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Sulfated glycosaminoglycans and sulfated lipids
are involved in the biological functions of human
matrix metalloproteinase 7 (MMP-7). In this study,
the effects of heparin and cholesterol sulfate (CS) on
the activity and stability of MMP-7 in the hydrolysis
of a synthetic substrate, (7-methoxycoumarin-4-yl)
acetyl-I-Pro-l-Leu-Gly-I-Leu-[NV*-(2,4-dinitrophenyl)-
1-2,3-diaminopropionyl]-1-Ala-1-Arg-NH,, were exam-
ined. Heparin increased activity by decreasing K,
and the K,, values for 0 and 50 pM heparin were
57+8 and 19%5pM, respectively. CS decreased
activity in a non-competitive inhibitory manner with
a K; value of 113 pM. In thermal incubation at
50—70 °C, heparin increased relative activity (the
ratio of k.,/K,, of MMP-7 with incubation to that
without it), while CS decreased relative activity.
These results indicate that heparin increases the
activity and stability of MMP-7, while CS decreases
them.

Key words: cholesterol sulfate; heparin; matrix
metalloproteinase; MMP-7

Matrix metalloproteinases (MMPs) are a family of
zinc endopepeptidases. They are anchored outside the
cell and are believed to take part in both normal and
pathological processes by degrading extracellular
matrix (ECM) and non-ECM molecules.'™ Human
matrix metalloproteinase 7 (MMP-7, matrilysin) [EC
3.4.24.23] is the smallest MMP. It consists of 173
amino acid residues with two zinc ions and two cal-
cium ions. Like all other MMPs, it has consensus
sequence HEXXHXXGXXH, in which three histidine
residues chelate a catalytic zinc ion, and a turn contain-
ing methionine (Met-turn).” On the other hand, unlike
all other MMPs, it lacks a hinge region and a hemo-
pexin domain. MMP-7 has been detected in various
lesions, including prostate,(’) colon,” brain,x) stomach,g)
lung,lo) and breast,“) and it is involved in tumor inva-
sion and metastasis.”

The development of MMP-7 inhibitors is thought to
be of potential therapeutic benefit. We have reported

that alcohols,'® synthetic MMP inhibitors thiorphan
and R-94138,'> and lignans'®? inhibit MMP-7 activity
in a competitive manner, while green tea catechins'>'®
and a fluorescent probe, 8-alininonaphthalene 1-sulfo-
nate (ANS),'” inhibit it in a non-competitive manner.
MMP-7 exhibits a broad bell-shaped pH profile of
MMP-7 activity with acidic and alkaline pK, (pK.; and
pKe>) values of about 4 and 10.'® We have reported
that Glul98 is probably the ionizable group for pK.,
and that there are two water molecules in the active
site, one bound to the main-chain nitrogen of Alal62
and the other to the main-chain carbonyl oxygen of
Pro217, and either of the two might be a candidate for
the ionizable group for pKe,.'* 2"

MMP-7 has biological functions through naturally
occurring sulfated glycosaminoglycans such as heparin
and sulfated lipids such as cholesterol sulfate (CS). Hepa-
rin contains glucosamine and glucuronic acid or iduronic
acid as disaccaride unit. The disaccharide units of heparin
bear an average of 3.5 negatively charged groups. It is
localized on the surface of various cells and is involved
in the activation or inhibition of a number of proteinases
and protein proteinase inhibitors. Heparin is widely used
as an anticoagulant drug in hospitals. It has been reported
that in zymographic detection, heparin increases MMP-7
activity.”*® CS is a highly amphipathic molecule con-
taining a sulfate group, a sterol ring, and hydrophobic
side chains. It is widely distributed in various body fluids
and in tissues and cells, including erythrocytes, platelets,
skin, hair, adrenals, lung, and the brain. It has been
reported that under physiological conditions, MMP-7
binds to the CS present in the cellular membranes of
colon cancer cells and causes proteolysis.”*™*® These
reports on heparin and CS have revealed that they are
involved in the biological functions of MMP-7. Here, we
describe the effects of heparin and CS on the activity and
stability of MMP-7 in the hydrolysis of a synthetic pep-
tide, (7-methoxycoumarin-4-yl)acetyl-1-Pro-1-Leu-Gly-I-
Leu-[N*-(2,4-dinitrophenyl)-1-2,3-diaminopropionyl]-I-
Ala-1-Arg-NH, [MOCAc-PLGL(Dpa)AR]. Our results
indicate that heparin increases activity and stability while
CS decreases them.

*Corresponding author. Email: inouye@kais.kyoto-u.ac.jp

Abbreviations: CS, cholesterol sulfate; DMSO, dimethyl sulfoxide; Dnp-RPLALWRS, dinitrophenyl-1-Arg-1-Pro-1-Leu-1-Ala-1-Leu-1-Trp-1-Arg-1-Ser;
HEPES, 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic acid; MOCAc-PLG, (7-methoxycoumarin-4-yl)acetyl-1-Pro-1-Leu-Gly; MOCAc-PLGL
(Dpa)AR, (7-methoxycoumarin-4-yl)acetyl-I-Pro-I-Leu-Gly-I-Leu-[ N*-(2,4-dinitrophenyl)-1-2,3-diaminopropionyl]-1-Ala-1-Arg-NH,.
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Materials and methods

Materials. MOCAc-PLGL(Dpa)AR (molecular mass
1093.2 Da)*” and (7-methoxycoumarin-4-yl)acetyl-1-Pro-
I-Leu-Gly (MOCAc-PLG) (501.54 Da) were purchased
from Peptide Institute (Osaka, Japan).

Dinitrophenyl-1-Arg-1-Pro-1-Leu-1-Ala-I-Leu-1-Trp-1-
Arg-1-Ser (Dnp-RPLALWRS) was from Bachem Hold-
ing (Budendorf, Switzerland). Their concentrations
were determined by the denoted molecular weights.
Porcine intestinal heparin (average molecular mass
5000 Da) was from Nacalai Tesque (Kyoto, Japan). CS
(466.72 Da) was from Sigma (St. Louis, MO). All other
chemicals were from Nacalai Tesque.

Expression and purification of MMP-7.  Expression
in Escherichia coli and purification of recombinant
MMP-7 were carried out as described previously.?**”
Briefly, mature MMP-7 (Tyr78-Lys250) was expressed
in BL21(DE3) cells in the form of inclusion bodies, solu-
bilized with 6 M guanidine HCI, refolded with 1 M
l-arginine, and purified by sequential ammonium sulfate
precipitation and heparin affinity column-chromatogra-
phy procedures of the refolded products. The concentra-
tion of MMP-7 was determined spectrophotometrically
using the molar absorption coefficient at 280 nm, &,g¢, of
31,800 M ' cm ' 252

Fluorometric analysis of the MMP-7-catalyzed
hydrolysis of MOCAc-PLGL(Dpa)AR. Fluorometric
analysis was carried out as described previously.*” In
the experiment with heparin, pre-incubation (270 pL)
was initiated by mixing 20 pL of the MMP-7 solution
(4.0 uyM in 50 mM HEPES-NaOH buffer, 10 mM CaCl,
at pH 7.5 (buffer A), 0-250 pL of the heparin solution
(5.0mM in buffer A), and 0-250 uL of buffer A. In
the experiment with CS, pre-incubation (270 uL) was
initiated by mixing 20 pL of the MMP-7 solution
(4.0 uM in buffer A), 0-250 uL of the CS solution (5.0
mM in methanol), and 0-250 pL of methanol. After
pre-incubation at 25 °C for 0—60 min, the reaction was
initiated by adding 2214 uL of buffer A and 16 pL of
MOCACc-PLGL(Dpa)AR solution (234 uM) dissolved in
DMSO (total volume 2500 pL). The initial concentra-
tions of enzyme, substrate, and DMSO were 32nM,
1.5 uM, and 0.64% v/v, respectively. The reaction was
measured by following the increase in fluorescence
intensity at 393 nm with excitation at 328 nm with a
Shimadzu RF-5300 fluorescence spectrophotometer
(Shimadzu, Kyoto, Japan) for 1 min at 25 °C. The pep-
tide bond of the Gly-l-Leu residues was cleaved with
MMP-7, and the amount of the product, MOCAc-PLG,
was estimated by fluorescence intensity by comparison
with that of the MOCAc-PLG solution.

The reaction was carried out under pseudo-first-order
conditions, and the initial concentration (1.5 uM) of the
substrate was much lower than K,, (60 uM).'" Hence
the Michaelis—Menten equation was, then, expressed as
follows (Equation (1)):

Vo = (kcat/Km)[E]o[S}o 1

where v, ke, [Elo, and [S], mean the initial reaction
rate, the molecular activity, the initial enzyme concen-
tration, and the initial substrate concentration, respec-
tively.

HPLC analysis of the MMP-7-catalyzed hydrolysis of
MOCAc-PLGL(Dpa)AR. HPLC analysis was done as
described previously.’” In the experiment on heparin,
pre-incubation (238 pL) was initiated by mixing 4 pL of
the MMP-7 solution (2.0 uM in buffer A), 0, 2.5, 5.0, 10,
15, or 20 puL. of the heparin solution (2.5 mM in buffer
A), and 234, 231.5, 229, 224, 219, or 214 uL of buffer
A. In the experiment on CS, pre-incubation (238 puL) was
initiated by mixing 4.0 uL of the MMP-7 solution
(2.0 uM in buffer A), 0, 1.0, 2.5, 5.0, or 10 pL of the CS
solution (2.5 mM in methanol), 10, 9.0, 7.5, 5.0, or 0 uL
of methanol, and 224 pL of buffer A. After pre-incuba-
tion at 25°C for 10 min, the reaction was initiated by
adding 12 pL of the substrate solution (0—2.8 mM) dis-
solved in DMSO (total volume 250 pL) at 25 °C. The ini-
tial concentrations of enzyme, substrate, and DMSO
were 32 nM, 0—140 uM, and 5%, respectively. The reac-
tion was stopped at appropriate times, by mixing 100 uL
of the reaction solution with 400 uL of 1% trifluoroacetic
acid (TFA). This mixture (100 pL) was then applied to
reversed-phase HPLC done on a TSKgel ODS-80Ts col-
umn (4.6 mm inner diameter x 150 mm) (Tosoh, Tokyo)
equilibrated with 0.1% TFA. A linear gradient was gen-
erated from 20 to 70% v/v acetonitrile at a retention time
of 5 min over 20 min at a flow rate of 1.0 mL/min. The
absorption of elutes was detected at 335 nm. The sub-
strate and its two products, MOCAc-PLG and L(Dpa)
AR, were separated, and they were evaluated by the
respective peak areas. v, was determined from the time
course of the production of MOCAc-PLG. The kinetic
parameters, k., and K,, were determined based on the
Michaelis—Menten equation using the non-linear least-
squares method. The HPLC apparatus, consisting of a
solvent delivery system CCPM, UV monitoring system
UV-8010, computer control system PX-8010, and inte-
grator Chromatocorder 21, was from Tosoh.

HPLC analysis of the MMP-7-catalyzed hydrolysis of
Dnp-RPLALWRS. A reaction (105 puL) was initiated
by mixing 3.4 uL of the MMP-7 solution (1.0 uM in buf-
fer A), 0 or 2.1 pL of the CS solution (0.5 mM in metha-
nol), 2.1 or 0 pL of methanol, 94.9 uL. of buffer A, and
4.6 uL of the substrate solution (0—11.5 mM) dissolved
in DMSO at 25°C. The initial concentrations of the
enzyme, the substrate, and DMSO were 32 nM,
0—500 uM, and 5%, respectively. The reaction was
stopped at an appropriate time by mixing 100 puL of the
reaction solution with 400 uL of 1% TFA and subjected
to reversed-phase HPLC as described above. Absorption
of elutes was detected at 335 nm. The substrate and its
two products, Dnp-RPLA and LWRS, were separated. v,
was determined from the time course of the decrease in
Dnp-RPLALWRS.

Thermal inactivation of MMP-7.  In the experiment
on heparin, thermal incubation (1,250 uL) was initiated
by mixing 20 uL. of the MMP-7 solution (4.0 uM in
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buffer A), 0, 12.5, 25, or 50 uL of the heparin solution
(5.0mM in buffer A), and 1,230, 1,217.5, 1,205, or
1,180 uL of buffer A. In the experiment on CS, thermal
incubation (1,250 pl) was initiated by mixing 20 pLL of
the MMP-7 solution (4.0 uM in buffer A), 0, 12.5, 25,
or 50 uL of the CS solution (5.0 mM in methanol),
125, 112.5, 100, or 75 pL of methanol, and 1,105 uL of
buffer A. After incubation at 25, 50, 60, or 70 °C for
10 min, the reaction was initiated by adding 1,234 uL
of buffer A and 16 uL of the substrate solution.

Results

Activation of MMP-7 activity by heparin

Fig. 1(A) shows the effects of increasing concentra-
tions of heparin on MMP-7 activity in the hydrolysis
of MOCAc-PLGL(Dpa)AR. MMP-7 and heparin were
pre-incubated at 25°C at pH 7.5 for 30 min, followed
by the reaction at 25 °C at pH 7.5. The initial reaction
rate without heparin was 1.2 nM s~ '. It increased with
increasing concentrations of heparin, and almost
reached the maximum (3.0 nM s ') at 50puM.
Fig. 1(B) shows the effects of pre-incubation duration
on MMP-7 activity. MMP-7 was pre-incubated with
heparin for 0—60 min, followed by the reaction. The
initial reaction rates with and without 100 uM heparin
were in the range of 2.5-3.1 and 1.1-12 nM s,
respectively, indicating that the duration of pre-incuba-
tion did not affect MMP-7 activity.

A 4 T T T T T
O 0o O o o O ¢
3 'OO O ©) 1
; (@) 4 T T T T T
%]
o) —
Z 2 2° o © M.
Ny Z,to © J
17 1 1 1 1 1 1 T
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[heparin] (uM)
0 1 1 1 1 1
0 100 200 300 400 500
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~ 3T e} O &
w o O ©
=
c2r 7
>0
e e © o o o
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Fig. 1. Activation of MMP-7-catalyzed hydrolysis of MOCAc-
PLGL(Dpa)AR by heparin.

Note: Pre-incubation of MMP-7 was carried out in the presence and
the absence of heparin at 25 °C at pH 7.5, and the reaction was car-
ried out with 32 nM MMP-7 and 1.5 uM MOCAc-PLGL(Dpa)AR at
25°C at pH 7.5. (A) Effect of heparin concentration on the initial
reaction rate, v,. Pre-incubation was carried out for 30 min, and the
reaction was carried out with 0—500 pM heparin. (B) Effect of pre-
incubation time on v,. Pre-incubation was carried out for 0—60 min,
and the reaction was carried out with 0 (solid circle) or 100 (hollow
circle) uM heparin.

Inhibition of MMP-7 activity by CS

Fig. 2(A) shows the effects of increasing concentra-
tion of CS on MMP-7 activity. MMP-7 and CS were
pre-incubated at 25°C at pH 7.5 for 30 min, followed
by the reaction at pH 7.5 at 25 °C. The initial reaction
rate decreased with increasing concentrations of CS,
and diminished almost to zero at 450 uM. The plot
appears to exhibit a biphasic profile, suggesting that the
mechanisms of inhibition are different between CS con-
centrations in the range of 0-25 and 100-500 uM. The
CS concentration giving 50% inhibition (ICs, value)
was 1.6 uM. Fig. 2(B) shows the effects of pre-incuba-
tion on MMP-7 activity,. MMP-7 was pre-incubated
with or without CS for 0—60 min, followed by the reac-
tion. The initial reaction rates with and without and
25uM CS were in the range of 0.4—0.6 and 1.1-1.2
nM s', respectively, indicating that the duration of
pre-incubation did not affect MMP-7 activity.

Activation of MMP-7 by heparin and inhibition of
MMP-7 by CS

Fig. 3(A) shows the effects of increasing concentra-
tions of heparin on MMP-7 activity in the hydrolysis
of MOCAc-PLGL(Dpa)AR in the presence of 0-
100 uM CS. MMP-7, heparin, and CS were pre-incu-
bated at 25°C at pH 7.5 for 30 min followed by the
reaction at 25°C at pH 7.5. The initial reaction rates
for OuM heparin with 1, 10, and 100 uM CS were
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< 09 [ ® 0590 o0 o o ]
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Fig. 2. [Inhibition of MMP-7-catalyzed hydrolysis of MOCAc-
PLGL(Dpa)AR by CS.

Note: Pre-incubation of MMP-7 was carried out in the presence and
the absence of CS at 25°C at pH 7.5, and the reaction was carried
out with 32 nM MMP-7 and 1.5puM MOCAc-PLGL(Dpa)AR at
25°C at pH 7.5. (A) Effect of CS concentration on the initial reaction
rate, v,. Pre-incubation was carried out for 30 min, and the reaction
was carried out with 0—500 uM CS. (B) Effect of pre-incubation time
on v,. Pre-incubation was carried out for 0—60 min, and the reaction
was carried out with 0 (solid circle) or 25 (hollow circle) uM CS.
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Fig. 3. Effects of heparin and CS on the MMP-7-catalyzed hydroly-
sis of MOCAc-PLGL(Dpa)AR.

Note: Pre-incubation of MMP-7 was carried out in the presence and
the absence of heparin and CS at 25 °C at pH 7.5 for 30 min, and the
reaction was carried out with 32 nM MMP-7, 1.5 uM MOCAc-PLGL
(Dpa)AR, 0—100 uM heparin, and 0—500 pM CS at 25 °C at pH 7.5.
(A) Activation of the MMP-7 activity by heparin in the presence of
CS. The relative activity of MMP-7 was defined as the ratio of the
initial reaction rate at the heparin concentrations indicated to the max-
imum value (3.3 nM s~ for 0 uM CS (hollow circle); 2.9 nM s~ for
1uM CS (hollow triangle); 1.4 nM s ' for 10uM CS (hollow
square); and 0.49 nM s~ for 100 uM CS (hollow diamond). (B) Inhi-
bition of MMP-7 activity by CS in the presence of heparin. The rela-
tive activity of MMP-7 was defined as the ratio of the initial reaction
rate at the CS concentrations indicated to that without it (1.2 nM s '
for 0 uM heparin (hollow circle); 1.9 nM s~ for 10 uM heparin (hol-
low triangle); and 2.9 nM s~ for 500 uM heparin (hollow square)).

0.94, 0.52, and 0.26nM s !, respectively, 78, 43, and
22%, respectively, of that for 0 pM CS and 0 pM hepa-
rin (12+0.1 nM s™'). Relative activity as given in
Fig. 3(A) was defined as the ratios of the initial reac-
tion rate at the heparin concentration indicated to the
maximum value. In the case without CS (Fig. 1(A)),
relative activities with 1, 10, and 100 uM CS increased
with increasing concentration of heparin and almost
reached the maximum (2.7, 1.4, and 0.4 nM s,
respectively) at 50 uM heparin, 90, 47, and 8% of that
without CS (3.0 nM s™'). The heparin concentrations
(ECs¢ values) giving 50% activation at 0, 1, 10, and
100 uM CS were 13, 10, 7.6, and 8.7 uM, respectively.
Fig. 3(B) shows the effects of increasing concentrations
of CS on MMP-7 activity in the hydrolysis of MO-
CAc-PLGL(Dpa)AR in the presence of 0—500 uM hep-
arin. The initial reaction rates at 0 uM CS with 10 and
500 uM heparin were 1.9 and 2.9 nM s, respectively,
160 and 240% respectively of that with O uM CS and
OpM heparin (1.2+0.1 nM s '). Relative activity
given in Fig. 3(B) was defined as the ratio of the initial
reaction rate at the CS concentration indicated to that
without it. In the case without heparin (Fig. 2(A)),

relative activities with 10 and 500 uM heparin
decreased with increasing concentrations of CS, and
reached 0.72 and 1.2 nM s™', respectively, at 5 uM CS,
150 and 250% of that without heparin (0.48 nM s™').
The CS concentrations (ICso values) giving 50% inhibi-
tion at 0, 10, and 500 uM heparin were 3.1, 3.6, and
3.9 uM, respectively. Considering that the ECs, values
were in the range of 7.6-13 uM heparin, the dose-
response curves for the activation of MMP-7 by hepa-
rin in the presence of various concentrations of CS
were not much different. Considering that the 1Cs, val-
ues were in the range of 3.1-3.9uM CS, the dose-
response curves of the inhibition of MMP-7 by CS in
the presence of various concentrations of heparin were
similar. Hence we suggest that the binding of heparin
and CS to MMP-7 is non-competitive.

Manner of activation of heparin in MMP-7 activity

To determine k., and K, for MMP-7 in the hydroly-
sis of MOCAc-PLGL(Dpa)AR separately, initial reac-
tion rates in the presence and the absence or presence
of heparin were measured. It was necessary to increase
the concentration of MOCAc-PLGL(Dpa)AR to
140 M, higher than the K, value (60 uM),'® and fluo-
rescence detection was not available because of the
inner filter effect of the substrate. Hence, the products
were detected by reversed-phase HPLC.*”

The effects of heparin and CS on the solubility of
MOCAc-PLGL(Dpa)AR were examined. MOCAc-
PLGL(Dpa)AR (0—140 uM) was incubated with hepa-
rin (200 pM) and with CS (100 uM) without MMP-7.
After centrifugation, the supernatant was applied to
reversed-phase HPLC (Supplemental Fig. 1; see Biosci.
Biotechnol. Biochem. Web site). The peak area of MO-
CAc-PLGL(Dpa)AR increased proportionally with
increasing  MOCAc-PLGL(Dpa)AR concentrations in
the presence of heparin and of CS and in their absence,
indicating that neither 200 uM heparin nor 100 pM CS
affected the solubility of MOCAc-PLGL(Dpa)AR.

The initial reaction rates in the hydrolysis of
MOCAc-PLGL(Dpa)AR in the presence and the
absence of various concentrations of heparin were mea-
sured. All plots showed saturated profiles (Fig. 4(A)),
and the k., and K, values for MMP-7 were determined
separately (Fig. 4B). The K,, values at 25-200 uM
heparin were in a range of 17—21 uM, 30—37% of that
without heparin (57+£8 uM). The k., values at
25200 uM heparin were 1.2 s ', 75% of that without
heparin (1.6+0.1 s™"). Consequently, the k./Kn values
at 25—200 uM heparin were 200—250% of that without
heparin. This indicates that heparin increased activity by
decreasing K.

Manner of inhibition of CS in MMP-7 activity

The initial reaction rates for the hydrolysis of MO-
CAc-PLGL(Dpa)AR in the presence and the absence of
various concentrations of CS were measured. All the
plots showed saturated profiles (Fig. 5(A)). The plot of
1/v, vs. 1/[S], (Lineweaver—Burk plot) in the presence
and the absence of CS showed non-parallel lines inter-
secting at the X-axis, indicating that the K, value was
62+8uM and that inhibition was non-competitive
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Fig. 4. HPLC analysis of activation of the MMP-7-catalyzed hydro-
lysis of MOCAc-PLGL(Dpa)AR by Heparin.

Note: MMP-7 was pre-incubated in the presence or absence of hep-
arin at pH 7.5 at 25 °C for 10 min. The reaction was carried out with
32 nM MMP-7, 0-140 uyM MOCAc-PLGL(Dpa)AR, and 0—200 uM
heparin at 25°C at pH 7.5, and stopped at an appropriate time.( A)
Effects of the initial substrate concentrations, [S],, on v,. The solid
line represents best fit of the Michaelis—Menten equation by the non-
linear least-squares method. Symbols for heparin concentration (UM):
0, hollow circle; 25, hollow triangle; and 200, hollow square. (B)
Effects of the heparin concentration on K, and kcq.

(Fig. 5(B)). The apparent k.o values (keatapp) Observed
for 0, 10, 25, 50, and 100 uM CS were determined to
be 1.6+0.2, 0.71+0.09, 0.57+0.07, 0.26£0.03, and
0.18+£0.02 s~ ', respectively. Based on this, the reaction
rate can be described by Equation (2):

heaamELIS)y _ healEL[S,
° (km [S]o) (km + [S]o) 1 + [1_0

i

@
)

where [/], and K; are the initial inhibitor concentration
and the inhibitor constant, respectively. The K; value of
CS was calculated to be 11 +3 pM from Equation (2).

The initial reaction rates in the hydrolysis of Dnp-
RPLALWRS in the presence and the absence of 10 uM
CS were measured. All the plots showed saturated pro-
files (Fig. 6(A)). The Lineweaver—Burk plot in the pres-
ence and the absence of 10 uM CS showed non-parallel
lines intersecting at the Y-axis, indicating that the kg,
value was 47+ 1 s™' and that the inhibition was competi-
tive (Fig. 6(B)). The apparent K., values (Kp app)
observed for 0 and 10 uM CS were determined to be
0.26 £0.02 and 0.92 £0.04 mM, respectively. This coin-
cides with a previous report that CS inhibited MMP-7
activity competitively in the hydrolysis of Dnp-
RPLALWRS with K., 5, values of 0.26 mM for 0 pM
CS and 1.2 mM for 10 pM CS.*> According to the rate
equation for competitive inhibition, the K; value for CS
was calculated to be 3.9 £0.7 uM (Equation (3)):
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Fig. 5. HPLC analysis of inhibition of the MMP-7-catalyzed hydro-
lysis of MOCAc-PLGL(Dpa)AR by CS.

Note: MMP-7 was pre-incubated in the presence and the absence of
CS at 25°C at pH 7.5 for 10 min. The reaction was carried out with
32 nM MMP-7, 0-140 uM MOCACc-PLGL(Dpa)AR, and 0 (hollow
circle), 10 (hollow triangle), 25 (solid triangle), 50 (hollow square),
or 100 (solid square) pM CS at 25°C at pH 7.5, and stopped at an
appropriate time. (A) Effects of the initial substrate concentrations,
[S]o, on v,. Solid line represents the best fit of the Michaelis—Menten
equation by the non-linear least-squares method. (B) Lineweaver—
Burk plot.

Stabilization of MMP-7 by heparin and
destabilization of MMP-7 by CS

Fig. 7 shows the remaining activities of MMP-7 in
hydrolyzing MOCAc-PLGL(Dpa)AR after thermal
treatment at 50-70 °C for 10 min. The relative activi-
ties, defined as the ratio of the initial reaction rate with
incubation at the indicated temperature for 10 min to
that without it, of MMP-7 without heparin or CS
decreased with increasing temperatures. At all tempera-
tures examined, the relative activities of MMP-7
increased with increasing heparin concentrations
(Fig. 7(A)) while they decreased with increasing CS
concentrations (Fig. 7(B)). This indicates that heparin
increased MMP-7 stability while CS decreased it.

Discussion

Mechanism of activation of MMP-7 by heparin

Heparin binds numerous proteins including enzymes
and inhibitors involved in the clotting cascade." In this
study, we found that heparin increased the
activity (Figs. 1 and 4) and stability (Fig. 7) of MMP-7.
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Fig. 6. HPLC analysis of inhibition of the MMP-7-catalyzed hydro-
lysis of Dnp-RPLALWRS by CS.

Note: MMP-7 was pre-incubated in the presence and the absence of
CS at 25°C at pH 7.5 for 10 min. The reaction was carried out with
32 nM MMP-7, 0-0.5mM Dnp-RPLALWRS, and 0 (hollow circle)
or 10 (solid circle) pM CS at 25°C at pH 7.5, and stopped at an
appropriate time. (A) Effects of the initial substrate concentrations,
[Slo, on v,. Solid line represents best fit of the Michaelis—Menten
equation by the non-linear least-squares method. (B) Lineweaver—
Burk plot.

Activation was brought about by a decrease in K,
MMP-7 has 11 Lys and eight Arg residues. According
to the X-ray structure (Protein Data Bank accession
number No.),” all Lys and Arg residues except for
Argl43 and Argl80 are located on the reverse side
when MMP-7 is viewed with the active site at the center
(Fig. 8). The p/ value of MMP-7 is 5.9, suggesting that
MMP-7 is positively charged at neutral and alkaline pH.
Although the amino acid residues of MMP-7 involved
in binding to heparin are unknown, we speculate that
MMP-7 binds to heparin through its basic region far
from the active site.

It has been reported that the heparin-binding site of
protein kinase CK2 consists the four consecutive resi-
dues (Lys74-Lys75-Lys76-Lys77) and three residues
(Argl91, Argl95, and Lys198),>® and that of phospho-
lipase A2 is Lys49.°? They are located in the vicinity
of their active sites, and heparin inhibits their activities
competitively.>**> MMP-7, which binds with nega-
tively charged liposomes, retains activity whereas
MMP-7, which binds with positively charged ones,
loses activity.*® Hence, it can be said that heparin does
not decrease enzyme activities except when the hepa-
rin-binding sites are located near the active sites. Identi-
fication of the binding sites of MMP-7 for heparin is
an important research subject.
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Fig. 7. Irreversible thermal inactivation of MMP-7.

Note: MMP-7 was incubated at 25, 50, 60, or 70 °C at pH 7.5 with
0, 50, 100, or 200 uM heparin or CS for 10 min, and the hydrolyzing
reaction was carried out with 0, 25, 50, and 100 uM heparin or CS,
respectively, at 25 °C at pH 7.5. The relative activity of MMP-7 was
defined as the ratio of the initial reaction rate with thermal incubation
for 10 min at 50, 60, or 70 °C to that at 25°C (1.0 nM s! for ther-
mal incubation without heparin or CS; 2.6, 2.8, and 3.0 nM st for
that with 50, 100, and 200 uM heparin; and 0.36, 0.15, and 0.07 nM
s~! for that with 50, 100, and 200 pM CS, respectively).

Mechanism of stabilization of MMP-7 by heparin

Heparin stabilizes basic fibroblast growth factor
(bFGF),*¥ tissue transglutaminase,*® and tripeptidyl-
peptidase I,°” and destabilizes cytochrome c.*® The
mechanism of stabilization of MMP-7 by heparin is
unknown. Considering that not only heparin but also
other sulfated glycosaminoglycans such as heparan sul-
fate and chondroitin sulfate increase enzyme stability,””
we speculate that the negative charge density of hepa-
rin protects MMP-7 against inactivation by heating.
Heparin protects bFGF against inactivation by heating
it more strongly at high temperatures®> and protects
tissue transglutaminase against inactivation by heating
and also degradation by other proteases.*® This evi-
dence suggests that under physiological conditions,
heparin is involved in the stabilization of MMP-7.

Mechanism of inhibition of MMP-7 by CS

CS is present in cellular membranes and also circu-
lates in the plasma and gastric juices.*” In cellular
membranes, CS is oriented parallel to the fatty acid
chains of phospholipids with the sulfate group on the
surface. In plasma and gastric juices, it is associated
with other proteins.*” It regulates the activity of a vari-
ety of enzymes.’”*? It activates factor XII, triggering
the intrinsic blood coagulation system. On the other
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A R143
Hydroxymate M R101

inhibitor

Fig. 8. Overall structure of MMP-7.

Note: The MMP-7-hydroxymate inhibitor complex was based on
Protein Data Bank No. IMMQ.> MMP-7 residues (Tyr78-Lys243)
are represented by a CPK model. Lys residues (dark gray), Arg resi-
dues (light gray), Ile106, and Trp132 are indicated. Arg244, Ser245,
Asn246, Ser247, Arg248, Lys249, and Lys250 are not shown,
because they are not present in IMMQ. The hydroxymate inhibitor is
represented by a ball-and-stick model. (A) MMP-7 viewed with the
active site at the center. (B) MMP-7 viewed from the opposite side.

hand, it inhibits thrombin and plasmin, suppressing
blood clotting.

In this study, we found that CS inhibited the activity
of MMP-7 in hydrolyzing MOCAc-PLGL(Dpa)AR
(Figs. 2 and 5) and Dnp-RPLALWRS (Fig. 6), and
decreased the stability (Fig. 7) of MMP-7. The manner
of inhibition was non-competitive for MOCAc-PLGL
(Dpa)AR (Fig. 5), and competitive for Dnp-
RPLALWRS (Fig. 6). It has been reported that CS
(10 uM) competitively inhibited the activity of MMP-7
in hydrolyzing Dnp-RPLALWRS, suggesting that CS
reduces the affinity between Dnp-RPLALWRS and
MMP-7.>> Our results suggest that CS inhibits the
activity in hydrolyzing MOCAc-PLGL(Dpa)AR with-
out reducing the affinity between MOCAc-PLGL(Dpa)
AR and MMP-7. The reason for this discrepancy is
unknown, and calls for further study, but we speculate
that the binding of CS imparts a long-range interaction
to the active site and affects substrate binding.
Regarding the difference in the manner of inhibition of

MMP-7 by CS depending on the substrate, the differ-
ence in the interaction modes of CS with substrates
must be considered.

MMP-7 binds to the surface CS of colon cancer cells
and this binding is essential for MMP-7-catalyzed prote-
olysis.>**® We speculate that the difference in the
effects on MMP-7 activity as between free CS and mem-
brane-bound CS can be explained by the fact that both
the sulfate group and the hydrophobic side chain of free
CS are involved in the inhibition of MMP-7, in view of
the following evidence: (i) ANS, but not sodium sulfate,
inhibits MMP-7 activity;*" and (ii) in the crystal struc-
ture of the complex of retinoic acid-related orphan recep-
tor oo (BORa) and CS, both the sulfate group and the
hydrophobic side chain of CS are completely surrounded
by amino acid residues of BORo.*" The amino acid resi-
dues of MMP-7 involved in binding to the surface CS of
cancer cells have been identified. They are Ilel06,
Argl10, Argl28, Trp132, Arg248, Lys249, and Lys250,
located on the side opposite to the active site (Fig. 8).%
Identification of the binding sites of MMP-7 for free CS
is an important research subject.

Supplemental material

The supplemental material for this paper is available
at http://dx.doi.org/10.1080/09168451.2014.878213.
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