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The matrix metalloproteinases (MMPs) are members of a
large family of zinc-containing, calcium-dependent enzymes

involved in a variety of diseases, including cancers and arthritis.
Endothelial cells secrete MMPs, which break down almost any
component of the extracellular matrix (ECM) surrounding
cancer cells, allowing the endothelial cells to move to the cancer
site and form new blood vessels for the growth of cancerous cells.
In addition, the MMPs promote the mobility and invasiveness of
cancerous cells.1 The breakdown of the ECM also helps to
release neutrophils and monocytes/macrophages from inflam-
matory cells. Under normal physiological conditions, the activ-
ities of MMPs are balanced by the endogenous tissue inhibitors
of matrix metalloproteinases (TIMPs), which block the active
site of MMPs. An imbalanced MMP/TIMP has been found in
phenotypes such as breast, colon, and lung tumors.2

Among the 23 identified MMPs, gelatinase B (MMP-9) has
been observed in a variety of pathological processes, such as
inflammation, autoimmune diseases, and themetastasis of cancer
cells.3,4 MMP-9 efficiently and rapidly cleaves the type IV
collagen (gelatin),5 releasing the soluble Kit ligand6 and/or
bioactive vascular endothelial growth factor (VEGF).7 The newly
released VEGF turns on the angiogenic switch, leading to tumor
angiogenesis, that is, the formation of new blood vessels from
preexisting vessels for tumor growth. A direct link between
MMP-9 and tumor progression was revealed in an experiment
that upon the activation of MMP-9 zymogen, the neutrophil
MMP-9 induced angiogenesis.8 Significant increases in MMP-9
activities were observed in the acute phase after myocardial
infarction. The cardiovascular protection via inhibition of
MMP-9 was confirmed by the observation that the MMP-9
activity after myocardial infarction was suppressed by imidapril,
an angiotensin-converting enzyme (ACE) inhibitor.9

Given the important role of MMP-9 in the progression of
cancer, osteoarthritis, and rheumatoid arthritis,1 researchers
around the world have synthesized a wide array of MMP-9
inhibitors. The vast majority of MMP inhibitors are hydroxa-
mates (marimastat and prinomastat),10�12 reverse hydroxamates
(ABT-518),13 or carboxylic acid derivatives (BAY-129566)14

(Figure 1).

Figure 1. Chemical structures of MMP inhibitors.
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ABSTRACT:The influence of ionization states of hydroxamates and retrohydroxamates and the presence of
zinc ions in the active site were investigated using the wild-type and E402Q mutant of MMP-9. The
deprotonated hydroxamates showed a significantly enhanced enrichment factor in the presence of zinc ions.
A pharmacophoremodel was developed based on the deprotonated compounds andwas used to identify four
structurally diverse compounds with antiproliferative activities.
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The crystal structure of the MMP-9 and a trifluoromethyl
hydroxamic acid (PDB ID: 2OW1) shows a penta-coordination
with a zinc ion through His401, His405, and His411 and two
oxygen atoms on the hydroxamate group.15 Obviously, the
oxygen atom of the hydroxyl group in the hydroxamic acid
should adopt a deprotonated state (i.e., ionized) to form such a
penta-coordination with Zn2þ. The deprotonated model of
hydroxamic acid inhibitors coordinated with Zn2þ is illustra-
ted in Figure 2. So far, all computational studies of binding
affinity and quantitative structure�activity relationship of hydro-
xamate-based MMP inhibitors have been carried out with the
hydrogen atom on the oxime hydroxyl group (i.e., in a proto-
nated state).16�18 Such a treatment, however, may be potentially
problematic due to the ionizing nature of the oxime hydroxyl
group of the hydroxamic acid, similar to the ionization of the
carboxylic acid-based MMP inhibitors. The limited success in
modeling-based prediction for hydroxamate-like MMP inhibi-

tors was attributed to the failure in modeling the van der Waals
interactions.16 However, we hypothesized that it might as well
be related to how the hydroxamates are treated, deprotonated
or protonated. Therefore, it is of fundamental importance to
determine the impact of the ionization states of hydroxamates
and/or retrohydroxamates on MMP binding.

There are seven reported MMP-9/ligand complexes. Among
them, only 1GKC contains a native Glu402 residue.19 All other
reported MMP-9/ligand complexes such as 2OVX, 2OVZ,
2OW0, 2OW1, 2OW2,15 and 1GKD19 contain an E402Q
mutant, in which Glu402 was mutated to the inactive Gln402
to prevent MMP-9 autodegradation during the crystallization
process. It would be interesting to find out whether E402Q
mutant has any effect on the binding.

With the aim of determining the effect of ionization of
hydroxamates and the effect of the E402Q mutant on ligand
binding, we carried out dockings studies of 47 MMP-9 inhibitors
and 117 druglike molecules against MMP-9 proteins using
the Glide program in Schr€odinger software suite.20 Figure 3
shows the scaffolds of all 47 MMP-9 inhibitors, which were
extracted from refs 12 and 13. The detailed structures of 47
MMP-9 inhibitors are listed in Tables S1�S4 in the Supporting
Information.

All 47 MMP-9 ligands were built based on the hydroxamate in
2OW1.15 Two lists of libraries were prepared as follows: one with
hydrogen atom on the hydroxamic acid group (protonated
model) and another characterized with a deprotonated oxygen
atom (deprotonated model, Figure 2). One hundred seventeen
druglike molecules were also docked to the model proteins to
determine the enrichment factor (EF). To study the effect of
Zn2þ and the E402Q mutation on the ligand binding, we built
four model proteins for ligand docking: E402 with Zn2þ in the
active site (E402_Zn), E402 without Zn2þ (E402_woZn), Q402
with Zn2þ (Q402_Zn), andQ402 without Zn2þ (Q402_woZn).

The effectiveness of Glide docking can be quantified by the
EF. The EF is defined as the ratio of the percentage of active
inhibitors in a subset (top 10% hits) divided by the percentage of
active inhibitors in the entire database. EF has been used as a
measurement of the efficiency of a docking program: the higher
the EF is, the more accurate the docking program.

The number of activemolecules in the top 10% best-fit docked
poses of 164 molecules (ranked by the docking scores) and the
EFs of the deprotonated and protonated ligands against four
model proteins are listed in Table 1. The high EFs observed in
model proteins E402_Zn with deprotonated ligands and
E402_woZn with protonated ligands suggest that in the presence
of Zn2þ, the docking results from the deprotonated hydroxa-
mates/retrohydroxamate models are in better agreement with
experimental data than the protonated models, whereas in the
absence of Zn2þ the latter yielded results closer to what is
observed in experiments. The mutant E402Q yielded lower

Figure 2. Deprotonated model of hydroxamates in the MMP-9 active
site. Three histidines important for coordination with a zinc ion
were shown.

Figure 3. Template structures of MMP inhibitors (1�47) used in the
docking study.

Table 1. Number of Active Molecules in the Top 10% (the Top 17 Hits) of Ligands Ranked by the Docking Scores and the EFs of
47 MMP-9 Inhibitors (Deprotonated and Protonated) against Four Model Proteinsa

protonated ligands deprotonated ligands

MMP-9 E402_Zn E402_woZn Q402_Zn Q402_woZn E402_Zn E402_woZn Q402_Zn Q402_woZn

no. of active molecules 2 11 2 8 13 5 11 2

EF 0.45 2.47 0.45 1.79 2.92 1.12 2.69 0.45
aNote that the ideal EF for this study would be (17/17)/(43/164) = 3.81.
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EFs than the wild-typeMMP-9, indicating that this mutationmay
reduce binding affinity of MMP-9 inhibitors. Therefore, when
modeling MMP-9 inhibition, it is very critical to keep in mind

that whether MMP-9 is a wild-type or an E402Qmutant and that
whether Zn2þ is present in the active site or not. All of these
factors, along with the ionization state of the oxime hydroxyl

Table 2. Docking Scores and in Vitro IC50 (nM) of 47 MMP-9 Inhibitors (Protonated and Deprotonated) against Four Model
Proteins

protonated ligand models deprotonated ligand models

entry ID MMP9 E402_Zn E402_woZn Q402_Zn Q402_woZn E402_Zn E402_woZn Q402_Zn Q402_woZn

1 58 �9.66 �7.95 �4.73 �9.8 �9.57 �4.87 �12.42 �2.67

2 11 �9.39 �9.02 �5.94 �9.46 �10.29 �8.71 �10.74 �8.68

3 13 �8.99 �9.94 �9.31 �10.59 �10.76 �9.4 �6.21 �9.12

4 107 �7.92 �7.11 �7.83 �8.24 �9.31 �8.18 �9.79 �8.1

5 11 �7.21 �3.06 �3.28 �3.18 �9.95 �3.35 �8.36 �7.79

6 83 �5.59 �7.16 �7.34 �6.86 �9.3 �3.18 �8.79 �1.37

7 120 �5.37 �5.19 �6.6 �2.19 �10.23 �5.17 �7.41 �5.88

8 63 �5.48 �9.1 �3.99 �3.42 �3.41 �3.03 �8.16 �6.4

9 9 �4.99 �8.8 �6.72 �7.29 �3.31 �2.2 �5.61 �4.94

10 38 �6.95 �5.68 �5.44 �7.32 �8.49 �2.96 �7.46 �8.06

11 141 �5.21 �6.95 �7.63 �5.41 �7.83 �5.54 �9.69 �7.9

12 9 �6.96 �6.15 �7.66 �8.37 �8.77 �7.74 �5.77 �6.16

13 16 �8.68 �8.34 �4.05 �6.34 �9.52 �8.39 �9.85 �3.17

14 35 �5.08 �7.51 �5.56 �7.75 �8.25 �5.74 �10.31 �7.48

15 0.5 �7.98 �7.2 �3.5 �5.8 �9.2 �5.04 �8.31 �6.96

16 11 �3.97 �5.04 �5.91 �8.15 �10.04 �5.81 �9.75 �7.46

17 23 �7.32 �7.25 �6.58 �5.64 �6.72 �7.69 �9.4 �6.36

18 8 �2.57 �5.79 �7.89 �7.2 �10.39 �3.12 �10.87 �7.17

19 197 �8.56 �7.85 �5.17 �7.68 �9.25 �4.56 �12.7 �9.51

20 1.1 �7.55 �7.03 �6.98 �7.22 �9.91 1.03 �8.91 �5.09

21 1.1 �7.43 �9.44 �5.67 �2.76 �9.62 �6.41 �7.96 �8.63

22 2 �8.81 �9.87 �7.68 �8.09 �11.2 �8.01 �9.07 �7.61

23 0.79 �8.17 �9.84 �7.71 �5.14 �10.58 �2.15 �11.09 �5.59

24 2 �7.37 �2.42 �5.91 �7.69 �6.42 �1.14 �6.73 �3.12

25 2 �8.04 �7.92 �6.7 �9.07 �11.03 �3.46 �10.29 �7.09

26 1.7 �6.95 �9.11 �7.17 �10.67 �10.79 �4.76 �8.94 �4.98

27 0.092 �8.39 �6.37 �7.12 �7.3 �9.75 �8.21 �9.02 �4.71

28 0.49 �6.32 �7.24 �7.1 �10.09 �12.07 �4.02 �8.66 �4.48

29 0.3 �6.74 �2.92 �7.94 �4.2 �9.55 �7.71 �10.52 �4.58

30 0.9 �6.98 �9.69 �7.04 �7.75 �9.3 �6.2 �8.6 �8.4

31 0.26 �6.98 �2.93 �6.83 �7.12 �7.82 0.4 �8.69 �3.86

32 1.7 �7.03 �7.96 �6.81 �4.24 �9.53 �1.19 �8.76 �4.82

33 0.9 �7.18 �9.48 �7.05 �8.05 �9.42 �3.87 �8.68 �4.38

34 0.53 �8.42 �6.997 �8.59 �9.48 �11.1 �2.29 �9.41 �5.43

35 0.98 �8.48 �9.47 �9.01 �10.75 �11.28 �9.31 �12.69 �6.81

36 37 �8.45 �11.61 �9.11 �9.94 �9.96 �5 �9.51 �5.85

37 2.2 �7.86 �3.42 �7.73 �7.31 �11.36 2.06 �10.83 �4.19

38 4.1 �7.98 �4.83 �7.17 �4.66 �10.49 �1.5 �9.51 �10.49

39 0.5 �7.55 �5.09 �6.93 �8.38 �9.54 �2.88 �8.87 �4.47

40 1.4 �7.34 �8.65 �6.95 0.51 �6.22 �4.96 �5.65 �0.68

41 0.34 �8.76 �8.39 �9.01 �9.77 �10.24 �4.85 �8.09 �8.82

42 1.4 �7.97 �5.37 �7.51 �7.64 �10.06 �0.28 �9.63 �4.29

43 1.8 �7.64 �8.3 �7.43 �8.52 �9.24 �6.72 �8.46 �6.34

44 37 �7.73 �6.68 �7.06 �8.02 �8.79 �5.83 �9.9 �6.69

45 3.9 �7.08 �7.19 �7.44 �7.52 �6.82 �5.83 �8.14 �7.05

46 2 �7.17 �5.58 �7.35 �4.67 �8.73 �6.84 �7.75 �4.8

47 4.1 �7.95 �10.75 �8.93 �8.8 �10.59 �8.62 �11.07 �4.12
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group, determine the predictability of a docking program when it
is used to evaluate the binding affinity on MMP-9/ligand
interactions.

The docking scores of 47 MMP-9 inhibitors are listed in
Table 2, and those of the 117 druglike molecules are listed in
Table S5 in the Supporting Information. The docking scores of
most potent MMP-9 inhibitors generally are more negative for
the deprotonated ligands, indicating that the deprotonated ligand
model in the presence of zinc ions is more in line with what might
be observed experimentally.

We built a pharmacophore model based on the five potent
inhibitors (compounds 22, 23, 28, 34, and 35) using the
Pharmacophore Query protocol in MOE.21 Our pharmacophore
model shows that two aromatic rings, two H-bond receptors, and
one anion group/H-bond acceptor are essential for the MMP-9

binding activities (Figure 4). The distances between any two
pharmacophore features are listed.

We applied the pharmacophore model to search against a
database of thousands of molecules. Nine molecules from
commercially available sources as well as from our in-house
synthesized compounds (Figure 5) were identified to satisfy this
pharmacophore model. We carried out antiproliferative activities
assay—the SVR proliferation assay, which was developed by
Arbiser et al.22 and has been described in our previous papers.23

This assay is a direct measure of the candidate compound to serve
as a potential antiangiogenic and antitumor agent.

The SVR proliferation assay shows that compounds A, B, E,
andH had a significant effect on antiproliferative activities, that is,
significantly lower cell counts than the control curcumin after
48 h of incubation of the individual test compound at 20 μg/mL
concentration (Figure 6). Curcumin is a polyphenol derivative in
the plant turmeric. Curcumin was able to suppress proliferation
of tumor cells and to down-regulate MMP-9, epidermal growth
factor receptor (EGFR), NF-κB, and other enzymes.24,25

Our SVR proliferation assay shows that chalcone derivative
compound E, a structural homologue of curcumin, exhibited
greater antiproliferative activity than curcumin. The three other

Figure 4. Pharmacophore model for MMP-9 inhibitors. Distance
between pharmacophores (orange, aromatic rings; and cyan, H-bond
acceptors) are listed (unit, Å).

Figure 5. Chemical structures of compounds identified in the SVR proliferation assay.

Figure 6. SVR proliferation assay for nine compounds with curcumin as
the control.
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structurally diverse lead compounds are A, B, andH. We docked
compounds A�H and curcumin to MMP-9 model E402_Zn.
Our docking results show that curcumin forms H-bonds with
MMP-9 via Ala191 and Leu188, compound A forms H-bonds
with Tyr423, and compound H forms H-bonds with Arg424.
These interacting residues were also observed in the crystal
structure 2OW1 (MMP-9/ligand complex).15 The identification
of these compounds as potential antiproliferative agents is not
surprising since they are potential bidentate ligands (via the lone
pair electrons on the nitrogen or oxygen atoms) that may
efficiently coordinate with the zinc ions.

In summary, the presence of a zinc ion in the MMP-9 active site
is critical because the catalytic Zn2þ participates in the MMP-
directed substrate cleavage.With the presence of Zn2þ in the active
site, it is important for hydroxamates/retrohydroxamates to adopt
deprotonated forms. This would be applicable to other zinc-
binding groups such as carboxylic acid-based inhibitors. A pharma-
cophore model built based on five potent MMP-9 inhibitors was
used to identify four structurally diverse compounds with anti-
proliferative activities greater than that of curcumin. Whether the
anti-proliferative activity is due to the inhibition ofMMP-9 or other
regulatory enzymes such as EGFR remains to be determined.
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’NOTE ADDED AFTER ASAP PUBLICATION

This paper was published ASAP on the Web on April 7, 2011,
as a Technology Note. After ASAP, the paper was changed to a
Letter. The corrected version was posted on April 26, 2011.


