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Allostery is the coupling of conformational changes between two widely separated sites. It is
one of the most common and powerful means to regulate protein function and was referred
as “the second secret of life”.[1: 21 Modulation of the allosteric sites of protein targets
provides opportunities for identifying unique molecules with therapeutic advantages over
classic active site inhibitors, such as improved subtype selectivity, reduced drug resistance
and the ability to selectively tune (activate or inhibit) the response of target protein.[3] With
increasing emphasis on cellular functional screens, more allosteric ligands are being
discovered as potential drugs. However, discovery and characterization of allosteric sites is
still very challenging due to the intrinsic complexity of protein allostery and the
experimental difficulties in detecting and verifying allosteric effects and binding sites. Here
we present an easily applicable STD-NMR/Docking/CORCEMA-ST method for efficient
identification and validation of novel allosteric sites.

Protein flexibility and conformational dynamics are the key elements of allosteric
regulations. Molecular dynamics (MD) simulation has proven to be a powerful approach for
studying protein dynamics as well as the related intramolecular interactions to understand
the underlying regulation mechanisms of known allosteric ligands[4-71 as well as to predict
novel allosteric sites.[”-10]1 However, currently there is no method that can efficiently
validate the computationally predicted results. This has significantly dampened the
enthusiasm of devoting computational effort to explore unknown allosteric sites and thus far
very few novel allosteric sites have been discovered through theoretical studies. Methods
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that can verify novel allosteric binding sites are therefore highly desirable for understanding
protein allosteric regulation and for advancing structure-based drug design, discovery and
development.

The Saturation Transfer Difference (STD) NMR technique was originally developed by
Mayer and Meyer[!1] as a binding assay for screening small compound libraries and for the
qualitative analysis of group epitopes.[12-14] The application of STD-NMR to drug
discovery has been significantly enhanced following the development of the CORCEMA-ST
(COmplete Relaxation and Conformational Exchange Matrix Analysis of Saturation
Transfer) theory[2>-17 which allows quantitative analysis of STD-NMR data. CORCEMA-
ST program calculates the predicted STD-NMR intensities for any proposed molecular
model of a ligand-receptor complex based on the knowledge of saturated protein protons and
using parameters such as the correlation times, exchange rates, and spectrometer frequency.
The STD intensities were calculated as percentage fractional intensity changes

([ ogo=1t(k))* 100}/ ok, Where k is a particular proton in the complex, and 1o is its thermal
equilibrium intensity, and Iy is its intensity when the protein is saturated. The experimental
and calculated STD values are compared using an NOE R-factor defined as:[18l

Z (Semp,k_scal,k)2
Z (Sezp,k)2

b

NOE R—factor= \j

where, Seqp k and Sq k refer to experimental and calculated STD values, respectively, for
proton k. The STD-NMR/CORCEMA-ST method has been successfully applied with
molecular modelling studies to predict protein-ligand interaction, differentiate binding
modes and refine ligand-bound conformation.[15-17.19-21] Compared to the traditionally
utilized X-ray and NMR methods for binding site verification in ligand-protein complexes,
which can be very time consuming and limited by experimental difficulties, such as
crystallization difficulties, protein size, sample preparation, spectra assignments of labelled
proteins etc., STD-NMR requires only a small amount of unlabeled target protein and 1D-
NMR data acquisition, and can be easily applied in a rather wide range of binding conditions
with K values ranging from 1073 M to 10~ M.[1%] It is therefore a very attractive approach
for obtaining structural information of ligand-protein complexes. Nevertheless, each of the
reported STD-NMR/CORCEMA-ST applications so far has been limited to the study of
ligand binding at a specific known binding site; the feasibility of using this method to
differentiate the “real” ligand binding site from multiple putative sites, which is of great
interest for the discovery of novel allosteric binding sites, has not been explored. In the
present study, we investigated the combined STD-NMR/Docking/CORCEMA-ST method
for its capability of identifying the proper binding site of an allosteric ligand of the protein
Eg5.

Eg5 is a plus-end directed member of the kinesin-5 subfamily. Inhibition of Eg5 function
blocks centrosome migration and leads to cell cycle arrest and eventually to apoptotic cell
death.[22. 23] Discovery of small molecule inhibitors of Eg5 has attracted significant

attention in the past decade and a number of ligand-bound Eg5 co-crystal structures have
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been solved in the last several years.[24-28] Interestingly, all these ligands in crystal
structures bind at the same allosteric site where monastrol, the first Eg5 inhibitor identified a
decade ago,[2% hinds. Nevertheless, both experimental and modelling studies have
demonstrated the existence of other allosteric sites on the Eg5 kinesin domain and allosteric
Eg5 inhibitors that bind to non-monastrol sites have also been reported.[39-32] The presence
of multiple allosteric sites in the Eg5 system thus provides an ideal template for the present
study. We have previously identified several novel allosteric sites on Eg5 based on
molecular dynamics simulations.[*%] Two of the identified allosteric sites, S1 and S2, along
with the monastrol- and ADP-binding sites, were selected in this study to evaluate the STD-
NMR/Docking/CORCEMA-ST method (Figure 1).

Figure 2 shows the 1D 1H STD-NMR spectrum of the monastrol-Eg5 mixture sample. Al
the protons of monastrol exhibited strong STD signals, suggesting they are in close contacts
with protein protons. This is consistent with the crystal structure of monastrol-Eg5 complex
where monastrol is fully buried within a pocket surrounded by helix a3, helix a2 and loop 5
(Figure 1). Using the monastrol-Eg5 crystal structure as a starting model, we were able to
obtain a low NOE R-factor value of 0.12 by optimizing the CORCEMA-ST parameters (see
supplementary information for experimental details), which indicated an overall excellent
agreement between the predicted intensities for the crystal structure of the complex and
experimental STD intensities (Figure 3a). According to the Eg5-monastrol crystal structure,
the methyl and ethyl groups of monastrol are located at the solvent exposed side of the
binding pocket and are relatively farther from the receptor residues, which well explains the
observed relatively weaker STDs of HA, HB and HC. While the relatively larger differences
between the calculated and measured STDs were observed for HA, HB and HC, they can be
explained by the fact that the crystal structure only represents one snapshot of a
conformational ensemble. It is likely that these three protons spend a part of their lifetime
closer to the protein than seen in the crystal structure.

While the above results demonstrated that reasonably low R-factor can be obtained based on
known ligand-receptor conformation, the more intriguing question we investigated in this
study is whether the STD-NMR/CORCEMA-ST approach can be used to identify the “real”
binding mode when it is unknown. This further diverges into two equally important issues:
1) whether it can identify the real binding mode from among multiple binding modes at the
same binding site; and 2) whether it can identify the real binding mode from multiple
binding sites, which is of special interest to the discovery of novel allosteric site(s). The first
issue was already elegantly addressed by Mario Pinto and coworkers[19-21 who
demonstrated that a combined STD-NMR/Docking/CORCEMA-ST approach can identify
the proper binding mode from among multiple binding modes predicted by docking
programs for a given binding pocket. The second issue dealing with multiple binding
pockets is the main focus of our study.

We first docked the monastrol molecule into its crystallographic binding site at the Eg5
motor using Glide with an induced-fit docking (IFD) protocol. Multiple docked results were
generated by IFD and one of the docked results (model-a) well reproduced the monastrol-
Eg5 crystal structure with less than 0.45 A RMSD (Figure 4a). However, this best fitted
model (model-a) was only the second best scored model among the multiple docked results,
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the best scored model (model-b) actually docked in a very different pose (Figure 4b). This
result is not totally unexpected, because IFD allows the receptor residues near the docked
ligand to be flexible to mimic ligand-induced conformational changes and thus increases the
chance of identifying “correct” ligand binding mode. As a consequence, this IFD protocol,
while allowing for protein flexibility, has also the potential to generate some “incorrectly”
docked poses. We also tried using Glide docking without the IFD protocol, which indeed
ranked the “correctly” docked pose as the best result. Nevertheless, many studies have
demonstrated that, in the current state-of-art, docking score alone is not a reliable criterion
for identifying the correct binding mode. For the purpose of using STD-NMR/Docking/
CORCEMA-ST analysis to identify novel binding site, it is essential to have the “correctly”
docked model generated and IFD is a more practical and suitable approach for that. We thus
performed CORCEMA-ST calculation using the two IFD generated models and compared
the results with the experimental STDs. Similar to using the crystal structure, the correctly
docked model-a had a low R-factor of 0.12. In contrast, the calculated STD values using the
model-b were very different from the experimental results: since the monastrol’s benzene
group in model-b flipped toward the solvent exposure side of the binding pocket and became
less buried, the calculated STDs of aromatic protons were significantly decreased compared
to the calculated results from the crystal model; instead, the calculated STDs of the methyl
and ethyl groups, which became buried inside of the protein pocket, showed relatively high
values. The trend in the overall STD variations among the protons of model-b is also
different from the experimental STDs (Figure 3a), which led to a significantly higher NOE
R-factor value (0.35). These results demonstrate that STD-NMR/CORCEMA-ST analysis is
able to identify the correct binding mode of monastrol-Eg5 from the docking results at the
same site.

To further evaluate the capability of STD-NMR/CORCEMA-ST approach to differentiate
the correct ligand-binding mode from docking results at multiple sites, we docked monastrol
molecule into the ADP-binding site as well as two other putative allosteric sites (S1, S2)
identified in our previous study[19 using the same IFD protocol. From the docked results of
each site, two best-scored models with different binding modes were selected for
CORCEMA-ST calculations and their calculated STDs were compared with the
experimental results. Both the docking scores and the calculated NOE R-factors of selected
models are listed in Table 1. Both models from the ATP site and the model-a from S2 site
scored better (i.e., more negative scores) than the models from the monastral site, which
clearly indicated that docking scores were not able to differentiate the correct binding site.
On the other hand, while the calculated STDs of these docked models varied from each
other due to their different binding environment (Figure S1), all of them were very different
from the experimental STDs, and the CORCEMA-ST calculated NOE R-factors of these
models were significantly higher than the NOE R-factor obtained using the correctly docked
model-a of the monastrol site. These results indicated that the STD-NMR/CORCEMA-ST
analysis could be used to identify the proper ligand binding mode from the docking results at
multiple binding pockets (monastrol, ADP, S1 and S2 sites in this example).

To the best of our knowledge, the present study is the first demonstration of the ability of the
combined STD-NMR/Docking/CORCEMA-ST method to identify the proper binding site of
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allosteric ligand from multiple binding sites. The promising results obtained in this study

suggest that this method could be developed into an efficient tool that can be routinely

ap
be
Al

plied for binding site validation. Meanwhile, structure-based virtual screening (SBVS) has
come a widely-applied method for efficiently identifying bioactive compounds.[33.34]
ong these lines, a combined method of MD simulation, SBVS and the present STD-NMR/

Docking/CORCEMA-ST analysis may find wide applications in the identification and

va

lidation of novel allosteric site(s) as an aid in drug discovery research.

Experimental Section

A
ca

detailed description of molecular modelling, NMR spectroscopy and CORCEMA-ST
Iculations is provided in the Supporting Information.
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Figure 1.
Graphic presentation of the binding sites of Eg5 motor based on the crystal structure of

monastrol-Eg5 complex (PDB ID: 1Q0B). Eg5 motor was shown in ribbon and colored by
secondary structures (a-helix: red; B-sheets: cyan; loops: grey). Monastrol and ADP
molecules were represented as solid sticks. The two putative allosteric binding sites, S1 and
S2, were illustrated as meshed surfaces.

ChemMedChem. Author manuscript; available in PMC 2015 January 25.



1duosnuely Joyny vd-HIN 1duosnuely Joyny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al. Page 8

b) HB

HA

H1
H6 \\‘ wp ¢

a)
Sl
N
H
monastrol
L u
[ T L T T | T T T L) [ L) L T T 'l L L) L T l T L) L] LJ '|' L
7 6 5 3 2 1 ppm

Figure2.
a) The reference 1D TH NMR spectra of monastrol in the presence of Eg5, at 600 MHz and

298 K. b) The corresponding STD-NMR spectrum [lp—1{] (x1) obtained by saturating at a &
value 1.67 ppm. The structure with proton numbering of monastrol is given for reference,
and the corresponding signals are assigned.
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Comparison between experimental and CORCEMA-ST calculated STD values (by
saturating at 1.67 ppm) at different binding sites. a) Monastrol binding site: the Eg5-
monastrol crystal structure as well as the selected docked model-a and model-b at the
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monastrol-binding site were used for CORCEMA-calculations. b) S1, S2 and ATP-binding

site: for each site, two best scored models with different binding mode (-a and -b) were
selected for the CORCEMA-ST calculations and compared with the STD-NMR results.
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Figure 4.
Comparison of the IFD generated docked models at the monastrol-binding site. a) Docked

model-a (green-colored carbon) well reproduced the binding mode of the crystal structure
(grey-colored carbon). b) Docked model-b bound very differently from model-a. The
monastrol molecules were shown in solid sticks. Eg5 residues within 4 A of the ligands
were shown in thin tubes.
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Results of STD-NMR/Docking/CORCEMA-ST calculations of models at different binding sites

Table 1

Binding site M odel

Xray

Monastrol site  Model-a

Model-b

ADP site Model-a

Model-b

S1site Model-a

Model-b

S2 Site Model-a

Model-b

Docking Scorel@  NOE R-factor([b]

0.12
-7.45 0.12
-7.52 0.34
-7.83 0.38
-7.63 0.41
-5.93 0.32
-5.65 0.27
-8.32 0.31
-6.92 0.29

[a]
[b]

Calculated using the Glide XP (extra-precision) scoring function (unit: kcal/mol).

Each NOER-factor was obtained after optimization of the parameters within 20% of reference values.
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