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Matrix metalloproteinases (MMPs) are a family of Zn-containing and Ca-dependent proteases with vital
roles in extracellular matrix remodeling. Deregulation of MMPs occurs in many pathological conditions
such as cardiovascular diseases, inflammation, and cancer. The therapeutic potential of MMP inhibitors
has been demonstrated in diseases such as arthritis and cancer. Here we demonstrated that the 3-valent
lanthanide compounds LaClz, TbCls, GdCls, YbCls, and EuClz inhibit MMPs such as MMP-2, MMP-13, and
MMP-14 (MT1-MMP). The inhibition is more potent and selective toward MT1-MMP compared to the
other MMPs. EuCls was further selected to study the enzyme kinetics of the MT1-MMP inhibition. The
results showed that the inhibition is a mixed type with anti-competition and non-competitive types,
which indicated that inhibition was achieved by the compound bound to the non-active center of MT1-
MMP and changing the enzyme conformation. The interaction between EuClz and MT1-MMP was further
studied by UV-visible (UV-vis) light absorption. EuCls caused a slight blue shift of the maximum
absorption wavelength of MT1-MMP, indicating the interaction reduced protein hydrophobicity.
Moreover, EuCls exerted substantial inhibitory effects on the migration of HT-1080 cells. Thus, EuCls
may play a role in modulating tumor cell behavior by inhibiting MMPs activities especially the MT1-MMP
activity. These findings provide initial insight into the biological activity and potential therapeutic value of
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1 Introduction

Matrix metalloproteinases (MMPs) are a family of Zn-containing
and Ca-dependent endopeptidases known to degrade extracel-
lular matrix (ECM) components. MMPs are involved in
numerous physiological and pathological courses, such as
embryogenesis,' organ development,> wound healing,® tumor,**
cardiovascular diseases,® arthritis,” nervous system disease,®
and respiratory diseases.” MMPs can be divided into the
following subgroups: collagenases, gelatinases, stromelysins,
and stromelysin-like MMPs, matrilysins, membrane-type (MT)
MMPs, and other MMPs.****

MT1-MMP is the only membrane-anchored MMP that
promotes cancer cell invasion' and enables tumor stromal cells
to encourage cancer cell growth,'® angiogenesis,'* inflammatory
cell invasion,” and cartilage degradation by synovial pan-
nus.'*” MT1-MMP is considered as a therapeutic target for
cancer'® and rheumatoid arthritis.'® Therefore, MT1-MMP must
be inhibited in a specific manner. Different attempts have been
conducted to synthesize selective inhibitors. However, most
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MT1-MMP inhibitors are organic compounds and antibody,
and only few inorganic inhibitors have been reported.***> Our
previous work on the effect of trivalent Al and Fe on MMPs
revealed that these trivalent metal salts and their complexes all
significantly affect the MMPs activity and the cell migratory and
invasive capability. So we speculate that some other trivalent
metal ions may also have the similar biological activity.

The 3-valent lanthanide compounds are all rare-earth
elements that can generate trivalent compounds with similar
chemical properties. Rare-earth metals are divided into two
categories on the basis of electronic structure and chemical
and physical properties as follows: light and heavy rare-earth
metals. Given their antibacterial, antiviral, and antitumor
activities, the 3-valent lanthanide compounds play an impor-
tant role in disease-associated biological processes.>*” The
interaction of the europium ion (Eu®") with the protein
a-amylase, an important digestive enzyme in saliva and
pancreatic juice, has been studied over wide ranges of pH and
concentration. The protein provides three independent, non-
cooperative binding sites for Eu®".>® Reports indicated that
the 3-valent lanthanide compounds affect tumor cell growth
and MMP expression.”>*** A study found that LaCl; exerts
a concentration-dependent inhibitory effect on invasive tumor
cells, and LaCl; (<50 pmol L") inhibits the activity and
expression of pro-MMP-2 but does not suppress the activated
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form of MMP-2.>* The inhibitory activities of different valence
metal compounds demonstrate that the lanthanide elements
(EuCl;, LaCls, and PrCl;) can inhibit the protein activity of
cdMMP-13.> The antibacterial and antiviral activities of
lanthanide element organic coordination compounds have
also been investigated.>® We previously showed that trivalent
aluminum salts and iron salts exert inhibitory effects on
MMPs and hinder the tumor migration and metastasis
without affecting cell viability?**”. However, the inhibitory
effects of the 3-valent lanthanide compounds on MT1-MMP
and the protein's related diseases have been rarely explored.

In this study, we aimed to test the effect of the 3-valent
lanthanide compounds (LaCls, TbCl;, GdCl;, YbCl;, and EuCl;)
on the activities of three MMPs. Then, the inhibition type of
EuCl; was further selected to study the enzyme kinetics of the
MT1-MMP inhibition, because their inhibition is more potent
and selective toward MT1-MMP compared to the other MMPs.
Moreover conformational change of MT1-MMP and effect of
EuCl; on tumor cell behaviors at the cellular level were explored.
This research is meaningful for understanding the role of
trivalent metal complexes in regulating MMP activity.

2 Experimental procedures
2.1 Materials and reagents

The human fibrosarcoma carcinoma cell line HT-1080 were
obtained from the ATCC (Rockville, MD). DQ-gelatin was
purchased from Invitrogen. Gelatin was obtained from Sigma.
The other reagents and solvents used in the experiments were of
analytical or reagent grade, as deemed appropriate.

2.2 Expression and purification of recombinant proteases

The recombinant catalytic domains of human MMP-2, MMP-13,
and MT1-MMP were expressed in Escherichia coli, purified, and
refolded in our laboratory.”® After purification, the bioactivities
of proteins and inhibition of MMP broad-spectrum inhibitors
(Gm 6001) were examined using FLx800 fluorescence micro-
plate reader. These recombinant proteases were applied for
subsequent enzymatic experiments.

2.3 Enzyme activity assay

An FLx800 fluorescence microplate reader (Bio-Tek) was
used to measure MMP activity. DQ-gelatin was employed as
the substrate. Kinetic assays were conducted at 37 °C in
50 mM HEPES buffer (pH 7.5) containing 0.2 M NacCl, 1 mM
CaCl,, 20 pM ZnSO,, and 0.05% Brij-35. For inhibition
assays, the 3-valent lanthanide compounds were incubated
with an appropriate quantity of MMPs for 45 min to ensure
that equilibrium was reached before the fluorescent
substrate was added. The inhibitory extent was determined
using the initial rates with and without the inhibitor. The
FLx800 fluorescence microplate reader (Bio-Tek) was also
used to measure cathepsin activity, with z-Phe-Arg-AMC as
the substrate. Other reagents are as follows: for cathepsin
K: 50 mM MEs, and 5 mM DTT (pH 5.5); for cathepsin L:
0.4 M NaOAc, 4 mM EDTA, and 8 mM DTT (pH 5.5). For
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enzyme inhibition assays, activity data were fitted into
a linearized curve by using Origin version 7.5. ICs, values
were then determined from the curve accordingly.

2.4 Enzyme kinetics of EuCl; on MT1-MMP

To analyze inhibition type, we performed further kinetic
analysis of the inhibition of the Ilanthanide metallic
compound EuCl; of MT1-MMP. We selected 1 pg mL ™" as the
final enzyme concentration. The final inhibitor concentrations
were selected as 0, 0.2, 0.4, and 0.6 pM, respectively, in
accordance with the detected ICs, = 0.53 pM during the
inhibition of MT1-MMP by EuCl;. Substrates with different
final concentrations (0.5-7 pg mL ') were added. Inhibition
type was identified using Lineweaver-Burk and Dixon
plots.?%°

2.5 UV-vis

UV-vis absorption spectroscopy was conducted at 298 K on a UV-
2550 spectrophotometer equipped with 1.0 cm quartz cells. UV
spectroscopy (200-500 nm wavelength) was recorded. Appro-
priate buffer solution running under the same conditions was
considered as blank and subtracted from the sample spectra.

2.6 Cell culture and measurement of cell viability (MTT)

The human fibrosarcoma carcinoma cell line HT-1080 was
cultured in Dulbecco's modified Eagle's medium (DMEM) con-
taining 10% fetal bovine serum (FBS) supplemented with peni-
cillin (100 units per mL) and streptomycin (100 pg mL™ ') at 37 °C
and under 5% CO,. HT1080 cells were seeded into 96-well plates
at a density of 1 x 10 cells per well in 200 uL of DMEM con-
taining 10% FBS. At 24 h after seeding, the medium was
removed, and the cells were incubated for 24 h with DMEM
containing 10% FBS in the absence or presence of various
concentrations of metal complex. Subsequently, 200 pL of DMEM
and 20 pL of 5 mg mL™ ' MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) solution was added to each well.
The plates were placed in an incubator at 37 °C in 5% CO, for 4 h.
Afterward, the medium was replaced with 150 pL of DMSO, and
absorbance was recorded at 490 nm.

2.7 Cell wound healing assay

The migration rate was measured by wound healing assay.** HT-
1080 cells were seeded into 24-well plates at a density of 2 x 10°
cells per well in 200 uL of DMEM containing 10% FBS. At 24 h
after seeding, 200 uL was used to create scratches of the same
width at the bottom of the plate. The medium was removed, and
the samples were washed with PBS and then photographed
under a microscope. The cells were incubated for 24 h with
DMEM containing 10% FBS in the absence or presence of
various EuCl; concentrations. The migrated cells were quanti-
fied on the basis of two photographic results.

n

This journal is © The Royal Society of Chemistry 2018
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3 Results and discussion

3.1 EuCl; suppressed MT1-MMP activity in a dose-
dependent manner

Our previous work on the effect of trivalent Al and Fe on MMPs
revealed that these trivalent metal salts and their complexes all
significantly influence MMPs activity and the cell migratory and
invasive capability.”” The significant inhibition of MMPs by
these inorganic trivalent metal salts is a new discovery in the
field of MMP inhibitors. Notably, lanthanide metallic
compounds are trivalent compounds. MMP-2, MMP-13, and
MT1-MMP belong to gelatinases, collagenases, and membrane
MMPs, respectively. With different substrate degradation
specificities, the enzymes can degrade various types collagen
and gelatin, and participate in multiple physiological or path-
ological processes that require ECM remodeling. The excessive
expression of these MMPs is closely associated with the
migration, infiltration, and transfer of cancer cells.***

In the experiment, we selected several representative
lanthanide compounds, namely, light rare-earth metallic
compounds LaCl;, GdCl;, and EuCl; and heavy rare earth
metallic compounds TbCl; and YbCl;, to analyze their effects on
the activities of MMP-2, MMP-13, and MT1-MMP. Enzyme
experiments demonstrated that with increasing concentration,
the lanthanide compounds exert a significantly inhibited the
MMP-2; MMP-13, and MT1-MMP activities, with ICs, values in
the micromolar range (Table 1). The inhibition was selective
toward MT1-MMP compared to other MMPs. Moreover, the
suppressive effect (IC5, of 0.53 pM) of EuCl; on MT1-MMP was
stronger than those of MMP-2 and MMP-13 (Table 1 and Fig. 1).
Control experiments with fluorogenic substrate in the presence
of lanthanide compounds alone was performed in the absence
of the MMPs. Additionally, studies have shown that rare-earth
metal ions had inhibitory activity to MMP-16 (MT3-MMP) with
IC50 3.5-14.5 pmol L.*®

To analyze whether lanthanide compounds can specifically
inhibit MMPs, we selected cathepsin family members
(cathepsin K and L) with different catalytic mechanisms for
enzyme activity analysis of the MMP family. Cathepsins are
classified into the cysteine protease family, which contains
a cysteine residue in the catalytic sites; this residue initiates
proteolysis cascade reactions. Cathepsins play a key role in
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promoting the occurrence and development of tumors.
cathepsin K and MMP-9 overexpression can promote the inva-
sion and metastasis of gastric cancer cells.*® The proliferation
and growth of tumor cells harboring the silenced cathepsin L
gene are retarded, and the invasion is significantly reduced.*”
Lanthanide compounds at a final concentration of 10 pM
exerted no inhibitory effect on the two cathepsins (Table 1). The
inhibition of three recombinant proteases (MMP-2, MMP-13,
and MT1-MMP) and cathepsins (cathepsin K and L) by lantha-
nide compounds were compared. Results showed that the
lanthanide compounds successfully inhibited the three MMPs,
with relative specificity for MT1-MMP.

3.2 Inhibition types of EuCl; on MT1-MMP

Because inhibition of lanthanide compounds is more potent
and selective toward MT1-MMP compared to the other MMPs,
and the suppressive effect of EuCl; on MT1-MMP was stronger
than lanthanide compounds, we conducted further dynamic
analysis on the inhibition of MT1-MMP by EuCl;. Different
enzyme concentrations were added to the test system, and the
same amounts of substrate and inhibitor were added. In the
experiments, 1 pg mL ™' was selected as the final enzyme
concentration for analyzing the inhibitory type. The corre-
sponding final inhibitor concentrations were 0, 0.2, 0.4, and 0.6
uM, which were based on the detected ICs, = 0.53 uM during
the EuCl;-mediated inhibition of MT1-MMP, and substrates at
different final concentrations (0.5-7 pug mL ') were added.
Fig. 2A and B display the plots on the Michaelis-Menten and
Lineweaver-Burk equations, respectively. With increasing
inhibitor concentration from 0 uM to 0.2 uM, K, and V..
obviously diminished. With further increase from 0.2 pM to 0.6
uM, K., became constant, whereas V,,.x decreased. Therefore,
the observed inhibition was a combination of non-competition
and anti-competition. Meanwhile, the Dixon equation plots
were used to obtain Fig. 2C. The two straight lines (substrate
concentrations of 3 and 4 pg mL™") intersected at the second
quadrant with the intersection point as —K;. The results suggest
that the inhibition is a combination of non-competition and
anti-competition inhibition, that is, the inhibitor combined the
compounds with the non-active center of MMP and altered the
structure and conformation of MMP. This discovery has not
been reported.

Table 1 ICsq of lanthanide compounds on MMPs (MMP-2, MMP-13, and MT1-MMP) and cathepsins (cathepsin K and L)¢
ICs (1M)

Lanthanide compounds MMP-2 MMP-13 MT1-MMP Cathepsin K Cathepsin L
LaCl;-7H,0 9.50 £ 0.24 13.20 £ 0.16 3.50 £ 0.13 NI NI
EuCl;-6H,0 10.03 £ 0.58 7.88 £ 0.22 0.53 = 0.06 NI NI
GdCl;6H,0 8.40 £ 0.22 4.81 + 0.17 0.80 + 0.18 NI NI
TbCl;-6H,0 6.20 + 0.32 8.00 £+ 0.25 0.68 + 0.13 NI NI
YbCl;-6H,0 5.03 £ 0.17 12.68 £ 0.12 5.40 + 0.25 NI NI

¢ “NI” means no inhibition was observed for the activity of the corresponding enzyme under 10 uM lanthanide metallic compounds. The standard

deviation value represent standard errors from three replicates.

This journal is © The Royal Society of Chemistry 2018
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Fig.1 Dose-dependent inhibition effect of the lanthanide metallic compounds on MT1-MMP. (A—E): MT1-MMP activity inhibition rate; (F) ICsq of
Eu®* on MT1-MMP. the ICsq values were then determined from the curve accordingly. Data are presented as the mean values (n = 3). The activity
data were fitted in a linearised curve using origin version 7.5. The ICsq values were then determined from the curve accordingly.

3.3 EuCl; effect on conformation by interaction with MT1-
MMP

UV-vis absorption is commonly used to study the secondary
structural alterations in proteins. We obtained the UV-vis
absorption spectra of MT1-MMP in different EuCl; concentra-
tions. Absorptions were significantly enhanced as EuCl;
concentration increased. The hyperchromic effect and blue
shift of the absorption spectrum showed an increased binding
of EuCl; and MT1-MMP and decreased hydrophobicity for light-
emitting residues (Fig. 3). The effects of other lanthanides were
not evident.

MT1-MMP is synthesized with a signal peptide (Signal),
a prodomian (Pro) for latency, a catalytic domain (Catalytic)

14350 | RSC Adv., 2018, 8, 14347-14354

with catalytic zinc atom (Zn) for proteolytic activity, a linker-1
(L1), a hemopexin domain (Hpx), a linker-2 (L2), a trans-
membrane domain (TM), and a cytoplasmic tail (CP). There is
an RRKR motif at the border between the pro and catalytic
domains which is recognized and cleaved by proprotein con-
vertases (PCs) for activation.*® The catalytic Zn>" ion is located
near the protein surface, with the cleft above the metal site
allowing binding of substrate peptides. In its resting state the
Zn ion is coordinated by three His residues (His239, His243,
His249 for MT1-MMP) and at least one water molecule which
serves as the nucleophile during substrate hydrolysis.**** The
pocket in the core domain is hydrophobic in nature, but vari-
able in depth depending on the MMPs, representing a deter-
mining factor of substrate specificity of MMPs. The depth and

This journal is © The Royal Society of Chemistry 2018
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Fig.2 Mixed-type inhibition kinetics of EuClz on MT1-MMP activity. (A)
MT-MMP activity in the presence of different EuCls and substrate
concentrations. (B) Lineweaver—Burk plot; EuCls concentrations were
0 (closed diamond), 0.2 (closed squares), 0.4 (closed triangles), and 0.6
um (closed circles). (C) Dixon plots of the reversible enzyme inhibitors.
The substrate concentrations for curves 1-4 were 2, 3, 4, and 5
ng mL~L, respectively.

the length of the S1’ pocket and amino acids all represent
critical foundations for the design and synthesis of matrix
metalloproteinase inhibitors (MMPIs).*!

They often have carboxylate or amide functions which
provide strong interactions with the lanthanide cation, but
differ in the structure of the molecular edifice. The different

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 UV-vis absorption spectra of MT1-MMP in the presence of
EuCls the MT1-MMP concentration was 10-5 mol L™t in 50 mm HEPES
buffer (ph 7.5) containing 0.2 m NaCl, 1 mm CaCl,, 20 pm ZnSOy, and
0.05% Brij-35. Measurement was conducted at 298 K.

strategies developed up to now may be divided into four cate-
gories: (i) easy to reach acyclic structures incorporating a het-
eroaromatic (poly) cycle fitted with chelating groups based on
the EDTA, DTPA or TTHA scaffold, (ii) podand-type receptors
where anionic functionalized heteroaromatic moieties are
attached to a single atom (nitrogen, carbon) or a small aromatic
ring such as benzene, (iii) predisposed macrocyclic structures
bearing coordinating and sensitizing units, (iv) more elaborate
structures such as rigid cryptand-like macrobicyclic architec-
tures14 or ligands based on self-assembly processes.*> Other
researches have reported that Eu®* has coordination role with
oxygen and N, similar to iron ions. Moreover, the report points
out: Fe®* has been described as interacting with 3 His residues

Fig. 4 Predicted binding mode of EuCls with MT1-MMP. (A and B)
Molecular docking of Eu®* and negatively charged amino acids in MT1-
MMP. (C and D) Charge distribution on the MT1-MMP surface. The red
part is the negative charge, and the blue part is the positive charge.
Deeper color indicates a stronger trend.
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Fig. 5 Eu®*-inhibits HT-1080 cell migration in a dose-dependent manner without affecting cell viability. (A) An in vitro study was initiated by
treating HT-1080 cells with increasing doses of Eu** (0, 7.8125, 15.625, 31.25, 62.5, 125, 250, and 500 pm) for 24 h. The viability of the Eu®*-
treated cells was measured using MTT assay. Results are expressed as percentages of control experiments. (B) Approximately 1 x 105 cells were
seeded into 24-well plates with cell culture inserts. At 24 h after seeding, 200 pL was used to create scratches with uniform width at the bottom
of the plate. The medium was removed, samples were washed with PBS, and cells were photographed under microscope. Cells were subse-
quently incubated for 24 h with DMEM containing 10% FBS in the absence or presence of various concentrations of EuCls (0, 25, and 50 um). After
24 h of incubation, cell migration was visualized under a microscope. (C) Cell migration ratio was calculated from the average total number of
cells of three filters. Results are presented as the mean + sd of three independent experiments. * indicates p < 0.05 compared with the controls.

** indicates p < 0.01 compared with the controls. Data are shown as mean + sd from three independent experiments.

in Zn binding site of MMPs. However, enzyme kinetics result
showed that Eu®* interacts with the inactive regions of MT1-
MMP.

Research has shown that positively charged metal ion can
interact with negatively charged amino acids.** On the basis of
enzymology experiments, we selected the negatively charged
amino acids Glu and Asp around the active pocket of MT1-MMP
and performed molecular docking. Results revealed that these
two amino acids induced metal complexation with Eu®" (Fig. 4A
and B). Docking energy analysis results indicated strong inter-
action between Eu®" and Asp. Findings on enzyme kinetics
showed that Eu* can interact with the inactive regions of MT1-
MMP at low concentrations; such interaction resulted in protein
conformational changes. Then, the inhibitory mechanism
shifted to anti-competitive mode with increased inhibitor
concentration. Given the above results, we speculated that Eu**
interacted with the negatively charged areas on the MT1-MMP
surface at low concentrations. However, the red areas were

14352 | RSC Adv., 2018, 8, 1434714354

gradually saturated by Eu®* with increasing inhibitor concen-
tration. Eu®* interacted with the light-red region near the active
center of the zinc ions of MT1-MMP (areas of interaction
between enzyme and substrate) (Fig. 4C and D). The interaction
sites site between areas should be verified by further study.

3.4 EuCl; can effectively inhibit the migration behaviors of
HT-1080 cells without affecting cell vitality

On the basis of the specific inhibitory effects on MT1-MMP, we
examined the influences of EuCl; on the behaviors of MT1-
MMP-related tumor cells. MTT assay was applied to determine
the toxicity of EuCl; on HT-1080 cells. Results revealed that
EuCl; was not found cytotoxic above a concentration of 250 uM
(Fig. 5A). However, cell viability suddenly decreased at concen-
trations exceeding 250 uM. This trend may be attributed to the
sharp increase in cell permeability when chloroauric acid
entered the cells; this occurrence eventually led to cell death

This journal is © The Royal Society of Chemistry 2018
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and decreased cell viability. On the basis of the aforementioned
results, 0-50 uM was selected as the drug concentration range
in the subsequent cell experiments on the influence of the
metallic compounds on tumor cell behavior without affecting
cell vitality.

Migration rate was measured by cell wound healing assay.
Wound healing assay is simple, inexpensive, and among the
earliest developed methods for investigating directional cell
migration in vitro. This method mimics cell migration during
wound healing in vivo. The basic steps include creating
a “wound” in a cell monolayer, capturing the images at the
beginning and at regular intervals during cell migration to close
the wound, and comparing the images to quantify the migra-
tion rate of the cells. This method is particularly suitable for
studies on the effects of cell matrix by secreting hydrolytic
enzymes, such as MMPs and cell-cell interactions on cell
migration.** As shown in Fig. 5B and C, the migration rate was
decreased significantly with increasing lanthanide metallic
compound concentration. When the final EuCl; concentration
was 25 uM, the migration rate was <50% relative to that of the
control. When the final EuCl; concentration was 50 uM, the
migration rate declined to approximately 30%. Therefore, the
aforementioned results show that EuCl; exerts obvious
concentration-dependent inhibitory effects on HT-1080 cell
migration.

4 Conclusion

In this work, we found that lanthanide metallic compounds of
Eu®* can inhibit MT1-MMP activity. According to dynamic
analysis results, inhibition was achieved by combining the
compounds with the non-active center of MT1-MMP and
changing the structure and conformation of the enzyme. UV-vis
absorption results showed that EuCl; caused a slight blue shift
of the maximum absorption wavelength of MT1-MMP, denoting
the decrease in hydrophobicity of the protein. The role of Eu**
and amino acids were analyzed. These results showed that
EuCl; interacted with the recombinant MT1-MMP and inhibi-
ted MT1-MMP activity. Moreover, at 0-50 uM EuCl; exerted
significant inhibitory effects on cell migration but did not affect
the cell viability of the human fibrosarcoma cells HT-1080. This
research is highly meaningful for understanding the role of
trivalent metal complexes in regulating MMP activity. However,
questions regarding the exact MT1-MMP and Eu®’ sites, the
nature of the Eu*"-induced MT1-MMP conformational change
that reduced the activity level of the enzyme, and whether Eu**
binding causes any dysfunction in MT1-MMP in vivo remain to
be determined. These issues entail further detailed study on the
interaction between MT1-MMP and Eu®' and signal trans-
duction pathways.
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