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The outer membrane of gram-negative bacteria contains several proteins, and some of these proteins, the
porins, have numerous biological functions in the interaction with the host; porins are involved in the
activation of signal transduction pathways and, in particular, in the activation of the Raf/MEK1-MEK?2/
mitogen-activated protein kinase (MAPK) cascade. The P2 porin is the most abundant outer membrane
protein of Haemophilus influenzae type b. A three-dimensional structural model for P2 was constructed based
on the crystal structures of Klebsiella pneumoniae OmpK36 and Escherichia coli PhoE and OmpF. The protein
was readily assembled into the B-barrel fold characteristic of porins, despite the low sequence identity with the
template proteins. The model provides information on the structural features of P2 and insights relevant for
prediction of domains corresponding to surface-exposed loops, which could be involved in the activation of
signal transduction pathways. To identify the role of surface-exposed loops, a set of synthetic peptides were
synthesized according to the proposed model and were assayed for MEK1-MEK2/MAPK pathway activation.
Our results show that synthetic peptides corresponding to surface loops of protein P2 are able to activate the
MEK1-MEK2/MAPK pathways like the entire protein, while peptides modeled on internal 3 strands are
unable to induce significant phosphorylation of the MEK1-MEK2/MAPK pathways. In particular, the peptides
corresponding to loops L5 (Lys206 to Gly219), L6B (Ser239 to Lys253), and L7 (Thr280 to Lys287) activate,

as the whole protein, essentially JNK and p38.

Bacterial lipopolysaccharides (LPS) and associated outer
membrane proteins (OMPs) are potent initiators of fever, co-
agulation disorders, multiple-organ failure, and shock in hu-
mans and experimental animals (4, 21, 46, 48-50, 66, 77). LPS
induces transcription of several genes encoding proinflamma-
tory mediators (30), and in the past few years the various
immunobiological effects induced by the outer membrane
pore-forming proteins have been compared to those induced
by LPS (26, 32, 36).

Among the OMPs, porins are known to form diffusion chan-
nels, which allow small, polar molecules to diffuse across mem-
branes. Porins are major components of the gram-negative
bacterial outer membrane, and they also play an important role
in bacterial pathogenesis and are involved in adherence, inva-
sion, and serum resistance. Significant advances in our under-
standing of porin function have been facilitated by recent de-
terminations of the crystal structures of several porins (13, 41,
47, 61, 70, 76). These structural analyses have revealed that
bacterial porins exist as trimers in which the folding pattern of
each monomer generally depends on 16 antiparallel B strands
that cross the outer membrane and loops that connect the 3
strands on both sides of the membrane. The whole structure is
an antiparallel B barrel with eight large loops of variable length
on the external surface of the bacterial membrane and eight
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short periplasmic turns (13, 70). The barrel spans the entire
outer membrane. In all porins, the cross section of the pore is
restricted by one large loop (loop L3) that folds back into the
channel and narrows it, determining the size of the pore and
thus the molecular exclusion limit, as well as the physiological
and conductivity properties of the pore (58).

Despite low sequence identity, members of the porin family
whose structures have been determined superimpose surpris-
ingly well across the B-barrel structure, but they differ in pore
characteristics and more importantly in the surface-exposed
loop. The importance of immunodominant surface-exposed
loops of OMPs is the focus of recent studies, and the ability of
gram-negative bacteria to cause recurrent infections is in part
attributable to antigenic variability in all surface-exposed loops
of OMPs (10, 33, 53, 74). Some of the surface-exposed loops
are involved in the recognition of ligands, including small-
molecule nutrients, agents such as bacteriophages or colicins,
and probably eukaryotic target cells for bacterial pathogens.
Moreover, it has been demonstrated that loops do not play an
active structural role; thus, they are not involved in the assem-
bly of integral B-structure membrane proteins (40).

All of the porins tested to date have been shown to bind
fragment Clq, the first component of the classical pathway of
the complement system, and they can activate the complement
cascade (1, 19, 43). Recently, studies have focused on the
interaction of loop L7 of porin OmpK36 from Klebsiella pneu-
moniae with Clq and comparison of this interaction with the
Clq-LPS interaction (2). Most functional antibodies raised to
nontypeable Haemophilus influenzae are directed to loop LS,
which is thought to contain strain-specific and immunodomi-
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nant epitopes (74). Furthermore, antibodies to loops L5 and
L6 of strain NTHI showed complement-dependent bacteri-
cidal activity (53, 74). The loop regions are immunodominant,
as determined by immunizing mice with whole bacterial cells
(34, 73). However, whether only surface-exposed loops play an
important role in the inflammatory and immunological re-
sponse is still an open question.

Porin P2 of NTHI (74) is one of the best-characterized
porins in terms of its functional characteristics. NTHI is a
gram-negative bacterium which is a common cause of mucosal
infections; its outer membrane contains six to eight major
proteins (7, 52). P2 is the most abundant protein in NTHI and
in H. influenzae type b outer membrane preparations; its mo-
lecular mass varies between 36 and 42 kDa, and it is present in
all strains and functions as a porin (12). P2 contains 16 trans-
membrane regions and eight surface-exposed loops (3, 16, 64,
65). Sequence comparisons of P2 genes have indicated that the
transmembrane regions are relatively conserved among strains,
while there is considerable heterogeneity in the loop regions of
the molecule (3, 8, 16, 64).

Activation of the inflammatory and immunological response
is initiated by the interaction with the bacterium (57) or one of
its components and involves phosphorylation of the main sig-
nal transduction networks (28, 29, 31). The LPS induces tran-
scription and secretion of tumor necrosis factor alpha and
activation of an Src gene family tyrosine kinase (Lyn), an
extracellular signal-regulated kinase (ERK), and Rsk signal
transduction proteins in mouse macrophages (31, 32). Also,
porins from Salmonella enterica serovar Typhimurium have
been implicated in the regulation of cell functions due to trig-
gering of specific signaling pathways (29, 32). Activation of
macrophages by porins results in the transduction of protein
kinase C to the membrane, which is accompanied by nitric
oxide release within the macrophages; nitric oxide plays a fun-
damental role in macrophage effector function (32).

It is still not known whether the surface-exposed loops also
play an important role in signaling pathways. One of the best-
known signal transduction systems is the mitogen-activated
protein kinase (MAPK) cascade. MAPK plays a key role in the
regulation of gene expression as well as cytoplasmic activities,
and it is also involved in the regulation of cytokine responses
(72). In mammalian systems, five different MAPK modules
have been identified so far; single MAPK modules can signal
independent of one another, and this specificity is manifest in
different physiological responses (60). The five MAPK mod-
ules include the extracellular signal-regulated kinase 1 and 2
(ERK1-ERK?2) cascade, which preferentially regulates cell
growth and differentiation, as well as the c-Jun N-terminal
kinase (JNK) and p38 MAPK cascades, which mainly regulate
stress responses like inflammation and apoptosis. All MAPKs
except extracellular signal-regulated kinase 3 (ERK3) are ac-
tivated upon phosphorylation of both tyrosine and threonine
residues by MAPK kinase (MEK). Many different MEKs have
been described, and in vitro assays indicate that each of them
has one or at most two specific targets in the MAPK pathways;
MEK1 and MEK?2 act on ERK1 and ERK2, respectively. The
MAPK cascade activates transcription factors such as activat-
ing protein 1 (39) and nuclear factor kB (NF-«kB) (63).

In this study, we developed a model of protein P2 from H.
influenzae type b and demonstrated that peptides designed on
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the basis of the amino acid sequences of surface-exposed loops,
but not peptides corresponding to the B barrel, are able to
activate the MAPK cascade in U937 cells.

MATERIALS AND METHODS

Cell lines. U937 monocytes (ATCC CRL-1593.2) were grown at 37°C in the
presence of 5% CO, in RPMI 1640 (Labtek, Eurobio) with HEPES supple-
mented with 10% heat-inactivated fetal calf serum, glutamine (2 mM), penicillin
(100 U/ml), and streptomycin (100 U/ml) (Labtek, Eurobio) in 150-cm? tissue
culture flasks (Corning, New York, N.Y.). Before treatment of the cells, the
serum concentration was reduced to 5% for 24 h at 37°C, and then serum-free
media were used for at least 10 to 12 h. This should have prevented any inter-
ference from serum factors in the phosphorylation state of the proteins in the
signaling cascade.

Bacteria and growth conditions. H. influenzae type b subtype 1H strain ATCC
9795 was grown in CY medium (11) for 18 to 24 h at 37°C; cells were harvested
at the end of the exponential growth phase.

Preparation of the porin. The porin was isolated and purified from cells of H.
influenzae type b strain ATTC 9795 by using the modified method described by
Nurminen et al. (55, 56), as reported in a previous paper (26). The bacterial
envelopes were treated with Triton X-100 buffer for 2 h at 37°C in a rotary
shaker, dissolved in sodium dodecyl sulfate (SDS) buffer (4% [wt/vol] SDS in 0.1
M sodium phosphate, pH 7.2), and applied to an Ultragel ACA34 column
equilibrated with 0.25% SDS-sodium azide buffer. The elution rate through the
column was 8 ml h™!, and 2-ml fractions were collected. The fractions containing
protein, identified by measuring the absorption at 280 nm, were extensively
dialyzed and checked by SDS-polyacrylamide gel electrophoresis (PAGE) by
using the method of Laemmli (42). The protein content of the porin preparation
was determined by the method of Lowry et al. (44). All possible traces of LPS
were revealed on SDS-PAGE gels stained with silver nitrate as described by Tsai
and Frasch (67) and by the Limulus amoebocyte lysate assay (Limulus test) as
described by Yin et al. (75). The pore-forming ability of our preparation was
checked by a functional assay (liposome swelling assay) after incorporation into
proteoliposomes as described by Nikaido and Rosenberg (54).

N-terminal seq ing of H. influenzae type b porin. A model 477A automatic
protein sequencer (Applied Biosystems, Foster City, Calif.) was used to deter-
mine the N-terminal sequence of the H. influenzae type b porin. The phenylthio-
hydantoin (PTH) amino acids released during degradation were identified by
using an Applied Biosystems 120A high-performance liquid chromatograph with
a Brownlee C,g column. Separation was performed with an eluent gradient as
suggested by Applied Biosystems. The column temperature was set at 54°C, and
elution was monitored by measuring the absorbance at 269 nm. Data were
analyzed with a Macintosh Ilsi computer (26).

Haemophilus strains and seq es from datab The P2 porin sequences
of 11 strains were obtained from SwissProt (6). The SwissProt accession number
for the P2 sequence of H. influenzae type b used to construct the model is P20149.
Alignments and comparisons of the amino acid sequences in loop regions were
performed by using the programs Homology (Insight II, version 98.0, molecular
modeling system; Molecular Simulations, Inc., San Diego, Calif.) and Blast (45).

Generation of P2 structural model. The initial model of the P2 monomer was
generated by using MODELLER, a sophisticated software package that calcu-
lates protein three-dimensional structures based on sequence alignments, spatial
restraints, and stereochemical considerations (59). The model for P2 was con-
structed by using the following three structures as templates: PhoE from Esch-
erichia coli (pdb code 1PHO; 20% sequence identity) (13, 59), OmpF from E. coli
(pdb code 20MF; 19% sequence identity) (13, 14), and OmpK36 from K
pneumoniae (pdb code 10SM; 17% sequence identity) (17). All parameters in
MODELLER were set to their default values. In order to generate the full trimer
by crystallographic symmetry, the model for the P2 monomer was inserted into
the unit cell of PhoE (space group P321;a = b = 119.90 A; c= 51.90 A; a= B
= 90.00°% y = 120°); loops L1, L4, and L8 were removed from the model, and the
model was subjected to 50 steps of conjugate gradient energy refinement, as
implemented in CNS (9), to remove poor contacts. After refinement, coordinates
for the full trimer were assembled with PDBSET, as implemented with the CCP4
suite of crystallographic programs (5). The quality of the model was assessed with
Whatif (69).

Alignment of Haemophilus porin sequences from different strains was per-
formed in order to check for mistakes in the model and to verify that the B
strands were minimally disrupted.

Peptide synthesis. Fluorenylmethoxycarbonyl (Fmoc)-protected amino acids
were purchased from INBIOS (Pozzuoli, Italy), and 4-(2',4’-dimetoxyphenyl-




2800 GALDIERO ET AL.

Fmoc-aminomethyl)-phenoxyacetamido-norleucyl-methoxybenzidrylamide
(MBHA) resin was purchased from Nova Biochem (Darmstadt, Germany). Pi-
peridine and pyridine, the reagents used for solid-phase peptide synthesis, were
purchased from Fluka (Sigma-Aldrich, Milan, Italy), and trifluoroacetic acid
(TFA) and acetic anhydride were obtained from Applied Biosystems. H,O,
N,N-dimethylformamide (DMF) and CH3;CN were supplied by LAB-SCAN
(Dublin, Ireland).

Peptides corresponding to loop regions were prepared by standard 9-fluore-
nylmethoxycarbonyl polyamine solid-phase synthesis by using a PSSM8 multi-
specific peptide synthesizer (Biotechnology Instruments Department, Shimadzu
Corporation, Kyoto Japan). The MBHA resin (substitution, 0.3 mmol/g) was
used as the solid-phase support, and syntheses were performed on a scale of
15 pmol.

All amino acids (4 equivalents relative to resin loading) were coupled by the
PyBop-HOBT-DIEA method, as follows: 1 equivalent of Fmoc-protected amino
acid, 1 equivalent of benzotriazole-1-yl-oxy-trispyzolidino-phosphonium hexaflu-
orophosphate (PyBop), 1 equivalent of N-hydroxybenzotriazole (HOBT) (0.5
mM HOBT in DMF), and 1.5 equivalent of diisopropyl ethyamine (DIEA) (1
mM DIEA in DMF). The Fmoc protecting group was removed with 30% (vol/
vol) piperidine in DMF.

Peptides were fully deprotected and cleaved from the resin by treatment with
a 90% TFA solution containing 5% thioanisole, 3% ethandithiol, and 2% anisole
as scavengers.

The crude materials were purified to homogeneity by preparative reverse-
phase high-performance liquid chromatography by using a Waters Delta Prep
3000 chromatographic system equipped with a model 481 UV Lambda Max
detector. The samples were injected onto a Vydac (The Separation Group,
Hesperia, Calif.) C;g column (22 mm by 25 cm; 5 wm) and eluted with a solvent
mixture containing H,0-0.1% TFA (solution A) and CH;CN-0.1% TFA (solu-
tion B). A linear 5 to 95% solution B gradient over 50 min at a flow rate of 20
ml/min was employed. The collected fractions were lyophilized to dryness and
analyzed by analytical reverse-phase high-performance liquid chromatography by
using a Shimadzu class LC10 equipped with an SPD-M10AV diode array detec-
tor and a Phenomenex C,g analytical column (4.6 by 250 mm; 5 pum); a linear 5
to 95% solution B gradient over 50 min at a flow rate of 1 ml/min was used. The
identities of purified peptides were confirmed by matrix-assisted laser desorption
ionization spectrometry. High yields (70 to 80%) of all the purified peptides were
obtained.

All the peptides were detoxified before being tested on cells. Detoxification
was performed by using Detoxi Gel Affinity Pak columns supplied by Pierce
(Rockford, IlL.) (38).

Cell stimulation with protein P2 and peptides and preparation of cell lysates.
U937 cells (3 X 10° cells/ml) were stimulated with different concentrations of
stimuli for different times in 96-well polypropylene plates. After incubation, the
cells were washed twice with ice-cold phosphate-buffered saline without Ca’*
and Mg?* and resuspended in 250 ul of the appropriate lysis buffer (buffer A
containing 150 mM NaCl, 50 mM Tris-HCI [pH 7.5], 5 mM EDTA, 1% Nonidet
P-40, 1 mM Na,MoO,, 40 pg of phenylmethylsulfonyl fluoride per ml, 0.2 mM
Na;VO,, 1 mM dithiothreitol, 10 pg of aprotinin per ml, 2 pg of leupeptin per
ml, 0.7 wg of pepstatin per ml, 10 ng of soybean trypsin inhibitor per ml; or buffer
B containing 137 mM NaCl, 20 mM Tris-HCI [pH 8.0], 5 mM EDTA, 1 mM
NayP,0,, 10% glycerol, 1% Triton X-100, 1 mM EGTA, 1 mM phenylmethyl-
sulfonyl fluoride, 1 mM Na;VO,, 10 mM NaF, 10 mM B-glycerophosphate, 20 g
of aprotinin per ml, and 20 pg of leupeptin per ml); the sample was centrifuged
for ECL Western blot analysis at 16,000 X g for 2 min at 4°C. The clarified cell
lysates were used for ECL Western blot analysis.

Analysis of kinase phosphorylation by Western blotting. Cell lysates were
precleared with Protein A/G PLUS-Agarose (Santa Cruz Biotechnology, Inc.)
(20 pl) for 45 min. Immunoprecipitation was done with the appropriate anti-
bodies and beads at 4°C overnight with gentle rotation. After incubation the
beads were pelleted by centrifugation (6,000 X g), washed three times with 500
wl of specific lysis buffer, and boiled in 20 wl of Laemmli sample buffer with 5%
B-mercaptoethanol for 5 min. The samples were pelleted, and the supernatant,
containing cell phosphorylated proteins, was resolved by SDS-PAGE as de-
scribed by Laemmli (42). Equal amounts of cell lysates (typically 50 pg) were
separated on SDS-15% PAGE gels by using the buffer system described by
Laemmli (42). Following electrophoresis, the separating gel was soaked in trans-
fer buffer (25 mM Tris, 192 mM glycine, 20% methanol) for 5 min, and then the
proteins were transferred to polyvinylidene difluoride membranes (0.45-pum-
pore-size sheets) overnight at 30 V and 4°C. The blots were blocked for 1 h at
room temperature in Tris-buffered saline (TBS) (150 mM NaCl, 20 mM Tris-
HCI; pH 7.5) containing 1% bovine serum albumin (BSA) plus 1% blotting-
grade blocker nonfat milk (Bio-Rad Laboratories), and subsequently the mem-
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branes were washed twice with TBS containing 0.05% Tween 20 (TTBS) before
incubation with antiphosphorylated and nonphosphorylated kinase antibodies
diluted 1:2,000 in TBS containing 1% BSA for 1 h at room temperature. After
the polyvinylidene difluoride membranes were washed six times with TTBS for 3
min, they were incubated at room temperature for 2 h with anti-mouse or
anti-rabbit immunoglobulin G (IgG) horseradish peroxidase secondary antibod-
ies diluted 1:3,000. Then they were washed six times with TTBS and twice with
PBS for 5 min. After this, proteins were visualized with enhanced chemilumi-
nescence on Kodak film (Kodak X-OMAT LS). For Western blot analysis, the
following phosphorylated antibodies were used: mouse monoclonal anti-phos-
photyrosine (clone 4G10; Upstate Biotechnology, Inc., Lake Placid, N.Y.); phos-
pho-p44/42 MAPK (Thr 202/Tyr 204) E10 monoclonal antibodies (isotype,
mouse IgG1; anti-phospho-p44/42; New England Biolabs, Beverly, Mass.), which
detects doubly phosphorylated threonine 202 and tyrosine 204 of p44 and p42
MAPKs (ERKI1 and ERK2) and are produced by immunizing mice with a
synthetic phospho-Thr202 and phospho-Tyr204 peptide corresponding to resi-
dues around Thr202 and Tyr204 of human p44 MAPK; rabbit polyclonal phos-
pho-MEK1/2 antibody (anti-p-MEK1/2) (New England Biolabs), which detects
MEK1/2 only when it is activated by phosphorylation at Ser217 and Ser221 and
does not cross-react with other related family members; phospho-p38 antibody
(anti-phospho-p38; New England Biolabs), which is a rabbit polyclonal antibody
raised against a peptide mapping at the amino terminus of p38 of mouse origin
identical to the corresponding human sequence and is directed against Thr180
and Tyr182-phosphorylated p38; and phospho-JNK antibody (anti-p-JNK) (San-
ta Cruz Biotechnology, Inc.), which is a mouse monoclonal IgG1 antibody raised
against a peptide corresponding to a short amino acid sequence phosphorylated
on Thr183 and Tyr185 of JNK of human origin. The mobility shift assay was
performed with the following antibodies: anti-ERK1/2 (Upstate Biotechnology),
which is a rabbit polyclonal antibody raised against a peptide corresponding to
residues 333 to 367 of rat ERKI recognizing ERK1 and ERK2 at 44 to 42 kDa;
anti-MEK1 (Santa Cruz Biotechnology, Inc.), which is a mouse monoclonal
IgG2b antibody raised against a recombinant protein corresponding to amino
acids 1 to 393 representing full-length MEKI1 of human origin; anti-MEK2
(Santa Cruz Biotechnology, Inc.), which is a rabbit polyclonal antibody raised
against a peptide mapping at the amino terminus of MEK2 of human origin
identical to the corresponding rat sequence; anti-p38 (Santa Cruz Biotechnology,
Inc.), which is a rabbit polyclonal IgG1 antibody epitope corresponding to amino
acids 213 to 360 mapping at the carboxy terminus of p38 of human origin; and
anti-JNK (Santa Cruz Biotechnology, Inc.), which is a rabbit polyclonal IgG
antibody produced by immunization with full-length (amino acids 1 to 384)
human JNK produced in E. coli. Immunoreactivity was determined by using
horseradish peroxidase-conjugated secondary antibodies and was visualized by
ECL enhanced chemiluminescence (Amersham Pharmacia Biotech, Little Chal-
font, Buckinghamshire, United Kingdom).

LDH assay. The lactate dehydrogenase (LDH) assay was carried out according
to the manufacturer’s instructions by using a cytotoxicity detection kit (Roche
Diagnostic SpA, Milan, Italy). LDH is a stable cytoplasmic enzyme present in all
cells and is rapidly released into cell culture supernatant when the plasma
membrane is damaged. LDH activity was determined by a coupled enzymatic
reaction in which the tetrazolium salt was reduced to formazan. An increase in
the number of dead or damaged cells resulted in an increase in LDH activity in
the culture supernatant.

Reproducibility. Gels were scanned for densitometry by using Sigma Gel
software, and the results shown below are averages of the values from three
different experiments.

RESULTS

Purity of P2 porin preparations. The purity of the porin
preparation from H. influenzae type b subtype 1H was checked
by SDS-PAGE as reported previously (26). SDS-PAGE re-
vealed one band at a molecular mass of approximately 40 kDa,
as previously reported by Coulton et al. (12). The isolated
protein showed porin activity, as demonstrated by its ability to
form transmembrane aqueous channels (data not shown).
Moreover, the N-terminal sequence (AVVYNNEGTNYV) of
the isolated protein corresponds to the known N-terminal se-
quence of the protein reported previously (35, 51). By using
the Limulus test, the LPS contamination in the porin prepara-
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tion was estimated to be about 0.001% (wt/wt) compared with
a standard H. influenzae type b LPS solution.

Alignments and homology modeling. The sequences of P2
from 11 strains of H. influenzae aligned with the sequences of
the three porins (PhoE, OmpF, and OmpK36) with known
three-dimensional structures, which were used as templates,
are shown in Fig. 1. Only these three porins were included in
our study, since they were the only porins showing significant
sequence identity with the P2 porin.

A structural alignment of PhoE, OmpF, and OmpK36 was
constructed, and then the P2 porin sequence (SwissProt acces-
sion number P20149) was added to this initial alignment (Fig.
1). Thus, the alignment was edited manually and refined by
taking into account additional structural information available
for the variable regions. Correct alignment was critical for the
generation of an accurate model, and each putative conserved
residue was examined to verify that there was a sound struc-
tural basis for its conservation in the porins analyzed.

The sequences of Haemophilus P2 porins from 10 different
strains were added only after construction of the structural
homology model (Fig. 1). The other Haemophilus strain se-
quences were introduced into the alignment in order to verify
that sequence variations were localized in loop regions and not
within the B-barrel framework; in fact, most insertions and
deletions are found in regions corresponding to loops facing
the cell exterior.

The B-barrel framework of P2 was constructed remarkably
well, with the well-defined main chain hydrogen-bonding pat-
tern characteristic of the B-sheet motif, although no hydrogen
bonding or backbone dihedral angle restraints were used in the
calculation. The periplasmic turns were generally short and
contained turn promoters (Asp, Asn, Glu, Gly, Pro, and Ser).
The external loops were generally long and were associated
with variable sequences. Larger loop regions were less well
modeled by this procedure and showed a variety of conforma-
tions, depending on the starting alignment and other restraints.
The P2 monomer model is shown in Fig. 2.

The model revealed several structural features that are com-
mon to porins with known three-dimensional structures. It
presents a well-defined pore that is lined with hydrophilic and
hydrophobic side chains having appropriate dimensions for the
passage of low-molecular-weight solutes. In particular, the long
loop L3 folds into the barrel, leaving a gap in the wall between
strands B4 and B7. This loop constricts the size of the pore at
about half the height of the barrel. L3 is shorter than the
corresponding loops in the three reference proteins, thus de-
termining a greater dimension of the pore.

The outer surface of the protein shows evidence of parti-
tioning with respect to hydrophilicity. The stem of the porin
presents a highly hydrophobic 25-A band, which is compatible
with estimates of the thickness of the nonpolar outer mem-
brane. Moreover, the distribution of aromatic amino acid side
chains within the model is similar to that established for other
porins, with the majority of the Phe and Tyr chains pointing
outward from the barrel and presumably playing an important
role in interactions with phospholipids. In particular, tyrosines
and phenylalanines cluster in two rings around the base and
the top of the barrel, delimiting the position of the inner edge
of the lipid bilayer.

The major limitation of the MODELLER package (59) is
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that the porin model is calculated as a monomer, while porins
exist as trimers within the outer membrane. A more realistic
model was produced with CNS by placing the monomers
within the original crystallographic unit cell of the PhoE porin.
Several cycles of conjugate gradient energy refinement pro-
vided the final model.

The three-dimensional homology model allowed definition
of residues belonging to loop regions and of protein regions
involved in the trimerization. The amino acid sequences of the
loops differ significantly from the corresponding sequences of
other porins.

The regions involved in the formation of the trimer are
mainly hydrophobic; in particular, loop L2 is involved in mono-
mer-monomer interactions within the porin trimer. Loops L1
and L4 are in close proximity between adjacent monomers,
raising the possibility that these regions may interact to some
extent across a monomer-monomer interface, and thus they
seem to be involved in trimerization as well. Moreover, 14 is
longer than the corresponding loops in the three reference
proteins (Fig. 1).

Loop L3 is sequestered in the core of each monomer, influ-
encing the pore dimension and function, as described above.
Loops L6 and L7 are unusually short and essentially consist of
B turns with only two or three connecting amino acid residues.
Loop LS8, which is the third longest loop, seems to fold back
into the barrel interior and to contribute to the formation of
the channel opening at the external side.

Analysis of the alignments of the sequences of the P2 pro-
teins from 12 different strains allowed determination of loops
showing the greatest sequence and length variability. In par-
ticular, loops L2, L4, and L5 showed the greatest sequence
variability, while loops L4, LS and L6 showed the greatest
length variation (Fig. 1).

We found good agreement with previously proposed models
only for the locations of loops L4 and L8 (3, 16, 65), while the
the locations of the other loops differed significantly.

Peptides corresponding to the sequences of the predicted
loops were synthesized. Table 1 shows the sequences of these
peptides together with the sequences of control peptides.

MAPK pathway signaling by isolated P2 porin in U937 cells.
The P2 porin isolated from H. influenzae type b strain ATCC
9795 was able to induce tyrosine phosphorylation in U937 cells,
as demonstrated previously for THP-1 cells (28). In particular,
the activation was dose dependent; porin concentrations as low
as 0.013 nmol/ml (500 ng/ml) still induced activation, while a
concentration of 0.52 nmol/ml (20 wg/ml) did not further in-
crease the phosphorylation (Fig. 3A). Thus, in our experiments
we used a protein concentration of 0.13 nmol/ml.

We next examined activation of the MEK1-MEK2/MAPK
pathway in untreated cells, as well as P2 porin-stimulated U937
cells. To verify that P2 porin stimulates the MEK1-MEK2/
MAPK signal transduction pathway, U937 cells (3 X 10° cells/
ml) were treated with 0.13 nmol (5 pg) of porin per ml. Cell
lysates were prepared at different times after the stimulation.
The lysates obtained were immunoprecipitated with antibodies
that specifically recognized the phosphorylated and nonphos-
phorylated forms of each enzyme. We had previously detected
related proteins in untreated U937 cells using anti-MEKI,
anti-MEK?2, anti-ERK1/2, anti-JNK, and anti-p38 antibodies.
A small difference was detected between cells that were not
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Phoe :KTONFEAVAQYQFDFGLRPSLGYVLSKGKD-IEGIGDEDLVNYIDVGATYYFNKNMSAFVDYKINQLDSDN-=——-——= KLNINNDDIVAVGMTYQF
Ompf :KTQDVLLVAQYQFDFGLRPSIAYTKSKAKD-VEGIGDVDLVNYFEVGATYYFNKNMSTYVDYIINQIDSDN—————=—-— KLGVGSDDTVAVGIVYQF
P2 :HEKRYFVSPGFQYEIMEDTNVYGNFKYERT-SVDQGEKTREQAVLFGVDHKLHKQLLTY IEGAYARTRTTE-—--— TGKGVKTEKEKSVGVGLRVYF
P46025:dekrsfvspgfgyelmedtnvygnfkyert-svnggkntreqavlfgvdhklhkgvltyiegayartktnd----- kgktektgkeksvgvglrvyf
Q48220 :hekryfvspgfgyelmedtnlygnfkyern-svdggkkerehavlfgvdhklhkgvltyiegayartrtttrdttkntstvktekeksvgvglrvyf
P43839:hekryfvspgfgyelmedtnvygnfkyert-svdggektregqavlfgvdhklhkglltyiegayartkttn-—---- g--gvktekeksvgvglrvyf
P46026:dekrsfvspgfgyelmedtnvygnfkyert-svnggkntreqavlfgvdhklhkgvltyiegayartktnd----—- kgktektgkeksvgvglrvyf
P46027 :dekryfvspgfqgyelmedtnvygnfkyert-ssdegkktreqavlfgvdhklhkgvltyiegayartktng-——---- kgkaettgkeksvgvglrvyf
Q48216 :hekryfvspgfgyelmedtnvygnfkyern-svdggkkarehavlfgvdhklhkgvltyiegayartrtnd----- kgktektekeksvgvglrvyf
Q48217 :hekryfvspgfgyelmedtnvygnfkyern-svdggkkarehavlfgvdhklhkgvltyiegayartrtnd----- kdktektekeksvgvglrvyf
Q48218 :heksyfvspgfgyelmedtnvygnfkyerd-svdggkktreqavlfgvdhklhkgvltyiegayartrtte-———--- skkgvktekeksvgvglrvyf
Q48219:heksyfvspgfgyelmedtnfygnfkyern-svdggkkereqavlfgidhklhkqgvltyiegayartrtnd----- kskaektekeksvgvglrvyf
Q48221 :hekryfvspgfgyelmedtnlygnlkyerinsvdggekvrehavlfgidhklhkgvltyiegayartrtnd----- kgktektekeksvgvglrvyf

FIG. 1. Multiple alignment of P2 porin from H. influenzae type b (SwissProt accession number P20149) with PhoE, OmpF, OmpK36, and P2
from strains included in this study. The dashes represent gaps in the alignment. The regions predicted to form B strands are labeled B1 to 316 and
are blue. The putative external loops are marked L1 to L8 and are red. The SwissProt accession numbers of the P2 sequences are indicated on
the left.
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Bacterial Outer Membrane
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FIG. 2. Three-dimensional model of the P2 monomer from H. in-
fluenzae type b based on the X-ray structures of K. pneumoniae
OmpK36 and E. coli PhoE and OmpF. (A) Overview of the molecule.
Surface loops are labeled L1 to L8 and are different colors. The
extracellular space is located at the top, and the periplasmic space is at
the bottom. (B) Horizontal slice through the barrel of the proposed
model of P2 porin, highlighting the finding that loop L3 extends inside
the barrel and constricts the pore. The position of the membrane
bilayer is indicated by horizontal lines.

incubated with serum and cells that were treated with serum
(data not shown). Using anti-p-MEK1/2 antibodies, we ob-
served immunoreactive bands of phosphorylated enzymes.
MEK1/2 phosphorylation reached its peak by 10 min and went
back to a standard value by 60 min (Fig. 3B). The shift in the
electrophoretic mobility of the bands at 10 min obtained with
the anti-MEKI1 and -MEK2 antibodies confirmed the results
obtained with anti-p-MEKI1/2 antibodies. Using anti-phospho-
p44/42 antibodies, we observed that porins increased the ap-
pearance of the phosphorylated form of this enzyme as well. A
time course of ERK1/2 activation following porin treatment is
shown in Fig. 3. When anti-phospho-p44/42 antibodies were
used, bands of phosphorylation appeared by 3 min, reached the
highest level of expression by 20 min, and returned to standard
levels by 60 min. The shift in the electrophoretic mobility of the
bands at 20 min obtained with anti-ERK1/ERK2 antibodies
confirmed the results obtained with anti-phospho-p44/42 anti-
bodies. Using an anti-phospho-p38 antibody, we observed im-
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munoreactive bands in U937 cell lysates treated with porin.
The shift in the electrophoretic mobility of the bands at 20 min
obtained with anti-p38 antibody confirmed the results obtained
with anti-phospho-p38 antibody (Fig. 3B). Using the anti-p-
JNK monoclonal antibody, we also observed by Western blot
analysis phosphorylation obtained after stimulation with porin.
The shift in the electrophoretic mobility of the bands at 20 min
obtained with anti-JNK antibody confirmed the results ob-
tained with anti-p-JNK monoclonal antibody (Fig. 3B).

The duration of the treatment with porins at the concentra-
tions used was not toxic for the cells; in fact, the treatment did
not induce any significant release of LDH in the cell superna-
tants (data not shown). The observed effect was specific be-
cause when we used a different protein, such as BSA, as a
stimulus, we were not able to observe any phosphorylation of
the enzymes investigated in this study. The biological activity in
inducing a mechanism of signal transduction in our experi-
ments was exclusively due to porins and not to eventual traces
of LPS that could have contaminated the porin preparation.
The minimum amount of LPS able to produce phosphorylation
in our in vitro model was 100 ng/ml, which was much more than
the amount of LPS present in our preparations (about 10
pg/ng of porin).

MAPK pathway signaling activation by peptides designed by
using the model of P2 porin. Once it was established that porin
P2 from H. influenzae type b was able to activate cell phos-
phorylation and in particular the MEK/MAPK pathway in
U937 cells, we evaluated whether the peptides corresponding
to variable loop regions were alone able to activate phosphor-
ylation. Synthesized peptides were individually tested with
U937 cells.

Peptide concentrations of 0.01, 0.05, 0.13, 5.0, 12, and 26
nmol/ml were assayed in our experiments. The results obtained
for active peptides are shown in Fig. 4; the results obtained for
inactive peptides are not shown. A concentration of 26
nmol/ml was toxic for cells, as verified by LDH release (data
not shown). As observed for the entire protein, signals from an
active peptide were visible by 3 min after treatment; there was
an activity peak at 10 min, which persisted for at least 20 min,
and the amount returned to the standard amount by 60 min.
The results obtained for active peptides are shown in Fig. 5;

TABLE 1. Amino acid sequences of peptides

Loop Sequence ff;;tneelg t
L1 NH,-NSTVDNQKQQHGALR-COOH 25-39
L2 NH,-TKASENGSDNPGDITSK-COOH 69-85
L3 NH,-RAKTIADGITSAEDKEYGVLNNSDYIPTSGN-  103-133

COOH

L4 NH,-REGAKGENKRPNDKAGEVRIGEIN-COOH 157-180
L5 NH,-KYNESDEHKQQLNG-COOH 206-219
L6A NH,-NYKIK-COOH 246-250
L6B NH,-SGYAKTKNYKIKHEK-COOH 239-253
L7 NH,-TSVDQGEK-COOH 280-287
L8 NH,-RTRTTETGKGVKTEKEK-COOH 315-331
g1 NH,;-TNVELGGRLSITAEQS-COOH 9-24
B3 NH,-FYAQGYLETR-COOH 57-66
B8 NH,-NGIQVGAKYD-COOH 181-190
B15 NH,-LLTYIEGAYA-COOH 305-314
Scrambled NH,-EQRHNEKKDTYSQYN-COOH 206-219
Aspy NH,-RKIRKENRMK-COOH
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FIG. 3. MEKI1/2, ERK1/2, JNK, and p38 activation in U937 cells in response to various doses of P2 porin (0.013, 0.026, 0.13, 0.26, and 0.52
nmol/ml) after 20 min of stimulation (A) and after different stimulation times (3, 10, 20, and 60 min) with a dose of 0.13 nmol/ml (B). Total cellular
proteins (3 X 10° cells/ml) were analyzed by SDS-PAGE and were immunoblotted with MEK1/2-, ERK1/2-, INK- or p38-phosphospecific antibody.
Shifts in band mobility on SDS-PAGE gels due to phosphorylation were obtained with anti-MEK1/2, anti-ERK1/2, anti-JNK, and anti-p38. BSA

was used as a nonspecific stimulus control.

data for inactive peptides are not shown. Thus, for our exper-
iments we used a concentration of 0.13 nmol/ml and an acti-
vation time of 10 min.

A 15-amino-acid peptide corresponding to the protein se-
quence from Asn25 to Arg39 (loop L1) induced only a slight
increase in the appearance of the phosphorylated enzymes
MEK1/2, ERK1/2, JNK, and p38, comparable to the increase

induced by the control (Fig. 6). A 17-amino-acid peptide cor-
responding to the protein fragment from Thr69 to Lys85 (loop
L2) was also unable to induce phosphorylation of MEK1/2,
ERK1/2, JNK, and p38. A long 31-amino-acid peptide corre-
sponding to the internal loop L3 (protein fragment from
Argl03 to Asn133) was able to activate MEK1/2 and ERK1/2
but was unable to induce significant activation of JNK and p38.
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FIG. 4. MEK1-MEK2/MAPK activation in response to various
doses of active peptides. U937 cells (3 X 10° cells/ml) were stimulated
with various peptide concentrations, as indicated on the horizontal
axis. Total cellular protein was harvested after 10 min, analyzed by
SDS-PAGE, and immunoblotted with MEK1/2-, ERK1/2-, JNK-, or
p38-phosphospecific antibody. Gels were scanned for densitometry
analysis with the Sigma Gel software, and the ratio of the value for
each peptide dose to the value for an unstimulated control is shown.
The data are averages from three different experiments, and the error
bars indicate the standard errors of the means.

The 24-amino-acid peptide corresponding to the protein se-
quence from Argl57 to Asnl80 (loop L4) was able to induce
slight activation of MEK1/2, ERK1/2, JNK, and p38. A 14-
amino-acid peptide corresponding to the protein fragment
from Lys206 to Gly219 (loop L5) strongly induced an increase
in the immunoreactive bands of ERK1/2, JNK, and p38 and
less effectively activated the phosphorylation of MEK1/2 (Fig.
6). A 15-amino-acid peptide containing the sequence of loop
L6 (protein fragment from Ser239 to Lys253; L6B) induced an
increase in the immunoreactive bands of phosphorylated JNK
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and p38, while it only slightly activated MEK1/2 and ERK1/2.
A shorter 5-amino-acid peptide corresponding to the exact
sequence of loop L6 (protein fragment from Asn246 to Lys250;
L6A), as obtained from the model, was unable to induce any
activation of MEK1/2, ERK1/2, JNK, and p38. The 8-amino-
acid peptide corresponding to loop L7 (protein sequence from
Thr280 to Lys287) was the most active peptide in the phos-
phorylation of JNK and p38 and was less effective in the
activation of MEK1/2 and ERK1/2. The increase in the immu-

a
MEK1/2
10
— 9
g s
= 7
g s
o 5
: 4
-g 3
> Y S N o
CHE =95
0 5 10 15 20 25 30 35 40 45 50 55 60 63
b Time (min)
ERK1/2
10
—_— 9
E 8 }
£ — -}
S —
o 5 S T—
g { —
o ~
=03 .
= 2 I
= H
0 T T T T T T T T 1 t
[4] 5 10 15 20 25 30 35 40 45 50 55 60 63
Time (min)
[
JNK
=
1%
=
=
[~
¥}
=)
= |
s |
=
<
oz
65
- 37
%
23]
20
oh
g4
.g 1
g
43
il e — ‘
0 5 10 15 20 25 30 35 40 45 50 55 60 65
Time (min)

FIG. 5. Time course of MEKI1-MEK2/MAPK activation in re-
sponse to active peptides. Total cellular protein (from 3 X 10° U937
cells/ml) was harvested at the times indicated on the horizontal axis,
analyzed by SDS-PAGE, and immunoblotted with MEK1/2-, ERK1/2-,
JNK-, or p38-phosphospecific antibody. Gels were scanned for densi-
tometry analysis with the Sigma Gel software, and the ratio of the value
for each stimulation time to the value for an unstimulated control is
shown. The data are averages from three different experiments, and
the error bars indicate the standard errors of the means. Symbols: @,
loop LS; m, loop L6B; A, loop L7.
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FIG. 6. MEK1-MEK2/MAPK activation in response to optimal doses and times for each peptide and for the P2 porin. Total cellular protein
(from 3 X 10° U937 cells/ml) was harvested, analyzed by SDS-PAGE, and immunoblotted with MEK1/2-, ERK1/2-, JNK-, or p38-phosphospecific
antibody. Gels were scanned for densitometry analysis with the Sigma Gel software, and the ratio of the value for each peptide to the value for
an unstimulated control is shown. The data are averages from three different experiments, and the error bars indicate the standard errors of the

means.

noreactive bands of phosphorylated JNK and p38 was com-
parable to the activation induced by the entire protein at
concentrations of 0.13, 5, and 12 nmol/ml. The 17-amino-acid
peptide corresponding to loop L8 (protein fragment from
Arg315 to Lys331) was able to induce slight activation only of
p38.

Control peptides were synthesized and tested in order to
verify the reliability of our experiments and to verify that the
induction of signal transduction pathways is exclusively due to
amino acid sequences corresponding to loops. In particular, (i)
four peptides corresponding to B strands B1 (protein sequence
from Thr9 to Ser24), B3 (Phe57 to Arg66), B8 (Asnl8l to
Asp190), and B15 (Leu305 to Ala314) of the P2 porin, which
are considered to be located within the transmembrane region,
were tested in order to verify that conserved regions located in
the interior of the membrane were not able to induce signal
transduction; (ii) an 11-amino-acid peptide, designated Aspy,
which corresponded to a highly hydrophilic sequence, was
tested in order to demonstrate that even a highly hydrophilic
sequence was not able to induce any response; and (iii) a
scrambled peptide corresponding to the sequence of loop LS,
in which the same amino acid residues were present but in a
different sequence, was tested in order to verify that the results

obtained with L5 were associated with the particular sequence.
The four peptides corresponding to 3 strands 1, B3, B8, and
B15 were unable to induce significant phosphorylation with the
concentrations and activation times used for the other pep-
tides. Furthermore, the scrambled peptide and Aspy did not
induce any phosphorylation of the MEK1-MEK2/MAPK path-
ways as well (Fig. 6).

DISCUSSION

Molecules spanning the outer membrane of gram-negative
bacteria are involved in host-cell interactions. Thus, it is im-
portant to define the bacterial molecules that react with com-
plementary structures on eukaryotic cells, since this probably
represents an important step in the host response to bacterial
infection. It has been demonstrated that porins play a funda-
mental role in the pathogenesis of gram-negative infections
(18, 62). Moreover, they stimulate an immunological response,
inducing the release of several cytokines (20, 22, 24, 36, 37),
and they stimulate endothelial cells, inducing the expression of
adhesin molecules (15) and leukocyte transmigration through
endothelial cells (25). Porins induce tyrosine phosphorylation
in THP-1 cells and C3H/HeJ] macrophages (28). In a previous
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study (29), porins purified from S. enterica serovar Typhi-
murium were shown to activate activating protein 1 and NF-«B
through the MAPK cascade. Activation of activating protein 1
and NF-kB was regulated mainly by the p38 and JNK path-
ways.

In this study, we verified the signaling activity of porin P2
from H. influenzae type b and investigated in detail which
domains of the protein are involved in signaling pathways. As
the three-dimensional structure has not yet been determined,
in this study we used molecular modeling techniques to gen-
erate a three-dimensional homology model of the porin using
the X-ray structures of PhoE and OmpF from E. coli and
OmpK36 from K. pneumoniae. The homology model enabled
us to identify more precisely the structural as well as functional
roles of individual residues and of loop regions. Despite low
sequence identity, structurally known proteins of the porin
family superimpose surprisingly well. Thus, homology model-
ing appears to be a useful method for predicting the structure
of any member of the family whose three-dimensional struc-
ture remains unresolved. A highly accurate structure-based
family alignment can be constructed and used as a framework
for alignment of new members.

Thus, we studied the sequence homology that P2 exhibits
with porins whose high-resolution structures have been deter-
mined, and we constructed a theoretical model for P2. Al-
though the level of sequence homology of P2 was quite low, the
alignment of its sequence with the sequences of PhoE, OmpF,
and OmpK36 was generally unambiguous. The B strands are
connected by short turns on the periplasmic side and by long
loops on the extracellular side. For the B scaffold and most of
the short turns, construction of the model was straightforward.
The locations and orientations of amino acid side chains could
be approximated, but determination of exact conformations
was premature. Loop regions were less well modeled, and
more reliable calculation of their conformation requires fur-
ther experimental data. Thus, our model is not meant to rep-
resent the detailed conformation of the loops but rather to
indicate the lengths and positions of loops within the overall
B-barrel framework, and it provides a preliminary structural
model for determining the structure-function relationship of
this surface protein. The quality of the model can be appreci-
ated in terms of the conservation of the hydrophobicity of
residues pointing toward the outside of the barrel and also the
rings of aromatic residues at the proposed lipid-water interface
of the molecule. All insertions and deletions are found in
extracellular loops apart from one periplasmic turn, and the
loops show the greatest sequence and length variability.

Our model is improved compared to earlier models (3, 16,
65) of H. influenzae type b porin. A highly accurate selection of
a set of three proteins with known three-dimensional struc-
tures that belong to the same porin family allowed construction
of an highly accurate structure-based family alignment. The
recent availability of numerous different H. influenzae type b
porin sequences increased the reliability of the alignment,
which was previously constructed by using less data. The over-
all structure is comparable to that proposed by Srikumar et al.
(65) previously.

Comparisons of the pairing of B strands and the positions of
the loop regions present in the three-dimensional model with
those predicted by Srikumar et al. (65) showed good agree-
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ment only for the locations of loops L4 and L8, while the
remaining loops differ significantly. The differences in the
models account for the fact that the results of homology mod-
eling depend critically on the sequence alignment used. Dif-
ferent sequence alignments produce shifts in the positions of B
strands and loops which may accumulate along the sequence
and produce great differences toward the C terminus of the
protein. Our model may be improved compared to earlier
models, and it was used in our study to select peptide se-
quences to be tested in our experiments. Our results, together
with further experiments on active peptides, may provide use-
ful information on the validity of the model, which should be
definitively resolved once high-resolution structural informa-
tion on H. influenzae type b is available.

The results obtained in this study showed that porins from
H. influenzae type b are able to induce activation of signaling
pathways in U937 cells, and we also identified one of the
phosphorylation pathways that was activated through the
MEKI1-MEK2/MAPK cascade. Porin P2, like porins from S.
enterica serovar Typhimurium (29), activates mainly but not
exclusively the JNK and p38 pathways.

We tested peptides that correspond to the amino acid se-
quences of variable loop regions facing the cell exterior and
thus are probably involved in the initial interaction with the
host cell. The results obtained show that peptides correspond-
ing to the sequences of surface-exposed loops are able to
activate the MEK1-MEK2/MAPK cascade; moreover, the pep-
tides that exhibit the greatest diversity in terms of both length
and sequence are involved mainly in signaling pathways. In
particular, they are able to activate the MAPK pathway like the
entire porin P2, thus confirming the validity of the proposed
model.

Loop L1, which in the trimer is located in close proximity to
adjacent monomers and interacts to some extent across the
monomer-monomer interface, does not induce significant ac-
tivation of MEK1/2, ERK1/2, JNK, and p38. The peptide cor-
responding to loop L2 is important for monomer-monomer
interactions within the porin trimer, and it is unable to induce
any phosphorylation. The peptides corresponding to the inter-
nal loop L3 are active in the phosphorylation of MEK1/2 and
ERK1/2, while they are unable to activate the phosphorylation
of JINK and p38. L4, although it is located like loop L1 at the
monomer-monomer interface, induces slight phosphorylation
of MEK1/2, ERK1/2, JNK, and p38. Loop L4 is the second
longest loop after internal loop L3; thus, it may be that the
length of the peptide allows partial exposure of this loop at the
surface, which makes it also partially active. The peptide cor-
responding to loop LS is very active in the phosphorylation of
ERK1/2, JNK, and p38. The peptide containing the sequence
of loop L6 (L6B) activates the phosphorylation of JNK and
p38; the shorter peptide corresponding to the exact sequence
of loop L6 (L6A) is unable to induce any activation of
MEK1/2, ERK1/2, JNK, and p38. Our results show that a
S-amino-acid peptide, although corresponding to a surface
loop, is too short to induce any activation. The peptide corre-
sponding to loop L7, although it is only 8 amino acid long, is
the most efficient peptide for activation of the phosphorylation
of JNK and p38. Loop L8, which is the third longest loop and
folds back into the barrel interior, contributing to the forma-
tion of the channel opening at the external side, is unable to
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activate these pathways significantly. All the control peptides
were unable to activate the MEK1-MEK2/MAPK signal trans-
duction pathway.

Our experiments were sufficient to determine which regions
of the protein are involved in signal transduction and thus
which regions should be subjected to further analyses, which
will require determination of the minimal and maximal lengths
of each active peptide and design of cyclic peptides to reduce
the conformational freedom, together with a detailed muta-
tional analysis of the selected improved peptides. Moreover,
our results are further supported by the analysis of the struc-
tural model. In fact, we showed that peptides corresponding to
loop variable regions are able to stimulate the MEK1-MEK2/
MAPK signal transduction pathway. In particular, surface pep-
tides corresponding to loops LS, L6, and L7 showed prominent
JNK and p38 activation, comparable to the activation induced
by the entire protein. The peptides corresponding to loops L1,
L2, L3, L4, and L8, which are involved in formation of the
trimer or in determination of the pore dimension and func-
tionality, are unable to activate significantly the same path-
ways; these peptides show slight but variable activation of the
signal transduction pathway, which may be related to the de-
gree of exposure to the surface.

Cell activation takes place through signal transduction net-
works both in vivo (32) and in vitro (29). Our results are
further supported by data reported previously; in fact, loops L5
and L6 of NTHI were reported to be the target for bactericidal
serum activity against several strains (53, 74), and loop L7 of K.
pneumoniae was reported to be involved in the interaction with
Clq (2). Thus, our results show that other biological activities
of porins are linked to epitopes located on variable loop and
that the high degree of surface accessibility of the loop regions
is probably an important factor in the interaction with target
cells. Accessibility of epitopes on the bacterial surface is es-
sential for antibodies to be protective and is likely to play a
critical role in specific binding to cellular receptors. It is still
not known which cellular receptors are involved in porin stim-
ulation (23, 27), while it is known which receptors are involved
in LPS signal transduction (68, 71).

In conclusion, in this study we demonstrated that the pep-
tides corresponding to loops are the domains of porins mainly
responsible for the activation of signaling pathways; these re-
sults may prove to be important in the development of thera-
pies to fight conditions such as septic shock.
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