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ABSTRACT

Proteinase 3 (PR3) is a neutrophil-derived serine pro-
teinase localized within cytoplasmic granules which
can be released upon activation. PR3 is exposed at the
neutrophil plasma membrane where it can mediate
proinflammatory effects. Moreover, PR3 membrane
expression is of special relevance in patients with
Wegener’s granulomatosis, a systemic vasculitis pre-
senting anticytoplasmic neutrophil autoantibodies
(ANCA) against PR3, which can bind to PR3
expressed at the surface of neutrophils and amplify
their activation state. Therefore, it is of special rele-
vance to unravel the molecular mechanisms governing
its association with the membrane to be able to modu-
late it. To this end, we performed molecular dynamics
(MD) simulations of PR3 with the implicit membrane
model IMMI-GC to identify its interfacial binding site
(IBS). Both the energies and structures resulting from
the MD suggest that PR3 associates strongly with ani-
onic membranes. We observe a unique IBS consisting
of five basic (R177, R186A, R186B, K187, R222) and
six hydrophobic (F165, F166, F224, L223, F184, W218)
amino acids. The basic residues provide the driving
force to orient PR3 at the membrane surface, so that
the hydrophobic residues can anchor into the hydro-
carbon region. Energy decomposition and in silico
mutations show that only a few residues account for
the membrane association. Similar calculations with
HNE suggest a different membrane-binding mecha-
nism. Our results agree with previous experimental
observations and this work predicts, for the first time,
the structural determinants of the binding of PR3 to
membranes.

Proteins 2008; 71:1655-1669.
© 2007 Wiley-Liss, Inc.

Key words: PR3; myeloblastin; human neutrophil elas-
tase; neutrophils; inflammation; molecular dynamics
simulations; implicit membrane model; IMMI-GC;
interfacial binding site.

© 2007 WILEY-LISS, INC.

INTRODUCTION

Neutrophils are the most abundant type of leukocytes. They
are a key component of innate immunity and are able to medi-
ate both anti-infectious and proinflammatory effects.[>2 During
the acute phase of inflammation, they leave the vasculature and
migrate toward the site of inflammation where they can Kkill
microorganisms. Proteinase 3 (PR3), human neutrophil elastase
(HNE), and cathepsin G (CatG) are highly homologous antibi-
otic serine proteases of the polymorphonuclear neutrophils
(PMN). They are deleterious mediators involved in proteolytic
degradation of connective tissues> and are associated with sev-
eral inflammatory diseases such as emphysema,? cystic fibrosis,
rheumatoid arthritis, and vasculitis.”> Although these proteases
have been for a long time thought to have similar localization,
ligand specificity, and function, they might have very different
physiologic roles. Specifically, PR3 behaves as a peripheral mem-
brane protein® and it has been shown that its membrane expres-
sion appears to be a risk factor in chronic inflammatory diseases
such as vasculitis or rheumatoid arthritis.>”>8 We previously
reported a specific association of PR3 to the plasma membrane,
stronger than only an ionic interaction.® Owen and collabora-
tors argue in favor of a weak charge-dependent mechanism simi-
lar for the three proteases.9 They also show that PR3 enzymatic
activity is not inhibited by its inhibitors al-proteinase inhibitor
(al-PI, 52 kDa) and elafin (6 kDa) when bound to outer cell
surface of PMN, but only by a low-molecular-weight protease
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inhibitor (PMSF). This suggests that a1-PI and elafin are
not active on membrane PR3 (mPR3) because of steric
hindrance. More recently, the group of Aviram showed
evidence of a colocalization of PR3, FcyRIIlb, and
p22phox in the membrane, and that PR3 is localized in
lipid raft domains.10-11 They also report that cleavage of
neutrophil glycosylphosphatidylinositol (GPI) anchors by
PI-PLC reduces mPR3 and FcyRIIIb, implicating a GPI-
protein, possibly FcyRIIIb, in the attachment of PR3 to
the membrane. Hellmark and coworkers showed that
CD177 is expressed on the same subset of neutrophils as
mPR3 and that their expression on the plasma mem-
brane is increased or decreased in parallel during cell
stimulation or spontaneous apoptosis.12 This was con-
firmed by Kettritz and coworkers who suggested CD177
(also known as NB1) as a potential membrane receptor
for PR3.13 NB1 is a neutrophil surface receptor and is
inserted into the plasma membrane via a GPI-linker.
More recently, we have provided evidence that PR3 but
not elastase can be externalized and expressed at the sur-
face of neutrophils during apoptosis in the absence of
degranulation. We have also observed that PR3 was asso-
ciated with phospholipid scramblase 1, a myristoylated
membrane protein with a translocase activity, present in
lipid rafts and involved in the redistribution of mem-
brane lipids during apoptosis. We next observed that ap-
optosis-induced PR3 membrane expression dramatically
decreased macrophage phagocytosis.14 Taken together,
our data strongly suggest a proinflammatory role of
membrane PR3 during apoptosis, which goes against the
current dogma of the anti-inflammatory role of apoptosis
and appears to be a paradox. A better understanding of
the molecular mechanisms involved in PR3/membrane
interaction will be required in order to modulate and/or
inhibit PR3 membrane expression in neutrophils leading
to new anti-inflammatory strategies.

In 1999, Goldmann et al. investigated the interaction
of PR3 with lipid vesicles.1 They showed that it partially
inserts into the hydrophobic region of dimyristoylphos-
phatidylcholine (DMPC) and dimyristoylphosphatidylgly-
cerol (DMPG) bilayers, thus confirming that PR3 behaves
as a peripheral membrane protein. Based solely on the
observation of the structure of the enzyme, the authors
suggest one hydrophobic region of the enzyme (F166,
1217, W218, 1223, and F224) as a potential interaction
site with the membrane. This has not been confirmed by
mutagenesis experiments later on. They observe, surpris-
ingly, that mPR3 inhibition by al-PI is higher than for
the soluble enzyme. According to Owen and coworkers,
mPR3 is catalytically active against components of the
extracellular matrix? while Goldmann et al. showed that
the esterolytic activity of mPR3 (on liposomes) was
reduced by 50%. According to this study, the presence of
a substrate would not influence the membrane binding.

Although much work has been aimed at unraveling the
mechanism by which PR3 binds to the plasma mem-
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brane, much remains unknown, especially, the structure—
function relationship of the membrane anchorage has
not been investigated. The structure of PR3 has been
resolved by X-ray in 199616 and shows the typical fold
of trypsin-like serine proteases; the catalytic triad sits
between two B-barrels. No information on its membrane
anchorage is revealed by this structure. Although NMR
and X-ray are providing increasing amounts of structural
information on membrane proteins, their application to
peripheral membrane proteins remains challenging.

Theoretical approaches have proven useful in studying
structure and functional mechanisms of integral mem-
brane proteins!7~21 and more recently of peripheral
membrane proteins.22=28 The finite difference Poisson—
Boltzmann (FDPB) method is a numerical procedure
that solves the electrostatic potential around a macro-
molecule, using the Poisson-Boltzmann equation of
classical electrostatics. FDPB and its variant that
includes nonpolar contributions (FDPB-SA) have been
used to investigate the binding of particular conforma-
tions of peptides and proteins to membranes (e.g. Refs.
22, 29-31). Several examples show the close agreement of
FDPB predictions with experimental values.32-34 For
example, the orientation of the FYVE domain at the mem-
brane predicted by FDPB matches with the orientation
found subsequently by X-ray.29’35 However, FDPB is
computationally demanding and the protein remains rigid
during the calculations.

In cases where the membrane interaction site is known,
molecular dynamics (MD) simulations using an explicit
membrane model can be used, and thus provide an atomic
level of detail of the dynamics and function of the protein
embedded in (or anchored at) the lipid bilayer. However,
the simulation time required is long3® and in the absence
of structural or biophysical data describing the interfacial
binding site (IBS) of the protein to the membrane one
needs to sample a large number of configurations to be
able to identify the region(s) interacting with the mem-
brane; using for example many different starting conforma-
tions. Simulations with explicit models or FDPB calcula-
tions become then quickly intractable.

Considerable efforts have been delivered to develop
implicit models which treat the solvent and membranes
in a simple but accurate manner.37=39 We chose to use
the implicit membrane model IMM1-GC because it is
computationally efficient, and it accounts for the electro-
static interactions between the charged amino acids of
the protein and negatively charged lipid head groups.
The model has been shown to accurately describe the
binding of both transmembrane and amphipathic peptides
to neutral and anionic membranes.37>40 In addition, it has
been recently applied to calculate pH-dependent membrane
binding free energy of peptides,4! the free energy of associa-
tion of transmembrane helices,42 the membrane-bound
structure of a-synuclein,3 and the interaction of a fatty
acid binding protein with membranes.44
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In this study, we use MD simulations of PR3 with an
implicit membrane model to identify the IBS of the pro-
tease. We assume that the mature enzyme has structural
features that allow it to directly interact with membranes,
regardless of the presence of partner proteins, in agree-
ment with the work of Arnaout and coworkers.!> The
presence of partners would contribute to bring PR3 to
the membrane, stabilize its anchorage, and/or contribute
to its function at the plasma membrane.

We first analyzed the sequence and the X-ray structure
of PR3 to identify potential post-translational modifica-
tion sites and cationic and hydrophobic patches. Indeed
it is acknowledged that both (i) electrostatic complemen-
tarities between cationic regions of proteins and anionic
membranes and (ii) membrane insertion of interfacial
hydrophobic residues should be an important factor in
membrane binding of peripheral proteins.3] We then
performed MD simulations of PR3 with the model
IMM1-GC, using three membrane types: 50% anionic,
100% anionic, and neutral. To avoid dependency of our
results on the starting point of the simulation, six differ-
ent initial orientations have been used, so that all parts
of the protein surface were presented to the membrane.
We report in the results section the structural details of
the interaction of PR3 with the three membrane models.
We used decomposition of the binding energy to investi-
gate the nature of the contribution of the different amino
acids of PR3. Finally, we describe the results of similar
simulations with HNE and compare the membrane bind-
ing mechanism of both enzymes.

METHODS

Sequence and structure analysis

S-acylation, also called palmitoylation, attaches reversi-
bly a palmitate group (16-carbon fatty acid) via thioester
linkage to cysteines.45’46 N-Mpyristoylation consists in
the attachment of a myristoyl group (14-carbon fatty
acid chain) via a stable amide linkage to a N-terminal
glycine.4” Prenylation attaches a 15-carbon (farnesyl) or
20-carbon (geranylgeranyl) isoprenoid moiety to a cyste-
ine situated at the fourth last position and part of a
CAAX motif. 4850 We inspected the sequence of PR3
(accession number Q4VB08) for potential post-transla-
tion modification sites.

Another usual modification is the attachment of a GPI
lipid to the carboxyl terminus (m-site) of the polypeptide
after proteolytic cleavage of a C-terminal propeptide.”
We used big-PI, a GPI modification site predictorSl_54
to check the presence of GPI modification sites in PR3.

The presence of basic and hydrophobic clusters was
investigated in both the sequence and structure of PR3
by checking the occurrence of Arg and Lys aminoacids
on the one hand and Ala, Leu, Ile, Val, Trp, Phe, and Tyr
on the other hand. The electrostatic potential was calcu-

lated using Grasp.”® The images were produced using
VMD.26

Implicit membrane model

We used the IMM1 model37 and its extension IMMI-
GC40 1o represent the zwitterionic and anionic mem-
branes, respectively. Briefly, the effective energy of the
solute (the protein) is given by

‘/VIMMI = Eintra + AGsolv (1)

where Ej,, is the intramolecular energy of the solute
given by the CHARMM polar hydrogen force field®” and
AG,,y, its solvation free energy calculated as described in
Refs. 37, 40. IMM1 is based on the EEF1 model for
water-soluble proteins, which uses a linear distance-de-
pendent dielectric constant, neutralizes the ionic side-
chains, and adds a Gaussian solvent exclusion term to
the CHARMM 19 energy function.®”

In IMM1, the membrane is represented as a hydropho-
bic slab. The solvation parameters change smoothly from
aqueous values outside the membrane to values corre-
sponding to a nonpolar solvent inside the membrane. In
IMM1-GC, the interactions between the charged bilayer
and the charged amino acids of the protein are described
following the Gouy—Chapman theory® for the diffuse
electrical double layer. The effective energy is then

Wivmi-cc = Wivmi + Eae (2)

The IMM1 and IMM1-GC models are implemented in
Charmm?®? (from v. c32al).

To be able to compare our simulations to the work of
Goldmann et al.1> we used three membrane types: 100%
anionic, 50% anionic, and neutral membranes. The
membrane is perpendicular to the z-axis. The middle of
the bilayer corresponds to the origin of the z-axis. The
thickness of the hydrocarbon core is 23 A corresponding
to DMPC and DMPG lipids. In the case of negatively
charged membranes, the plane of smeared charge is posi-
tioned 3 A above the membrane plane (z = +14.5 A).
The area per lipid is set to 70 A, the valence of the lip-
ids to 1, and the salt concentration to 0.03M.15

MD simulations
Initial coordinates

The initial set of coordinates used for the MD simula-
tions was prepared from the X-ray structures of PR3
(PDB ID 1fuj, resolution 2.2 Al6) and HNE (PDB ID
1ppf, resolution 1.8 A®Y). For PR3, we chose to use the
protein in a monomeric form, chain A, as chains A-D in
the PDB file are extremely similar [root mean square
deviation (rmsd): 0.4 A] with B-factors of comparable
magnitude. PR3 monomer and HNE contain 221 and
228 residues, respectively. The disulfide bridges (both
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have four) were set as reported earlier.61 Finally, the
coordinates of the missing hydrogen atoms were deter-
mined using HBUILD.®2 The protonation state of the
ionizable residues was the standard one corresponding to
pH 7.

As a result, the total charge of PR3 and HNE was
equal to +2 and +11, respectively. The dimensions along
the x, 3 and z axes of these prepared structures are 45.5 A,
44.2 A, and 37.0 A for PR3 and 47 A, 43.5 A, and 37.4 A
for HNE.

Initial orientation

PR3 and HNE are globular proteins. Their IBS is a pri-
ori unknown, and we needed to initiate our simulations
with all possible regions of the protein facing the mem-
brane to prevent dependency of our results on the initial
conformation. Six different initial orientations were used
for each enzyme, each corresponding to a face of a cube
containing PR3 (or HNE). Each of the six simulations
starts with a different face of the cube toward the mem-
brane plane (cf. Fig. 1). For each orientation, the protein
was translated along the z-axis so that the corresponding
face of the cube was sidelong to the membrane plane.
The six corresponding sets of coordinates were saved and
will be referred to as the starting structures of the MD
simulations.

D )
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OmSL€ : ®
./! ________ N
K4 / f
7 x :

Figure 1

Input structures for MD simulations: six different orientations of PR3. The
secondary structure elements of PR3 are displayed using cartoons (purple:
helices, cyan: loops, yellow: extended sheets). The principal axis of inertia is
represented by a red bar. The amino acids of the BC and HC are displayed in
sticks and colored by type (grey: hydrophobic, blue: basic, green: polar). The
number on each face of the cube corresponds to the simulations labeling and
shows the region of PR3 facing the membrane surface in the initial
conformation. All orientations can be described as rotations of orientation 1
around x or y; 2 (180°, x), 3 (90°, x), 4 (270°, x), 5 (90°, y), 6 (270°, y).
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com. |
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Simulation procedure

The MD simulations were performed using Charmm
(v. ¢32a1).%9 The energy was briefly minimized, and the
systems were then brought to 300 K using periodic reas-
signment of the velocities to control the temperature. All
MD runs were performed for 1000 ps, except the ones
starting with orientation 5, which needed 2000 ps in order
to achieve energy and structure convergence. For each of
the six starting orientations and for each of the three mem-
brane types, the simulations were repeated three times
with different initial velocities (seeds randomly chosen).
The conformations were stored every picosecond. For each
stored conformation we calculated the effective energy of
the enzyme in water, using the EEF1.1 force field.37 The
binding energy of PR3 (and HNE) to membranes could
thus be calculated every picosecond as the difference
between the effective energy with the membrane model
IMM1(-GC) and the effective energy in water (EEF1.1):

AVVIMMI-GC == AEintra + AAGsolv + EGC (3)

The same conformation is used to calculate W with the
membrane model and in water. Both the binding energy
and the protein orientation were stable during the last
500 ps of the simulations; this window was chosen as the
sampling time.

Trajectory selection

For each of the three membrane types, six different
starting structures of PR3 are used and, for each of these,
three simulations are run with different initial velocities.
We thus ran 54 simulations in total; 18 for each mem-
brane type and select three for further analysis. In the
case of the anionic membranes, all the simulations show
a similar anchorage of PR3 to the bilayer. For each mem-
brane type, we select the simulation yielding the lowest
effective energy (W) and analyze it further. In the case of
the zwitterionic membrane, only one starting orientation
(orientation 6, all three seeds) leads to an anchorage of
PR3; among these three simulations, we select the one
leading to the lowest W.

Trajectory analysis

Unless stated otherwise, all analyses were performed
using Charmm on the sampling time of the selected sim-
ulations.

PR3 fold

The rmsd between conformations stored during the
sampling and the starting structures were calculated
using the backbone atoms of PR3 (N, Ca, C, O atoms).
The average values are 2.53, 2.37, and 2.88 A for the sim-
ulation in 100% anionic, 50% anionic, and zwitterionic
membranes, respectively. This is in the same range as the
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value obtained when simulating PR3 with implicit water
(2.72 A).

Energy decompoaosition

The total binding energy of PR3 can be decomposed
into terms that represent the contribution of each type of
atom to the change in solvation energy plus the electro-
statics term:

A‘/VIMMI-GC = AEelec + A‘/varomatic
+ A‘/Valiphatic + A‘/Vpolar + Ecc (4)

AE,.. is the change in the intramolecular coulombic term
when transferring the protein from water to the membrane.
Indeed, since the same trajectory is used to calculate
W (water) and W(membrane), the bonded terms and the
van der Waals contribution cancel out. The next three terms
represent the contribution to AAGyy [Eq. (3)]; AWiromatic
is the contribution from the aromatic groups (atoms of
type CR* in Charmm19), AW,phaic is the contribution
from aliphatic groups (CH* atom types in Charmm 19)
and AW, is the contribution from the polar groups.

The five terms were calculated for each conformation
collected during the sampling time of each of the three
selected simulations.

Calculation of the contribution of individual residues

The contributions of each atom of the protein to the
solvation free energy are calculated for the average struc-
ture of each selected simulation (eefl print). The Egc
term for residue i is calculated by extinguishing the
charges of all other charged amino acids (K, R, D, E,
Nter, Cter) and calculating Egc as described earlier. We
then calculated the difference with the corresponding
terms in water to evaluate the contribution of each atom
to the membrane binding energy. The atomic contribu-
tions were summed to obtain residue contribution.

Structure prediction of rat and mouse PR3

The three-dimensional models of the mouse PR3 and
NE were built with the program Modeller,03 using as
templates the three-dimensional structure of the human
PR3 (PDB ID 1fuj). We also built the model of rat PR3.
Because of its extremely high similarity with the mouse
variant, our investigation focuses on the latter.

RESULTS

Sequence and structure analysis
Absence of post-translational modification sites

The reversible binding of proteins to membrane surfa-
ces is often promoted by post-translation linkages such

18 50
1FUJ A IVEGHEAQPHSRPYMASLOMRGNPGEHF CGETLIHPSEVLTARHCLRDIP

ond , == = =
100
1FUJ_A QRLVNVVLGAHNVRTQEPTQQHF 8VAQVE LNNYDAENKINDILLIQLESP
2nd: = —_—
150
1FUJ_A ANLBABVATVQLPQQDQPYEPHGT QCLAMGHGRVGAHRDPRAQVLQELNVT
Znd: = —
200
1FIN_A VTFFCRPHNICTEVERREAGICFGDEGGPLICDGI IQGIDSEVIWGCATR
ond: = _— —_— =0
243
1FUI_A LEEDEFTRVALYVDWIRSTLR
2nd:
Figure 2

Amino acid sequence of the mature PR3 protein. Amino acids are reported in
their one-letter code. PR3-chymotrypsin numbering convention is used.
Secondary structure elements are reported below the aa sequence: plain grey
arrows for extended sheets and dashed rectangles for helices (light grey and
black for 310 and «-helices, respectively). The color informs on the nature of
the residues: “green” denotes the hydrophobic residues (A,L,LV,W,EY) and
“blue” denotes the basic (R and K) residues. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

as S-acylation, myristoylation, prenylation, or GPI-link-
age on specific aminoacids of the protein sequences.

We inspected the amino acid sequence of PR3 (cf. Fig. 2)
to check for the existence of such post-translational modifi-
cation sites. We found that PR3 cannot be myristoylated as
it does not present the N-terminal Met-Gly required motif.
It does not present a CAAX box at its C-terminal part and
therefore cannot be prenylated. Similarly S-acylation cannot
occur on PR3 since its eight cysteines form four disulfide
bonds.1® We could not find any GPI modification sites
in PR3.

Clusters of basic and hydrophobic amino acids

The sequence of the mature PR3 consists of 221 amino
acids and has a total net charge of +2.51 On Figure 2 we
highlighted the hydrophobic and basic amino acids as well
as the secondary structure elements of PR3. We observe
that the largest cationic “stretch” (residues contiguous in
the sequence) is only three-residue long; RRK at position
186A, 186B, and 187. There are numerous residues with a
hydrophobic character spread along the sequence of PR3.
Interestingly, some regions do combine stretches of basic
and hydrophobic residues like *RPYMASLQMR*,
*CLRDIPQRIV®,  'FFCRPHNICTFVPRRK'®’,  or
*2’FFTRVALYVDWIRSTLR*?. The available examples of
peripheral proteins show that their net charge can be
highly positive (up to +10), neutral, or even highly nega-
tive (—13).31

More than the net charge, the way the charges are dis-
tributed over the surface of a peripheral protein and its
electrostatic potential affect its membrane binding. It is
therefore necessary to scrutinize the structure of PR3. Fig-
ure 3(A) shows the structure of PR3 and its electrostatic
potential calculated using GRASP. We observe seven elec-
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Figure 3

Basic and hydrophobic clusters at the surface of PR3. (A) Electrostatic potential
of PR3. The equipotential contours calculated using GRASP (cf. Methods
section) are colored in blue (+1 kT) and red (—1 kT). We also represent the
molecular surface of PR3 on which the electrostatic potential is mapped (blue:
positive, red: negative, white: neutral) (B) Amino acids having a solvent
accessible surface area greater than 50 A° are represented in orange sticks using
a similar orientation of PR3 as in (A). The secondary structural elements are
displayed using cartoons. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

tropositive regions (blue contours) in the enzyme, the larg-
est one corresponds to '"’RPHNICTFVPRRK'®. This basic
cluster (BC) corresponds to two solvent-exposed loops.
The first loop is the 77RPH'® motif, °NICTFV'® is
then located in a B strand, and IBARRK!® is the second
exposed loop. Interestingly, other basic residues (R222,
R177) located further in the sequence are structurally close
enough to contribute to form a larger cluster.

Figure 3(B) highlights the distribution of the hydro-
phobic residues on the surface of PR3. The main hydro-
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phobic cluster (HC) consists of four solvent exposed
loops containing the residues F165, F166, 1217, W218,
1223, and F224. Interestingly, the identified BC and HC
regions are neighboring regions and look like a conven-
ient binding motif; HC sitting in the middle of the
described BC. In what follows, this region will be referred
to as the putative IBS of PR3.

MD simulations with IMM 1

MD simulations were run as described in the Methods
section, using six different starting structures; each one cor-
responding to a different orientation of PR3 with respect
to the membrane plane (cf. Fig. 1 and Methods section).

Orientations of mPR3 and effective energy

We report in Table I for the six initial orientations and
the two anionic membrane types, the distance (d)
between the center of mass of PR3 and the membrane
upper plane, the angle between the principal axis of iner-
tia and the bilayer normal (@), and the average of the
effective energy of PR3 along the selected simulations
(Wimmi-go, cf. Methods section).

100% anionic membrane. The average effective ener-
gies (Wimmicec) of PR3 at the membrane are of the
same range for the six simulations. The binding energies
are all negative (supplementary material) meaning that
the binding of PR3 to the 100% anionic membrane is
favorable. The final orientation of the protein is found to
be very similar for the six simulations. Indeed we observe
that after rather quick reorientations of the starting
structure PR3 adopts a position where the putative IBS is
facing the membrane. For example, along simulation 4,
the angle between the principal axis of inertia of the pro-
tein and the bilayer normal decreases from 84° (@) to
8.5° (@cpq)- This is illustrated by the snapshots in Figure 4.
The six simulations lead to values of ®.,q between 8.5°
and 40.8°. Simulation 4 is selected for further analysis,
as it is the one yielding the lowest effective energy
(—4415.57 kcal/mol) and is thus the optimal conforma-
tion of PR3 at the membrane. The corresponding average
binding energy is very favorable; —10.87 kcal/mol. The
protein effectively anchors to the membrane.

50% anionic membrane. Simulation 6 yields the most
favorable effective energy (—4408.59 kcal/mol) (cf. Ta-
ble I) and is selected for further analysis. The corre-
sponding binding energy is —9.04 kcal/mol. Here again
we find that the six final orientations are very similar
with values of ®.,q between 16.7° and 37.4° (30.3° for
simulation 6). The orientation and the significant inser-
tion of PR3 to the 50% anionic membrane are very simi-
lar to the ones observed for the 100% anionic model.

Zwitterionic membrane. The binding of PR3 to the
membrane is significantly diminished. Indeed, the protein
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Table |
Binding Energies of PR3 on the Anionic Membranes

100% Anionic

50% Anionic

Oini Wivmi-6c Ocnd d Wivmi-c Ocnd d
Simulation 1 90 —439152 + 1.21 31.2 24.3 —4385.15 + 1.15 374 22.5
Simulation 2 90 —4392.73 + 1.09 17.6 31.3 —4390.95 + 1.09 26.6 224
Simulation 3 84 —4397.80 + 1.29 40.8 28.5 —4402.85 + 1.16 22.6 28.5
Simulation 4 84 —441557 + 1.14 8.5 23.7 —4399.72 + 1.23 16.7 23.9
Simulation 5 173.6 —4394.19 £+ 1.17 339 21.1 —4405.95 + 1.13 28.1 28.3
Simulation 6 6.4 —4389.87 + 1.46 17.9 23.7 —4408.59 + 1.08 30.3 21.9

Wivmi-ce: effective energies of PR3 at the membrane (averages over the sampling time and standard deviation of the mean, in kcal/mol), ®;,; and O.,4: angles (in
degrees) between the principal axis of inertia of PR3 and the bilayer normal at the first and the last step of the simulations, respectively; d: distance (in A) between the
center of mass of PR3 and the membrane plane at the last step of the simulations (the initial value of d is 21.5 A, cf. Methods section). For each starting orientation,
three simulations were run (using a different seed, cf. Methods section); we report here results from the one leading the lowest W for each orientation.

moves away from the membrane in all simulations except
simulation 6. In the latter the simulation is initiated with
PR3 presenting its putative IBS to the membrane inter-
face (®;,; = 6.4°). This simulation yields an effective
energy of —4394.31 kcal/mol and is selected for further
analysis. The corresponding binding energy is —3.07 kcal/
mol. It is less favorable than the ones obtained with anionic
membranes but still indicates some binding of PR3 to the
neutral membrane model.

In what follows, we will present the analysis of only
the three selected trajectories (cf. Methods section); sim-
ulations 4, 6 and 6 for the 100% anionic, 50% anionic
and neutral membrane models, respectively.

Structural details of the interaction with the membrane

As described in the previous section, regardless of its
initial orientation, PR3 reorients to present the putative
IBS to the membrane model surface if the membrane

carries a negative charge. The same orientation binds
favorably to the zwitterionic membrane model although
the interaction energy is lower than for the anionic mem-
branes. All three structures are presented on Figure 5.

We observe that PR3 not only interacts favorably but
also inserts into the membrane region. Its center of mass
(CoM) is positioned at 23.1, 22.4, and 22.6 A from the
hydrocarbon plane of the membrane of the 100% ani-
onic, 50% anionic and zwitterionic membranes, respec-
tively. The position of the CoM with the three membrane
models thus reflects an anchoring of the protein. This is
illustrated on Figure 5, where the IBS is identified as
being composed of four neighboring loops.

The same residues of PR3 seem to be involved in the
interaction with the three membrane types. Among them
are five basic residues (R177, R186A, R186B, K187, and
R222) belonging to the BC identified in the sequence (cf.
Sequence and Structure Analysis section). Interestingly,
several hydrophobic residues are either contacting or

Ay
0 200 400 600
Figure 4

Snapshots of PR3 along simulation 4 with the 100% anionic membrane. Configurations at t = 0, 200, 400, 600, and 1000 ps are displayed using the same representation
as on Figure 1. Initially (t = 0), PR3 is placed with the C-terminal helix contacting the membrane. At t = 200 ps PR3 has already been moving away from the
membrane and starts rotating to present its IBS to the polar heads (t = 400 ps). By t = 600 ps, the hydrophobic residues have inserted into the membrane model while
the basic groups are positioned at the interface. The orientation of the enzyme remains the same until the end of the simulation (t = 1000 ps). [Color figure can be

viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 5

Structure of PR3 in 100% anionic (A), 50% anionic (B), and zwitterionic membrane (C). Minimized average structures obtained from the sampling time of each of the
three selected simulations. The plane of smeared charge of the membrane model is displayed as a dashed line while a continuous line is used for the upper limit of the
hydrophobic region. The secondary structure elements of PR3 are displayed with cartoons. The key residues (R177, R186A, R186B, K187, R222, F165, F166, F184, F224,
L1223, W218, H132, and T221) are displayed using licorice and colored according to their nature (blue: positively charged, green: polar, light grey: hydrophobic). [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

inserted into the hydrophobic region of the membrane
models: F165, F166, F184, 1223, and F224. The polar
and hydrophobic residues W218, H132, and T221 are
also disposed at the surface of the membrane in an inter-
facial position.

We superimposed the backbone of the three averaged
structures displayed in Figure 5 and calculated the rmsds
between the conformation of the zwitterionic and 50%
anionic membrane compared to the 100% anionic mem-
brane. Overall the three structures are similar with some
local differences. We calculated the rsmd on the same
alignment for, on one hand, the amino acids folded in
beta barrel or helices and, on the other hand, residues
located in loops. The rmsd is lower for the helices and
sheets (1.69 ;\, 1.53 A for 50% anionic and zwitterionic
membrane, respectively) than for the loops (3.3 A and
3.7 A, for 50% and zwitterionic membrane, respectively).
The main differences are located in the loops carrying
the residues of the IBS. This can be seen on Figure 5(C)
for example, where R186A and K187 point away from
the zwitterionic membrane while they are closer to the
plane of smeared charge of the 100% anionic membrane.

Components of the binding energy

The binding energy of PR3 to membrane ((AWy1))
can be decomposed into terms that account for the
different contributions: AW,jiphatic A Waromaticc A Wholars
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AEqe. and Egc. The latter accounts for the interactions
between the charged residues and the membrane plane
containing the anionic polar heads. The averages of each
of these five terms were calculated along the sampling
time of the MD simulations and are reported in Table II.

The magnitude of the term (Egc) is seen to increase
with the concentration of anionic lipids in the mem-
branes from 6.59 kcal/mol in the 50% anionic mem-
brane to 8.75 kcal/mol in the 100% anionic membrane.
This reflects the favorable electrostatic interactions
between the basic residues of the IBS of PR3 and the nega-
tively charged membranes. The sum of AW,ipnatic and
AW, tomatic 18 favorable and larger in absolute value than
the unfavorable contribution from polar groups and elec-
trostatics (AWpolar + AEgc). This is true for the three
membranes regardless of their anionic composition. In the
extreme case of a neutral membrane the hydrophobic term
is the only one favoring the binding of PR3 to the mem-
brane. This is explained by the interaction of hydrophobic
residues of PR3 (HC) with the hydrophobic core of the
model membranes.

We then investigated the contribution of each residue
of PR3 to Egc and to the sum of AW,jiphaticc A Waromatics
and AW, The calculation is performed on the three
average structures of the selected simulations; the results
are plotted in Figure 6. The contributions to the Egc
term are qualitatively similar for both anionic bilayers;
for the sake of clarity, we thus chose to plot it in the
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Table I
Components of the Binding Energies
100% Anionic ~ 50% Anionic  Zwitterionic
(AW;orar) —10.87 £ 1.61 —9.04 £153 —3.07 £ 1.63
(Egc) —875+ 005 —6.59 + 0.05 —
(AWotar) + (AEgiec) 6.39 + 1.59 5.80 + 1.75 461 £+ 1.55
(AWorom) + (AWajipn)  —839 £ 013 —8.13 +£0.12 —7.63 + 0.11

Average values over the sampling time and standard deviations of the mean of the
different energy terms (in kcal/mol). Only results from the selected simulations
are reported.

case of the 100% anionic membrane. Values for amino
acids having a negligible contribution are not plotted.
Interestingly, only a few have a significant contribu-
tion. This is true for all three membrane types. The posi-
tive values correspond to amino acids T164, C168, R177,
R186A, K187, W218, T221, and R222. They all are polar
residues which are solvent exposed and located close
to the membrane plane. This explains their unfavorable
contribution when transferring them from water to
the membrane. In the case of the anionic membranes,
these unfavorable contributions are largely compensated
by the GC term of the basic amino acids R177, R186A,

K187, and R222, as well as, for all membrane types, by
the contributions of the nonpolar residues F165, F166,
1223, and F224. F166 and L1223 contribute by up to
—1.59 and —2.22 kcal/mol, respectively.

These results indicate that PR3 associates to biological
membranes via interactions with basic residues (mainly
R186A, R186B, K187, R222) and hydrophobic residues
(mainly F166, F165, 1223, F224). The former (long range
electrostatics) would drive PR3 towards the membrane so
that the latter can insert into the hydrophobic core.

Comparison with the homologous HNE

We simulated HNE following the same procedure as
for PR3; we started from six different orientations equiv-
alent to the ones used for PR3 and used the same three
membrane types (100%, 50%, and 0% anionic mem-
branes). In the case of a zwitterionic membrane, HNE is
consistently driven away from the membrane. It is not
the case for the anionic membranes where the binding
energies are all negative. However, unlike PR3, HNE does
not reorient to present a binding site similar for all initial
orientations. In addition no interfacial insertion of HNE
is observed except for simulation 6. Simulation 6 is the
one yielding the lowest effective energy of HNE for the

il
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Figure 6

Amino acids contribution to the terms of the binding energy. The calculation is made on the average structure of PR3 of the selected simulation. The sum of AWoiphasic
AWoromatio AWolar for each residue is plotted in red, blue, and black for the 100% anionic, 50% anionic, and zwitterionic membranes, respectively. Grey lines correspond
to the GC term for the 100% anionic membrane. The GC term is nonzero only for charged residues (R, K, D, and E). The atomic components were summed for each
residue, and only the residues having a contribution greater than 0.05 kcal/mol (absolute value) are reported.
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Figure 7

Simulation of HNE with a 50% anionic membrane model: average structure.
Minimized averaged structure along the sampling time of simulation 6 (see Fig. 5
for legend). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com. ]

100% and the 50% anionic membranes (—18.52 and
—12.65 kcal/mol, respectively) and is thus selected for fur-
ther analysis. The membrane interaction site of HNE is
different from the one found for PR3 (Fig. 7). It contains
more basic amino acids and in particular seven arginines
R128, R129, R177, R178, R186, R186B, and R217. There
are fewer hydrophobic residues than in the IBS of PR3, no
phenylalanines or tryptophanes and only L166 and 1223
insert into the membrane while L184 seem to remain at
the interface. Three polar residues are positioned at the
membrane interface: N132, Q187, and Y224.

The binding energy of HNE with anionic membranes
has been divided into the same components as for PR3.
The sum of the hydrophobic and aromatic terms is
—6.29 and —3.65 kcal/mol in the 100% and the 50% an-
ionic membranes, respectively. This term almost cancels
out with the term accounting for the sum of the polar
and electrostatic contributions, 7.49 and 3.29 kcal/mol in
the 100% and the 50% anionic membranes, respectively.
Most of the binding energy of HNE to anionic mem-
branes is explained by the Egc term, —19.67 and —11.82
kcal/mol in the 100% and the 50% anionic membranes,
respectively. This is expected from the proximity of the
seven arginines with the membrane surface. In addition,
a large portion of the surface of HNE is electropositive

(cf. Fig. 1 in Supplementary Material), unlike PR3, and
the basic amino acids are evenly distributed.

Comparison with the model structure
of mouse PR3

The alignment of the human and mouse forms of PR3
[Fig. 8(A)] shows that the amino acids constituting the pu-
tative IBS in human PR3 are not all conserved in the murine
enzymes. The following substitutions affect the IBS: F166L,
F184L, K187A, W218R, R222L, L223Q. The electrostatic
potential [Fig. 8(B)] of mouse PR3 is more electronegative
than the one of its human form, which might cause a lower
affinity for anionic membranes.

DISCUSSION

Using MD simulations with an implicit membrane
model, we investigated for the first time the structural
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Figure 8

The mouse form of proteinase 3. Sequence alignment with human PR3 (A) and
electrostatic potential (B) (cf. Fig. 3 for legend). [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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determinants of the binding of PR3 and HNE to anionic
and neutral membranes.

The sequence of mature PR3 does not contain any
potential post-translational modification site (S-acylation,
myristoylation, prenylation or GPI-linkage). However a
careful examination of the sequence (Fig. 2) and struc-
ture (Fig. 3) of PR3 led us to identify a putative IBS for
PR3; a HC (F165, F166, 1217, W218, 1223, and F224)
sits in the middle of a substantial electropositive region
"7RPHNICTFVPRRK'®’ containing a BC.

MD simulations show that PR3 favorably binds to
charged or neutral membrane models; the average bind-
ing energies are —10.87, —9.04, and —3.07 kcal/mol for
the selected simulations with 100%, 50%, and 0% ani-
onic membranes, respectively (Table I). The fact that the
binding energies increase with the charge of the mem-
brane supports the idea of a strong electrostatic interac-
tion between a BC and the anionic membrane. We
indeed observe that the most favorable contribution to
the binding energy is the Gouy—Chapman term (in the
case of the anionic membranes), which describes the
interaction of the protein with the charged lipid head
groups. As described by Murray and col., association of
peripheral proteins to membranes is partly mediated by
electrostatic  interactions2%-04; nonspecific ~electrostatic
interactions attract and orient the protein to the mem-
brane surface so that hydrophobic motifs (post-transla-
tional modifications or conserved amino acids) can
insert. The second most important favorable contribution
to our calculated binding energy is the change in solva-
tion energy of the hydrophobic and aliphatic groups.
Our MD simulations with charged membranes (50% and
100% anionic) thus reproduce this mechanism.

Regardless of the initial orientation, the final configu-
rations of PR3 are very similar, with a value of ®.q
between 8.5° and 40.8° (Table I). In the case of the neu-
tral membrane, if the simulation is initiated with the
right orientation, PR3 is also found to stably bind the
membrane. The three membrane types (Fig. 5) lead to
similar conformations and comparable insertion. The IBS
corresponds to the region predicted by the analysis of the
sequence and structure of PR3. More precisely, several
basic residues are found to be close to the membrane
upper plane (R177, R186, R186B, K187, R222) while
hydrophobic and polar residues (H132, F165, F166, F184,
W218, T221, L223, F224) partition into the membranes
or remain at the hydrophobic-hydrophilic interface
depending on the anionic content. The hydrophobic
amino acids correspond to the ones mentioned by Gold-
mann et al. as potential candidates for the anchorage of
PR3 to liposomes. The energetic importance of 1223,
F166, F165, F224, F184, and W218 (50% anionic and
zwitterionic) is revealed by their favorable contribution
to AAGS(JIV (A‘/Valiphatic) AVvarornatic) and A‘/vpolar; Flg 6)
The largest contributions are found for F166 and 1223
with —1.5 and —2.2 kcal/mol, respectively, at the 100%

anionic membranes. To confirm the importance of these
amino acids, we repeated the simulations starting with
orientation 6 for both the zwitterionic and 50% anionic
membranes, with a variant of PR3 where both 1223 and
F166 are replaced by alanines. The simulations were per-
formed for both the 50% anionic and zwitterionic mem-
branes. The interfacial insertion of the mutated PR3 is
completely disrupted; the protein moves away from both
the charged and neutral membrane plane. In the case of
anionic membranes, there is a residual binding energy
which only reflects the long-range electrostatic interac-
tions of charged residues of PR3 with the negatively
charged membrane.

Our results suggest that PR3 can bind stably to anionic
and neutral membranes, with a stronger binding to nega-
tively charged bilayers. We also demonstrate that it has a
unique and well-defined IBS. We show that only a few
residues of PR3 account for the membrane anchorage.
The interaction between the basic residues (BC) at the
surface of PR3 and the membrane provides the driving
force to orient PR3 at the membrane surface, so that the
hydrophobic residues (HC) can anchor into the nonpolar
region of the membrane. The hydrophobic residues
indeed act as a binding motif with a high affinity for the
membrane.

It is clear nowadays that electrostatic interactions are
often not enough to explain interfacial binding.31 For
secreted phospholipases A2 the role of hydrophobic resi-
dues has been shown to support interfacial binding; spe-
cifically the importance of tryptophanes has been dem-
onstrated for several members of the family.65 In a study
using fluorescence techniques, a short hydrophobic loop
of the toxin perfringolysin O (PFO) is found to insert in
the membrane core; this is the mechanism by which PFO
anchors before undergoing major structural rearrange-
ments and form a membrane pore.66

The mechanism we describe (electrostatically driven
attraction thanks to BC and insertion of HC) is not in-
compatible with the presence of a partner pro-
tein.11,13:67 Such interactions might simply reinforce or
perpetuate the membrane anchorage and/or facilitate the
function(s) of mPR3.

Goldmann et al. reported that PR3 binds to anionic
and zwitterionic reconstituted liposomes.15 This remark-
ably agrees with our findings. They also show that the
liposome-associated PR3 is catalytically active but with
Vinax and Ky, values two-fold lower than the free enzyme.
Another study shows that mPR3 is catalytically active
against various peptidic substrates; however, mPR3 would
only be partially inhibited by a high molecular mass in-
hibitor such as a1-PL? Our calculations show that in the
final orientation of PR3 to model membranes its active
site is still accessible. To visually evaluate the steric hin-
drance caused by the presence of the membrane on the
substrate binding sites of PR3, we manually docked a
heptapeptide (AAPVKGD) and «l-PI in mPR3 (proce-

proTEINS 1665



E. Hajjar et al.

Figure 9

Accessibility of mPR3 binding site to (A) a heptapeptide and (B) o.1-PI. (cf. legend of Fig. 5). The catalytic triad of Pr3 is displayed in licorice and colored in red. (A)
The heptapeptide AAPVKGD is colored in yellow. (B). The secondary structure of the 376-residue long o.1-proteinase inhibitor (a1-PI) is colored in dark blue. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

dure as reported in Ref. 61). Figure 9(A) shows that the
peptide does not encounter steric hindrance with the
membrane. On the other hand, the inhibitor al-PI
“overlaps” with the membrane region [cf. Fig. 9(B)].
This confirms the hypothesis made by Campbell et al
that steric hindrance prevents the inhibition of mPR3 by
al-PL

The results of Goldmann et al. and ours agree on the
fact that PR3 membrane binding is dependent on the
lipid composition and is more favorable with negatively
charged membranes. Although our simulations show a
more favorable binding of PR3 to 100% anionic than to
50% anionic membranes, they report that the binding to
50% anionic is more favorable than for the 100% anionic
membranes, with Ky values of 4.5 uM and 14.5 pM,
respectively. Such a small energy difference (0.7 kcal/mol)
is within our error bar (41 kcal/mol). In addition,
implicit membrane models do not account for lipid dem-
ixing, lipid packing, or discrete charge effects. Lipid dem-
ixing and their effects have been extensively described
previously®8:6%; reorganization of charged and neutral
lipids around an IBS containing both charged and hydro-
phobic amino acids would certainly optimize the binding
affinity of the protein.

In our simulations, HNE never binds to the zwitter-
ionic membrane regardless of its starting orientations.
This is in agreement with Goldmann et al.1> who report
that PR3 unlike HNE associates with zwitterionic lipo-
somes. Our calculations show that HNE does not reor-
ient to present a unique IBS to the anionic membranes
and only associates with the membrane when the simula-
tions are initiated with orientation 6. Since this is the
simulation with the lowest effective energy, we hypothe-
size that the interacting region of HNE obtained from
this simulation is its IBS. It is in the same region of the
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protein structure as the one of PR3. Compared to PR3,
the IBS of HNE contains less hydrophobic residues and
more basic residues (Fig. 7). There are no phenylalanines
or tryptophanes near the membrane surface; only two
leucines (L166 and 1.223) are observed to insert into the
nonpolar region of the membrane. The only simulation
of HNE that leads to an insertion in the membrane (sim-
ulation 6) yields lower binding energies in 100% and
50% anionic membranes (—18.52 and —12.65 kcal/mol,
respectively) than the ones obtained for PR3 (—10.87
and —9.04, respectively). This is largely explained by the
Gouy—Chapman contribution, which in the case of HNE
describes the interaction between the anionic lipids and a
highly positively charged protein (net charge +11), in
particular with seven arginines (cf. Fig. 7). However,
Goldmann et al. reported that the affinity of HNE for
anionic membranes is lower than that of PR3. On the
other hand, Campbell et al® showed that PR3 can be
eluted from the surface of stimulated PMNs with solu-
tions of lower ionic strength than HNE and CatG,
thereby suggesting a stronger ionic interaction to mem-
branes for HNE and CatG than for PR3. Until additional
biophysical data are available, it is very difficult to con-
clude on the relative binding strength of PR3 and HNE.
We believe that the electrostatic interactions of HNE with
anionic lipids are stronger than those of PR3, but also
that PR3 has a more specific IBS than HNE and is more
likely to deeply anchor into the membranes and to make
strong hydrophobic interactions while the insertion of
HNE might be more shallow.

Recent work pointed out the importance of consider-
ing the differences between murine and human PR3 for
murine model experiments for the development of ani-
mal models for anticytoplasmic neutrophil autoantibod-
ies (ANCA)-associated vasculitis.”0 Wiesner et al. showed
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species-specific physicochemical properties and substrate
specificities. In particular, they observe that mouse PR3
is more easily dislodged from its intracellular storage
compartments in HMC-1 cells than human PR3 suggest-
ing different interactions with cell surfaces. Comparison
between the human and mouse sequences shows that half
of the 11 amino acids of the putative IBS of the human
form are not conserved in the mouse form. Of impor-
tance is the fact that the mouse form lacks three aromatic
and one basic amino acid compared to the human form.
The former are known, from integral membrane proteins,
to be found at the membrane interface while the latter
provides electrostatic interactions with the lipid polar
heads. In addition, the mouse form is globally more elec-
tronegative than the human form [Fig. 8(B)]. This is in
agreement with the difference in pl values between the
mouse and human enzymes; the calculated (7.7) and ex-
perimental pI (9.17! or >9.572) of human PR3 are
much higher than the calculated value (6.7) of mouse
PR3. We believe that mouse PR3 can bind to the plasma
membrane using the same region as human PR3 but that
it binds less strongly and specifically. This correlates with
the observation of Wiesner et al’0 However, additional
theoretical and biophysical studies are needed to
undoubtedly identify the mouse/rat IBS and its mem-
brane-binding affinity.

PR3 is the main target autoantigen of ANCA, which pre-
dominate in patients with Wegener’s granulomatosis. There
is growing evidence that ANCAs have a pathogenic role in
systemic vasculitis, and there is thus an interest in identify-
ing the interacting regions of PR3. Many attempts have
been made to characterize the ANCA epitopes on
PR3.7374 Even though it has been shown in 1992 that
they recognize conformational epitopes,’> many studies
used linear peptides to probe ANCA epitopes of PR3.76-79
Although there is little overlap between the results
from these studies, it seems clear that none of the epi-
topes are located in the signal peptide or C-terminal pep-
tide of PR3 and that some epitopes are located in close
proximity of the catalytic triad. Steric hindrance will pre-
vent ANCA from binding to regions of PR3 too close to
the membrane. Since ANCA cannot bind membrane PR3
on the same region as it uses to bind to the membrane we
would rule out the IBS and the surrounding residues as
potential epitopes (such as FCRPHNI’® or RRKAGI”6:79),
On the other hand, epitopes including the catalytic His
and Ser or the surrounding loops seem compatible with
the membrane-binding site we predict in this study.

The implicit membrane models IMM1 and IMM1-GC
have been successfully used to investigate several mem-
brane proteins and their reliability have been largely
assessed.37-40:41 In addition the quantitative agreement
between our calculations and available biophysics meas-
urements confirms the appropriateness of this model for
PR3. It allowed us to (i) calculate the binding energies
and dissect them to identify the contributions important

for the membrane anchorage, (ii) identify the amino
acids constituting the IBS, and (iii) get a dynamic picture
of the binding mechanism. The lipid demixing effects
and the details of the interactions between various lipids
and PR3 cannot be described using IMMI1-GC and
would have required an explicit description of the mem-
brane. However, such a description is costly in computer
resources and would not have allowed us to screen the
surface of PR3 to identify the IBS.

We presented here the first study of the structural
determinants of the binding of PR3 to anionic and neu-
tral membranes. To our knowledge there exist no experi-
mental data describing the structure of mPR3, nor of its
IBS. This is understandable if one considers the chal-
lenges posed by the study of peripheral membrane pro-
teins by structural biology techniques such as NMR or
X-ray. Theoretical biophysics has proven extremely useful
to unravel membrane binding mechanism of peptides
and proteins (e.g. see Refs. 24, 26-28, 31, 43, and 80)
and is in many cases, until the experimental difficulties
are overcome, the method of choice to evaluate the ener-
getics of membrane binding and predict IBSs.

Our work demonstrates that the interaction between
PR3 and the plasma membrane is not mediated only by
electrostatic interactions but involves the insertion of a
large HC in anionic and neutral membranes. This is a
unique feature of PR3 not shared by HNE. Taking into
account this characteristic feature of PR3 we can foresee
that specific functions will be mediated by membrane
PR3 which can be externalized during apoptosis in the
absence of degranulation.!481 Our working hypothesis
is that molecular analysis of PR3/membrane association
in combination with other partners in neutrophils will
help us to unravel the role of PR3 in inflammatory dis-
eases and especially in Wegener’s granulomatosis. Our
predictions open a new avenue of research but still need
to be challenged by biochemical experiments. Hence, our
long-term objective is to better understand the molecular
mechanisms involved in PR3/membrane interaction in
neutrophils. This work constitutes the first step in the
rational design of drugs aimed at modulating PR3 mem-
brane expression and at proposing novel anti-inflamma-
tory therapeutic strategies.
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