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ABSTRACT: Lung cysteine cathepsins B, K, L, and S contribute to physiological and pathological Cathepsin L
processes including degradation of antimicrobial peptides/proteins (AMPs) such as surfactant ' ~
protein SP-A, lactoferrin, secretory leukocyte peptidase inhibitor, and beta-defensins-2 and -3.
Substantial amounts of uncleaved LL-37, a 37-mer cationic AMP, were observed in the sputum of
patients with cystic fibrosis (CF). Nevertheless LL-37 was degraded after prolonged incubation in CF
sputum, and the hydrolysis was blocked by E-64, a selective inhibitor of cysteine proteases.
Cathepsins K and S, expressed in human alveolar macrophages, thoroughly hydrolyzed LL-37 in vitro,
whereas it competitively inhibited cathepsin L (K; = 150 nM). Cleavage of LL-37 by cathepsins S and
K impaired its antimicrobial activity against Pseudomonas aeruginosa and Staphylococcus aureus, in a
time- and concentration-dependent manner. The exchange of residues 67 and 205 in the S2 pockets
of cathepsins L (Leu67Tyr/Ala205Leu) and K (Tyr67Leu/Leu205Ala) switched the specificity of these mutants toward LL-37.
Molecular modeling suggested that LL-37 interacted with the active site of cathepsin L in both forward (i.e., substrate-like) and
reverse orientations with similar binding energies. Our data support the hypothesis that cysteine cathepsins modulate the innate
immunity response by degrading distinct and representative members of the AMP family.

he human airway epithelium is constantly exposed to a (F)-actin,® DNA,” glycosaminoglycans,®” and mucins,'® which
myriad of potential airborne pathogens and therefore inhibit its antimicrobial activity and protect it from proteolysis.
constitutes an essential frontline of the host defense against Indeed, an elevated concentration of LL-37, reaching levels of
infections. To prevent microbial colonization, the lung 15 ug/mlL, is observed in the bronchoalveolar lavage fluid of
epithelial lining fluid displays an arsenal of effective CF patients and is correlated with pulmonary inflammation and

antimicrobial proteins and polypeptides (AMPs) that include disease severity.'""'> Thus, the regulation of LL-37 during the
larger proteins such as lysozyme, lactoferrin, surfactant proteins,

the secretory leukocyte protease inhibitor (SLPI), as well as
cationic peptides such as human f-defensins (hBD) and
cathelicidin LL-37. In addition to their broad-spectrum
antimicrobial activity against a range of bacteria, fungi, and
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pathogenesis of CF lung disease remains unclear and needs
further investigation.

The only cathelicidin in humans is expressed as a 18-kDa
precursor (hCAP18) that is expressed by various cell types
(e.g., leukocytes, epithelial cells) and found in body fluids (e.g,,
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in keratinocytes'* and proteinase 3 from neutrophils' to
generate LL-37. It is noteworthy that the lack of activation of
proteinase 3 leads to an accumulation of hCAP18 in the gingiva
and saliva of patients with Papillon—Lefévre syndrome, favoring
infection by pathogenic bacteria."® Despite a cystatin-like fold,
the cathelin-like domain possesses no a1p7parent inhibitory
activity against cysteine cathepsin L (CatL)."” Conversely, both
LL-37 and hCAP18 reduce CatL activity in a dose-dependent
manner, suggesting that the C-terminal of hCAP18 is critical in
the inhibition. The positive charge and amphipathic a-helical
secondary structure of LL-37 allow it to interact with negatively
charged phospholipids of bacteria membrane, resulting in their
permeabilisation by the formation of transmembrane pores and
thus leading to bacterial lysis.'® Although the antimicrobial
activity of LL-37 supports its potential use as a therapeutic
agent against bacterial infection and inflammatory diseases, its
effectiveness could be limited by specific proteases present in
the CF lung."””® We and others reported that hBD-2 and -3,
SLPI, lactoferrin, and SP-A are cleaved and inactivated in CF
1un2gs bj human cysteine cathepsins B, L, and S (CatB, L, and
§).*'7** Cysteine cathepsins are produced by lung macro-
phages, fibroblasts, and epithelial cells and participate primarly
in intracellular proteolytic pathways (for review, see ref 25).
Cathepsins are also found to be extracellularly active as
membrane-bound and soluble forms and contribute with other
proteases to a variety of pathophysiological processes (for
review, see refs 26 and 27). Overall, these observations raised
the question whether LL-37 is an inhibitor, a substrate, or
combines both functions toward cathepsins. Here, we evaluated
the potential of CatB, K, L, and S to inactivate the antimicrobial
function of LL-37 against Gram-negative and Gram-positive
bacteria. Furthermore, we investigated the molecular mecha-
nism of the inhibition of CatL by biochemical and molecular
modeling studies.

B EXPERIMENTAL PROCEDURES

Enzymes. Human Cats B, L, and S were supplied by
Calbiochem (VWR International S.A.S., France). Human CatK,
S2 cathepsin L-like (Tyr67Leu/Leu205Ala) mutant of CatK
and S2 cathepsin K-like (Leu67Tyr/Ala205Leu) mutant of
Catl, were produced as described previously.”® Human
neutrophil elastase (HNE) was purchased from BioCentrum
(Krakow, Poland). Active site concentrations of cathepsins
were determined using L-3-carboxy-trans-2,3-epoxy-propionyl-
leucylamide-(4-guanido)-butane (E-64) (Sigma-Aldrich, Saint-
Quentin Fallavier, France). HNE titration was performed with
al-antitrypsin (Boehringer Ingelheim, Reims, France) as
previously described.””

Substrates and Synthetic Inhibitors. Benzyloxycarbonyl-
Phe-Arg-7-amino-4-methyl coumarin (Z-Phe-Arg-AMC) was
purchased from Bachem (Bachem Biochimie, Voisin-le-
Bretonneux, France). PMSF, pepstatin A, EDTA, AEBSF
(Pefabloc), and MMTS were from Sigma-Aldrich. N-(1-3-trans-
Propylcarbamoyloxirane-2-carbonyl)-L-isoleucyl-L-proline (CA-
074) and DTT (pL-dithiotreitol) were from Calbiochem (VWR
International S.A.S., France). Morpholinourea-leucinyl-homo-
phenylalanine-vinyl-sulfone phenyl inhibitor (LHVS) was a
kind gift from Dr. J. H. McKerrow (University of California,
San Diego, La Jolla, CA, USA). Glycosaminoglycans:
chondroitin 4-sulfate (C4-S) from bovine trachea (MW approx:
20—30 kDa), low molecular weight heparin (HP) from porcine
intestinal mucosa (MW: 15—17 kDa), heparan sulfate (HS)
from bovine kidney (MW approx: 14 kDa), hyaluronic acid

2786

(HA) from Streptococcus equi (MW: 1400 kDa) were from
Sigma-Aldrich. Purified GAGs were diluted in 0.1 M sodium
acetate buffer, pH 5.5 at 3 mg/mL. All other reagents were of
analytical grade.

Synthetic Peptides. Unless otherwise stated, all peptides
were of L-configuration. LL-37 (LLGDFFRKSKEKIGKE-
FKRIVQRIKDFLNLRVPRTES), p-LL-37 (amino acids were
of D-configuration) and scrambled LL-37 (Sc-LL-37: RSLEG-
TDRFPFVRLKNSRKLEFKDIKGIKREQFVKIL) were pur-
chased from GeneCust (GeneCust Europe, Dudelange,
Luxembour(g). Synthesis of truncated forms of LL-37 is detailed
elsewhere.®® The individual sequences are LL-31, LLGDF-
FRKSKEKIGKEFKRIVQRIKDFLRNL; LL-25, LLGDE-
FRKSKEKIGKEFKRIVQRIK; LL-19, LLGDFFRKSKEKIGK-
EFKR; LL-13, LLGDFFRKSKEKI; RK-25, RKSKEKIGKE-
FKRIVQRIKDFLRNL; IG-19, IGKEFKRIVQRIKDFLRNL;
RK-19, RKSKEKIGKEFKRIVQRIK; IG-13, IGKEFKRIV-
QRIK; RK-31, RKSKEKIGKEFKRIVQRIKDFLRNLVPRTES;
1G-25, IGKEFKRIVQRIKDFLRNLVPRTES; RI-19, RIVQR-
IKDFLRNLVPRTES; KD-13, KDFLRNLVPRTES. SE-37 (the
reverse peptidyl sequence of LL-37, i.e., SETRPVRLNLFDKIR-
QVIRKFEKGIKEKSKRFFDGLL) and biotin-LC-LL-37 were
from Anaspec (Eurogentec, Angers, France). DF-22 (DFFRK-
SKEKIGKEFKRIVQRIK) was synthesized as a peptidyl amide
by Fmoc-solid-phase chemistry and purified according to ref 31.

Ethics Statement. The Institutional Review Board of the
French Learned Society for Respiratory Medicine (Société de
Pneumologie de Langue Frangaise) approved the study, and
written informed consent was obtained from the participants to
the study (Biocollection DC 2010-1216, CHU Tours). Clinical
charts and functional records were collected on a standardized
and anonymous collection form. An adult patient suffering from
inflammatory pulmonary disease was submitted to a routine
bronchoalveolar lavage procedure (Department of Pneumol-
ogy, CHRU Bretonneau, The University Hospital, Tours,
France) with respect to recommendations of the local
institutional Ethical Committee, as reported elsewhere.*> CF
sputum samples were collected on a routine basis from adult
patients followed at the Teaching Hospital of Besangon (CHU
Jean Minjoz, France) between 2009 and 2010 as detailed
previously.*®

Sputum Samples from CF Patients. Six expectorated
sputum samples (three P. aeruginosa-positive and three P.
aeruginosa negative samples named Ps+ and Ps-, respectively)
were obtained from CF adult patients and were kindly provided
by Dr. G. Couetdic and Dr. P. Plésiat (Laboratoire de
Bactériologie, CHU Jean Minjoz, Besancon, France). Samples
were considered as “waste”, and subsequently the protocol used
for this study did not need a specific agreement from the local
research ethics committee. Following the protocol as previously
described,® each Ps+ and Ps— samples sample was instantly
suspended in the conservative buffer A: 100 mM sodium
acetate, pH 5.0 containing a serine, asparatate, metallo, and
cysteine protease inhibitor cocktail (0.5 mM PMSF, 0.5 mM
EDTA, 40 uM pepstatin A, and 1 mM MMTS) and centrifuged
at 5000g at 4 °C for 10 min. The supernatant was frozen and
stored at —80 °C until required for analysis. Bicinchoninic acid
assays were used to determine the protein concentrations in
supernatants (BCA protein assay kit, Interchim, Montlugon,
France). To restore the activity of cathepsins, samples were
incubated in 100 mM acetate sodium, pH 5.5, DTT S mM,
Brij3S 0.01% (buffer B) for 30 min. The presence of sulfated
GAGs in CF sputum (30 ug total protein) was determined
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using 1,9-dimethylmethylene blue (Sigma-Aldrich) staining
method and quantified by spectrophotometry at 520 nm.

Western Blot Analysis of LL-37, HBD-2, and SP-A in CF
Sputum. The polyclonal anti-LL-37 antibody was purchased
from Innovagen (Lund, Sweden) and the polyclonal anti-hBD-
2 antibody from Research Diagnostic Inc. (Flanders, New
Jersey, USA). The polyclonal anti-SP-A antibody was a kind gift
from Dr. Henk Haagsman (Utrecht University, Netherlands).
Recombinant hBD-2 was purchased from Research Diagnostic
Inc,, and purified human SP-A was a kind gift from Dr. Ruud
Veldhuizen (University of Western Ontario, Ontario, Canada).
Supernatants of CF sputum (standardized amount: 30 ug
protein/sample) were diluted in Laemmli buffer under reducing
conditions and boiled for S min. Finally, samples were loaded
onto 20% polyacrylamide gel for the detection of LL-37 and
hBD-2, or on 12% gels for the detection of SP-A, and
electrophoretically separated under reducing conditions (Bio-
rad System). Prestained molecular mass standards (low
molecular range) were obtained from Sigma-Aldrich. For
Western blot analysis, gels were electroblotted onto nitro-
cellulose membranes (Hybond-ECL, Amersham Biosciences,
Buckinghamshire, UK). Membranes were incubated under
agitation overnight at 4 °C with anti-LL-37 antibody (1:10000
in PBS, 0.1% Tween 20, 5% powdered milk), then incubated
with secondary IgG-horseradish peroxidase conjugate (1:5000)
for 1 h at room temperature prior to the detection using the
ECL Plus Western Blotting Detection system (Amersham
Biosciences). A similar protocol was used for the anti-SP-A
(1:2500) and anti-hBD-2 antibodies (1:5000). LL-37 (10 ng),
SP-A (150 ng), and hBD-2 (10 ng) were used as controls.

Hydrolysis of LL-37 in CF Sputum. Ps+ supernatants
were incubated (1—6 h) at 37 °C in 100 mM acetate sodium,
pH 5.5, S mM DTT, Brij3S 0.01% (buffer B) (final volume: 16
uL; 30 ug of protein). Reaction mixtures were stopped with
Laemmli buffer and boiled for 3 min. Controls were performed
in the presence of E-64 (10 uM). Samples were subjected to
SDS-PAGE (20%) under reducing conditions and then
immunoblotted as described above using an anti-LL-37
antibody.

Hydrolysis of LL-37 by Human Alveolar Macrophages.
Alveolar macrophages were obtained from a bronchoalveolar
lavage fluid (BALF) of a nonsmoking and nonfibrotic patient.
BALF was centrifuged at 129¢ for S min, and the cell pellet was
resuspended in RPMI 1640 media supplemented with 1% heat-
inactivated fetal calf serum and 1% penicillin/streptomycin.
Adherent cells were cultured for 24 h at 5% CO, and 37 °C.
Culture media was replaced and macrophages were grown for
additional 24 h without fetal calf serum. Culture media from
macrophages were harvested and treated immediately in 100
mM sodium acetate, pH 5.0, 0.5 mM PMSF, 0.5 mM EDTA, 40
uM pepstatin A, and 1 mM MMTS (buffer A). The
supernatants were centrifuged for 5 min at 9000g at 4 °C to
remove floating cells and concentrated by centrifugation with
Vivaspin 4 concentrators (Sartorius) at 4000g for 30 min.
Alternatively macrophage layers were washed once in ice-cold
PBS and scrapped off in the buffer A. Total cell extracts were
obtained by a series of three freeze/thaw cycles in liquid
nitrogen and a 37 °C water bath. Lysate was centrifuged at
5000g at 4 °C for 10 min. Supernatants were collected, and cell
pellets were resuspended in 150 yL of the conservative buffer
A. Measurement of the overall cathepsin activity was performed
using Z-FR-AMC (50 uM) in buffer B at pH S.5. Total
cathepsin activity was determined by titration with E-64. LL-37
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(30 ng) was incubated for 0—24 h in the reactive buffer B with
supernatants, cytosolic fractions, and cell-free membrane
fractions. In parallel, samples were preincubated with E-64
(10 uM), CA-074 (10 4M), and Mu-Leu-Hph-VSPh (100 nM)
prior to adding LL-37. Samples were subjected to SDS-PAGE
(20%) under reducing conditions and then immunoblotted
using an anti-LL-37 antibody.

Hydrolysis of LL-37 and LL-37-Derived Peptides by
Cathepsins. LL-37, D-LL-37, scrambled LL-37, and SE-37 (89
uM) were incubated at different incubation times (10—240
min) in the presence or absence of purified CatB, K, L, or S
(5—89 nM) in 100 mM sodium acetate buffer pH 5.5,
containing 2 mM DTT and 0.01% Brij3S (buffer C) at 37 °C.
Similar experiments were performed with the human S2 subsite
CatL variant (Leu67Tyr/Ala205Leu) and the human S2 subsite
CatK variant (Tyr67Leu/Leu205Ala). LL-37 (89 uM) was
incubated with CatK and S (5 nM) in the presence or absence
of chondroitin 4-sulfate (C4-S), heparan sulfate (HS),
hyaluronic acid (HA), and heparin (HP) (0.0015—0.15%) in
the reactive buffer (pH S.5). Control experiments were
performed in the presence of E-64 (10 uM). Alternatively
hydrolysis of LL-37 was performed in the presence of CatS in
100 mM sodium phosphate buffer, pH 7.4, containing 2 mM
DTT and 0.01% Brij35. Hydrolysis of LL-37 by HNE was
performed in S0 mM HEPES buffer, pH 7.4, 0.05% NP40, 150
mM NaCl. Inhibition control of HNE was performed with 10
UM Pefabloc. Reaction mixtures were boiled in Laemmli buffer
for 3 min and loaded onto 8-25% precast gradient gels
(Pharmacia, Phastgel, GE Healthcare Europe, Paris, France).
Gels were stained with Coomassie Brillant Blue G-250. The
Image] software (NIH, Bethesda, MD, USA) was used for
densitometric analysis of LL-37 peptide band.

Identification of LL-37 Cleavage Sites. Each cathepsin
(20 nM, final concentration) was incubated with LL-37 (89
uM) at different times (30—240 min) in 100 mM sodium
acetate buffer pH S.5, containing 2 mM DTT and 0.01% Brij35
(buffer C) at 37 °C. The same experiments were carried out
with p-LL-37, sc-LL-37, SE-37, LL-25, LL-19, LL-13, RK-2S,
1G-19, RK-19, IG-13, RK-31, IG-25, RI-19, and KD-13 (89 uM
final). The reaction was stopped by adding ethanol (1:5, v/v)
(Carlo Erba Reagents, Val de reuil, France). After centrifuga-
tion at 3200g for 30 min at 4 °C, the precipitate was removed,
and the supernatant containing the native peptide and/or its
proteolytic fragments was evaporated to dryness and
redissolved in 0.1% trifluoroacetic acid. An aliquot of each
sample was analyzed by reverse-phase high-performance liquid
chromatography (RP-HPLC) with a C-18 column (RP-18,
LichroCART, Purospher, Merck, France) using a linear 0—90%
water/acetonitrile gradient in the presence of 0.1% TFA, at a
flow rate of 0.5 mL/min. Chromatograms were treated with
ChromQuest software (SpectraSystem). Fragments were
collected and analyzed by MALDI-TOF mass spectrometry
using a MALDI-TOF-TOF Ultraflex (Bruker Daltonics).
Calibration was performed with peptides of known molecular
mass (1—2.5 kDa range). The accuracy of mass determinations
was +0.02%. The identification of LL-37 cleavage sites was
determinated with the FindPept Tool accessible to SIB
Bioinformatics Resource Portal (http://web.expasy.org/cgi-
bin/findpept/findpept_form.pl).

Antimicrobial Activity. LL-37 (200 M) was incubated in
the presence or absence of each cathepsin (11—-44 nM) in
buffer C for 1-6 h at 37 °C. Control experiments were
conducted with heat-inactivated cathepsins. After incubation, an
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aliquot was taken from each sample and diluted 1:2, 1:5, 1:10,
and 1:20 in the reactive buffer. Samples were then precipitated
with absolute ethanol and centrifuged at 3200g for 30 min at 20
°C. Supernatant containing LL-37 and/or its proteolytic
fragments were evaporated, and the dried pellets were
resuspended in 10 uL of sterilized ultrapure water. Antimicro-
bial activity of each sample was then evaluated by radial
diffusion assay technique (RDA) as previously described.**
Briefly, bacterial strains E. coli JS (ATCC 43745), P. aeruginosa
(ATCC 25010), and S. aureus (ATCC 29740) were grown
overnight in 2 mL of fresh TSB at 37 °C under gentle agitation.
Absorbance of culture was then measured at 620 nm. On the
basis of the relationship Absg, 1 = 2.5 x 10° CFU/mL**
culture was diluted to obtain a bacterial concentration of 5 X
10° CFU/mL in 50 mL of fresh TSB and then incubated for an
additional 2.5 h at 37 °C under gentle agitation to obtain a mid
logarithmic phase organism. Bacteria were then centrifuged at
900g for 10 min at 4 °C and washed once with cold 10 mM
sodium phosphate buffer, pH 7.4 and resuspended in 10 mL of
the same buffer. Bacterial strains (4 X 10° CFU/mL) were
added to 10 mL of previously autoclaved warm poor tryptone
soy agar (TSA) (tryptone soy powder: 0.03%, LE agarose:
0.8%) maintained in liquid phase. Poor TSA containing bacteria
was then poured in an 85 mm diameter Petri dish (Corning,
New York, USA) to form a uniform layer. A 2.5 mm diameter
gel punch was used to make wells. After 6 4L was added to each
sample per well, plates were incubated at 37 °C for 3 h to allow
radial diffusion and then overlaid with 10 mL of rich TSA (TS
powder: 12%, LE agarose: 1%). After an overnight incubation,
the diameter of bacterial growth inhibition (expressed in mm)
was measured and subtracted from the diameter of the well.
Antimicrobial activity of synthetic DF-22 and RK-19 was
assessed following the same protocol. Minimal inhibitory
concentration (MIC) of LL-37 was determined by plotting
the diameter of bacterial growth inhibition against the log of
peptide concentration (20—400 yM). The intersection of the
slope with the x-axis represents the lowest concentration of
peptide that totally inhibits visible bacterial growth. The same
experiments were carried out with DF-22 and RK-19. Assays
were performed in triplicate and repeated twice.

Bactericidal Activity. Bactericidal activity of LL-37, DF-22,
and RK-19 was assessed using Live/Dead BacLight bacterial
viability Kit (Molecular Probes, InVitrogen Life Technologies
SAS, Saint Aubin, France) as previously described.”* Briefly,
each peptide (concentration = 1 X MIC) was added to log-
phase P. aeruginosa (2 X 10® CFU/mL) or S. aureus (2 X 10°
CFU/mL), and samples were incubated for 3 h at room
temperature. Fluorescence of both membrane-permeable
SYTO 9 fluorophore that labels live bacteria and membrane-
impermeable propidium iodide was measured following
manufacturer’s instructions. The experiments were performed
in triplicate, and viability data were averaged.

CD Spectroscopy. CD spectra of LL-37, DF-22, and RK-19
were obtained using a Jasco J-810 spectropolarimeter (Jasco
France, Bouguenais, France) equipped with a Peltier thermostat
system. The path length of the cell was 1 mm (Hellma, VWR).
Peptide concentration was 20 yM. Data acquisitions were made
at 0.1 nm intervals with a dwell time of 1 s between 200 and
260 nm, at 37 °C in 100 mM sodium phosphate bufter pH 5.5
and pH 7.4, and averaged from three repeated scans. Similar
assays were performed in aqueous solution. Secondary structure
content was assessed by deconvolution of the CD spectra using
spectra manager software (Jasco). Prediction of secondary
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structure and determination of helicity were performed using
the Agadir program (http://agadir.crg.es). Calculated mean
hydropathicity was based on the hydrophobicity scales for
amino acids.”

Inhibition of CatL by LL-37. CatL (2 nM) was incubated
with LL-37 (0—900 nM) in 96-well microtitration plates (Nunc
microtiter plates, ThermoFisher Scientific, France) in 100 mM
sodium acetate buffer pH 5.5, containing 2 mM DTT and
0.01% Brij3S (buffer C) at room temperature. After addition of
Z-Phe-Arg-AMC (2.5 to 20 uM), the residual peptidase activity
was followed at 37 °C by monitoring the fluorescence release
(Spectramax Gemini spectrofluorimeter, Molecular Devices,
Bioproducts) (wavelengths of 350 nm for excitation and of 460
nm for emission). Similar assays were performed with CatB, K,
and S. In addition, experiments were performed with p-LL-37,
sc-LL-37, SE-37, LL-25, LL-19, LL-13, RK-2S, IG-19, RK-19,
IG-13, RK-31, IG-25, RI-19, and KD-13 (900 nM). The type of
inhibition and K; values were determined using Lineweaver—
Burk plots (1/S = f(1/v)) and Dixon plots (1/v = f([1])),
respectively. Furthermore, CatL peptidase activity was moni-
tored at 37 °C in the presence of LL-37 (900 nM) using buffer
C supplemented with increasing concentration of NaCl (0 to 1
M). The ability of LL-37 to interact with the S2 CatL and S2
CatK variants was measured using Z-Phe-Arg-AMC as
substrate. Assays were performed at least in three individual
experiments in triplicate, and all data were treated with SoftMax
Pro software (Molecular Devices). The values represent means
+ SD.

Computational Analysis. The following PDB structures
were used: CatK (PDB ID: 3KWZ, 1.49 A), CatL (PDB ID:
2XU4, 1.12 A), proCatK (PDB ID: 1BYS, 2.60 A), and LL37
(PDB ID: 2K60, NMR). Docking of LL-37 to CatK and L was
carried out with ClusPro 2.0.* MD simulations were carried
out using AMBER 11.*” Docked complexes were simulated in a
TIP3P water truncated octahedron periodic box with the
minimal distance of 8 A from the solute atoms to the box
boundary and neutralized by counterions. Molecular dynamics
(MD) simulations were preceded by two energy-minimization
steps: 500 cycles of steepest descent and 1000 cycles of
conjugate gradient with 10 kcal/mol A harmonic restraints on
protein atoms; 3000 cycles of steepest descent and 3000 cycles
of conjugate gradient without constraints; 10 ps of heating of
the system from 0 to 300 K; 100 ps of MD equilibration at 300
K and 10° Pa in isothermal isobaric ensemble (NPT). Ten ns of
MD were carried out in periodic boundary conditions in NPT
ensemble with Langevin temperature coupling with collision
frequency parameter ¥ = 1 ps™' and Berendsen pressure
coupling with a time constant of 1.0 ps. The SHAKE algorithm,
a 2 fs time integration step, an 8 A cutoff for nonbonded
interactions and the Particle Mesh Ewald method were used.
fI99SB force field parameters were used. Postprocessing
energetic analysis was carried out in a continuous solvent
model using molecular mechanics-generalized Born surface area
(MM-GBSA) with igb = 2 for each 50th frame (100 frames in
total). In order to calculate individual impacts of LL-37 residues
to the binding of CatL in the analyzed docking poses, MM-
GBSA calculations of per residue free energy decomposition
were carried out using default parameters. To obtain estimates
for the binding energy of LL-37 truncated peptides in both
poses, the energy values obtained for each amino acid value of
the truncated peptides were summed up. This approach should
be cautionally interpreted as it is based on the assumption that
truncated mutants specifically interact in a similar manner as to
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the corresponding parts of the full LL-37 peptide. Statistical
analysis of modeling data was carried out with the R package.*®
Statistical Analysis. Statistical significance was assessed
using the nonparametric two-way Mann—Whitney U test. A p-
value of less than 0.05 was considered statistically significant.

B RESULTS

Detection of LL-37 in Human CF Sputum. Immunor-
eactive LL-37 (4.5 kDa) was present in both P. aeruginosa
positive (Ps+) and negative (Ps-) CF expectorations samples
(Figure 1A). According to densitometric analysis, the estimated
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Figure 1. Degradation of LL-37 by human cathepsins in CF sputum
supernatants and alveolar macrophages. (A) Status of LL-37 in cell-
free supernatants of P. aeruginosa-positive (Ps+, samples: 1—3) and
negative (Ps—, samples: 4—6) CF sputum. Supernatants (standardized
amount: 30 ug protein/sample) were analyzed by Western blotting
using a polyclonal anti-LL-37 antibody. Purified LL-37 was used as
control (c). (B) Cleavage of endogenous LL-37 by CF sputum after
incubation (0—6 h) in 100 mM acetate sodium, pH S.5 containing §
mM DTT and 0.01% Brij35 (buffer B) (a representative of the six
samples is shown). Alternatively, supernatants were preincubated with
E-64 (6 h). (C) Western blot of LL-37 degradation by human alveolar
macrophages (AM). LL-37 (30 ng) was incubated for 0—24 h with
AM in buffer B. In parallel, samples were incubated with E-64, CA-074,
and Mu-Leu-Hph-VSPh prior to adding LL-37. Samples from CF
sputum and alveolar macrophages were harvested in 100 mM sodium
acetate, pH 5.0 (buffer A), containing a serine, asparatate, metallo, and
cysteine peptidase inhibitor cocktail (0.5 mM PMSF, 0.5 mM EDTA,
40 uM pepstatin A, and 1 mM MMTS).

concentrations of LL-37 in CF samples ranged from 2 to 6 ug/
mL. Its precursor hCAP18 (18 kDa) and immunoreactive
forms of LL-37 with an apparent higher molecular weight,
which may correspond to oligomeric forms, were also detected.
A prolonged incubation time of CF samples (6 h) in the
reaction buffer of cysteine cathepsins led to the complete
degradation of LL-37 but not hCAP18 (Figure 1B). The
hydrolysis was blocked by the broad-spectrum cathepsin
inhibitor, E-64. Our previous work reported that elevated
levels of active CatB and CatL were found in CF sputum in
comparison to CatK and CatS, and that their concentrations
did not depend on the degree of P. aeruginosa colonization.*®
Since alveolar macrophages in CF sputum are the major source
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of cathepsins, we evaluated their ability to degrade LL-37. Cell-
free lysate from non-CF human alveolar macrophages readily
degraded LL-37 after 24 h incubation, and the hydrolysis was
impaired in the presence of E-64, CA-074 (a selective CatB
inhibitor), and LHVS (a potent CatS inhibitor) (Figure 1C).
Pro- and mature forms of CatB, K, L, and S were
immunodetected in the Iysate fraction (data not shown), and
the active site concentrations of the cathepsins were
determined by E-64 titration and estimated at 4.8 uM. In
contrast, we did not detect significant hydrolysis of LL-37 upon
incubation with the conditioned medium from the culture of
macrophages buffered at pH 5.5, which contained lower
concentrations of endopeptidase cysteine cathepsins (~200
nM). As previously reported,®® the stability of LL-37 in CF
sputum is likely due to the presence of anionic molecules
including GAGs that interact with LL-37 and protect it from
proteolysis. Taking these data into account, we investigated the
individual contribution of CatB, K, L, and S to hydrolyze and
inactivate LL-37 in vitro and the protective effects of GAGs.

CatK and CatS Degrade and Inactivate LL-37. LL-37
was incubated with increasing concentrations of purified CatB,
L, K, and S (substrate/enzyme molar ratios = 1000 to 17600; as
found in CF BALFs'"*?) at pH 5.5 for 1 h at 37 °C, prior
analysis of the degradation pattern of LL-37 by SDS-PAGE.
CatS, CatK, and to a lesser extent CatB degraded LL-37 in a
dose-dependent manner and generated truncated peptides with
an apparent mass of ~2.3—2.8 kDa (Figure 2A). Release of
smaller fragments was observed after prolonged incubation.
Conversely, under similar conditions CatL did not cleave LL-
37. Moreover, CatS, which is more efficient than CatK to cleave
LL-37 at pH S.5 (Figure 2B), hydrolyzed LL-37 at pH 7.4
(Figure 2C) and was more efficient than human neutrophil
elastase (HNE) that is known to inactivate LL-37.*° On the
basis of findings that glycosaminoglycans (GAGs) inhibit LL-37
proteolysis,** LL-37 was incubated with chondroitin 4-sulfate
(C4-S), heparin (HP), heparan sulfate (HS), and hyaluronic
acid (HA) prior to adding CatK and CatS, respectively (Figure
2D,E). HP, HS, and C4-S, but not HA, inhibited in a dose-
dependent manner the degradation of LL-37 by both proteases.
To a lesser extent for HP, addition of NaCl restored the
hydrolysis of LL-37 by both proteases in a dose-dependent
manner (Figure 2F,G). In addition, digestion experiments of
LL-37 with CatK and CatS were not impaired in the presence
of 0.15 M NaCl. At neutral pH, LL-37 has a positive net charge
of +6 (Table 1). The peptide carries 11 positive charges (6
lysine and S arginine residues) and S negative charges (3
glutamate and 2 aspartate residues). These results suggest that
interactions between the negatively charged sulfated GAGs and
LL-37 are mostly governed by electrostatic forces, which shield
LL-37 from cathepsin-mediated degradation.

Next, cleavage products generated by CatB, K, L, and S were
separated by RP-HPLC (Figure 3) and identified by MALDI-
TOF mass spectrometry (Table 1). Three major hydrolysis
products corresponding to cleavage sites GIn22-Arg23, Lys25-
Asp26, and Arg29-Asn30 were detected after 30 min incubation
with CatK (peaks 1, 6, and 7) (Figure 3A) and labeled as DF-
19, DF-22, and NL-8 peptides, respectively. Prolonged
incubation (4 h) led to the hydrolysis of both DF-19 and
DF-22 peptides. Two additional LL-37 products were also
detected and named RI-7 and KS-15. With the exception of an
additional cleavage site (Arg7-Lys8), CatS showed the same
cleavage specificity as CatK (Figure 3B). Compared to CatS
and CatK, LL-37 was less sensitive to degradation by CatB
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Figure 2. Hydrolysis of LL-37 by CatS and K and its protection by GAGs. (A) LL-37 (89 M) was incubated in the presence or absence of CatB, K,
L, and S (5 to 89 nM) in 100 mM sodium acetate buffer, pH 5.5, 2 mM DTT and 0.01% Brij3S for 1 h at 37 °C (buffer C). Incubation was made
with three different S:E molar ratios. (B) Time dependence of LL-37 hydrolysis by CatS and CatK (S:E = 17,600). (C) LL-37 was incubated with
CatS and HNE in their respective buffer (pH 7.4) for 1 h at 37 °C. Dashed line indicates the position of native LL-37. (D and E) Protection of LL-37
with glycosaminoglycans. LL-37 was incubated with CatK (D) and CatS (E) (S:E = 17 600) in the presence of increasing concentrations of heparin
(HP), heparan sulfate (HS), chondroitin 4-sulfate (C4-S), and hyaluronic acid (HA) at pH 5.5 for 1 h. (F and G) The same experiment was
performed in the presence of NaCl (150 and 500 mM). Samples were separated on a 8—25% SDS-PAGE under reducing conditions and gels were
Coomassie stained with Brillant Blue G-250. The density of the remaining native LL-37 band was measured with Image] software (NIH software)
and expressed as % of total LL-37 used (panels A, C, F, and G). Each experiment was performed at least two times.

(Figure 3C). We identified two cleavages occurring at the
Arg19-11e20 and Thr35-Glu36 bonds (Table 1). In contrast,
CatL did not generate hydrolysis products (Figure 2A) and
only after extended incubation times (4 h) a minor product was
detected (peak 1, Figure 3D) corresponding to the DF-34
peptide. Cleavage occurred at the N-terminus at the Gly3-Asp4
bond (Table 1). As expected, the p-enantiomer of LL-37 (p-
LL-37, i.., each L-residue was replaced by a p-amino acid) was
resistant to proteolysis by cathepsins under the same
experimental conditions (data not shown).

Given the critical role of the midregion of LL-37 for the
antimicrobial activity,"' cleavage within this region would
impair its biological activity. Therefore, Gram-negative (P.
aeruginosa and E. coli) and Gram-positive bacteria (S. aureus)
were tested for their antimicrobial susceptibility with increasing
concentrations of LL-37 products. Radial diffusion assays
indicated that both CatS and K, but not CatB and L,
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inactivated the antibacterial activity of LL-37 (S:E molar ratio
= 4500) (Figure 4). However, when LL-37 was incubated with
a high concentration of CatB (200 nM, i.e., molar ratio S:E =
1000) the antimicrobial activity of LL-37 products was partially
impaired (data not shown). Conversely, when assays were
performed with low concentration of CatS and CatK (10 nM,
i.e, molar ratio S:E = 17 600), the antimicrobial activity of LL-
37 products against Gram-negative bacteria was similar to that
of the control LL-37 (data not shown). A moderate
antimicrobial effect was observed against S. aureus. According
to RP-HPLC analysis, LL-37 was completely degraded in the
reaction mixtures, suggesting that among LL-37 products one
has antimicrobial significance. To support this assumption, we
focused on the DF-22 peptide for the following reasons: (i)
DF-22 was generated by both CatS and CatK, (ii) it overlaps
the central region of LL-37, and (jii)) DF-22 was completely
degraded after 4 h incubation with both enzymes (S:E molar
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Table 1. Hydrolysis of LL-37 by Cats K, S, B, and L: Identification of the Cleavage Sites and Analysis of the LL-37 Products

: a
Abbrewa Mass Peak Sequence pl° Net GRAVY® Agadir
tion (Da) charge
KIS S KIS KIS KIS KIS KIS
1y ¥ 10y ¢ 20 § $o 37
LL-37 4493.6 - LLC}DFFRKSKEKIGKEFKP?VQRIKDFLRNLVPRTES 10.6 +6 -0.724 5.10
L B B
CatKNL-8 915.5 1 NLVPRTES 6 +1 -0.825 0.00
KE-8 1047.6 2 KEFKRIVQ 10 +2 -0.975 0.04
DF-9 1118.7 3 DFFRKSKEK 9.7 +2 -2.044 0.07
KE-11 1444.8 4 KEFKRIVQRIK 11.1 +4 -1.064 0.19
DF-11 1354.7 5 DFFRKSKEKIG 9.7 +2 -1.300 0.14
DF-19 2383.3 6 DFFRKSKEKIGKEFKRIVQ 10.2 +4 -1.163 0.36
DF-22 2780.3 7 DFFRKSKEKIGKEFKRIVQRIK 10.6 +6 -1.182 0.74
CatS NL-8 915.5 1 NLVPRTES 6 +1 -0.825 0.00
KE-8 1047.6 2 KEFKRIVQ 10 +2 -0.975 0.04
DF-9 1118.7 3 DFFRKSKEK 9.7 +2 -2.044 0.07
RI-7 947.6 4 RIKDFLR 10.8 +2 -0.757 0.01
KE-11 1444.8 5 KEFKRIVQRIK 11.1 +4 -1.064 0.19
KS-15 1818.1 6 KSKEKIGKEFKRIVQ 10.2 +4 -1.313 0.25
DF-19 2383.3 7 DFFRKSKEKIGKEFKRIVQ 10.2 +4 -1.163 0.36
DF-22 2780.3 8 DFFRKSKEKIGKEFKRIVQRIK 10.6 +6 -1.182 0.74
CatB
LL-19 2326.3 1 LLGDFFRKSKEKIGKEFKR 10.2 +4 -1.058 0.92
IvV-16 1968.3 2 IVQRIKDFLRNLVPRT 11.7 +4 -0.150 1.46
CatL
DF-34 4207.7 1 DFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 10.6 +6 -1.000 5.22

“Mass was determined by MALDI-TOF analysis. ”pI was calculated with protparam (expasy.org/protparam). “Predictive algorithm (http://agadir.

crg.es).

ratio = 4500). The peptide DF-22 was synthesized and tested
for its antimicrobial activity (Table 2). Notably, the
antimicrobial potency of DF-22 (MIC) was comparable to
that of the full-length LL-37 ranging from 2 to 9 uM. This
result was similar to a related LL-37 derived peptide, RK-19,
which was reported to exhibit antimicrobial activity against E.
coli and S. aureus.** Thus, deletion of the three N-terminal
residues of DF-22, which yields RK-19, did not play a pivotal
role in the antimicrobial activity against the bacterial strains
tested. Moreover, a viability assay (Live/dead Baclight bacterial
viability Kit) was performed with LL-37, DF-22, and RK-19.
Nearly 50% of P. aeruginosa lost its viability following exposure
to DF-22 or RK-19 with concentration of 1x the MIC for 3 h,
whereas only 10% of S. aureus was killed following the same
exposure with DF-22 and RK-19. In contrast, LL-37 killed 50%
of both strains. Physicochemical properties of DF-22 (net
charge, isoelectric point, and hydropathicity) compared to
those of LL-37 (Table 1). Moreover, analysis of the helical
wheel representation indicated that hydrophobic residues of
DEF-22 converged to one side and the hydrophilic residues to
the other side of the helical axis as reported for LL-37 (Figure
SA). Conversely, we noted an important difference of the agadir
score (helical content) between DF-22 (0.74) and LL-37 (5.1).
Removal of 3 and 12 amino-acids from the N- and C-terminal
domain, respectively, strongly decreased the propensity of LL-
37 to form an a-helix. Accordingly, we did not observe an a-
helical structure by CD spectra for DF-22 contrary to LL-37
(33% of a-helical content at pH 7.4 and 22% at pH 5.5)
(Figure SB). The low propensity of LL-37 to adopt an a-helical
structure in phosphate buffer was reported previously.” CD
spectra of RK-19 at both pH were comparable to that of LL-37
in water.** These results suggest that the antimicrobial activity
of LL-37 does not primarily depend on the presence of an a-
helix in solution.
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Inhibition of CatL by LL-37. Recently, Pazgier et al.
(2013)"7 reported that both LL-37 and hCAPI8 caused an
apparent inhibition of CatL activity at high concentrations (>1
uM). They suggested that the region involved in the inhibition
is located within LL-37 and not in the N-terminal prodomain of
hCAPI18 (CLD), as proposed in a previous report.”> To clarify
this contradiction, we investigated in detail the mode of
inhibition of CatL by LL-37. The Lineweaver—Burk double-
reciprocal plots indicated that the inhibition of CatL is
competitive and reversible, and Dixon plot analysis resulted
in a K; value of 150 nM (Figure 6A,B). Furthermore, the
inhibition was stable within prolonged incubation times of 4 h.
In contrast, both p-LL-37 enantiomer and scrambled Sc-LL-37
(same charge and net amino acid composition as native LL-37,
without helical organization) did not inhibit CatL. While
addition of NaCl restored the peptidase activity of CatL toward
Z-Phe-Arg-AMC in a dose-dependent manner (Figure 6C), LL-
37 still inhibited significantly CatL at physiologically relevant
ionic strengths (0.1—0.5 M NaCl; p < 0.05). A K; of 500 nM
was determined in the presence of 0.15 M NaCl. Moreover, no
hydrolysis of LL-37 was detected by SDS-PAGE analysis in the
presence of CatL with increasing concentrations of NaCl (0.1—
0.5 M, data not shown). This implies that electrostatic
interactions are important for the binding of the positively
charged LL-37 (pI = 10.6) to the negatively charged CatL
(theoretical pI = 4.7) at pH S.5. Preincubation of LL-37 with 15
to 150 pg/mL of C4-S, HP, or HS prevented the inhibition of
CatL, while HA had no influence on the inhibition (data not
shown).

On the other hand, no inhibition of CatK, S, and B was
observed in the presence of LL-37, suggesting that critical
residues located within the active site of CatL interact with LL-
37. It is well established that the primary specificity site of
cathepsins depends on S2—P2 interactions.* Comparison of
the structures of CatL and CatK showed sequence differences
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Figure 3. Analysis of LL-37 degradation products. LL-37 (89 4M) was incubated in the presence of CatK (panel A), CatS (panel B), CatB (panel
C), and CatL (panel D) (S:E molar ratio = 4500) in buffer C for 30 min (full line) and 240 min (dotted line) at 37 °C. Control experiments used
untreated LL-37 (light gray). Hydrolysis products were analyzed by RP-HPLC (C-18 column) as described in the Experimental Procedures.

Chromatograms were recorded at 220 nm.

at residues 67 and 20S (papain numbering) in the S2 binding
pocket, which form part of the wall and the bottom of this
subsite, respectively.*® The exchange of residues 67 and 205 of
the S2 pocket of CatL (Leu67Tyr/Ala20SLeu) by those present
in CatK resulted in the complete hydrolysis of LL-37, as
observed with the wild-type (wt) CatK (Figure 6D).
Conversely, LL-37 hydrolysis was significantly decreased
upon incubation with the S2 CatL-like CatK mutant
(Tyr67Leu/Leu205Ala) (80% of remaining LL-37) compared
to the complete degradation by wt CatK under the same
conditions. Nevertheless, inhibition of the CatK variant
presented a ~52-fold difference in K; value (K; = 7.8 uM) to
that of wt CatL. These data indicate that the switch of the S2
subsite of CatK into a S2 CatL-like one was insufficient to fully
mimic the inhibition of wt CatL by LL-37.

Subsequently, a library of synthetic truncated fragments
obtained by sequential deletion of the N-terminus or C-
terminus or from both ends of the full-length LL-37 was used
to investigate their potentials to inhibit CatL as well as to
identify the critical region interacting with the enzyme (Table
3). As the deletions progressed from the C-terminal end (LL-
31, LL-2S, LL-19, and LL-13), CatL activity was restored
gradually. The removal of the first six amino acids from the N-
terminal domain (RK-31) induced a ~2-fold loss of the
inhibition compared to LL-37, while the removal of the next
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following N-terminal amino acids (IG-2S, RI-19, and KD-13)
completely abolished the inhibitory activity of LL-37. Deletion
of six amino acids from both ends of native LL-37 (RK-25)
resulted in a peptide which allowed about 80% of the CatL
activity. Peptides containing the truncated central domain of
LL-37 (IG-19, RK-19, IG-13) did not inhibit CatL. In addition,
LL-37-truncated peptides were analyzed by RP-HPLC to
evaluate their proteolytic resistance to CatL. After 1 h
incubation period, peptides RK-25, RK-19, 1G-25, IG-19, IG-
13, RI-19, and KD-13 were almost completely degraded by
CatL, whereas significant amounts (30—50%) of native
peptides LL-31, LL-25, LL-19, LL-13, and RK-31 remained
intact. With the exception of LL-37, LL-31, LL-25, LL-19, and
LL-13 no significant correlation was measured between the
inhibition of CatL and predicted a-helical content of truncated
peptides (Table 3). These results indicated that the whole
sequence of LL-37 is necessary for the inhibition of CatL.
Molecular Modeling of the Interactions between LL-
37and CatlL-. To provide insight into the mechanism of
inhibition, molecular modeling studies were carried out to
examine potential interaction sites of LL-37 with CatL. To
achieve this, LL-37 was docked to the whole surface of CatL.
Two clusters of docking solutions were obtained and featured
LL-37 covering the active site of the enzyme in two different
orientations (Figure 7A), which were referred to as forward
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Figure 4. Inactivation of the antimicrobial activity of LL-37 by CatS and K. LL-37 (200 M) was incubated either alone (white bar) or with Cats B,
K L, or S (44 nM) (dark gray) in buffer C for 6 h at 37 °C. Heat-inactivated enzymes were used as controls (light gray). After incubation, aliquots
were taken from the reaction mixture and diluted 1:20, 1:10, 1:5, and 1:2. Samples were then precipitated to remove the enzyme and concentrated
twice. Evaluation of antimicrobial activity against E. coli, P. aeruginosa, and S. aureus was assessed by radial diffusion assay method. Inhibition diameter
of bacterial growth was measured and expressed in mm. Data are represented as mean + SEM (n = 3). Statistical analysis was performed with the
two way Mann—Whitney U test, and values were compared with the control (*: p < 0.02).

Table 2. Bacterial Minimal Inhibitory Concentration (MIC)
of LL-37 and Synthetic Derived Fragments®

MIC (uM)
peptide P. aeruginosa S. aureus E. coli
LL-37 2.7 £ 0.1 89 + 27 7.6 +£2.6
DF-22 22 +£03 25 +02 33+ 12
RK-19 24+ 1.0 47+ 1.0 32+ 13

“MIC was assessed by radial diffusion assay. Results are expressed as
mean + SD (n = 3).

(i.e., the peptide is oriented in the way that it could be cleaved
by the protease) and reverse orientations (the peptide is in the
opposite orientation). The representative solutions from these
two clusters were then simulated with molecular dynamics
(MD), and free energies of binding were calculated (Table 4).
MM-GBSA free energy calculations showed the crucial role of
electrostatics for CatL/LL-37 interaction independently of the
LL-37 orientation in the binding cleft. The catalytic domain of
CatL, which is substantially more negatively charged than in
other related cathepsins, favored interactions with positively
charged LL-37. Although the total binding energy for LL-37
and CatK (AG, = —80.3 + 10 kcal/mol) was similar to that
of CatL/LL-37, the electrostatic energy component for CatK
(AGgee = —221.6 = 59 kcal/mol) was significantly less
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favorable (~7-fold) as that of CatL. Predicted total binding
energies for LL-37 and CatL were similar for both orientations
suggesting that the reverse orientation is potentially accessible
to the active site of CatL. To confirm this result, we tested in
vitro a synthetic peptide (SE-37) corresponding to the reverse
sequence of LL-37. Interestingly, SE-37, which adopts an a-
helical structure at pH 7.4 but not at pH 5.5 (Figure SB)
inhibited CatL in the same range as LL-37 (K; = 100 nM).
Moreover, RP-HPLC analysis revealed no significant hydrolysis
of SE-37 upon 30 min incubation with CatL, in contrast to that
observed with CatB, K, and S. Next, the relative individual
energy contributions of LL-37 residues to the binding with
CatL were evaluated for LL-37 in both forward and reverse
orientations (Figure 7B). Seventeen residues favored binding to
CatL in both positions, while five negatively charged residues
(Asp4, Glull, Glul6, Asp26, and Glu36) as well as GIn22 and
Ser37 had unfavorable contributions. It has to be noted that
AG binding energies for Ilel3, LyslS, Phel7, Lys18, Argl9,
Ile20, and Val21 in the direct orientation were comparable to
the data for the reverse orientation. Moreover, these residues
covered the unprimed subsites (S1—S3) of CatL in both
orientations. Noteworthy, analysis of binding free energy of
native and LL-37 truncated peptides pointed out that there is a
significant relationship between the binding energy and the
apparent inhibition of CatL when the position of peptides are
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Figure S. Secondary structure of LL-37 and its derivatives. (A) Helical
wheel representation of LL-37, SE-37, DF-22, and RK-19 at pH 7.4
(http://heliquest.ipmc.cnrs.fr). The hydrophobic face is indicated with
an arrow. Charged residues are mostly oriented to the opposite side.
The N- and C-termini of each peptide are indicated. (B) CD spectra of
LL-37, DF-22, RK-19, and SE-37 (20 uM) in water (full line) 100 mM
phosphate sodium buffers (pH 5.5, dashed line, and 7.4, dotted line).

in the reverse orientation (Figure 7C). Pearson and Spearman
correlation coefficients were 0.67 and 0.82, respectively.
Peptides 1G-19, 1G-13, IG-25, RI-19, and KD-13, which did
not inhibit CatL, exhibited a weaker binding energy compared
to LL-37 truncated inhibitory peptides (LL-31, LL-2S, LL-19,
LL-13, RK-31, RK-2S, and RK-19). Conversely, no significant
correlation was measured when LL-37 truncated peptides were
in the forward orientation.

B DISCUSSION

As a key component of the innate immune system, the interest
in LL-37 has been growing worldwide during the past decade.
In CF, the innate immunity of the lungs is compromised,
resulting to chronic infections by opportunistic pathogens
(mainly P. aeruginosa and S. aureus). This defect is partially
attributed to the inactivation of major AMPs including LL-37. A
number of prior studies reported that cysteine cathepsins B, K,
L, and S are expressed in human lung and their protein
expression levels are increased during CE>"* Moreover,
several lines of evidence support that CatB, L, K, and S are
involved in the proteolysis of structurally and functionally
different AMPs such as lactoferrin, SLPI, SP-A, hBD-2 and
-3.2'7** However, we report here the presence of immunor-
eactive forms of LL-37 and its precursor hCAP-18 in the
expectorations of CF patients. Subsequently these findings
prompted us to investigate whether LL-37 is an inhibitor, a
substrate, or combines both functions toward cathepsins.
Previously, human cathelin-like domain (CLD), the N-terminal
prodomain of hCAP-18, was described to inhibit at high
concentration the peptidase activity of CatL."* In contrast, the
CLD of porcine protegrin-3 enhanced CatL activity.** In both
cases, authors suggested that CLD could interact with the active

2794

site of CatL, and putative conformational changes may occur,
switching the CLD to act as an inhibitor or activator of CatL.
Even though both human CLD and chicken cystatin share a
common structural fold, the former lacks the three functional
motifs of cystatins that are specifically involved in the inhibition
of cysteine proteases (for review, see ref 48). Therefore, it
could not be excluded that CLD might be a competitive
substrate of CatL. Recently, it has been reported that human
CLD was inactive against CatL, whereas both pro-cathelicidin
and LL-37 impaired in a dose-dependent manner the CatL
peptidase activity.'” It has been suggested that LL-37 is likely
the inhibitory domain of hCAP18/LL-37 against CatL. In light
of these paradoxical reports, we decided first to characterize in
detail the mode of inhibition of CatL by LL-37. We
demonstrated that LL-37 is a selective and competitive CatL
inhibitor, and that its positive charge and the sequence of LL-37
are critical for the inhibition of CatL. No apparent inhibition of
the closely related Cats K, S, and B was measured in the
presence of LL-37. In contrast, CatK, S, and to a lesser extent
CatB degrade readily LL-37 in vitro, suggesting that singular
residues located within the active site of CatL interact with LL-
37. This selective interaction between CatL and LL-37 can be
relinquished by altering two amino acids in the S2 pocket of the
binding site of CatL (Leu67 and Ala205) into residues present
in the CatK S2 subsite.** This double mutant (Leu67Tyr/
Ala20SLeu) became a potent LL-37-degrading CatL variant
similar to CatK. In contrast, the (Tyr67Leu/Leu205Ala) CatK
mutant lost most of its LL-37 degrading ability and was partially
inhibited by this peptide. These findings underline the
importance of residues Leu67 and Ala20S (papain numbering)
for the interaction of LL-37 with CatL. Furthermore, as
supported by in vitro and in silico experiments, LL-37 may adopt
two directions in the active site of CatL (i.e., in a forward or in
a reverse direction to the conventional substrate binding cleft).
This latter arrangement may confer an inhibitory capacity of
LL-37 against CatL as previously observed for the propeptide of
CatL that covers the substrate-binding site of CatL in an
opposite direction to that of the bound substrate.*” To our
knowledge, CatL is the only human cysteine cathepsin
identified to date that is inhibited by LL-37. This may
contribute in part to the presence of LL-37 in CF sputum
despite the presence of elevated concentrations of active CatL,
which is the most abundant cysteine endopeptidase with CatB
in comparison to CatS and CatK.*> While the current study
characterized the mode of inhibition, the impact of the
inhibitory capacity of LL-37 in vivo remains unclear, in
particular, whether LL-37 affects the proteolytic activity of
CatL in the ECM, and further studies are clearly warranted.
On the other hand, we found that cysteine cathepsins from
treated non-CF human alveolar macrophages readily cleaved
LL-37, suggesting the role of cathepsins in the degradation of
LL-37 in vivo. We identified that, among the cysteine
endopeptidases expressed by alveolar macrophages, CatK and
S are the most effective cathepsins to degrade LL-37 in vitro. As
a result, both CatK and S abolished the antimicrobial activity of
LL-37 against P. aeruginosa, E. coli, and S. aureus. Alternatively,
submitting macrophages lysates to CA-074, a selective inhibitor
of CatB, reduced the degradation of LL-37. The housekeeping
CatB activity accounted for ~50% (e.g., ~2.4 uM) of the total
cathepsin endopeptidase activities in macrophages lysates (data
not shown). This suggests that a high concentration of CatB is
probably required to cleave LL-37, in agreement with our
experimental assays. Therefore, cysteine cathepsins participate
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Figure 6. Inhibition of CatL by LL-37. (A) CatL (2 nM) was incubated either alone (filled circle) or with LL-37 (900 nM: filled diamond, 450 nM:
filled square and 200 nM: filled triangle) in 100 mM sodium acetate buffer, pH 5.5, 2 mM DTT, and 0.01% Brij35S. Residual activity was measured
toward the fluorogenic substrate (S) Z-Phe-Arg-AMC (2.5—20 uM). Determination of type of inhibition was performed using the Lineweaver—Burk
plot. The velocity (v) is expressed as relative fluorescence emission units (RFU) per second. (B) Dixon plot representation. CatL (2 nM) was
incubated with increasing concentrations of LL-37, and residual activity was monitored against different concentrations of Z-Phe-Arg-AMC (2.5 uM:
filled diamond, S uM: filled square, 10 yM: filled triangle, 15 uM: filled circle). (C) Residual activity of CatL (2 nM) in the presence of LL-37 (900
nM) and increasing concentrations of NaCl (0.1—1 M). Assays were performed in triplicate (n = 2). Residual activity is expressed as percentage of
the corresponding control. Statistical analysis was performed with a two-way Mann and Whitney U test (*: p < 0.02). (D) LL-37 (89 uM) was
incubated with CatL, K, and their respective S2 mutant (20 nM) for 1 h at 37 °C. Samples were separated on a 8—25% SDS-PAGE under reducing
conditions, and gels were Coomassie stained with Brilliant Blue G-250.

Table 3. Inhibition of CatL by LL-37 Truncated Peptide Library”

Inhibition (%)

Peptide Sequence AGADIR (mean + SD)
LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES  5.10 745+1*
LL-31  LLGDFFRKSKEKIGKEFKRIVORIKDFLRNL 3.72 66.5+1*
LL-25  LLGDFFRKSKEKIGKEFKRIVQRIK 1.19 488+2*
LL-19 LLGDFFRKSKEKIGKEFKR 0.92 272+6*
LL-13  LLGDFFRKSKEKI 0.84 155+2*
RK-25 RKSKEKIGKEFKRIVQRIKDFLRNL 4.06 187+2*
1G-19 IGKEFKRIVQRIKDFLRNL 4.33 09+2
RK-19 RKSKEKIGKEFKRIVQRIK 0.73 103+7*
1G-13 IGKEFKRIVQRIK 0.71 0
RK-31 RKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 5.68 356+5*
1G-25 IGKEFKRIVQRIKDFLRNLVPRTES  5.87

RI-19 RIVORIKDFLRNLVPRTES  2.08 0
KD-13 KDFLRNLVPRTES  0.09

“Residual activity of CatL (2 nM) toward Z-Phe-Arg-MCA (20 uM) in the presence of LL-37 truncated peptides (900 nM). Assays were performed

in triplicate (n = 2) (*, p < 0.02).

in concert with other identified proteases in the degradation of
numerous key innate immunity peptides/proteins, including
LL-37, and thus may display immunomodulatory activities
during CF.>® Nevertheless, the degree to which AMPs are
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cleaved and inactivated by cysteine cathepsins during CF may
depend on cellular components present in the altered
pulmonary milieu. Intriguingly, contrary to LL-37, defensin
hBD-2 and surfactant protein SP-A were extensively degraded
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Figure 7. Molecular modeling of LL-37 recognition by CatL. (A)
Molecular docking of LL-37 in the forward (blue helix) and reverse
orientation (orange helix) into the active site cleft of CatL (gray
surface). The residues of the S2 pocket of CatL are highlighted as a red
surface and residue Cys2S of the active site in yellow. (B) MM-GBSA
per residue free energy decomposition for LL-37 in the forward (blue
bar) and the reverse (orange bar) orientations. (C) MM-GBSA free
energies for truncated LL-37 peptides in the reverse orientation are
plotted against the inhibition of CatL. The significance of the
correlation between MM-GBSA free energies and inhibition was
assessed with Spearman and Pearson coeflicients.

Table 4. MM-GBSA Binding Free Energy (kcal/mol) of LL-
37 with CatL

AGgq AGeect AG,4,
LL-37
forward position —-81.1 + 7.7 —1650.9 + 72.4 —924 + 9.2
reverse position —734 + 75 —1594.5 + 66.1 —83.4 £ 9.0

in both Ps+ and Ps— CF samples tested (data not shown).
Moreover hBD-2 is susceptible to degadation and inactivation
by cysteine cathepsins B, L, and S,*" while SP-A is degraded
specifically by CatS in vitro.”* One plausible explanation of the
presence of intact LL-37 is the binding of LL-37 to anionic
molecules (e.g, DNA, F-actin, and GAGs) may protect it from
proteolysis by CatS and CatK in CF sputum, as it has been
previously reported for different host proteases including serine
and acidic proteases (HNE, proteinase 3, and CatD)** as well
as proteases released from P. aeruginosa and S. aureus.’">>
McElvaney and colleagues reported that high sodium
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concentration is required to liberate LL-37 in CF bronchoal-
veolar lavage suggesting that LL-37 binds tightly to GAGs,
likely due to electrostatic interactions.>” Consistently, we report
that high concentrations (0.15%) of sulfated GAGs (C4-S, HS,
and HP) protect LL-37 from proteolysis by CatK and S
similarly to that observed for other proteases.’”'™>* A
consensus heparin-binding cardin motif XBBXBX (where X
represents hydrophobic or uncharged residue, and B represents
a basic residue) is found at the N-terminal part of LL-37
between Phe6 and Glull. This site was sensitive to cleavage by
CatK and S. Protection of LL-37 by sulfated GAGs (0.15%)
was partially impaired by 150 mM NaCl and fully abolished at
higher concentrations (500 mM), except for HP, which is the
most sulfated GAG with an average of ~2.5 sulfate groups/
disaccharide, while C4-S and HS have ~0.9 sulfate group/
disaccharide. Moreover, we previously characterized that CatS
peptidase activity was inhibited by C4-S and HS in a dose-
dependent manner,>> which mounted up in the resistance of
LL-37 to proteolysis.

It would be interesting to determine whether cysteine
cathepsins operate similarly in skin and other sites where LL-37
is found. It was proposed that host proteases, including CatK,
elastase, CatG, and MMP-9, present in the gingival crevicular
fluid from periodontitis patients, may contribute in concert with
bacterial proteases to the degradation of LL-37.%° Furthermore,
since LL-37 is expressed in different tissues either constitutively
or induced during inflammation, it cannot be ruled out that the
hydrolysis of LL-37, which is cytotoxic to eukaryotic cells at a
high concentration, by cysteine cathepsins is beneficial.*#*”**
Taken together with other studies, we provide further
indication that cysteine cathepsins are new biologically relevant
players in the process of degradation and inactivation of major
AMPs including, SLPI, lactoferrin, SP-A, and LL-37. More
broadly, the importance of regulating the activity of cathepsins
for control of antimicrobial activity in lungs may be critical in

the pathophysiology of CF.
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