equally inhibited 1251-trypsin-PN-l com- 
plex formation, although a molar ratio of mAb to PN-1 of 5.0 
was required for complete inhibition. In contrast, mAbp18 
blocked formation of PN-1 complexes with 1251-trypsin at 
stoichiometric mAb and PN- 1 concentrations as described 
above with thrombin and urokinase. Therefore, mAbp6 and 
mAbp9 interact similarly with PN- 1. mAbp18 may bind to 
an epitope on PN-1 which is closer to the reactive center than 
the sites for mAbp6 and mAbp9. 

DISCUSSION 
The present studies on anti-PN-1 mAbs focused on their 

ability to block the inhibition of target proteases by PN-1. This 
is because the reactivity of PN-1 with a spectrum of serine 
proteases has been studied (Scott et al., 1985), and because 
antibodies that block these reactions will be valuable to probe 
the physiological roles of PN- 1. To increase our chance of 
obtaining blocking mAbs, we immunized mice with both native 
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Purification of a Form of Protease Nexin 1 That Binds Heparin with a Low 
Affinity? 

William E. Van Nostrand,t Steven L. Wagner,* and Dennis D. Cunningham* 
Department of Microbiology and Molecular Genetics, College of Medicine, University of California, Irvine. California 9271 7 

Received April 21, 1987; Revised Manuscript Received August 20, 1987 

ABSTRACT: A form of protease nexin 1 (PN-1) that binds heparin with a low affinity (L-PN-1) was purified 
and studied since altered interactions with glycosaminoglycans could affect its inhibition of certain serine 
proteases. Purification of L-PN- 1 and PN- 1 was achieved by fractionating serum-free conditioned culture 
medium from human fibroblasts over dextran sulfate-Sepharose followed by immunoaffinity fractionation 
over a PN-1 monoclonal antibody-Sepharose column. The first step separated L-PN-1 from PN-1, and 
the second step resulted in apparently homogeneous L-PN-1 and PN-1. Comparisons of the two proteins 
showed that they could not be distinguished by the following properties: (a) molecular weight; (b) proteases 
complexed; (c) molecular weights of protease-L-PN- 1 and protease-PN- 1 complexes; (d) CNBr peptide 
maps; and (e) immunological cross-reactivity. Studies on activities that depend on the heparin binding domain 
revealed that heparin equally accelerated the rate of formation of '251-thrombin-L-PN- 1 and i251- 
thrombin-PN-1 complexes even when the ratio of heparin to L-PN-1 or PN-I was varied from 0.01 to 100. 
A functional difference, however, between L-PN-1 and PN-1 was observed in studies on the ability of the 
fibroblast surface to accelerate their reactions. Fixed fibroblasts accelerated the formation of i251- 
thrombin-L-PN- 1 complexes 2-fold, whereas they accelerated the formation of '251-thrombin-PN- 1 complexes 
5-fold. The availability of purified L-PN-1 will permit studies on its functional relationship to PN-1. 

Protease nexin 1 (PN-1)' is a 45-kDa serine protease in- 
hibitor that is synthesized and secreted by cultured human 
fibroblasts (Baker et al., 1980, 1986; Scott et al., 1985) and 
several other cultured nonvascular cells (Eaton & Baker, 
1983). PN- 1 rapidly complexes thrombin, urokinase, plasmin, 
and trypsin (Scott et al., 1985). Previous studies showed that 
PN-1 binds to heparin with a high affinity (Baker et al., 1980; 
Scott & Baker, 1983; Scott et al., 1985) and that in the 
presence of heparin the rate of thrombin inactivation by PN-1 
is markedly accelerated (Baker et al., 1980; Scott et al., 1985). 
This affinity for heparin has been employed in the procedures 
to purify PN-1 (Scott & Baker, 1983; Scott et al., 1985; Farrell 
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et al., 1986). During these purifications, a form of PN-1 was 
noted which has a relatively low affinity for heparin. We have 
designated this form L-PN-1. Little is known about L-PN-1 
because it has not been purified. 

There are several important activities of PN- 1 that likely 
depend on its heparin binding site and which could be modified 
in L-PN-1. For example, the surface of fibroblasts accelerates 
the formation of complexes between PN-1 and thrombin; this 
is due to glycosaminoglycans in the extracellular matrix 
(Farrell & Cunningham, 1986, 1987). Also, PN-1 is localized 
on the fibroblast extracellular matrix (D. H. Farrell et al., 
unpublished results). The molecules responsible for this as- 
sociation are not known but could involve heparin-like gly- 

' Abbreviations: PN-1, protease nexin 1; L-PN-1, protease nexin 1 
that binds heparin with low affinity; SDS-PAGE, sodium dodecyl sul- 
fate-polyacrylamide gel electrophoresis; DMEM, Dulbecco's modified 
Eagle's medium; kDa, kilodalton(s); Hepes, N-(2-hydroxyethyl)- 
piperazine-N'-2-ethanesulfonic acid; Tris-HCI, tris(hydroxymethy1)- 
aminomethane hydrochloride. 
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