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A Monoclonal Antibody (MCPR3-7) Interfering with the
Activity of Proteinase 3 by an Allosteric Mechanism*
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Background: Proteinase 3 is an abundant serine protease with high similarity to neutrophil elastase and a major autoim-
mune target in systemic vasculitis.
Results:We identified a monoclonal antibody that inhibits PR3 activity.
Conclusion: PR3-inhibiting antibodies can change its conformation and impair interactions with �1-proteinase inhibitor.
Significance: PR3-inhibiting antibodies may play a role in autoimmune vasculitis and could be exploited as highly selective
inhibitors.

Proteinase 3 (PR3) is an abundant serine protease of neutro-
phil granules and a major target of autoantibodies (PR3 anti-
neutrophil cytoplasmic antibodies) in granulomatosis with
polyangiitis. Some of the PR3 synthesized by promyelocytes in
the bone marrow escapes the targeting to granules and occurs
on the plasmamembrane of naive and primed neutrophils. This
membrane-associated PR3 antigen may represent pro-PR3,
mature PR3, or both forms. To discriminate between mature
PR3 and its inactive zymogen, which have different conforma-
tions, we generated and identified amonoclonal antibody called
MCPR3-7. It bound much better to pro-PR3 than to mature
PR3. This monoclonal antibody greatly reduced the catalytic
activity of mature PR3 toward extended peptide substrates.
Using diverse techniques and multiple recombinant PR3 vari-
ants, we characterized its binding properties and found that
MCPR3-7 preferentially bound to the so-called activation
domain of the zymogen and changed the conformation of
mature PR3, resulting in impaired catalysis and inactivation by
�1-proteinase inhibitor (�1-antitrypsin). Noncovalent as well as

covalent complexation between PR3 and �1-proteinase inhibi-
tor was delayed in the presence of MCPR3-7, but cleavage of
certain thioester and paranitroanilide substrates with small res-
idues in the P1 position was not inhibited. We conclude that
MCPR3-7 reduces PR3 activity by an allosteric mechanism
affecting the S1� pocket and further prime side interactionswith
substrates. In addition, MCPR3-7 prevents binding of PR3 to
cellular membranes. Inhibitory antibodies targeting the activa-
tion domain of PR3 could be exploited as highly selective inhib-
itors of PR3, scavengers, and clearers of the PR3 autoantigen in
granulomatosis with polyangiitis.

Proteinase 3 (PR33; EC 3.4.21.76) is one of four neutral serine
proteases (elastase, cathepsin G, proteinase 3, and neutrophil
serine protease 4) stored as fully processed mature enzymes in
azurophil granules of human neutrophils (1–4). Small amounts
of PR3 are also expressed on the plasma membrane of resting
neutrophils (5, 6). The degree of this constitutive expression is
genetically determined (7–9), but the surface exposure and
pericellular activity of PR3 around neutrophils is further
increased by priming and activation of neutrophils. Autoanti-
body responses to PR3 have been identified as a central patho-
genic feature in patients suffering from granulomatosis with
polyangiitis (GPA; formerly called Wegener granulomatosis).
PR3-directed autoantibodies are capable of activating cytokine-
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ã-aminobutyric acid; DAP(CF), diaminopropionyl fluorescein; SBzl, thio-
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primed neutrophils in vitro by binding to surface-exposed PR3
and Fc� receptors (10). In its generalized form, a necrotizing
vasculitic process affects and damages the endotheliumof small
vessels in the lungs and kidneys (11).
Although PR3 has been extensively studied for decades, its

biological functions during immune defense responses are
poorly understood. Likewise its interaction with anti-neutro-
phil cytoplasmic antibodies in patients with GPA and their
pathogenic role for this relapsing-remitting disease have not
been clarified. A large genome-wide association study recently
confirmed the genetic association between anti-neutrophil
cytoplasmic antibody formation and the PR3 locus on the one
hand and the presence of the Z-variant of �1-proteinase inhib-
itor (�1PI) on the other hand inGPA (12). This finding suggests
that PR3 activity and/or inactivation of PR3by�1PI varies in the
human population and contributes to the risk for GPA mani-
festations either at onset, during relapses, or during systemic
progression.
Inhibition of neutrophil elastase and PR3 by �1PI is highly

dependent on the proper conformation of an exposed reactive
center loop, which serves as a pseudosubstrate. Single point
mutations, even at distant sites within �1PI like a lysine substi-
tution of Glu342 in the Z-variant, can affect the conformation
of the reactive center loop and can decrease the association
rates with target proteases (13). Once hydrolyzed after the
methionine in position 358, the new carboxyl terminus of
�1PI forms an irreversible covalent acyl�enzyme complex
that undergoes a sophisticated conformational rearrange-
ment. These enzyme�serpin complexes are quickly removed
from neutrophil membranes, the interstitial fluids, and the cir-
culation by a specific receptor-mediated uptake into endolyso-
somes (14). The question as to how antibodies can interfere
with the activity of PR3 and impair its clearance by the natural
plasma inhibitor �1PI, however, has not been addressed and
answered.
Like other serine proteases of neutrophils, PR3 (15, 16) is

synthesized as a proenzyme almost exclusively at the promyelo-
cyte stage. Following cleavage of the signal peptide and trans-
location into the endoplasmic reticulum, the proenzyme (pro-
PR3) egresses from the endoplasmic reticulum and migrates to
the Golgi complex. At this stage, it carries a short amino-termi-
nal extension, the dipeptide Ala-Glu. This dipeptide prevents
the molecule from assuming its active enzyme conformation
prematurely during biosynthesis but is cleaved off by the dipep-
tidyl aminopeptidase I (cathepsin C) just before storage in pri-
mary granules (17–20). After the removal of the amino-termi-
nal dipeptide, the free positively charged amino terminus of
Ile16 (chymotrypsinogen numbering) forms an internal salt
bridge with the side chain carboxylate of Asp194. This rear-
rangement stabilizes the oxyanion hole and renders the active
site cleft fully accessible to substrates. During biosynthesis,
some catalytically inactive pro-PR3 escapes granule targeting
and is transported to the cellular surface for secretion. As pro-
PR3 is a catalytically inactive precursor, it is not cleared by �1PI
and may be more easily accessible for autoantibodies in GPA.
Although the crystal structure ofmature PR3 (without inhib-

itors bound to it) has been reported (21), inferences about the
pro-PR3 structure can be drawn from comparisons with other

closely related zymogen-enzyme pairs for which the structures
are known. The best studied zymogen-enzyme pair, bovine cat-
ionic trypsinogen and its mature counterpart, bovine cationic
trypsin (22), have identical structures for about 85% of the C�
chain, but four segments of the main chain are entirely differ-
ent: the amino terminus (Ile16–Gly19), the so-called autolysis
loop (Gly142–Ala152), the Val185–Gly193 loop, and the Val216–
Leu223 loop (22). The latter three loops form the activation
domain in the active enzyme in which the free amino terminus
is inserted into the so-called activation pocket of the zymogen.
All four segments are highly flexible in the zymogen but
ordered in the active enzyme. Allosteric regulation of the two
segments around residues 190 and 220 essentially switches the
molecule from a functionally incompetent zymogen into a cat-
alytically competent state and creates the S1 binding site and
oxyanion hole (22, 23). This conformational switch between the
proenzyme state and the catalytically active state of the mature
enzyme is the well established structural basis for allosteric reg-
ulation of trypsin-/chymotrypsin-like enzyme activity (24).
The goal of our studies was to identify a new class of mono-

clonal antibodies (mAbs) that can discriminate between the
catalytically competent state of the activation domain and the
enzymatically inactive conformation of the zymogen. To
develop such a monoclonal antibody with specificity close to
the active site cleft and activity blocking properties, we immu-
nizedmice with a stable proform of PR3 carrying the tripeptide
Ala-Glu-Pro at the mature amino terminus and selected
hybridomas that showed preferential binding to the proform.
We describe the binding specificity and activity blocking prop-
erties of the newly produced MCPR3-7 in comparison with
the commercially available anti-PR3 mAb CLB-12.8. Besides
the reduction of the PR3 activity, MCPR3-7 also interferes
with the complexation of PR3 and �1PI and switches the active
enzyme into an inactive, zymogen-like state by altering the
autolysis and 190 loops. The antibody can be regarded as a
starting point for the development of antibody-based allosteric
inhibitors of PR3 that block activity and prevent the binding of
neutrophil-activating, pathogenic anti-neutrophil cytoplasmic
antibody.

EXPERIMENTAL PROCEDURES

Cells, Proteases, Antibodies, and Substrates—The human
embryonic kidney (HEK) cell line 293 was purchased from the
American Type Culture Collection (ATCC, Manassas, VA).
The human embryonic kidney cell line 293 EBNAwas received
fromYvesDurocher, National ResearchCouncil Canada,Mon-
treal, Canada. Human neutrophil PR3 purified from neutro-
phils of peripheral blood was obtained from DIARECT AG,
Freiburg, Germany. The anti-PR3 mAb MCPR3-2, which was
used as control inmost experiments, binds pro-PR3 andmature
PR3 equally well and has been described previously (25). The
anti-PR3mAbCLB-12.8was purchased fromSanquin, Amster-
dam,TheNetherlands. The FRET substrateAbz-Tyr-Tyr-Abu-
ANB-NH2 was kindly provided by Adam Lesner, University of
Gdansk, Gdansk, Poland and was described previously (26).
The FRET substrate 5-TAMRA-VADnVADYQ-diaminopro-
pionyl fluorescein (DAP(CF)) was ordered from EMC Micro-
collections, Tübingen, Germany. The thiobenzyl ester sub-
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strates Boc-Ala-Pro-nVal-SBzl and For-Ala-Ala-Pro-Abu-SBzl
were purchased fromBachemAG,Bubendorf, Switzerland, and
the substrate Boc-Ala-ONpwas from Sigma-Aldrich. The sub-
strate Ahx-PYFA-pNA was obtained from Dr. Francis Gau-
thier, Tours, France, and �1PI was from Athens Research and
Technology, Athens, GA.
Expression of Recombinant Pro-PR3 and Mature PR3 Variants—

The different recombinant PR3 variants used for the genera-
tion, selection, and characterization of mAbs with preferential
binding to pro-PR3 are described schematically in Fig. 1A. The
development of the cDNA construct coding for recombinant
wild-type PR3 (pro-PR3ctp) and the cDNA construct of the
active site mutant lacking the codons for the amino-terminal
activation dipeptide (�PR3ctp-S195A) as well as their expres-
sion in HEK 293 cells have been described previously (18, 25).
Similarly, the preparation and characterization of the active
site mutant carrying a carboxyl-terminal c-myc-His tag (PR3-
S195A-cmyc) has been described elsewhere (27). When
expressed in HEK 293 cells and secreted into the cell culture
supernatant, pro-PR3ctp and PR3ctp-S195A-cmyc have the
conformation of pro-PR3, whereas �PR3ctp-S195A has the
conformation of the mature enzyme (20, 27).
To obtain an immunogen that was not contaminated by

traces of amino-terminally processed PR3 (mature PR3), we
generated a pro-PR3 variant namedproP-PR3ctp,which carries
a three-residue-long propeptide ending with proline. This pro-
peptide cannot be cleaved and removed by cathepsin C. The
cDNA coding for the insertion of a proline residue between the
natural activation dipeptide Ala-Glu and the Ile residue consti-
tuting the amino terminus of themature enzymewas generated
using the QuikChange site-directed mutagenesis kit (Strat-
agene Cloning Systems, La Jolla, CA) with the sense primer
US127-5�-GCTGCGGAGCCAATCGTGGGC-3�, the anti-
sense primer US128-5�-GCCCACGATTGGCTCCGCAGC-
3�, and pro-PR3ctp as template. The underlined triplet of nucle-
otides encodes the inserted proline residue.
Stably transfected proP-PR3ctp-expressing HEK 293 cells

were selected and cultured as described previously (20, 27), and
proP-PR3ctp was purified from HEK 293 culture supernatant
by immunoaffinity chromatography using MCPR3-2 coupled
to a cyanogen bromide-activated Sepharose 4B column and 3 M

KSCN in 1% NaHCO3 as elution buffer. ProP-PR3ctp in the
eluted fractions was quantified by capture ELISA as described
(25), pooled, and concentrated after dialysis.
Production of PR3 Variants in Flip-in HEK 293 and HEK 293

EBNA Cells—The constructs as well as the expression of
human pro-PR3 (pro(4DK)-PR3), gibbon pro-PR3, and the two
human/gibbon chimeras were produced as described (28). Fur-
thermore, human pro-PR3was expressed by transient transfec-
tion of HEK 293 EBNA cells as described elsewhere (29). The
catalytically inactive PR3 variant �PR3-S195A (Fig. 1A) was
also produced in the HEK 293 EBNA expression system. Puri-
fication of His-tagged proteins from cell supernatants was car-
ried out as described previously (29). The PR3 variants, which
were produced in their proform, were converted into an active
state by enterokinase from calf intestine (Roche Applied Sci-
ence). After dialysis against 20 mM Tris-HCl, 50 mM NaCl, and

2 mM CaCl2, pH 7.4, the proteins were cleaved at an enzyme to
substrate ratio of 1:40 at room temperature overnight.
Generation of Antibodies and Selection of Hybridomas—For

the generation of the mAb MCPR3-7, BALB/c mice were
immunized with immunoaffinity-purified proP-PR3ctp follow-
ing standard immunization protocols. Antibody titers of immu-
nized mice were determined by ELISA. Spleen cells from
immunized mice were fused with a FO myeloma cell line of
BALB/c origin to generate hybridomas. Animal experimenta-
tion for this study was approved by the Institutional Animal
Care andUseCommittee. Handling and care of animals were in
accordance with institutional guidelines.
For the identification and selection of hybridoma antibodies

that bind to pro-PR3 but not to mature PR3, the following cap-
ture ELISA technique was applied. Immulon I strips were
coated with rabbit anti-mouse IgG diluted 1:1000 in 0.5 M

NaHCO3 buffer, pH 9.6 overnight. After blocking with BSA/
immunoradiometric assay buffer (50 mM Tris, 0.1 M NaCl, and
2% BSA, pH 7.4), 0.1 �g of themonoclonal hybridoma antibod-
ies or control antibody (MCPR3-2) was added and incubated at
room temperature for 30minwhile shaking. Supernatants from
[35S]methionine-labeled proP-PR3ctp- or �PR3ctp-S195A-ex-
pressing HEK 293 cells diluted 1:20 in immunoradiometric
assay buffer (50 mM Tris, 0.1 M NaCl, and 0.1% BSA, pH 7.4)
were added and incubated at room temperature for 60 min.
After removal of unbound PR3 by washing, antibody-bound
radioactivity was measured in counts/min for each well. The
hybridomas generating the highest signal difference between
pro-PR3 andmature PR3were chosen for all subsequent exper-
iments (MCPR3-7).
Biosynthetic Labeling and Immunoprecipitation—ProP-PR3ctp-

and�PR3ctp-S195A-expressingHEK293 cellswere cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 100�Ci/ml [35S]methionine, penicillin, streptomycin, and
10% fetal bovine serum in a 5% CO2 atmosphere at 37 °C over-
night. Unless otherwise stated, all immunoprecipitation steps
were performed at 4 °C. Staphylococcal protein A was incu-
bated with rabbit anti-mouse IgG and then with different con-
centrations of MCPR3-7 (1:100, 1:200, and 1:400 dilutions of a
1.3 mg/ml stock solution) in each case for 1 h. The cell culture
supernatants of biosynthetically labeled cells were precleared
by incubation with staphylococcal protein A for 30 min fol-
lowed by centrifugation at 10,000� g for 2min. The precleared
culture supernatants were then incubated for 10 min with the
staphylococcal protein A/rabbit anti-mouse IgG/MCPR3-7
mixture and washed three times with radioimmune precipita-
tion assay buffer (50 mM Tris, pH 8.0, 0.5% deoxycholate, 1%
Triton X-100, 0.1% SDS, and 50 mM NaF in PBS to which 1
�g/ml leupeptin, 2 �g/ml aprotinin, and 75 �g/ml PMSF were
freshly added prior to use). The precipitate was resuspended in
SDS sample buffer, boiled for 5 min, and centrifuged at
10,000 � g for 2 min, and the supernatant was collected and
stored at �20 °C until analysis by SDS-PAGE and Western
blotting.
Bead-based Flow Cytometry—The possible competition

between the two mAbs MCPR3-2 and MCPR3-7 in binding to
pro-PR3 was analyzed by bead-based flow cytometry using the
carboxyl-terminally tagged PR3 variant PR3ctp-S195A-cmyc
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(pro-PR3) (30). Stably transfected HEK 293 cells expressing the
proforms were grown in serum-free medium for 2 days. Cell
culture supernatants were concentrated using an Amicon Cen-
triplus C-10 with a cutoff of 10,000 Da. Imidazole was added to
a final concentration of 20mM, and the concentrate was applied
to a HiTrap chelating high performance column (GE Health-
care) according to the manufacturer’s instructions. Proteins
were eluted with 20 mM phosphate, 500 mMNaCl, and 200 mM

imidazole. Imidazole was removed by centrifugation through a
spin column equilibrated with 50 mM sodium phosphate, 300
mM NaCl, and 0.01% Tween 20, pH 8.0. Proteins were quanti-
fied by Coomassie Plus� (Pierce). A total of 2.8 � 106 beads
coated with PR3 variants were incubated with 0.25 �g/100 �l
MCPR3-2 or MCPR3-7 as described. After washing with PBS,
0.1% BSA, and 0.01% Tween 20, the beads were incubated with
100 �l of a 1:50 dilution of FITC-conjugated MCPR3-2 or
FITC-conjugated MCPR3-7 (prepared in our laboratory) for 5
min, washed, and analyzed by FACScan (setting, fluores-
cence � 1 at 682 nm).
FRET-based Activity Assay—The activity of PR3 variants

diluted to 50 nM inTris-HCl buffer (100mMTris, 500mMNaCl,
and 0.01% Brij 39, pH 7.5) was measured over time using the
FRET substrate Abz-Tyr-Tyr-Abu-ANB-NH2 (excitation at
325 nm, emission at 400 nm) at a concentration of 800 nM.

To locate the epitope of MCPR3-7, the activity of human
PR3, gibbon PR3, and two gibbon/human chimeras (after acti-
vation of the respective pro(4DK) precursors) was determined.
The activity of proteases was measured directly after adding a
2-fold molar excess of MCPR3-7. As controls, the emission of
the FRET substrate without the enzyme and the activity of the
enzyme without the antibody were measured. To detect the
inhibitory effect of mAbs, the activity of PR3 was measured in
the presence of increasing concentrations (0–750 nM) of
MCPR3-7, CLB-12.8, andMCPR3-2. The activity was recorded
over time directly after adding the mAbs. The effect of
MCPR3-7 on PR3-mediated cleavage of the FRET substrate
5-TAMRA-VADnVADYQ-DAP(CF) (5 �M; excitation at 485
nm, emission at 520 nm) was measured over time. The activity
of a 50 nM PR3 solution in activity buffer (50 mM Tris, 150 mM

NaCl, and 0.01%TritonX-100, pH 7.4) was determined directly
after adding a 3-fold molar excess of the antibody.
Absorbance-based Activity Assay—To search for conforma-

tional changes of PR3 in response to MCPR3-7 binding, the
cleavage of different substrates was investigated. The activity of
50 nM PR3 in activity buffer at a 3-fold molar excess of
MCPR3-7 was comparedwith its activity in the absence of anti-
bodies using Ahx-PYFA-pNA, Boc-Ala-ONp, Boc-Ala-Pro-
nVal-SBzl, and For-Ala-Ala-Pro-Abu-SBzl (1 mM each) as
substrates. For the reaction with the two thiobenzyl ester sub-
strates, 5,5�-dithiobis(2-nitrobenzoic acid) was added to the
samples at a concentration of 500 �M.
ELISA—To investigate the differential interactions of mAbs

with PR3�inhibitor complexes, two covalent and two canonical
complexes were assembled. The covalent complexes were
formed with active PR3 (converted pro(4DK)-PR3) and �1PI or
AAPV-chloromethyl ketone (CMK) (American Peptide Co.,
Sunnyvale, CA), and the canonical complexeswere formedwith
active PR3 and elafin or catalytically inactive �PR3-S195A in

association with �1PI (PR3*��1PI). The PR3�inhibitor com-
plexes were coated on nickel plates via the His tag of the PR3,
and a capture ELISA was performed as described elsewhere
(31). The coating concentration of the PR3 complexes was 2
�g/ml. The dilution of the mAb was 1:1000 for CLB-12.8,
1:5000 forMCPR3-2, 1:200 forMCPR3-7, and 1:50 for the IgG1
control antibody (Mouse IgG1Pure, BD Biosciences). As sec-
ondary antibody, goat anti-mouse HRP antibody was used
(dilution, 1:2500), and the reaction was developed with a per-
oxidase substrate. Recognition of PR3 variants was normalized
to the signal obtained with pro(4DK)-PR3, which was set to
100%.
Thermophoresis—MCPR3-7 and �1PI were labeled with the

red fluorescent dye NT647 using the Monolith NT Protein
Labeling kit RED (NanoTemper Technologies, Munich, Ger-
many) according to the supplied protocol. This approach is
based on covalently attaching NT647 N-hydroxysuccinimide
ester to primary amines of lysine residues. Prior to thermopho-
resis experiments, the free dye was removed via dialysis.
To quantify the affinity ofMCPR3-7 to different PR3 confor-

mations, a 1:1 dilution series of pro(4DK)-PR3, PR3-CMK, or
PR3was prepared starting at amaximumconcentration of 5�M

each. To guarantee constant buffer conditions throughout the
dilution, the proteinases were diluted in the exact same buffer
as the stock solution: 20 mM sodium phosphate, 300 mM NaCl,
and 0.02% Tween 20, pH 6.2 with (PR3-CMK) or without
(pro(4DK)-PR3 and PR3) 1.75% DMSO. Each point of the dilu-
tion series was mixed 1:1 with MCPR3-7-NT647 in PBS with
0.05% Tween 20 and 2% BSA to yield a constant final antibody
concentration of 50 nM and a maximum proteinase concentra-
tion of 2.5 �M.
In addition, thermophoresis was used to test whether the

mAbsMCPR3-7 andCLB-12.8 have an influence on the forma-
tion of canonical �1PI�PR3 complexes. Separate 1:1 dilution
series of �PR3-S195A in EB buffer (20 mM sodium phosphate
and 500 mM NaCl, pH 7.4) were prepared, starting at a maxi-
mum concentration of 12 �M each. 5 �l of each dilution step
were mixed with 1 �l of either PBS or 1 �l of a 4 �M stock of
MCPR3-7 or CLB-12.8 in PBS, which results in an antibody
concentration of 670 nM. After incubating the sample for 1 h at
room temperature in the dark, 1 �l of a 6.15 �M �1PI-NT647
solution in PBS with 0.05% Tween 20 was added, resulting in a
final �1PI concentration of 880 nM. To avoid adsorption to the
capillary walls during the measurement, BSA was added at a
final concentration of 1% (w/v).
Standard treated enhanced gradient capillaries (NanoTemper

Technologies) were filled with the samples. Measurements
were performed on a Monolith NT.115 system (NanoTemper
Technologies) at a constant ambient temperature of 20 °C
using 60% light-emitting diode (experiments with MCPR3-7-
NT647) or 20% light-emitting diode (experiments with �1PI-
NT647) and 20% infrared (IR) laser power with laser on and off
times of 40 and 20 s.
After bleaching correction, the fluorescence after tempera-

ture jump and early thermophoresis was normalized to the fluo-
rescence before laser heating with a LabVIEW routine. Mean
Fnorm values of at least three technical repeats of eachmeasure-
ment were plotted on a linear y axis in permil units (‰) against

Antibodies Interfering with PR3 Activity and Inactivation

26638 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 37 • SEPTEMBER 13, 2013

 at H
elm

holtz Z
entrum

 M
uenchen - Z

entralbibliothek on January 14, 2014
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/
http://www.jbc.org/


the proteinase concentration on a log10 x axis. The standard
deviation of the repeats was calculated for each point. To get a
better estimate of the error, the mean of all standard deviations
of a binding curve was determined. This mean error is visual-
ized as an error bar on all points of the corresponding graph.
Using IGOR Pro, a weighted fit to the quadratic solution of the
mass action law

FB �
�AB�

�B�
�

�A� � �B� � KD � � ��A� � �B� � KD	2 � 4�AB�

2�B�

(Eq. 1)

where FB is the fraction bound, [A] is the concentration of the
titrated binding partner, [B] is the concentration of the labeled
binding partner, [AB] is the concentration of bound complex of
A and B, and KD is the equilibrium dissociation constant was
performed with KD as the single free fit parameter (32). KD
values are given together with an error estimation from the fit.
The fitting procedure assumes aGaussian, symmetric error dis-
tribution. Thus, the error can reach negative values if the sen-
sitivity limit determined by the lowest detectable concentration
of fluorescent partner is reached. In these cases, the KD values
are presented as an upper limit. Fnorm of the unbound state as
revealed by the fit was subtracted as a base-line value to yield
�Fnorm as depicted on the y axis of the figures.
Possible Interference of mAb with PR3 Complexation—The

effect of mAbs on the covalent inactivation reaction of PR3 by
�1PI was measured over time. A 3-fold molar excess of mAbs
was added to an 800 nM solution of active PR3 in Tris-HCl
buffer and incubated at room temperature for 1 h. After adding
a 5-fold molar excess of �1PI, the sample was incubated at
37 °C, and 10-�l aliquots were taken after different time points.
The reaction was stopped by adding Laemmli buffer and heat-
ing to 95 °C for 10 min. Proteins in the samples were then sep-
arated by SDS-PAGE under reducing conditions and visualized
by silver staining.
Isolation and Priming of Neutrophils—The recognition of

PR3 on the neutrophil membrane from one normal donor was
evaluated without and after stimulation with TNF�. The neu-
trophils were isolated from EDTA-anticoagulated blood by
centrifugation on PolymorphprepTM (Accurate Chemical and
Scientific Corp.,Westbury, NY) and hypotonic lysis of erythro-
cytes with distilled water. Cells were washed with cold Hanks’
balanced salt solution without Ca2
/Mg2
 (Mediatech Inc.,
Herndon, VA) and resuspended in Hanks’ balanced salt solu-
tion with Ca2
/Mg2
 (Mediatech Inc.) to obtain 1 � 107 cells/
ml. One-half of the preparation was primed with 2 ng/ml
recombinant TNF� (Roche Applied Science) for 15 min at
37 °C before analysis of membrane expression. Non-primed
neutrophils were analyzed for membrane expression immedi-
ately after isolation.
PR3 on Neutrophil Membranes—The recognition of PR3 on

the membrane was evaluated using flow cytometry. All steps
were performed on ice. Samples containing 1� 106 neutrophils
were fixed with 0.5% paraformaldehyde for 10 min, washed
with PBS and 1% BSA by centrifugation at 1200 � g at 4 °C for
3 min, and incubated with 0.5 mg/ml heat-aggregated goat
immunoglobulins (IgG; Sigma) for 15 min to saturate Fc�

receptors. Next, cells were stained with a saturating dose
of mouse monoclonal IgG1 directed against human PR3
(MCPR3-2 and MCPR3-7) and anti-CD32 (AbD Serotec, UK)
orwith an IgG1 control antibody for 30min. Unbound antibod-
ies were washed off with PBS and 1% BSA, and the cells were
incubated for 30 min with FITC-conjugated goat anti-mouse
antibody. After washing, the fluorescence intensity was ana-
lyzed on a FACScan flow cytometer (BD Biosciences Immuno-
cytometry Systems).

RESULTS

Identification of New mAbs with Preferential Binding to
Pro-PR3—To generate antibodies with preferred specificity for
the inactive conformation of pro-PR3, we produced a pro-PR3
variant that was resistant to cathepsin C cleavage and other
exopeptidases. Non-hematopoietic cells like HEK 293 cells
were found to be devoid of cathepsin C and could not properly
convert recombinant neutrophil serine protease precursors to
mature enzymes.Nevertheless,minimal amounts of amino-ter-
minally processed active recombinant PR3have been noticed in
cell lysates of HEK 293 cells transfected with wild-type PR3
cDNA.4 Therefore, a PR3 variant with an amino terminus that
cannot be trimmed by exo- and endopeptidases was con-
structed and expressed in a stable HEK 293 cell line. The cDNA
construct proP-PR3ctp codes for the insertion of a proline res-
idue between the natural propeptide Ala-Glu and the amino
terminus of mature PR3. The resulting pro-PR3 variant (Fig.
1A) with the amino-terminal sequence Ala-Glu-Pro-Ile-Val-
Gly-Gly cannot be processed by cathepsin C or other exodipep-
tidases. This was verified by radiosequencing of supernatants
and lysates from [3H]isoleucine pulse-labeled HEK 293 cells
expressing proP-PR3ctp (data not shown). ProP-PR3ctp was
purified via immunoaffinity chromatography from cell culture
supernatants of HEK 293 cells.
Splenocytes from BALB/c mice immunized with this pro-

PR3 variant were fused with FO myeloma cells. The resulting
hybridoma cell cloneswere screened for anti-PR3 IgG secretion
via capture ELISA as described under “Experimental Proce-
dures.” Supernatants from 43 cell clones that reacted with pro-
PR3 in the initial capture ELISA were retested in parallel for
reactivity with pro-PR3 and mature PR3. Nineteen of these
showed between 0 and 30% difference in reactivity (group A)
with the two antigens, 13 showed a 31–60% difference (group
B), and 11 displayed a 61–96%difference (groupC). Four clones
from group A, five from group B, and nine from group C were
subjected to another round of dilution subcloning and retested
for differential binding to pro-PR3 and mature PR3. Only six
clones with persistent pro-PR3 reactivity emerged. Four of
these showed similar reactivity with both antigens, and two had
a 75% greater reactivity with pro-PR3 compared with mature
PR3. Clone MCPR3-7, generating the highest signal difference
between pro-PR3 and mature PR3 in the capture ELISA (Fig.
1B), was chosen for further characterization.
To demonstrate the differential binding of MCPR3-7 to pro-

PR3 and mature PR3, rabbit anti-mouse IgG bound to Staphy-
lococcus aureus protein A was incubated with dilutions (rang-

4 U. Specks, unpublished data.
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ing from 1:100 to 1:400 of a 1.3 mg/ml stock solution) of
MCPR3-7 and was used to precipitate 500 ng/ml radiolabeled
pro-PR3 and mature PR3 from stably transfected HEK 293
cell culture supernatants. Immunoprecipitated proteins
were separated by SDS-PAGE (12% gels) under reducing con-
ditions (Fig. 1C). The preferential recognition of pro-PR3 by
MCPR3-7 was observed at all mAb concentrations tested.
These findings confirmed that MCPR3-7 preferentially bound
pro-PR3 but that there was some cross-reactivity with mature
PR3.
Characterization of the MCPR3-7 Binding Site—To deter-

mine whether MCPR3-7 and MCPR3-2, which is known to
bind pro-PR3 and mature PR3 equally well, recognize non-
overlapping PR3 surface structures, we modified the bead-
based capture assay. Pro-PR3 (PR3ctp-S195A-cmyc) was
attached to the beads as an antigen because both mAbs bound
to it with similar affinity. Fig. 2A shows that each unlabeled
mAb inhibited the binding of its FITC-labeled derivative by
more than 90% (upper left and lower right panels). In contrast,
unlabeled MCPR3-7 did not interfere with the binding of
FITC-conjugated MCPR3-2 (lower left panel), and unlabeled
MCPR3-2 inhibited the binding of FITC-conjugated
MCPR3-7 by only 21% (upper right panel). These findings

corroborated previous data (30), clearly indicating that
MCPR3-7 recognized a unique epitope on pro-PR3 that is
different from that of MCPR3-2 and all other mAbs. The
precise binding site of MCPR3-7, however, remained uncer-
tain as the epitope on human PR3 was not lost after replacing
Ala146, Trp218, and Leu223 with the respective residues of
murine PR3.
Tomap the interaction ofMCPR3-7 in closer detail, we stud-

ied its effects on the activity of mature human PR3 in a FRET-
based activity assay. In contrast to CLB-12.8 and MCPR3-2,
MCPR3-7 inhibited the activity of human PR3 (Fig. 2B). This
inhibitory effect was already observed at a 1:1 ratio of PR3 and
MCPR3-7. PR3 was completely inhibited at a 3-fold molar
excess of MCPR3-7, whereas CLB-12.8 and MCPR3-2 did not
show any effect on PR3 activity even at a 15-fold molar excess
over PR3. This inhibitory effect of MCPR3-7 was sequence-de-
pendent as it was much less pronounced for the closely related
PR3 homolog of a gibbon species (Fig. 2C, second panel). The
activity of a chimeric PR3 variant composed of the amino-ter-
minal subdomain of gibbonPR3 and the carboxyl-terminal sub-
domain of human PR3 (gib/hPR3) was also suppressed by
MCPR3-7 (Fig. 2C, right panel). Conversely, MCPR3-7 had a
much smaller effect on the activity of an h/gibPR3 chimerawith

FIGURE 1. Schematic diagram of cDNA constructs and identification of pro-PR3-binding monoclonal antibodies. A, the PR3 variants pro-PR3ctp, proP-
PR3ctp, PR3ctp-S195A-cmyc, and pro(4DK)-PR3 are secreted by HEK 293 cells as an unprocessed zymogen (pro-PR3). �PR3ctp-S195A and �PR3-S195A do not
contain the amino-terminal activation dipeptide AE and are secreted as mature but catalytically inactive PR3. Ile16 and Arg243 represent the amino-terminal and
carboxyl-terminal residue, respectively, of mature PR3 and are numbered as in Protein Data Bank code 1FUJ according to chymotrypsinogen. Except proP-
PR3ctp and �PR3-S195A, all constructs have been described previously (see references for more details). ProP-PR3ctp carries an additional proline residue
between the natural dipeptide AE (light gray segment) and the amino terminus of mature PR3 (white bar). The resulting amino-terminal amino acid sequence
of proP-PR3ctp is AEPIVGG. The insertion of this proline residue precludes the activation by cathepsin C and prevents any contamination by intracellularly
processed (mature) PR3 in HEK 293 cells. The mutation S195A of the catalytic triad in mature PR3 eliminates the catalytic activity of the molecule, which was
required to avoid autodigestion and damage of HEK 293 cells during biosynthesis of PR3. B, monoclonal antibodies from hybridoma supernatants were
screened by capture ELISA with goat anti-mouse IgG. Subsequently, 0.025 �g of radiolabeled pro-PR3 (proP-PR3ctp) or mature PR3 (�PR3ctp-S195A) was
added. The captured PR3 is quantified in counts/min (CPM). MCPR3-2 is known to recognize pro-PR3 and mature PR3 equally well and served as a control.
MCPR3-7 displayed the largest difference in the binding to pro-PR3 and mature PR3. All other hybridomas (one example shown) discriminated less well
between the two antigens. C, rabbit anti-mouse IgG bound to S. aureus protein A was incubated with various dilutions of MCPR3-7 (1.3 mg/ml stock solution)
and used to immunoprecipitate radiolabeled pro-PR3 (proP-PR3ctp) or mature PR3 (�PR3ctp-S195A) from transfected HEK 293 cell supernatants. Immuno-
precipitated proteins were then separated by SDS-PAGE (lanes 1–3, pro-PR3; lanes 4 – 6, mature PR3) and visualized by autoradiography (3 days of exposure).
All dilutions of MCPR3-7 showed intense binding of pro-PR3 and weak recognition of mature PR3. Error bars represent S.E.
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a humanized amino terminus and a carboxyl-terminal gibbon
subdomain (Fig. 2C, third panel). As MCPR3-7 completely
inhibited the activity of the gibbon/human PR3 but not that of
the human/gibbon PR3 chimera, we conclude that its major
binding region is located within the carboxyl-terminal sub-
domain (barrel) of human PR3.
Binding Affinity of MCPR3-7 for Different PR3 Con-

formations—To quantify the differences in binding affinities
of MCPR3-7 to either pro(4DK)-PR3, active PR3, or PR3 in a
complex with AAPV-CMK (see below for details), microscale
thermophoresis (MST), the directed movement of molecules
along a microscopic temperature gradient, was utilized. MST
can be used to determine biomolecular binding affinities in free
solution as it probes any binding-induced changes in size,
charge, or conformation (33). In an all-optical, free solution-
based approach, thermophoresis of the samples inside a glass
capillary was induced via IR laser heating and observed via
detection of a red fluorescent label covalently attached to
MCPR3-7. When the IR laser is turned on, the fluorescence
signal drops for two reasons: first, because of an intrinsic
temperature effect on the fluorophore (100-ms time scale), the
so-called temperature jump, and second, because of thermo-
phoretic depletion (several seconds). Pro(4DK)-PR3, CMK-in-

hibited PR3, and PR3 were titrated against a fixed concentra-
tion of labeled MCPR3-7. Binding induced a change in both
temperature jump and thermophoresis. As the thermophoretic
depletion is linear to the bound fraction, the dissociation con-
stant KDwas determined by fitting the data points to the quad-
ratic solution of themass action law.MST revealed a high bind-
ing affinity of MCPR3-7 to the proform with a KD �10 nM. By
contrast, we were not able to detect any binding ofMCPR3-7 to
the active conformation of PR3 stabilized by complexationwith
CMK, an irreversible, mechanism-based small molecule inhib-
itor of PR3 (Fig. 3A). This clearly indicated thatMCPR3-7 selec-
tively recognized the zymogen conformation of PR3. Using
active PR3, however, we noticed thatMCPR3-7was indeed able
to interact with mature PR3 but with a much lower affinity in
comparison with pro(4DK)-PR3 (Fig. 3B). This is probably due
to a reversible allosteric switch from the active form of PR3 to a
more zymogen-like conformation in free solution that is recog-
nized byMCPR3-7. AKD of 0.4� 0.2�Mcould be inferred from
the data. This means that the affinity of MCPR3-7 for the free
active form is �40-fold lower than for its proform.
Interaction of mAbs with Different PR3�Inhibitor Complexes—

To test the differential binding capabilities of mAbs to
PR3�inhibitor complexes, complexes were formed by adding a

FIGURE 2. Characterization of the MCPR3-7 binding site. A, pairwise competition between the unlabeled PR3-specific mAbs MCPR3-2 and MCPR3-7 and
FITC-conjugated MCPR3-2 and MCPR3-7 using a bead-based FACS assay. Unlabeled MCPR3-2 and MCPR3-7 (on the left) served as inhibitors for the binding of
the respective FITC-tagged mAbs (on the top) to immobilized pro-PR3. Pro-PR3 was chosen as it binds equally well to both mAbs. The continuous lines represent
the binding of FITC-conjugated mAbs to pro-PR3-coated beads in the absence of a competing mAb; black reference histograms indicate the lack of binding to
uncoated beads; the dashed lines refer to the binding of FITC-conjugated mAbs after preincubation of the pro-PR3-coated beads with unlabeled mAbs. The
degree of inhibition of the FITC-conjugated mAb after preincubation with unlabeled antibodies is expressed in percent. Using the same mAb as unlabeled
competitor, inhibition was 95% for MCPR3-2 (A, upper left panel) and 91% for MCPR3-7 (A, lower right panel). Unlabeled MCPR3-7 did not interfere with the
binding of FITC-conjugated MCPR3-2 (A, lower left panel), and the binding of FITC-conjugated MCPR3-7 was only inhibited by 21% due to unlabeled MCPR3-2
(A, upper right panel). These findings indicate that the two mAbs recognize distinct and non-overlapping epitopes. B, PR3 activity was measured in the presence
of three mAbs at different concentrations to study their differential inhibitory capacity (n � 3; �S.E.). The activity of PR3 (50 nM) was measured with 800 nM

Abz-Tyr-Tyr-Abu-ANB-NH2. MCPR3-2 and CLB-12.8 did not have any effect on the PR3 activity. By contrast, MCPR3-7 completely inhibited PR3 at a 3-fold molar
excess and above. C, the activity of gibbon PR3, human PR3, and two gibbon/human chimeras was determined in the presence of a 2-fold molar excess of
MCPR3-7. The h/gibPR3 variant consists of the human amino-terminal �-barrel and the gibbon carboxyl-terminal �-barrel, whereas the gib/hPR3 variant
contains the human carboxyl-terminal �-barrel. The activity of PR3 variants in the presence or absence of MCPR3-7 was measured utilizing a highly sensitive
FRET substrate, Abz-Tyr-Tyr-Abu-ANB-NH2, and is shown in relative fluorescence units (RFU) as an example of three technical repeats. MCPR3-7 strongly
inhibited hPR3 and gib/hPR3 but not h/gibPR3. Accordingly, the epitope of MCPR3-7 is located on the carboxyl-terminal �-barrel. Error bars represent S.E.
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10-fold molar excess of each inhibitor to PR3 and incubating
these mixtures at 37 °C for 1 h. To generate covalently linked
complexes, natural �1PI or AAPV-CMK was added to active
His-tagged PR3 (activated pro(4DK)-PR3). In the case of �1PI,
the resulting complexes were purified over a nickel column and
checked for complete complexation on a polyacrylamide gel
(data not shown). Free, uncomplexed PR3 was excluded in this
way. The canonical PR3�elafin complexes were also made with
active enzyme, whereas the catalytically inactive �PR3-S195A

variant was used to assemble the so-called canonical encounter
complex between PR3 and �1PI (PR3*��1PI). These PR3 com-
plexes were immobilized on nickel plates. MCPR3-7 (Fig. 4A)
only showed weak binding to active PR3, PR3�elafin, CMK-
inhibited PR3, and the encounter complex. By contrast,
MCPR3-7 strongly bound to pro(4DK)-PR3.Most surprisingly,
MCPR3-7 also showed strong binding to the covalent PR3��1PI
complex although, as mentioned before, not to the PR3�AAPV-
CMK complex. The structural background for its differential
binding to serpin-inactivated PR3 and canonical PR3 com-
plexes is the precursor-like conformation of PR3 in the covalent
serpin complex, whereas complexation of active PR3 with
AAPV-CMK and elafin as well as complexation of catalytically
inactive PR3 to �1PI does not alter the mature conformation of
PR3. Conversely, CLB-12.8was able to bind all PR3 variants and
inhibitor complexes except for the covalent PR3��1PI complex
(Fig. 4B). The epitope of CLB-12.8 lies close to the active site
cleft andmay become inaccessible after binding and rearrange-
ment of �1PI (30). MCPR3-2 was chosen as an appropriate
coating control (Fig. 4C) as it could bind to all PR3 variants.
Thus, equal coating of wells with different variants was ascer-
tained. No interaction between PR3 complexes and an isotype
control antibody was observed.
Inhibitory Effect of mAbs on Serpin Complexation—To assess

the impact of the antibodies on the interaction between PR3
and �1PI, we monitored the covalent complexation in the
presence of a 3-fold molar excess of mAbs after different
incubation times by SDS-PAGE. The reaction of PR3 with
�1PI in the absence of antibodies at different time points is
shown in Fig. 5A. The complexes occurred immediately after
mixing the two components, and the reaction was already
completed within 5 s of incubation. In contrast, preincuba-
tion of PR3 with MCPR3-7 led to a delay of complexation
(Fig. 5B). At the early time points until 15 s, hardly any com-
plexes could be detected. Complex formation was only com-
pleted within a time span of 3 min. By comparison, CLB-12.8
(Fig. 5C) and MCPR3-2 (Fig. 5D) did not show any effect on
PR3��1PI complexation. Under these assay conditions, com-
plexes were formed within the first 5 s as seen without anti-
bodies, and it took only 15 s until all PR3 was covalently
attached to �1PI. These findings clearly indicate that the
binding of MCPR3-7 to PR3 affects the covalent complex-
ation with �1PI and delays the irreversible inhibition of PR3.

FIGURE 3. Thermophoretic quantification of MCPR3-7 binding affinity.
Starting at a maximum concentration of 2.5 �M, pro(4DK)-PR3, active PR3, and
PR3 complexed with AAPV-CMK (PR3.CMK) were titrated against a constant
concentration of fluorescently labeled MCPR3-7 (50 nM). The biophysical
method of MST allows an absolute affinity quantification by fitting the ther-
mophoretic depletion to the quadratic solution of the mass action law with
the dissociation constant KD as the single free fit parameter. Data points rep-
resent the mean value of at least three technical repeats; the error bars repre-
sent the mean of the S.D. KD values are given with an error estimation from the
fit. A, MST revealed a strong binding affinity of MCPR3-7 to pro-PR3 (KD � 10
nM; blue rectangles). In contrast, MCPR3-7 did not show binding to the mature
conformation of the PR3�CMK complex (gray triangles). B, active PR3 was
bound with a much lower affinity (KD � 0.4 � 0.2 �M) corresponding to a
40-fold weaker binding compared with pro-PR3 (red circles).

FIGURE 4. Interaction of monoclonal antibodies with different PR3�inhibitor complexes. Inhibitors were added to PR3 in solution at a 10-fold molar excess
relative to PR3 and incubated at 37 °C for 1 h. His-tagged pro-PR3 (pro(4DK)-PR3), active PR3 (activated pro(4DK)-PR3), and PR3 complexes were immobilized
on nickel plates. Binding of the monoclonal antibodies was analyzed via ELISA using a secondary anti-mouse HRP-conjugated polyclonal antibody. Recogni-
tion of PR3 variants of three technical repeats was normalized to the signal obtained with pro-PR3, which was set to 100% (n � 3; �S.E.). A, MCPR3-7 was able
to bind strongly to pro-PR3 and covalent PR3��1PI complexes but failed to bind to active PR3 or other complexes. B, no binding of CLB-12.8 to the covalent
PR3��1PI complex was observed, whereas all other variants were bound similarly. C, binding of MCPR3-2 was used as a coating control and showed similar
binding to all complexes. Error bars represent S.E.
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Effects of mAbs on Noncovalent Complex Formation via
Thermophoresis—To find outwhether themAbsMCPR3-7 and
CLB-12.8 interfere with the formation of the canonical
PR3��1PI complex, thermophoretic competition experiments
were performed. To this end, the binding of NT647-labeled
�1PI to �PR3-S195A was quantified in the presence or absence
of mAbs (Fig. 6). To form the PR3�mAb complexes, the compo-
nents were preincubated for 1 h before adding labeled �1PI and
measuring the binding affinity.

�PR3-S195A and�1PI boundwith aKD of 1.9� 1.1�M in the
absence of mAbs. In the competition experiments, we were not
able to use saturating amounts of MCPR3-7 as this antibody
could not be concentrated to very high levels. We instead used
a relatively low MCPR3-7 concentration of 570 nM. Thus, not

only MCPR3-7��PR3-S195A complexes but also free �PR3-
S195A is present in solution. This reduces the putative overall
effect of the antibody on the binding curve and leads to a more
complex binding behavior. The thermophoresis signal corre-
sponds to the binding of �1PI to free and MCPR3-7-bound
�PR3-S195A, which is most likely characterized by two differ-
ent KD constants. The data could not be fitted to a more com-
plex bindingmodel as saturationwas not reached in the binding
curve, and data points for higher MCPR3-7 concentrations
were limited.
We instead chose to fit the data to the simple model accord-

ing to themass action law, which in this case revealed an appar-
ent KD of 5.6 � 1.0 �M. This apparent KD corresponds not only
to the binding of �1PI to MCPR3-7��PR3-S195A complexes

FIGURE 5. Interference of monoclonal antibodies with PR3�serpin complexation. A, covalent complexation of PR3 (800 nM) with �1PI was measured over
time by adding a 5-fold molar excess of �1PI at 37 °C. B–D, after preincubation of PR3 with a 3-fold molar excess of the different antibodies, the effects of
MCPR3-7 (B), CLB-12.8 (C), and MCPR3-2 (D) on this reaction were measured. Examples of three technical repeats are shown. The covalent binding of �1PI to PR3
was delayed by MCPR3-7, whereas CLB-12.8 and MCPR3-2 did not affect this complexation. mAb, monoclonal antibody; IgGH, IgG heavy; IgGL, IgG light.
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but also to �1PI binding to free �PR3-S195A still present in
solution. Taking into account the rather high affinity between
�1PI and �PR3-S195A (1.9 �M), the actual binding affinity of
�1PI for MCPR3-7��PR3-S195A complexes can be expected to
be lower than the measured apparent affinity (KD of 5.6 � 1.0
�M). The competition experiment demonstrates the inhibiting
impact of MCPR3-7 on PR3��1PI noncovalent complex forma-
tion: preincubation withMCPR3-7 reduced the apparent affin-
ity by a factor of 3. This inhibitory effect was already observed
despite a relatively lowMCPR3-7 concentration. Preincubation
of �PR3-S195A with a higher MCPR3-7 concentration can be
expected to lead to a much more pronounced decrease of the
apparent affinity to �1PI. This finding clearly indicates that
binding of MCPR3-7 leads to a conformational change of the
free active PR3 and impairs the canonical interaction of PR3
and �1PI (Fig. 7).

In contrast to this pronounced impact of MCPR3-7, prein-
cubation of �PR3-S195A with CLB-12.8 did not have an effect

on its affinity to�1PI. The fitted binding curve depicted a nearly
perfect overlay of the curve without mAbs, and the KD of 1.8 �
0.8 �M did not significantly differ from the KD without mAbs
(1.9 � 1.1 �M). The affinity of CLB-12.8 to �PR3-S195A is
expected to be much higher than the affinity of MCPR3-7 to
�PR3-S195A. Thus, when adding the same concentration of
CLB-12.8 and MCPR3-7, a much higher amount of CLB-
12.8�PR3��1PI complexes is present in solution. Nevertheless,
CLB-12.8 did not have any effect on the canonical �PR3-
S195A��1PI complexation.
Activity Changes of PR3 Induced by MCPR3-7—To deter-

mine which subsites of PR3 are affected by conformational
changes upon MCPR3-7 binding, the activity of PR3 toward
different substrates was tested in the presence and absence of
MCPR3-7.We used substrates with different amino acids at the
P1 site and different leaving groups at the P1� site. The cleavage
of the substrate Abz-Tyr-Tyr-Abu-ANB-NH2 with the best fit-
ting non-natural residue in P1was strongly inhibited after bind-
ing of MCPR3-7 to PR3 (Fig. 8A). Likewise, the substrates
5-TAMRA-VADnVADYQ-DAP(CF) (Fig. 8B), an optimized
extended peptide substrate, and Ahx-PYFA-pNA (Fig. 8C), a
substrate with a relatively big leaving group in the P1� position,
could no longer be cleaved by PR3-MCPR3-7 complexes. In
contrast, the substrates Boc-Ala-ONp (Fig. 8D) and Boc-Ala-
Pro-nVal-SBzl (Fig. 8E), which carry residues of different sizes
in their P1 position but have relatively small leaving groups in
the P1� position, were efficiently cleaved by PR3 even after
binding of MCPR3-7. The cleavage of For-Ala-Ala-Pro-Abu-
SBzl was partly inhibited by the binding of MCPR3-7 to PR3
(Fig. 8F), but PR3 still showed activity toward this substrate at a
lower rate of about 50%. These findings strongly suggest that
the conformation of the S1 pocket is not changed significantly
after binding of MCPR3-7, but rather the S1� subsite of PR3
is changed. Smaller leaving groups can still interact with
PR3�MCPR3-7 complexes, whereas substrates with larger leav-
ing groups could not be cleaved.
Detection of PR3 Expression on Neutrophil Membranes—Af-

ter biochemical characterization of MCPR3-7 and MCPR3-2,
we explored these as potential tools to determine PR3 expres-
sion on the membranes of non-stimulated neutrophils. A
bimodal expression pattern of PR3 representing a large popu-
lation of PR3-positive and a small subpopulation of PR3-nega-
tive neutrophils from peripheral blood was observed using
MCPR3-2 for the recognition of membrane-bound PR3 (Fig.
9A, continuous black line). The majority of cells expressed PR3
on their surface, and a much smaller number of cells had no
detectable membrane PR3 (Fig. 9A). After TNF� priming, the
membrane-bound PR3 fraction increased, and essentially all
PMNs expressed PR3 on their surface (Fig. 9B). CD32 staining
served as a positive control and is indicated by the dotted line.
When MCPR3-7 was used for the detection of membrane-

bound PR3 on unstimulated neutrophils, the vast majority of
cells did not display anymembrane PR3, and only a tiny second
population (arrow) with marginal MCPR3-7 reactivity was
observed (Fig. 9C). After TNF� stimulation, a strong increase of
membrane-bound PR3 was observed using MCPR3-2, and
again this increase was not discernible with MCPR3-7; in fact,

FIGURE 6. Evaluation of the interference of mAbs with the noncovalent
PR3��1PI complex formation via thermophoresis. Starting with a maxi-
mum concentration of 12 �M, dilution series of �PR3-S195A were prepared.
Each sample of the dilution was mixed 6:1 with either PBS, MCPR3-7 in PBS, or
CLB-12.8 in PBS to yield a mAb concentration of 670 nM. After preincubation
for 1 h at room temperature, �1PI-NT647 was added to yield a final concen-
tration of 880 nM. Thermophoresis revealed a KD of 1.9 � 1.1 �M in the
absence of mAbs (blue rectangles). Preincubation with CLB-12.8 did not have
a significant effect on the affinity (KD � 1.8 � 0.8 �M; gray triangles). In con-
trast, preincubation with MCPR3-7 led to a right shift of the binding curve
corresponding to a 3-fold decrease in the apparent affinity to �1PI (KD � 5.6 �
1.0 �M; red circles). Error bars represent S.D.

FIGURE 7. Impact of MCPR3-7 on PR3 activity and �1PI inhibition. Binding
of MCPR3-7 to the proform of PR3 (Z) leads to slight conformational changes
of the zymogen (Z*). The mature form of PR3 occurs in an equilibrium
between a highly favored active (E) and an inactive (E*) conformation. Bind-
ing of the antibody shifts this equilibrium between E and E* toward the inac-
tive E*. The antibody interaction stabilizes an altered conformation of E (mod-
ified substrate binding cleft; left shape) and changes activity and substrate
specificity of PR3 (open substrate binding cleft; right shape). It also has an
inhibitory effect (dotted arrow) on the complexation with �1PI.
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essentially none of the cells displayed PR3 binding toMCPR3-7
(Fig. 9D).
The likely reason for these disparate findings is that human

PR3 is attached to membranes specifically and forms com-
plexes with CD177 and/or lipid bilayers with its active confor-
mation. Under these conditions, it cannot present the
structural determinants recognized byMCPR3-7. These obser-

vations are fully consistent with the idea that MCPR3-7 inter-
actswith hydrophobic patches of the activation domain that are
not accessible in membrane-bound PR3.

DISCUSSION

The initial goal of this study was to identify a mAb that pref-
erentially recognized the inactive proform of human PR3. As
the proform sequence of PR3 is only two residues longer than
the mature enzyme and the amino-terminal sequence of serine
proteases is highly conserved, a unique amino-terminal peptide
as a proform-specific immunogen cannot be designed. We
therefore aimed at identifying a conformation-specific anti-
body that discriminates between the two principal conforma-
tions of mature and catalytically inactive PR3 (23). To prevent
any spurious amino-terminal processing during synthesis of the
recombinant pro-PR3 as well as subsequent in vivo modifica-
tions of the immunogen after injection, we inserted a proline
residue between the natural propeptide and the amino termi-
nus of mature PR3 (Fig. 1A). Most proteases including exo-
aminopeptidases even in combinationwith dipeptidyl aminopep-
tidase I cannot remove this tripeptide after a proline residue
(34, 35). Moreover, endogenous PR3 inhibitors cannot associ-
ate with the proform of PR3, which would restrict the surface-
accessible area for antibody responses.
The challenge of this strategy, however, was the high struc-

tural similarity between the proform (Z) and themature formof
PR3 (E) whose conformations only differ in one subregion, the
so-called activation domain (22). The activation domain of
mature PR3 can adopt a zymogen-like conformation (E*) even
after propeptide removal although with low probability (24).
Binding of an antibody could forcefully induce this zymogen-
like, catalytically inactive state even in mature, amino-termi-
nally processed PR3, resulting in a loss of the S1 binding site and
oxyanion hole. In view of these circumstances, it was not too

FIGURE 8. Binding of MCPR3-7 leads to an alteration in the S1� subsite of PR3. The effect of MCPR3-7 binding on the cleavage of different PR3 substrates
was obtained in three technical repeats (�S.E.) with a 50 nM PR3 solution (A–E) or a 100 nM PR3 solution (F). A 3-fold molar excess of MCPR3-7 hindered the
binding and cleavage of 800 nM Abz-Tyr-Tyr-Abu-ANB-NH2 (A), 5 �M 5-TAMRA-VADnVADYQ-DAP(CF) (B), and 1 mM Ahx-PYFA-pNA (C), whereas the cleavage of
1 mM Boc-Ala-ONp (D) and 1 mM Boc-Ala-Pro-nVal-SBzl (E) was not affected by the binding of MCPR3-7. For-Ala-Ala-Pro-Abu-SBzl (F) at a 1 mM concentration
was still cleaved by PR3�MCPR3-7 complexes but at a lower rate of about 50%. The relative activity was determined by normalizing the activity of PR3 in the
absence of antibodies to 1. Error bars represent S.E.

FIGURE 9. Differential recognition of PR3 on neutrophil membrane. Mem-
brane expression of PR3 (continuous black line) in non-stimulated (A and C)
and TNF�-primed neutrophils (B and D) was detected with MCPR3-2 (A and B)
and MCPR3-7 (C and D). The gray peak represents an isotype control, and
CD32 expression is represented by the dotted line. Non-stimulated neutro-
phils from this individual donor showed a bimodal distribution of PR3 mem-
brane expression (A). PR3 membrane expression increased with priming of
the neutrophils, and essentially all neutrophils expressed PR3 detectable with
MCPR3-2 (B). By contrast, only a small fraction of unprimed neutrophils
(arrow) expressed membrane PR3 using MCPR3-7 (C); PR3 expressed on
primed neutrophils was essentially undetectable by MCPR3-7 (D).
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surprising that most mAbs generated failed to discriminate
these two conformational states and showed very similar bind-
ing to both PR3 preparations.
Therefore, we selected a mAb on the basis of its differential

affinities to both conformational states. To this end, we tested
the direct binding of radioactively labeled pro-PR3 and PR3 to
immobilized hybridoma IgG in an ELISA and to IgGs in solu-
tion followed by a single immunoprecipitation step (Fig. 1, B
and C) and decided to use MCPR3-7, which showed the best
discrimination between the two forms, for further analysis. To
stabilize the activation domain in its active conformation, we
used a mechanism-based small molecule inhibitor, Ala-Ala-
Pro-Val-CMK, which forms a stable covalent complex with the
transition state of PR3 (E) during catalysis, and tested the bind-
ing capability of this antibody to the active conformation.
Indeed, this covalent complex displayed no detectable affinity
toward MCPR3-7 as determined by ELISA (Fig. 4A) and by
thermophoresis in free homogenous solution (Fig. 3A). In con-
trast, free active PR3 in solution showed some affinity for
MCPR3-7 as revealed by thermophoresis, although it was�40-
fold lower than that of pro-PR3. This weak interactionwith free
mature PR3 was also detectable by ELISA. Consistent with this
finding, MCPR3-7 showed minimal binding to the so-called
canonical complexes in which PR3 is constrained to adopt its
active conformation (Fig. 4A). Covalently linked complexes
between �1PI and PR3, however, exposed the epitope for
MCPR3-7 (Fig. 4A). Two studies reporting covalent serpin
structures between pancreatic elastase and �1PI (36) and tryp-
sinwith an argininemutant of�1-antitrypsin (37) point out that
the P1 residue of the reactive center loop is no longer buried in
the S1 pocket of the protease and that the so-called autolysis
loop 142–149, the 186–190 loop, and the amino-terminal four
residues are disordered.Within this covalent complex, the pro-
tease adopts a zymogen-like conformation (E*) that carries the
target epitope of MCPR3-7 on the accessible surface.
TheMCPR3-7 epitope wasmapped to the carboxyl-terminal

half of PR3 using human/gibbon chimera (Fig. 2C). Non-con-
servative residue substitutions are found on all three loops of
the so-called activation domain: a Lys to Gly change at position
187, a Trp to Arg substitution at 218, and an Ala to Thr switch
at position 146 within the autolysis loop (31). MCPR3-7, which
is able to interact with free active PR3 in solution, showed a
strong inhibitory effect toward human PR3 and most signifi-
cantly inhibited the activity of the chimera with the human
sequence in the carboxyl-terminal half, which makes up the
activation domain. This differential inhibitory effect on the gib-
bon/human versus the human/gibbon chimera (Fig. 2C) clearly
indicates that the major binding site of MCPR3-7 is on the
carboxyl-terminal half of PR3. These functional data are fully
consistent with our previous observation that the epitope of
MCPR3-7 could be reconstructed at least in part by amurine to
human residue swap in the carboxyl-terminal half of murine
PR3 (T146A,R218W,Q223L) (30).
Two other mAbs tested in this study (Fig. 2B) did not show

any effect on the activity of human PR3 and also did not inter-
fere with the inhibitory effect of MCPR3-7, indicating that the
antibody binding site ofMCPR3-7 is unique and does not over-
lap with the epitopes of the other mAbs (Fig. 2A). The strong

inhibitory effect of MCPR3-7 was detected with an internally
quenched substrate that occupies the S3 to S1 subsites of PR3
(Tyr-Tyr-Abu) and interacts with the S4 and S1� pockets by
virtue of its quencher ANB-NH2 and fluorogen Abz, respec-
tively (Fig. 2B).
Substrates with other P1� leaving groups, e.g. 5-amino-2-ni-

trobenozoic acid (ANB-OH), para-nitroaniline (pNA), the
benzylmercaptan from thiobenzyl esters, the para-nitrophenol
from Boc-L-Ala-ONp, do not interact with the S1� subsite of
PR3 as efficiently as ANB-NH2 substrates (26). Indeed, we
found that cleavage of the small ester substrate Boc-L-Ala-ONp
and the thioester substrate Boc-Ala-Pro-nVal-SBzl (Fig. 8, D
and E) was not significantly affected by MCPR3-7, suggesting
that the shape and/or access to the S1� pocket is primarily
altered in theMCPR3-7�PR3 enzyme complex. Although the S1
pocket can accept P1 residues like Ala and nor-Val, which are
shorter and longer than Abu, respectively, the S1� pocket
appears to accept only smaller and less polar leaving groups
after MCPR3-7 binding. Extended peptide substrates that have
to be optimally aligned with the S1, S1�, and S2� pockets were
most strongly affected by MCPR3-7 binding (Fig. 8B). More-
over, binding of this antibody to active PR3 reduced canonical
interactions with the reactive center loop of �1PI (Fig. 6) and
subsequent covalent complex formation (Fig. 5). Taken
together, all these characteristics qualify MCPR3-7 as a first
prototype of a PR3-directed conformation-specific mAb with
inhibitory properties. Inhibition is most likely due to an allo-
steric effect changing the autolysis and 187–190 loops. Both
loops shape the size and physical character of adjacent subsites
around the cleaved peptide bond, namely S1, S1�, and S2�. The
autolysis loop (Gly145–Ala152) shows the highest temperature
factor of themain chain and is completely disordered in all four
PR3 molecules of the asymmetric unit (21). A second region
with a high temperature factor maps to the 187–190 loop (21).
Such regions are in general preferred target sites for antibody
interactions and are good targets for allosteric regulation of
enzyme activities. Capture of partially altered loop conforma-
tions of PR3 by MCPR3-7 most likely changes substrate recog-
nition and impairs the interaction of PR3 with the reactive cen-
ter loop of �1PI.
Antibodies that can interfere with the catalytic activity of

serine proteases are classified in two groups according to their
mode of action as reviewed recently (38). Antibodies like
MCPR3-7 induce an allosteric switch in the target antigen. This
first group of antibodies does not directly compete with sub-
strates for the active site cleft but rather interacts with a region
at the periphery of the substrate binding region. Upon binding
to the enzyme, antibodies of this group induce a significant
conformational switch in surface loops that determine the
shape and size of substrate binding pockets. The epitopes of
these antibodies can be regarded as regulatory hot spots that are
connected to mobile surface structures around the active site
cleft. The altered conformation of loops surrounding the sub-
strate binding pockets reduces, alters, or suppresses catalytic
activity.
The second group can bind to the catalytic domain of a serine

protease in a way that substrate access to the catalytic cleft is
partially or fully occluded. Some complementarity-determin-
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ing region loops of these antibodies directly insert into sub-
strate binding pockets and occupy the substrate binding
regions with high affinity. The latter type of antibodies, how-
ever, is rarely found in mammals and is hardly induced by
immunizations as the antigen binding surface of mammalian
antibodiesmostly interacts with convex, protruding surfaces or
a flat surface of an antigen. Directly inhibiting antibodies, how-
ever, have been produced in camelids. These antibodies repre-
sent unusual homodimers of a single heavy chain but are immu-
nogenic in humans. Hence, camelid antibodies so far have
found little application in preclinical (animal) and clinical
studies.
Identification of monoclonal antibodies with similar proper-

ties and epitope specificity asMCPR3-7 but a higher affinity for
mature PR3 should be of medical impact for two reasons. Anti-
bodies of this type would not only block the binding of secreted
soluble PR3 to neutrophils membranes but also could serve as
selective PR3 inhibitors and clearers of PR3. Application of
these antibodies in GPA patients may reduce the extent of neu-
trophil activation by anti-neutrophil cytoplasmic antibody via
membrane-bound PR3 and Fc� receptors and other tissue-
damaging effects of secreted PR3.
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