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A combination of in silico tools and experimental NMR data is proposed for relatively fast
determination of protein-ligand structural models and demonstrated from known inhibitors
of matrix metalloproteinases (MMP). The 15N 1H heteronuclear single quantum coherence
(HSQC) spectral assignment and the 3D structure, either X-ray or NMR, are needed. In this
method, the HSQC spectrum with or without the ligand is used to determine the interaction
region of the ligand. Docking calculations are then performed to obtain a set of structural models.
From the latter, the nuclear Overhauser effects (NOEs) between the ligand and the protein
can be predicted. Guided by these predictions, a number of NOEs can be detected and assigned
through a HSQC NOESY experiment. These data are used as structural restraints to reject/
refine the initial structural models through further in silico work. For a test protein (MMP-12,
human macrophage metalloelastase), a final structure of a protein-ligand adduct was obtained
that matches well with the full structural determination. A number of structural predictions
were then made for adducts of a similar protein (MMP-1, human fibroblast collagenase) with
the same and different ligands. The quality of the final results depended on the type and number
of experimental NOEs, but in all cases, a well-defined ligand conformation in the protein binding
site was obtained. This protocol is proposed as a viable alternative to the many approaches
described in the literature.

Introduction

Rational drug design strategies must rely on the
availability of high-throughput methods to experimen-
tally determine the structure of candidate drug-target
complexes.1 The obtained structural information is then
used to improve and optimize the candidate drug in a
cyclic procedure. Obtaining three-dimensional macro-
molecular structures is still a time-consuming task.
X-ray structure determination is becoming a high-
throughput method,2 but the method requires the easy
availability of protein crystals that are suitable for
soaking with the various candidate drugs. NMR is also
a high-throughput technique in drug discovery,3,4 but
its power lies mostly in the earlier phases of the process,
i.e., in the first screening of a relatively large number
of compounds. NMR quickly provides information on
binding affinity and on the region of interaction of the
candidate drug with the target molecule.5

NMR is of course also able to determine the three-
dimensional structure of the adduct, but the procedure
is time-consuming.6 Moreover, obtaining a 3D structure
depends on the full assignment of thousands of intra-
protein nuclear Overhauser effect spectroscopy (NOE-

SY) cross-peaks, while the only relevant ones are the
few intermolecular cross-peaks between protein and
ligand signals. In silico prediction of the structure of
the adduct through docking programs, while valuable
in the early ligand design phases, is not reliable at this
stage.7-9 Independently of the docking program used,
in many cases more than one binding poses are found
that do not significantly differ in predicted binding
energies.

The availability of a fast and reliable method able to
provide a molecular model based on few experimental
restraints is an ambitious goal for overcoming these
problems. Recently, several efforts have been performed
in this direction.10-13 For instance, a suite of NMR
experiments has been recently proposed as a tool to
provide structural information on protein-ligand ad-
ducts,12 through intermolecular NOEs detected in se-
lectively labeled proteins. The method is applicable to
very large proteins once their three-dimensional struc-
ture is known.

For smaller proteins, it is worth to investigate whether
a few NOEs may be obtained even without selective
labeling of the proteins. We propose here a combined
use of computational tools and a small number of
experimental NMR restraints as an efficient way of
selecting the correct binding pose among those proposed
by docking programs. The experimental restraints are
(i) the heteronuclear single quantum coherence (HSQC)
chemical shifts to select the region of interest on the
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target, and (ii) the few ligand-target NOEs that can be
unambiguously identified from 15N NOESY-HSQC
experiments. Besides the protein three-dimensional
structure, only a singly 15N-labeled protein sample and
a preexisting assignment of its 15N 1H HSQC spectrum
are required.

The method has been validated by reproducing the
known docked conformation of N-isobutyl-N-[4-meth-
oxyphenylsulfonyl]glycyl hydroxamic acid (NNGH, see
Chart 1) bound to matrix metalloproteinase 12 (MMP-
12, human fibroblast metalloelastase). The method has
been then applied to obtain the docked conformations
of NNGH and other three ligands, (3-[[1-[[2-(hydroxy-
methyl)-1-pyrrolidinyl]carbonyl]-2-methylpropyl]carbam-
oyl]-octanohydroxamic acid (actinonin), N-[(2R)-2-(hy-
droxamidocarbonylmethyl)-4-methylpentanoyl]-L-tryp-
tophan methylamide (galardin), and (2R)-2-mercap-
tomethyl-4-methylpentanoyl-L-phenylalanyl-L-alanine
amide (SIMP-1) (see Chart 1) to MMP-1 (human fibro-
blast collagenase). MMPs belong to a family of zinc-
dependent endopeptidases responsible for the metabo-
lism of extracellular matrix proteins,14-16 and alterations
in their levels are implicated in a wide range of
pathological states,17,18 so that these proteins represent
attractive drug targets.

Methods

The protocol consists of the following steps, reported
in Scheme 1: (a) identification of the protein binding
site, (b) calculation of possible protein-ligand adducts,
(c) prediction of the map of NOEs corresponding to each

computed conformation, (d) determination of few ex-
perimental restraints, able to select the real adduct
among those calculated, and (e) validation and cyclic in
silico refinement of the ligand position in the protein
scaffold. The identification of the protein binding site
can be conveniently performed from the analysis of the
chemical shifts acquired in the presence and in the
absence of the ligand. NOEs between ligand protons and
protein protons are obtained from 15N NOESY-HSQC

Chart 1

Scheme 1
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spectra. The protocol requires that the protein structure
and the assignment of its 15N 1H HSQC spectrum is
known.

HSQC spectra of the protein in the presence and in
the absence of the ligand must be acquired. Most of the
protein peaks will coincide in the two spectra. Only
peaks corresponding to amide protein protons close to
the ligand will be in different positions, but their shift
is usually small enough to be easily assigned. This
information is used to identify the protein binding site,
according to the value of the combined 1H/15N shift
perturbation upon complexation, given by ∆ ) (∆δ(1H)2

+ (∆δ(15N)/6)2)1/2.19 The residues with a significantly
large value of ∆, except those at sizably larger distance
from all others, are used to identify the grid for docking
calculations. The latter is centered on the protein
surface atom closest to the center of the smallest sphere
that comprises all the selected nitrogen atoms.

Due to the complexity of the energy landscape on the
path to the global minimum region,20 a specific ligand-
protein docking program is invoked in order to ac-
curately probe and select the conformations of the ligand
according to appropriate scoring functions. We use the
program Autodock because it has been amply validated
and tested on the target proteins selected for this study.
The docking program can be run to obtain clusters of
the possible adducts. Such clusters are then used to
predict NOEs between protein and ligand nuclei. In fact,
a map of distances between ligand and protein nuclei
can be obtained for each of the different clusters. The
presence of cross-peaks can thus be predicted for the
different possible adducts and compared with the cross-
peaks actually present in the experimental spectra.

The following experiments must be performed: 15N
NOESY-HSQC spectra of the protein-ligand adduct
and of the free protein, and the 1D 1H spectrum of the
free ligand in water. The latter experiment provides an
estimate of where the chemical shifts of ligand signals
in the adduct have to be looked for. The presence of
intermolecular cross-peaks, i.e., peaks between frequen-
cies close to those of the free ligand in one dimension,
and those of the protein amide protons predicted to be
in the vicinity of the ligand in the other dimension, is
checked. Such cross-peaks, if absent in the free protein
spectrum and not attributable to nuclei of other neigh-
boring protein residues, are unambiguously assigned.
A good correspondence between expected and observed
cross-peaks is a clear indication of the goodness of the
corresponding cluster. On the other hand, direct evi-
dence of the unacceptability of some of the clusters
generated by Autodock can be obtained. The experi-
mental NOEs, translated into upper distance limits, can
then be used to refine the remaining acceptable struc-
tures and possibly to further discriminate among them.
The refinement procedure has been developed using
Xplor-NIH. In such procedure, the protein side chains
are left free to move, thus allowing a better docking to
be obtained with respect to docking programs where the
protein is completely rigid.

The refinement procedure consists of loading the
calculated adduct and performing an in vacuo molecular
dynamics simulation in internal coordinates, with back-
bone atoms grouped together to constitute a rigid
structure. A simulated annealing is performed by heat-

ing the system to 1500 K and then cooling it to 50 K in
steps of 50 K. At each temperature, 750 steps of
molecular dynamics simulations are performed with
time steps of 2 fs. The force constant of NOE restraints
is fixed to 30 kcal mol-1 Å-2, and van der Waals,
electrostatic terms and the protein and ligand force field
(angles, bonds, dihedrals and impropers) are also in-
cluded. The resulting structures are then refined with
a Powell minimization, and ordered according to the
value of the target function. The latter is calculated
considering the ligand-residue and residue-residue
interactions only for residues up to 8 Å from the ligand.
This helps reducing the energy “noise” originating from
slight changes in residue-residue interactions far away
from the ligand site. In all cases, the best 10 structures
over 200 calculated through Xplor-NIH starting from
each tentative docking structure are very similar to one
another.

The structure of the adduct is thus calculated through
the consecutive use of the program Autodock and the
refinement procedure working in Xplor-NIH. Xplor-NIH
calculations can significantly change the protein side
chain positions after complexation. Therefore, cycling
between Autodock and Xplor-NIH refinement is neces-
sary until convergence to a fixed protein structure is
achieved. We have tested that such approach can
actually select the correct ligand-protein docking,
among those proposed by Autodock. Furthermore, the
introduction of experimental data and the allowed
mobility of the protein side chains provide more confi-
dence in the obtained adduct.

MMP systems, the receptors that we used in this
work, have a catalytic zinc ion as active center, coordi-
nated to three histidines. The three zinc-coordinated
histidines were treated as the neutral form with the
hydrogen on ND1, whereas other histidines used the
default option with hydrogen on NE2. Glutamates were
treated as charged form as default, except the catalyti-
cally essential glutamate 219,21 at the second shell of
the zinc binding site. The latter residue was protonated,
with the hydrogen on the oxygen nearest to the catalytic
zinc, or deprotonated depending on whether the zinc
donor atom closest to it was deprotonated (hydroxamate
ligands)21 or protonated (thiol ligands). To take into
account the electron density delocalization due to coor-
dination of ligands, the charge of the zinc ion was
distributed among the protein ligands.21

Results

Test with a Known Structure: MMP-12-NNGH.
NNGH is a broad spectrum MMP inhibitor able to
interact with both the catalytic zinc and the S1′ cav-
ity.6,22 In particular, it is able to bind MMP-12 with
nanomolar affinity (Kd ) 10 nM),6 and for this reason
it has been chosen as a model system to study protein-
inhibitor interactions. Its molecular structure is re-
ported in Chart 1.

The structure of MMP-12 complexed to NNGH is
already known,6 as both the X-ray (Figure 1A) and the
NMR structures of the adduct have been solved. There-
fore, we used such system as a test for our protocol. The
HSQC spectra of the protein without and with the
NNGH in solution were acquired. Inspection of residues
showing significant chemical shift perturbation (see
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Table 1) permitted to define the ligand binding region
as the protein catalytic site (defined here as constituted
by the zinc binding region, the S1′ pocket and the
substrate binding groove) with reasonable accuracy. As
expected from the crystal structure of the MMP-12-
NNGH adduct, among the affected resonances are
residues 210, 211, 215, and 216 on the R helix at the
bottom of zinc binding site, residues 237, 239-240 and
242 forming the hydrophobic S1′ cavity, and residues
179-182 and 184 on the strand facing both the catalytic
metal and the S1′ pocket (Figure 1B).

Calculations were performed using the X-ray struc-
ture of the protein (PDB 1Y93) at 1.03 Å resolution.6
Autodock was used to select the lower docking energy
conformations. Docked conformations were clustered
according to a maximal RMSD of 1 Å (Figure 2). The
docking energies for the first, second, third and fourth
clusters were -15.89, -15.84, -15.01, and -14.44 kcal
mol-1, respectively. The second cluster is in accordance
with the X-ray structure of the adduct (PDB 1RMZ).6
The plane containing the hydroxamic group in the first
and third cluster is oriented perpendicularly to the
plane containing the hydroxamic group in the second
cluster. The p-methoxy-phenyl group enters more deeply
in the S1′ pocket in the first than in the third cluster.
In the fourth cluster the p-methoxy-phenyl group does
not sit in the S1′ pocket.

These structures were separately refined with Xplor-
NIH using the already available NOEs with protein

backbone NH atoms (see Figure 3B).6 The second cluster
remains essentially unchanged, with total energy -1184
kcal mol-1 (see Figure 2). The structure calculated using
the third cluster as starting conformation is similar to
the previous one, with total energy -1179 kcal mol-1.
The structure calculated from the first cluster has total
energy -1062 kcal mol-1, and no coordination of the
hydroxamic group to the metal ion; the one calculated
from the fourth cluster has total energy -734 kcal
mol-1, and the p-methoxy-phenyl group outside the S1′
pocket.

Slight changes in the side-chain protein structure
were obtained, and new Autodock calculations were thus
performed using the three lowest energy Xplor-NIH
protein structures. Remarkably, the lowest docking
energy clusters calculated by Autodock now converge
to similar conformations using the second and third
Xplor-NIH protein structure (see Figure 2). These
conformations are in agreement with the X-ray struc-
ture, with docking energy from -15.85 kcal mol-1 to
-15.63 kcal mol-1. Xplor-NIH refinements provided
structures (see Figures 2 and 3B) with lowest total
energy from -1197 to -1180 kcal mol-1, in agreement
with the X-ray structure (see Figure 3A).

Analogous calculations were performed also using the
X-ray structure PDB 1OS9, with 1.85 Å resolution.23 In
this structure the active site of one molecule is not
hosting an external ligand but the N-terminal part of
the neighboring protein molecule. The calculations
converged to the same adduct obtained starting from
the 1Y93 structure.

Determination of Structural Models for Ligand
Adducts of MMP-1. NNGH itself and three other
known strong inhibitors of MMPs were selected as
representatives of different classes of ligands and tested
against MMP-1. The test consists in following the
protocol described above and checking whether (i)
unambiguous NOEs could be obtained and (ii) the
cycling between Autodock and Xplor-NIH calculations
permits the selection of one ligand conformation. Cal-
culations were performed using the X-ray structure of
the inhibitor-free protein (PDB 1CGE) with 1.90 Å
resolution.24

MMP-1-NNGH. The first ligand examined is the
same ligand used to validate the protocol with MMP-
12. The structure of the NNGH adduct with MMP-1 is
not known, although it is reasonable to believe that it
will adopt a similar conformation. We measured an IC50
value for the adduct of 174 nM.

Chemical shift perturbation affects the zinc binding
histidine 228 and the neighboring residues 226, 227, and
229, residues 239, 240, and 243 forming the S1′ hydro-
phobic pocket, residues 215, 217, and 219 on the R-helix
where the metal binding site is inserted, and residues
180 and 184 on the parallel strand (see Figure 1C). This
is an expected feature, but it is a new independent
experimental information based on which an Autodock
grid was generated. The grid resulted nicely centered
around the known catalytic site. Autodock calculations
using this grid were thus performed.

The four lower docking energy clusters were analyzed.
The docking energies were -14.68, -13.99, -13.94, and
-13.81 kcal mol-1, respectively. The structures in the
first and third clusters show similar hydroxamate

Figure 1. X-ray structure of the MMP-12-NNGH adduct
(PDB 1RMZ) (A), residues of MMP-12 affected by chemical
shift perturbation upon complexation with NNGH (B), and
residues of MMP-1 affected by chemical shift perturbation
upon complexation with NNGH (C), actinonin (D), galardin
(E), and SIMP-1 (F) (see Table 2).
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coordination to the catalytic zinc. The ligands in the
second cluster are oriented similarly to those in the first
cluster, but the hydroxamic acid is coordinated to zinc
only though the carboxylic oxygen. The structures in the
fourth cluster show coordination of the sulfonate oxygen
(SO) atoms to zinc. In all cases the p-methoxy-phenyl
group sits in the S1′ hydrophobic pocket. The position
of the i-butyl group changes in the four adducts. In the
first and second clusters it prevents the formation of
hydrogen bonding between the hydroxamic HN and
alanine 182 oxygen, whereas the latter hydrogen bond
is present in the third cluster.

NOE restraints were obtained in the following way.
In the 15N NOESY-HSQC spectrum, a cross-peak at
chemical shift of 11.7 ppm is present in the N leucine181
plane (Figure 4). Such a shift is too high to be assigned
to a protein signal, as no tryptophan residue is close to
the active site. Therefore, it was assigned to the unique
amide proton of NNGH. Aromatic protons of NNGH are
close to N of residues glycine 221, histidine 222, alanine
216, and arginine 214 according to the structures calcu-
lated by Autodock. We have searched in the spectrum
all the long range NOEs between aromatic protons and
amide groups of these residues. New peaks in the
spectrum of the adduct that cannot be due to intrapro-
tein interactions actually appear in the aromatic region
(Figure 4) and were assigned as reported in Table 2.

The structural families obtained with Xplor-NIH
starting from the first three lowest Autodock docking
energy structures converged to the same conformation
(see Figure 5). This conformation was similar to the
conformation of the third Autodock cluster, with the
exception that the sulfur oxygen H-bonded to alanine
182 was the most external oxygen atom rather than the
internal one. The lowest total energies were -622, -617,
and -615 kcal mol-1, respectively. The lowest total
energy of the structural family obtained with Xplor-NIH
starting from the fourth Autodock structure was -592
kcal mol-1. This adduct, slightly different from the other
three for the fact that zinc coordination by hydroxamate
was loose, can be excluded due to its larger energy.

No appreciable changes in the protein side chain
positions are observed and thus further Autodock/Xplor-
NIH cycles were not needed. Therefore, the structural
family shown in Figure 3C represents an experimentally
validated and unique structural model for the MMP-
1-NNGH adduct.

MMP-1-Actinonin. Actinonin, whose molecular
structure is reported in Chart 1, is a well-known

inhibitor of aminopeptidases and peptide deformylase.25

It is also a strong inhibitor for some MMPs, with a Ki

of 300 nM for its adduct with MMP-1.26

Chemical shift perturbations again allow us to map
the region of interest on the protein surface. Residues
215, 217, 218, 220, 223, and 227 forming the metal
binding site, residues 235, 236, and 249 on the loop that
covers the S1′ pocket, and residues 180 and 182 on the
spatially close strand (see Figure 1D) define the ligand
binding region and were used for the definition of the
Autodock grid. Despite the incomplete correspondence
of the affected residues with those found for the NNGH
adduct, the resulting grid was quite similar. Four
clusters were then calculated (docked conformations
were again clustered according to a maximal RMSD of
1.0 Å, see Figure 6). In all structures the hydroxamate
is bound to the catalytic zinc. However, whereas in the
first two structures the pentyl group is located inside
the S1′ hydrophobic pocket and the external propyl
group is differently oriented, in the third and fourth
structures the two groups are interchanged. The lowest
docking energy for the structures in the four clusters
were -19.91, -19.11, -18.82, and -18.62 kcal mol-1,
respectively.

Cross-peaks of all protons belonging to the ligand with
the HN protein protons expected at distances shorter
than 5 Å for one or another cluster were looked for in
the 15N NOESY-HSQC spectrum. Since the NH of
tyrosine 240 has two unassigned cross-peaks at fre-
quencies typical of methyls, they must be related to two
methyl groups that are close in the structure of the
adduct. From the clusters generated by Autodock, they
can only be H′ and H′′′. The following peaks were thus
assigned: (a) methyl protons H′′′ with tyrosine 240 and
with the aligned threonine 241 and (b) H′ with tyrosine
240. Among the clusters generated by Autodock, the
third and fourth clusters can be readily excluded,
because in such structures the above cross-peaks could
not be observed. Therefore, by looking at the other two
clusters, we also assigned the following cross-peaks,
which cannot be assigned to other intraresidue protons
or to side chain protons of close residues: (c) alanine
184 with H1 and tyrosine 240 with H6, as such protons
are the closest to the coupled HN protons; (d) leucine
181 and tyrosine 240 with H′, as they are aligned and
close to one another.

Xplor-NIH calculations were thus performed to refine
the selected Autodock structures. Actually, we per-

Table 1. MMP Residues Subjected to Significant Chemical Shift Perturbations (in bold)a

seq 163 171 174 186 204 209

MMP12+NNGH F A R G A H G D D .. F D G K G G I L A H A F G .. T T H S G G
MMP1+NNGH F V R G D H R D N .. F D G P G G N L A H A F Q .. T N N F R E
MMP1+act F V R G D H R D N .. F D G P G G N L A H A F Q .. T N N F R E
MMP1+SIMP1 F V R G D H R D N .. F D G P G G N L A H A F Q .. T N N F R E
MMP1+gal F V R G D H R D N .. F D G P G G N L A H A F Q .. T N N F R E

seq 210 230 235 243 249

MMP12+NNGH T N L F L T A V H E I G H S L G L G H S S .. V M F P T Y K Y V S
MMP1+NNGH Y N L H R V A A H E L G H S L G L S H S T .. L M Y P S Y T F S A
MMP1+act Y N L H R V A A H E L G H S L G L S H S T .. L M Y P S Y T F S A
MMP1+SIMP1 Y N L H R V A A H E L G H S L G L S H S T .. L M Y P S Y T F S A
MMP1+gal Y N L H R V A A H E L G H S L G L S H S T .. L M Y P S Y T F S A

a Residue numbers refer to the MMP-1 sequence. Chemical shifts for residues in italics are not available.
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formed the calculations not only starting from the first
two structures, but also starting from the structures
excluded according to the observation of the 15N NOE-
SY-HSQC spectrum. The first and second family of
structures calculated with Xplor-NIH are very similar
to the corresponding Autodock structures; the third
Xplor-NIH structural family shows significant rear-
rangements in the position of the ligand branches, but
the pentyl group remains located outside the hydropho-
bic pocket; in the fourth Xplor-NIH structural family

the pentyl group lies in the hydrophobic pocket, thus
resulting similar to the first and second families. Xplor-
NIH energies for the four families are -870, -862,
-811, and -840 kcal mol-1, respectively. This indicates
that the third structure, quite different from the other
three, is not acceptable. The calculations show that the
method is indeed robust. In fact, the first two Autodock
structures that were selected from the observation of
the NMR spectra actually have the lowest energy,
whereas the third has a sizably larger energy even after

Figure 2. Representative structures of the MMP-12-NNGH adduct for the four lowest energy clusters obtained from Autodock
(first row), Xplor-NIH (second row), a second Autodock run (third row), and further Xplor-NIH calculations (fourth row). The
final validated structures are highlighted.

Combining in Silico Tools and NMR Data Journal of Medicinal Chemistry, 2005, Vol. 48, No. 24 7549



Xplor-NIH refinement. Interestingly, the fourth Au-
todock structure, initially completely different from the
first two, was brought by Xplor-NIH calculations to
converge with the first two.

A second Autodock and Xplor-NIH cycle was per-
formed starting from the lowest energy protein struc-
ture. The calculated Xplor-NIH structures, in fact,
showed slightly different positions of protein side chains,
in particular of residues leucine 181, proline 238, and
tyrosine 240. Such new protein conformation was pro-
vided to Autodock for a new docking calculation. The
best four Autodock clusters (docking energy -20.61,
-19.07, -18.99, and -18.88 kcal mol-1) were then
provided to Xplor-NIH. The first, third and fourth
clusters display both the hydroxamate and the pentyl
group in similar positions; the second one is completely
different (the hydroxamate does not bind the zinc ion).
All lowest energy Xplor-NIH structures (see Figure 3D),
with the exception of those calculated starting from the
second Autodock structures, converged to the third
Autodock conformation, and are equivalent to the lowest
energy Xplor-NIH family calculated in the first cycle.
The total energies for these structures are -881, -880,
and -870 kcal mol-1. The Xplor-NIH structure calcu-
lated starting from the second Autodock structure has
a total energy of -810 kcal mol-1 and can thus be
excluded. Therefore, the structure family of Figure 3D
is a unique structural model for the MMP-1-actinonin
adduct.

MMP-1-Galardin. Galardin (see Chart 1) is a broad
spectrum peptidomimetic inhibitor of MMPs16 with an
IC50 of 1.5 nM for MMP-1.27 Chemical shift perturbation

involved residues 215, 216, 218, 220, 223, 227, and 228
at the metal binding site, 236, 237, 240, and 243 at the
large loop covering the S1′ cavity, and 179 and 183 at
the strand facing the S1′ cavity and the metal binding
site (Figure 1E). These residues were used to define the
Autodock grid, which again was found very similar to
the previous ones. The four lowest docking energy
clusters calculated by Autodock (-19.79, -19.51, -18.59,
and -17.48 kcal mol-1, respectively) showed the follow-
ing features (see Figure 7). In the first, second and third
cluster the i-butyl group enters the S1′ pocket, whereas
in the fourth cluster it is outside. The structures in the
first and second clusters are very similar, as they differ
only for the orientation of the indole group, positioned
outside the S1′ pocket. The structures in the third and
fourth cluster are quite different from those in the first
and second cluster, including the position of the indole
group, which in any case remains outside the S1′ pocket.

In the 15N NOESY-HSQC spectrum, two cross-peaks
are present in the N phenylalanine 242 and tyrosine
240 planes. Such peaks are at chemical shifts typical of
methyl groups and cannot be assigned to any intraresi-
due proton or proton of close residues. Since in galardin
there are three methyl groups, two of them being close
in the structure, the latter (H′ and H′′) were assigned
to these peaks. Another cross-peak is present that
cannot be assigned to protein protons in the plane of
tyrosine 240. This cross-peak falls into the aliphatic
region, and therefore it could be provided by CH or CH2
protons. Since such proton must be close to H′ and H′′,
which have also a cross-peak with tyrosine 240, it was
assigned to H6 or H7.

Figure 3. X-ray structure of the MMP-12-NNGH adduct (A),
structures calculated with the proposed protocol of the MMP-
12-NNGH adduct (B), and structures calculated with the
proposed protocol for the adduct of MMP-1 with NNGH (C),
actinonin (D), galardin (E), SIMP-1 (F). Labels in panels B-F
indicate the residue numbers of amino acids exhibiting NOE
contacts to the ligands.

Figure 4. Protein-ligand cross-peaks observed in the 15N
NOESY-HSQC spectrum of the MMP-1-NNGH sample.
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Xplor-NIH calculations change only slightly the con-
formations obtained with Autodock relative to the first
three clusters. The structure obtained starting from the
fourth Autodock cluster is instead modified by the NOE
restraints to have the i-butyl group inside the S1′ pocket
as in the other three clusters. The total energy of the
Xplor-NIH structures are -575, -578, -565, and -527
kcal mol-1, respectively. Only small changes in the side
chain positions have been observed, regarding in par-
ticular residues from 238 to 241.

The three protein structures with the smallest Xplor-
NIH energy were used to repeat Autodock calculations.
In the first case Autodock produced the two lowest
docking energy clusters very similar to those obtained
in the first run (-18.87 and -18.57 kcal mol-1), whereas
the third and fourth clusters (with docking energy
-18.08 kcal mol-1) have now the indole group inside
the S1′ pocket. These conformations can be excluded by
the observed NOEs. It is remarkable that such faulty
Autodock behavior occurs in the second round, i.e., after
adjustment of the structure by Xplor-NIH minimization.
This observation underlines the need for experimental
restraints to gain confidence in in silico models. In the
second case, the three lowest docking energy clusters
are again very similar to those obtained in the first run

(-19.59, -19.56, and -18.14 kcal mol-1), whereas in
the fourth cluster (with docking energy -17.83 kcal
mol-1) the i-butyl group is outside the S1′ pocket. In
the third case, the lowest docking energy cluster is again
similar, with energy -18.42 kcal mol-1. The Xplor-NIH
calculations performed with the four lowest docking
energy structures as starting conformations converged
to a unique conformation (-586, -584, -576, and -576
kcal mol-1), except for the indole group, which, being
outside the S1′ pocket, is free to move (Figure 3E).
Again, the family of Figure 3E can be confidently taken
as a validated structural model for the galardin adduct
of MMP-1.

MMP-1-SIMP-1. SIMP-1 is a polypeptide derivative
able to inhibit collagenases.16 Its molecular structure
is reported in Chart 1. We measured an IC50 value for
the adduct of 46 nM. In the MMP-1-SIMP-1 adduct,
affected resonances include residues 215, 217-218, 220,
222, 223, 227, and 228 on the R helix of the zinc binding
site, residues 235-237, 239, 240, and 242 forming the
S1′ cavity, and residues 179, 180, and 184 on the strand
facing both the catalytic metal and the S1′ pocket
(Figure 1F). The four clusters with smallest docking
energy calculated by Autodock (see Figure 8) have
docking energy of -16.15, -15.92, -15.76, and -15.72

Table 2. Observed NOEs between MMP-1 Amide Protons and Ligand Protons

181 182 184 214 216 221 240 241 242

NNGH H1 (H10,H11) (H10,H11) H12
H13

actinonin H′ (H3,H4) H1 H′′′ H′′′
H6 H′ (H23,H24)

H6
galardin H′ H′

H′′ H′′
(H6,H7)

SIMP-1 (H17,H18,H19,H20,H21) H′ H′′
H′′

Figure 5. Representative structures of the MMP-1-NNGH adduct for the four lowest energy clusters obtained from Autodock
(first row) and from Xplor-NIH (second row). At this point convergence was obtained. The final validated structures are high-
lighted.
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kcal mol-1. In the first and second clusters the sulfur
atom coordinates the catalytic zinc; in the first cluster
the S1′ pocket interacts with the ligand benzyl group,
in the second with the i-butyl group. In the third cluster
the sulfur atom is hydrogen bonded to the oxygen of
glycine 179, on the other site of the catalytic pocket with
respect to the zinc ion, and the ligand benzyl group sits
in the S1′ pocket. In the fourth cluster, the ligand is
oriented similarly as in the first cluster, but the ligand

sulfur atom is loosely coordinated to the zinc ion, and
hydrogen bonded to glutamate 219.

In the 15N NOESY-HSQC spectrum, in the N plane
of residue leucine 181, there are two signals in the
aromatic region that cannot be assigned to protein side
chains. Therefore, they must be assigned to protons of
the aromatic ring of the SIMP-1. Two cross-peaks, one
of low and one of high intensity, are present in the N
plane of tyrosine 240 at frequencies typical of methyl

Figure 6. Representative structures of the MMP-1-actinonin adduct for the four lowest energy clusters obtained from Autodock
(first row), Xplor-NIH calculations (second row), a second Autodock run (third row), and further Xplor-NIH calculations (fourth
row). The final validated structures are highlighted.
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groups that cannot be assigned to intraresidue or
sequential contacts. In one of the clusters calculated by
Autodock, N of tyrosine 240 is close to two of the three
methyls of SIMP-1, H′ being closest than H′′, and thus
the cross-peaks were correspondingly assigned (see
Table 2). A further distance restraint is determined from
another cross-peak in the N plane of threonine 241,
aligned with the signal assigned to H′′.

Xplor-NIH calculations select the second Autodock
cluster as the correct one. In fact it remains almost
unchanged after refinement, with total energy -709

kcal mol-1. Calculations performed starting from the
other clusters provide structures very different from the
starting ligand conformation, and with the ligand not
coordinated to the zinc ion. Their total energies are
larger than -634 kcal mol-1 and such structures are
thus excluded.

Slight changes in the protein side chain positions are
observed, in particular on residues 180, 214 and 219. A
second Autodock calculation was thus performed. The
first three clusters (with docking energy of -16.15,
-16.12 and -15.88 kcal mol-1, respectively) show a

Figure 7. Representative structures of the MMP-1-galardin adduct for the four lowest energy clusters obtained from Autodock
(first row), Xplor-NIH calculations (second row), a second Autodock run (third row), and further Xplor-NIH calculations (fourth
row). The final validated structures are highlighted. The configuration of the indole ring is not defined because of lack of
experimental restraints and strong energetic preference in Xplor-NIH calculations.
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ligand pose similar to that calculated in the first and
fourth clusters of the first Autodock run. The fourth
cluster, with docking energy -15.77 kcal mol-1, is
instead similar to the pose already identified as correct.
Xplor-NIH calculations again confirmed such structure
as the correct one, with total energy -708 kcal mol-1.
The corresponding family is shown in Figure 3F. This

family represents the validated structural model of the
MMP-1-SIMP-1 adduct.

Backbone Mobility. To test the protocol for possible
protein backbone rearrangements upon complexation,
Xplor-NIH calculations were also performed with al-
lowing the protein backbone to move in the protein
region affected by chemical shift perturbation. In all

Figure 8. Representative structures of the MMP-1-SIMP-1 adduct for the four lowest energy clusters obtained from Autodock
(first row), Xplor-NIH calculations (second row), a second Autodock run (third row), and further Xplor-NIH calculations (fourth
row). The final validated structures are highlighted.
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cases we found no appreciable differences in the results.
In fact, for all adducts the lowest energy structures
corresponded to those identified as correct in the
calculations performed with rigid backbones.

Discussion

A protocol has been developed to merge the “pure”
docking capability of Autodock (or other docking pro-
grams) with the exploitation of available experimental
restraints. For the relatively strong ligands (Kdiss ap-
proximately micromolar or less) elected here, the pro-
tocol has been shown to be efficient, robust and reliable.
As shown in Scheme 1, the protein binding site is
identified from chemical shift perturbation in the HSQC
spectrum of the protein upon complexation. The obser-
vation of shift perturbations on passing from the as-
signed spectrum of the free protein to the spectrum of
the adduct permits the definition of the protein grid to
be used in Autodock calculations. Autodock usually
provides several clusters of structures for the adduct,
which often have similar docking energy. These struc-
tures are used to calculate maps of NOEs, to be
compared with NOEs actually observed in the 15N
NOESY-HSQC spectrum of the adduct. A few ligand-
protein NOEs can always be assigned, and the latter
can be used as restraints in Xplor-NIH calculations for
selection, validation and refinement of the Autodock
structures. One-two cycles at most may be needed in
case Xplor-NIH calculations modify some protein side
chain positions with respect to the structure provided
to Autodock. All these steps could be performed semi-
automatically, if required.

The protocol relies on the following information to be
available: the protein structure; the assigned HSQC
spectrum of the free protein; the 15N NOESY-HSQC
spectrum of the free protein; the HSQC and 15N NOE-
SY-HSQC spectra of the protein-ligand adduct; and
the 1D 1H spectrum of the ligand. The protocol has been
developed in order to avoid preparation of doubly
labelled samples and assignment of protein side chains,
thus resulting in a much faster throughput.

We have shown that such approach is actually ef-
ficient in finding the protein-ligand structure for four
adducts of MMP-1 with different ligands. The peculiar-
ity that makes this approach successful in the cases here
examined is the combination of a docking program, able
to quickly and efficiently sample the possible binding
poses, with a molecular dynamics program, which
selects the proposed poses using few unambiguous
experimental data. In this way the efficiency of the
former program is coupled to the complexity of the
latter, which also allows for protein side chain move-
ments. The program has been deliberately tested using
only unambiguous NOEs obtainable from the assign-
ment of HN, but it is obviously open to the use of
additional or different restraints. We decided to use the
chemical shift perturbations only for the determination
of the grid to be used for the docking program calcula-
tions, without including them as restraints in the
molecular dynamics program due to their ambiguous
nature, although ambiguous restrains could be in
principle used, either as such, as recently proposed,13

or through calculation of j-surfaces.10 The use of chemi-
cal shift perturbations for the determination of the grid

is much less stringent than their use as constraints, as
a few “second sphere” shifts erroneously mistaken for
first sphere shifts may drive the ligand in wrong
positions, while the resulting grids are expected to be
only somewhat broadened. As a matter of fact, differ-
ences in perturbed residues from one ligand to another
do not result in grossly different grids, and the latter,
in all cases, encompassed the whole catalytic site.

Several predicting programs for protein-ligand ad-
ducts have been proposed in the literature. Inclusion of
biochemical and biophysical data in docking protocols,
called guided docking,28,29 is a common approach to
reduce the conformational variety of the proposed
solutions. Some other programs7-9,30-35 work totally in
silico, without experimental information on the inves-
tigated adduct, and perform docking calculations with
an improved level of sophistication. They can be suc-
cessful, but the level of confidence for the proposed
adduct is difficult to establish. Furthermore, a strong
bias toward known solutions or preconceived require-
ments is introduced if the docking is restrained accord-
ing to chemical information derived from databases of
protein-ligand complexes. Other programs36-39 use the
experimental NMR information more systematically,
thus being similar to structural determination programs
and therefore more time-consuming. NMR-derived re-
straints were also used in docking programs to identify
the location of the ligand binding10 and to restrict the
conformational space for molecular modeling routines.11

NMR experiments on selectively labeled proteins were
also used to obtain structural information on protein-
ligand complexes.12 This approach, although more ex-
pensive than the one here proposed, is probably the only
viable in case of large proteins. To our knowledge this
is the first time that an approach is proposed where few
experimental data are used to select and refine poses
proposed by fast docking programs.

Autodock has been selected among the docking pro-
grams because in the case of MMPs it was demonstrated
to be a robust program with good docking accuracy and
reliability, including the correct geometry of the zinc
binding groups.21,40 It employs a genetic algorithm
searching function, able to efficiently sample large
search spaces. Different docking programs could how-
ever be used if considered more reliable in other cases.
In the same way, other molecular dynamic programs
could be used instead of Xplor-NIH. We used Xplor-NIH
as an NMR-oriented widespread general program for
structural calculations using simulated annealing. Ligand
growing procedures30 may also be implemented in Xplor-
NIH, resulting probably useful especially in case of large
ligands.

Although the presence of the metal ion in MMPs tends
to restrict the number of Autodock clusters by favoring
poses where the hydroxamic moiety is coordinated to
the metal, the protocol is expected to be useful also in
case of proteins not containing catalytic ions. Actually,
docking programs are developed to work mainly in their
absence, and, in case they propose several different
conformations, the detection of NOEs may result deci-
sive for the selection of the correct one. Indeed, as we
have seen, Autodock does not always succeed in cor-
rectly binding the metal to the hydroxamic moiety.
Furthermore, in the absence of the metal, further
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H-bonds or van der Waals contacts should occur for
strong ligands, which would likely provide additional
intermolecular NOEs.

We have shown that it is possible to obtain few
intermolecular experimental NOEs through fast NMR
experiments without the necessity to assign all protein
NOESY cross-peaks. Only unambiguous NOEs between
protein and ligand protons have been considered; there-
fore, cross-peaks were assigned to ligand protons only
if they could not be reasonably assigned to any protein
side chain proton, taking into account the structural
adducts proposed by Autodock. In all cases here ad-
dressed, experimental restraints have been shown to be
necessary and sufficient to extract the adduct conforma-
tion among the several proposed by Autodock with
similar docking energy, and thus are used to validate
them. Furthermore, the approach proposed can also be
useful to refine the structure of the ligand-protein
adduct, especially because local small modifications in
the protein structure (of side chains, if sufficient as in
the present case, but also in the protein backbone, if
needed - see below) can be accommodated by cycling
between Autodock/Xplor-NIH runs. This makes the
present approach preferable to the direct introduction
of distance restraints in docking programs with a fixed
protein matrix.

The solution structure of the inhibitor-free MMP-1,
obtained from a series of 3D triple-resonance NMR
experiments, shows nearly identical both backbone and
secondary structures than the crystallographic struc-
tures.41 Furthermore, the backbones of the solution
structures of the inhibitor-free MMP-1 and of the
MMP-1 complexed with a sulfonamide derivative of the
hydroxamic acid compound have been shown to be
essentially identical,42 although mobility measurements
indicate that the region near the active site is highly
mobile.41,42 It is thus reasonable, at least in our case, to
assume that the protein backbone remains rigid during
complexation in solution, and with structure identical
to the crystallographic structure.

Although not necessary for the present calculations,
also the protein backbone could be allowed to (partially)
move in Xplor-NIH calculations (see results). This could
be important if modest backbone rearrangements are
expected upon ligand binding, as could be indicated by
chemical shift perturbations spread out over a wider
region.

It is known that effective MMP inhibitors achieve
tight binding via extensive van der Waals contacts with
the hydrophobic interior of S1′ and by strong electro-
static interactions with zinc and nearby charged or polar
side chains.43 All calculated adducts indeed show ligand
coordination to the catalytic zinc and the formation of
a net of hydrogen bonds between ligand and protein
residues. This result is not trivial as it may seem, as
several of the initially obtained Autodock structures had
severely distorted - or were even lacking - hydroxam-
ate coordination to the zinc ion.

The distance between zinc and hydroxamate oxygens
is in all calculated structures between 1.95 and 2.25 Å.
The O-Zn-O angle is always between 86 and 93°. The
coordination geometry is distorted square-pyramidal in
MMP-12-NNGH and MMP-1-actinonin, and distorted
trigonal bipyramidal, with hydroxamic O2 and N his-

tidine 222 in axial positions, in MMP-1-NNGH and
galardin. All hydrogen bonding interactions between
MMPs and ligands are reported in Table 3. In particu-
lar, H-bonds are present in all adducts with NNGH,
actinonin, and galardin between oxygen of alanine 182
and the amide proton of the hydroxamic group, as well
as between the protonated glutamate 219 and the
oxygen of the hydroxamic group. H bonds are also
present between ligands and HN of Leu 181, as previ-
ously seen in the MMP-1-CGS42 and in the MMP-12-
NNGH adducts. In the MMP-1-SIMP-1 adduct, with a
distorted tetrahedral coordination geometry around the
zinc ion, constituted by the three histidine nitrogen
atoms and the sulfur SIMP-1 atom, a net of hydrogen
bonds is formed, connecting the ligand to the protein
atoms (see Table 3). Both the coordination geometry and
the H-bonding network can be used to assess the
reliability of the obtained adducts. In all the adducts,
the inhibitors establish enough interactions to reach
nanomolar affinity. In particular, all the ligands bind
the metal, place a lipophilic moiety into the S1′ cavity
and establish two or more hydrogen bonds with atoms
of the protein groove. This binding mode is reasonable
and is indeed adopted by many strong ligands of MMPs.

Cycling between fast docking programs and Xplor-
NIH calculations can be used to assess ligand-protein
structures also in the presence of restraints different
from NOEs. Diamagnetic residual dipolar couplings
have already been demonstrated to be extremely useful
to predict the structure of protein-protein adducts.20,44-46

Also pseudocontact shifts have been used for the study
of protein-protein docking.47 Paramagnetism-based
restraints, and in particular paramagnetic relaxation
rates, pseudocontact shifts and residual dipolar cou-
plings, arising when a paramagnetic metal ion is
coordinated to the protein, could be employed as re-
straints in the proposed protocol for protein-ligand
docking. Xplor-NIH has the advantage that it already
contains the tools needed to deal with such restraints.48

Table 3. Predicted H-bonds between Protein and Ligand
Nuclei

MMP-12-NNGH 181 Leu HN NNGH O4/O3
182 Ala HN NNGH O3
219 Glu HO1 NNGH O1
NNGH H1 182 ALA O

MMP-1-NNGH 182 Ala HN NNGH O4
219 Glu HO1 NNGH O1
NNGH H1 182 Ala O

MMP-1-actinonin 181 Leu HN act O3
219 Glu HO1 act O1
240 Tyr HN act O4
act H1 182 Ala O
act N2 238 Pro O

MMP-1-galardin 181 Leu HN gal O3
182 Ala HN gal O3
219 Glu HO1 gal O1
240 Tyr HN gal O4
gal H5 238 Pro O
gal H1 182 Ala O

MMP-1-SIMP-1 181 Leu HN SIMP1 O1
182 Ala HN SIMP1 O1
240 Tyr HN SIMP1 O2
SIMP1 H8 238 Pro O
SIMP1 H1 219 Glu OE1
SIMP1 H23 179 Gly O
SIMP1 H26 210 Tyr OH
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Conclusions

A novel protocol to obtain validated structural models
of protein-ligand complexes has been developed and
applied for the determination of the structure of the
adducts of the protein MMP-1 with four different
ligands. The method was shown to be reliable, as tested
for the known structure of the adduct of one of these
ligands with MMP-12. It uses NMR derived restraints
obtained using singly (15N) labeled proteins. The strat-
egy that we propose promises to be generally useful also
for the structural determination of different protein-
ligand adducts, whenever the structure of the free
protein is known and the structural changes upon
complexation are not expected to be dramatic.

Experimental Section

Sample Preparation. The fragment of human fibroblast
collagenase corresponding to proMMP-1 (Pro21-Pro269) and
bearing an additional methionine at the N-terminal, was
expressed in Escherichia coli. The cDNA was cloned into the
pET21 vector (Novagen) using NdeI and XhoI as restriction
enzymes. The E. coli strain BL21 Codon Plus cells, transfected
with the above vector, were grown in 2 × YT media at 37 °C.
The protein expression was induced during the exponential
growth phase with 0.5 mM of IPTG. Cells were harvested for
4 h after induction. Uniform15N-labeled protein was obtained
by growing the transfected BL21 Codon Plus cells in minimal
media at 37 °C. The cells were lysed by sonication and the
inclusion bodies, containing the proMMP-1, were solubilized
in 2 M urea, 20 mM Tris (pH 8.0). The protein was purified
on the Hitrap Q column (Pharmacia) with a buffer containing
2 M urea and 20 mM Tris (pH 8.0). The elution was performed
using a linear gradient of NaCl up to 0.35 M. The purified
protein was then refolded by using a multistep dialysis against
solutions containing 50 mM Tris (pH 7.2), 10 mM CaCl2, 0.1
mM ZnCl2, 0.3 M NaCl. The refolded protein was exchanged,
by dialysis, against a buffer with 10 mM Tris (pH 7.2), 5 mM
CaCl2, 0.1 mM ZnCl2, 0.3 M NaCl. The protein was activated
by 1 mM APMA (4-aminophenylmercuric acetate) at 4 °C
overnight and dialyzed with a buffer containing 10 mM Tris
(pH 7.2), 5 mM CaCl2, 0.1 mM ZnCl2, 0.3 M NaCl, 0.2 M
acetohydroxamic acid (AHA). The activated protein (Val 101-
Pro 269) was concentrated using an Amicon stirrer and
Centriprep concentrators, fitted with a YM10 membrane in
nitrogen atmosphere at 4 °C. Catalytic domain of MMP-1 was
purified using size-exclusion chromatography with the final
dialysis buffer and concentrated up to 0.5 mM using an
Centriprep concentrators in nitrogen atmosphere at 4 °C. The
final protein sample was dialyzed against a solution containing
50 mM sodium acetate, 100 mM NaCl, 5 mM CaCl2, 0.1 mM
ZnCl2, with 10% of D2O (pH 6.5).

Inhibited proteins were prepared by titration of the free-
MMP-1 with equimolar amounts of NNGH, SIMP-1, galardin,
and actinonin.

NNGH, galardin, and actinonin were purchased by BIO-
MOL International; SIMP-1 was purchased by Peptide Inter-
national, Inc.

In Vitro Assay. The compounds were evaluated for their
ability to inhibit the hydrolysis of fluorescence-quenched
peptide substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 (Bio-
mol, Inc.). The assays were performed in 50 mM HEPES
buffer, containing 10 mM CaCl2, 0.05% Brij-35, at pH 7, using
1 nM of MMP-1 catalytic domain and 1 µM of peptide. The
enzyme was incubated at 25 °C with increasing concentration
of inhibitor and the florescence (excitationmax 328 nm; emis-
sionmax 393 nm) was measured for 3 min after the addition of
the substrate using a Varian Eclipse fluorimeter. Fitting of
rates as a function of inhibitor concentration provided the IC50

values. In our experimental conditions with low enzyme

concentration and peptide concentration much lower than KM

(the concentration of the substrate that leads to half-maximal
velocity of the enzymatic hydrolysis reaction); the IC50 values
provide a good estimate of the dissociation constant of the
adduct. The inhibitor N-isobutyl-N-[4-methoxyphenylsulfonyl]-
glycyl hydroxamic acid (Biomol, Inc.) was used as control.

NMR Measurements. 1H 15N HSQC experiments imple-
mented with the sensitivity enhancement scheme49 and 15N
NOESY-HSQC spectra50 were performed on the free MMP-1
catalytic domain and on each protein-ligand adduct. 15N
NOESY-HSQC experiments were acquired with a mixing
time of 110 ms and with data sets comprising 256(1H) × 64-
(15N) × 2048(1H) data points. The NMR spectra were recorded
on Avance 900 Bruker spectrometer, operating at proton
nominal frequencies of 900.13 MHz and equipped with a triple
resonance cryoprobe. All NMR experiments, recorded at 298
K, were processed using the standard Bruker software (XWIN-
NMR), and analyzed through the XEASY program.51

Computer Programs. Autodock 3.0.5 was used to predict
protein-ligand docking. It uses a Lamarckian genetic algo-
rithm as global optimizer combined with energy minimization
as a local search method.52 Its scoring function is provided by
the sum, with empirically determined scaling factors, of a
Lennard-Jones 12-6 dispersion/repulsion term, a directional
12-10 hydrogen bond term, a Coulombic electrostatic poten-
tial, a term related to unfavorable entropy due to restrictions
in conformational degree of freedom of the ligand, and a
desolvation term. The PDB file was processed by Autodock Tool
Kit. Reliable zinc parameters were provided as in ref 21. A
box of 70 × 70 × 70 points with a grid spacing of 0.375 Å was
defined as docking space. The ligands were generated and
minimized using semiempirical calculations (AM1 type Gauss-
ian 98),53 and the pdbq files, comprising all protons, were
provided to Autodock after all the Gasteiger-Marseli charges54

were assigned by BABEL. For each run, a maximum number
of 28 000 genetic algorithm operations were generated on a
single population of 50 individuals. For each ligand, a total of
100 docking runs were performed, and the results were ranked
according to the docking energy. Crossover, mutation, and
elitism weights were set to 0.80, 0.02, and 1, respectively.

All minimization and dynamics calculations were carried
out using the program Xplor-NIH.55,56 The parameter and
topology files for the ligands were generated using Xplo2D,57

the improper angles being manually edited and the dihedral
angles being set with force constant equal to zero. Protein
electrostatic and van der Waal energy parameters have been
evaluated using CHARMM nonbonded parameters.58
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