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Cystic fibrosis (CF) is a lethal genetic disorder characterized by airway remodeling and inflammation, leading to premature death.
Recent evidence suggests the importance of protease activity in CF pathogenesis. One prominent protease, matrix metalloprotease
(MMP)-9, demonstrates increased activity in CF individuals undergoing acute pulmonary exacerbation. This is thought to be medi-
ated by both direct MMP-9 activation and the degradation of its natural inhibitor, tissue inhibitor of metalloprotease-1 (TIMP-1).To ex-
amine if this relationship exists in nonexacerbating CF individuals, we examined protease activity in sputum from these individuals
compared with nondisease controls. We demonstrated increased gelatinolytic activity in CF sputum. These samples had elevated
human neutrophil elastase (HNE) levels which correlated with an increased MMP-9/TIMP-1 ratio. To determine if HNE could discretely
cleave and activate MMP-9, these enzymes were coincubated and two specific cleavage sites, between Valine® and Alanine®,
and between Alanine ¥ and glutamic acid® were observed. These sites corresponded with appropriate molecular weight for the
activated MMP-9 isoform in CF spufum. Using N-terminal sequencing of cleavage fragments obtained with TIMP-1 incubation with
HNE, we confirmed the TIMP-1 cleavage site for HNE is at Valine®-Cysteine’. We also show for the first time that human neutrophils
were capable of degrading TIMP-1 ex vivo and that a 16 kDa TIMP-1 fragment was identified in CF sputum, consistent with the ex-
pected cleavage of TIMP-1 by HNE. These results demonstrate increased MMP-9 activity in stable CF lung disease, and the presence
of specific protease products in CF sputum highlights that HNE-mediated activity plays a role in this dysregulation.
© 2010 The Feinstein Institute for Medical Research, www.feinsteininstitute.org
Online address: hitp://www.molmed.org
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INTRODUCTION

Recent models of airway inflamma-
tion indicate that protease:antiprotease
imbalance is a prime contributor in the
development of pulmonary diseases,
with detrimental effects on resolution of
inflammation and remodeling of the
pulmonary architecture (1,2). Alpha-1
antitrypsin deficiency is a classic exam-
ple of this process, with unchecked and
unrelenting pulmonary protease activity
producing emphysema and premature
pulmonary failure (3). The dysregulation

of proteases with antiproteases have
been characterized in a variety of other
pulmonary conditions including chronic
obstructive pulmonary disease (COPD)
and asthma (4,5).

Cystic fibrosis (CF) is another lung dis-
ease in which unchecked protease activity
has been hypothesized to damage the air-
way architecture and contribute to pro-
gressive bronchiectasis (6,7). Human neu-
trophil elastase (HNE) is a well described
serine protease that has been shown to be
a biomarker of pulmonary inflammation
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in both a-1 antitrypsin deficiency and CF
(3,8). Dysregulation of HNE propagates
inflammation and is believed to disrupt
the pulmonary architecture through dam-
age of structural proteins in both diseases
(3,9). Further evidence points to an impor-
tant role of HNE in other pulmonary con-
ditions and to significant immunologic ef-
fects of its dysregulated activity (10-12).

Another family of proteases increas-
ingly well characterized in chronic in-
flammatory lung diseases is the matrix
metalloprotease family (MMPs) (13).
MMPs perform numerous biologic func-
tions, including: degradation of matrix
components and remodeling of tissues;
release of cytokines, growth factors and
chemokines; and modulation of cell mo-
bility and migration (14-16).

MMPs are regulated at the level of
transcription, translation and post-
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translational modification (14). In addi-
tion to release of MMPs into the extracel-
lular environment, these proteases must
have their pro-domain cleaved to gener-
ate enzymatic activity (15). While in vitro
mechanisms have been described for
MMP activation (detergents, mercury-
based compounds) (17), in vivo activation
predominately centers on protease-based
activation. Specific serine proteases (that
is, trypsin) have been well characterized
as MMP activators (18). In addition, other
MMPs also may serve as potent activa-
tors (19,20). MMPs are unique proteases
which can be activated by a variety of
proteases and have even been shown to
autocatalyze zymogen once activated.

Perhaps the best recognized mechanism
of MMP regulation is through the binding
of small, specific protein inhibitors (tissue
inhibitor of metalloproteases [TIMPs]) to
the active site of the MMP (21). Data sug-
gest that dysregulated cellular produc-
tion, secretion and activation of MMPs,
and/or dysfunction of their inhibitors are
involved in pathologic conditions within
the lung parenchyma. Animal studies, in
addition to human studies in adults, sup-
port a role for MMPs and an imbalance
between MMPs and their inhibitors in the
pathogenesis of several well-recognized
pulmonary disorders including COPD
and asthma (22,23).

Recently, our group has described the
specific MMP isoform profile (MMP-8,
MMP-9, MMP-11 and MMP-12) identi-
fied in the sputum of CF individuals un-
dergoing acute pulmonary exacerbation
(APE) (24). We further described an in-
crease in MMP-9 activity with a con-
comitant decrease of the presence of a
prominent natural inhibitor of MMP-9 in
these specimens, TIMP-1. This imbalance
was thought to be, in part, due to a
mechanism of MMP-9 activation and
TIMP-1 degradation via HNE. While
these findings have shed light into a
unique pathway of protease potentiation
in clinical disease, it is unknown if this
proteolytic dysregulation is seen in CF
patients who are not undergoing APE.

In this study, we demonstrate that
there is elevated HNE activity in non-

exacerbating CF patients and that there
is notable correlation between MMP-9/
TIMP-1 ratio and increased HNE activity
in these clinically stable individuals. We
then determine the specific cleavage
sites for HNE for MMP-9 and demon-
strate the presence of a TIMP-1 cleavage
fragment in CF sputum whose size is
consistent with that seen with HNE-
mediated cleavage of TIMP-1 in vitro.
These findings demonstrate important
mechanisms of increased MMP-9 prote-
olytic activity present in vivo in CF lung
disease. These findings also highlight
that, even in CF individuals without
APE, there is notable MMP-9 and HNE
activity present in airway secretions. Fi-
nally, these findings underscore impor-
tant, clinically relevant regulatory rela-
tionships between these molecules and
may have therapeutic implications in CF
lung disease.

MATERIALS AND METHODS

Patient Populations

Sputum samples from CF outpatients
and normal control individuals were col-
lected after approval by the University of
Alabama at Birmingham Institutional Re-
view Board. Basic demographic data
were collected for both populations.
Lung function, genotype and microbio-
logic data were collected for CF individ-
uals only. Sputum samples were expecto-
rated spontaneously for CF individuals
and induced via hypertonic saline for
normal individuals.

Materials

Recombinant TIMP-1, MMP-9 and IL-8
were purchased from R & D Systems
(Minneapolis, MN, USA). Recombinant
HNE and HNE specific inhibitor was
purchased from Calbiochem (San Diego,
CA, USA).

Sputum and Endotracheal Aspirate
Processing

Once collected, the sputum was diluted
1:2 with 0.9% normal saline and cen-
trifuged at 200g for 10 min with separa-
tion of pellet from supernatant. The
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supernatant was collected, protein con-
centration was measured, and then sepa-
rate aliquots were saved for measure-
ments (-80°C).

Zymography

Porcine skin gelatin (Sigma, St. Louis,
MO, USA) at 1 mg/mL was added to a
7.5% SDS polyacrylamide solution before
casting. Biologic samples were aliquoted
and diluted in nonreducing sample
buffer, and 16 ug of sample were added
to each lane. All samples were elec-
trophoresed at 12 mA for 1 h. Following
electrophoresis, gels were washed in
2.5% Triton X-100 for 1 h at 4°C, then
incubated in 50 mM Tris-Cl for 16 h at
37°C. Gels were stained in 0.05%
Coomassie blue for 30 min and subse-
quently destained for 2 h.

MMP-9 Activity Assay

Briefly, MMP-9 specific ELISA-based
activity assays were used to quantify
specific MMP activity (R & D Systems).
Samples were diluted to fit manufac-
turer’s sensitivity for individual kits
(0-16 ng/mL). Both samples and recom-
binant enzyme standards were prepared
and incubated for 2 h at room tempera-
ture in 96-well plates coated with mono-
clonal antibody for MMP-9 (MAB 911) of
interest. After incubation, samples and
standards were activated with 1 mM
aminophenylmercuric acetate (APMA), a
chemical activator of MMPs, and further
incubated for 2 h at 37°C. After incuba-
tion, a fluorogenic substrate (Fluor-Pro-
Leu-Gly-Leu-Ala-Arg-NH2) was placed
in each well and the plate was incubated
at 37°C for 18 h. The plate was then read
on a SpectraMax Gemini spectropho-
tometer (Molecular Devices, Sunnyvale,
CA, USA) with excitation and emission
wavelengths of 320 and 405, respectively,
and data was quantified using standard
curves provided with the kits.

TIMP-1 Enzyme-Linked
Immunosorbent Assay (ELISA)

For the studies of TIMP-1, samples
were diluted to fit manufacturer’s sensi-
tivity for ELISA (0-10 ng/mL). Both sam-



ples and recombinant TIMP-1 standards
were prepared and incubated for 2 h at
room temperature in 96-well plates
coated with TIMP-1 monoclonal antibod-
ies. Bound TIMP-1 was then treated with
a horseradish peroxidase-based second-
ary antibody for 1 h. A colorimetric sub-
strate (hydrogen peroxide and chroma-
gen) was placed in each well and color
change was assessed after 30 min. Color
changes were quantified on a colorimeter
(Bio-Rad, Hercules, CA, USA) via stan-
dard curves provided with the kits.

Human Neutrophil Elastase (HNE)
Assays

Briefly, HNE-specific ELISA activity
kits were used to quantify HNE concen-
trations in clinical samples (Calbiochem).
Samples were diluted to fit manufac-
turer’s kit specificity (0-20 ng/mL). Both
samples and recombinant HNE stan-
dards were prepared and incubated for
2 h at room temperature in 96-well plates
coated with a monoclonal antibody for
HNE. A fluorogenic substrate (MeOSuc-
Ala-Ala-Pro-Val-AMC) was then added
and the plate was incubated for 2 h. Fi-
nally, the plate was read on a Spectra-
Max Gemini spectrophotometer (Molecu-
lar Devices) with excitation and emission
wavelength of 360 and 460, respectively,
and data was quantified using standard
curves provided with the kits.

MMP-9 and HNE Coincubation and
Protein Blot

MMP-9 (2.0 ug; R & D Systems) appro-
priately diluted in 50 uL. dH,O was
mixed with equal volumes of 2.0 ug HNE
(Calbiochem) and incubated at 4°C for
15-60 min. The reaction solution was fil-
tered by using Ultracel YM membrane
(YM-10, Millipore, Billerica, MA, USA) at
4°C. The cleavage fragments collected
from filter were run on 7.5% nonreducing
SDS/polyacrylamide gel. The gel was
then stained with 0.05% coomassie blue
for 1 h and destained with a solution con-
taining methanol/acetic acid / water
(45:10:45) until the bands appeared on a
clear background. The different sizes of
bands were cut for sequence analysis.

Peripheral Blood Human PMN
Isolation

Peripheral blood was layered onto a
dual gradient of Histo-Paque 11191 (bot-
tom) and Histo-Paque 11077 (top) and
spun at 800¢ for 30 min at room tempera-
ture. The neutrophil layer was defined at
the location directly above the red blood
cell pellet. Cells were aspirated and
washed in PBS. The cells were resus-
pended in ACK red cell lysis buffer for
15 min and washed in PBS. The cells
were resuspended in the desired solu-
tion, cytospun and differentially stained
to check for purity (>95% PMNs).

TIMP-1 and HNE Coincubation
Recombinant human TIMP-1
(100 ug/mL, 28 kDa ) was incubated
with recombinant HNE (50 ug/mL,
27 kDa) over 2 h at 37°C. Samples were
then run on a 10% SDS-PAGE and
stained with 0.05% coomassie blue and
subsequently destained with a solution
containing methanol/ acetic acid / water
(45:10:45) until the bands appeared on a
clear background.

TIMP-1 and PMN Lysate Coincubation

Isolated primary human PMNs (2.5 x
10° cells) were initially activated with
50 ng/mL of IL-8 for 1 h and then lysed
via freeze-thaw. HNE concentration of
lysate was then measured (150 ng/mL)
and then this lysate was incubated with
either an HNE-specific inhibitor or
DMSO (vehicle) overnight at 40°C.
Thereafter, 1 ug of TIMP-1 was added
and incubation continued for 8 and 24 h
at 37°C water bath. After that, the reac-
tion solution was loaded on 15% SDS-
PAGE gel for electrophoresis.

Western Blot

Samples were electrophoresed through
SDS-PAGE via nonreducing conditions.
Membranes were blocked with Tris
buffer (pH 7.4) containing 5% powdered
milk for 1 h. Once washed, the samples
were incubated with polyclonal TIMP-1
primary antibody (Chemicon [Millipore],
Temecula, CA, USA) overnight at 4°C.
After incubation, samples were washed

RESEARCH ARTICLE

and incubated with secondary antibody
(IgG goat-antirabbit from Dako,
Glostrup, Denmark), conjugated with
horseradish peroxidase at dilution of
1:5000 for 1 h. Immunoblots then were
developed utilizing Pico ECL reagent
(Thermo Scientific Rockford, IL, USA).

N-Terminal Sequencing for TIMP-1
Fragment

Tandem mass spectral analyses were
performed with a g-TOF-2 mass spec-
trometer (Micromass, Manchester, UK)
using electrospray ionization. Samples
had undergone a 16-h tryptic digest at
37°C. The resulting peptides were puri-
fied using Zip Tips (Millipore, Billerica,
MA, USA) to concentrate and desalt the
samples. The samples then were ana-
lyzed by LC-MS-MS. Liquid chromatog-
raphy was performed using an LC Pack-
ing Ultimate LC, Switchos microcolumn
switching unit and Famos autosampler
(LC Packing, San Francisco, CA, USA).
The samples were concentrated on a
300 um i.d. C18 precolumn at a flow rate
of 10 uL /min with 0.1% formic acid and
was then flushed onto a 75 um i.d. C18
column at 200 nL/min with a gradient of
5%-100% (0.1% formic acid) in 30 min.
The nano-LC interface was used to trans-
fer the liquid chromatography eluent into
the mass spectrometer. The q-TOF was
operated in the automatic switching
mode whereby multiply charged ions
were subjected to MS-MS if their intensi-
ties rose above six counts. The tandem
mass spectra were processed with the
Mass Lynx MaxEnt 3 software.

Nano-LC Tandem Mass Spectrometry
for MMP-9/HNE Cleavage Site

An aliquot (5-10 uL) of each digest was
loaded onto a 5 mm x 100 m i.d. C 4
reverse-phase cartridge at 2 uL/min
using a PAL robot (Leap Technologies,
Carrboro, NC, USA). After washing the
cartridge for 5 min with 0.1% formic acid
in ddH,0, the bound peptides were
flushed onto a 22 cm x 100 um i.d. C;q
reverse-phase pulled tip analytical col-
umn with a 25-min linear 5-50% acetoni-
trile gradient in 0.1% formic acid at
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500 nL/min using an Eksigent nanopump
(Eksigent Technologies, Dublin, CA,
USA). The column was washed with 90%
acetonitrile-0.1% formic acid for 15 min
and then re-equilibrated with 5%
acetonitrile-0.1% formic acid for 24 min.
The eluted peptides were passed directly
from the tip into a modified Microlon-
Spray interface of an Applied Biosys-
tems-MDS-Sciex (Concorde, Ontario,
Canada) 4000 Qtrap mass spectrometer.

Eluted peptides were subjected to a
survey MS scan to determine the top
three most intense ions. A second scan
(the enhanced resolution scan) deter-
mined the charge state of the selected
ions. Finally, enhanced product ion scans
were carried out to obtain the tandem
mass spectrum of the selected parent
ions (with the declustering potential
raised to 100 V) over the range from m/z
400-1500. Spectra are centroided and de-
isotoped by Analyst Software, version
1.42 (Applied Biosystems). These tandem
mass spectrometry data are processed to
provide protein identifications using an
in-house MASCOT search engine (Matrix
Science) against a known enzyme cleav-
age search algorithm.

Statistical Analysis

Descriptive statistics including mean
and standard error of the mean (SEM)
were determined for all continuous data.
Nonparametric testing was used to com-
pare populations in this study via the
exact Wilcoxon rank sum test for un-
paired data. Spearman correlation coeffi-
cient was used for relationship between
MMP-9/TIMP-1 ratio and HNE.

RESULTS

Clinically stable, nonexacerbating CF
individuals (n = 9) were examined and
compared with a population of nondis-
ease controls (n = 5). The CF individuals
had an average age of 26.1 years (+ 2.6)
and were 33% male/67% female versus
an average age of 32.0 (£ 2.9) and 40%
male/60% female in nondisease control.
22% of CF individuals were AF508 ho-
mozygous, while the remainder of the
individuals were AF508 heterozygous.
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Figure 1. (A) CF patients demonstrate elevated gelatinase activity: CF clinical samples on
gelatin zymogram with increased 78 kDa band. Each lane represents a separate patient.
(B) CF patients have reduced TIMP-1 levels: Sputum from CF patients (n = 9) are mea-
sured via ELISA compared with normal nondisease controls (n = 5), *P < 0.05. (C) CF pa-
fients have an elevated MMP-9/TIMP-1 ratio: Sputum from CF patients (n = 9) MMP-9/
TIMP-1 levels are compared with normal nondisease controls (n = 5), *P < 0.01.

Most of the CF individuals were pseudo-
monas positive via sputum culture (89%)
and 33% were also staph aureus positive.
None of the patients were B. cepacia pos-
itive. The average FEV1 was 62.4% of
predicted for age-matched normal con-
trols (+ 6.0) and the average FVC was
74.9% of predicted for age-matched nor-
mal controls (+ 4.7). None of these pa-
tients had demonstrated a significant de-
cline in lung function or change in
baseline pulmonary symptoms com-
pared with their previous clinic visits.

To first determine if stable, nonexacer-
bating CF patient samples demonstrated
increased proteolytic activity, we first ex-
amined them via gelatin zymography.
These samples demonstrated increased
activity (78 kDa) when compared with
normal control individuals (Figure 1A).
We further characterized the MMP pro-
file in this population, demonstrating in-
creased expression of MMP-9 via West-
ern blots (data not shown). TIMP-1, a
natural inhibitor of MMP-9, also was
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quantified and found to be at signifi-
cantly lower levels when compared with
normal controls (Figure 1B). The ratio of
MMP-9/TIMP-1 was significantly higher
in the stable CF outpatient population
when compared with nondisease con-
trols (Figure 1C).

These results parallel the findings of
significantly increased HNE activity in
CF samples (Figure 2A), leading to the
possibility that a relationship may exist
between these molecules in CF individu-
als without APE. When the HNE activity
in these samples was compared with
their MMP-9/TIMP-1 ratio, we find a
significant correlation coefficient (R of
0.65 (Figure 2B, P < 0.05). These results
demonstrate that a relationship of pro-
tease dysregulation involving these me-
diators exists in individuals with clini-
cally stable CF lung disease.

Previously, we have demonstrated
the capability of HNE to cleave and ac-
tivate pro-MMP-9 and degrade TIMP-1
in vitro, hypothesizing that this prote-
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Figure 2. (A) CF patients demonstrate increased HNE activity: Sputum from CF patients
(n = 9) are measured for HNE activity and then normalized to normal nondisease con-
trols (n = 5), *P < 0.05. (B) MMP-9/TIMP-1 ratio correlates with HNE concentration in CF
patients: MMP-9/TIMP-1 ratio and HNE concentration demonstrates an r value of 0.81

(P < 0.05) in CF specimens (n = 9).

olytic dysregulation is likely operative
in CF lung disease. The determination
of the site of action of HNE on the mol-
ecules may, therefore, have important
implications to CF-specific therapeutics.
To determine the HNE-specific prote-
olytic site(s) on MMP-9 to induce its
activation, we incubated pro-MMP-9
with HNE in vitro and examined cleav-
age over time. A major band was seen
with the coincubation at various time
points (Figure 3A), consistent with a
major band seen in CF sputum (see Fig-
ure 1A). Utilizing mass spectrometry to
examine the incubated samples, the
specific cleavage sites for HNE were de-
termined as Val®*-Ala* and Ala*-Glu*
(Figure 3B).

Previously, Nagase and colleagues had
demonstrated that HNE specifically
cleaved TIMP-1 at Val®, leading to a
16 kDa fragment (25,26). To verify this
specific cleavage site of TIMP-1, we in-
cubated recombinant TIMP-1 with HNE
for 2 h. We noted a depletion of TIMP-1
with the emergence of the expected
16 kDa band (Figure 4A). This band was
then cut from the gel and sequenced
(Figure 4B). This fragment was found to
be cleaved from TIMP-1 and showed a
cleavage site between Val® and Cys”,
confirming a previous finding by Nagase
et al. We then demonstrated that TIMP-1
can be degraded effectively from pri-

mary human PMNs and that this degra-
dation can be rescued by the concomitant
administration of an HNE-specific in-
hibitor (Figure 4C). These 24-h results
were similar to results observed at 8 h of
coincubation (data not shown). To our
knowledge, however, the presence of this
predicted fragment has not been demon-
strated in clinical disease samples. Utiliz-
ing an antibody for TIMP-1, we demon-
strate the presence of a 16 kDa TIMP-1
fragment in CF specimens (Figure 4D),

A.
B- MMP-13
MMP-3
HNE
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consistent with HNE-mediated degrada-
tion of TIMP-1.

DISCUSSION

Our results demonstrate that in spu-
tum from stable, nonexacerbating CF
patients, there are increased levels of
both HNE and MMP-9 activity. Paral-
leling data described previously
(24,27), we show a relationship be-
tween increased HNE activity with
MMP-9 and TIMP-1 in stable CF outpa-
tients, with a statistically significant
r value of 0.81. These findings suggest
that this pathway of proteolytic dysreg-
ulation is operative even in CF individ-
uals during basal disease, underscoring
the importance of unrelenting HNE
activity.

As previously mentioned, HNE is a
member of the serine protease family
which targets a variety of substrates that
may modulate airway inflammatory re-
sponses through various mechanisms.
HNE has also been well characterized as
a marker of airway inflammation in CF
lung disease (28). Recently, HNE has also
been shown to have activating effects on
two proteases with implications in air-
way inflammation, MMP-2 and cathep-
sin B (29).

RYGYTRVAEM RGESKSLGPA LLLLQKQLSL PETGELDSAT
LKAMRTPRCG VPDLGFEFQTF EGDLKWHHHN

Trypsin
MMP-13

MMP-3
MMP-2

Figure 3. (A) HNE cleaves MMP-9 and produces a specific fragment: Coomassie blue stain
of recombinant human MMP-9 (2 ug) (lane 1) with HNE (2 ug) (lane 2) at 15 min (lane 3),
30 min (lane 4), 45 min (lane 5) and 60 min (lane 6) demonstrated the presence of a 78
kDa isoform. (B) Residues of prodomain of MMP-9 cleaved by HNE: Arrows indicate other
protease cleavage sites leading fo activation. The fwo residues we found fo be cleaved

by HNE are also shown.
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Figure 4. (A) HNE degrades TIMP-1 and produces a specific fragment: Coomassie blue
stain of recombinant human TIMP-1 (100 ug/mL, 28 kDa black arrow) incubated with re-
combinant HNE (60 ug/mL, 27 kDa white arrow) for 2 h (Lane M). Lane H = HNE alone

(2 h,37°C), Lane T = TIMP-1 alone (2 h, 37°C). (B) N-terminal sequencing determines HNE-
specific cleavage site of TIMP-1: 16 kDa fragment from Figure 4a was excised and under-
went trypsin digestion. Trypsin-cleavage sites (noted by superscripts) were aligned;

a cleavage site was found which did not correspond to trypsin specificity (underlined),
corresponding to Val®® on the TIMP-1 sequence. (C) TIMP-1 cleavage by PMN lysates is
rescued by HNE inhibitor: T ug of TIMP-1 was incubated with a PMN lysate, PMN lysate +
elastase inhibitor (600 fold molar excess), or DMSO (elastase vehicle) for 24 h. Densitome-
try and band imaging was performed utilizing BioRad Chemidoc XRS system. PMN lysate
decreased TIMP-1 expression to 56% of control but HNE inhibitor increases this to 82% of
control TIMP-1 band. (D) TIMP-1 fragment is present in CF sputum: Western blot (12% SDS
nonreduced gel) demonstrates a 28 kDa TIMP-1 band in both TIMP-1 std (20 ng/mL) and
in a pooled CF sputum sample (n = 9).In addition, a 16 kDa TIMP-1 band is identified in
the pooled CF sputum sample (white circle).

HNE demonstrates well characterized
catalytic and inhibitory regions. HNE
normally cleaves peptide bonds in which
the P1 residue is a small alkyl group.
Substrate specificity also is affected by
residues P4-P2’ around the scissile bond,
and the specificity of HNE for these sites
has been demonstrated previously (30).
The locations of the cleavage sites of
both MMP-9 and TIMP-1 conform to the
substrate specificity of HNE.

We have determined the HNE cleav-
age site of the prodomain of MMP-9. In
our studies, we see a peptide which cor-
responds to cleavage on the c-terminal
side of Val*®® and a peptide which corre-
sponds to cleavage on the c-terminal side
of Ala®. Both residues are preferred
residues in the P1 site of HNE and the
shift from Ala® to Val*® would allow for

the P1-P3 site requirements of HNE to be
satisfied. These sites are to the N-terminal
side of the previously identified MMP-13
and MMP-3 cleavage site at Glu*-Met"'
(31). From the x-ray structure of MMP-9
(IR] from RCSB protein structure data-
base) we can see that these residues are
part of a flexible loop region (due to the
flexibility, all residues in the loop did not
give sufficient density to allow for struc-
ture). The flexibility of the loop as well
as its placement on the outer surface of
the molecule means that residues in the
loop are not sterically hindered and thus
are very accessible to cleavage by HNE.
Cleavage at this site removes the first
a-helix (residues Asp41 to Arg51). This
would correspond to the 86 kDa form
described as inactive by Lee (31). As this
site is past the glycosylation site at N'%,

164 | JACKSON ET AL. | MOL MED 16(5-6)159-166, MAY-JUNE 2010

the exact weight loss is difficult to quan-
tify by gel. We believe that cleavage at
this site allows the second a-helix
(residue Gly* to Leu”™) to “swing open,’
exposing the catalytic site of MMP-9
(Figure 5A). This would mean that the
cysteine switch peptide could be re-
moved from the active site Zn allowing
the enzyme to become active. This would
be compatible with earlier work showing
that in the presence of SDS the enzyme
gains activity (32), likely due to a similar
type of conformational change as de-
scribed here. MMP-9 then likely under-
goes autocleavage of the remaining
prodomain to give the 78 kDa active pro-
tein. This matches the data from our clin-
ical samples (see Figure 1A) and our en-
zyme coincubations (see Figure 3A). In
our experiments, we were unable to dis-
tinguish the autocleavage at Phe® from
the trypsin cleavage performed as part of
the N-terminal sequencing procedure.

Utilizing N-terminal sequencing, we
confirmed a consistent cleavage site at
Val® (Figure 5B). The location of this spe-
cific cleavage site had been demon-
strated previously by Nagase and col-
leagues (25,26). We also demonstrate
primary human PMNs have the capabil-
ity to degrade TIMP-1 and that this effect
is mediated by HNE activity. Finally, for
the first time, we demonstrate this pre-
dicted TIMP-1 cleavage fragment is pres-
ent in clinical disease specimens, high-
lighting that this process occurs in CF
lung disease.

These results strongly suggest the im-
portance of the regulatory relationship
between HNE with MMP-9 and TIMP-1
in stable, non-APE CF patients. This pro-
tease dysregulation underscores the on-
going airway remodeling and augmenta-
tion of inflammation seen in CF patients
when clinically stable. In addition, un-
mitigated MMP-9 activity in the airways
has a diverse group of effects, which
may augment CF-related pathophysiol-
ogy (Figure 6). This evidence highlights
the importance of consideration of ag-
gressive antiprotease therapy even in
those individuals who are not undergo-
ing frequent disease exacerbations.

4



A. MMP-9 Cleavage Site at Val 38 and Ala 39

B. TIMP-1 Cleavage Site at Val 69

Figure 5. (A) MMP-9 Crystal Structure (RCSB sfructure IRJ): The red mofif represents the
MMP-9 prodomain, while the yellow region represents the remainder of MMP-9 molecule.
The purple region represents the catalytic site. The green residue (with white circle)
shows the HNE cleavage site (Val®®-Ala® and Ala®-GIu*® ) as determined via mass spec-
tfrometry. (B) MMP-3 interaction with TIMP-1 (RCSB 1009): While the crystal structure for
MMP-9/TIMP-1 interaction is not completely known, it is thought to be similar to MMP-3/
TIMP-1 interaction. The pink colored molecule is MMP-3 and the light blue colored mole-
cule is TIMP-1.The red amino acid is Thr’, an important amino acid in TIMP-1 recognition
of MMPs. HNE cleavage site for TIMP-1 is Val®? (yellow, with white circle) as determined via
N-terminal sequencing of TIMP cleavage products.

The determination of the HNE-specific
cleavage site of MMP-9, confirmation of
the HNE-specific TIMP-1 cleavage site,
and evidence demonstrating this mecha-
nism of MMP-9 activation is operative in
CF may have implications to disease-
specific therapeutics. These may include
an increased interest in HNE inhibition
in CF individuals to mitigate this mecha-
nism of protease potentiation in vivo. An-
other potential application of this re-
search may lead to the development of
“designer molecules” with site specific
mutations of TIMP-1 degradation in an
HNE-rich environment (33). The devel-
opment of novel therapeutics may lead
to a restoration of the balance of MMP-9
and TIMP-1 levels in CF lung disease.
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