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Abstract
The need for selective matrix metalloproteinase (MMP) inhibition is of interest because of the range
of pathologies mediated by different MMP isoforms. The development of more selective MMP
inhibitors (MMPi) may help to overcome some of the undesired side effects that have hindered the
clinical success of these compounds. In an effort to devise new approaches to selective inhibitors,
herein we describe several novel MMPi and show that their selectivity is dependent on the nature of
the zinc-binding group (ZBG). This is in contrast to most current MMPi, which obtain isoform
selectivity solely from the peptidomimetic backbone portion of the compound. In the present study,
six different hydroxypyrone and hydroxypyridinone ZBGs were appended to a common biphenyl
backbone and the inhibition efficiency of each inhibitor was determined in vitro (IC50 values) against
MMP-1, -2, -3, -7, -8, -9, -12, and -13. The results show that the selectivity profile of each inhibitor
is different as a result of the various ZBGs. Computational modeling studies were used to explain
some trends in the observed selectivity profiles. To assess the importance of the ZBG in a biological
model, two of the semiselective, potent MMPi (and one control) were evaluated using an isolated
perfused rat heart system. Hearts were subjected to ischemia reperfusion injury, and recovery of
contractile function was examined. In this model, only one of the two MMPi showed significant and
sustained heart recovery, demonstrating that the choice of ZBG can have a significant effect in a
relevant pathophysiological endpoint.
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Introduction
Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases involved in
the breakdown of the extracellular matrix (ECM) and basement membrane components such
as aggrecan, collagen, elastin, fibronectin, gelatin, and laminin.[1–3] In normal physiology,
MMPs are responsible for ECM homeostasis, tissue remodeling, wound healing, angiogenesis,
and apoptosis amongst other important processes.[1,4–6] However, MMPs can also participate
in the pathophysiology of diseases such as arthritis, multiple sclerosis, periodontal disease,

© 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim
Fax: (+1) 858-822-5598 scohen@ucsd.edu.
Supporting information for this article is available on the WWW under http://www.chemmedchem.org or from the author.

NIH Public Access
Author Manuscript
ChemMedChem. Author manuscript; available in PMC 2010 March 10.

Published in final edited form as:
ChemMedChem. 2008 May ; 3(5): 812–820. doi:10.1002/cmdc.200700290.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.chemmedchem.org


cancer metastasis, atherosclerosis, and cardiac injury and remodeling.[7–12] MMPs have
therefore been an important therapeutic target for over two decades, with growing interest to-
wards the design of inhibitors that are highly specific against different MMP isoforms and
possess a high therapeutic index over older generation compounds.[13–19]

Although there is considerable substrate overlap amongst the different MMPs, these enzymes
have often been classified based on their substrate specificity into gelatinases (MMP-2, -9),
collagenases (MMP-1, -8, -13), stromelysins (MMP-3, -10), membrane type (MT-MMPs,
MMP-14, -15, -16, -17), matrilysin (MMP-7), metalloelastase (MMP-12), and unclassified.
[5,18,19] These multidomain proteins have certain domains in common, which include the
signal domain, the propeptide domain, and the catalytic domain.[12,14,17–21] The catalytic
domain of all MMPs contain a Zn2+ ion coordinated by a tris(histidine) motif; the Zn2+ ion is
critical for both substrate binding and cleavage.[12,14,17,21] Most MMP inhibitors (MMPi)
consist of two parts: a zinc-binding group (ZBG) to bind the catalytic metal ion[13,14,21] and
a peptidomimetic backbone to interact noncovalently with specific subsites neighboring the
active site of the protein.[16,17,22] The catalytic Zn2+ in the active site is surrounded by subsite
pockets designated as S1, S2, S3, S1′, S2′, and S3′.[23,24] Of the different subsite pockets,
targeting of the S1′ pocket has provided the basis of selectivity for many MMPi.[15,23] As
will be discussed below, in the current study, a hydrophobic biphenyl backbone was used to
select against shallow S1′ pocket MMPs, such as MMP-1 and MMP-7.[14,23,25]

The most common ZBG used in MMPi is the hydroxamic acid group, which has produced
numerous nanomolar inhibitors, but has not been successful in clinical trials.[20,23,26] The
failure of hydroxamic acid MMPi at a clinical level may stem, in part, from the lack of
selectivity of hydroxamic acids towards the Zn2+ ion, poor pharmacokinetics, and poor oral
bioavailability. Consequently, some efforts have been made to identify alternatives to the
hydroxamic acid ZBG. Most of these studies have only compared hydroxamic acids to
carboxylic acids (the synthetic precursor to most hydroxamic acids) and generally observed a
loss in potency,[26,27] likely due to the change in binding mode and diminished donor ability
of the carboxylate ligand.[18] However, Castelhano and co-workers reported the selectivity
and potency of MMPi with several different ZBGs (for example, hydroxamates, ’reverse’
hydroxamates, carboxylates, thiols, phosphinates) on a common indolactam/isobutyl backbone
moiety.[28] The results of this study showed that the use of ZBGs other than a hydroxamate
resulted in a 10- to 250-fold loss in potency. Although several MMPs were tested, no extensive
study of isoform selectivity was performed, but the data available generally showed no changes
in selectivity based on the nature of the ZBG. Another study by Fesik and co-workers used
SAR-by-NMR (structure–activity relationship by nuclear magnetic resonance) to screen
several molecular fragments to identify new ZBGs; ultimately a naphthyl-substituted
hydroxamic acid was found to be the most potent ZBG, but no other systematic studies were
performed.[22] Other efforts have been made toward the identification of alternative ZBGs
using a novel bioinorganic approach.[18,29–33] These studies have identified new ZBGs, that
are more potent than hydroxamic acids, some of which have been developed into potent,
nonhydroxamate inhibitors of MMPs.[32,34,35] In the present study, a series of hydroxypyrone
and hydroxypyridinone inhibitors have been synthesized and evaluated to demonstrate that the
isoform selectivity of an MMPi can be influenced by the choice of ZBG. These observations
are particularly notable, because the ZBGs employed in this study all use the same type and
number of donor atoms (two oxygen atoms) to bind the Zn2+ ion, and only possess subtle
differences in electrostatics, hydrophobicity, and acidity. This is an unprecedented finding, as
previous studies have focused only on the backbone substituents to obtain selective MMP
inhibition.[15,23,36]

To examine isoform selectivity, the compounds were evaluated in vitro against eight MMPs
using a fluorescent peptide substrate-based assay. The results indicate that both the ZBG and
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the backbone contribute to selective MMP inhibition. By linking different ZBGs to a common
biphenyl backbone, we demonstrate that small changes in the ZBG modulate the selectivity
against deep S1′ pocket MMPs. Furthermore, to demonstrate the importance of the ZBGs in a
relevant pathophysiological model, we tested two MMPi and one control compound (each with
a different ZBG) using an isolated perfused rat heart (Langendorff) system. Cardiac myocytes
and other myocardial cells express multiple MMPs which are involved in organ ECM
homeostasis.[7,8,37] Ischemia-reperfusion (IR) injury in ex vivo heart preparations is known
to activate MMPs that mediate myocardial damage, and as a consequence, loss of contractile
function.[38] Measurements of the recovery of contractile performance with different MMPi
after a period of global IR demonstrate that the ZBG significantly impacts the magnitude of
recovery of function. Taken together, the in vitro, computational, and ex vivo results described
herein show that MMPi presented here display different isoform selectivity and varying
therapeutic potentials depending on the ZBG employed.

Results
Synthesis of MMPi

Previous work from our laboratory showed that several hydroxypyrone and hydroxypyridinone
ZBGs had improved potency against MMPs when compared to a standard hydroxamate
compound, acetohydroxamic acid (AHA).[30,31] A novel, full-length inhibitor AM-2
(compound 3,Figure 1), based on a hydroxypyrone ZBG, was shown to be a potent inhibitor
of MMP-2 and MMP-3 but not MMP-1.[32] These results showed that potent, nonhydroxamate
MMPi could be devised, and AM-2 was selected as the basis for the design and synthesis of
the MMPi examined here (Figure 1). Each inhibitor contains a chelating, heterocyclic ZBG
attached to the same biphenyl backbone as in AM-2 (see Supporting Information for synthetic
details). Generally, the inhibitors were prepared by benzyl protection of the hydroxy group of
each ZBG, followed by conversion of each benzyl-protected ZBG from a carboxylic acid to
an activated ester, which were then coupled with phenylbenzylamine, and finally deprotected
to obtain the compounds shown in Figure 1. The MMPi in Figure 1 are relatively facile to
prepare and readily allow for preparation in multigram scales. As negative controls, compounds
6 and 7 were synthesized, both of which contain the same biphenyl backbone as the other
inhibitors, but use an isosteric (6) or nearly isosteric (7) ring that is not an effective Zn2+

chelator. Interestingly, the ZBG (6-hydroxypicolinic acid)[39] of compound 6 is the synthetic
precursor to the chelating ZBG used in compound 1.

In vitro efficacy of inhibitors
Inhibitors 1–7 were tested against several human MMP catalytic domains using commercially
available kits that employ a fluorogenic substrate, with observed fluorescence directly
proportional to MMP activity.[40] IC50 values were determined (Table 1) as previously
described,[31,33,40] and enzyme kinetic experiments were performed to determine the Km
value, Ki value, and the mode of inhibition. As expected, MMPi 1–5 are poor inhibitors of
shallow S1′ pocket MMPs (that is, MMP-1 and MMP-7) with IC50 values greater than 50 µm.
The MMPi also show poor inhibition against MMP-9 with IC50 values greater than 25 µm.
MMP-13 is inhibited with greater potency (IC50 values ~4–20 µm) by MMPi 1–5 with no
notable differences in potency based upon the different ZBGs. MMP-2 is inhibited by
compound 1 with a nanomolar IC50, but compounds 2–5 display inhibition profiles similar to
that of MMP-13 (low micro-molar). MMP-8 and MMP-12 are strongly inhibited by compounds
1–3 with IC50 values ranging from 0.018–0.248 µm, but are inhibited with lesser potency by
4 and 5 (1.2–5 µm). Similarly, inhibitors 1–3 show strong potency against MMP-3 with IC50
values of 0.56, 0.077, and 0.24 µm respectively. In contrast, the corresponding
hydroxypyridinone analogues 4 and 5 were more than two orders of magnitude less potent
against MMP-3. As a control, compounds 6 and 7 were also tested against MMP-8 and MMP-12
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and showed no or negligible inhibition at concentrations up to 100 µm. The weak activity of
compounds 6 and 7 clearly demonstrates that a tight binding ZBG is required for potent
inhibition and that the biphenyl backbone alone is not sufficient for efficacy. Collectively, the
results show that the nature of the ZBG has a pronounced effect on the scope and potency of
the resulting MMPi.

As a representative example, compound 1 was selected for further kinetic studies against
MMP-12 (the isoform against which 1 is most potent). Kinetic studies were performed using
the same fluorescence-based assay kit used for IC50 measurements with identical ratios of
enzyme, substrate, and inhibitor. Estimations of Km were obtained from plots of reaction
velocity versus substrate concentration assuming a Michaelis–Menten mechanism, using
substrate concentrations ranging from 0 to 80 µm. The Vmax and Km for MMP-12 were
determined to be 829 mmol min−1mg−1 and 4 µm, respectively. The value of Ki for 1 against
MMP-12 was calculated from equation 1 (vide infra) to be 9 nm.[41] A Dixon plot of the
reciprocal of initial velocity (calculated from equation 2) versus inhibitor concentration, with
concentrations of inhibitor ranging from 0 to 40 nm, was plotted to determine the mode of
inhibition and confirm the calculated Ki value. The Dixon plot shown in Figure 2 is indicative
of a mixed competitive mode of inhibition with an experimental Ki value of approximately 18
nm,[41, 42] which is consistent with the observed IC50 value.

Ex vivo efficacy of inhibitors
An ex vivo rat heart model was used to provide a biologically relevant system for examining
the effects of MMPi containing different ZBGs. The results from these studies are shown in
Figure 3. After implementation of a 20–25 min period of global no-flow ischemia, reperfusion
of untreated hearts led to a progressive recovery of contractile function of ~50% of the work
index rate-pressure product (RPP) after 30 min reperfusion. This ~50% recovery provided a
benchmark to which hearts treated with an MMPi could be compared.

Addition of 5 µm of MMPi 2 (PY-2) to the model system led to essentially no improvement
in recovery of contractile function when compared with the untreated controls. More
significantly, the use of 5 µm of MMPi 1 (1,2-HOPO-2) led to a notable and persistent
improvement in the recovery of contractile function (RPP) at all time points after reperfusion
(Figure 3). Figure 3 directly compares the values for the recovery of contractile function
between hearts treated with compound 1 and 2. MMPi 1 consistently led to a greater
improvement in recovery of contractile function when compared to 2. It is important to note
that these compounds are entirely isosteric, have nearly identical solubilities, and only differ
in the nature of the heterocyclic ZBG (Figure 1). Use of 5 µm of control compound 6 (PICO-2)
in the same ex vivo model again yielded essentially no notable differences to the untreated
control hearts. The latter result shows that compounds lacking a potent ZBG do not show any
recovery effects in this model.

Discussion
Selectivity beyond the backbone

The MMP active site is mostly solvent exposed and is characterized by six subsite pockets as
previously mentioned. Apart from substrate classification, MMPs can also generally be
described as being shallow, intermediate, or deep pocket enzymes based on the size of their
S1′ pocket.[25] MMP-1 and MMP-7 are considered shallow pocket MMPs; MMP-2, MMP-9,
and MMP-13 are classified as intermediate pocket MMPs; MMP-3, MMP-8, and MMP-12 are
designated deep pocket MMPs.[25] Figure 4 provides a summary of the selectivity for each
MMPi against the aforementioned MMPs. The poor IC50 values of all the inhibitors against
MMP-1 and MMP-7 are consistent with the description of these enzymes as shallow S1′ pocket
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MMPs. All the inhibitors tested use a large biphenyl backbone that is incompatible with the
small S1′ subsite in these MMPs.[32] The poor inhibition of the compounds against MMP-9
may also be a result of its relatively shallow S1′ subsite being unable to accommodate the bulky
biphenyl moiety. These findings are consistent with the known structural data for the MMPs
examined, and show the typical selectivity expected based on incorporation of a large S1′-
directed backbone substituent.[23]

Looking beyond the S1′ pocket, examination of the data in Figure 4 reveals that in addition to
the selectivity obtained by the backbone, a second level of selectivity (that is, “fine tuning”)
was observed based on differences in the ZBGs. When inspecting the inhibition of each
compound against MMP-2, we see that 1 shows nanomolar potency, and is almost an order of
magnitude better than the other MMPi. The remaining MMPi (2–5) inhibit MMP-2 with
IC50 values in the low-micromolar range. With an invariant backbone among these inhibitors,
the enhanced potency of 1 against MMP-2 can be attributed to its unique 1-hydroxypyridin-2
(1H)-one ZBG. When examining only the subset of MMPs for which compound 1 displays
some potency, a >50-fold selectivity for MMP-12 over MMP-2 is observed. Further, compound
1 is at least 2500-fold more potent against MMP-12 over MMP-1 or MMP-7. By comparison,
the first generation hydroxamic acid MMPi Batimastat (BB-94) inhibits MMP-1, -2, -3, -8, -9,
and -13 with little selectivity, inhibiting all these isoforms within a narrow range of IC50 values
(~1–20 nm).[4]

The effect of the ZBG becomes more pronounced in the deep pocket MMPs, MMP-8, and
MMP-12. Figure 4 shows that both MMP-8 and MMP-12 are strongly inhibited by MMPi 1–
3 with IC50 values in the nanomolar range, but to a much lesser extent by MMPi 4 and 5 with
IC50 values in the low-micromolar range. The only structural difference in the ZBGs from 4
and 5 when compared with MMPi 1–3 (Figure 1) is an additional methylated nitrogen atom in
the heterocyclic ring system. As expected, MMP-8 and MMP-12 show negligible inhibition
by negative controls 6 and 7 (Table 1).

The attenuated potency of the inhibition profiles of 4 and 5 is most prominent against the deep
S1′ pocket MMP-3. The N-methyl substituent on MMPi 4 and 5 decreases MMP-3 inhibition
by three orders of magnitude compared to their pyrone analogues 2 and 3. Based on
computational modeling, the decrease in inhibition caused by the methyl substituent can be
attributed to a steric clash within the active site of MMP-3 as shown in Figure 5. The region
responsible for the steric conflict lies directly above the catalytic Zn2+ ion. The N-methyl group
on MMPi 4 and 5 collides with a methyl group on the isopropyl side chain of Val163 in MMP-3,
as confirmed by performing a ’bump’ analysis using Insight II (Accelrys). Interestingly, residue
163 is also a significant residue in the S1 subsite of different MMP isoforms, where it frequently
is found to interact with inhibitors targeting the S1 subsite. The variability in residue 163 has
been exploited in the design of inhibitors to confer selectivity against different MMPs.[23,
43] In contrast, Figure 5 also shows that methyl substituents in the 6-position of the pyrone
ring (for example, compound 3, Figure 1) do not lead to any steric conflicts within the MMP-3
active site. Indeed, this methyl group appears to contribute to the isoform selectivity observed
for MMPi 3.

The protein residues present in the immediate vicinity of the Zn2+ ion in different MMP
isoforms are generally conserved. The residues surrounding the Zn2+ ion in MMP-8 and
MMP-12 are identical, which would explain the similar inhibition trends portrayed by the
compounds against these MMPs. In contrast, MMP-3 has a polar Asn 162 residue in place of
Gly162, Gly158, and Gly179 found in MMP-2, MMP-8, and MMP-12, respectively (Figure
S1). This may contribute to the reduced potency of compound 3 (relative to compound 2)
against MMP-3. The 6-methyl substituent on the pyrone ring of 3 makes the ZBG more
hydrophobic relative to 2. The more polar active site environment generated by Asn162 in
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MMP-3 may disfavor binding of inhibitors with more hydrophobic ZBGs, hence, the difference
in potency observed between compounds 2 and 3. This may also explain the observation of
MMPi 1 and 3 being more potent than 2 in the hydrophobic active sites of MMP-8 and MMP-12
versus the more polar active site of MMP-3. Variation in active site polarity has been previously
invoked to explain differences in the potency of a thiirane-based inhibitor on two structurally
homologous zinc metalloproteinases, TACE and MMP-2.[44] Together these results highlight
the importance of the ZBG and the interactions they make within the MMP active site.

Ex vivo effects of the ZBG
Perhaps the most significant effect of ZBG-modulated selectivity was observed in an ex vivo
physiological model (Figure 3). Isolated perfused rat hearts were subjected to a temporary
interruption of coronary flow and reflow to mimic the damage caused by IR. The isolated
perfused rat heart system allows the examination of cardiac performance in the absence of
influence from the nervous system or blood-borne cells.[45,46] This system has made it
possible to identify factors which can mediate IR injury such as oxidative stress, protease
activation, and apoptosis.[37,38,47,48] The system can also allow investigators to characterize
compounds which may be able to confer cardio-protection upon an ischemic insult such as
tetracyclines, antioxidants, or MMPi.[37,48–50] It has been demonstrated that MMPs play a
role in mediating ischemia-reperfusion cardiac injury and that inhibition of MMP-2 by either
broad-spectrum MMPi or neutralizing antibodies significantly protects from this injury.[38]
In a study by Cheung et al. use of high concentrations (100 µm) of the nonspecific MMPi o-
phenanthroline or doxycycline resulted in substantial cardioprotective effects.[38] In our
experimental model, 5 µm of 2 yielded essentially no improvement in the recovery of
contractile function (improvements are seen at higher doses, F.J.V. unpublished results). On
the other hand, 5 µm of 1 displayed an overall constant and progressive recovery after ischemia
(average >80% versus controls throughout reperfusion). Finally, negative control 6, a
compound that shows no substantial inhibition of MMPs, generally did not confer improvement
versus the control group. As the difference in the molecular structure of the three compounds
tested resides only in the ZBG, it is possible to establish for this study that the ZBG, rather
than the peptidomimetic back-bone, modulates the ex vivo efficacy as indicated by the recovery
of cardiac contractile function.

Possible origin of ZBG-based selectivity
Based on the observations reported here, several factors may play a role in ZBG-generated
selectivity in MMPi. First, ring sterics can affect inhibitor binding. As described above,
compounds 4 and 5 are poor MMPi, as addition of even a methyl group at the 1-position on
the ring is not well accommodated by the MMP active sites. In contrast, substitution at the 6-
position of the ring, as in inhibitor 3, is tolerated by several MMPs, and can be used as a means
to select against MMP-2. This suggests a second ZBG effect that may be important, which is
hydrophobicity. In general the MMP active site immediately surrounding the Zn2+ ion is
relatively hydrophobic, but small differences in active site polarity can be exploited by
changing the hydrophobicity and dipole of the ZBG. A third possible parameter in modulating
ZBG-mediated selectivity is the pKa of the chelating ZBG. In hydroxamic acid ZBGs, as well
as all of the ZBGs examined here, there is a labile hydroxy proton that likely dissociates upon
Zn2+ binding. It is known that different MMP isoforms operate at different optimal pH values,
[51–53] and it has been shown that the protonation state of an MMPi can have a significant
impact on inhibition.[52] Therefore, the differences in pKa of different ZBGs may play a role
in the inhibition and, thereby, the selectivity of a given inhibitor. The ZBGs examined in this
study have pKa values that span more than three log units,[54] and studies are underway to
examine the role that the pKa values might play in the inhibitory ability of these compounds.
All of the aforementioned factors will have an influence on the overall, preferred binding
orientation of a ZBG in the MMP active site. The overall conformation of the bound ZBG will
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have consequences on the strength of the Zn2+-inhibitor interaction, as well as on the
positioning of the backbone toward the subsite(s). The synergism/interplay between the ZBG
and backbone may also give rise to new patterns of isoform selectivity, which could not be
observed by only examining hydroxamic acid based MMPi. Ongoing computational and
structural studies with even more inhibitors will be required to elucidate which of the
aforementioned features is most important for tuning MMPi selectivity.

Conclusions
The results presented here are the first to demonstrate that a change in ZBG can modulate, as
opposed to simply abrogate, the potency and selectivity observed for MMPi against different
MMP isoforms. It is proposed that the backbone substituent can be used to obtain an initial
degree of selectivity (for example, shallow versus deep pocket S1′ MMPs), whereas the ZBG
can then be optimized to fine tune inhibition to obtain further specificity. Furthermore, results
from an ex vivo rat heart system demonstrate that the choice of ZBG can also have a substantial
impact on inhibitor efficacy in a biological model. This latter finding indicates that to discover
MMPi with better clinical prospects, molecular platforms other than hydroxamic acids should
be explored. Recent work in the literature has suggested that ZBGs with weaker binding
constants may be one route to obtaining more selective MMPi.[55] In contrast, the unique
findings reported herein strongly suggest that high affinity ZBGs can be used as the basis for
new patterns of selective inhibition against MMPs. Ongoing studies using in vitro, as well as
relevant preclinical systems, will be required to fully exploit this new discovery and to wholly
understand the origin of the observed trends in selectivity.

Experimental Section
Synthesis and characterization of MMPi

The detailed synthesis and characterization of inhibitors 1–7 are provided in the Supporting
Information. Unless otherwise noted, all chemicals were purchased from commercial suppliers
(Aldrich and Fisher) and used as received. 1H/13C NMR spectra were recorded at ambient
temperature on a 300, 400, or 500 MHz Varian FT-NMR instruments, located in the
Department of Chemistry and Biochemistry, University of California San Diego. Mass spectra
were obtained at the Small Molecule Mass Spectrometry Facility in the Department of
Chemistry and Biochemistry at the University of California, San Diego. Elemental Analysis
was performed by NuMega Resonance Labs, San Diego.

Recombinant MMP assays
IC50 values of each MMPi against MMP-1, -2, -3, -7, -8, -9, -12, and -13 were determined
using a commercially available fluorescence-based assay kit as previously described.[31,33]
All experiments were repeated in quadruplicate.

Enzyme kinetic assays
Kinetic measurements were performed using the same fluorescence-based assay kit as above
to determine Vmax and Km. Ki was calculated from the Michaelis–Menten equation below:
[41]

(1)

where [I]=inhibitor concentration at the IC50 value and [S]=initial substrate concentration used
to determine IC50 value.
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(2)

To generate the Dixon plot, initial velocities for the enzyme at different concentrations of
substrate were calculated from the Michaelis–Menten equation below.[41] The x-coordinate
value corresponding to the intersection of the lines for different substrate concentrations is
equal to the −Ki.

Computational modeling studies
Computational modeling studies were performed on a PC workstation using a Linux (Red Hat)
operating system. Figure 5 uses a published, minimized computational model of MMPi 3 in
the active site of MMP-3. The model for MMPi 5 was created by simply modifying the ZBG
using Insight II (using standard bond lengths and angles provided by the program) starting with
the structure of 3, without further minimization or optimization of the position of the amide
linker or biphenyl backbone.[32] Hence, the images for MMPi 5 do not possess novel binding
interactions in the S1′ pocket. Superpositions of the various ZBGs in the MMP active sites
were performed as previously reported (Figure S1).[56,57] PDB codes for the MMP structures
are: MMP-2 (1QIB),[58] MMP-3 (1G4K),[59] MMP-8 (1ZP5),[60] and MMP-12 (1RMZ).
[61]

Heart preparation and perfusion
Animal studies were performed according to guidelines by the American Association for
Accreditation of Laboratory Animal Care, and protocols were approved by the University of
California San Diego Institutional Animal Care and Use Committee. Male Sprague–Dawley
rats (250–300 g) were used for the experiments. Hearts were rapidly excised from ketamine-
anesthetized animals and briefly rinsed by immersion in ice-cold Krebs–Henseleit (KH)
solution. They were retrogradely perfused via the aorta at a constant pressure of 60 mmHg with
non-recirculating KH buffer at 37 °C. The composition of the buffer was (mM): NaCl (118),
KCl (4.7), KH2PO4 (1.2), MgSO4 (1.2), CaCl2 (2.5–3.0), NaHCO3 (25), glucose (11), and
EDTA (0.5). The buffer was continuously gassed with 95% O2/5% CO2 (pH 7.4).
Spontaneously beating hearts were used in all experiments. A water-filled cling-wrap balloon
connected to a pressure transducer was inserted into the left ventricle through an incision in
the left atrium and through the mitral valve and the volume was adjusted to achieve an end
diastolic pressure of 8–12 mm Hg. A water-jacketed glass chamber was positioned around the
heart to maintain its temperature at 37°C. Stock solutions of the various MMPi were initially
solubilized in DMSO and subsequently diluted at the desired MMPi concentrations with KH
buffer. The MMPi were provided to the isolated beating hearts both during the stabilization
and reperfusion periods (i.e. throughout the experiment). Final concentrations used of DMSO
in KH buffer were <0.005 %. Control hearts were perfused with the KH buffer with a
comparable concentration of DMSO. The time interval between thoracotomy and attachment
of the heart to the perfusion system for initiation of the stabilization period was <1 min.

Ischemia and reperfusion protocol
After 10 min of aerobic perfusion to achieve steady-state conditions, hearts were subjected to
20–25 min of global no-flow ischemia induced by clamping of the aortic inflow line. This was
followed by 30 min of aerobic reperfusion as the clamp was removed. Using this IR protocol
hearts developed “stunning” conditions during reperfusion. Stunning is defined by the recovery
of contractile function in hearts to ~50% of that observed during the stabilization period.
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Data analysis
Heart rate and left ventricular pressure were monitored on a polygraph and recorded on a
computer system for subsequent analysis. Left ventricular developed pressure (LVDP) was
calculated as the difference between peak systolic and end diastolic pressures of the left
ventricular pressure trace. The work index, rate-pressure product (RPP), was calculated as the
product of heart rate and left ventricular developed pressure. Data are expressed as mean ±SEM.
Student’s t-test was used to determine the statistical significance of the data. A value of P<0.05
was considered statistically significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of the inhibitors examined in this study (1–7). An abbreviated name for each
inhibitor is provided in parentheses. Compounds 6 and 7 are negative controls, as they do not
contain a high affinity ZBG. The numbering scheme used for the pyrone ring system is shown
on the left.
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Figure 2.
Dixon plot of MMP-12 with different substrate concentrations (10 µm=filled circles, 5
µm=open squares, 2.5 µm=open diamonds, 1.67 µm=crosses, 1 µm=plus signs) against varying
concentrations of MMPi 1 (1/v in mmol−1min mg, [I] in nM).
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Figure 3.
Recovery of rate pressure product (RPP) in isolated rat hearts subjected to global no-flow
ischemia (GNFI) and 30 min reperfusion in the absence (controls) and presence of: 5 µm PY-2
(compound 2, upper left), 5 µm 1, 2-HOPO-2 (compound 1, upper right), and 5 µm PICO-2
(compound 6, lower left). A direct comparison of the recovery results from PY-2 and 1, 2-
HOPO-2 are shown in the panel at the lower right. Note, at equal concentrations, 1, 2-HOPO-2
confers a higher recovery of contractile function than PY-2 during reperfusion. All MMPi were
present in the perfusion buffer throughout the experiment. *P<0.05, **P<0.01.
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Figure 4.
Graph of IC50 values (on y-axis) from Table 1 plotted on a logarithmic scale for inhibitors 1–
5. Each MMP is color coded as shown in the legend (MMP-2 dark blue; MMP-3 turquoise;
MMP-8 gray; MMP-12 green; MMP-13 mauve). The top plot shows all of the MMPs tested
and the bottom plot shows only the intermediate and deep S1′ pocket MMPs.
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Figure 5.
Three different views comparing the binding of MMPi 3 (left) and 5 (right) in the MMP-3
active site. Zn2+ ions are shown as magenta spheres, the MMPi in ball-and-stick colored by
atom, and the protein in gray. The three views highlight the steric clash of the N-methyl group
on compound 5 with the protein. Val 163 (shown as sticks in the bottom views) is the residue
that conflicts with the N-methyl substituent.
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