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ABSTRACT: The application of deuterium labeling and residual dipolar coupling constants in combination
with other structural information has demonstrated the potential for significantly expanding the range of
viable protein targets for structural analysis by NMR. A previous study by Clore et al. [(1999)J. Am.
Chem. Soc. 121, 6513-6514] demonstrated that a significant improvement in the overall protein structure
occurs with the combination of residual dipolar coupling constants and minimal tertiary long-range distance
restraints. The analysis of NMR protein structures determined with minimal structural information is
extended with a particular interest in the utility of these structures for a structure-based drug design program.
As an example, the catalytic fragment of human fibroblast collagenase (MMP-1) was used to follow the
effect of minimal restraint sets on the protein structure and its utility in drug design with a particular
interest in the effect on the active site conformation. An MMP-1 structure that was calculated with the
maximal number of restraints attainable with the constraint of a deuterated protein was shown to be very
similar to a high-quality MMP-1 structure that was calculated from a complete set of restraints. The
superposition of the active site backbone atoms for the high-quality and minimal restraint MMP-1 structures
yielded an rmsd of 0.68 Å where the size and shape of the S1′ pocket are nearly identical. Additionally,
an MMP-1-CGS-27023A complex based on a minimal set of NOE-based restraints reliably reproduced
the structure of the complex, establishing the usefulness of the structures for drug design.

NMR1 has been established as a powerful method for
determining the structure of proteins and protein-ligand
complexes (1, 2). The development of heteronuclear three-
and four-dimensional methods for both backbone and side
chain assignments, as well as editing of the NOE data, has
dramatically extended the size range of proteins amenable
to structure determination by NMR to 25 kDa (3). Extending
the molecular mass barrier for NMR structures beyond the
25 kDa range has required the incorporation of deuterium
isotope labeling in addition to the established use of15N and
13C isotope labeling (2, 4). By substitution of the nonex-
changeable protons with deuterons, the relaxation times of
heteronuclear signals are prolonged, resulting in narrowed
line widths and a dramatic increase in resolution and
sensitivity (4). This has effectively increased the size limit
of protein NMR where a 64 kDa trp repressor-DNA
complex has been successfully pursued (5, 6). It is well
established that the relative precision and accuracy of a
protein structure determined by NMR methodology are
inherently dependent on the number and accuracy of the
restraints used to determine the structure (7). The underlying

difficulty with deuterium labeling of proteins is the significant
loss of structural information. It has been previously dem-
onstrated that protein structures based strictly on long-range
NH-NH distance restraints lead to structures with the
essentially correct overall fold, but with a significant
reduction in the precision and accuracy of the calculated
structures (8). The quality of the protein structures was
significantly improved by the use of fully deuterated,
selectively methyl-protonated samples in observing methyl-
methyl and methyl-NH NOEs in addition to the NH-NH
distance restraints (8). Recently, novel approaches have been
established that provide a means of obtaining structural
information independent of traditional H-H NOEs. Most
notable is the measurement of residual dipolar couplings in
partially oriented proteins dissolved in lipid bicelle solutions
(9). Residual dipolar couplings have been applied in the
structure calculations of several proteins (10, 11) and have
demonstrated a tremendous impact on structures calculated
with minimal NOE restraints (12). Toward this end, other
approaches have been implemented that are distinct from
NOE-based distance restraints to increase the total number
restraints used in the refinement protocol of protein structures
determined by NMR in an effort to improve the quality of
NMR structures of high-molecular mass proteins (13). These
methods have included the direct refinement against chemical
shifts (14, 15), coupling constants (16), a conformational
database potential (17, 18), and the radius of gyration (19).

The rational design of protein inhibitors based on structural
information has proven to be an extremely valuable method
for drug development (for reviews, see refs20 and 21).
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However, a fundamental component of the structure-based
approach to drug development is the inherent reliance on
accurate protein-ligand complex structures to guide the
chemical design and synthesis. There is considerable interest
in attempting to determine global protein folds on the basis
of minimal numbers of NOEs to speed the drug discovery
process. These attempts have only realized partial success
due to the relatively low accuracy of the resulting structure
(8). Additionally, high-molecular mass proteins are more
likely to be potential targets in a drug discovery program,
which poses a problem because of the reduced structural
information inherent in deuterium labeling. Previous work
by Clore et al. (12) has demonstrated that the addition of
residual dipolar coupling constants to structures determined
with minimal NOE-based distance restraints significantly
improved the overall accuracy and precision of the protein
structures, based on the improvement in the backbone rmsd
(12).

Here we extend the analysis of NMR protein structures
determined with minimal structural information with a
particular interest in the utility of these structures for a
structure-based drug design program. For this study, the
catalytic fragment of human fibroblast collagenase (MMP-
1) was used to follow the effect of varying minimal restraint
sets on the protein structure. The solution structures of
inhibitor-free MMP-1 and MMP-1 complexed with a hy-
droxamic inhibitor have been previously determined which
provides the necessary reference point and structural restraint
for such an analysis (22, 23). MMP-1 is a member of the
matrix metalloproteinase (MMP) family that is involved in
the degradation of the extracellular matrix (24, 25). Because
of the widespread implications of MMPs in arthritis, cancer,
and cardiovascular disease, these enzymes have become
important targets for inhibitor design and synthesis.

MATERIALS AND METHODS

NMR Sample Preparation.Uniformly 15N- and 15N/13C-
labeled human recombinant MMP-1 was expressed in
Escherichia coliand purified as described previously (26).
The purified protein was concentrated to 0.5 mM and
exchanged into a buffer containing 10 mM deuterated Tris
base (pH 6.5), 20 mM NaCl, 5 mM CaCl2, 0.1 mM ZnCl2,
2 mM NaN3, and 5 mM deuterated DTT in a 90% H2O/
10% D2O mixture. The liquid-crystalline medium, compris-
ing a mixture (3.25:1) of dimyristoylphosphatidylcholine
(DMHC) and dihexanoylphosphatidylcholine (DHPC) bi-
celles (purchased from Avanti Polar Lipids, Inc.), was
prepared and added to a final level of 5% w/v as described
previously (27).

NMR Data Collection.All spectra were recorded at 35
°C on a Bruker AVANCE 600 MHz spectrometer using a
gradient-enhanced triple-resonance1H/13C/15N probe. Quadra-
ture detection in the indirectly detected dimensions was
carried out with States-TPPI hypercomplex phase incre-
mentation (28). 1DNH, 1DNC′, 2DHNC′, 1DCRC′, and 3DHNHR

residual dipolar couplings were obtained in lipid bicelles and
isotropic MMP-1.1JNH coupling was achieved with a two-
dimensional IPAP-HSQC experiment to generate two
spectra containing either the upfield or downfield15N doublet
component (29). 1JNC′ and 2JHNC′ couplings were obtained
from a 2D 13C′-coupled/13CR-decoupled1H-15N HSQC

experiment (30). The 1JC′CR coupling was obtained from a
3D HNCO experiment without13CR decoupling during13C′
evolution (31). The 3JHNHR coupling was obtained from a
3D HNCA experiment (32). The measured1DNH values
ranged from-23 to 19 Hz, and the normalized factors (given
by γNγH

-3/γAγB
-3, whereγ and r represent gyromagnetic

ratios and distances, respectively) employed for1DNC′, 2DHNC′,
1DCRC′, and3DHNHR relative to1DNH were 9.04, 3.04, 5.36,
and 2.30, respectively. The magnitudes of the axial and
rhombic components of the alignment tensorDNH were
obtained by examining the distribution of normalized dipolar
couplings which yielded values forDa

NH of -10.8 Hz and
anRof 0.59, whereDa

NH is the axial component of the tensor
andR is the rhombicity defined as the ratio of the rhombic
to axial components of the tensor (33).

Spectra were processed using the NMRPipe software
package (34) and analyzed with PIPP (35). When appropriate,
data processing included zero-padding data to a power of 2,
linear predicting back one data point of indirectly acquired
data to obtain zero phase corrections, and linear prediction
of additional points for the indirectly acquired dimensions
to increase resolution.

Structure Calculations.The structures were calculated
using the hybrid distance geometry-dynamical simulated
annealing method of Nilges et al. (36) with minor modifica-
tions using the program XPLOR (37), adapted to incorporate
pseudopotentials for secondary13CR/13Câ chemical shift
restraints (14), a conformational database potential (17, 18),
residual dipolar coupling constants (38), and the radius of
gyration (19). Interproton distance restraints, torsion angle
restraints, and stereospecific assignments were the same as
those used for the refinement of the inhibitor-free MMP-1
NMR structure (22). Calculations for the MMP-1 structure
with the minimal restraint set include only residual dipolar
coupling restraints, the radius of gyration, CR/Câ chemical
shift restraints, and H-bond restraints for only regions of
secondary structure.15N, 13CO,13CR, 13Câ, and NH chemical
shifts were utilized as input for the program TALOS to
generate chemical shift-based dihedral angle restraints forφ

andψ angles (39). The backboneφ andψ angle restraints
were used when the predicted angles were consistent in all
10 structures from TALOS. Afterward, NH-NH, NH-
methyl, methyl-methyl, aromatic-NH, aromatic-methyl,
and aromatic-aromatic NOE restraints were added to the
structure calculations in a stepwise manner. For the calcula-
tion of the MMP-1-CGS-27023A complex, the above
restraints were used, amended with the 18 intramolecular
restraints observed for CGS-27023A and 25 intermolecular
distance restraints chosen on the basis of the same criteria
described above (23). The bound conformation for CGS-
27023A was generated using QUANTA 97 and CHARMM
(Molecular Simulations Inc., San Diego, CA), and the
XPLOR topology and parameter files were generated using
XPLOR2D, as described previously (23). The MMP-1-
CGS-27023A complex structure was determined using the
same refinement protocol as described previously (23).

Computer Models of MMPs.Molecular modeling was
carried out using the Sybyl molecular modeling package from
Tripos Inc. (St. Louis, MO) on a Silicon Graphics worksta-
tion. The S1′ pockets were calculated for each set of MMP-1
structures as well as the MMP-1-CGS-27023A complex.
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The S1′ pocket were represented as Connolly solvent
accessible surfaces and generated with the MOLCAD
algorithm from Tripos Inc. using a 1.4 Å water probe.

RESULTS AND DISCUSSION

OVerall Goal. The application of deuterium labeling has
made a significant contribution to expanding the molecular
mass range for proteins amenable to analysis by NMR, but
with a detrimental impact on the accuracy and precision of
the calculated structures as a result of the loss of NOE-based
structural information. The incorporation of residual dipolar
coupling constants in addition to other structural restraints
not dependent on the presence of1H resonances has partially
compensated for the lack of distance restraints. This is
evident in the observed decrease in the backbone rmsd values
relative to the high-resolution structure and the ensemble of
NMR structures, respectively (8, 12). These results clearly
establish the inherent value of residual dipolar coupling
constants in determining NMR structures, but do not address
the utility of these structures in applications such as a
structure-based drug design. In particular, residual dipolar
coupling constants determined for NH groups only provide
structural information related to the conformation of the
protein’s backbone. This is also true for the torsion angle
restraints, secondary13CR/13Câ chemical shift restraints, and
hydrogen bond restraints that can potentially be observed in
a deuterium-labeled protein. Possible information for side
chain conformations may be provided from the conforma-
tional database and radius of gyration target functions in
addition to the minimal distance restraints experimentally
observed. Furthermore, it is plausible that side chain
conformations may be constrained or defined by the effective
packing of the protein determined by the backbone confor-
mation.

The utilization of a structure of a protein-ligand complex
for drug design necessitates a high-quality structure in the
vicinity of the ligand for identifying beneficial interactions
between the ligand and protein while also identifying
potential interactions with the protein that may be incorpo-
rated in further refinements of the ligand. Not unexpectedly,
a number of the observed or potential beneficial interactions
between the protein and the ligand will arise from contact
with side chain atoms as opposed to backbone atoms.
Additionally, features such as the shape, size, and electro-
static environment of the protein active site that are depend-
ent on the side chain conformations will also impact synthetic
design.

In an effort to address the practical utility of a structure
that can be obtained from a deuterium-labeled protein, we
have used the structural data previously obtained for MMP-1
and MMP-1 complexed with a hydroxamic acid inhibitor to
simulate various minimal restraint sets. MMP-1 is a matrix
metalloproteinase with a well-defined active site composed
of an S1′ pocket that has been effectively used for the design
of potent inhibitors (40-42). Our goal is to simulate
structural restraints that are realistically obtainable given the
current technology for a high-molecular mass protein that is
fully deuterium labeled and investigate the impact on the
conformation of the active site using MMP-1 as an example.
Comparison of the MMP-1 structure calculated with the
complete set of NMR restraints with the various structures

determined with minimal restraint sets will allow for the
analysis of the consistency of the MMP-1 active site relative
to the high-resolution structure and determine the potential
impact on drug design.

Solution Structure of MMP-1 and Comparison to Earlier
Structures. The solution structure of inhibitor-free human
fibroblast collagenase as well as the collagenase complexed
with a sulfonamide derivative of a hydroxamic acid com-
pound have been determined to high resolution (22, 23).
Besides all the NMR restraints used in the structure calcula-
tion for inhibitor-free human fibroblast collagenase (22),
more than 500 residual dipolar coupling restraints were
included in the structure calculation of MMP-1. Among
these, 90 dipolar coupling restraints are within the active
site residues. A radius of gyration of 16.1 Å was calculated
using XPLOR, and was incorporated into the calculations
as described previously (19). Inclusion of dipolar coupling
restraints in the structure calculation required reevaluation
of the NOE restraints used in the previous structure deter-
mination. There were no NOE violations larger than 0.2 Å
observed after incorporation of the dipolar coupling restraints,
so modifications to the NOE restraints used for the previous
refinement of inhibitor-free MMP-1 were unnecessary. A
summary of the structural statistics for the final 30 simulated
annealing (SA) structures of human MMP-1 based on the
complete set of structural restraints with the incorporation
of the dipolar coupling restraints is provided in Table 1 (set
9). Figure 1E shows the best-fit superposition of the
backbone atoms. The inclusion of residual dipolar coupling
restraints in the structure refinement increases the coordinate
precision from 0.42 to 0.30 Å for backbone atoms for
residues 7-137 and 145-163 and from 0.80 to 0.73 Å for
all heavy atoms (Table 2, set 9). The rmsd for secondary
structure elements also drops from 0.28 to 0.19 Å for
backbone atoms. Also, the rmsd for the active residues drops
from 0.54 to 0.37 Å. A check of the 30 conformers using
PROCHECK-NMR shows that 87.5% of the residues are in
the most favored region of the Ramachandran plot where
no structure has residues in the disallowed regions (43). The
pairwise rmsd between the average structures calculated with
and without dipolar coupling restraints is 0.13 Å for
backbone residues 7-137 and 145-163, indicating that the
two structures are indistinguishable.

Structure Calculations Using Minimal NOE Restraints.In
the first set of structure calculations, we have included only
the dipolar coupling restraints, together with CR/Câ chemical
shifts, limitedφ andψ torsion angle restraints obtained from
TALOS, and H-bond restraints in the well-defined secondary
structure region. Backbone assignments for deuterated pro-
teins can be obtained in a manner similar to that used for
uniformly 13C/15N-labeled proteins.13CR, 13Câ, and 13CO
chemical shifts can be used to quickly and qualitatively
identify an R-helix or â-stand conformation using the
Chemical Shift Index (CSI) method (44) after suitable
correction for deuterium isotope effects. The chemical shift
information can be utilized as input for the program TALOS
to generate chemical shift-based dihedral angle restraints for
φ andψ angles (39). H-Bond restraints are readily identified
by the observation of slow exchanging amides in 2D1H-
15N HSQC spectra after transferring the protein into a D2O
solution. In addition to the experimental restraints, the
MMP-1 structure was refined using both the conformational
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Table 1: Structural Statistics for Each Set of Structure Calculationsa

set 1 set 2 set 3 set 4 set 5 set 6 set 7 set 8 set 9

rms deviations
all NOE 0.118( 0.027 0.118( 0.027 0.065( 0.013 0.063( 0.013 0.063( 0.013 0.055( 0.009 0.058( 0.014 0.019( 0.002
intraresidue 0.139( 0.032 0.091( 0.0.20 0.049( 0.030 0.039( 0.013 0.048( 0.026 0.042( 0.018 0.008( 0.004
sequential (|i - j| ) 1) 0.139( 0.032 0.091( 0.026 0.082( 0.030 0.066( 0.024 0.068( 0.027 0.063( 0.027 0.071( 0.028 0.008( 0.004
medium-range (1< |i - j| e 5) 0.079( 0.044 0.066( 0.026 0.058( 0.027 0.052( 0.022 0.054( 0.023 0.055( 0.022 0.059( 0.025 0.019( 0.003
long-range (|i - j| > 5) 0.068( 0.058 0.068( 0.032 0.046( 0.014 0.064( 0.017 0.042( 0.013 0.041( 0.008 0.042( 0.014 0.022( 0.002
H bonds (84) 0.11( 0.05 0.094( 0.049 0.067( 0.029 0.067( 0.029 0.059( 0.016 0.052( 0.008 0.053( 0.013 0.060( 0.023 0.036( 0.004
dihedral restraints (deg)e 1.43( 0.63 1.28( 0.42 0.82( 0.038 0.96( 0.54 0.64( 0.46 0.71( 0.51 0.66( 0.64 0.54( 0.46 0.71( 0.07
CR restraints (ppm) (140) 1.43( 0.11 1.44( 0.08 1.37( 0.09 1.36( 0.09 1.30( 0.08 1.31( 0.07 1.29( 0.017 1.31( 0.07 1.11( 0.01
Câ restraints (ppm) (125) 1.37( 0.08 1.35( 0.08 1.30( 0.07 1.30( 0.06 1.26( 0.06 1.26( 0.04 1.27( 0.05 1.26( 0.04 1.20( 0.03
residual dipolar couplings (Hz)b

1DNH (Hz) (126) 0.86( 0.14 0.86( 0.11 0.75( 0.06 0.73( 0.08 0.77( 0.08 0.73( 0.08 0.72( 0.09 0.75( 0.06 0.81( 0.02
1DCRC′ (Hz) (133) 1.62( 0.17 1.65( 0.15 1.42( 0.12 1.37( 0.10 1.27( 0.10 1.22( 0.08 1.26( 0.10 1.23( 0.09 0.64( 0.02
1DNC′ (Hz) (106) 0.73( 0.08 0.74( 0.06 0.66( 0.04 0.64( 0.04 0.67( 0.05 0.65( 0.04 0.65( 0.04 0.66( 0.04 0.55( 0.01
2DHNC′ (Hz) (106) 1.35( 0.14 1.37( 0.13 1.25( 0.12 1.16( 0.09 1.25( 0.11 1.19( 0.10 1.21( 0.12 1.26( 0.10 1.02( 0.04
3DHNHR (Hz) (105) 1.36( 0.11 1.37( 0.10 1.27( 0.09 1.26( 0.09 1.22( 0.10 1.22( 0.10 1.23( 0.07 1.28( 0.09 0.92( 0.02

FNOE(kcal mol-1) 164.4( 81.6 134.0( 47.9 117.1( 42.3 123.0( 51.0 112.5( 63.2 112.5( 39.5 140.0( 65.1 49.1( 8.9
Ftor (kcal mol-1) 21.5( 20.5 16.1( 11.1 7.18( 6.44 10.6( 11.9 5.50( 8.62 6.83( 9.77 7.53( 12.7 4.45( 8.17 12.6( 2.4
Frepel (kcal mol-1) 92.1( 21.9 98.8( 48.9 84.2( 15.8 74.2( 13.9 74.2( 13.9 74.2( 10.2 76.2( 10.7 79.8( 13.9 41.5( 3.1
FL-J(kcal mol-1)c -384.9( 25.9 -391.7( 23.6 -422.0( 28.5 -448.4( 24.9 -467.4( 29.0 -492.6( 28.1 -485.4( 25.3 -511.3( 26.6 -621.4( 11.1
deviations from idealized covalent geometry

bonds (Å) 0.005( 0.00 0.005( 0.00 0.005( 0.00 0.004( 0.00 0.004( 0.00 0.004( 0.00 0.004( 0.00 0.003( 0.00 0.004( 0.00
angles (deg) 0.72( 0.05 0.72( 0.05 0.70( 0.03 0.68( 0.04 0.69( 0.04 0.68( 0.04 0.68( 0.03 0.59( 0.04 0.57( 0.001
impropers (deg)d 0.69( 0.06 0.69( 0.07 0.64( 0.05 0.64( 0.05 0.64( 0.05 0.63( 0.04 0.64( 0.03 0.57( 0.07 0.55( 0.02

PROCHECK_NMR Ramachandran plot
most favored 64.7% 64.4% 68.2% 71.1% 73.6% 75.2% 75.8% 73.8% 87.5%
additional allowed 21.3% 21.7% 18.4% 17.5% 15.6% 15.1% 14.4% 16.1% 11.6%
generously allowed 9.3% 8.9% 8.3% 7.6% 7.2% 6.5% 6.8% 7.1% 0.9%
disallowed 4.8% 5.0% 5.0% 3.8% 3.2% 3.2% 3.2% 3.0% 0.0%
a Set 1 (the minimal set of constraints) includes five sets of dipolar couplings, the radius of gyration, CR/Câ chemical shifts, the H-bond for secondary structure elements, Ramachandran, Zn, and Ca

constraints, andφ andψ angle constraints from good TALOS prediction. Set 2 includes set 1 and 142 NH-NH NOE constraints. Set 3 includes set 2 and 205 NH-methyl constraints. Set 4 includes set 3
and 87 methyl-methyl constraints. Set 5 includes set 4 and 72 NH-aromatic NOE constraints. Set 6 includes set 5 and 123 methyl-aromatic NOE constraints. Set 7 includes set 6 and 11 aromatic-aromatic
NOE constraints. Set 8 is the same as set 7, with CGS in the active site. Set 9 includes a full set of NOE distance restraints, the residual dipolar coupling restraints, and a radius of gyration of 16.1 Å.b The
number of dipolar coupling restraints and CR/Câ chemical shift restraints is given in parentheses. The force constant employed for the1DNH dipolar coupling restraints is 1.0 kcal mol-1 Hz-2. c EL-J is the
Lennard-Jones-van der Waals energy calculated with the CHARMM empirical energy function and is not included in the target function for simulated annealing or restrained minimization.d The overall
quality of the structure was assessed using the program PROCHECK_NMR.e A total of a 162 dihedral restraints used for set 1-8, and 413 dihedral restraints were used for set 9.

13368
B

io
ch

e
m

istry,
V

o
l.

3
9

,
N

o
.

4
4

,
2

0
0

0
H

uang
et

al.



database (17, 18) and the radius of gyration (19) target
functions. The calculated structures have well-defined sec-
ondary structure elements (Figure 1B); however, due to the
lack of NOE distance restraints, the structures do not
converge well as shown in Figure 1A. The atomic rms
distribution of the 30 simulated annealing structures about

the mean coordinate positions for residues 7-137 and 145-
163 is 4.24( 0.31 Å for backbone atoms and 4.93( 0.35
Å for all atoms (Table 2, set 1).

In the next step, we added 142 NH-NH NOE distance
restraints that can be obtained easily from a fully deuterated
sample to the structural restraints already defined in set 1.

FIGURE 1: Superposition of the 30 final simulated annealing structures (A, C, and E) and ribbon diagram of the MMP-1 structure (B, D,
and F). The fiveâ-strands are shown in green, and the threeR-helices are shown in red. Structures A and B were calculated from the
minimal set of restraints (set 1). Structures C and D were calculated from the maximal set of restraints (set 7) for a deuterated protein.
Structures E and F were calculated from the complete set of restraints (set 9) for MMP-1.

NMR Structures Based on Minimal NOE-Based Restraints Biochemistry, Vol. 39, No. 44, 200013369



Among these, there are 100 sequential, 32 medium-range,
and 10 long-range NOEs mostly from secondary structure
elements. However, this did not improve the structure
dramatically, mostly due to the lack of tertiary long-range
NOE distance restraints (Table 2, set 2). It is important to
note that in deuterated protein samples it is not uncommon
to observe NH-NH NOEs between NH protons that are
more than 5 Å apart. These NOEs were not part of the
structural restraints used for the MMP-1 structure calculation
since the protein was not deuterated. Also, no attempt was
made to simulate potential long-range NH-NH NOEs from
the high-resolution MMP-1 structure on the basis of the
concern that these NOEs were unsubstantiated and may bias
the analysis.

Through the use of deuterated, selectively methyl-pro-
tonated samples, NH-methyl and methyl-methyl distance
restraints may be easily obtained (8, 45). With the addition
of 205 NH-methyl and 87 methyl-methyl NOE restraints
to the structural restraints already defined in set 2, the
accuracy and precision of the structures improved dramati-
cally (sets 3 and 4 in Table 2). Structural restraint set 3
contains only the addition of NH-methyl NOEs, whereas
structural restraint set 4 contains both the NH-methyl and
methyl-methyl NOEs. Comparison of the rms distribution
for the 30 simulated annealing structures calculated using
structural restraint sets 2 and 4 about the mean coordinate
positions for residues 7-137 and 145-163 dropped from

4.03 to 2.11 Å for the backbone atoms. For the secondary
structure elements, the rmsd dropped from 2.75 to 0.83 Å
for the backbone atoms. An indication of the accuracy of
the MMP-1 structure calculated using structural restraint set
4 is obtained by comparison with the restrained minimized
average structure obtained using the complete set of structural
restraints (set 9), where a backbone rmsd difference of 1.27
( 0.20 Å is obtained for the secondary structure elements
(Table 3, set 4). This is a dramatic improvement compared
to the structures determined with sets 1 and 2 where the
backbone rmsds are 3.95( 0.76 and 3.61( 0.58 Å for the
secondary structure elements, respectively. The importance
of methyl NOEs in generating global folds of proteins has
been previously described (46). Additionally, the significant
impact of methyl NOEs on NMR structures with minimal
restraints was also previously observed (8).

It is also interesting to compare the structures determined
with structural restraint sets 3 and 4, where set 3 contains
only NH-methyl NOEs. Again, the structure based on
structural restraint set 3 is vastly improved relative to the
structures based on sets 1 and 2 (Tables 2 and 3). While
there is clearly an improvement in the MMP-1 structure
between sets 3 and 4, the effect is more of a gradual change.
This suggests a potential transition in the impact of tertiary
long-range distance restraints on the precision and accuracy
of the protein structure that occurs with a minimal number
of restraints. Set 4 contains 20% more distance restraints

Table 2: Atomic rms Differences for the Final 30 Simulated Annealing Structures over the Mean Structure Obtained by Averaging the
Coordinates of the Individual SA Structures of Each Set

atomic rms difference (Å)a

active site residuesb active site residuesc residues 7-137 and 145-163 secondary structured

CGSe backbone all backbone all backbone all backbone all

set 1f 3.76( 0.69 4.56( 0.75 2.12( 0.70 2.90( 0.88 4.24( 0.31 4.93( 0.35 3.00( 0.60 3.63( 0.70
set 2 3.67( 0.69 4.57( 0.77 2.13( 0.63 2.94( 0.86 4.03( 0.33 4.71( 0.34 2.75( 0.53 3.39( 0.55
set 3 2.11( 0.45 3.03( 0.44 0.98( 0.31 1.76( 0.35 2.29( 0.18 3.09( 0.20 1.19( 0.28 1.93( 0.27
set 4 1.92( 0.40 2.73( 0.37 0.86( 0.26 1.56( 0.27 2.11( 0.17 2.89( 0.17 0.83( 0.14 1.60( 0.13
set 5 1.55( 0.28 2.18( 0.26 0.58( 0.18 1.23( 0.21 1.70( 0.09 2.31( 0.12 0.73( 0.10 1.40( 0.13
set 6 1.37( 0.37 1.91( 0.33 0.53( 0.12 1.10( 0.14 1.49( 0.13 2.04( 0.13 0.56( 0.08 1.16( 0.08
set 7 1.31( 0.27 1.89( 0.31 0.54( 0.15 1.07( 0.18 1.56( 0.12 2.09( 0.12 0.55( 0.11 1.14( 0.09
set 8 0.98( 0.42 1.31( 0.32 1.83( 0.33 0.49( 0.16 0.94( 0.19 1.49( 0.14 2.05( 0.15 0.56( 0.09 1.15( 0.11
set 9 0.37( 0.11 0.67( 0.13 0.18( 0.04 0.61( 0.13 0.30( 0.03 0.73( 0.04 0.19( 0.02 0.61( 0.04

a Defined as the rms difference between the final 30 simulated annealing structures and the mean structure from each set.b The residues in the
active site correspond to residues 80-85, 112-124, and 134-143. c The residues in the active site correspond to residues 80-85 and 112-124.
d The residues in the regular secondary structures are 13-19 (â1), 48-53 (â2), 59-65 (â3), 82-85 (â4), 94-99 (â5), 27-43 (R1), 112-124 (R2),
and 150-160 (R3). e Only heavy atoms from the CGS-27023A structure were used for the rmsd calculation.f Set number defined as shown in
Table 1.

Table 3: Atomic rms Differences for the Final 30 Simulated Annealing Structures over the Mean Structure Obtained by Averaging the
Coordinates of the Individual SA Structures from the Complete Set of NOE Restraints

atomic rms difference (Å)a

active site residuesb active site residuesc residues 7-137 and 145-163 secondary structure

backbone all backbone all backbone all backbone all

set 1d 4.87( 0.97 5.89( 1.03 2.52( 1.12 3.50( 1.27 5.87( 0.42 6.73( 0.45 3.95( 0.76 4.64( 0.85
set 2 4.54( 0.68 5.62( 0.67 2.34( 0.90 3.38( 1.22 5.53( 0.41 6.47( 0.43 3.61( 0.58 4.31( 0.60
set 3 3.56( 0.72 4.55( 0.68 1.55( 0.38 2.43( 0.36 4.01( 0.31 4.99( 0.32 2.11( 0.32 2.87( 0.30
set 4 2.61( 0.76 3.75( 0.77 1.06( 0.34 2.00( 0.41 3.77( 0.41 4.76( 0.43 1.27( 0.20 2.27( 0.22
set 5 2.16( 0.63 2.99( 0.47 0.77( 0.24 1.61( 0.33 3.07( 0.35 3.87( 0.37 1.07( 0.16 1.97( 0.19
set 6 1.80( 0.54 2.63( 0.50 0.67( 0.15 1.42( 0.21 2.48( 0.19 3.13( 0.21 0.81( 0.12 1.48( 0.14
set 7 1.70( 0.36 2.53( 0.49 0.68( 0.21 1.31( 0.24 2.62( 0.23 3.27( 0.24 0.80( 0.15 1.46( 0.14
set 8 1.83( 0.43 2.57( 0.38 0.66( 0.20 1.21( 0.19 2.52( 0.25 3.19( 0.25 0.83( 0.12 1.52( 0.18

a Defined as the rms difference between the final 30 simulated annealing structures and the mean structure calculated from the complete set of
NOE constraints.b The residues in the active site correspond to residues 80-85, 112-124, and 134-143. c The residues in the active site correspond
to residues 80-85 and 112-124. d Set number defined as shown Table 1.
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(435 compared to 347), but the overall backbone rmsd for
residues 7-137 and 145-163 only improves from 2.29(
0.18 to 2.11( 0.17 Å. The structures for MMP-1 calculated
using either set 1 or set 2 contain a minimal number of
tertiary long-range restraints (0-10), implying that the
packing of the protein is primarily dictated by the imposed
restraints from the defined secondary structure regions. The
dramatic improvement between structures based on restraint
sets 1 and 2 and those based on restraint sets 3 and 4 suggests
that a minimal number of restraints are required to establish
the general packing of the protein, an effective all-or-none
transition. Thereafter, the impact of each additional restraint
set may approximate a linear improvement in the quality of
the structure based on the percentage change in the total
number of restraints; i.e., the structures asymptotically
approach the structure based on the complete set of restraints
(Figure 2). A secondary smaller transition in the impact of
the long-range distance restraints may occur when stereospe-
cific â-methylene and particularly Leu and Val methyl
assignments are incorporated into the structure refinement
restraint set (47).

From a structural perspective, aromatic residues are also
excellent candidates for protonation as well, since these
amino acids are frequently important components of the
hydrophobic core and better resolved due to ring current
shifts. Further MMP-1 structure calculations included 72
NH-aromatic (set 5), 123 methyl-aromatic (set 6), and 11
aromatic-aromatic (set 7) NOEs in combination with the
previous restraints. The quality of the structures has continued
to improve, especially in the secondary structure regions.
Particularly, the backbone rmsd for the ensemble of structures
relative to the average has dropped to 0.55( 0.11 Å for
secondary structure elements. More importantly, the overall
fold of the structure is quite similar to that of MMP-1
calculated with the complete set of restraints (set 9, Tables
2 and 3) where the backbone rmsd between the structures is
0.80( 0.15 Å. As described previously, the MMP-1 structure
appears to gradually improve as a function of the total
number of restraints independent of the source of the
restraints (methyl vs aromatic). We have chosen to include
the NH-methyl and methyl-methyl constraints before NH-
aromatic constraints in this study mainly because NH-
methyl constraints are readily obtained compared to the
aromatic constraints.

In addition to the observed improvement in the backbone
rmsd as a function of the increased amount of structural
information, similar trends can be seen in the standard

structural statistics (Table 1). Of particular note is the
improvement in the Lennard-Jones-van der Waals energy
(FL-J) from -384.9( 25.9 to-621.4( 11.1 kcal mol-1

from set 1 to 9, respectively. This is consistent with an
improvement in the overall fold and packing of the MMP-1
structure. Similar results are seen in the energies for other
target functions (Table 1). Another point of interest is the
improvement in the Ramachandran plot where the percentage
of residues in the most favored region increases from 64.7
to 87.5%. This increase occurs despite the fact that the
conformational database target function is used throughout
the structure calculations, implying that while the use of the
conformational database target function is beneficial it does
not bias the resulting protein structure. Comparison of the
structural statistics for MMP-1 calculated with the complete
set of restraints with the values for the structure calculated
with set 7 indicates that the structure with the complete set
of restraints is of higher quality. This is not an unexpected
result, but the data also suggest that the structure based on
restraint set 7 is reasonably comparable to the high-quality
MMP-1 structure. The rmsd data and structural statistics
clearly indicate that a reasonably accurate overall structure
for MMP-1 can be calculated on the basis of a minimal set
of restraints that may be obtained from a deuterated protein.
These results are consistent with the previous observation
of structures based on minimal NOE-based structural infor-
mation (8). Nevertheless, the real test of the utility of the
MMP-1 structures will be the reproducibility of the active
site conformation obtained from the minimal restraint sets
relative to the high-quality MMP-1 structure. More impor-
tantly will be how the structures accurately predict the
binding of MMP-1 inhibitors.

ActiVe Site of MMP-1 and the S1′ Pocket.The MMPs have
a well-defined active site centered about a catalytic Zn
chelated by three histidine residues. Previous structural
analysis of the MMP family of enzymes has identified
distinct substrate binding sites on both the left and right sides
of the catalytic Zn (40). Most efforts in the design of
inhibitors to MMP-1 have focused on the right side binding
site with particular interest in the S1′ pocket. The shape and
size of the S1′ pocket vary significantly between the various
MMP enzymes and are a potential source of designing
selectivity for a given MMP inhibitor. The current paradigm
in the development of MMP inhibitors is to design specificity
based on the postulation that a broad-spectrum MMP
inhibitor would provide a higher level of exposure to toxic
side effects. Therefore, an important aspect for the utility of
the MMP-1 structure based on minimal structural information
is the accuracy of the conformation of the active site and
particularly the S1′ pocket.

A comparison of the rms difference for residues compris-
ing the MMP-1 active site and the relative size and shape of
the S1′ pocket among the various restraint data sets will
indicate the relative accuracy of the MMP-1 active site. The
size and shape of the S1′ pocket for the MMP-1 structures
determined from the various structural information data sets
were calculated from Connolly solvent accessible surfaces.
The S1′ pocket for the high-quality MMP-1 structure
calculated from the complete set of structural information is
illustrated in Figure 3C. A visible comparison of the S1′
pocket for MMP-1 calculated from the complete set of
restraints and the minimal restraint set 1 clearly indicates a

FIGURE 2: Plot of the backbone rmsd (Å) for secondary structure
elements vs the number of NOE distance constraints.
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poor reproduction of the S1′ pocket. The S1′ pocket for the
MMP-1 structure based on minimal restraint set 1 is
significantly broader than that in the high-quality MMP-1
structure (see Figure 3A, set 1). It is readily apparent that
from a drug design perspective the MMP-1 structure based
on data set 1 would be misleading since it would suggest
the availability of space for additional modification of the
ligand that is not apparently available in the high-quality
structure. The situation improves drastically with the incor-
poration of minimal tertiary long-range distance restraints
(Figure 3B, set 7). Comparison of the S1′ pocket between
the high-quality MMP-1 structure and the MMP-1 structure
based on minimal structural information, including a minimal
number of tertiary long-range distance restraints, indicates
that the S1′ pockets are nearly identical. Clearly, from a drug
design perspective the MMP-1 structure based on structural
restraint set 7 would be very valuable, especially in light of
the importance of the S1′ pocket in the design of MMP
inhibitors. The MMP-1 structure based on structural restraint
set 7 would accurately predict appropriate modifications to
bound ligands for optimization of utilization of the available
space in the S1′ pocket comparable to the high-quality
MMP-1 structure. Obtaining S1′ pockets with similar sizes
and shapes for MMP-1 with both a complete and a minimal
restraint data set is very encouraging for the utility of NMR
structures based on minimal structural information.

Further analysis of the MMP-1 active site residues suggests
additional support for the utility of structures based on
minimal restraints. Table 2 shows the rmsd for the MMP-1
active site residues (80-85, 112-124, and 134-143) of the
30 simulated annealing structures about the mean structure
determined for each ensemble calculated for each data set.
Similarly, Table 3 shows the rmsd for the MMP-1 active
site residues of the 30 simulated annealing structures
calculated for each data set about the mean structure of
MMP-1 determined from the complete set of NOE calcula-

tions. Like the results observed for the overall MMP-1
structure, the accuracy and precision in the active site
improve dramatically with the increase in the number of NOE
distance restraints. The total number of NOEs per residue
in the active site increases from 0.82 per residue in set 2 to
5.21 in set 7, with a total of 90 dipolar coupling constants
used to define the active site. Again, the largest change occurs
with the first incorporation of tertiary long-range distance
restraints. The rmsd for the active site residues is 3.67(
0.69 Å for set 2 where only 23 NOEs were used to define
the active site. A total of 146 NOEs are used to define the
active site residues in set 7 with the incorporation of methyl
and aromatic restraints. However, even with the additional
methyl and aromatic restraints (set 7), the accuracy in the
active site is relatively low compared to that in the secondary
structure regions, 1.70( 0.36 Å compared to 0.80( 0.15
Å for backbone atoms (Table 3).

Dynamic analysis of MMP-1 has previously demonstrated
that residues 134-143 are highly flexible, as is evident
because of the low order parameters (S2 < 0.6) even in the
presence of an inhibitor (26). This observation suggests that
while residues 134-143 compose part of the MMP-1 active
site it may contribute minimal information for inhibitor
binding and design. Clearly, in the case of the MMP-1
structures calculated on the basis of minimal structural
information, residues 134-143 are poorly defined because
of this flexibility. To some extent, the poorly defined
structure for residues 134-143 may be beneficial information
for drug design, since these residues would probably not be
a focal point to drive modification of the ligand. Conversely,
targeting these residues on the basis of an apparently better
defined structure could potentially be wasted effort because
of the inherent mobility of these residues. Excluding residues
134-143 from the active site definition results in a signifi-
cant drop in the rmsd from 1.70( 0.36 to 0.68( 0.21 Å
for the backbone atoms (set 7, Table 3). This actually results

FIGURE 3: S1′ pocket of MMP-1 calculated from a minimal set of restraints (set 1, A), a maximum set of restraints (set 7, B) for a
deuterated protein, and a complete set (set 9, C) of restraints for MMP-1 with CGS-27023A docked in for comparison.
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in an improvement in the active site region compared to the
secondary structure region. Figure 4 shows the best fit
superposition of the active site residues for the high-quality
MMP-1 structures calculated with the complete set of
structural restraints with structures based on minimal struc-
tural restraints (Figure 4A, set 1, and Figure 4B, set 7). The
results are similar to those from the comparison of the size
and shape of the S1′ pocket. While there is some similarity
in the positioning of the active site residues between the high-
quality MMP-1 structure and minimal data set 1, the
resemblance is slight, as is apparent by the structural overlap
(Figure 4A) and large rms difference in the backbone atoms
(2.34 ( 0.90 Å). Again, a significant improvement is
observed when the high-quality MMP-1 structure is com-
pared with the MMP-1 structure based on minimal structural
information, including a minimal number of tertiary long-
range distance restraints (Figure 4B, set 7). The reasonable
degree of similarity and relatively low backbone rmsd for
the active site residues between the high-quality MMP-1
structure and the MMP-1 structure based on data set 7 again
suggest a valuable structure for drug design.

Impact on the Drug Design Process. The fundamental
information that is utilized in a structure-based drug design
approach is the relative location of potential positive interac-
tions between the protein and small molecule. Essentially,
the structure of the protein-ligand complex identifies regions
of the protein that are proximal to the ligand and may interact
with the small molecule with the addition of an appropriate
substituent. Additionally, the structure may also suggest
possible modifications to the ligand where existing interac-
tions to the protein are suboptimal. Even with the available
structural information, improving the affinity of a ligand on
the basis of the predicted modifications does not always yield
the desired result because of the inherent mobility of the
protein and how it accommodates the modified ligand. As a
result, the drug design process is an iterative approach where
a new structure is determined for each modified ligand bound

to the protein (21). The impact on the drug design process
of a lower-resolution structure is the higher variability in
the precise location of a desirable interaction. Accordingly,
a larger set of modified ligands is required to effectively
explore the potential available space in the protein’s active
site. Clearly, there is a point where the low quality of the
protein structure results in such a poorly defined active site
as to render the structure virtually useless in the further
design of ligands. The resolution at which a low-quality
structure becomes unproductive in the drug design process
is difficult to definitively identify, but the utility of a low-
resolution structure is primarily based on maintaining the
fundamental characteristics of the protein’s active site.
Comparison of the MMP-1 active sites that were determined
with data sets 2 and 7 and the complete restraint set illustrates
this point (Figures 3 and 4).

The MMP-1 structure based on data set 7 still maintains
the fundamental characteristics of the protein’s active site
relative to the high-resolution structure, which is not the case
for the MMP-1 structure calculated with data set 2. Therefore,
comparison of the backbone rmsd for the ensemble of
MMP-1 structures calculated with data sets 2 and 7 provides
some insight into general limits defining the utility of the
structure based on minimal restraints (Table 2). Additionally,
comparison of the backbone rmsd for the MMP-1 active site
residues for the structure based on minimal restraint set 7
(0.54 ( 0.15 Å) with the structure calculated with the full
set of constraints (0.18( 0.04 Å) provides some indication
of the precision of the atom position in each structure.
Similarly, the accuracy of the atom positions may be
ascertained from the backbone rms difference between the
high-resolution structure and the structure based on minimal
restraint set 7 (0.68( 0.21 Å). The difference in accuracy
and precision between the two MMP-1 structures may
influence the range of potential modifications to the ligand,
but the structure based on minimal restraints still identifies
the key interactions with a bound ligand and the available

FIGURE 4: Best fit superposition of the backbone of the MMP-1 structure for residues in the active site together with CGS-27023A. The
active residues that are displayed are 80-82, 112-115, and 138-140 which play a critical role in MMP-1 activity. (A) Comparison of the
active site for structure sets 1 (cyan) and 9 (red) with CGS-27023A (magenta) docked in. (B) Comparison of the active site for structure
sets 7 (yellow) and 9 (red). (C) Comparison of the active site for structure set 9 (red) and the MMP-1-CGS-27023A complex calculated
with a complete set of constraints (green).
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space to explore in the active site. Fundamentally, the impact
of the lower-resolution structure on the drug design process
would be to increase the number of compounds needed to
test any potential improvement in ligand affinity. Neverthe-
less, the information from a lower-resolution structure would
be invaluable in the absence of a high-resolution structure.
In fact, the lower-resolution structure may also have some
advantages over a high-resolution structure.

An inevitable downside of using a high-resolution structure
for drug design is viewing the structure as a static image
where the exact position of individual atoms is perceived to
be precisely known. The “softer” definition of the active site
for a lower-resolution structure may maintain potential
beneficial modifications to the ligand that would be obviously
eliminated due to poor contact in a high-resolution structure.
Essentially, the lower-resolution structure may incorporate,
to some extent, the inherent mobility and flexibility of a
protein structure in the drug design process. Recent NMR
and X-ray structures of MMP-1 and MMP-13 complexed
with distinct inhibitors have demonstrated the potential for
side chains in the active site to undergo conformational
changes to accommodate bound inhibitors (23, 48, 49). These
changes in side chain conformation could not readily be
predicted from previous structures and have a significant
impact on ligand binding.

A potential caveat for the utility of the MMP-1 structure
based on the minimal restraint set is its use in a de novo
approach to drug design. Given the inherent difficulties in
de novo drug design, the added complication of the lower-
resolution structure would probably result in a low success
rate (50). This is simply based on the fact that the presence
of a bound ligand in the protein’s active site provides an
abundance of information that is beneficial to the drug design
process.

The importance of a bound ligand is further exemplified
when the structure of MMP-1 complexed with CGS-27023A
was determined from minimal structural information (set 8).
The MMP-1-CGS-27023A complex was previously deter-
mined by NMR (23). CGS-27023A simply docked into the
MMP-1 active site pocket based on the superposition of the
MMP-1 backbone atoms is illustrated in Figure 4A,B. The
docking of CGS-27023A into the MMP-1 structure based
on data set 1 indicates the low level of reproduction of
interactions between MMP-1 and CGS-27023A. A significant
improvement is observed for CGS-27023A docked into the
MMP-1 structure based on data set 7, but some errors in the
structure are still apparent (Figure 4B) where the discrep-
ancies in the active site are mostly from residues 138-140.
When the MMP-1 structure is calculated in the presence of
CGS-27023A utilizing 18 additional intramolecular NOEs
for CGS-27023A and 25 intermolecular NOEs between CGS-
27023A and MMP-1, these errors are removed and the
resulting structure is strikingly similar to the previous
structure of the MMP-1-CGS-27023A complex (Figure 4C).
In particular, the experimental interactions observed by NMR
between MMP-1 and CGS-27023A are reproduced and the
binding of CGS-27023A in MMP-1 is comparable to that in
the MMP-1-CGS-27023A complex determined from a
complete set of structural information. It is important to note
that the additional NOEs used in the calculation of the MMP-
1-CGS-27023A complex using minimal restraint set 8 are
consistent with NOEs that would be observable in a

deuterated protein sample. In addition to the CGS-27023A
intramolecular NOEs, which would all be observable in a
deuterated sample, only the CGS-27023A-NH, CGS-
27023A-methyl, and CGS-27023A-aromatic NOEs were
used in the structure calculation. These results indicate that
the added restraint information that can be obtained from a
protein-ligand complex provides a significant improvement
in determining the structure of the active site. Additionally,
these results suggest that the MMP-1-CGS-27023A complex
determined from a minimal set of structural restraints would
be an effective tool for a structure-based approach to
modifying CGS-27023A and other ligands to improve
inhibitor affinity and selectivity. Furthermore, the results
described herein for MMP-1 strongly suggest that structures
calculated for high-molecular weight proteins using deute-
rium labeling and minimal structural restraints similar to the
ones utilized for the MMP-1 calculations would generate
valuable structures of reasonable accuracy for drug design
and other biological applications. In addition, the results with
MMP-1 also suggest that utilizing minimal NOE-based
structural information to rapidly determine protein structures
compared to the large time commitment required to com-
pletely analyze all the NOE data may be a viable approach
to expediting the drug discovery process.
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