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ABSTRACT: Gelatinase B or matrix metalloproteinase-9 is involved in inflammation and in autoimmune
and vascular diseases. In contrast to the constitutive and homeostatic matrix metalloproteinase-2, matrix
metalloproteinase-9 is an inducible enzyme. Furthermore, it needs tight regulation, and a major control
mechanism of its enzymatic activity is the activation of the latent enzyme by proteolysis of the 87 residue
propeptide. Activated matrix metalloproteinase-9 is detected in many vascular or hematological disease
states, including in an experimental model for cerebral malaria withPlasmodium bergheiANKA. However,
insight into its activation mechanism is incomplete. In view of the association with hemorrhagic and
hemolytic diseases, it was studied whether and how hemoglobin and its derivatives might activate pro-
matrix metalloproteinase-9. Incubation of matrix metalloproteinase-9 with hemin orâ-hematin, the core
constituent of hemozoin or malaria pigment, leads to differential autocatalysis of the propeptide, mediated
by allosteric interaction with the hemopexin domain. The cleavage catalyzed byâ-hematin coincides
with the first cleavage by stromelysin-1/matrix metalloproteinase-3, and preincubation of matrix
metalloproteinase-9 withâ-hematin enhances the activation rate by matrix metalloproteinase-3 at least
6-fold. These findings suggest that reduction of hemorrhage and hemolysis might prevent matrix
metalloproteinase-9-mediated inflammatory and vascular damages.

The matrix metalloproteinases (MMPs1) constitute a large
family of soluble or membrane bound zinc-dependent pro-
teases involved in the remodeling of the extracellular matrix
and in the regulation of immune responses. They represent
key players in physiological processes like growth, stem cell
mobilization and wound repair, and are also involved in path-
ological conditions, such as tumor cell metastasis, inflam-
mation and vascular and autoimmune diseases (1-4). The
basic structural features of all MMPs are the presence of a
propeptide and a Zn2+-containing active site. Most MMPs
possess a C-terminal hemopexin domain, important for bind-

ing of particular substrates, endogenous inhibitors and cell
surface receptors (5). In addition, gelatinases have a fi-
bronectin-like domain, involved in the binding to gelatin,
and MMP-9 contains a unique O-glycosylated (OG) domain
between the hemopexin domain and the active site (1, 4, 6).
Human neutrophils store large amounts of this enzyme in
their secretory granules, and degranulation, e.g., induced by
chemotactic factors, results in rapid release of MMP-9 (7).
Similar to most other MMPs, MMP-9 is secreted as a latent
pro-enzyme that needs activation by the removal of the
propeptide in order to catalyze substrate degradation. This
key step of activation by proteolysis is an irreversible off-
on switch, that needs efficient control by endogenous
inhibitors, such as the tissue inhibitors of metalloproteinases
(TIMPs) (8).

For a proMMP to become catalytically active, disruption
of the coordination between the cysteine thiol group of the
unique sequence motif PRCGXPD in the propeptide and the
catalytic Zn2+ is required. This process is described as the
cysteine-switch model (9) and can be catalyzed by several
mechanisms (10). MMP-9 and other MMPs are artificially
activated by chemical treatment with mercurial compounds,
such as 4-aminophenylmercuric acetate (APMA) (10), with
alkylating agents or with chaotropes like urea and detergents
(11, 12). Intriguingly, Bannikov et al. reported that binding
of proMMP-9 to gelatin may lead to reversible activation
through disengagement of the propeptide from the active site
(13). Alternatively,in Vitro studies have shown that reactive
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oxygen species (ROS), such as hypochlorous acid (HOCl)
(14) and peroxynitrite (ONOO-) (15), can activate proMMPs
by modifying the cysteine thiol groups in the propeptide,
presumably followed by autocatalytic cleavage. Furthermore,
S-nitrosylation of the cysteine residue in the prodomain and
subsequent oxidation into a sulfinic (-SO2H) or sulfonic
(-SO3H) acid derivative was shown to lead to permanent
MMP-9 activationin ViVo (16). These types of activation
might be of importance under inflammatory and/or ischemic
conditions. Finally, several proteases, such as the serine
protease trypsin (17, 18) and tissue kallikrein (19, 20),
mediate direct cleavage of the prodomain. In addition,
different MMPs can activate each other, e.g., the two step
cleavage of the propeptide of MMP-9 by MMP-3, also called
stromelysin-1 (21-23).

In various pathologies, including cerebral ischemia and
diabetic retinopathy, MMP-9 is upregulated and activated
and contributes to degradation of the blood-brain barrier,
the formation of edema and finally hemorrhage (24-27). A
strong correlation between activated MMP-9 and hemoglobin
levels, a marker for hemorrhage, was reported (25). Recently,
Tajima et al. have studied intra-articular hemorrhage and they
observed that hemoglobin in its turn can induce the expres-
sion and activation of MMP-9 and MMP-2 by synovial cells
(28).

Under normal circumstances, the total hemoglobin and
heme concentrations in the blood of an adult are∼150 mg/
mL and∼8 mg/mL, respectively. However, during hemolysis
and/or hemorrhage, significant amounts of hemoglobin are
released in the circulation and/or surrounding tissues. The
prosthetic group of hemoglobin, heme, is then released from
hemoglobin and easily converted into hemin, the Fe3+

oxidation product of heme. Both heme and hemin are
ubiquitous iron-containing compounds inherently dangerous
by their oxidative properties in pathologic situations such
as in hemolytic and other anemias, hemorrhage, trauma,
malaria and other infections (29). Neutrophils can be
recruited and activated by heme or hemin and subsequently
produce interleukin-8 (30). This chemokine further triggers
neutrophil chemotaxis and degranulation, resulting in the
release of MMP-9 (7). Interestingly, heme or hemin also
catalyzes the formation of ROS and triggers the oxidative
burst in neutrophils (30). Moreover, Zamboni et al. described
a potential link between serum iron and MMP-9 activation
(31).

During malaria infection, hemoglobin is digested by the
parasite inside the erythrocytes. To protect itself, the malaria
parasite detoxifies free heme via crystallization into hemozoin
or malaria pigment, a unique insoluble crystal composed of
heme dimers and structurally identical toâ-hematin (32, 33).
The destruction of erythrocytes by the parasite ends up in
the release of hemozoin as well as hemoglobin and heme. It
has been estimated that 400µg/mL hemozoin is released in
the circulation during each cycle of parasitic replication
(∼36-48 h) at a parasitemia of 10%, which is commonly
occurring in malaria patients (33). Recently, Prato et al.
reported that phagocytosis of hemozoin by monocytes
induces the production of MMP-9, which contributes to the
disruption of endothelial basement membranes and the
extravasation of blood cells (34). In addition, malaria pigment
also has the capacity to attract and activate neutrophils (35),
to catalyze the formation of ROS (36), and recently,

hemozoin has been reported to be responsible for the
suppression of erythropoiesis (37), one of the causes of
malaria-associated anemia.

In the present study, a novel autocatalytic aminoterminal
processing mechanism of proMMP-9 by hemin andâ-he-
matin is reported and it is shown that the hemopexin domain
functions in this truncation. Although several identified
intermediate forms of MMP-9 are proteolytically inactive,
the activation of the hemozoin-truncated MMP-9 by MMP-3
is significantly accelerated.

EXPERIMENTAL PROCEDURES

Proteins and Reagents.Recombinant human full-length
proMMP-9 (92 kDa) was expressed in Sf9 insect cells and
purified as previously described (6). The following recom-
binant variant proteins were generated by mutagenesis of
full-length MMP-9 (6): MMP-9∆Hem, lacking the he-
mopexin domain (72 kDa); MMP-9∆OG, lacking the OG
domain (70 kDa) and MMP-9∆OGHem, lacking both the
hemopexin and the OG domain (48 kDa). MMP-9mutE, an
inactive mutant (92 kDa) in which the catalytic Glu402 is
mutated into Ala, was produced byin Vitro mutagenesis in
a similar way as the MMP-9mutEC mutant, in which both
the catalytic Glu402 and Cys468 in the OG domain are mutated
into Ala (6).

Human hemoglobin, hemin, human serum albumin (HSA),
the redox reagent dithiothreitol (DTT, Cleland’s reagent),
the superoxide scavenger 4-hydroxy-2,2,6,6-tetramethylpi-
peride-N-oxyl (TEMPOL) and the metalloproteinase inhibi-
tors ethylene diamine tetraacetic acid (EDTA) ando-phenan-
throline were purchased from Sigma-Aldrich (St. Louis,
MO). Hemin was dissolved at 20 mg/mL in dimethyl
sulfoxide (DMSO). The protease inhibitor cocktail (Com-
plete, EDTA-free) was obtained from Roche Diagnostics
(Mannheim, Germany). Recombinant human TIMP-1 was
purchased from R&D systems.

For the preparation of synthetic hemozoin (sHz) or
â-hematin, a modification of the method described by
Jaramillo et al. (38) was applied. Briefly, 175 mg of hemin
chloride was solubilized in 17.5 mL of 0.1 N NaOH and
neutralized with 1.75 mL of 1 N HCl. Next, 32.72 mL of 1
M sodium acetate, pH 4.8, was added and the mixture was
incubated for 3 h at 60°C. After incubation, 0.58 mL of
10% sodium dodecyl sulfate (SDS) was added followed by
centrifugation for 15 min at 20800g. The pellet was sonicated
in 100 mM sodium bicarbonate, pH 9.0, 0.5% SDS and again
centrifuged. Next, the pellet was washed 4 times in 2% SDS
and 2 times in milliQ water to wash out SDS. Theâ-hematin
was dried at 37°C overnight and crushed with a pestle and
mortar to decrease the particle size. Finally, it was suspended
in PBS and homogenized in a potter tube. The size of the
crystals wase1 µm as determined by microscopical analysis.

Incubation of ProMMP-9 with Hemoglobin, Hemin or
â-Hematin.The different recombinant proMMP-9 variants
(final concentration of 1µM) were incubated and shaken at
37 °C for the indicated time intervals with the indicated
concentration of hemoglobin, hemin (dissolved at 20 mg/
mL in DMSO as a stock solution) orâ-hematin in assay
buffer (100 mM Tris-HCl, pH 7.4, 100 mM NaCl, 10 mM
CaCl2 and 0.01% Tween 20). To evaluate the effect of
DMSO during the incubation, proMMP-9 was incubated with
â-hematin in the presence of DMSO.
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In addition, hemin from the stock solution was diluted in
assay buffer in the presence or absence of HSA (1%) and
preincubated at room temperature for 15 min. After cen-
trifugation (15 min, 20000g) of the hemin solution, the
supernatant and the pellet were separated and incubated with
proMMP-9 at 37°C for 48 h. The incubations of recombinant
human proMMP-9 withâ-hematin were also performed in
the presence of HSA (1%), DTT (100 mM; 3 mM and 0.5
mM), the superoxide scavenger TEMPOL (4 mM), the
protease inhibitor cocktail (Complete, EDTA-free), EDTA
(100 mM and 10 mM) oro-phenanthroline (10 mM and 1
mM) as indicated. After incubation, 0.3 ng of MMP-9 of
each sample was analyzed by gelatin zymography (7.5% or
10.5% acrylamide gels) as described previously (39). As a
molecular weight standard, a mixture of 0.1 ng of recom-
binant human full-length proMMP-9 (92 and 200 kDa) and
0.1 ng of two different recombinant MMP-9 mutants, MMP-
9∆Hem (72 and 144 kDa) and MMP-9∆OGHem (48 kDa),
all produced in Sf9 insect cells (6), was used. In addition,
some samples were also analyzed with the use of SDS-
PAGE followed by Coomassie Blue staining or silver
staining.

Western Blot Analysis.For the Western blot analysis, two
primary antibodies were used: the monoclonal antibody
REGA-3G12, which binds part of the catalytic domain (40),
and a polyclonal antibody, only recognizing the propeptide
of MMP-9. For the production of the polyclonal antibody, a
peptide corresponding to the propeptide of human MMP-9
(residues 1-87) was synthesized using Fmoc chemistry on
an automated peptide synthesizer (433A, Applied Biosys-
tems, Foster City, CA). After deprotection and purification,
this peptide was used for the immunization (100µg, in
complete Freund’s adjuvant) and for boosting (7× with a 4
week time interval schedule, 100µg in incomplete Freund’s
adjuvant) of a female rabbit. Serum was taken 10 days after
the final boost and was initially purified on a protein A
Sepharose column (G.E. Healthcare) and thereafter affinity-
purified on a column containing the immobilized recombinant
full-length proMMP-9. The polyclonal antibody recognizes
synthetic propeptide and intact proMMP-9, but not MMP-
3-activated MMP-9. Antigen detection on Western blots was
revealed as described (40).

Peptide Sequencing/Identification of CleaVed Fragments.
Recombinant human proMMP-9 (10µg, final concentration
of 1 µM) incubated at 37°C with hemin orâ-hematin (750
µg/mL) for 48 and 24 h, respectively, was separated by
reducing SDS-PAGE (7.5%) and transferred onto a poly-
vinylidene difluoride (PVDF) membrane by semi-dry elec-
troblotting. After Coomassie Brilliant Blue (0.1%) staining,
the bands of truncated MMP-9 were excised and subjected
to protein sequencing by Edman degradation (Procise
491cLC, Applied Biosystems).

Determination of MMP-9 ActiVation Velocity and ActiVity.
After a preincubation with or without hemin orâ-hematin,
the supernatant, containing 1µM recombinant human MMP-
9, was subjected to activation by the catalytic domain of
MMP-3 at a molar ratio of 1:100 (MMP-3:gelatinase B) in
assay buffer. Samples were taken at different time points
and analyzed by zymography. Zymolytic bands were quanti-
fied by scanning densitometry. The activity was determined
according to Knight et al. (41) by using a fluorogenic peptide
substrate (7-methoxycoumarin-4yl)Acetyl-Pro-Leu-Gly-Leu-

(3-[2,4-dinitrophenyl]-L-2,3-diaminopropionyl)-Ala-Arg-
NH2 (R&D Systems, U.K.). The substrate (2µM) was
incubated and stirred with MMP-9 (0.5 nM) in a fluorimeter
at 37°C.

RESULTS

Hemin andâ-Hematin Induce Truncation of MMP-9 in
Vitro. Various pathologic conditions are associated with
hemorrhage or hemolysis, leading to the release of consider-
able amounts of hemoglobin and heme into the extracellular
milieu. The direct effect of diverse concentrations of
hemoglobin or hemin on recombinant human proMMP-9 was
assessedin Vitro by incubating the enzyme at 37°C. At
different time points after incubation, samples of the suspen-
sions were collected and analyzed by gelatin-zymography
(Figure 1).

In contrast to hemoglobin (panel A), incubation of
proMMP-9 with hemin decreased the relative molecular
weight of the enzyme in a time dependent manner, suggesting
that processing occurred (panel B). Already after 7 h
incubation of proMMP-9 with hemin concentrations of 150
µg/mL and 750µg/mL (corresponding to less than 2 and
10% of the total heme concentration in normal blood), the
zymography showed two zymolytic bands, both being hemin-
truncated forms of MMP-9 (ht1- and ht2-MMP-9, see
enlargement in Figure 1). Larger amounts (2 and 0.75 mg/
mL) of hemin resulted in the degradation of MMP-9 after
24 to 48 h incubation. In addition, the amounts of the MMP-9
oligomers were reduced during the incubation in the presence
of hemin, but not of hemoglobin, indicating that an interac-
tion between hemin and the MMP-9 oligomers might result
in dissociation/degradation. To investigate whether mono-
meric hemin, and not aggregates, is also capable to induce
truncation of proMMP-9, hemin was partially solubilized
with HSA (1%), the most prominent plasma protein with
heme-binding capacity. After centrifugation, proMMP-9 was
added to the supernatant and to the pellet. Following a 48 h
incubation period, the same hemin-truncated forms were
observed in the supernatant by zymography, whereas there
was no processing in the absence of HSA (Figure 1, panel
C). Truncation also occurred in the pellets, independent of
the presence or absence of the serum protein HSA. In
addition, HSA apparently prevented the oligomers from
degradation by hemin.

During malaria infection, hemoglobin inside red blood
cells is digested by the parasites resulting in the production
of a chemically inert crystalline substance called hemozoin.
This malaria pigment is released in the circulation as the
red blood cells burst. In its pure form, hemozoin is identical
to â-hematin, the synthetic form of hemozoin. Hence,
proMMP-9 was incubated withâ-hematin and this resulted
in truncation of the enzyme as shown in Figure 2.

After 48 h in the presence of 150µg/mL â-hematin
(corresponding to the hemozoin amounts released at each
replication cycle at a parasitemia of 2.5%), the zymography
showed only oneâ-hematin-truncated MMP-9 form, denoted
asât-MMP-9. As with hemin, the use of higher amounts of
â-hematin resulted in degradation of MMP-9 and the
oligomers disappeared during the incubation. Panel D in
Figure 2 shows the concentration-dependent formation of the
â-hematin-truncated MMP-9 form after overnight incubation,
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expressed as scanning densitometry units of zymolysis bands.
At a â-hematin concentration of 300µg/mL, proMMP-9 was
almost completely truncated. Remarkably, partial truncation
of proMMP-9 even occurred at a concentration as low as 20
µg/mL of â-hematin (inset in panel D). Here also, incubation
with larger amounts ofâ-hematin (higher than 600µg/mL)
resulted in the degradation of MMP-9. The incubations with
â-hematin were also repeated in the presence of HSA (1%)
(Figure 2, right panels) and truncation of proMMP-9 was
corroborated. HSA stabilized MMP-9 monomers in the
presence of high concentrations ofâ-hematin. As in the cases
with hemin, HSA at the lowestâ-hematin concentration (150
µg/mL) prevented the oligomers from degradation/dissocia-
tion, without further influence on truncation.

The Truncated Forms of MMP-9 Are Proteolytically Not
ActiVe. According to the preceding data, proMMP-9 is
processed into truncated forms in the presence of hemin or
â-hematin. To analyze whether these forms were proteolyti-
cally active in solution, the activity of the incubated samples
was measured using a fluorogenic substrate-conversion assay.
Surprisingly, although an increase in the electrophoretic
mobility of MMP-9 is usually interpreted as activation, none
of the observed processed forms of MMP-9 had any
proteolytic activity in solution. Therefore, it was investigated
whether the decrease in molecular size was caused by
aminoterminal truncation.

Toward this end, proMMP-9 processed by hemin or
â-hematin was separated by SDS-PAGE and, after blotting,
the Coomassie Blue stained protein bands were excised and
identified by automated Edman degradation (Table 1).
Incubation of proMMP-9 with hemin resulted in cleavage
between Asp15 and Leu16 (ht1-MMP-9) and between Pro62

and Glu63 (ht2-MMP-9), which is in agreement with the

mobility of the two truncated forms as observed on zymog-
raphy (Figure 1). Both processed MMP-9 forms are subse-
quently denominated as L16MMP-9 and E63MMP-9. In the
presence ofâ-hematin, truncation occurred between Glu40

and Met41 and between Leu52 and Leu53 (both corresponding
to ât-MMP-9). These two forms were not resolved from each
other on zymography, were formed in approximately equal
abundance (as estimated by Edman degradation) and will
be henceforth indicated as M41/L53MMP-9. Interestingly, the
cleavage site between Glu40 and Met41 formed after incuba-
tion with â-hematin is identical to the first cleavage site by
MMP-3. This 86 kDa intermediate becomes susceptible to
the second cleavage by MMP-3 at the Arg87-Phe88 bond,
resulting in the conversion into an active 82 kDa form (21).

The MMP-9 Hemopexin Domain and Proteolytic ActiVity
Are Crucial for Hemin orâ-Hematin To Induce Truncation
of ProMMP-9.Various oxidative protein modifying reactions
are mediated by heme or hemozoin (42). In addition, ROS
can modify the cysteine thiol groups and activate proMMPs
(14). To assess whether the truncation of proMMP-9 is
caused by the formation of ROS, catalyzed by hemin or
â-hematin, the incubations were repeated in the presence of
different concentrations of DTT or TEMPOL. The truncation
process, induced byâ-hematin, was not inhibited by either
DTT or TEMPOL (Figure 3), indicating that the mechanism
responsible for the truncation of MMP-9 was not oxidative.
The same conclusion could be drawn from the incubations
of proMMP-9 with hemin (data not shown). Based on these
results, it was concluded that the processing of proMMP-9
after incubation with hemin orâ-hematin was not caused
by ROS.

To analyze whether particular domains of MMP-9 are
important for the truncation process, incubation experiments

FIGURE 1: Hemin-mediated truncation of proMMP-9. Gelatin zymography analysis of samples of recombinant human proMMP-9 incubated
with the indicated concentrations of hemoglobin (Hb) (panel A) or hemin (panels B and C). In panel C, hemin was dissolved in assay buffer
in the presence (+) or absence (-) of 1% human serum albumin (HSA). After centrifugation, proMMP-9 was added to the supernatant
(SN) or the pellet and incubated for 0 to 48 h as indicated. Representatives of at least 2 independent experiments are shown. ht1-MMP-9
and ht2-MMP-9 indicate hemin-truncated forms of MMP-9. St is a molecular weight standard preparation of domain deletion variants of
MMP-9 (indicated in kDa).
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were performed using different recombinant variants of the
enzyme lacking the OG domain (70 kDa), lacking the
hemopexin domain (72 kDa), or lacking both the OG and
the hemopexin domain (48 kDa) (Figure 4, panel A). These
recombinant variants can be activated by MMP-3 at similar
rates and display similar catalytic activities as compared to
full-length MMP-9 (6). The results in Figure 4 indicate that,

in contrast to the full-length MMP-9, no hemin- orâ-he-
matin-induced truncation was observed when the hemopexin
domain is missing (panels B, C and D). In the absence of
the OG domain, the processing of MMP-9 by hemin (panel
B) or â-hematin (panels E and F) still occurred. However,
this processing of MMP-9∆OG in the presence of 300µg/
mL â-hematin was less efficient when compared to full-
length MMP-9 (inset in panel F). Similar as with the full-
length MMP-9, degradation of the MMP-9∆OG occurs in
the presence of high concentrations ofâ-hematin (panel F).
These data, in addition to the homology of the hemopexin
domain with the heme-binding protein hemopexin, strongly
suggest that hemin orâ-hematin interact with the hemopexin
domain of MMP-9 and that the OG domain somehow
facilitates the truncation process, possibly by providing
molecular flexibility (43).

An interaction between hemin orâ-hematin and the
hemopexin domain is not sufficient to explain the partial
truncations of the propeptide of MMP-9. To investigate if
these truncations, which are actually peptide bond cleavages,
occurred autocatalytically, the incubations were repeated
using an inactive mutant of MMP-9, MMP-9MutE. In this
mutant, the catalytic Glu402 in the active site, which is
essential for the proteolytic activity, is mutated into Ala. The
absence of truncation of the inactive MMP-9 mutant by

FIGURE 2: â-Hematin-induced processing of proMMP-9. Gelatin
zymography analysis of samples of recombinant human proMMP-9
incubated with 2 mg/mL (panel A), 750µg/mL (panel B) and 150
µg/mL (panel C)â-hematin (â-Ht) in the presence (right panels)
or absence (left panels) of 1% human serum albumin (HSA).
Samples were collected at the indicated time points after incubation.
The molecular weights (in kDa) and theâ-hematin-truncated form
of MMP-9 (ât-MMP-9) are indicated on a representative zymog-
raphy of at least 2 independent experiments. Panel D: ProMMP-9
was incubated overnight withâ-hematin, and the concentration-
dependent formation of the truncated form of MMP-9 was analyzed
by zymography and quantified by scanning densitometry. The
amount of proMMP-9 and theâ-hematin-truncated form of MMP-9
is expressed as scanning units, deduced from zymolysis of each
lane. The inset provides a more detailed view atâ-hematin
concentrations below 80µg/mL. These results are the average of
at least two independent experiments with similar results.

Table 1: Aminoterminal Sequence of Intact and Hemin- or
â-Hematin-Truncated ProMMP-9

MMP-9 aminoterminal sequence

ProMMP-9 D-5PSSRA1PRQRQSTLVLFPG
DLRTNL...a

hemin-truncated MMP-9
ht1-MMP-9b L16RTNLTDRQLAEEYL...c

ht2-MMP-9b E63TGELDSA...c

â-hematin-truncated MMP-9 M41RGESKSLGPALLLLQKQ...c

(ât-MMP-9b) L53LLQKQLSLPETGELDSA...c

MMP-3-incubated MMP-9
intermediate form M41RGES...d

activated form F88QTFE...d

a As determined by mass spectrometry of a tryptic digest of
recombinant MMP-9, including 5 expression vector-derived amino acids
(D-5PSSR).b ht1-MMP-9 and ht2-MMP-9, hemin-truncated forms of
MMP-9; ât-MMP-9, â-hematin-truncated MMP-9.c As determined by
Edman degradation.d For comparison, first and second cleavage site
by MMP-3 as determined by Ogata et al. (21) and Sang et al. (22).

FIGURE 3: ProMMP-9 incubated withâ-hematin in the presence
of antioxidants. Gelatin zymography analysis of samples of
recombinant human proMMP-9 incubated with 150µg/mL â-he-
matin (â-Ht) in combination with the antioxidants dithiothreitol
(DTT, 3 mM) and the superoxide scavenger 4-hydroxy-2,2,6,6-
tetramethylpiperide-N-oxyl (TEMPOL, 4 mM). Samples were taken
at the indicated time points after incubation. The molecular weights
of a standard gelatinase preparation (St) are indicated in kDa. These
zymographies are representative of at least 2 independent experi-
ments.
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hemin orâ-hematin suggests that not only the hemopexin
domain but also an intact active site is necessary to process
proMMP-9 into intermediate forms, indicating autocatalysis
(Figure 5, panel A). In addition, the incubations of pro-
MMP-9 with â-hematin were also performed in combination
with several (metallo)-protease inhibitors (Figure 5, panel
B). Addition of a protease inhibitor cocktail, which inhibits
serine and cysteine-dependent proteases, did not inhibit the
processing of proMMP-9. In contrast,o-phenanthroline or
EDTA, both metalloprotease inhibitors, prevented the trunca-
tion, suggesting that MMP activity is involved. In the
presence of the endogenous MMP-9 inhibitor TIMP-1, the
truncation of MMP-9 was inhibited.

â-Hematin, and Not Hemin, Accelerates the ActiVation of
MMP-9.The results thus far indicate that interaction of hemin
or â-hematin with the hemopexin domain of MMP-9 and
catalysis by an intact active site are essential for the
processing of proMMP-9 into different truncated forms.
Although the propeptide of these forms is shortened, the
enzyme remains inactive. Truncation of the propeptide by
hemin orâ-hematin provokes the question whether this may
affect the activation process of the enzyme. Hence, pro-
MMP-9 was preincubated with or without hemin orâ-he-
matin and, subsequently, the catalytic domain of MMP-3
(MMP-3cd), an efficient activator of proMMP-9, was added.
In addition, hemin orâ-hematin was also incubated simul-
taneously with proMMP-9 and MMP-3cd. As previously
described (21) and as visualized on zymographies in panels
A of Figures 6 and 7, the addition of MMP-3cd to proMMP-9
resulted in the two step cleavage of the enzyme. Starting
from 10 min after MMP-3cd addition, a second gelatinolytic
band, corresponding to the 86 kDa intermediate M41MMP-9
form, appeared. The further conversion of this intermediate
form into the activated 82 kDa F88MMP-9 was completed
after 4 h. A similar pattern was observed when, after a
preincubation with hemin, the two truncated MMP-9 forms,
L16MMP-9 and E63MMP-9, were subjected to the activation
process. The processed L16MMP-9 form was converted into
the M41MMP-9 intermediate 30 min after MMP-3cd addition,
and half an hour later, the activated 82 kDa enzyme species
appeared (Figure 6, panels A and C). Total activation was
achieved 4 h after MMP-3cd addition, analogous to the
control sample. When proMMP-9, hemin and the MMP-3cd
were incubated simultaneously (Figure 6, panels B and C),
no major difference in activation kinetics was observed
compared to the (pre)incubation with and without hemin,
although a small amount of partially truncated MMP-9
remained visible after 4 h ofsimultaneous incubation (Figure
6, panels A and C).

In contrast, after proMMP-9 was preincubated with
â-hematin, the activation course was significantly accelerated
(Figure 7). During overnight incubation withâ-hematin, two
truncated MMP-9 forms were generated, M41MMP-9 and L53-
MMP-9. These forms were completely converted into the
82 kDa activated MMP-9 form only 30 min after MMP-3cd
treatment (Figure 7, panels A and C), whereas this took 4 h
withoutâ-hematin. The course of MMP-9 activation was also
assessed through activation of proMMP-9 in the presence
of â-hematin. Panel B of Figure 7 reveals that, 1 h and 30
min after the addition of MMP-3, the activation rate was
increased compared to the control incubation, suggesting that
not only a preincubation withâ-hematin but also the presence

FIGURE 4: Influence of the hemopexin and OG domains of MMP-9
on its truncation by hemin orâ-hematin. Gelatin zymography
analysis of samples of recombinant domain deletion mutants of
proMMP-9, lacking the hemopexin and/or OG domains, incubated
with the indicated concentrations of hemin orâ-hematin (â-Ht).
Samples were taken at indicated time intervals after incubation.
Panel A: Schematic domain structure of full-length MMP-9 with
the O-glycosylated (OG) and hemopexin (Hem) domain indicated
in gray scales. The catalytic Glu402 (E) in the Zn2+-binding domain
is shown underneath. Panel B: Zymography of samples of the
mutants (MMP-9∆OG, MMP-9∆Hem and MMP-9∆OGHem)
incubated for 48 h with 150µg/mL hemin. Samples are ordered as
specified on the figure. The molecular weights of a standard
gelatinase preparation (St) are indicated in kDa. Panels C, D and
E: Zymography analysis of samples of MMP-9∆Hem, MMP-
9∆OGHem and MMP-9∆OG, respectively, incubated with the
indicated concentrations ofâ-hematin. The zymographic patterns
after addition of hemin orâ-hematin without incubation (0 h) were
identical to those of the recombinant variants without addition of
heme derivatives. In particular, the double band of the MMP-
9∆Hem variant was also observed in the original preparation (data
not shown) and in the molecular weight standard. The figure shows
representative zymographies of at least 2 independent experiments.
Panel F: Intensity of proMMP-9∆OG and theâ-hematin-truncated
form of MMP-9∆OG, expressed as scanning units of zymolysis
bands, after overnight incubation with different concentrations of
â-hematin. The inset shows the relative conversion of the full-length
proMMP-9 compared to proMMP-9∆OG into its â-hematin-
truncated form at aâ-hematin concentration of 300µg/mL. These
results are the average of at least two independent experiments with
similar results. Pro, prodomain; Act, active site domain; FN,
fibronectin repeats; Zn2+, Zn2+-binding domain.
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of the malaria pigment during the activation process influ-
ences the activation kinetics.

In conjunction with the results in panels A, B and C of
Figures 6 and 7, Western blot analysis was performed on
proMMP-9 and on the truncated MMP-9 forms before and
after MMP-3 treatment (Figure 8, panels A and B). Two

antibodies were used for detection: the monoclonal antibody
REGA 3G12 which binds part of the catalytic domain and
recognizes the denatured pro- and activated form of MMP-9
(40), and a specific polyclonal antibody which only detects
the propeptide of the enzyme. As a corroboration of the
sequence analysis, the truncated MMP-9 forms, generated

FIGURE 5: The intact active site of proMMP-9 is essential for the hemin- orâ-hematin-induced truncations. SDS-PAGE and gelatin
zymography analysis of samples of recombinant human proMMP-9 incubated with 150µg/mL of hemin orâ-hematin. Samples were taken
at the indicated time intervals after incubation. Panel A: Hemin (Coomassie Blue stain) orâ-hematin (â-Ht, silver stain) was incubated
with the active and inactive mutant of MMP-9 and separated by SDS-PAGE. Panel B: Incubation of proMMP-9 withâ-hematin without
inhibitor, with a protease-inhibitor cocktail against serine and thiol proteases, with 1 mMo-phenanthroline, with 10 mM and 100 mM
EDTA or with 1 and 3µM TIMP-1. These SDS-PAGEs and zymographies are the representatives of at least 2 independent experiments.
St, standard molecular weight marker.

FIGURE 6: Influence of hemin on the activation of proMMP-9 by MMP-3. Gelatin zymography analysis of samples of recombinant human
proMMP-9 preincubated at 37°C for 48 h with (+) or without (-) 150 µg/mL of hemin and subsequently subjected to activation by
MMP-3cd. Samples were taken at different time points after MMP-3cd treatment. Panel A: After preincubation of proMMP-9 with or
without hemin, MMP-3cd was added to the incubation mixture and further incubated for the indicated time intervals. Panel B: Simultaneous
incubation of proMMP-9, hemin and MMP-3cd. For the control without hemin, see panel A. Panel C: The zymolytic bands shown in
panels A and B were quantified by scanning densitometry and the relative density of the activated MMP-9 (a-MMP-9) band, corresponding
to F88MMP-9, is indicated as percentage of total zymolysis of each lane. The zymographies are the representatives of at least 2 independent
experiments and are averaged in panel C.
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during preincubation with hemin (panel A) orâ-hematin
(panel B), were still found to possess part of the prodomain
attached, as binding of both antibodies was detected. After
MMP-3cd treatment, only the monoclonal antibody REGA
3G12 recognized the enzyme. Absence of reactivity with the
propeptide-specific polyclonal antiserum confirmed the

complete removal of the propeptide. To further verify the
results of Figures 6 and 7, the activity of MMP-9 after MMP-
3cd treatment was measured in solution with a fluorogenic
substrate (Figure 8, panels C and D). In support of the data
in Figure 6, 50% of the maximal MMP-9 activity was
reached 2 h after MMP-3cd addition and this activation rate

FIGURE 7: Influence ofâ-hematin on the activation of proMMP-9 by MMP-3. Gelatin zymography analysis of samples of recombinant
human proMMP-9 preincubated at 37°C for 24 h with (+) or without (-) 150 µg/mL of â-hematin (â-Ht) and subjected to activation by
MMP-3cd. Samples were taken at different time points after MMP-3cd treatment. Panel A: After preincubation of proMMP-9 with or
withoutâ-hematin, MMP-3cd was added to the incubation mixture and further incubated for the indicated time intervals. Panel B: Simultaneous
incubation of proMMP-9,â-hematin and MMP-3cd. For the control withoutâ-hematin, see panel A. Panel C: The zymolytic bands shown
in panels A and B were quantified by scanning densitometry and the relative density of the activated MMP-9 band (a-MMP-9), corresponding
to F88MMP-9, is indicated as percentage of total zymolysis of each lane. These zymographies are the representatives of at least 2 independent
experiments and are averaged in panel C.

FIGURE 8: Propeptide detection and activation velocity measurement. Panels A and B: Western blot analysis of proMMP-9 before and
after incubation with hemin (A) orâ-hematin (B) and also after the subsequent incubation with MMP-3cd. The monoclonal antibody
REGA 3G12, which recognizes both pro- and activated MMP-9 (a-MMP-9), and a polyclonal antibody, only recognizing the propeptide,
were used. Panels C and D: At several time intervals after addition of MMP-3cd to the hemin (C) orâ-hematin (D) truncated forms or after
a simultaneous incubation of proMMP-9 and MMP-3cd with hemin (C) orâ-hematin (D), the enzymatic activity was measured, using a
fluorogenic peptide substrate in solution. The data shown here are the averaged representatives of at least 2 independent experiments.
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was not altered by incubating the enzyme with hemin before
or during the activation process (panel C). In contrast, the
â-hematin-truncated M41/L53MMP-9 forms were activated
approximately 6 times faster. Furthermore, simultaneous
addition ofâ-hematin also resulted in accelerated activation
of proMMP-9 by MMP-3cd (panel D).

DISCUSSION

This study was incited by various biological observations,
including the detection of activated MMP-9 in relation with
hemorrhage (25), chronic venous disease (31), cerebral
ischemia and reperfusion (26), stroke (24, 27) and the
regulated expression of MMP-9 in cerebral malaria (44).
Since all these diseases have hemolysis in common, the
question whether and which hemoglobin-derived molecules
might assist in the activation of proMMP-9 was addressed.

Initially, incubations of proMMP-9 with preparations of
human hemoglobin were performed, but no truncation was
observed. Hence, hemoglobin derivatives were studied. In-
cubation of proMMP-9 with hemin orâ-hematin (the core
constituent of hemozoin) indicated processing of the enzyme,
as analyzed by zymography. Although these processed
MMP-9 forms were found to be truncated at the aminoter-

minus, they still contained the propeptide cysteine for latency
and thus were proteolytically inactive in solution. This indi-
cates that a decrease in molecular weight on zymography
does not always correspond to complete removal of the pro-
peptide, yielding activity of the pro-enzyme, and therefore,
careful interpretation of electrophoretic mobility shifts of
MMPs is required. To evaluate the functional effect of pro-
peptide processing by hemin orâ-hematin, the MMP-3-
mediated activation was compared between the truncated
MMP-9 forms and full-length proMMP-9. The data prove
that the activation process of theâ-hematin-truncated forms,
M41MMP-9 and L53MMP-9, was significantly accelerated
compared to the activation of intact proMMP-9 or proMMP-9
truncated by hemin. Furthermore, the activation rate was also
increased when intact proMMP-9 was treated with MMP-3
in the continued presence ofâ-hematin. One of the twoâ-
hematin-truncated forms, namely M41MMP-9, is identical to
the initial 86 kDa intermediate produced in the stepwise acti-
vation of proMMP-9 by MMP-3 (21, 22). By circumventing
the first step of this activation reaction, theâ-hematin pro-
cessed form of MMP-9 shows a 6 times increased activation
rate.

FIGURE 9: Mechanism of theâ-hematin-induced priming of MMP-9-activation. Panel A: Experimental amino acid sequence of the propeptide
of the used recombinant human proMMP-9 with indication of the cleavage sites after hemin (L16MMP-9 and E63MMP-9) or â-hematin
(M41MMP-9 and L53MMP-9) preincubation. In addition, the first and second cleavage sites by MMP-3 are shown. Panel B: Model of the
stepwiseâ-hematin-induced truncation of proMMP-9. The schematic representation of proMMP-9 is based on structural data of full-length
MMP-9 (43), the contour of which is shown as a dotted line. In proMMP-9, the propeptide aminoterminus is situated nearby one of the
three fibronectin (FN) repeats and contains a cysteine sulfhydryl group (Cys) that is coordinated to the active-site zinc ion (Zn2+). With its
hemopexin (Hem) domain, proMMP-9 interacts withâ-hematin, leading to a conformational rearrangement of the enzyme, presumably
involving the flexible nature of the OG domain (43). Subsequently, the Cys of the propeptide hypothetically interacts with the Fe3+ of
â-hematin, thereby reversibly destabilizing the latency state and enabling autocatalysis as indicated in panel A. By circumventing the first
step in the MMP-3 activation reaction, this truncated propeptide can be faster processed by MMP-3 into active MMP-9, compared to the
intact proMMP-9. FN, fibronectin repeats; OG, O-glycosylated domain.
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To decipher the mechanism of this truncation process,
chemical inhibitors and previously developed MMP domain
deletion mutants were used. A direct oxidative process by
the heme derivatives was excluded by simple biochemical
tests. Hemopexin domains are well conserved liganding
modules in the MMP family (5) and were previously shown
to determine intermolecular interactions between MMP-9 and
TIMP-1 and cargo receptors (6). Interestingly, hemopexin
is a high-affinity heme-binding plasma protein, and is the
physiological transporter of heme and the first line of defense
against intravascular heme-mediated oxidative damage (45).
Furthermore, both hemopexin itself and the hemopexin
domain of MMP-9 hold a binding site for the low-density
lipoprotein receptor-related protein (LRP-1/CD91), an en-
docytotic receptor which is predominant on hepatocytes and
on macrophages (6). Therefore, the involvement of the
hemopexin domain was examined. In the present study, it is
established that hemin andâ-hematin interact with the
hemopexin domain of MMP-9, presumably leading to a
conformational change of the enzyme (Figure 9). This
structural rearrangement is assisted by the OG domain, which
has been shown to possess a high degree of flexibility (43).
Subsequently, the propeptide of MMP-9 might dynamically
interact with hemin orâ-hematin, leading to a transiently
accessible active site with an interruption of the bond
between the cysteine of the propeptide and the catalytic Zn2+.
Whereas binding of proMMP-9 to gelatin is suggested to
lead to reversible activation (13), interaction with hemin or
â-hematin results in irreversible truncation of the NH2-
terminal propeptide. For the latter to occur, also the catalytic
domain is required. This finding was demonstrated with a
novel mutant of proMMP-9 in which only the catalytic Glu
was replaced by an Ala. With this mutant, it was proven
that autocatalysis is involved in the processing of proMMP-9
by hemin andâ-hematin. The reproducibility of the experi-
ments, the dose dependencies, the kinetic data as well as all
corroborations by Western blot, protein staining and activity
tests validate the proposed scheme in Figure 9. Similar to
recent findings on MMP-9 activation by tissue kallikrein (20)
and the transient activation of gelatinase B by gelatin (13),
this novel type of activation priming is induced by allosteric
interaction, since the hemopexin domain is essential for the
â-hematin-triggered truncation of MMP-9.

Recently, it was shown that thePlasmodiumDNA on
hemozoin stimulates, via Toll-like receptor-9, the expression
of TNF-R (46), which may further induce the expression of
MMP-9. Correspondingly, Prato et al. reported that hemo-
zoin-feeding to adherent monocytes induces the expression
of MMP-9 in a TNF-R dependent manner (34). In ViVo, this
increased MMP-9 expression might contribute to the disrup-
tion of the glia limitans in the central nervous tissue and the
extravasation of blood cells (47). Interestingly, in human
cerebral malaria, clusters of hemozoin particles have been
detected in the brain microvasculature (48, 49). In mice,
infection withPlasmodium bergheiANKA results in cerebral
malaria characterized by MMP-9 activation in the brain (44).
These infected mice developed typical microvascular damage
with vascular leak and hemorrhage in the brain, in line with
proposed functions of this proteinase (50). It is therefore
tempting to speculate that interaction of MMP-9 with
â-hematin could affect the activation process of MMP-9 and
thereby accelerate the blood-brain barrier breakdown during

cerebral malaria. Whether this interaction also occursin ViVo
remains to be proven. However, since the used concentrations
of â-hematin are achievedin ViVo, it is probable that the
data presented in this study are biologically relevant, in
particular in malaria but also in conditions associated with
hemorrhage and hemolysis.

Besides activation of Toll-like receptor-9 byâ-hematin
and subsequent induction of MMP-9 and aside the formation
of lipoperoxides, the present study documents a third
mechanism by which hemozoin may induce immunopatho-
logical changes. Here, it is shown thatâ-hematin primes
MMP-9 activation with the help of the hemopexin domain
by an autocatalytic process. This priming results in more
efficient activation by MMP-3in Vitro and might be relevant
in many disease states accompanied by hemolysis, such as
malaria infections.

ACKNOWLEDGMENT

The authors are grateful to Prof. Pauline M. Rudd
(University College Dublin, Ireland) for critical reading of
the manuscript and to Be´nédicte Cauwe (Laboratory of
Immunobiology, Rega Institute) for helpful discussions
concerning this study.

REFERENCES

1. Nagase, H., Visse, R., and Murphy, G. (2006) Structure and
function of matrix metalloproteinases and TIMPs,CardioVasc.
Res. 69, 562-573.

2. Mott, J. D., and Werb, Z. (2004) Regulation of matrix biology by
matrix metalloproteinases,Curr. Opin. Cell Biol. 16, 558-564.

3. Overall, C. M., and Kleifeld, O. (2006) Tumour microenvironments
opinion: validating matrix metalloproteinases as drug targets and
anti-targets for cancer therapy,Nat. ReV. Cancer 6, 227-239.

4. Hu, J., Van den Steen, P. E., Sang, Q. X., and Opdenakker, G.
(2007) Matrix metalloproteinase inhibitors as therapy for inflam-
matory and vascular diseases,Nat. ReV. Drug DiscoVery 6, 480-
498.

5. Piccard, H., Van den Steen, P. E., and Opdenakker, G. (2007)
Hemopexin domains as multifunctional liganding modules in
matrix metalloproteinases and other proteins,J. Leukocyte Biol.
81, 870-892.

6. Van den Steen, P. E., Van Aelst, I., Hvidberg, V., Piccard, H.,
Fiten, P., Jacobsen, C., Moestrup, S. K., Fry, S., Royle, L.,
Wormald, M. R., Wallis, R., Rudd, P. M., Dwek, R. A., and
Opdenakker, G. (2006) The hemopexin and O-glycosylated
domains tune gelatinase B/MMP-9 bioavailability via inhibition
and binding to cargo receptors,J. Biol. Chem. 281, 18626-18637.

7. Masure, S., Proost, P., Van Damme, J., and Opdenakker, G. (1991)
Purification and identification of 91-kDa neutrophil gelatinase.
Release by the activating peptide interleukin-8,Eur. J. Biochem.
198, 391-398.

8. Gomez, D. E., Alonso, D. F., Yoshiji, H., and Thorgeirsson, U.
P. (1997) Tissue inhibitors of metalloproteinases: structure,
regulation and biological functions,Eur. J. Cell Biol. 74, 111-
122.

9. Van Wart, H. E., and Birkedal-Hansen, H. (1990) The cysteine
switch: a principle of regulation of metalloproteinase activity with
potential applicability to the entire matrix metalloproteinase gene
family, Proc. Natl. Acad. Sci. U.S.A. 87, 5578-5582.

10. Ra, H. J., and Parks, W. C. (2007) Control of matrix metallopro-
teinase catalytic activity,Matrix Biol. 26, 587-596.

11. Birkedal-Hansen, H., and Taylor, R. E. (1982) Detergent-activation
of latent collagenase and resolution of its component molecules,
Biochem. Biophys. Res. Commun. 107, 1173-1178.

12. Sopata, I., and Maslinski, S. (1991) Activation of the latent human
neutrophil gelatinase by urea,Acta Biochim. Pol. 38, 67-70.

13. Bannikov, G. A., Karelina, T. V., Collier, I. E., Marmer, B. L.,
and Goldberg, G. I. (2002) Substrate binding of gelatinase B
induces its enzymatic activity in the presence of intact propeptide,
J. Biol. Chem. 277, 16022-16027.

2698 Biochemistry, Vol. 47, No. 8, 2008 Geurts et al.



14. Peppin, G. J., and Weiss, S. J. (1986) Activation of the endogenous
metalloproteinase, gelatinase, by triggered human neutrophils,
Proc. Natl. Acad. Sci. U.S.A. 83, 4322-4326.

15. Okamoto, T., Akaike, T., Nagano, T., Miyajima, S., Suga, M.,
Ando, M., Ichimori, K., and Maeda, H. (1997) Activation of
human neutrophil procollagenase by nitrogen dioxide and perox-
ynitrite: a novel mechanism for procollagenase activation involv-
ing nitric oxide,Arch. Biochem. Biophys. 342, 261-274.

16. Gu, Z., Kaul, M., Yan, B., Kridel, S. J., Cui, J., Strongin, A.,
Smith, J. W., Liddington, R. C., and Lipton, S. (2002) A.
S-nitrosylation of matrix metalloproteinases: signaling pathway
to neuronal cell death,Science 297, 1186-1190.

17. Sorsa, T., Salo, T., Koivunen, E., Tyynela, J., Konttinen, Y. T.,
Bergmann, U., Tuuttila, A., Niemi, E., Teronen, O., Heikkila, P.,
Tschesche, H., Leinonen, J., Osman, S., and Stenman, U. H. (1997)
Activation of type IV procollagenases by human tumor-associated
trypsin-2,J. Biol. Chem. 272, 21067-21074.

18. Descamps, F. J., Martens, E., Ballaux, F., Geboes, K., and
Opdenakker, G. (2004) In vivo activation of gelatinase B/MMP-9
by trypsin in acute pancreatitis is a permissive factor in strepto-
zotocin-induced diabetes,J. Pathol. 204, 555-561.

19. Desrivières, S., Lu, H., Peyri, N., Soria, C., Legrand, Y., and
Menashi, S. (1993) Activation of the 92 kDa type IV collagenase
by tissue kallikrein,J. Cell Physiol. 157, 587-593.

20. Rosenblum, G., Meroueh, S., Toth, M., Fisher, J. F., Fridman, R.,
Mobashery, S., and Sagi, I. (2007) Molecular Structures and
Dynamics of the Stepwise Activation Mechanism of a Matrix
Metalloproteinase Zymogen: Challenging the Cysteine Switch
Dogma,J. Am. Chem. Soc. 129, 13566-13574.

21. Ogata, Y., Enghild, J. J., and Nagase, H. (1992) Matrix metallo-
proteinase 3 (stromelysin) activates the precursor for the human
matrix metalloproteinase 9,J. Biol. Chem. 267, 3581-3584.

22. Sang, Q. X., Birkedal-Hansen, H., and Van Wart, H. E. (1995)
Proteolytic and non-proteolytic activation of human neutrophil
progelatinase B,Biochim. Biophys. Acta 1251, 99-108.

23. Shapiro, S. D., Fliszar, C. J., Broekelmann, T. J., Mecham, R. P.,
Senior, R. M., and Welgus, H. G. (1995) Activation of the 92-
kDa gelatinase by stromelysin and 4-aminophenylmercuric acetate.
Differential processing and stabilization of the carboxyl-terminal
domain by tissue inhibitor of metalloproteinases (TIMP),J. Biol.
Chem. 270, 6351-6356.

24. Montaner, J., Alvarez-Sabin, J., Molina, C. A., Angles, A.,
Abilleira, S., Arenillas, J., and Monasterio, J. (2001) Matrix
metalloproteinase expression is related to hemorrhagic transforma-
tion after cardioembolic stroke,Stroke 32, 2762-2767.

25. Descamps, F. J., Martens, E., Kangave, D., Struyf, S., Geboes,
K., Van Damme, J., Opdenakker, G., and Abu El-Asrar, A. M.
(2006) The activated form of gelatinase B/matrix metalloprotein-
ase-9 is associated with diabetic vitreous hemorrhage,Exp. Eye
Res. 83, 401-407.

26. Yang, Y., Estrada, E. Y., Thompson, J. F., Liu, W., and Rosenberg,
G. A. (2007) Matrix metalloproteinase-mediated disruption of tight
junction proteins in cerebral vessels is reversed by synthetic matrix
metalloproteinase inhibitor in focal ischemia in rat,J. Cereb. Blood
Flow Metab. 27, 697-709.

27. Zhao, B. Q., Tejima, E., and Lo, E. H. (2007) Neurovascular
proteases in brain injury, hemorrhage and remodeling after stroke,
Stroke 38, 748-752.

28. Tajima, T., Yoshida, E., Yamashita, A., Ohmura, S., Tomitaka,
Y., Sugiki, M., Asada, Y., and Maruyama, M. (2005) Hemoglobin
stimulates the expression of matrix metalloproteinases, MMP-2
and MMP-9 by synovial cells: a possible cause of joint damage
after intra-articular hemorrhage,J. Orthop. Res. 23, 891-898.

29. Arese, P., Turrini, F., and Schwarzer, E. (2005) Band 3/comple-
ment-mediated recognition and removal of normally senescent and
pathological human erythrocytes,Cell Physiol. Biochem. 16, 133-
146.

30. Graca-Souza, A. V., Arruda, M. A., de Freitas, M. S., Barja-
Fidalgo, C., and Oliveira, P. L. (2002) Neutrophil activation by
heme: implications for inflammatory processes,Blood 99, 4160-
4165.

31. Zamboni, P., Scapoli, G., Lanzara, V., Izzo, M., Fortini, P.,
Legnaro, R., Palazzo, A., Tognazzo, S., and Gemmati, D. (2005)
Serum iron and matrix metalloproteinase-9 variations in limbs
affected by chronic venous disease and venous leg ulcers,
Dermatol. Surg. 31, 644-649.

32. Egan, T. J. (2002) Physico-chemical aspects of hemozoin (malaria
pigment) structure and formation,J. Inorg. Biochem. 91, 19-26.

33. Hanscheid, T., Egan, T. J., and Grobusch, M. P. (2007) Haemo-
zoin: from melatonin pigment to drug target, diagnostic tool, and
immune modulator,Lancet Infect. Dis. 7, 675-685.

34. Prato, M., Giribaldi, G., Polimeni, M., Gallo, V., and Arese, P.
(1993) Phagocytosis of hemozoin enhances matrix metallopro-
teinase-9 activity and TNF-alpha production in human mono-
cytes: role of matrix metalloproteinases in the pathogenesis of
falciparum malaria,J. Immunol. 175, 6436-6442.

35. Huy, N. T., Trang, D. T., Kariu, T., Sasai, M., Saida, K., Harada,
S., and Kamei, K. (2006) Leukocyte activation by malarial
pigment,Parasitol. Int. 55, 75-81.

36. Schwarzer, E., Turrini, F., Giribaldi, G., Cappadoro, M., and Arese,
P. (1993) Phagocytosis of P. falciparum malarial pigment hemo-
zoin by human monocytes inactivates monocyte protein kinase
C, Biochim. Biophys. Acta 1181, 51-54.

37. Casals-Pascual, C., Kai, O., Cheung, J. O., Williams, S., Lowe,
B., Nyanoti, M., Williams, T. N., Maitland, K., Molyneux, M.,
Newton, C. R., Peshu, N., Watt, S. M., and Roberts, D. J. (2006)
Suppression of erythropoiesis in malarial anemia is associated with
hemozoin in vitro and in vivo,Blood 108, 2569-2577.

38. Jaramillo, M., Godbout, M., and Olivier, M. (2005) Hemozoin
induces macrophage chemokine expression through oxidative
stress-dependent and -independent mechanisms,J. Immunol. 174,
475-484.

39. Masure, S., Billiau, A., Van Damme, J., and Opdenakker, G. (1990)
Human hepatoma cells produce an 85 kDa gelatinase regulated
by phorbol 12-myristate 13-acetate,Biochim. Biophys. Acta 1054,
317-325.

40. Martens, E., Leyssen, A., Van Aelst, I., Fiten, P., Piccard, H.,
Hu, J., Descamps, F. J., Van den Steen, P. E., Proost, P., Van
Damme, J., Liuzzi, G. M., Riccio, P., Polverini, E., and Opde-
nakker, G. (2007) A monoclonal antibody inhibits gelatinase
B/MMP-9 by selective binding to part of the catalytic domain
and not to the fibronectin or zinc binding domains,Biochim.
Biophys. Acta 1770, 178-186.

41. Knight, C. G., Willenbrock, F., and Murphy, G. (1992) A novel
coumarin-labelled peptide for sensitive continuous assays of the
matrix metalloproteinases,FEBS Lett. 296, 263-266.

42. Crichton, R. R., Wilmet, S., Legssyer, R., and Ward, R. J. (2002)
Molecular and cellular mechanisms of iron homeostasis and
toxicity in mammalian cells,J. Inorg. Biochem. 91, 9-18.

43. Rosenblum, G., Van den Steen, P. E., Cohen, S. R., Grossmann,
J. G., Frenkel, J., Sertchook, R., Slack, N., Strange, R. W.,
Opdenakker, G., and Sagi, I. (2007) Insights into the structure
and domain flexibility of full-length pro-matrix metalloproteinase-
9/gelatinase B,Structure 15, 1227-1236.

44. Van den Steen, P. E., Van Aelst, I., Starckx, S., Maskos, K.,
Opdenakker, G., and Pagenstecher, A. (2006) Matrix metallopro-
teinases, tissue inhibitors of MMPs and TACE in experimental
cerebral malaria,Lab. InVest. 86, 873-888.

45. Shipulina, N., Smith, A., and Morgan, W. T. (2000) Heme binding
by hemopexin: evidence for multiple modes of binding and
functional implications,J. Protein Chem. 19, 239-248.

46. Parroche, P., Lauw, F. N., Goutagny, N., Latz, E., Monks, B. G.,
Visintin, A., Halmen, K. A., Lamphier, M., Olivier, M., Bartho-
lomeu, D. C., Gazzinelli, R. T., and Golenbock, D. T. (2007)
Malaria hemozoin is immunologically inert but radically enhances
innate responses by presenting malaria DNA to Toll-like receptor
9, Proc. Natl. Acad. Sci. U.S.A. 104, 1919-1924.

47. Agrawal, S., Anderson, P., Durbeej, M., van Rooijen, N., Ivars,
F., Opdenakker, G., and Sorokin, L. M. (2006) Dystroglycan is
selectively cleaved at the parenchymal basement membrane at sites
of leukocyte extravasation in experimental autoimmune encepha-
lomyelitis, J. Exp. Med. 203, 1007-1019.

48. Grau, G. E., Mackenzie, C. D., Carr, R. A., Redard, M., Pizzolato,
G., Allasia, C., Cataldo, C., Taylor, T. E., and Molyneux, M. E.
(2003) Platelet accumulation in brain microvessels in fatal pediatric
cerebral malaria,J. Infect. Dis. 187, 461-466.

49. Silamut, K., Phu, N. H., Whitty, C., Turner, G. D., Louwrier, K.,
Mai, N. T., Simpson, J. A., Hien, T. T., and White, N. J. (1999)
A quantitative analysis of the microvascular sequestration of
malaria parasites in the human brain,Am. J. Pathol. 155, 395-
410.

50. Opdenakker, G., Van den Steen, P. E., Dubois, B., Nelissen, I.,
Van Coillie, E., Masure, S., Proost, P., and Van Damme, J. (2001)
Gelatinase B functions as regulator and effector in leukocyte
biology, J. Leukocyte Biol. 69, 851-859.

BI702260Q

â-Hematin Primes MMP-9 Activation Biochemistry, Vol. 47, No. 8, 20082699


