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A new method for determining three-dimensional solution structures of protein–ligand complexes using
experimentally determined complexation-induced changes in 1H NMR chemical shift (CIS) is introduced.
The method has been validated using the complex formed between the protein antitumor antibiotic
neocarzinostatin (NCS) and a synthetic chromophore analogue. The X-ray crystal structure of the unbound
protein and the backbone amide proton CIS were the input data used in the determination of the three-
dimensional structure of the complex. The experimental CIS values were used in a continuous direct structure
refinement process based on genetic algorithms to sample conformational space. The calculated structure of
the complex agrees well with the NMR solution structure, indicating the potential of this approach for
structure determination.

Introduction

Determination of the three-dimensional (3D) structures of the
complexes formed between proteins and small molecules
(ligands) is important in drug discovery and in understanding
protein function in general.1,2 Many approaches have been
developed to study interactions of ligands with biological
receptors,3–6 but obtaining structural information at an atomic
level remains a challenge. X-ray crystallography is the most
powerful tool but requires high-quality crystals and stable
complexes.7,8 The main advantage of NMR methods is that they
can be used to study equilibria in solution, providing information
on all species present.9 NMR measurements, such as nuclear
Overhauser effects (NOEs) and residual dipolar couplings
(RDCs), provide structural restraints that can be used to calculate
3D structures of complexes.10 Amide hydrogen–deuterium (H/
D) exchange rates can give information on which parts of the
protein are buried on complexation to define an interaction
interface.11 Another important parameter is the complexation-
induced change in chemical shift (CISa), which can be used to
map the interfaces of complexes and locate binding pockets in
proteins.12

CIS methods exploit the sensitivity of proton chemical shifts
to their environment, and accurate data are relatively straight-
forward to acquire.13 Experimental CIS data are used to
determine a protein–protein or protein–ligand interaction site
using a surface mapping approach. In CIS mapping, perturba-
tions are mapped on the protein van der Waals surface, and if
there are no significant ligand-induced conformational changes
in the protein, the changes observed can be assigned to direct
contacts with the ligand (e.g., hydrogen bonds) or to indirect
effects such as ring current shifts produced by aromatic groups
on the ligand. Residues on the protein that are perturbed are
therefore assumed to be proximal to the ligand interaction site.

Examination of CIS mapping forms the basis of the structure–
activity relationship (SAR) by NMR approach that has become
an important tool in structure-based drug discovery.14 The
method can be used to screen for low affinity ligands, providing
information on both the location of the ligand binding site and
the orientation of the ligand with respect to the binding site.15

Comparison of CIS mapping data for closely related analogues
can allow determination of the binding modes for a range of
ligands.16,17

Exploitation of the experimental CIS data is usually applied
qualitatively, but recently attempts have been made to use the
data in a more quantitative manner to provide more detailed
information on the structures of complexes.18–20 The availability
of NMR prediction tools to produce estimates of the CIS based
on a chemical structure allows comparison of experimental data
with expectations based on three-dimensional structural infor-
mation. There are a number of methods available,21,22 but the
most successful methods for the prediction of CIS values for
large molecules are based on semiempirical methodology.13,23

These approaches have been used in conjunction with structure
optimization algorithms to study protein–ligand docking. CIS
data are usually introduced as part of a scoring function or as
more qualitative ambiguous restraints to restrict the location of
the ligand during sampling. Morelli et al.24,25 incorporated a
filter based on CIS data in the program BiGGER (biomolecular
complex generation with global evaluation and ranking).26

BiGGER produces a large set of binding configurations, which
are filtered and scored on the basis of geometric surface
complementarity, electrostatic potential, and solvation energy.
These configurations are then further filtered and scored using
CIS data, NOE information, or H/D exchange data to identify
the best solutions. Other docking programs have implemented
similar approaches, using a CIS scoring function to rank
solutions obtained from a conventional conformational search.27,28

In the program Jsurf, observed CIS values are assumed to be
ring current effects, and this approach has been used to introduce
structural restraints in combination with RDCs for solving the
structures of protein–ligand and protein–protein complexes.29,30

Bonvin et al.31,32 developed the program HADDOCK (high
ambiguity driven docking), which uses biochemical and bio-
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physical data in order to drive the docking process, and CIS
data can be introduced as ambiguous interaction restraints
(AIRs). Similar approaches have been described by Clore and
Schwieters33 and by Schwalbe et al.34

We have previously described an approach that uses CIS to
directly determine the 3D structures of synthetic supramolecular
complexes.35 The program generates a large number of con-
formations, calculates the CIS values for each, and then
compares this information with experimentally determined
values. The differences between the calculated and experimental
CIS values are used by a genetic algorithm in a continuous
refinement of the relative orientation, position, and conformation

of the molecules. This method has been used successfully in
the determination of 3D structures of intermolecular complexes
in solution and the conformations of synthetic foldamers.23,36

In this paper, we demonstrate the extension of the method to
protein–ligand complexes.

Approach

CIS values are most strongly influenced by local functional
group contacts and are therefore relatively short-range effects.
This greatly simplifies the problem of the conformational search
to dock the ligand and protein, since we only need to consider
locations of the ligand that are in the binding site, and the
location of the binding site is usually illuminated in a straight-
forward manner by CIS mapping. The method we have
developed therefore has three key stages: (a) definition of the
receptor binding site using the backbone amide CIS values; (b)
generation of a set of ligand conformations and orientations for
introduction into the receptor binding site (poses); (c) optimiza-
tion of each pose based on comparison of the experimental and
calculated CIS values for the amide backbone protons.

The system used to evaluate the potential of this approach is
the complex formed by the chromoprotein antitumor antibiotic
neocarzinostatin (NCS) and a synthetic chromophore (Figure
1), for which the three-dimensional structure of the complex in
solution has been determined by conventional NMR methods
using NOE restraints for structure refinement.37 The structure
of the complex reveals that the ligand is buried deep in the
binding cleft of the protein, and the X-ray crystal structure of
the unbound protein shows no large scale conformational
changes on ligand binding. Analysis of the experimental CIS
values shows that the largest perturbations occur for residues
nearest the binding site (Figure 2). However, the observed CIS
values are relatively small, with an average of 0.003 ppm and
a largest value of 0.105 ppm, because the protein is ap-

Figure 1. Structure of ligand 1. Torsion angles that were allowed to
vary during the structure determination process are indicated.

Figure 2. Experimental CIS values for the backbone amide protons
of the protein NCS on binding ligand 1.37

Figure 3. (a) CIS mapped onto the protein VDW surface. The surface is colored according to the magnitude of the CIS values. The largest
absolute changes are represented in red, moderate changes in yellow, and green and smallest changes in blue. (b) j-surface (magenta) representing
potential locations for the centre of the ligand. (c) Centre of the j-surface (magenta point).
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proximately 40% bound under the experimental conditions used
to acquire the spectra.

Results and Discussion

To ensure that our results were not biased by the details of
the experimental solution structure of the protein–ligand com-
plex, we used the unbound X-ray crystal structure of the protein
(PDB code 1nco38), and the ligand was built using molecular
mechanics and energy minimized.39

Stage 1: Location of the Binding Site. In the first step, the
experimental CIS values were mapped onto the surface of the X-
ray crystal structure of the protein using Jsurf.29 When the
protein surface was colored according to the magnitude of the
CIS values (Figure 3a), the largest changes were clearly
clustered around a cleft in the protein surface, and no significant
perturbations were identified elsewhere. This demonstrates that
the CIS are mainly due to the binding of the ligand in a single
well-defined binding site, and there are minimal conformational
changes in the rest of the protein. Using dot-density representa-
tions, spheres were constructed centered on each perturbed
proton to create a j-surface representation of the binding site.
Each dot represents a possible location for the center of the
ligand. The Jsurf standard deviation parameter was manually
varied from 0.1 to 4.0 until the j-surface was a small well-
defined area in the middle of the binding site. A value of 2.5
gave a single j-surface that did not contact the protein backbone
and was centered within the binding site cleft (Figure 3b). All
points in the j-surface less than 2.5 Å from the protein backbone
were removed, and the remaining points were averaged to give
the coordinates of a single point identifying the center of the
binding site (Figure 3c). This provides a good starting point
for location of the center of the ligand, obviating the need for
searching a large amount of redundant conformational space
remote from the binding site.

Stage 2: Generation of a Diverse Ensemble of Sterically
Accessible Poses. The location of the center of the binding site
from Jsurf was used to generate a set of starting conformations
of the ligand in the NCS binding site using GOLD.40 This
program uses genetic algorithms (GA) to generate and optimize
structures of protein–ligand complexes according to a range of
possible scoring functions. In our case, we are simply interested
in generating a large number of possible structures that are
sterically accessible and are not perturbed by any of the
empirical scoring functions. The scoring function was therefore
set to consider only van der Waals energies and intramolecular
strain energy, and the molecular interaction terms were switched
off to generate a set of 100–1000 poses based on shape
complementarity only. Figure 4 shows an overlay of 20 poses
generated by this method. The ligand is clearly located in the
binding site, but the conformation and orientation of the ligand
in each pose are very different showing that this method allows
us to sample a wide range of different possible structures for
the complex.

Stage 3: Structure Refinement Using CIS Values. The
poses generated by GOLD were then optimized using the
experimental CIS data in conjunction with the program Shifty.35

This program calculates the CIS of each backbone amide using
a semiempirical function (described in detail elsewhere35) and
a GA to perform a conformational search in which the protein
is considered as a rigid body and the ligand is allowed to move
and change conformation (see Figure 1). In order to use a GA,
it is necessary to define a fitness function which is that parameter
that is maximized in the optimization process. The agreement
between the calculated and experimental CIS values can be

assessed using the normalized root-mean-square difference, and
the fitness is therefore defined as the inverse of this parameter
(1/n-rmsdCIS ) ∆δexp/∆δcal).
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∆δcal is the root-mean-square difference between the calculated
and experimental CIS values normalized by the absolute
experimental CIS value. In cases where the absolute experi-
mental CIS value was less than 0.1 ppm, this value was fixed
at 0.1 ppm to reduce the significance of very small chemical
shift changes that are subject to a large relative error. ∆δexp is
the root mean absolute experimental CIS value.

In addition, an association constant scaling factor was
included as a variable to scale the experimental CIS values to
allow for ambiguity in the extent to which the protein is bound
in the NMR experiment. In principle, this correction could be
made using an experimentally determined association constant,
but the extra variable has little impact on the structure
calculation. In addition, this strategy removes the need for
experimental determination of the association constant and errors
that could be introduced through inaccuracies in this value,
which would affect every single CIS value used as input to the
calculation. In effect, this approach optimizes the structure based
on the relative changes in chemical shift rather than absolute values.
For the complex described here, the association constant scaling
factor for the optimized structures was around 0.3, which is
consistent with the 40% bound protein determined experimentally.

Each of the poses generated by GOLD was used as an
independent starting point for a structure optimization calcula-
tion. After optimization, the highest fitness obtained was 2.1,
and most of the optimized structures gave an n-rmsdCIS of less
than 0.5. Figure 5 illustrates the agreement obtained between
the experimental and calculated backbone amide CIS values
for the binding site residues of the top ranked pose. The quality
of the structures of the complex obtained was evaluated by

Figure 4. Overlay of 20 of the poses generated using GOLD.
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overlaying the backbone of the protein from the calculated
structure with the backbone of the protein from the experimental
solution NMR structure and determining the root-mean-square
deviation (rmsd) of the ligand atoms in the two structures. The
results in Figure 6 show that the optimization process converges
to a clearly defined structure compared with the diverse set of
starting structures in Figure 4. In the optimized structures, the
naphthoate moiety of the ligand is located in a well-defined
geometry which is the same in all of the structures, and the
only variation is in the orientation of the ester side chain. This
portion of the ligand has little magnetic anisotropy, and
therefore, the geometry is less well-defined by the CIS values
than the aromatic portion which is associated with large ring
current effects. An overlay of the optimized structure with
highest fitness and the NMR solution structure shows good
agreement (Figure 7). The rmsd of the coordinates of the heavy
atoms of the ligands in the two structures in Figure 7 is 2.9 Å.
The difference is mainly due to the uncertainty in the position
of the ester side chain of the ligand, and the rmsd of the
naphthoate moiety alone is 1.0 Å.

Note that the protein is not allowed to move during the
structure determination process, but the two protein frames in
Figure 7 differ because one comes from the X-ray crystal
structure of the unbound protein and the other comes from the
solution NMR structure of the complex. Closer inspection of
two protein frames reveals some movement of the loops flanking
the binding site. In our calculation, the unbound protein structure

was treated as a rigid body, and the small differences found in
the orientation of the ligand are probably due to movement of
the walls of the binding site on complexation. Thus, even though
there are changes in the structure of the protein on binding, the
method outlined above is sufficiently robust to accurately locate
the ligand binding geometry because the CIS values are more
sensitive to local intermolecular contacts that are relatively short-
range in nature.

When structure optimizations were carried out using a set of
1000 starting poses, the structures of the top ranked poses were
similar to those obtained using only 100 starting poses (Figure
8a). Similarly, increasing the number of generations and
population size used in the optimization from 50 to 100 had
little effect on the outcome (Figure 8b). Thus, relatively small
fast searches can be used to effectively sample the conforma-
tional space. The results in Figure 8 show the distribution of
NMR n-rmsdCIS versus structural rsmd values for each individual
optimization. There is a clear correlation between the quality
of the fit to the NMR data (measured by n-rmsdCIS) and the
quality of the structure (measured by rmsd). In other words,
the NMR CIS data provide a useful tool for structure optimiza-
tion. The n-rmsdCIS is a good measure of the quality of a
structure of a complex so that optimizations based on this
parameter converge toward the experimentally observed 3D
structure.

Conclusions

A new protocol for determining the 3D structures of pro-
tein–ligand complexes in solution using NMR CIS data is
described. The potential of this approach has been demonstrated
using the complex formed by the chromoprotein antitumor
antibiotic neocarzinostatin (NCS) and a synthetic ligand. The
procedure requires only a 3D structure of the protein and the
backbone amide CIS values and so could be relatively straight-
forward to implement in a high-throughput format for studying
protein–ligand interactions. For a 105 residues-protein (11 kDa)
with a small ligand (39 atoms), the chromophore of the ligand
was located in the binding site with an accuracy of better than
1 Å compared with the experimental structure of the complex,
and the calculated CIS values agree well with the experimental
data. The main differences between the calculated and experi-
mental structures are related to some conformational rearrange-
ment of protein loops flanking the binding site and to the

Figure 5. Comparison between calculated and experimental CIS values
for the backbone amide protons in the binding site. The other backbone
amide protons that are remote from the ligand have negligible CIS
values, which are accurately reproduced by the calculation.

Figure 6. Overlay of the 20 highest fitness structures after optimization
using the CIS values.

Figure 7. (a) Overlay of the CIS-optimized ligand orientation in the
X-ray crystal structure of the unbound protein (blue) and the NMR
solution structure of the complex (red). (b) Closer view of the orientation
of the ligand in the two complexes.
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orientation of the flexible aliphatic side chain of the ligand. The
aliphatic side chain carries little magnetic anisotropy and so is
effectively invisible to the CIS method. Thus, the position and
orientation of the ligand aromatic ring can be located with high
accuracy in the binding pocket, but the ester side chain cannot.
The method clearly shows some promise for determining the
three-dimensional structures of protein–ligand complexes with
relatively high precision, and we are currently investigating the
general viability of CIS structure determination in different
protein–ligand systems.

Experimental Procedure

The coordinates of the unbound protein were obtained from the
protein data bank (PDB code 1nco38). The structure of the ligand
was created with the XED 6.1.0 software using standard bond
lengths and angles and energy-minimized. Our computational
approach consists of a set of Perl scripts that implement the three
main software packages used in the protocol and analyze the results.

Jsurf. In the first stage of the protocol, the location of the binding
site is obtained using the program Jsurf. All points on the j-surface
less than 2.5 Å from the protein backbone were removed, and the
remaining points were averaged to give the coordinates of a single
point: the center of the binding site.

GOLD. In the second stage, the generation of an ensemble of
poses located in the binding site was carried out using the GOLD,
version 2.2, software. The center of the ligand was located at the

center of the binding site determined using Jsurf, giving a starting
point for GOLD to generate a set of conformations of the ligand in
the NCS binding site. The GOLD scoring function was modified
by setting the contribution of the hydrogen bond energy term
(H_BOND_WT) to 0.001 in gold.parms. This allows us to use this
software as a rapid method to generate a set of poses based on
shape complementary only. GOLD was used to generate structures
using 10 runs with population sizes of 100–1000 for 10000–100000
generations. In this way, ensembles of 100 to 1000 poses could be
obtained. A parameter used by GOLD in the default setting is “early
termination”. This option instructs the program to terminate runs
as soon as a specified number of runs have given essentially the
same answer, so this parameter was switched off in our calculations
in order to ensure that GOLD generated a diverse sample of
structures.

Shifty. In the final stage, structure determination was carried
out using Shifty. The conformational search in Shifty was divided
into two steps, each with population sizes of 50–100 run for 50–100
generations. The size of the search space was set to ensure that all
possible complex conformations could be sampled. In the first step,
the intermolecular distance limit was set to 1.5 Å and the range of
allowed rotations of one molecule relative to the other was set to
(10°. Intramolecular torsions were allowed to change within the
full range of (180°. In the second step, these parameters were
reduced to 1 Å, 5°, and 90°, respectively. To reduce the confor-
mational space, a steric clash penalty was added for distances of
less than 2 Å for intermolecular clashes and distances less than 1
Å for intramolecular clashes for non-hydrogen atoms.
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