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Abstract

Studies were designed to explore the possibility that human
polymorphonuclear leukocyte granule constituents in addition
to elastase (HLE) had the potential to cause emphysema. A
two-step purification of three serine proteinases was devel-
oped. Granule extract proteins were initially separated by dye-
ligand affinity chromatography. Fractions eluted were divided
into four pools. Hamsters were given a single intratracheal
instillation of saline±O.1 mgprotein of each pool. While pool 2
contained HLE and cathepsin G, the most dramatic bullous
emphysema developed in animals treated with pool 4. The es-

terase from pool 4, designated proteinase 3 (PR-3) was puri-
fied, characterized in vitro, and tested for its ability to cause

emphysema. PR-3 is a neutral serine proteinase with isoen-
zyme forms. Its ability to degrade elastin at pH 6.5 is slightly
greater than that of HLE, but it is less active than HLEat pH
7.4 or 8.9. PR-3 has weak activity against azocasein. Its ability
to degrade hemoglobin is intermediate to that of HLE and
cathepsin G at pH 7.4. PR-3 has no activity against chromo-
genic substrates specific for HLE or cathepsin G. Its pI is
substantially less than HLEor cathepsin G. It is also immuno-
logically distinct from HLE. It induces emphysema in ham-
sters commensurate with that of HLE. Weconclude that PR-3
may be important in the pathogenesis of human emphysema.

Introduction

Proteinases released into the extracellular space by polymor-
phonuclear leukocytes (PMN) have the potential to produce
tissue injury. Human leukocyte elastase (HLE)' has attracted
particular attention in this regard because of its putative role in
the pathogenesis of pulmonary emphysema (1, 2). Thus far,
HLE has been the only proteinase purified from a cell with
access to the lungs that has been shown to directly induce
emphysema in animal models.
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1. Abbreviations used in this paper: BAPN, ,B-aminoproprionitrile;
CPB, citrate phosphate buffer; DFP, diisopropyl fluorophosphate;
HLE, human leukocyte elastase; ISA, internal alveolar surface area;

Lm, linear intercept; OA-Pl, 2, 3, or 4, Orange A Pool 1, 2, 3, 4; PR-3,
proteinase 3.

However, to consider only HLE-mediated injury in exam-
ining the pathogenesis of emphysema in the human is too
narrow a focus. A direct relationship of HLE to the human
disease remains to be demonstrated. Recent studies suggest
that the increased risk of emphysema associated with cigarette
smoking may be due partially to the effect of phagocyte or
smoke-derived oxidants in the lung (3, 4). Another variable
immediately tangent to the HLE pathogenesis concept is that
other PMNor alveolar macrophage proteinases may partici-
pate in matrix destruction. Cathepsin Gand an AMcysteine
proteinase(s) both have elastolytic capabilities in vitro (5, 6).
Moreover, cathepsin Ghas been reported to act synergistically
with HLE in the solubilization of elastin in vitro (7), although
results have been discrepant (8, 9). Studies to date that have
failed to demonstrate that these proteinases can produce em-
physema (8) do not exclude their participation in the induc-
tion of the disease. The in vivo action of PMNproteinases on
the connective tissue substrate of the lung should be further
studied individually and synergism of the enzymes should be
explored.

In this study we explored the possibility that a human
PMNproteinase, distinct from HLEand cathepsin G, had the
potential to cause emphysema. Weinitially demonstrated the
emphysema producing capacities of a granule extract sepa-
rated from HLE and cathepsin Gby dye ligand affinity chro-
matography. Wepurified this proteinase and identified it as
proteinase 3 (PR-3) a neutral serine proteinase briefly de-
scribed by Baggiolini, which acts preferentially on a-naphthyl
acetate (10). We further characterized the physical and func-
tional properties of PR-3 and tested its ability to cause emphy-
sema in hamsters. The results suggest that PR-3 is a distinct
PMNproteinase that can degrade elastin in vitro and can pro-
duce emphysema commensurate to that produced by HLE.

Methods

Preparation of leukocyte granule proteins
Isolation of PMN. Leukocyte concentrates were prepared from pooled,
normal human blood and were subjected to red cell sedimentation
using 6.0% dextran in physiologic saline. The supernatant was re-
moved and centrifuged at 400 g for 10 min. To lyse contaminating red
blood cells, pellets were resuspended in plasma and 0.87% NH4Cl for 4
min, recentrifuged, and then subjected to hypotonic shock (1 1, 12).
After centrifugation at 400 g for 10 min, all leukocytes were washed
and resuspended in HBSS, counted, and a sample sedimented onto a
glass slide, then stained with Wright-Giemsa for determination of dif-
ferential cell populations. 85-95% of the isolated cells were PMN. In
selected experiments the cells were purified by Ficoll-Hypaque gra-
dient centrifugation before red cell lysis, washed and resuspended in
HBSS(13). These preparations contained > 97% PMNand < 3% eo-
sinophils.

Isolation of cytoplasmic granules and extraction of granule pro-
teins. Approximately 5 X 108 PMNwere suspended in 2 ml of 0.34 M
sucrose and homogenized at 4°C with a motor-driven homogenizer
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with Teflon pestle for two intervals of 3 min each. The homogenate
was centrifuged at 200 g/10 min/40C, the supernatant removed, and
centrifuged at 8,700 g/20 min/40C. The pellet contained the mixed
granule fraction and was extracted immediately or stored at -70'C.
Granule pellets from 3 X 10'0 PMNwere suspended in 12 ml cold 0.01
NHC1and sonicated at 45 kH for three 30-s intervals. The extract was
centrifuged at 105,000 g/l h/40C, the supernatant fluid was decanted,
and used immediately for purification of proteinases by column chro-
matography.

Chromatographic separation of proteinases from granule
extracts
Dye ligand affinity chromatography. Proteins in the granule extract
from 3 X 10'° PMNwere first separated by dye-ligand affinity with a 28
X 1.8 cm Matrex Gel Orange A (Amicon Corp., Danvers, MA) column
(12). Approximately 150 mg protein was applied to the column and
allowed to bind at room temperature for 1 h. The column was washed
with 100 ml of 0.08 Mcitrate phosphate buffer (CPB), pH 5.6, fol-
lowed by 150 ml of 0.1 MNaCI in CPB. Bound proteins were eluted
with a gradient from 0.1 to 1.6 MNaCI in CPB. Samples of alternate
5-ml fractions were removed for determination of protein using the
Hartree modification of the Lowry method (14). NaCl content of the
fractions was determined by measuring their conductivity using a con-
ductivity meter (CD-M3; Radiometer, Copenhagen, Denmark). Ester-
ase activity was measured using a-naphthyl acetate as described below
(15). A representative profile of the separation of granule proteins by
Orange A column chromatography is shown in Fig. 1. The eluted
fractions were combined into four pools designated Orange A Pool 1,
2, 3, or 4 (OA-P1, 2, 3, or 4). OA-P2, which eluted between 0.30 and
0.74 MNaCI, and OA-P4, which eluted between 0.90 and 1.1 MNaCl,
contained the esterase activity and were further studied. The major
esterase peak in OA-P2 (fractions 25-55) was identified as HLEby its
ability to cleave the elastase specific chromogenic substrate,
succinyl-(alanyl)3-p-nitroanilide (Suc-Ala3-pNA). The minor peak in
OA-P2 (fractions 56-65) was identified as cathepsin Gby its ability to
cleave the chymotrypsin specific substrate, succinyl(alanyl)2-prolyl-
phenylalanine-p-nitroanilide (Suc-Ala2-Pro-Phe-pNA). The esterase
peak in OA-P4 (fractions 81-100) did not react with either substrate.

Cation exchange chromatography. Pools OA-P2 and OA-P4 were
further purified using a Bio-Rex 70 cation exchanger (Bio-Rad Labora-
tories, Richmond, CA). The cation exchange resin was converted with
0.5 MNaOHand washed thoroughly with 0.08 MCPB. A 7.0 X 1.0-
cm column was poured and was equilibrated to 0.05 MNaCl in CPB,
pH 7. Pool OA-P2 or OA-P4 was diluted to 0.05 MNaCl, applied to
the column and washed with 0.05 MNaCl in CPB (pH 7.0). Bound
proteins were eluted with a gradient from 0.05 to 1.0 MNaCl in CPB,
pH 7.0. Protein, conductivity, and nonspecific esterase activity were
determined on samples from alternate 5-ml fractions. After cation
exchange chromatography, esterases were concentrated in an ultrafil-
tration unit (Amicon Corp.), adjusted to physiologic saline concentra-
tion, and filter sterilized. Final protein concentration was measured
(14) using BSA as a standard.

Overall, the two step purification of HLEand cathepsin Gresulted
in the recovery of 34.2 and 53.2%, respectively, of these proteinases.
This represents an 8.7-fold purification of HLEand a 23.5-fold purifi-
cation of cathepsin G. Percent recovery of PR-3 cannot be determined
because a specific substrate is not yet available. However, the cation
exchanger increased the specific activity of the esterase in OA-P4 from
96 nm esterase activity/mg protein to 280 nm esterase activity/mg
protein.

Induction of emphysema
Female Syrian golden hamsters (Harlan Industries, Indianapolis, IN)
weighing 90-110 g were used. In the initial studies, diets were supple-
mented with 0.5% (by weight) fl-aminoproprionitrile (BAPN) starting
1 wk before intratracheal instillation and thiereafter until killed. BAPN
is a lathyrogen that inhibits lysyl oxidase and acts to enhance the

severity of emphysema in the presence of elastin degradation (16).
Pentobarbital anesthetized hamsters were given a single intratracheal
injection of 0.5 ml physiologic saline or 0.5 ml physiologic saline
containing 0.1 mgof OA-P 1, 2, 3, or 4. 30 wk after treatment, anesthe-
tized animals were killed by exsanguination, the trachea and lungs
were excised en bloc, inflated, and fixed in 10% formalin at constant
pressure (25 cm H20) for 24 h. Lung volumes were determined by
water displacement. A midsaggital section cut from each lung was
processed for histologic studies. The extent of emphysema was deter-
mined on coded and randomized sections by measuring the mean
linear intercept (Lm) in 20 randomly selected fields from each lung
(17). Internal alveolar surface area (ISA) was calculated from the lung
volumes and intercepts, and corrected to a constant lung volume of 4
ml (ISA4) (18). Each category of measurement was subjected to an
analysis of variance and the differences between the group means
evaluated by Student-Newman-Keul's test.

In subsequent experiments, hamsters fed a normal diet (non-BAPN
supplemented) were anesthetized and given a single intratracheal in-
jection of 0.5 ml saline or 0.5 ml saline containing 0.1 mgof OA-P4,
PR-3 that had been purified from OA-P4, or HLE, which had been
purified from OA-P2. The animals were killed 10 wk later, the lung
volumes were determined, and the degree of emphysema was assessed
morphometrically.

Characterization of PR-3
Electrophoresis. PAGEwas done as described by Laemmli (19). The
proteins were stained with Coomassie Blue R-250 (0.125% in 45%
methanol, 10% acetic acid) overnight at room temperature and de-
stained with SDS-Coomassie destain (30% methanol, 8%acetic acid).
Discontinuous nondenaturing gel electrophoresis was done by the
method of Thomas and Hodes (20). The proteins were stained for
esterase with 50 mg of a-naphthyl acetate dissolved in 20 ml of di-
methylformamide and 80 ml of 0.2 Mpotassium phosphate buffer, pH
7.0, to which was added 0.2 g Fast Garnet GBCsalt. Gels were im-
mersed in stain for 2 h at 37°C and then transferred to 7.0% acetic acid.

Elastin degradation. Bovine ligament elastin was prepared by the
method of Starcher and Galione (21) and assessed for purity by amino
acid analysis. Elastin degradation was assayed by determining the abil-
ity of the proteinase to solubilize elastin radiolabeled with [3H]NaBH4
over a pH range from 6.5 to 8.9 using the procedure of Stone et al. (22).
The tritiated powdered elastin was washed and resuspended in 0.2 M
sodium phosphate buffer, pH 6.5 or 7.4, or sodium bicarbonate buffer,
pH 8.9. The proteinase in physiologic saline was added to a 5-mg
aliquot of 3H-elastin and the reaction mixture was incubated at 37°C
for 6 h. After incubation, the contents of each tube were filtered
through a medium porosity filter paper to remove the insoluble elastin.
The rate of degradation was determined by measuring the radioactivity
in the filtrate.

Two confirmatory assays of elastin degradation were used: radial
diffusion in agarose gels containing elastin, and measurement of des-
mosine content of supernatants of digests from unlabeled insoluble
elastin. Radial diffusion in agarose gels containing elastin employed a
modification of the method of Schumacher and Schill (23). Agarose
was dissolved at 10 mg/ml in 0.2 MTris buffer, pH 8.9, and boiled for
20 min. Once the mixture had cooled to 50°C, finely pulverized elastin
(mesh size < 400) was added to the agarose and suspended by 10 s of
vortexing. Sodium azide (0.05%) was added to the mixture to prevent
bacterial growth. Aliquots were poured onto 3.5-cm diam tissue cul-
ture plates. Plates were stored in moist chambers at 4°C before use. For
assay of elastase activity, 3-mm diam wells were cut into the gel. Pro-
teinase samples (7.5 1l) were placed into the gel and incubated at 37°C
in a moist chamber. Zones of lysis were examined at 8-h intervals.

Desmosine content of supernatants of a 1-ml reaction mixture
containing the proteinase in PBS, pH 7.4, and 5 mg of unlabeled
insoluble elastin was determined using an ELISA method, which is
sensitive to a level of 2.5 pmol (24). An inhibition assay was used in
which the sample containing desmosine was preincubated overnight
with antidesmosine antibody (1:1,000-1:4,000 dilution). After prein-
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cubation, the sample plus antibody were added to 96 well polyvinyl
plates coated with desmosine conjugated to gelatin, incubated for 30
min at 370C, and washed. Second antibody (an alkaline phosphatase
labeled anti-rabbit IgG) was incubated in wells for 1 h and the unbound
antibody removed by repetitive washing. The alkaline phosphatase
activity was determined by addition of p-nitrophenyl phosphate.

Azocasein degradation. Cleavage of azocasein was determined by
the method of Starkey and Barrett (25). 20 ug of proteinase were added
to 0.5 ml of an azocasein solution (6% in 0.1 MTris, pH 7.0) and the
final volume brought to 1.0 ml by addition of 0.1 MTris, pH 7.0.
Reaction mixtures were incubated at 370C for 90 min and then precip-
itated with 3.0 ml of cold 5.0% TCA. The precipitate was removed by
centrifugation at 200 g for 10 min. Supernatant was removed and
measured at A4I0nm.

Hemoglobin degradation. Hemoglobin degradation was deter-
mined by a modification of the method originally described by Anson
(26). The proteinase was incubated with 1%nondenatured hemoglobin
in 0.01 Mphosphate buffer, pH 7.2, at 370C for 20 h. Undegraded
hemoglobin was precipitated with 5%TCAand pelleted by centrifuga-
tion at 10,000 g for 10 min. The absorbance of the supernatant was
measured at A280nm.

Cleavage of synthetic peptides. Synthetic chromogenic peptide
substrates were used to characterize PR-3. The substrates included
Suc-Ala3-pNA or Suc-Ala2-Val-pNA, substrates for elastase, and Suc-
Ala2-Pro-Phe-pNA, a substrate for chrymotrypsin-like enzymes. The
method used for these substrates was that described by Barrett (27),
with some modification. Briefly, 50 Ai of substrate (10 mg/l.l ml
DMSO)was added to 0.1 MTris buffer, pH 7.0. The reaction was
started by the addition of the proteinase for a final volume of 3.0 ml.
Cleavage was measured by the increase of ODat A4l0nm.

Trypsin-like activity of PR-3 was assessed by determining the role
of hydrolysis of tosyl-Arg-methyl ester based on the method of Hum-
mel (28). Briefly, 300 tl of substrate (37.9 mg/ 10.0 ml H20) was added
to 2.4 ml of 0.05 MTris buffer containing 10 mMCaCI2 (pH 8. 1). The
reaction was started by the addition of the proteinase for a final volume
of 3.0 ml. Hydrolysis was measured by an increase in ODat A247nm. A
blank without enzyme was included to monitor for spontaneous hy-
drolysis of the substrate.

Characterization of the chemical nature of this essential catalytic
group of PR-3. The a-naphthyl acetate esterolytic activity of PR-3 in
the presence or absence of inhibitors with relative group specificity was
tested to determine the catalytic classification of PR-3. PMSFand
diisopropyl fluorophosphate (DFP) were used as group-specific inhibi-
tors of serine proteinases. 1,10 phenanthroline was used as a metallo-
proteinase inhibitor. N-ethylmaleimide and 4-chloromercuribenzoate
were used as representatives of thiol-proteinase inhibitors and pepsta-
tin was used as a carboxyl proteinase inhibitor.

Cleavage of a-naphthyl acetate was measured using a modification
of the method of Barrett (15). Briefly, each 0.5-ml sample was added to
1.5 ml of 0.1 MTris/HCl, pH 7.0, followed by 20 Al of a 4-mg/ml stock
solution of a-naphthyl acetate in DMSO.The samples were incubated
for 1 h at 37°C. After incubation, 2.0 ml of coupling reagent was added
to each sample and the color allowed to develop for 5 min before
reading spectrophometrically at A520. Coupling reagent consisted of 30
mgFast Garnet GBCsalt in 50 ml of 2.0% Brij 35 solution plus 50 ml
of 1.0 Mpotassium phosphate buffer, pH 6.0, with 0.0 15 MEDTA.
The amount of substrate cleaved was determined by comparison to a
standard curve made with #-naphthol. The percent activity was calcu-
lated by determining the difference in the proteinase-induced naphthol
release in the presence or absence of inhibitor. Selected inhibitors were
tested for their ability to block the elastinolytic activity of PR-3 using
the [3H]elastin assay described previously in Methods.

Isoelectric focusing. Isoelectric focusing was done in ultrathin gels
using LKB ampholine PAGplates, pH range 3.5-9.5, and the Multi-
phor electrophoresis unit (LKB-Produkter AB, Bromnma, Sweden).
The gels were run at 10°C at 15 mAconstant current for 1.5 h. The gels
were fixed, stained, and destained by the same procedure used for
SDS-PAGE.

Immunoprecipitation studies. Proteinase samples were radiola-
beled with '25I as previously described (29). Briefly, 20 M1of sample,
100 Al of 0.5 Msodium phosphate, pH 7.5, and 50 ul of 10mMsodium

phosphate, pH 7.5, containing 100 MCi of '25I-Na, were mixed in a

siliconized 12 X 75-mm glass test tube. 50 Ml of water containing 1
mg/ml of chloramine T was added and the mixture was incubated 1
min at 230C. The reaction was terminated by adding 25 Ml of water

containing 250 Mg of Na2S205 and 50 AI of 0.5 MNal. The resulting
sample was desalted on Sephadex G-25 and either used for immuno-
precipitation studies as described below or was analyzed by SDS-
PAGE.

Radiolabeled proteins were immunoprecipitated as previously de-
scribed with minor modifications (29). Briefly, '251-labeled protein was

mixed with antibody in a buffer containing 20 mMTris-HCl, pH 8.2,
100 mMNaCl, 0.5% NP-40, 1 mMEDTA, 2 mMPMSF, and 0.125
mg/ml gelatin. The total volume was 0.25 ml in 10 X 75 mmsilicon-
ized glass tubes. Rabbit anti-HLE prepared by Dr. Philip J. Stone
(Boston University Medical School, Boston, MA), was a gift of Dr.
Stephen McGowan, University of Minnesota Medical School. After
incubating the suspension overnight at 0°C, 50 Al of 10% Staphylococ-
cus aureus (Pansorbin; Calbiochem-Behring Corp., La Jolla, CA) was

then added. After 15 min at 0°C, the mixture was washed twice by
adding 2 ml of buffer containing 20 mMTris-HCl, pH 8.2, 1 mM
EDTA, 100 mMNaCl, 0.5% NP-40, 2.5 M KCl, and 0.25 mg/ml
gelatin, and centrifuging at 2,000 g for 20 min at 4°C. The pellet was

then suspended in 1 ml of buffer containing 20 mMTris-HCl, pH 8.2,
transferred to an Eppendorf tube, and centrifuged for 5 min in an

Eppendorf centrifuge. The precipitate was suspended in sample buffer
and analyzed by SDS-PAGE. Gel slabs were stained, dried, and exam-

ined by autoradiography.

Results
The possibility that PMNgranule components in addition to
those containing HLE had the potential to cause emphysema
was initially explored with the pooled fractions from the initial
Orange A purification step (Fig. 1). Each pool was concen-

trated, and adjusted to physiologic saline concentration and
filter sterilized prior to intratracheal instillation. The lungs
were examined thirty weeks later. The most striking abnormal-
ities were seen in animals receiving OA-P4. The lungs from
four of five animals receiving OA-P4 contained multiple large
(up to 1 cm diam), thin walled-subpleural bullae (Fig. 2 a).
Small bullae were present in the lungs of one of five animals
receiving OA-P2. Light microscopy of lungs fixed in inflation
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Figure 1. Profile of chromatographic separation of PMNgranule pro-
teins by dye-ligand affinity with Matrex Gel Orange A. The eluted
fractions were combined into four pools as indicated.
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Figure 2. (a) Air-filled lung from a hamster that
had received OA-P4 30 wk before. Multiple
large subpleural bullae were prominent in this
treatment group. (b) Histologic section of an in-
flation fixed lung of animal in the same treat-
ment group showing emphysematous changes
(hematoxylin-eosin stain; original magnification
180). (c) Normal hamster lung processed similar
to that in b.

at constant pressure (25 cmH20) revealed widespread airspace
enlargement and alveolar septal disruption in all lungs of
OA-P4 animals (Fig. 2 b). Lesser degrees of airspace enlarge-
ment were observed in the lungs of animals receiving OA-P2.
No abnormalities were noted in saline controls (Fig. 2 c) or
animals receiving OA-Pl or OA-P3. To quantify the extent of
airspace enlargement, the Lm was measured on each lung sec-
tion (Fig. 3). The average Lm in OA-P4 animals (124±9 Am,
mean± 1 SEM) was significantly increased over that of controls
(49.7±4, P < 0.01). The mean Lm in OA-P2 animals (90±5)
was greater (P < 0.01) than controls, but less (P < 0.05) than
OA-P4. The lungs from animals receiving OA-P1 or OA-P3
did not have airspace enlargement (Lm = 51.9±6 or 58±3,
respectively). Weconcluded that a PMNgranule product in
OA-P4 had the ability to cause emphysema in BAPN-treated
hamsters that was of greater severity than that produced by the
pool containing HLE, OA-P2.

These initial results encouraged us to undertake purifica-
tion and characterization of the esterase in OA-P4. Cation
exchange chromatography resulted in a single peak of esterase

activity that eluted at 0.1 1 MNaCl in CPBpH 7.0, designated
PR-3 (Fig. 4). This peak was present in the PMNisolated from
Ficoll-Hypaque centrifugation, but not the mononuclear cells,
establishing that PMNwere the source. SDS-PAGErevealed
three bands (Fig. 5) suggesting isoenzyme forms were present.
The molecular weight of the major band of PR-3 was

- 26,800 D with the minor bands having slightly larger mo-
lecular mass.

In light of the initial studies suggesting that PR-3 could
induce emphysema, its elastinolytic activity was thoroughly
evaluated. Assays employing 3H-elastin (Table I) demon-
strated that PR-3 hydrolyzed more elastin than HLE (wt/wt) at
pH 6.5, that its activity at pH 7.4 was 50% that of HLEand
that it was much less active than HLE at pH 8.9. Assays of
desmosine release (Table I) confirmed the activity of PR-3
against elastin at pH 7.4 was - 50% that of HLE. Finally,
PR-3 digested elastin in agar with 50% the activity of HLE
at pH 8.9 (Fig. 6). Under all assay conditions used, PR-3 was
much more active against elastin than was cathepsin G.

Someadditional characteristics of PR-3 compared to those
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Figure 2 (Continued)
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1I

Pool 1 Pool 2 Pool 3 Pool 4 Saline

Figure 3. Mean linear
intercepts (L,) of lungs
from animals receiving

OA-P1, 2, 3, or 4 or sa-

line controls. Values are

expressed as the
mean±SEM. Lm of
lungs from animals re-

ceiving OA-P2 or

OA-P4 are significantly
different from saline
control (P < 0.01).

of HLE and cathepsin G, which were also purified by cation
exchange chromatography, are summarized in Table II. PR-3
was weakly active against azocasein, but had activity against
hemoglobin intermediate to that of HLE and cathepsin G.
PR-3 did not hydrolyze the substrates specific for HLE (Suc-
Ala3-pNA, or Suc-Ala2-Val-pNA), for cathepsin G (Suc-Ala2-
Pro-Phe-pNA) or for trypsin (tosyl-Arg-methyl ester). The pI
of the major band of PR-3 was 9.1, indicating that it was less
cationic than either HLE or cathepsin G, which have pIs of 11

and greater than I 1, respectively, by similar methods of analy-
sis (30). Similarly, the mobility of the three bands of PR-3 in
nondenaturing gel was distinctly slower than HLE or cathep-
sin G (Fig. 7, and Table II). The pH optimum for the esterase
activity with a-naphthyl acetate of PR-3 was 7.0, indicating
that it is a neutral proteinase.

Assignment of PR-3 to a catalytic class utilized inhibitors
with relative class specificity (Table III). The esterase activity
of PR-3 was markedly inhibited by PMSFand DFP, but not by
1,10 phenanthroline, N-ethylmaleimide, 4-chloromercuriben-
zoate or pepstatin. PMSFalso completely inhibited PR-3's
elastinolytic activity at pH 7.4. The results indicate that PR-3
is a serine proteinase. Neither the HLE specific inhibitor
methoxysuccinyl-alanyl-alanyl-prolyl-valine chloromethyl ke-
tone nor the cathepsin Ginhibitor Z-glycyl-leucyl-phenylala-
nine chloromethyl ketone were effective inhibitors of PR-3's
elastinolytic activity (data not shown).

To further document the uniqueness of PR-3, purified
human neutrophil elastase and PR-3 were radiolabeled with
1251 using chloramine T, and immunoprecipitated with poly-
clonal rabbit anti-HLE (Fig. 8). Purified elastase was readily
immunoprecipitated by rabbit anti-HLE, but not by normal

40 50

Froction Number

Figure 4. Profile of separation of OA-P4 proteins by Bio-Rex 70 cat-
ion exchange chromatography. The fractions of the major protein
peak associated with the esterase peak comprise PR-3.

Figure S. SDS-PAGEof PR-3. Lane A was run with crude iranule
extract. Lane B and lane Cwere applied with 25 1d of PR-3 from two
separate purification procedures (245 and 418 ,sg/ml, respectively).
Lane D was run with 10 ,sl of SDS-standards (2 mg/mi) comprised of
66,000 D (66 kD), egg albumin (45 kD), glyceraldehyde-3-phosphate
(36 kD), carbonic anhydrase (29 kD), trypsinogen (24 kD), trypsin
inhibitor (20 kD), and a-lactalbumin (14 kD). The gel was visualized
with Coomassie Blue stain. Note the relative purity of PR-3 in lanes
B and C

rabbit serum. In contrast, purified PR-3 was not immunopre-
cipitated by either rabbit anti-HLE or normal rabbit serum.

To strengthen our studies on the emphysema producing

TablelI. Degradation of Elastin by Purified PMNProteinase

Desmosine
'H-Elastin released

pH 6.5 pH 7.4 pH 8.9 pH 7.4

cpm released/S mg H-elastin/6 h pmol/S mg
elastin/18 h

PR-3 1,710±50* 2,250±30 2,100+120 2,750
HLE 1,190±240 4,470±300 18,770±640 5,400
Cathepsin G ND 408t 890±50 540

* All values are corrected for background activity by subtracting ra-

dioactivity in buffer controls. Background activity was always < 10%
of most active fraction. Values are expressed as mean±SE.
* Mean of duplicate determinations.
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Figure 6. Elastinolysis by PR-3 or HLE in elastin agar
gels. Plates were incubated at 370C for 16 h. (a) PR-3. (i)
1.8 Aig of purified enzyme was added to well. (ii) 0.9 yg
of purified enzyme was added; (b) HLE. (i) 1.8 Ag of pu-
rified enzyme was added. (ii) 0.9 jug of purified enzyme
was added.

potential of PR-3, we compared the ability of OA-P4, purified
PR-3 and HLE to induce emphysema in hamsters fed a nor-
mal diet (non-BAPN supplemented). OA-P4 or the purified

enzymes were concentrated, adjusted to physiologic saline
concentrations, and administered to anesthetized hamsters by
intratracheal instillation of 0.1 mg protein in 0.5 ml saline.
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Table II. Characteristics of PR-3 Compared to HLE
and Cathepsin G

Substrate specificity* PR-3 HLE Cathepsin G

Azocasein 14±5 58±8 100
Hemoglobin 84±8 100 54±10
Synthetic peptides

Suc-Ala3-pNA 0 100 0
Suc-Ala2-Val-pNA 0 100 0
Suc-Ala2-Pro-Phe-pNA 0 0 100
Tosyl-Arg-Methyl ester 0 ND ND

pI 9.1 >9.5 >9.5
Rf 0.29 0.74 1.14

* Values for substrate specificity are expressed as a mean percent-
age±standard error of the enzyme most active with each substrate
(100%).
Rf Electrophoretic mobility of the major band relative to cytochrome
c (Rf = 1.0) after nondenaturing polyacrylamide gel electrophoresis.
Separation of the proteins by this method is dependent on both the
molecular weight and the isoelectric point.

The animals were killed 10 wk later. The results of the mor-
phometric analysis are presented in Table IV. OA-P4 caused
emphysema even in the absence of a lathyrogen, as evidenced
by the large increase in Lm(P < 0.05) and the decrease in ISA
compared with the saline controls. The Lm and ISA values
after administration of PR-3 also indicated emphysema, com-
mensurate with that of HLE. In short, it is clear that PR-3 is a
potent inducer of emphysema.

Discussion

The major finding of this investigation is that a distinct neutral
serine proteinase in human PMN, PR-3, has the ability to
cause emphysema in hamsters, which is of equal or greater

Table III. The Effects of Potential Inhibitors
on Proteinase 3 Activity

Final
Inhibitor concentration Esterolytic activity

mm

None 100%
PMSF 1 mM 0
DFP 1 mM 9
1,10-Phenanthroline 1 mM 103
N-ethylmaleimide 1 mM 100
4-Chloromercuribenzoate 1 mM 97
Pepstatin 1 Jg/ml 97

* Enzymatic activity is expressed as a percentage of the proteinase-in-
duced naphthol release in the absence of inhibitors. Inhibitors were
preincubated with PR-3 for 1 h at 220C before determining the a-
naphthyl acetate esterolytic activity.

severity than that produced by a similar amount of HLE. To
our knowledge, PR-3 is only the second enzyme purified from
human phagocytes that has been demonstrated to cause exper-
imental emphysema. To put this work into perspective and to
better understand the possible implications, it will be useful to
review other observations that have been made to date.

PR-3 was described by Baggiolini et al. in 1978 as a result
exclusively of observations made after nondenaturing poly-
acrylamide gel electrophoresis of extract of azurophilic gran-
ules from PMN(11). Wehave concluded that the esterase
purified from OA-P4 is the same enzyme. In their report, Bag-
giolini et al. found the electrophoretic mobility of PR-3 in
nondenaturing gels was distinctly slower than that of HLE or
cathepsin G. In addition to being a neutral esterase (it was
stained with naphthol AS-D acetate and a-naphthyl acetate),
and having a serine active site (staining was inhibitable by

Figure 7. Comparison of migration of
purified PMNproteinases in nondenatur-
ing polyacrylamide gel electrophoreses
stained for esterase activity with a-
naphthyl acetate. Lane A: PR-3, 150,ug
protein, lane B: HLE, 150 ,ug protein,
lane C: cathepsin G, 150 ,g protein. Mi-
gration of proteins by this method is de-
pendent on both the molecular weight
and the isoelectric point.

A B C D E F Figure 8. Immunopreci-
pitation and PAGEof
1251I-labeled, purified

116- HLEand PR-3. Ali-
quots of purified pro-

6 6 - teinases were labeled
with 251 using chlora-

x 4 5 - mine T, immunopreci-
pitated, and analyzed
by SDS-PAGEand au-

2 9 - toradiography as de-
scribed in the text. Ap-
proximately 2 X 105
cpm of 1251-labeled pro-
tein was used for each
immunoprecipitation

Elastase Protelnase 3 reacton aeA:puri-reaction. Lane A: puri-
fied '251I-labeled HLE, lanes B and C: immunoprecipitates of '251-la-
beled HLE, lane D: purified '25I-labeled PR-3, lanes E and F: immu-
noprecipitates of '25I-labeled PR-3. Immunoprecipitating antibodies:
polyclonal antineutrophil elastase (lanes B and E), normal rabbit
serum (lanes Cand F). Proteins used as molecular weight standards
were: Escherichia coli beta galactosidase, 1 16,000; BSA, 66,000;
ovalbumin, 45,000; and carbonic anhydrase, 29,000. A duplicate ex-
periment gave similar results.

1970 Kao, Wehner, Skubitz, Gray, and Hoidal

fl.:

F E
*.

': .
,. - - ....... _ ..... E---,,4>3-E>>

_ t-.-.s.-,

f !.
-., _
_

_S

*:nO

A B C



Table IV. Morphometry of Hamster Lungs 10 Wk
after Intratracheal Instillation of Proteinases

Lung morphometry Average
lung

Group N L. ISA ISA4 volume

Am M2 m2 ml

Saline 10 49.7±0.7* 0.434±0.006 0.375±0.005 5.4±0.13
OP-P4 4 81.9±8.1 0.237±0.026 0.213±0.024 4.7±0.24
PR-3 4 71.6±0.8$ 0.254±0.004 0.223±0.004 5.1±0.11
HLE 6 66.9±5.6$ 0.376±0.029 0.290±0.023 5.9±0.17

The lungs were excised, fixed in formalin at constant pressure (25 cm
H20). Lung volumes were determined by water displacement. ISA
was calculated from the lung volumes and alveolar intercepts and
corrected to a constant lung volume of 4 ml (ISA4).
* Values are expressed as mean±SE.
*

Significantly different for Lm value for saline (P < 0.05).

PMSFand DFP), they found that PR-3 did not stain with the
elastase-specific substrate, N-acetyl-D,L-alanine a-naphthyl
ester, or the cathepsin G specific substrate, N-acetyl-D,L-
phenylalanine f3-naphthyl ester.

The characterization studies of purified PR-3 carried out in
the current investigation fully confirmed and extended their
results. By both SDS-PAGEand nondenaturing disk gel elec-
trophoresis, a set of multiple bands were seen, indicating the
existence of iso-forms of the slow-migrating PR-3. The molec-
ular weight of the major band was 26,800 D, similar to HLEor
cathepsin G. PR-3 exhibited maximal esterase activity at pH
7.0, indicating it is a neutral proteinase. The quantity purified
was approximately one-third (by weight) of HLE. PR-3 was
inhibited by PMSFor DFP, but not by metallo, thiol, or car-
boxyl proteinase inhibitors, identifying it as having a serine
active site. It hydrolyzed elastin, hemoglobin, and was weakly
active against azocasein. It was found to be inactive against
HLE specific substrates, a cathepsin G-specific substrate or a
trypsin specific substrate. The isoelectric point of PR-3 was
substantially lower than that of HLEor cathepsin Gindicating
that it was less cationic. PR-3 was not precipitated by a poly-
clonal rabbit anti-HLE indicating that it was immunologically
distinct from HLE. Wealso have preliminary experiments that
demonstrate that PR-3 is contained in the azurophilic granules
of PMN(not shown).

Although the precise relationship of PR-3 to HLE and
cathepsin Gwill require further study, several implications can
be derived from the current investigation. The failure of PR-3
to hydrolyze chromogenic peptides specific for HLE or ca-
thepsin Gand to be inhibited by peptide chloromethyl ketones
specific for these enzymes, suggests qualitative differences in
the manner in which PR-3, HLE, and cathepsin G degrade
elastin. HLE degrades elastin by attacking peptide bonds on
the carboxyl side of valine and to a lesser extent alanine (31).
Cathepsin G attacks primarily bonds on the carboxyl side of
tyrosine and phenylalanine (32). The preferred site of attack by
PR-3 has not been identified. It is possible, although unlikely,
that PR-3 did not show activity against the synthetic substrates
because of their low molecular weight and not due to a lack of
specificity toward the peptide residues that they contain. Stud-
ies such as those by Blow et al., which have used the oxidized B
chain of insulin to map the preferred peptide bonds for HLE

(31) and cathepsin G (32) will be necessary to elucidate the
specificity of PR-3. Collectively, however, the results with the
chromogenic substrates and inhibitors suggest that the pre-
ferred site of attack of PR-3 is different from that of HLE or
cathepsin G. Nevertheless, PR-3 is a true elastase. Its ability to
degrade ligamentum nuchae elastin actually exceeded that of
HLE (weight/weight) at pH 6.5.

The lower pI of PR-3 compared to HLE also has poten-
tially important implications. Previous studies have shown
that several anionic and cationic substances stimulate HLE-
elastin interactions. The former appear to work by rendering
elastin more anionic and thus facilitating binding of the cat-
ionic HLE (33). The cationic agents, which include platelet
factor 4 (PF4) and histones, probably act by occupying anionic,
nonproductive sites and thus directing HLEactivity to produc-
tive binding sites such as alanine or valine residues (34). In-
deed, studies have shown that PF4 can potentiate HLE-in-
duced emphysema (35). While additional studies are needed, it
is unlikely that PF4 would have a similar influence on PR-3
because of its substantially lower pl. This lower pl probably
accounts for its maximal activity at a neutral pH that is lower
than the pH optimum for HLEactivity. Thus regulation of the
elastolytic action of HLE and PR-3 in vivo may be consider-
ably different.

Analogous to HLE and cathepsin G, the results presented
suggest that PR-3 contains at least three distinct isoenzymes.
For HLE, these differences are felt to be due to differences in
glycosylation (36). Further studies are needed to determine
whether this is also the basis for the multiple forms of PR-3. A
less likely possibility is that only a single PR-3 species exists,
but that it is altered during the preparative procedures in such
a way that artifact subspecies are produced with slightly differ-
ing electrophoretic mobilities.

Webelieve that the mechanism by which PR-3 produces
emphysema relates directly to its ability to degrade elastin.
Many connective tissue matrix abnormalities have been im-
plicated in emphysema and the other PMNneutral serine pro-
teinases have broad substrate specificity. HLE can degrade
many connective tissue architectural components in vitro in-
cluding the core protein of proteoglycans (37), type III and
type IV collagens (38, 39), and fibronectin (40); cathepsin G
can degrade proteoglycans (37), fibronectin (41), and laminin
(42). If PR-3 is similar to HLE or cathepsin G in exhibiting
broad substrate specificity, it is possible that matrix compo-
nents other than elastin may be its primary targets. Indeed, we
have preliminary evidence that PR-3 degrades fibronectin,
type IV collagen and the core protein of proteoglycans. Since
the procedures of elastin purification of necessity resort to
relatively harsh extraction conditions to solubilize the non-
elastin components, a degree of uncertainty exists regarding
the susceptibility of elastin within a complex extracellular ma-
trix to degradation by PR-3. However, studies to date have
shown that there is a strong correlation between the emphy-
sema producing potential of various enzyme preparations and
their in vitro elastin degrading activity (43).

The major defense against lung damage by extracellular
elastolytic enzymes probably lies in proteinase inhibitors. One
approach for limiting the damage to the lung is to increase the
antiproteinase levels in the lung by supplementing with suit-
able inhibitors. To achieve this goal considerable research ef-
fort has been directed toward the study of elastase inhibitors,
both natural and synthetic. Several specific inhibitors of HLE

Proteinase 3 Produces Emphysema 1971



are currently available, their efficacy has been tested in experi-
mental models of emphysema (44-46) and the prospect for
their use in man is being actively discussed (47, 48). It will be
of considerable practical importance to determine what pro-
portion PR-3 contributes to the lung elastolytic burden under
selected circumstances since this may profoundly effect the
types of inhibitors that could be employed. Clearly there is
much to be learned about the physical and functional proper-
ties of PR-3 and its role in the induction of acute or chronic
pulmonary damage as well as other destructive diseases such as
atherosclerosis or arthritis.
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