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tion of other MMPs.

The ability of Gold software to predict the binding disposition of matrix metalloproteinase (MMP) inhib-
itors was evaluated using MMP3 and MMP8. The best procedure was subsequently employed to dock into
MMP2, MMP3 and MMP9 nearly 70 compounds that were tested for their inhibitory activity against the
three MMP subtypes. The best binding poses were used as an alignment tool for the development of 3D-
QSAR studies. Evaluation of the three resulting 3D-QSAR models allowed us to indicate the ligand prop-
erties and residues important for activity and selectivity. MMP2 is an important anticancer drug target,
while MMP3 and MMP9 are considered to be anti-targets for tumor pathologies. As such, our results
could predict the binding affinities of new MMP2 inhibitors, providing additional information regarding
the selectivity against MMP3 and MMP9. Furthermore, this strategy may be used also for the investiga-

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Matrix metalloproteinases (MMPs) are a group of zinc-depen-
dent endopeptidases which degrade all extracellular matrix com-
ponents, including collagen, gelatin, fibronectin, elastin and
aggrecan. Under normal physiological conditions, they play critical
roles in development, tissue morphogenesis, wound healing, and
apoptosis.! To date, 26 members of this enzyme family have been
reported, all sharing significant sequence homologies. They have
been grouped into five classes based on their substrate specificity.
These include gelatinases (MMP2 and MMP9), collagenases
(MMP1, MMP8, and MMP13), stromelysins (MMP3, MMP10), mem-
brane type (MMP14, MMP16, and MMP17), and other enzymes
such as matrilysin (MMP7).2

The production and activities of MMPs are regulated at the level
of transcription, activation of the precursor zymogens, inhibition
by endogenous inhibitors, and endocytosis. Abnormal MMP
expression and activity due to an imbalance in these control mech-
anisms have been linked to several degenerative diseases such as
cancer, arthritis, cardiac injury, periodontal disease and multiple
sclerosis.*

Their involvement in all stages of cancer progression is well
documented, and intensive efforts have been made to design
MMP inhibitors (MMPIs) as cancer therapeutic agents.>® Almost

* Corresponding author. Tel.: +39 050 2219556; fax: +39 050 2219605.
E-mail address: marti@farm.unipi.it (A. Martinelli).

0968-0896/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2008.07.004

all MMPIs bear chelating moieties that interact directly with the
catalytic zinc cation and protrude into the hydrophobic S1’ subsite,
a deep pocket situated in proximity to the catalytic zinc ion.” These
compounds behave as competitive inhibitors since the zinc binding
group (ZBG) binding mode mimics one of the transition states
occurring during substrate hydrolysis.® Widely utilized ZBGs in-
clude hydroxamic acids, carboxylic acids, and thiols. The hydroxa-
mate group is most commonly used due to its optimal chelating
properties. Many small-molecule MMPIs that have been synthe-
sized in the past 20 years by both pharmaceutical companies and
academicians have entered Phase III clinical studies in patients
with advanced cancer. Unfortunately, clinical results have been
disappointing.® Such pharmacological failures likely have several
possible origins. The primary reason is that the majority of these
clinical studies have involved advanced-stage cancer, while it has
recently been established that MMPIs are most effective in the
early phases of cancer progression. Moreover, the first clinical
studies were started when little was known about the roles of var-
ious MMPs in cancer. As such, broad-spectrum inhibitors of MMPs
were used.'® Recent studies on both MMP-knockout mice and mice
that transgenically overexpress MMPs have revealed many host-
protective functions of MMPs, including repression of angiogenesis
in mouse tumor models. Therefore, a broad MMP inhibition strat-
egy aimed at stopping basement-membrane penetration and sub-
sequent metastasis has failed in many patients due to the loss of
these anti-tumor actions of some MMPs.

MMPs have recently been classified as targets and anti-targets
in tumors, and a successful MMPI should spare MMP anti-targets
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while potently inhibiting the targets.!’ A major challenge lies in
distinguishing among specific MMPs due to their high active site
sequence homologies that make selective inhibitors very difficult
to develop.

For many years, MMP2 has been considered a therapeutic target
based on a high level of expression in many human tumor samples.
Further, MMP2 has been identified in association with highly inva-
sive cells, and has the ability to degrade native type IV collagen. Re-
cent studies have confirmed the role of MMP2 in tumors, and
validated it as an anticancer drug target. In experimental models,
MMP2-null mice have a 50% reduction in angiogenesis induction,
melanoma growth, and lung carcinoma metastasis.'?> Moreover,
MMP2 overexpression in MDA-MB-231 breast carcinoma cells
has been shown to increase orthotopic tumor growth and metasta-
sis in nude mice.'3

MMP3, on the other hand, has been validated as an anti-target in
cancer since in a carcinogen-induced skin cancer model, tumors
that develop in MMP3-null mice were more advanced and associ-
ated with pulmonary metastasis than in wild-type littermates.!*
The increased tumor aggressiveness appears to be related to a func-
tion of the enzyme in regulating the immune system. Moreover,
transgenic mice overexpressing MMP3 in their mammary glands
developed fewer 7,12-dimethylbenz[a]anthracene (DMBA)-in-
duced tumors than control mice, underscoring the protective role
of this MMP in certain mouse models.'”

MMP9 has both pro- and anti-tumorigenic effects, depending
on the tumor stage. MMP9 inhibition might be useful in treating
patients with early-stage cancers, but it is an anti-target in patients
with advanced disease. For example, the human papilloma virus
(HPV) 16-induced carcinomas that arise in an MMP9-null back-
ground are more aggressive and of a higher grade than those in
wild-type mice, indicating a suppressive effect for this protease
during tumor progression.'® The protective effects of MMP9 have
been proposed to arise from its capacity to generate angiogenesis
inhibitors such as angiostatin and tumstatin, a peptide fragment
from the NC1 domain of the a3 chain of type IV collagen.!”

In all, MMP2 is considered an important anticancer drug target,
while MMP3 and MMP9 are anti-targets for tumor pathologies.
With the aim of directing the activity of synthetic MMPIs toward
MMP2 with a good overall selectivity against MMP3 and MMP9,
this work employs the Gold program!® to evaluate the reliability
of various docking procedures to predict the binding dispositions
of MMPIs. Previously, we have verified that this software can be
successfully used for docking studies with metalloenzymes.!'®%°
By employing ligands with inhibitory activities that were tested
at the same time on MMP2, MMP3, and MMP9, receptor-based
3D-QSAR models for the three MMPs were developed, and their
abilities to explain ligand affinities and selectivities were verified.

2. Results and discussion
2.1. Cross-docking

In order to verify the reliability of our docking protocol, we ap-
plied a cross-docking approach to the MMP3 and MMP8 complexes
by docking eight MMP3 ligands and six MMPS ligands inside the X-
ray proteins, and comparing the binding dispositions with those
observed in the X-ray crystal structures. The 14 inhibitors were
docked into their crystal structures using the Gold program'® after
an extensive conformational search (CS) using both the available
GoldScore and ChemScore fitness functions.

The flexibility of MMPs was evaluated by aligning all X-ray pro-
teins (using 1A85 and 1B3D as a reference protein for MMPS8 and
MMP3, respectively). For this purpose, the binding site was defined
as all residues within 10 A from the reference inhibitor. As shown

in Table 1, MMPs appear to possess a low degree of motion upon
the ligand binding. The root mean square deviation (RMSD) of
the protein backbone never exceeded 0.5 A, and the binding site
RMSD value was consistently below 1.7 A.

Figure 1 shows the cross-docking results obtained through
GoldScore and ChemScore for the MMP3 and MMP8 complexes.
Using the GoldScore function for MMP3, the Gold program pre-
dicted the binding disposition of the ligands with an average RMSD
(ARMSD) of 3.9 A. Fourteen ligands possessed a predicted disposi-
tion that, compared with their X-ray structures, showed an RMSD
greater than 5.0 A. The ChemScore fitness function provided dock-
ing results that were more promising than those obtained by
means of the GoldScore, since they showed an ARMSD of 2.8 A with
10 ligands that possessed an RMSD value greater than 5.0 A.

The analysis of the ZBG disposition for the MMP3 complexes re-
vealed that the ChemScore was better able to predict the ZBG
interaction with the protein, since it showed a lower ARMSD
(1.2 A), and produced only one compound with an RMSD value
greater than 5.0 A. The GoldScore, on the other hand, produced
docking results that showed an ARMSD of the ZBG disposition of
2.0 A with three compounds that showed an RMSD greater than
5.0A.

The analysis of the results obtained for the MMP8 complexes
was not in agreement with those obtained for MMP3. As shown
in Figure 1, using the GoldScore function, the docking results for
the binding disposition of the ligands showed an ARMSD of 3.1 A,
with six ligands that had an RMSD value greater than 5.0 A. The
ChemsScore function, however, was able to predict the binding dis-
position of the ligands with an ARMSD of 3.9 A, and fifteen ligands
possessed an RMSD value greater than 5.0 A.

The GoldScore function showed an ARMSD of 1.5 A, with two li-
gands that had an RMSD value greater than 5.0 A for analysis of the
ZBG disposition. The docking results obtained using the ChemScore
function showed an ARMSD of 2.4 A, and six ligands possessed an
RMSD value greater than 5.0 A. Overall, the results obtained using
the two fitness functions did not clearly indicate the optimal
procedure.

The alignment of all the available experimental structures of
MMPs complexed with ligands containing the hydroxamate func-
tion as ZBG suggested that the hydroxamate interacts with the zinc
ion in the same binding position for all the MMPs. This allowed for
the use of the scaffold match constraint (SMC) function of Gold,
applicable for both the ChemScore and the GoldScore fitness func-
tions. This option attempts to estimate the degree of possible fixed

Table 1

Backbone superimposition of the whole proteins (WP RMSD) and heavy atom
superimposition of the binding sites (BS RMSD) using the X-ray structure 1A85 and
1B3D as reference proteins

PDB WP RMSD BS RMSD
MMP3

1B3D 0 0
1BIW 0.40 0.62
1BQO 0.38 1.63
1D5] 0.37 0.89
1D7X 0.29 1.39
1D8F 0.37 0.98
1D8M 0.33 0.81
1G49 0.39 0.83
MMP8

1A85 0 0
1A86 0.15 0.31
1JAQ 0.16 0.32
1KBC 0.40 0.49
1MMB 0.23 0.41
1MNC 0.42 0.91

All the reported values are in A.
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Figure 1. Matrix of RMSDs obtained by the cross-docking study using the GoldScore and ChemScore for MMP3 and MMP8.

geometries of the substructure key for every ligand during the en-
tire docking process. In this study, the substructure key for each li-
gand was the hydroxamate group, using the ZBG of 1A85 and 1B3D
as reference substructures for MMP8 and MMP3, respectively.

As shown in Figure 2, the use of the SMC function provided a
general improvement in the obtained RMSD for both procedures.
All ARMSD for the ZBG showed values below 1.0 A. As regards
the ligand disposition, the docking results using the GoldScore fit-
ness function showed an ARMSD of 2.2 A for MMP3 and 2.3 for
MMP8 with a total of eight ligands that showed a RMSD greater
than 5.0 A. The ChemScore function showed an ARMSD of 1.8 A
for MMP3 and 3.5 A for MMP8 with eleven ligands that showed a
RMSD greater than 5.0 A.

2.2. Automated docking

Among the four procedures described above, the use of the
GoldScore fitness function together with the Scaffold Match Con-
straint was optimal for determining binding geometries of the
ZBG, and also for determining the disposition of the ligands inside
the receptor. However, the use of the SMC-ChemScore method pro-
vided similar results.

For further investigation of the obtained results, 69 inhibitors
that had been tested previously for their activities on MMP2,
MMP3, and MMP9, all bearing hydroxamate functionalities as ZBGs
(see Table 1 of the Supporting Information), were docked into the
MMP2, MMP3, and MMP9 binding sites. These compounds were
characterized by seven different central scaffolds, and had inhibi-
tory activities that spanned five orders of magnitude, with ICsq that
ranged from 1 nM to 16 pM (Fig. 3).

The docking results were then scored using the ChemScore and
GoldScore fitness functions, but the correlations between the cal-
culated and the experimental free energies of binding were not

21-28

in accord, since the quadratic correlation (R?) showed values below
0.4.

2.3. Receptor-based 3D-QSAR analysis

With the aim of obtaining quantitative results, the docking
poses were used as receptor-based alignments for 3D-QSAR mod-
els. The reliabilities of the 3D-QSAR models were characterized
by their correlation coefficient (r?), predictive correlation coeffi-
cient (q%) and cross-validated standard deviation of errors of pre-
diction (SDEPcy). Compounds from the original set were divided
into a training set and a test set, according to the usual guidelines.
In detail, the training and test sets should contain compounds in
such a way to maximize their structural diversity (i.e., compounds
belonging to the training set and to the test set should be represen-
tative of the molecular diversity of all the compounds under study)
and uniformly span the full range of activities. As a result, the
training set was composed of 54 compounds, while 15 molecules
were selected for the test set to validate the predictive power of
the models (see Table 1 of the Supporting Information).

The combination of the C3 (corresponding to a methyl group)
and N2 (corresponding to neutral NH,) probes using the alignment
originated by the SMC-GoldScore method showed the best results,
and was used for the further studies. Table 3 and Figure 4 report
the 3D-QSAR analysis data obtained for MMP2, MMP3, and
MMP9 using the poses obtained from the SMC-GoldScore docking
method and applying C3 and N2 probes. The third PLS component
of the MMP2 model rationalized 92% of variance, and was predic-
tive (g? = 0.81, SDEP of test set = 0.63); the fourth PLS component
showed worse predictive results (* = 0.95, g> = 0.80 and the SDEP
of the test set = 0.68); and the fifth PLS component had no further
predictivity improvement. As shown in Table 2, similar results
were also obtained for MMP3 and MMP9. As a result, the optimal
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Figure 2. Matrix of RMSDs obtained from the cross-docking study using the GoldScore and ChemScore with the SMC function for MMP3 and MMPS.
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Figure 3. General scaffolds of the compounds used for the docking study.

dimensionality for the three 3D-QSAR models was provided by
three components. For the two probes, a score was determined
according to the information obtained through the Consensus Prin-
cipal Component Analysis (CPCA).2° As shown in Table 2, the N2
probe that represented the electrostatic and/or hydrogen-bonding
interaction was the most relevant for all the three models.

One important feature of 3D-QSAR analysis is graphical model
representation, which is used to make interpretation easier. In
the GOLPE program,®° there are several options for displaying the

final model. Among these, the PLS pseudocoefficient plots are very
useful since they make it possible to visualize favorable and unfa-
vorable interactions between the probes and the molecules under
study.

Figure 5 illustrates the PLS coefficient plots for the model for the
C3 and N2 probes obtained for MMP2, MMP3, and MMP9. Com-
pound 48 (see Table 1 of the Supporting Information), a diphenyl
ether o-sulfone derivative that showed a high activity for all the
three MMPs, is also reported.



T. Tuccinardi et al./Bioorg. Med. Chem. 16 (2008) 7749-7758 7753

1 1 11
10 - 10 10
9 9 9]
2 3 2
Q Q Q 1
a a -3
° 84 ° 8+ ° 8
Q [ Q
2 1 2 2 J
L2 2 L
BT 74 g 74 s 74
2 2 <
o [N o 1
6 6 6
5 5 5
“H—— ¥ “—4-FF+7 ““
4 5 6 7 8 9 10 1 4 5 6 7 8 9 10 1 4 5 6 7 8 9 10 11
Experimental pIC_| Experimental pIC_ Experimental pIC_,

Figure 4. Plots of the 3D-QSAR model for MMP2 (left), MMP3 (center), and MMP9 (right), experimental/predicted pICs is reported. The training set is represented by (M) and
the test set by (O).

Table 2
Statistical results of the receptor-based 3D-QSAR models
MMP2 MMP3 MMP9
Vars PC P q* SDEP;g Vars PC = q? SDEPg Vars PC = q? SDEPg
879 3 0.92 0.81 0.63 1177 3 0.91 0.77 0.79 1034 3 093 0.75 0.70
879 4 0.95 0.80 0.68 1177 4 0.94 0.75 0.79 1034 4 0.95 0.74 0.73
879 5 0.97 0.78 0.66 1177 5 0.97 0.73 0.82 1034 5 0.97 0.72 0.73
C3 (%) N2 (%) C3 (%) N2 (%) C3 (%) N2 (%)
30.7 69.3 25.8 74.2 33.6 66.4

The contribution for C3 and N2 probes was reported in the last two rows. In bold is reported the optimal dimensionality.

MMP2 MMP3 MMP9

o aa’

Figure 5. Negative (cyan) and positive (green) regions of the PLS coefficient plot obtained with the C3 and N2 probes. Compound 48 is also displayed as a reference structure.

In the first row of Figure 5, the positive (green polyhedrons) and regions (A-D) with positive values, in which a favorable interaction
negative (cyan polyhedrons) PLS coefficients for the C3 probe for between a substituent and the probe results in an increase in activ-
the three MMPs are illustrated. For MMP2, there are four principal ity, whereas an unfavorable interaction between a substituent and
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the probe results in a decrease in activity. There is only one nega-
tive region (A’) in which a favorable interaction between a substi-
tuent and the probe results in a decrease in activity, whereas an
unfavorable interaction between a substituent and the probe re-
sults in an increase in activity. For MMP3, there are four positive
regions (A-D) and one negative region (A’), and for MMP9, there
are five positive regions (A-E) and one negative region (A’).

In the second row of Figure 5, the positive (green polyhedrons)
and negative (cyan polyhedrons) PLS coefficients for the N2 probe
for the MMPs are reported. For MMP2, there are two principal re-
gions with negative values (&, b’) in which a favorable interaction
between a substituent and the probe results in an increase in activ-
ity, whereas an unfavorable interaction between a substituent and
the probe results in a decrease in activity, and there are five posi-
tive regions (a—e) where a favorable interaction between a substi-
tuent and the probe results in a decrease in activity. For MMP3,
there are three negative regions (a’-c’) and two positive regions
(a, b), and for MMP9, there are three negative (a’-c’) and four po-
sitive regions (a-d).

Since the alignment of the ligands was performed using the
structures docked into the MMP2, MMP3, and MMP9 proteins,
identification of matching alignments among the MMP2, MMP3,
and MMP9 receptors and the 3D-QSAR maps was conducted. In Fig-
ure 6, the binding sites of the MMP2, MMP3, and MMP9 overlap
with the 3D PLS coefficient maps of the C3 and the N2 probes.
For MMP2, region A of the C3 probe is situated in the proximity
of Ala422, while surface B corresponds to Ile424, and region C is
in the proximity of Leu190. With regard to the N2 probe, regions
a’ and b’ are situated near to the backbone of Gly189, Leu190,
Leu191, and Ala192.

For MMP3, region C of the C3 probe is in the proximity of
Pro238, while for the N2 probe, region a’ is in the proximity of
His241 and surface b’ corresponds to Leu226 and Ala227. For
MMP9, region A of the C3 probe is in the proximity of Tyr423
and residues Leu188 and Leu187 are in the proximity of regions

C and D, respectively. Finally region ¢’ is near to the backbone of
Leu188 and Ala189.

With the aim of further analyzing the results obtained for the
three MMPs, the PLS coefficients maps of each MMP were com-
pared to those of the other two MMPs in order to evaluate whether
the different dispositions of the PLS maps could be correlated to
the interaction with non-conserved residues. From this approach,
it was determined that regions A and B (probe C3) of MMP2 were
not present in MMP3 and MMP9. Ala422 in MMP2, which corre-
sponded to region A, was not conserved, and it was replaced by a
tyrosine residue in both MMP3 and MMP9 (Tyr237 and Tyr420,
respectively). Region B in MMP2 corresponded to Ile424, which
was also not conserved, and it was substituted by Leu239 and
Met422 in MMP3 and MMP9, respectively.

For the N2 probe, the only noted difference was that region a’ of
MMP3 was not present in MMP2 and MMP9. This region in the
MMP3 corresponded to His241 and this residue was replaced by
Thr429 in the MMP2 and Arg424 in the MMP9.

The analysis of the other polar and hydrophobic residues sug-
gested that there were no other residues important for the selectiv-
ity and directly correlated with PLS maps; the side chains of these
residues were completely aligned in MMP2, MMP3, and MMP9
crystal structures, and could not justify the different dispositions
of the PLS maps.

However, the surface analysis of the crystallographic structure
of the three MMP subtypes revealed that the S1’ cavity, where
the not conserved residues suggested as important for the MMP
selectivity are located, possessed a different shape due to the pres-
ence of different residues. As shown in Figure 7 in the Supporting
Information, the S1’ channel of MMP2 was mainly delimited by
Pro417, Gly418, Ala422, lle424, and Thr426, and showed a large
aperture at the end of the pocket. With respect to MMP2, the S1’
pocket of MMP3 was delimited by different residues (Thr232,
Glu233, Tyr237, Leu239, and His241) and showed a smaller aper-
ture at the end of the cavity. Finally, the analysis of S1’ of MMP9

MMP2

MMP3

MMP9

L187

L226b' @

)

W H241

> gl

Figure 6. PLS coefficient plots obtained with the C3 and N2 probes superimposed on the MMP2, MMP3, and MMP9 binding sites.
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Table 3
Ligand structures of the MMP X-ray complexes used in this study
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Table 3 (continued)
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highlighted that, differently from the other two MMP subtypes, it
was capped by the presence of the not conserved residue Arg424.

Not all these residues can be directly correlated to PLS coeffi-
cients for C3 and N2 probes, however, their effect on the ligand
binding could be correlated to a different interaction of the ligands
with the adjacent residues, highlighted as important by the 3D-
QSAR study.

3. Conclusions

MMP2 is among the most studied matrix metalloproteinases
due to its high level of expression in many human tumor samples,
its association with highly invasive cells, and its ability to degrade
native type IV collagen. Herein, we tested the potential of develop-
ing receptor-based 3D-QSAR models for MMPs. First, we analyzed
the ability of the Gold program to predict the binding disposition of
known MMPIs. The best procedure was then used to dock com-
pounds previously tested for their inhibitory activities against
MMP2, MMP3, and MMP9, and the best poses were used as an
alignment tool for the development of three 3D-QSAR models.
The results obtained allowed us to extract both qualitative and
quantitative information about the ligand-receptor interactions.

The 3D-QSAR analysis indicated that the MMP2-inhibitor activ-
ity is determined by both electrostatic and lipophilic interactions,
while the selectivity appears to be correlated primarily with lipo-
philic interactions. Interestingly, these interactions involve two
non-conserved residues, Ala422 (in region A of the MMP2 3D-QSAR
model) and Ile424 (in region B of the MMP2 3D-QSAR model).

Our goal was the development and validation of a computa-
tional approach for the study of MMP2 inhibitors. As such, inhibi-
tors tested at the same time on MMP2, MMP3, and MMP9 were
taken into account. The obtained 3D-QSAR models were able to
rationalize both the affinity and the selectivity of the inhibitors,
and therefore are potentially applicable toward the design of
new selective MMP2 inhibitors. Our results encourage us to extend
this methodology toward the study of others MMPs.

4. Experimental
4.1. MMP-inhibitor complex structures and docking

For evaluating docking reliability, the available X-ray struc-
tures of MMP3- and MMP8-inhibitor complexes were taken into
account. We selected these two MMP subtypes since they have
the highest number of deposited crystallographic structures.
The MMP complexes were taken from the Protein Data Bank,>
and used in this work for a total of 14 proteins (see Table 3).
The hydrogen atoms were added by means of Maestro 7.5%? using
the all-atom model, and water molecules and Ca?' ions were
eliminated.

The ligands were extracted from the X-ray complexes, and were
subjected to a CS of 1000 steps in a water environment (using the
Generalized-Born/Surface-Area model) using the Macromodel pro-
gram.>® The Monte Carlo algorithm was used with the MMFFs
forcefield, and a distance-dependent dielectric constant of 1.0.
The ligands were then minimized using the Conjugated Gradient
method to a convergence value of 0.05 kcal/Amol, using the same
forcefield and parameters as for the CS.

The minimized ligands were docked into their corresponding
proteins using Gold 3.0.1.'® The region of interest in Gold was de-
fined in such a manner that it contains all the residues which
stayed within 10 A from the ligand in the X-ray structures. The zinc
ion was set as a bipyramidal trigonal geometry atom. The ‘allow
early termination’ command was deactivated, while the possibility
for the ligand to flip ring corners was activated. The default Gold
parameters were used for all remaining variables, and ligands were
submitted to 40 Genetic Algorithm runs.

Four docking methods were carried out. In the first two cases,
the two fitness functions implemented in Gold, GoldScore, and
ChemScore were used. Subsequently, the scaffold match constraint
(SMC) function was combined with the GoldScore and ChemScore
functions. The scaffold match constraint weight, a parameter
determining how closely ligand atoms fit onto the scaffold, was
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set to the value 10.0. The best docked pose for each ligand was then
used for further studies.

The docking results were evaluated through the comparison of
the ligand docked positions and the experimental poses derived
from the X-ray structures. As a measure of the docking reliability,
the RMSD between the position of heavy atoms of the ligand in the
calculated and experimental structures was taken into account.

4.2. Cross-docking

Each MMP3- and MMP8-inhibitor was docked, in turn, into each
available MMP3 and MMP8 X-ray structure. A total of 100 docking
calculations were developed for each of the four above-mentioned
procedures (GoldScore, ChemScore, SMC-GoldScore, SMC-Chem-
Score). In order to evaluate these four procedures, the MMP3-
inhibitor complex 1B3D and the MMP8-inhibitor complex 1A85
were selected as reference structures. All the other X-ray com-
plexes were aligned to them through the superimposition of the
MMP backbone atoms. In this manner, it was possible to obtain
an experimental reference position for each of the 14 ligands into
the 14 X-ray crystal structures.

The docking reliabilities were then evaluated by calculating the
RMSD (heavy atoms) between the above-mentioned experimental
reference position and that calculated by Gold for each ligand and
each of the 14 X-ray complexes.

4.3. 3D-QSAR model

4.3.1. Alignment of the molecules

Sixty-nine compounds were docked inside the MMP2 (1QIB**
pdb code), MMP3 (1D8F3°), and MMP9 (1GKC3%) binding sites
using the SMC-GoldScore and SMC-ChemScore fitness functions.
For each ligand, the best docked structure was chosen, and this
receptor-based alignment was used for further studies.

4.3.2. Data set

The GOLPE program®® was used to define a 3D-QSAR model,
using GRID interaction fields>” as descriptors (see below). The train-
ing set was composed of the same 54 compounds for all the three
MMPs. These compounds were characterized by activity values
spanning five orders of magnitude. Similarly, the 15 compounds
belonging to the external test set showed pICsg values ranging from
5 to 10, and were chosen in a manner that allowed uniform distri-
bution along the activity range for all the three MMPs.

4.3.3. Probe selection

The GRID program?®’ was used to describe the previously super-
imposed molecular structures. Interaction energies between the
selected probes and each molecule were calculated using a grid
spacing of 1 A. Initially, many probes were tested, and the preli-
minary PLS analyses suggested that the use of a combination of
C3 (corresponding to a methyl group) and N2 (corresponding to
neutral NH,) probes, using the alignment originating from the
SMC-GoldScore method, best described the system.

4.3.4. Variable selection

The molecular interaction fields (MIFs) of the training set were
imported into the GOLPE program. It is well known that many of
the variables derived from the GRID analyses can be considered
noise, which decreases the quality of the model. For this reason,
variable selection was conducted by zeroing values with absolute
values smaller than 0.06 kcal/mol, and removing variables with a
standard deviation below 0.1. Further, variables which exhibited
only two values and had a skewed distribution were also removed.

The smart region definition (SRD) algorithm>® was applied with
10% of the active variables as the seed number (selected in the PLS

weights space), a critical distance cutoff of 2.5 A, and a collapsing
distance cutoff of 4.0 A. The groups were then used in the fractional
factorial design (FFD) procedure. FFD selection was applied until
the r* and ¢? values did not increase significantly, using the
cross-validation routine with five random sets of compounds.
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