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Structural information on protein-ligand complexes is a fun-
damental necessity for the rational design of new drug candidates
(for reviews, see refs 1-4). The beneficial impact of structure-
based design efforts is evident from the ongoing success in
delivering drugs for clinical evaluation.1,2,5,6The general paradigm
of a structure-based approach is to utilize all of the available
structural information to improve the ligand’s affinity by optimizing
its fit and interaction with the protein target. An increase in affinity
is evaluated on the basis of a number of factors that contribute to
the overall binding energy,7,8 where a variety of computational
methods are used to predict the relative improvement in binding
affinity.3,4,8The computational methods used in typical drug design
projects are generally limited in scope because of the large number
of potential ligands to evaluate. This combined with limited
computer resources and the complexity of the calculations result
in the use of modeling approaches that do not typically yield
rigorous predictions of binding free energies, where solvent effects
and mobility are two factors that typically suffer from approxima-
tions. As a result, for a protein family like the matrix metallopro-
teinases (MMPs), that exhibit an inherent mobility in the active
site,9-13 the accurate modeling of potential inhibitors poses a
particular concern. This problem was clearly illustrated in recent
MMP X-ray structures that demonstrated the ability of side chains
in the active site to undergo conformational changes to accom-
modate a bound inhibitor that was not readily apparent in prior
structures.12,14 Our effort further illustrates the contribution of
dynamics to inhibitor binding from the NMR analysis of MMP
complexes.

The design of inhibitors of various MMPs for use as therapeutic
agents in the treatment of arthritis and cancer has been an
exceptionally active area of research.14,15 The MMPs are involved
in the degradation of the extracellular matrix that is associated with
normal tissue remodeling, and as result, MMP expression and
activity is highly controlled. The apparent loss in this regulation
can result in the pathological destruction of connective tissue and
an ensuing disease state. The MMP family consists of more than
25 enzymes, and it has been postulated that the toxicity demon-
strated by many MMP inhibitors in clinical trials may result from
nonspecific inhibition. Thus, the current approach relies on
structure-based design of inhibitors of specific MMPs, where
selectivity against MMP-1 may be a desirable trait.

The extensive structural data available for the MMPs14 has
enabled the identification of an obvious approach for designing
specificity by taking advantage of the sequence difference and
distinct size and shape of the S1′ pocket. A number of examples
have been previously reported using this approach.11,12,16,17Nev-

ertheless, the observed mobility of the MMP active site may
complicate the design of potentially selective inhibitors.9-13

On the basis of the structural information available at the time,
a series of hydroxamic acid compounds incorporating a butynyl
P1′ group was expected to be selective against MMP-1 activity on
the basis of a poor fit in the MMP-1 S1′ pocket (Figure 1). While
a majority of the designed compounds did exhibit selectivity,
surprisingly some compounds were shown to bind well to MMP-1
and other MMPs in an IC50 range of 5-40 nM. This better than
expected binding is attributed to some interesting dynamics present
in the NMR structures of1 bound to MMP-1 (IC50 40 nM) and
MMP-13 (IC50 5 nM). It is also consistent with the MMP active-
site elasticity previously observed.12,14

1 exhibits a slow exchange between two distinct conformations
when bound to MMP-1. This is indicated by the observation of
two sets of NMR assignments for1 in the MMP-1 complex (Figure
2). The purity and the presence of a single conformation for free1
in 100% DMSO was verified by the observation of a single set of
NMR resonances. The slow-exchange conformations for1 is
apparent in both the 2D-12C,12C-filtered NOESY, and the 3D13C-
edited/12C-filtered NOESY experiments where a distinct set of intra-
and interresidue NOEs are observed between the two different slow-
exchanging conformers and MMP-1. The two distinct conformers
exist at an approximate 1:2 ratio where the structural difference
between the conformers is subtle. The conformers are differentiated
by the relative orientation of the isopropyl group of1. In one
conformer, both isopropyl methyls interact with both N80 and H83,
while in the other conformer only one methyl interacts with N80
while the other interacts with H128. Also, a different set of NOEs
is observed from the aromatic ring in1 to the MMP-1 dynamic
active-site loop (residues 138-144) for the two conformers. This
also suggests that the conformation of the MMP-1 dynamic loop
is distinct between the two conformers. Further supporting the
contribution of dynamics to the affinity of1 with MMP-1 is the
observation that only one conformation for the isopropyl group is
present for1 complexed with MMP-13, as evident from a single
set of NMR resonances.

In addition to the slow-exchange conformations,1 is also in fast
exchange between two bound conformations. This is indicated by
the fact that the compound exhibits NOEs to two distinct sites on
the protein where it is not possible for the binding interactions to
occur simultaneously. The two fast-exchange conformers differ in
the relative orientation of the butynyl group (Figure 3). For one
conformer, the butynyl tail binds toward the center of the dynamic
loop and exhibits NOEs to Y137 and L135. In the second fast-
exchange conformer, the butynyl tail is parallel to helixR2 and the
dynamic loop and has NOEs to residues V115 and L81. It is
important to note that helixR2 incurs significant chemical shift
changes upon binding1 that has not been seen with other classes
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of inhibitors. The two fast-exchange conformers are also present
in the MMP-13:1 complex, where the same relative residues are
involved in the interaction with the butynyl methyl.

The predicted low affinity of1 with MMP-1 based on a static
model from the original “closed-form” of MMP-1 was clearly
misleading, and the resulting structure for the complex emphasizes
the contribution of dynamics to the binding energy of MMP inhibi-
tors. Recent modeling efforts with the “open-form” suggests that1
is capable of binding MMP-1. Thus, the binding of1 to MMP-1
overcomes the steric clash and poor fit of the butynyl group in the
MMP-1 S1′ pocket by maintaining a significant entropic contribu-
tion to its free energy of binding and through the elastic nature of
the MMP active-site. This is accomplished by a rapid twisting
motion of the butynyl group between two reasonable binding modes
in the S1′ pocket, an apparent slow “rocking” motion of the isopro-
pyl group about the catalytic Zn, and the active-site loop and side-
chain motions observed in prior structures.9-13 Both sets of com-
pound motions maintain favorable enthalpic interactions that are
interchanged between the different conformers. In effect, the intrin-
sic energetic cost of opening the S1′ pocket to accommodate1 is
partially compensated for by the motions exhibited by the compound
in the complex. The process of compensating for poor steric inter-
actions by mobility is a delicate balancing act. An analogue of1
where the isopropyl group is removed shows diminished binding
to both MMP-1 (IC50 2 µM) and MMP-13 (IC50 100 nM). The
elimination of the isopropyl group removes a number of beneficial
interactions in the S2′ pocket that are present in either of the slow-
exchanging MMP-1 conformers. More importantly, the presence
of the isopropyl group effectively buries and shields the hydroxamic
acid from the solvent upon chelating the active-site Zn, significantly
increasing the stability of this interaction.18 Clearly, just the presence
of motion is not sufficient to compensate for the poor fit in the S1′
pocket and the resulting energetic cost to open the binding site,
since other favorable enthalpic interactions are also required.
Nevertheless, understanding the inherent mobility of both the ligand
and protein is a valuable asset in aiding the drug design process,
where NMR plays a unique role in obtaining this information.

Supporting Information Available: Experimental procedures,
NMR resonances, and NOE assignments (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.

References

(1) Gubernator, K.; Boehm, H. J.Methods Princ. Med. Chem1998, 6, 15-
36.

(2) Kubinyi, H. Curr. Opin. Drug DiscoVery DeV. 1998, 1, 4-15.
(3) Gane, P. J.; Dean, P. M.Curr. Opin. Struct. Biol.2000, 10, 401-404.
(4) Joseph-McCarthy, D.Pharmacol. Ther.1999, 84, 179-191.
(5) Mihelich, E. D.; Schevitz, R. W.Biochim. Biophys. Acta1999, 1441, 223-

228.
(6) Sintchak, M. D.; Nimmesgern, E.Immunopharmacology2000, 47, 163-

184.
(7) Ajay; Murcko, M. A. J. Med. Chem.1995, 38, 4953-67.
(8) Baker, B. M.; Murphy, K. P.Methods Enzymol.1998, 295, 294-315.
(9) Moy, F. J.; Pisano, M. R.; Chanda, P. K.; Urbano, C.; Killar, L. M.; Sung,

M.-L.; Powers, R.J. Biomol. NMR1997, 10, 9-19.
(10) Moy, F. J.; Chanda, P. K.; Cosmi, S.; Pisano, M. R.; Urbano, C.; Wilhelm,

J.; Powers, R.Biochemistry1998, 37, 1495-1504.
(11) Moy, F. J.; Chanda, P. K.; Chen, J. M.; Cosmi, S.; Edris, W.; Levin, J. I.;

Powers, R.J. Mol. Biol. 2000, 302, 671-689.
(12) Lovejoy, B.; Welch, A. R.; Carr, S.; Luong, C.; Broka, C.; Hendricks, R.

T.; Campbell, J. A.; Walker, K. A. M.; Martin, R.; Van Wart, H.; Browner,
M. F. Nat. Struct. Biol.1999, 6, 217-221.

(13) Zhang, X.; Gonnella, N. C.; Koehn, J.; Pathak, N.; Ganu, V.; Melton, R.;
Parker, D.; Hu, S.-I.; Nam, K.-Y.J. Mol. Biol. 2000, 301, 513-524.

(14) Skiles, J. W.; Gonnella, N. C.; Jeng, A. Y.Curr. Med. Chem.2001, 8,
425-474.

(15) Zask, A.; Levin, J. I.; Killar, L. M.; Skotnicki, J. S.Curr. Pharm. Des.
1996, 2, 624-661.

(16) Moy, F. J.; Chanda, P. K.; Chen, J. M.; Cosmi, S.; Edris, W.; Skotnicki,
J. S.; Wilhelm, J.; Powers, R.Biochemistry1999, 38, 7085-7096.

(17) Chen, J. M.; Nelson, F. C.; Levin, J. I.; Mobilio, D.; Moy, F. J.; Nilakantan,
R.; Zask, A.; Powers, R.J. Am. Chem. Soc.2000, 122, 9648-9654.

(18) Serrano, L.; Kellis, J. T., Jr.; Cann, P.; Matouschek, A.; Fersht, A. R.J.
Mol. Biol. 1992, 224, 783-804.

JA027391X

Figure 1. 1 (IC50 40 nM) positioned in the S1′ binding pocket of free
MMP-1 illustrating the potential steric clash upon binding of the compound
with MMP-1.

Figure 2. Expanded region of the 2D-12C,12C-filtered NOESY experiment
for 1 complexed to MMP-1. The two slow-exchanging conformations for
1 are evident by the two distinct sets of NMR resonances, which are unique
from the free assignments for1. The labeled chemical structure for1 is
also shown.

Figure 3. Ribbon diagram of one-potential conformation of the MMP-1:1
complex, where the solid arrow indicates the rocking motion associated
with the slow-exchange and the dashed arrow indicates the fast-exchange
“twist” motion of the butynyl group pocket. Side chains (green) for residues
involved in the interaction with1 (red) are shown and labeled.
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