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a b s t r a c t

Matrix metalloproteinase 8 (MMP-8) has been reported to have a key role in several pathologic condi-
tions, like heart diseases, osteoarthritis, multiple sclerosis, and various other inflammatory conditions.
Therefore, there is a great interest regarding the development of MMP-8 selective inhibitors. In the recent
eywords:
nzyme immobilization
nhibitor

etalloprotein
MP-8

years, immobilized enzyme reactors (IMERs) proved to be an efficient alternative to solution-based assays.
Besides the recycling of the enzyme, IMER approach allows a simple way to determine affinity data and
thus the ranking of inhibiting potency of the compounds under study, especially when coupled to MS.
In this study, the immobilization of MMP-8 was investigated in terms of type of support, kinetic param-
eters, storage and pH stability. Epoxy activated silica resulted the best matrix for the preparation of an
immobilized enzyme reactor (IMER) containing human MMP-8. The IMER was successfully used for the

n MM
nline drug screening online screening of know

. Introduction

Matrix metalloproteinases (MMPs) are a group of structurally
elated zinc-dependent endopeptidases able to degrade the dif-
erent protein components of the extracellular matrix (ECM) and
asement membranes, such as collagens, glycoproteins, proteo-
lycans, and fibrins. These endopeptidases play an important role
n physiological processes such as development, morphogenesis,
one remodeling, wound healing, and angiogenesis [1]. Other-
ise, some pathological situations are associated with imbalance

etween MMPs and their endogenous regulators (namely, TIMPs or
issue inhibitors of MMPs), leading to an overexpression of these
nzymes, which may contribute to cancer progression, degen-
rative and inflammatory diseases. Therefore, MMPs have been
onsidered for long as promising therapeutic targets [2].

So far, 23 human MMPs have been identified and divided
nto subgroups based on their structure and substrate speci-
city: collagenases, gelatinases, stromelysins, matrilysins and
embrane-type MMPs (MT-MMPs). Among these, MMP-8 (neu-

rophil collagenase-2) represents the most effective collagenase

or type 1 collagen and the most active on neutrophils, suggesting

central role in the infiltration of neutrophils. Although MMP-8
s considered as an antitarget for cancer therapy [3], it has been
laimed to have a key role in heart disease [4], osteoarthritis [5],
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multiple sclerosis [6] and various inflammatory conditions such
as hepatitis and ulcerative colitis [7]. Those reports stimulate the
development of truly selective inhibitors capable of blocking the
unwanted activities of this enzyme in such diseases.

Solution based assays are the most common method to screen
MMPs inhibitors [8], generally including the monitoring of the
cleavage activity of purified MMPs by a specific synthetic substrate,
comprising a fluorophore, a quencher and a peptide portion. When
intact, the quencher part adsorbs the emitting light from the flu-
orophore by resonance energy transfer. Once the peptide moiety
is recognized by MMPs, the subsequent cleavage of the compound
separates the fluorophore from the quencher, with a large increase
in fluorescence, allowing the measurement of MMPs activity.

In the recent years, immobilized enzyme reactors (IMERs)
proved to be an efficient alternative to batch assays for drug screen-
ing [9–12]. In this approach, the enzyme is immobilized on a
suitable chromatographic support and packed into a column. The
latter can then be used for online screening of potential inhibitors
evaluating the reduction of the enzyme activity or their affinity
for the enzyme, in particular determining the relative binding con-
stants. By using this technique, the enzyme can be reused several
times, and the IMER can be coupled to chromatographic systems
with selective detectors (i.e. MS [13–16]) that allow the screen-
ing of inhibitors mixtures in just one run, with high sensitivity
and the possibility of high-throughput determinations, thus greatly

reducing time and cost of analysis.

Considering the advantages of the IMER approach and the great
interest regarding MMPs, we were surprised to find only one very
recent paper [17] describing the use of such method referred to
MMPs. Therefore, we carried out a comprehensive study on the

dx.doi.org/10.1016/j.jchromb.2011.02.024
http://www.sciencedirect.com/science/journal/15700232
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mmobilization of MMP-8 and on the preparation of a MMP-8 IMER,
valuating the potential applications for inhibitors screening and
inding affinity investigations. The results of this study are reported
erein.

. Materials and methods

.1. Materials

HPLC grade silica gel (GROM-SIL 500 Si NP-1, 5 �m, 500 Å
ore size) were purchased from Alltech Italia (Milan). N,N′-
isuccinimidyl carbonate (DSC), TRIS base, 3-aminopropyltri-
ethoxysilane, (3-glycidyloxypropyl)trimethoxysilane, tetram-

thyl ortosilicate (TMOS), lysozyme from chicken egg white,
oly-l-lysine hydrochloride (mol wt >30,000), 1-ethyl-3-
3-dimethylaminopropyl)carbodiimide (EDC) were from
igma–Aldrich. FS-6 (Mca-Lys-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-
H2) and Mca-Pro-Leu-OH (MPL) were purchased from
albiochem. Full length E. coli-expressed human pro-MMP-8
as a kind gift of Prof. Gillian Murphy (Department of Oncology,
niversity of Cambridge, UK). It was activated prior to use with
-aminophenylmercuric acetate 2 mM for 1 h at 37 ◦C. FAB (flu-
rometric assay buffer): Tris 50 mM, pH 7.5, NaCl 150 mM, CaCl2
0 mM, Brij 35 0.05%, DMSO 1% and 0.02% NaN3. FABdil stands for
AB solution diluted 1:4 with water. Inhibitors 1–4 [18] and 5 [19]
ere prepared as previously described. Epoxy-activated Sepharose

B and EAH Sepharose 4B were purchased from GE Healthcare and
repared for coupling according to manufacturer’s instructions.

AM was a generous gift of Prof. Wainer (Gerontology Research
enter, National Institutes in Aging, NIH Baltimore, USA).

.2. Instrumentation

All the stirring procedures were carried out using orbital shaker
t 800 rpm. Centrifugation was always done at 21,500 × g. Vortex-
ng was done at 1000 rpm. HPLC affinity experiments and assays
nalyses were carried out on a Jasco PU-980 and Jasco PU-887
ump, respectively, with a Rheodyne sample valve (20 �L loop),
quipped with a Jasco 821-FP spectrofluorometer detector (FLU).
onditions for assay analysis: Gemini C18 column (50 mm × 3 mm,
�m particle size, Phenomenex), eluent 0.1% trifluoroacetic acid in
2O:MeOH 70:30, flow 0.6 mL/min, �ex = 325 nm, �em = 395 nm.

.3. Determination of MMP-8 activity

The MMP-8 activity was determined following the proteolysis of
he fluorogenic substrate FS-6 [20]. In a typical experiment, the free
ctivated enzyme and FS-6 (final concentration 1.46 nM for MMP-8
nd 2 �M for FS-6) were incubated at 37 ◦C in FAB for 20 min under
tirring. The reaction was then stopped with an equal volume of
% (w/v) sodium acetate pH 4.0 solution and the mixture was cen-
rifuged. The supernatant (10 �L) was analyzed by HPLC-FLU. MPL
as used as reference compound for quantitation of hydrolyzed FS-
(Mca-Lys-Pro-Leu-Gly-OH) [20]. The calibration curve resulted

inear in the range 0.05–20 �M (r2 0.9935). To verify that MPL was a
uitable substitute of hydrolyzed FS-6, a solution containing MMP-
14.6 nM and FS-6 4 �M in FAB was incubated under stirring for 2 h

o reach complete proteolysis of FS-6. Three solutions of hydrolyzed
S-6 (0.1, 0.5, 2 �M) were compared to MPL solutions at the same
oncentration, providing the same instrumental response.
.4. Supports preparation

Epoxy-activated silica gel (EPSi) was obtained by toluene
efluxing of silica gel and (3-glycidyloxypropyl)trimethoxysilane
s described in Felix and Descorps [21]. In a similar
. B 879 (2011) 756–762 757

way, aminopropylsilica (AMP) was prepared reacting 3-
aminopropyltrimethoxysilane with silica gel as reported in
Yu et al. [22]. AMP-SC was prepared stirring silica gel with DSC in
dry acetonitrile for 1 h according to Xia et al. [23].

2.5. Immobilization of MMP-8

Recovery experiments were performed vortexing for 20 min a
known amount of FS-6 or MPL together with the phase under study.
In the case of MPL (that is fluorescent) supernatant or washings
were directly analyzed by HPLC-FLU. In the case of FS-6, MMP-8 was
added to the separated supernatant or washings or control solu-
tion, incubated and the recovery of FS-6 determined by HPLC-FLU
analysis of the hydrolysis product. The comparison with a control
solution of the compound at the same concentration of the initial
loading provided the extent of recovery.

All the immobilization procedure shared a common protocol of
washing away the uncoupled enzyme from the support, indicated
as WAP: the suspension coming from the coupling of the support
and the enzyme was centrifuged and the supernatant was collected
to determine the immobilization yield by HPLC-FLU. The remain-
ing support was re-dispersed in FAB (180 �L), stirred for 15 min,
re-centrifuged and the supernatant (180 �L) collected for analysis.
That washing process was repeated three times.

Immobilization of activated MMP-8 (by its amino groups, i.e.
�-amino group of lysine) on epoxy- and DSC-activated supports
was carried out weighing the support (10 mg) in a Eppendorf tube,
swelling it with FABdil (300 �L), stirring for 15 min, centrifuging
and removing the supernatant (280 �L). To the resulting phase,
a 16.2 nM activated MMP-8 solution (180 �L) was added, briefly
vortexed and stirred for 22 h at r.t. After the WAP, treatment with
0.2 M glycine solution in FAB dil (400 �L) at r.t. for 1.5 h was car-
ried out to block the unreacted coupling groups. In the case of EPSi,
0.2 M ethanolamine or nbutylamine solution were also used. Once
washed with FAB (400 �L each) three times as described before, the
support was ready for testing.

Coupling of MMP-8 (by its carboxylic groups) to EAH Sepharose
4B (that has free amino groups) and AMP phases was obtained
swelling the support (10 mg) with HCl 10 �M (180 �L). To the
resulting suspension, a 10 mg/mL EDC solution in HCl 10 �M
(15 �L) and a 525 nM activated MMP-8 solution (5 �L) were added,
briefly vortexed and stirred for 6 h at r.t. After the WAP, the sup-
port was ready for testing. Immobilization on IAM phase was
carried out as described for epoxy-activated supports without the
final treatement with glycine solution. Biosilica [24] immobiliza-
tion experiments were performed by a common protocol using PLL
or lysozyme as silica precipitating agent and different amounts of
silicic acid, and MMP-8. The freshly prepared 1 M stock solution
of silicic acid was obtained by the addition of 1 mM HCl (170 �L)
to TMOS (30 �L). We obtained the best result (retained activity
22%) mixing a 14.6 nM solution of activated MMP-8 (200 �L) with
10 mg/mL aqueous lysozyme solution (30 �L). After stirring for
10 min, a 100 mM solution of silicic acid in TRIS buffer pH 7.5
(230 �L) was added and stirred for further 30 min. A silicate precip-
itate was formed within few minutes. After the WAP, the support
was ready for testing.

Immobilization yield was determined by assaying the prote-
olytic activity of supernatants and washings samples coming from
immobilization experiments and comparing their residual activ-
ity with that of a control solution at the same concentration and
volume used in the immobilization. In the same way, immobilized

enzyme activity was assessed mixing MMP-8 supported phase with
FS-6 (final concentration 2 �M) in FAB and incubating the suspen-
sion at 37 ◦C in FAB for 20 min under stirring. Then, the mixture
was centrifuged and the supernatant was removed, quenched with
an equal volume of 3% (w/v) sodium acetate pH 4.0 solution and
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assays on MMP-8 trapped on IAM provided no evidence of FS-6
hydrolysis, even increasing the amount of FS-6, just like the pep-
tide never reached the active site of the enzyme. IAM phase was
then abandoned.

Table 1
Immobilization of MMP-8 onto different supports.

Support Immobilization yield (%)a Retention of activity (%)a

IAMb 100 n.d.
Biosilica 100 22
EPSib 100 45
EPSepb 9 n.d.
AMP-SCb 100 8
EAHb 100 12
AMPb 100 4
58 F. Mazzini et al. / J. Chrom

nalyzed by HPLC-FLU (10 �L). The retained activity is then given
y comparison with the response provided by a MMP-8 control
olution matching the concentration of the enzyme loaded on the
upport.

.6. Michaelis Menten of free and immobilized MMP-8

The initial velocity region of MMP-8 reaction was determined
rom reaction progress curve obtained analyzing the hydrolysis of
2 �M solution of FS-6 in FAB in the presence of 1.5 nM of MMP-
over time (2.5–90 min) by HPLC-FLU. A 20 min incubation time

esulted appropriate for all the activity assays. The kinetic parame-
ers of free and EPSi MMP-8 were determined from initial velocity

easurement (expressed as nmol of FS-6 hydrolysis product/nmol
nzyme per min) varying substrate concentration (2–300 �M). Ini-
ial velocity data were obtained by quantitation of the formation of
S-6 hydrolysis product by HPLC-FLU analysis. The amount of free
nzyme used was equal to the one employed in the immobiliza-
ion on EPSi. Km and Vmax parameters were obtained from the so
enerated Michaelis-Menten saturation curve. Kinetic parameters
alues were obtained using GraphPad Prism Software 5.0.

.7. Storage stability and pH dependence of activity

Free and EPSi immobilized MMP-8 were stored at 4 ◦C and r.t. in
AB for 40 days. The storage stability was obtained from the ratio
f free or immobilized enzyme activity after storage to their initial
ctivity. The pH dependence of activity was evaluated carrying out
he activity assay in FAB at various pHs both with free and immobi-
ized enzyme, considering activity at pH 7.5 as reference. The latter

as incubated with the buffer at the proper pH for 1 h before the
ssay.

.8. Batch inhibition assay

For assay measurements, the 10 mM in DMSO inhibitors stock
olutions were further diluted in FAB at the required concentration.
n the inhibition assay, the enzyme (5 nM for free MMP-8, 5 nM for
he immobilized MMP-8, calculated based on the residual activity
howed by the phase) and the inhibitor at the proper concentra-
ion were stirred together at r.t. for 2 h in FAB. Then, FS-6 (final
oncentration 2 �M) was added and the mixture incubated at 37 ◦C
n FAB for 20 min. The reaction was finally quenched and analyzed
s described for MMP-8 activity determination. The percentage of
nhibition was calculated by comparison with a control reaction

ithout the inhibitor. IC50 values were obtained using GraphPad
rism Software 5.0.

.9. Affinity and inhibition experiments on EPSi-MMP8 column

EPSi-MMP-8 IMER was prepared immobilizing activated MMP-
on EPSi according to the procedure described above. This support

210 mg) was packed as a slurry in FAB in a 4.6 mm × 30 mm steel
olumn (Phenomenex) and FAB was delivered through the column
t 0.5 mL/min for 3 h. A similar column was prepared in the same
ay packing 210 mg of EPSi treated with 0.2 M glycine solution in

AB dil for 2 h. The latter was used as a control column (EPSi-GLY)
o assess non-specific interactions. Inhibition and affinity experi-

ents were carried out using the experimental and control column
n a HPLC-FLU chromatographic system. For all the assays the elu-
nt was FAB at 0.15 mL/min. In a set of inhibitory experiments, FS-6

.5 �M was injected into MMP-8 IMER alone and in the presence
f the inhibitor (1, 2, 4, 5) at 500 �M concentration. The peak areas
f hydrolyzed FS-6 with or without inhibitor were recorded and
ompared as reported in Ma and Chan [17]. In the same way, inhibi-
ion activity of compound 5 was assayed at different concentrations
. B 879 (2011) 756–762

(300, 500, 600 �M). Experimental column was washed with FAB for
1 h at 0.3 mL/min and the activity checked by FS-6 injection after
each experiment.

Comparison of the binding affinity of compound 1, 2, 4, and
5 with respect to 3 was carried out by zonal chromatography
displacement experiments. Compound 3 was used as marker
exploiting its fluorescence (�ex = 290 nm, �em = 420 nm). In those
experiments, the marker (0.5 �M) was injected (10 �L) into the
IMER equilibrated with a mobile phase containing a fixed concen-
tration of the competing agent (6 �M). The retention time change
of the marker is a measure of the relative binding affinity of the
competing agents studied. The IMER was washed with FAB for 2 h
at 0.4 mL/min and its activity checked by injection of FS-6 before
starting a new experiment.

3. Results and discussion

3.1. MMP-8 immobilization

The properties of the support and the techniques used for the
immobilization of enzymes are of critical importance in the devel-
opment of efficient IMERs. The ideal support has physical resistance
to compression, hydrophilicity, inertness and ease of coupling
toward enzymes, high surface area, biocompatibility, resistance to
microbial attack, low cost and it has to retain as much as possi-
ble the enzyme biological properties. Typical matrices are based
on derivatized silica or polymers (agarose, sepharose, synthetic
polymers) and the embedding of the enzyme on the support can
be accomplished by chemical or physical mechanisms. Chemi-
cal immobilization entails the formation of stable covalent bonds
between the enzyme and reactive groups present on the matrix
surface (i.e. amino, thiol, epoxy, carboxylic groups). Physical meth-
ods usually involve the adsorption or the entrapment of enzyme
molecules on suitable supports.

Considering that there was only one report [17] regarding the
immobilization of MMP-9, we carried out a screening of different
matrices to find out the most efficient method for anchoring MMP-8
to a support. Recovery experiments of FS-6 and MPL (representative
of hydrolyzed FS-6) from the phases under study were performed
at first before the immobilization. MPL was fully recovered from
all the supports tested, while FS-6 resulted strongly retained only
by immobilized artificial membrane (IAM), a chromatographic
phase containing monolayers of phospholipid ligands that was suc-
cessfully employed in the entrapment of other enzymes [25]. All
the investigated matrices gave quantitative embedding of MMP-
8, excepting epoxy-activated sepharose 6B (Table 1). The activity
a See Section 2.5 for calculations.
b Immobilized artificial membrane (IAM), N-hydroxysuccinimide activated sil-

ica (AMP-SC), epoxy activated silica (EPSi), epoxy activated Sepharose 6B (EPSep),
aminopropyl silica (AMP), EAH Sepharose 4B (EAH, has free amino groups at the end
of 11-atom spacer arms), n.d., not detected.
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Fig. 1. Determination of kinetic parameters Km and Vmax for the hydrolysis of FS-6

the pH.
F. Mazzini et al. / J. Chrom

Recently, biomimetic silicification was reported as an efficient
ethod for enzyme immobilization [24]. In the so called “bioin-

pired” formation of the silica material, condensation of silicic
cid is triggered at neutral pH and room temperature by specific
olypeptides or polyamines, acting also as a template for the form-

ng silica network. When the enzyme is added to the condensation
atalyst and the silicic acid solution, co-precipitation and encap-
ulation of the protein occurs into the silica particles in a one
ot procedure. In that way, it is rather simple to obtain immobi-

ized enzymes on a support with enhanced mechanical stability
nd high loading capacity. We then carried out several experi-
ents of biosilica entrapment varying the MMP-8 to silicic acid

atio and the precipitating agent (polylysine or lysozyme). The best
esult in terms of retained activity was 22% (Table 1, see Section 2.5
or details), but the procedure was not highly reproducible in our
ands.

We then turned our attention to MMP-8 immobilization through
ovalent binding. Agarose and silica materials derivatized with
poxy and amino functions as reactive groups for covalent attach-
ent have been widely used for the preparation of IMERs [10,26].

n our screening, we used commercially available derivatized
epharose, while silica based supports were prepared in our labora-
ory from HPLC silica gel, according to well assessed and reported
rocedures [21,23]. Classic coupling protocols were employed as
escribed in Section 2.5. The data regarding the immobilization
fficiency and percentage of retained activity of the various phases
re reported in Table 1. While we were unable to improve the low
mmobilization yield of MMP-8 on EPSep even working at pH 9,
PSi matrix showed the highest retained activity among the tested
upports. Therefore, all further experiments were carried out with
his material.

In order to investigate the influence of the polarity of the com-
ounds used for the epoxy groups encapping on the activity of
he supported enzyme, three different MMP-8 immobilizations
ere performed on EPSi using 0.2 M glycine, ethanolamine or

butylamine solution, that provided a carboxylic, hydroxy, alkyl
roup as terminal end, respectively. The residual activity decreased
oing from the polar glycine (45%) to the less polar ethanolamine
26%) to the substantially apolar butylamine (10%). Those data indi-
ate that the presence of a hydrophobic moiety close to the enzyme
urface is detrimental in our case, and thus a more hydrophilic
eagent like glycine has to be used in the blocking step [27].

.2. Kinetic parameters, storage stability and pH dependence of
ree and immobilized MMP-8

The determination of the kinetic parameters of the free
uman MMP-8 was carried out in order to get reference data
o be compared with those of the immobilized enzyme. We
sed the fluorogenic peptide FS-6 (Mca-Lys-Pro-Leu-Gly-Leu-
pa-Ala-Arg-NH2) to monitor the enzymatic proteolytic activity,
hich comprises the cleavage of FS-6 into the quenching

NH2-Leu-Dpa-Ala-Arg-NH2) and the fluorescent portion (Mca-
ys-Pro-Leu-Gly-OH) by MMP-8 [20]. The extent of FS-6 hydrolysis
as followed by RP-HPLC coupled to fluorometric detection (FLU)

y using Mca-Pro-Leu-OH (MPL) as reference compound for quan-
itative determinations, as hydrolyzed FS-6 is not commercially
vailable.

A reaction progress curve for the enzymatic hydrolysis was
btained mixing MMP-8 with FS-6 in FAB and measuring the sub-
equent product that was generated over 1.5 h. From the analysis of

he curve, we chose a 20 min period of reaction time to carry on the
ubsequent kinetics experiments with a linear initial velocity. A sat-
ration curve exhibiting the classic Michaelis-Menten kinetics was
hen obtained varying FS-6 concentration and measuring the ini-
ial rate of the hydrolysis product formation. The Km and Vmax were
in FAB by free (triangles) and immobilized (squares) MMP-8. Data were fitted to the
Michaelis-Menten equation.

determined to be 80 ± 16 �M and 510 ± 41 nmol/nmol enz * min
respectively from non-linear regression of Michaelis-Menten data
(Fig. 1).

In the same way, the kinetic parameters of immobilized
EPSi-MMP-8 phase were obtained. The curve showed classic
Michaelis-Menten kinetics (Fig. 1), Km and Vmax being 71 ± 9 �M
and 135 ± 6 nmol/nmol enz * min, respectively. Hence, the Km

values of free and immobilized enzyme resulted pretty close, indi-
cating that the immobilization process had not affected the affinity
characteristics of the native MMP-8 for FS-6. Conversely, Vmax

proved to be higher for the free protein with respect to the embed-
ded MMP-8, probably because of diffusional restrictions.

Storage stability tests were performed at r.t. and 4 ◦C on both
free and EPSi-MMP8 for 40 days (Fig. 2). The enzymatic activity of
both systems decreased very slowly and no significant differences
were observed. Those data suggested that the stability of MMP-8
was not affected by the immobilization process.

The effect of pH on the activity of the free and immobilized
enzyme was also investigated, carrying out a set of experiments
in the 6.5–9 pH range. The optimal pH value of 7.5 for the high-
est MMP-8 activity was unchanged after immobilization. A similar
profile of activity loss was observed for both free and EPSi-MMP-8
moving to the ends of the pH range assayed, but it was more marked
for the immobilized enzyme, with a difference in activity up to 12%
at pH 6.5 with respect to the native counterpart (Fig. 3). This dif-
ference can possibly be attributed to the interactions of the glycine
groups on the surface of the support that change their polarity with
Fig. 2. Stability of free and immobilized enzyme during storage at r.t. and 4 ◦C.
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Fig. 3. Effect of pH on the activity of free and immobilized MMP-8.

.3. Inhibition and affinity study

After the characterization of the supported system in terms
f kinetic parameters, stability and optimal pH, we came to the
ctual goal of the study, the use of the immobilized MMP-8 for the
creening of low molecular weight synthetic inhibitors. Hence, the
etermination of the IC50 values for five MMP-8 inhibitors (1–5,
ig. 4) was carried out both on free and EPSi-MMP-8 (Table 2). The

MP-8 inhibitory activity of those compounds had been previously

etermined by plate reader fluorometric assay [18,19]. The ranking
f the inhibitors potency observed with solubilized and immobi-
ized enzyme resulted the same (5 > 4 > 3–2 > 1), showing that the

Fig. 4. Structure of inhibitors 1–5.

able 2
ffect of inhibitors 1–5 on the activity of free and immobilized MMP-8 determined
y fluorometric plates reader and HPLC-FLU.a

Compound IC50 (nM) Free
MMP-8 FLU plates
read

IC50 (nM) Free
MMP-8 HPLC-FLU

IC50 (nM)
EPSi-MMP-8
HPLC-FLU

1 260 497 435
2 65 230 330
3 66 250 346
4 7 30 63
5 5 10 34

a In the free MMP-8 FLU plates reader [MMP-8] = 1.5 nM, while in the free MMP-8
PLC-FLU [MMP-8] = 5 nM. [FS-6] = 2 �M in both cases.
. B 879 (2011) 756–762

interactions with the catalytic domain of MMP-8 were not affected
by the immobilization. The differences in the IC50 values between
the free and supported enzyme can be ascribed again to diffusional
limitations and, possibly, to non specific interactions between the
compounds and the support.

All these data confirmed the possibility of using EPSiMMP-8 for
drug screening studies in a batchwise manner. Therefore, we turned
our attention on the preparation of an IMER for online affinity inves-
tigations.

Several examples are reported in literature in which biospecific
interactions were efficiently characterized by high-performance
affinity chromatography (HPAC) [28]. HPAC is a method in which
a biologically related ligand is used as a stationary phase in an
HPLC system. This approach can be used to quantitate or separate
compounds in complex samples, but it can also be employed to
study the interactions of biological systems, like ligand-enzyme or
receptor interactions. In that regard, one way to perform a HPAC
experiment is to examine the elution time or volume of an analyte
injected onto a column containing the protein of interest immo-
bilized on a suitable HPLC support. Thus, it is possible to obtain
information regarding the equilibrium constants describing the
analyte binding affinity for the ligand. Moreover, the addition of
other agents to the mobile phase allows the study of the effect of
these agents on the analyte-ligand interactions, such as inhibition
or competition studies. In general, HPAC techniques provide higher
precision, automation speed and better correlation over traditional
solution-based methods [28].

The two most used approaches in HPAC in order to examine
substrate-protein affinity are zonal elution (ZC) and frontal affinity
chromatography (FAC). In ZC, generally the mobile phase contain-
ing a known concentration of a competing agent is continuously
applied to the immobilized ligand column while a small amount of
analyte is injected (displacement studies). Information regarding
the binding constant between the analyte and the ligand are then
calculated from the retention changes of the analyte [28]. In that
way, an affinity order among a set of compounds can be obtained
comparing the extent of the retention time shift of a reference ana-
lyte following the injection of the substrates under analysis. In FAC,
the mobile phase containing a known concentration of the ana-
lyte is continuously applied through a column containing a fixed
amount of immobilized ligand. As the amount of bound solute in the
column increases, it begins to saturate the active sites of the embed-
ded ligand, and the initial flat portion of the chromatographic trace
changes into a vertical rise which ends in a plateau when protein
saturation is reached, providing the so called breakthrough curve
[25]. The midpoint of this curve can be related to the concentra-
tion of applied solute, the amount of immobilized ligand and the
association constant for the solute-ligand binding affinity.

In our study, to carry out the affinity experiments two
4.6 mm × 30 mm steel columns were prepared to differentiate
between specific and non-specific interactions, one containing
EPSi-MMP-8 (experimental column) and the other one packed with
EPSi quenched with 0.2 M glycine solution, thus without the pro-
tein (control column). In this experiments the assumption is that
the non-specific interactions between the support and the com-
pound under study are the same for the control and experimental
column, and they are evaluated by the retention time on the control
column. If a retardation in the elution time on the experimental col-
umn is observed, the difference provides a measure of the extent
of specific interactions between the injected compound and the
immobilized MMP-8.
Compound 3 was used as reference compound in the dis-
placement ZC experiments, as its signal can be easily detected
by fluorescence without interferences from the other compounds
assayed. We did not observe noticeable changes in the capacity
factors for 3 when using slightly higher or lower sample con-
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ig. 5. Displacement ZC experiments using 0.5 �M 3 as analyte and 6 �M 1, 2, 4, 5
s competing agents.

entrations or different flow-rates, indicating that linear elution
onditions assumed in ZC studies were present during ZC experi-
ents. Mobile phase containing 1, 2, 4 and 5 at 6 �M was passed

hrough the experimental column while injecting 3 at 0.5 �M. The
ame solution of 3 injected on the control column provided a reten-
ion time 10 min shorter than elution on the experimental column,
ndicating that specific interactions occurred on the latter column.
s it can be observed from Fig. 5, the affinity order obtained from

he shift in the 3 capacity factor resulted 5 > 4 > 2 > 1 (lower k′ of
, higher affinity of the competing agent), and it parallels the inhi-
ition activity obtained using the free enzyme. Moreover, taking
dvantage of the fluorescent properties of compound 3, we were
ble to observe specific interactions also in a set of very preliminary
AC experiments, infusing 3 in the IMER at different concentrations
data not shown). That outcome was promising for the ongoing
evelopment of the IMER coupling to LC–MS to carry out FAC–MS
ffinity experiments [13,29].

The reported results demonstrated that the IMER can be success-
ully employed to obtain affinity data for MMP-8 drug screening.

We also carried out inhibition experiments as described in Ma
nd Chan [17]. As reported by those authors, also our system

equired high concentration of inhibitors to obtain a detectable
eduction of the immobilized MMP-8. FS-6 at 0.5 �M was injected
nto the IMER alone and in the presence of increasing con-
entrations of 5 (300, 500, 600 �M). A concentration-dependent

ig. 6. Inhibition of FS-6 proteolytic activity of immobilized MMP-8 using 5 at 300,
00 and 600 �M.
Fig. 7. Inhibition of FS-6 proteolytic activity of immobilized MMP-8 using 1, 2, 4, 5
at 500 �M.

inhibition effect was observed on the FS-6 proteolytic activity of
the immobilized MMP-8 (Fig. 6). A second set of inhibition experi-
ments was performed, in which FS-6 was injected in the presence
of 1, 2, 4, 5 at 500 �M. Also in this case, we were pleased that the
order of the inhibition activity of the compounds assayed matched
the rank given by the solution-based test (Fig. 7).

The only rate-limiting step in the use of our IMER for online
drug screening was the regeneration time of the binding affinity
ability of the column. ZC experiments required about 2 h wash-
ing time with FAB to recover the starting affinity. Preliminary
studies showed that increasing the ionic strength can improve
the wash out time. The addition of organic modifiers will be
also taken into consideration. All these approaches are under
investigation.

4. Conclusion

In summary, a thorough study on the immobilization of MMP-
8 for online drug screening was described. Several supports were
investigated to find the matrix most suitable in the retention of
the native proteolytic activity and affinity properties of MMP-8.
In that regard, EPSi provided the best result, with a quantitative
immobilization and a 45% retention of the starting activity. The
immobilization process did not alter the biological properties of the
native MMP-8, as showed by the kinetic parameters, the inhibition
batch assays, the storage and pH stability. EPSi was then used as
the support for the preparation of the IMER, that was used for HPAC
online affinity studies. The zonal chromatography and the inhibi-

tion online experiments confirmed that the system obtained can be
successfully used for MMP-8 drug screening. According to prelim-
inary tests we carried out (not reported here), the IMER approach
can be also applied for other MMPs. The data obtained resulted very
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