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In this paper is described an analysis of the effects of protein flexibility on the observed CIS values and the
impact on the accuracy of 3D structures determined using a 1H NMR CIS approach. The effects of protein
conformational mobility have been investigated by using a set of different protein structures as starting
points for the calculation: the unbound X-ray crystal structure, the unbound NMR solution structure, and
the bound NMR solution structure of the protein. The results indicated that loop movement does have a
significant impact on the quality of the structure generated by the CIS structure determination methodology.
The implementation of methods to treat loop flexibility within our protocol, however, did not improve the
results for calculations based on the unbound protein frame.

Introduction

Determining the interactions that occur when small molecules
(ligands) bind to receptors and identifying the three-dimensional
structures of the complexes are important issues for understand-
ing and modulating protein function. NMR spectroscopy is often
the method of choice for determining the structures of protein
complexes. NMR measurements such as NOEs, J-coupling
values, and residual dipolar couplings provide structural infor-
mation about the orientation of ligands within the protein active
site.1 Complexation-induced changes in chemical shift (CISa)
provide a simple approach to mapping the intermolecular
interface of a complex and locate the binding pocket in a
protein.2 The SAR by NMR method that makes use of CIS
mapping has become an important tool in structure-based drug
design.3,4 CIS mapping can be used in a qualitative way for
identifying the binding site or, quantitatively, providing more
detailed information on the structure of the complex.5–8

The elucidation of high-resolution structures of complexes
using classical NMR methods is far from routine. It requires

complete assignment of all of the signals due to the ligand, the
protein backbone, and the side chains and observation of a
sufficient number of intermolecular NOEs to accurately locate
the position and orientation of the ligand in the binding pocket.
Integration of NMR chemical shift information as additional
distance constraints in the structure refinement process can
therefore be useful.9,10 CIS data are relatively straightforward
to collect and have been used to investigate host-guest
complexes, protein folding, and protein complexes.11–14 Reliable
prediction tools are available to estimate the CIS expected for
a particular 3D structure, and comparison with the experimental
data allows an assessment of the accuracy of that structure.5,15,16

Thus, CIS-based scoring functions have been developed using
the difference between predicted and experimental CIS data to
rank predicted protein-ligand binding modes or to introduce
ambiguous restraints to restrict the location of the ligand during
sampling.17,18

Although the accuracy of the structure determination and
prediction methods for protein-ligand complexes has improved
enormously, one of the main challenges is dealing with
molecular flexibility and conformational changes. Protein-ligand
recognition is a dynamic event in which both protein and ligand
can change conformation in order to minimize the total free
energy change on association.19 In many docking methods, the
ligand is treated as flexible but the protein conformation is
restricted and, for practical reasons, it is often assumed to be
rigid. This approximation is due to the combinatorial explosion
on the size of the search space when both ligand and protein
flexibility are considered.20 Erickson et al.21 attempted to explore
the effect of protein flexibility on the accuracy of a docking
calculation and found that the protein conformation is important
to accurately dock ligands. They showed that the accuracy of
the structure is correlated with the degree of protein movement
allowed in the active site,22,23 and this problem will be
exacerbated in algorithms that make use of intermolecular
distance restraints between specific atoms to describe the
information contained in experimental CIS data.12

Many methods have been developed that allow partial protein
flexibility to address this problem.24,25 Protein flexibility can
be treated implicitly by allowing interpenetration of molecules
or explicitly by exploring all possible conformations, allowing
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side chain and backbone flexibility. However, few degrees of
freedom of the protein can be included explicitly without
increasing the complexity of the conformational search too
much. The degrees of freedom are usually restricted to rotations
around side chain single bonds, since they are the most flexible
part of the protein. For example, in the program HADDOCK,
flexibility is introduced as a refinement of structures generated
by a rigid body docking procedure. Flexibility is allowed first
along the side chains at the interface, then for the backbone
and side chains of both interacting molecules.17 The correct
selection of torsional degrees of freedom to include in a
calculation requires a considerable amount of a priori knowledge
of alternative binding modes for a given receptor. This
knowledge usually is the result of the availability of experi-
mental structures obtained under different conditions and/or
using different ligands. If multiple experimental structures are
not available, some information can be obtained from simulation
methods such as Monte Carlo (MC) or molecular dynamics
(MD) that model explicitly all degrees of freedom of the system
including the solvent. MD simulations have provided detailed
information on the fluctuations and conformational changes of
proteins. MD simulations enable exploration of the conforma-
tional energy landscape accessible to a protein and have proved
useful for assessing protein flexibility and dynamics on a
nanosecond time scale.26–28

The alternative approaches use a more implicit flexibility that
is much simpler to implement in docking applications. Soft
receptors can be easily generated by lowering the energy penalty
for the overlap of a ligand atom with an atom of the receptor
structure. By reduction of the van der Waals contributions to
the total energy score, the receptor is made softer, and ligands
that are too large may still fit into the binding site. The reason
for this approach is that the receptor structure has some inherent
flexibility, which can be adapted to slightly differently shaped
ligands by resorting to small variations in the orientation of
binding site side chains and backbone positions. Although the
use of soft receptors presents a number of advantages, such as
ease of implementation and computational speed, it also makes
use of conformational and energetic assumptions that are
difficult to justify.16 Implicit treatment of flexibility can also
be achieved by performing rigid body docking of an ensemble
of conformations. Since proteins in solution do not exist in a
single minimum energy static conformation but are in fact
constantly jumping between low energy conformational sub-
states, the best description for a protein structure is that of a
conformational set of slightly different protein structures
coexisting in a low energy region of the potential energy surface.
A representative subset of the typical conformational ensemble
of a given receptor is currently obtained experimentally from
X-ray crystallography or NMR or generated via computational
methods such as MC or MD simulations. Multiple structures
account for the full flexibility of the protein without an
exponential increase in computational cost that would come from
including all the degrees of freedom of the protein. On the other
hand, as just a small fraction of the conformational space of
the receptor is represented, the method used to obtain the
multiple receptor structures has a significant influence on the
results.29

In a previous work,30 we described a new method for
determining the structures of protein-ligand complexes from
experimentally determined backbone amide proton CIS values.
Experimental CIS values were first mapped onto the VDW
surface of the X-ray crystal structure of the unbound protein to
identify the ligand binding site. A wide range of different

possible orientations of the ligand in the protein binding site
(poses) was then produced, and each of them then was refined
using the experimental CIS data: optimization involved calcula-
tion of the expected CIS value for each proton in each structure
and minimization of the difference between these calculated
values and the experimental ones as a function of the position
and orientation of the ligand relative to the binding site. The
final CIS optimized structure matched the structure determined
experimentally using conventional NOE methods with an RMSD
of less than 1 Å. However, in our calculation, the unbound
protein structure was treated as a rigid body, and the differences
observed between the NOE and CIS structures appear to be
connected to the movements of the walls of the binding site on
complexation. This system therefore provides an ideal op-
portunity to test methods for the treatment of protein flexibility,
since the free and bound conformations of the protein are known.
This paper describes an analysis of the effects of protein
flexibility on the observed CIS values and the impact on the
accuracy of 3D structures determined using the CIS approach.
The prospects of implementing methods to treat protein flex-
ibility within our protocol are also explored.

Results and Discussion

Approach. The system used is the complex formed by the
chromoprotein antitumor antibiotic neocarzinostatin (NCS) and
a synthetic chromophore (lig.1, Figure 1a), for which the 3D
structure of the complex in solution has been determined by
conventional NMR methods using NOE restraints for structure
refinement.31 The NMR structure of the complex is represented
by 44 similar structures that provide some indication of the
flexibility of the complex and provide excellent experimentally

Figure 1. (a) Structure of the ligand. Torsion angles that were allowed
to vary during the structure determination process are indicated.
Conformational flexibility in the five-membered ring was not considered
in the calculations. (b) Overlay of the 44 solution structures of the
complex NCS/lig.1 obtained by NMR experiments using NOE restraints
for structure refinement (PDB entry code 1J5I). The protein binding
site is highlighted in yellow.
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derived data to test the impact of small conformational changes
on the robustness of the CIS structure determination method.
The coordinates of the protein frames used in the following
calculations were obtained from the Protein Data Bank, and the
structure of the ligand was created with the XED 6.1.0
software32 using standard bond lengths and angles and energy-
minimized. The method we have developed has three key stages:
(a) definition of the receptor binding site using the backbone
amide CIS values; (b) generation of a set of ligand conforma-
tions and orientations for introduction into the receptor binding
site (poses); (c) optimization of each pose based on comparison
of the experimental and calculated CIS values for the amide
backbone protons.

The structure determination protocol is summarized as
follows. Experimental CIS values of the backbone amide protons
(BB NH) were first mapped onto the VDW surface of the protein
to create a ligand j-surface representing possible locations for
the center of the ligand in the binding pocket. The ligand
structure was then docked into the center of this surface, and
an ensemble of starting orientations of the ligand in the protein
binding site (poses) was produced purely on the basis of shape
complementarity, allowing us to sample a wide range of different
possible conformations. Each of these poses was used as an
independent starting point for structure optimization calculations
using the experimental CIS data. Optimization involved the
calculation of the CIS of each BB NH proton for every change
of the ligand orientation in the protein binding site using a
semiempirical function that is described in detail elsewhere.14

A genetic algorithm (GA) was used to minimize the difference
between the calculated and the experimental CIS values, as a
function of the position and orientation of the ligand relative to
the binding site and its internal torsion angles. In addition, an
association constant scaling factor (K) was included as a variable
to scale the experimental CIS values to allow for ambiguity in
the extent of protein binding in the NMR experiment.

Analysis of the 44 NMR Solution Structures of the Com-
plex. We first examine in detail the properties of the solution
structure of the complex determined by NMR experiments that
represents our target and best possible outcome (Figure 1b, PDB
code 1J5I). NMR structure determination does not give a single
structure for the complex. Generally, between 100 and 1000
molecular mechanics structures that satisfy a range of experi-
mentally determined distance restraints are produced, and then
all the structures with low energies are superimposed. The root-
mean-squared difference of the heavy atoms of the protein
backbone (RMSDBB) is a measure of the degree of convergence
and resolution of the structure. Usually, RMSDBB values are
interpreted as an indication of the mobility of the protein, but
they are also dependent on the availability of sufficient
experimental constraints to fully define the structure. Figure 2
shows the range of RMSDBB values obtained by comparing each
of the 44 NMR structures of the NCS · lig.1 complex with all
of the others, along with the root-mean-squared difference of
the heavy atoms of the ligand (RMSDLIG). The protein structures
differ by 1.0-1.5 Å mainly through movement of the loops
that flank the binding site (Figure 1b), and variation in the
position of ligand is slightly larger due to mobility of the ester
side chain. The range of values of RMSDLIG provides us with
a measure of the certainty of the experimental structure and
indicates that any CIS-based structure that we calculate that falls
within 2 Å of any of the 44 NOE-based structures would
represent a match with the experimental structure that is as good
as the experimental structure itself.

The potential impact of the structural variations that are
observed in the experimental structure on the CIS values can
be estimated using the CIS calculation method implemented in
our structure determination software. This in turn will allow us
to assess the influence of protein flexibility on the accuracy of
the CIS-based structure determination protocol. Predicted CIS
values were calculated for each of the 44 NMR solution
structures (poses) and compared with the corresponding ex-
perimental data using the root-mean-squared difference in ppm
(RMSDCIS). A plot of RMSDLIG versus RMSDCIS provides a
straightforward graphical method to evaluate the relationship
between the 3D structure of the complex and the corresponding
CIS values. If the CIS method is a useful structure determination
tool, then RMSDLIG and RMSDCIS should be correlated so that
they both tend to zero as the quality of the structure improves.
Figure 3 shows the results for the 44 NOE-based structures (red
box in Figure 3). The value of RMSDCIS is very high for all of
these structures because the protein is only 40% bound in the
experiments. The association constant scaling factor (K) used
in our calculations allows for experimental uncertainty in the
fraction bound, and optimization of this parameter without
changing the geometry of the complexes resulted in good
agreement between the calculated and experimental CIS values
(blue box in Figure 3). In other words, the pattern of CIS values
calculated from the experimental NOE-based structures agrees

Figure 2. Range of RMSDBB (black circles) and RMSDLIG (red circles)
values for the 44 NMR solution structures of the complex NCS/lig.1
obtained by pairwise comparison of all of the structures. The horizontal
axis represents the identity of the structure used as the reference point
for the comparison with each of the 44 structures.

Figure 3. Comparison of RMSDLIG with n-RMSDCIS for the 44 NMR
solution structures of the complex with no optimization (red), K
optimization (blue), and CIS and K optimization (green). The black
dotted box represents the target region corresponding to agreement with
the NMR solution structure.
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with the experimental CIS values, and so structure optimization
based on CIS values has potential for locating these structures.

To test whether the geometries of the 44 NOE-based
structures could be further optimized, these structures were used
as starting points for a full structure optimization based on the
experimental CIS values. The green box in Figure 3 shows the
results of simultaneous geometry and binding constant optimiza-
tion. The values of RMSDCIS are reduced somewhat as expected,
but the spread of RMSDLIG values is dramatically increased.
Thus, it appears that while structure determination based on CIS
values provides a family of conformations that encompass the
experimental structure, CIS values alone are not sufficient to
accurately define the structure of the complex to the same degree
as NOE constraints. The results that fall within the black box
in Figure 3 represent optimized structures that agree with the
44 experimental structures as well as these structures agreeing
with each other, and a significant number of structures do fall
inside this region. However, a substantial number of structures
also lie outside this region. The optimization procedure explores
a relatively large conformational space, and there is clearly a
range of structures that all satisfy the CIS constraints equally
well. The black box in Figure 3 represents our target “perfect”
result for ab initio structure determination using the CIS method.
The results shown in green indicate the best that we can expect
to obtain; i.e., in the population of structures generated by the
CIS structure determination method, it will be possible to find
a large number that match the experimental structure, but there
will also be a significant population that is different.

Structure Determination Using the X-ray Crystal Struc-
ture of the Protein. Ab initio structure determination of the
complex was first attempted using the X-ray crystal structure
of the unbound protein (PDB entry code 1NCO33) as the protein
input frame. By use of random starting points, a set of 100 poses
was generated purely on the basis of shape complementarity.
This set of poses was then optimized as a function of the binding
constant parameter, and finally a full geometry optimization was
carried out on the basis of the CIS values. For each step of this
procedure, each of the 100 poses was compared with each of
the 44 NOE-based experimental structures, and the results are
analyzed using the RMSDCIS versus RMSDLIG plot in Figure
4. The binding constant optimization has a large effect on
RMSDCIS as before because the protein is only 40% bound in
the experiment. However, the important observation is that
during the CIS-based structure optimization stage of the
calculation, the results move toward the origin of the plot and
the black dotted box that defines the limits of the accuracy of

the experimental data (Figure 4). This demonstrates that structure
optimization based on CIS values improves the quality of the
3D structure that is obtained. Nevertheless, none of the results
fall inside the black box that represents good agreement with
the experimental structure. The results are displayed in boxes
that represent similar structures and indicate a level of conver-
gence, but there are some outliers due to the range of
conformational space explored. One set of structures, highlighted
with asterisks in Figure 4, shows significantly better agreement
with the experimental NOE-based structures. However, this
simply reflects the element of chance involved in the random
generation of starting points and is related to the conformation
of the ester side chain discussed below.

Figure 5 shows an overlay of one of the top ranked poses
with the corresponding NMR solution structure of the complex.
The position of the ligand is almost the same in the two
complexes, and the main difference, which leads to the relatively
high value of RMSDLIG (2.42 Å), lies in the orientation of the
flexible ester side chain. Comparison of the two protein frames
shows some movement of the loops flanking the binding site.
Since in our calculation, the protein structure is treated as a
rigid body, the differences found in the orientation of the ligand
may be due to movements of the walls of the binding site that
alter the shape of the pocket.

Influence of Flexible Protein Loops. To test the effects of
loop movement on the structure determination process, the
calculations described above were repeated using both the NMR
solution structure of the unbound protein (PDB code 1J5H) and
a bound protein frame from the NMR solution structure of the
complex. The differences in the structures of these protein
frames are highlighted in Figure 6. By use of random starting
points, a set of 100 poses was optimized as described above
using the experimental CIS values. The RMSDCIS versus
RMSDLIG plot in Figure 7 shows the results. Both of the NMR
solution structures give results that are an improvement on those
obtained using the X-ray crystal structure of the protein. Many
of the structures now fall inside the black box that represents
agreement with experiment. This demonstrates that the confor-
mation of the protein and loop movement have a significant
effect on the quality of the structure obtained from the CIS
method. The best agreement is found for the solution structure
of the bound protein, as might be expected. The structures
obtained using the bound protein frame (green box in Figure
7) fall in exactly the same region of the RMSDCIS versus
RMSDLIG plot as the structures obtained by optimizing the NMR

Figure 4. Comparison of n-RMSDCIS with RMSDLIG for the set of
100 structures generated using the unbound X-ray protein frame with
no optimization (magenta), K optimization (violet), and CIS and K
optimization (orange). The black dotted box represents the target region
corresponding to agreement with the NMR solution structure.

Figure 5. (A) Overlay of the optimized CIS structure (blue) and the
NMR solution structure (red) of the complex NCS/lig.1. (B) Closer
view of the orientation of the ligand in the two structures.
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structures of the complex (green box in Figure 3), indicating
that the conformational search procedure works well and
converges to the same population of structures from very
different starting points.

Influence of Ligand Flexibility. The ester side chain of the
ligand is torsionally flexible and carries little magnetic anisot-
ropy, so its conformation is not well-defined by the experimental
CIS data. We therefore reanalyzed the results of structure
determination calculations considering only the naphthoate
moiety of the ligand in the calculation of RMSDLIG (Figure 8).
This significantly reduces the magnitude of RMSDLIG as
expected, but more importantly, the calculated structures are
now much more tightly clustered in the RMSDLIG dimension.
The implication is that divergence in the orientation of the ligand
side chain not only is responsible for most of the discrepancy
between the CIS-based structures and the NOE-based structures
but also accounts for the large range of RMSDLIG values
observed in the Figures 3, 4, and 7. The apparently large range
of different structures generated by the CIS structure determi-
nation simply reflects a lack of experimental data to define the
conformation of the side chain, which is invisible to this
technique. This plot also highlights the correlation between the
quality of the structure obtained and the agreement between
the calculated and experimental CIS data.

Refinement of Protein Loops. Flexibility of both the protein
and the ligand clearly plays a role in the accuracy of the structure
determined using this method. The approach described above

treats ligand flexibility explicitly, but protein flexibility is a more
challenging problem. If we can predict ab initio possible
movements that the protein frame is able to undertake during
binding, it might be possible to use the CIS data to discriminate
between different possibilities, since the results above show that
the CIS method is sensitive to changes in protein conformation.
We therefore investigated the possibility of introducing degrees
of freedom for the protein loops that form the binding site, since
this is where the largest changes in chemical shift are observed
(Figure 9) and where the largest changes in conformation are
observed on binding (Figure 6).

There are four loops in the protein binding site: loop L3
(residues Thr39-Gln45), loop L4 (residues Trp48-Gly52), loop
L7 (residues Thr77-Ser81), and loop L9 (residues Thr99-
Ser107). Conformational searches were carried out for each of
these loops using PRIME,34,35 a loop prediction algorithm from
Schrödinger Software. The X-ray crystal structure of the
unbound protein was used as the starting point for the refinement
of each loop individually, and 60 different structures were
obtained: 20 different protein frames for loop L3, 10 structures
for L4, 15 for L7, and 15 for L9. Figure 10 shows an overlay
of the protein conformations generated by PRIME.

Each of the 60 protein structures was used as the starting
protein frame for CIS-based determination of the structure of
the complex. Figure 11 shows the results. We are clearly
exploring a much larger conformational space, and some

Figure 6. Overlay of the backbone of the unbound (green) and bound
(red) NMR solution structures.

Figure 7. Comparison of n-RMSDCIS with RMSDLIG for the structures
found after CIS and K optimization using the unbound X-ray crystal
structure (orange), the unbound NMR solution structure (red), and a
bound NMR solution structure (green) for the protein frame. The black
dotted box represents the target region corresponding to agreement with
the NMR solution structure.

Figure 8. Comparison of n-RMSDCIS with RMSDLIG considering only
the heavy atoms of the ligand-naphthoate moiety for the 44 NMR
solution structures after K optimization (blue) and for the structures
found after CIS and K optimization using the unbound X-ray crystal
structure (orange), the unbound NMR solution structure (red), and a
bound NMR solution structure (green) for the protein frame. The black
dotted box represents the target region corresponding to agreement with
the NMR solution structure.

Figure 9. Experimental CIS values for the backbone amide protons.
The backbone amide protons that are remote from the ligand have
negligible CIS values, and the biggest variations are found for the
residues that form flexible loops around the protein binding site.
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structures do achieve a significantly improved RMSDLIG (less
than 2 Å), but the results with and without loop refinement are
qualitatively similar. No dramatic improvement is observed even
for loops that move significantly on ligand binding. In order to
sample protein conformations that are closer to the bound
structure, it will clearly be necessary to sample more confor-
mational space, but that carries the burden of increased
computational cost.

Conclusion

In summary, we have explored the influence of conforma-
tional flexibility on the accuracy of a method for determining
the structures of protein-ligand complexes using experimental
CIS values. The ligand is allowed to sample a wide range of
conformational space in the calculations, and ligand functional
groups that have significant magnetic anisotropy are accurately
located by the calculation, but groups that are spectroscopically
silent are not. The result for the complex of NCS with lig.1
studied here is that the position and orientation of the ligand
chromophore can be pinpointed with a high degree of accuracy
in the protein binding pocket, but the aliphatic ester side chain
samples a range of conformations. Although we do not allow
movement of the protein during the structure calculation, the
effects of protein conformational mobility were investigated by
using a set of different protein structures as starting points for
the calculation. The structure of the complex was reliably
reproduced using the unbound X-ray crystal structure, the
unbound NMR solution structure, and the bound NMR solution
structure of the protein. However, the best agreement with
experiment was obtained using the bound NMR protein frame,
indicating that loop movement does have a significant impact
on the quality of the structure generated by the CIS structure
determination methodology. Attempts to treat loop flexibility
using molecular mechanics to sample a range of loop conforma-
tions did not improve the results for calculations based on the
unbound protein frame. In all of the calculations, there is a clear
correlation of the agreement between the calculated and
experimental CIS data with the quality of the structure obtained,
indicating that the method has promise for applications in
complex structure determination.

Experimental Section

The coordinates of the protein frames used in the calculations
were obtained from the protein data bank (PDB entry code 1NCO33

for the X-ray crystal structure of the unbound protein, PDB entry
code 1J5H31 for the NMR solution structure of the unbound protein,
and PDB code 1J5I31 for the NMR solution structure of the bound
protein and complex). The structure of the ligand was created with

the XED 6.1.0 software32 using standard bond lengths and angles
and energy-minimized. Our computational approach consists of a
set of Perl and C++ scripts that implement the three main software
packages used in the protocol and analyze the results. The three
programs used are Jsurf to define the receptor binding site using
the backbone amide CIS values, GOLD to generate a set of ligand
conformations and orientations for introduction into the receptor
binding site, and Shifty to optimize each pose based on comparison
of the experimental and calculated CIS values for the amide
backbone protons.

Analysis of the 44 NMR Solution Structures of the Com-
plex. The analysis of the 44 NMR solution structure was carried
out starting from the geometry of each of the 44 poses and using
Shifty for the CIS-based structure optimization. First, without
carrying out any optimization, the CIS values for each BB NH
proton were calculated and compared to the experimental CIS
values. Second, to allow for the incomplete saturation of the protein
binding site in the experiment, the calculated CIS values were
optimized by varying the association constant scaling factor (K)
with no geometry optimization. The scaling factor was allowed to
vary by up to a factor of 10. Third, the geometry of each of the 44
poses was fully optimized on the basis of the CIS values using
Shifty.

Shifty. Optimization involved calculation of the CIS of each
backbone NH proton using a semiempirical function14 and mini-
mization of the difference between the calculated and the experi-
mental CIS values, using a genetic algorithm to vary the position
and orientation of the ligand relative to the binding site as well as
the ligand torsion angles. The conformational search in Shifty was
divided into two steps, each with population sizes of 50 runs for
50 generations. The option create_offset_file was set to 0 so that
the orientation of the ligand in the initial PDB file was retained,
and the optimization was carried out using these geometries as
starting points. 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°, respec-
tively. To reduce the conformational space, a steric clash penalty
was added for distances of less than 2 Å for intermolecular clashes
and for distances less than 1 Å for intramolecular clashes for non-
hydrogen atoms. The association constant (K) was allowed to vary
by a factor of 10. All of the optimized poses were then ranked by
their fitness values. The fitness of a particular structure is defined
using the normalized root-mean-squared difference between the
experimental and calculated CIS values (1/n-RMSDCIS ) ∆δexp/
∆δcal, where ∆δcal is the root-mean-squared difference between the
calculated and experimental CIS values and ∆δexp is the root mean
square of the experimental CIS values).

Structure Optimization Procedure. The structures of the
complex were determined using the procedure described below,
the only difference between different calculations being the protein
input frame used: X-ray crystal structure of the unbound protein,
NMR solution structure of the unbound and bound protein, and
the 60 different protein frames obtained after loop refinement.

JSurf. In the first stage of the protocol, the location of the binding
site was obtained using the program JSurf.36 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. Experimental CIS
values of the BB NH residues were first mapped into the protein
VDW surface. The protein frame was colored depending on the
intensity of the experimental CIS values; the biggest absolute
changes were represented in red, moderate changes in yellow, and
the lowest changes in blue. The largest CIS values are clustered in
the natural cleft of the protein, and no significant perturbations were
identified elsewhere on the protein surface. Afterward, spheres were
constructed centered on each perturbed proton and then filled
randomly with dots as an indication of the perturbation suffered
by each BB NH proton and with a radius proportional to the
intensity of the perturbation. A ligand j-surface consequently was

Figure 10. Overlay of the different binding site loop conformations
of the NCS protein generated with the program PRIME (Schrödinger
software) using the X-ray crystal structure of the unbound protein as
the starting point. The loops that were refined are L3 (residues
Thr39-Gln45), L4 (residues Trp48-Gly52), L7 (residues Thr77-Ser81),
L9 (residues Thr99-Ser107).
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created in which each dot represented a possible location for the
center of the ligand. The j-surface represented a small area almost
in the middle of the binding site. Next, 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, obviating the need
to search a large amount of redundant conformational space remote
from 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.37 The center of the ligand was located at the
center of the binding site determined using Jsurf, and a set of 100
conformations of the ligand for each set of data was generated.
The GOLD scoring function was modified by setting the contribu-
tion 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 considering only the protein-ligand VDW
energies and ligand intramolecular strain energy, i.e., based on shape
complementary only. GOLD was used to generate structures using
10 runs with a population size of 100 for 100 000 generations. The
“early termination” parameter used by GOLD in the default setting
(the option that instructs the program to terminate runs as soon as
a specified number of runs have given essentially the same answer)
was switched off in our calculations in order to ensure that GOLD
generated a diverse sample of structures.

Shifty. In the final stage, structure optimization was carried out
using Shifty.14 The 100 conformations generated by GOLD were
used as independent starting points for structure optimization, which
was carried out as described above. The calculation of the root-
mean-squared difference of the heavy atoms of the whole ligand
structure and of the ligand naphthoate moiety only (RMSDLIG) was
then carried out after overlaying the protein BB of the optimized
poses with each of the 44 structures of the complex determined by
conventional NMR methods using NOE restraints for structure
refinement.31

Prime. Four loops were identified in the protein binding site:
L3 (residues Thr39-Gln45), L4 (residues Trp48-Gly52), L7
(residues Thr77-Ser81), and L9 (residues Thr99-Ser107). These

were refined using the commercial Prime package (Schrödinger,
Inc.).34,35 The loop prediction algorithm generates many loop
conformation candidates following an ab initio procedure, clusters
them to reduce redundancy, and selects only the representative
candidates. Side chain optimization of the selected loops is then
carried out, followed by energy minimization. Energy calculations
used an all-atom model based on the OPLS-AA force field and the
surface generalized Born implicit solvent model.5 The lowest energy
structures were selected as the output of the loop prediction
algorithm. The loop refinement retrieved 60 different structures:
in particular, 20 different protein frames for loop L3, 10 structures
for L4, 15 for L7, and 15 for L9.
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