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Abstract: Structure-based drug design (SBDD) is a powerful
and widely used approach to optimize affinity of drug
candidates. With the recently introduced INPHARMA
method, the binding mode of small molecules to their protein
target can be characterized even if no spectroscopic informa-
tion about the protein is known. Here, we show that the
combination of the spin-diffusion-based NMR methods
INPHARMA, trNOE, and STD results in an accurate scoring
function for docking modes and therefore determination of
protein-ligand complex structures. Applications are shown on
the model system protein kinase A and the drug targets
glycogen phosphorylase and soluble epoxide hydrolase
(sEH). Multiplexing of several ligands improves the reliability
of the scoring function further. The new score allows in the case
of sEH detecting two binding modes of the ligand in its binding
site, which was corroborated by X-ray analysis.

Structure-based drug design (SBDD) is a powerful and
widely used approach to optimize affinity of drug candi-
dates.! The method usually requires a high-resolution crystal
structure of the receptor-ligand complex. However, for
approximately 40% of pharmaceutically relevant protein
targets it is extremely hard to obtain crystal structures of
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sufficient quality for SBDD.?! As an alternative, structures of
protein-ligand complexes can be determined using NMR
spectroscopy if the protein can be labeled with stable isotopes
such as "*C and “N. Unfortunately, these target proteins are
often non-tractable by conventional NMR spectroscopy
because of their large size or because it may not be possible
to express them in bacteria, preventing labelling with stable
isotopes.

In such cases, INPHARMA,P interligand NOEs for
pharmacophore mapping, can be employed for gaining
structural information for SBDD. Using two ligands that
bind competitively to the same binding pocket of a protein,
INPHARMA peaks in a NOESY spectrum emerge by the
NOE transfer from the protons of one ligand to the protons of
the other ligand via the protein protons. Because of the
physics of the NOESY experiment the ligands need to
dissociate from the protein several times during the mixing
time in the NOESY experiment which ranges from around
50 ms to several hundreds of milliseconds. Previously, it has
been shown that the ligand conformation and mode in
protein-ligand complexes could be unambiguously deter-
mined using the INPHARMA approach. We use the term
binding mode for NMR-derived complex structures to
distinguish it from binding poses directly observed in crystal
structures of complexes. For example, for protein kinase A
(PKA), the protein-ligand complex that had previously been
determined by X-ray crystallography could be reproduced
based on the crystal structure of free PKA by ligand-restraint
docking and INPHARMA-based restraint cross validation.
However, using solely INPHARMA, a large computational
effort is necessary to find the correct binding mode, that is,
1000-10000 binding modes per ligand were calculated.” In
addition, more than one mixing time turned out to be
mandatory and so far the ligand was restrained during the
docking to the bound conformation known from the crystal
structure.

A second ligand-based experiment is saturation transfer
difference. In this experiment, saturation of protons of the
protein is transferred to a bound ligand by spin diffusion. It
has been reported that saturation transfer difference (STD)!
is feasible to determine the binding paratope of a ligand
through group epitope mapping, however, not the binding
mode. A third method is the transferred NOE (trNOE). It
profits from the property of the NOE to depend on the
correlation time of the molecule more or less linearly. Since
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a ligand when bound to a protein has a much larger
correlation time than in free solution, the conformation of
the bound ligand dominates the NOE. This experiment yields
valuable restraints to obtain the bound conformation of the
ligand, yet the information about the ligand binding mode is
very limited.

Here, we report that STI, that is, INPHARMA combined
with trNOE and STD, which are all spin diffusion methods
results in a straightforward method (see Figure 1) for the

E

INPHARMA, trNOE, STD
Back-calculation
of peak volumes

Experimental
peak volumes
Correlatlon /ﬁ)

Figure 1. The flowchart gives an overview of the NMR-based binding
mode determination methodology (see the Supporting Information for
details).

i
-

evaluation of the ligand binding mode. Since STD spectra are
regularly recorded prior to INPHARMA measurements and
tr-NOE peaks are intrinsically present in the NOESY spectra,
no additional NMR experiments are required. We would like
to emphasize that the focus of this work are the scoring
properties of the STI approach, that work on structures
created by any docking program.

To evaluate the new approach of combining
INPHARMA, tr-NOE and STD restraints, we chose three
systems: i) PKA, of which crystal structures in complexes are
known, ii) glycogen phosphorylase (GP) and iii) human
soluble epoxide hydrolase (SEH). The latter two are pharma-
ceutically relevant drug targets.

In case of PKA, four heterocyclic ligands were chosen that
reversibly target the adenosine triphosphate (ATP)-binding
site (Scheme 1). The X-ray structures of these ligands with
PKA are known for ligand 1 and 2 (pdb accession codes
3DNE and 3DND, respectively) and have been determined
here for ligand 3 and 4 (4YXR and 4YXS, respectively). The
binding poses in these structures will be compared with the
binding modes determined by our approach to combine the
spin diffusion methods INPHARMA, trNOE, and STD.

First, restraint-free docking modes using the protein
coordinates from PDB entry 3DNE (ligand 1) for the NMR-
based refinements as done in previous INPHARMA stud-
ies[*’ were created for each ligand by the ant colony
algorithm-based docking program PLANTS which is
known to perform equally well compared to the established
program GOLD."! The docking modes showing the best
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Scheme 1. Four indazole-based PKA binding ligands. The number of
representative structures after docking is shown.

agreement with the experimental data were selected. For
these docking modes the INPHARMA, trNOE and STD
peak volumes were back-calculated with the software SpIN-
PHARMA (spin diffusion and INPHARMA back-calcula-
tion) using the complete-relaxation matrix approach.’*'% The
STD calculation in SpINPHARMA follows the formulation
in CORCEMA-ST.!"] Our implementation is faster and, more
importantly, it merges with the NOESY calculations seam-
lessly. These back-calculated volumes were then compared to
the experimental NMR results using the Pearson correlation
coefficient R to score the fitting. The docking mode with the
best fit to the experimental data is preferred. To have an
unbiased weight of the different experiments STD, trNOE,
and INPHARMA, the correlation coefficients were averaged
with the following equation to the correlation coefficient Rgyp;

[Eq. (D]:

Rgr = Rsmp + RtrNOE3Jr RinprarMA (1)

In Figure 2 two examples for ligand pairs (ligands 1 and 2
as well as ligands 3 and 4) are shown. Ranking the docking
solutions by Ry identified the structures with closest average
RMSD (root-mean-square deviation) to the crystal structures
for the two ligands (RMSDs of the single structures can be
found in supplementI in the Supporting Information).
Separate scoring against INPHARMA and STD or the
PLANTS docking scoring function ChemPLP identified
structures with far larger RMSDs to the correct structures,
that is the crystal structures. It is remarkable, that only the
combination of INPHARMA, trNOE, and STD identified
the correct binding mode for all ligand combinations, while
the docking scoring functions (ChemPLP and GOLDscore),
INPHARMA or STD data alone failed to do so.
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Figure 2. Rqy according to Equation (1) plotted against the average
RMSD of the two ligand/PKA structures compared to the crystal
structures, the best structure according to Ry, is indicated with a black
circle. The best structures selected by different scoring are represented
in blue (INPHARMA) and green (STD) diamonds and red (ChemPLP)
and yellow (GOLDScore) squares. For both cases of ligands (1,2) and
(3,4), Rsy selects the correct binding mode, that is the mode with the
smallest RMSD to the average crystal structure. For ligands 1 and 2
this mode is also found by GOLD, for ligands 3 and 4 by no other
method. Average RMSD = (RMSD\g;041 + RMSDyign45) /2 (panel a) and
average RMSD (RMSDyigna s + RMSDyig0ng 4) /2 (panel b).

The protocol applied in this study is easier to perform than
in previous publications™®! where on the same system
INPHARMA alone reproduced the known X-ray structures.
With the combination of INPHARMA, trNOE, and STD, the
computational procedure is faster and simpler to implement,
because only one mixing time and less docking modes per
ligand are sufficient. The docking modes selected with the
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Rgp score can be further refined with MD simulations and
cross-validation against the experimental NMR data to obtain
structures of higher quality and stability (see supplement I in
the Supporting Information).

In lead identification, often many hits are identified, for
which determination of the binding mode is valuable to guide
selection of a specific compound. Since INPHARMA
requires the analysis of pairs of ligands, it is important to
use an efficient strategy to minimize the experimental effort,
which we describe here. For a set of several ligands binding to
the same binding site of the protein, two combinations for
each ligand should be measured experimentally: one with
a ligand of slightly weaker affinity and one with a ligand of
slightly higher affinity (for n ligands n-1 combinations are
sufficient). In order to evaluate the quality of the binding

modes for the various ligands (i.e. multiplexing), we com-
Multiplexing

bined the Rgy scores of all ligand pairs to Rgyy , using

Equation (2):

RMultiplexing _ \/R%TI,I&Z + R?YTI,Z&S + R?&'Tl,3&4 (2)
STI - 3

In the PKA validation study, from the docking modes
combining all four ligands, the correct binding mode with the
lowest RMSD value is selected with the highest correlation
coefficient Ry""*" (see Figure 3). The differentiation is
even more robust than in the case of Ry using one pair of

ligands only.
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Figure 3. Ry according to Equation (2) plotted against the
average RMSD of all four ligand/PKA structures compared to the
crystal structures, the best structure according to Ri"™*" is indicated
with a black circle. The best structures selected by the different scoring
are represented in blue (INPHARMA) and green (STD) diamonds and
red (ChemPLP) and yellow (GOLDScore) squares. Rir""*" selects the
correct binding mode, i.e. the mode with the smallest RMSD to the
average crystal structure. Average RMSD = (RMSD\gznd 1 + RMSD {504
3+ RMSD{ 0043+ RMSDyi5000 ) 4.

www.angewandte.org

die

Chemie

6513


http://www.angewandte.org

Angewandte

6514

Communications

Encouraged by the result that Rgy; scoring according to
Figure 2 yielded the correct binding mode more reliably than
with INPHARMA alone, we applied this approach to two
other examples, namely the drug targets glycogen phosphor-
ylase (GP) (see Supplement IT in the Supporting Information)
and human soluble epoxide hydrolase (SEH).

The next example is sEH, an enzyme that hydrolyses the
epoxide moiety formed on unsaturated fatty acids like
arachidonic acid during metabolism. Inhibition of this reac-
tion has been shown to have favorable effects on cardiovas-
cular diseases,'” making SEH an interesting new drug target.
An early characterized ligand class consists of a central urea
moiety positioned in the middle of the binding site,"*! with
one substituent on the left and one on the right side. It is
crucial for drug optimization of these ligands to know their
orientation in the binding site, which is shaped like a tunnel
with entries from both sides. Four ligands (Scheme 2)
were chosen and binding to sEH was confirmed with
STD spectra.

Subsequently, NOESY spectra of all six pairwise
ligand combinations were recorded and INPHARMA
peaks were observed for every pairwise ligand combi-
nation. For every ligand, five docking modes were
created within the crystal structure 1VJ5. All docking
modes anchor with the urea moiety and display the
aromatic substituents oriented in both directions,
respectively. STD, trNOE, and INPHARMA peaks
were back-calculated for every structure afterwards
using SpINPHARMA. Yet, we did not observe a clear
preference for a specific binding mode in contrast to
what was found in the case of PKA. Instead, as depicted
in Figure 4, the INPHARMA peaks suggest that the two
substituents attached to the urea fragment can bind
in both directions in the binding pocket such that
every ligand populates two distinct binding modes
thus calling for an ensemble description. Therefore,
population weighting was implemented in SpIN-
PHARMA. For every ligand, two alternate docking
modes were chosen, respectively: i) A with the
aromatic substituent at the urea moiety pointing
towards the Met*® side; and ii) B with the same
aromatic substituent pointing towards the Met*”’
side (see Figure 5). The populations of binding
modes A and B were varied stepwise. Every step
was scored by STD, trNOE, INPHARMA and then
combined to Ry and RSP, A stepsize of 0.1
was used for the populations and scored against the
data from all six ligand pairs.

Multiplexi I
The best overall score Rgy "o for these o

structure pairs was obtained for the following
populations: A4 (pA 0.6, pB: 0.4), A8 (pA: 1.0,
pB:0.0), C9 (pA:0.8,pB:0.2) and D3 (pA: 0.4, pB:
0.6). To check these populations that have been
obtained from STI measurements for the first time,
the ligands A4, A8, and C9 were successfully co-
crystallized with sEH and the crystal structures

Scheme 2. sEH binding ligands that share the central urea moiety.
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populations according to the crystal structures are: A4 (pA:
0.55, pB: 0.45), A8 (pA: 0.75, pB: 0.25) and C9 (pA: 0.6, pB:
0.4). Populations derived from the NMR experiments agree
within the standard deviation of 17 % for the calculation of
the population by both methods not even taking into account
differences between crystal and solution. The standard
deviation of the populations was determined in several runs
leaving out arbitrarily 10% of the data and calculating the
populations, whose standard deviation is the population error.
Yet, the preferred binding modes of ligands A4, A8, and C9
are found to be the same in solution and in the crystal. The
crystal structures were also applied for the population
weighting with NMR data and yielded the populations A4
(pA:0.8,pB:0.2), A8 (pA: 0.4, pB:0.6) and C9 (pA: 1.0, pB:
0.0). It should also be noted that the Ryn""""® scores for these
structure pairs are in range 0.5-0.6 and thus are lower than
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support the observation from NMR. The substitu-
ents at the urea moiety for the ligands are always
present in both binding modes. The preferred
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Figure 4. NOESY spectrum of ligands C9 and A4 in the presence of sEH clearly
shows trNOE (black) and INPHARMA (green) peaks. Peak intensities between the
dimethyl group H4H5 of C9 and the aromatic and aliphatic parts of A4 are very
similar, suggesting two flipped binding modes of each ligand.
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binding pose A

Figure 5. Electron densities of the sEH-ligand complexes confirm the
NMR observation, that all ligands are present in two distinct binding
modes. In the crystal, an orientation of the aromatic moiety towards
the Met"® side is preferred (binding pose A), as can be seen by fitting
the ligand to the electron densities.

those of PKA and GP, which could reflect the wide conforma-
tional space of sEH ligands because of the opposite binding
modes and high mobility of the ligands. Yet it is remarkable
how well the dual binding poses observed in the crystallo-
graphic analysis are reproduced from the STI measurements
in solution.

While ligand spectroscopy supported docking was so far
limited to single binding modes of each ligand, we have
provided compelling evidence that Ry ™™™ scoring detects
ensembles of complex structures, which could then be
corroborated by X-ray crystallography.

In conclusion, we have established on the examples of
PKA, GP, and sEH a robust method to determine binding
modes of small molecule ligands based on scoring of docking
modes with INPHARMA, trNOEs, and STD, that is, Rgpy.
This combination provides more robust results than
INPHARMA alone, even detecting ensembles of complex
structures in solution. The additional experimental data are
obtained from NMR experiments that are most of the time
done before the INPHARMA measurements: tr-NOESY and
STD. Furthermore the inclusion of more than two ligands (if

Ang

Internatic

available) can substantially improve the performance of the
scoring as shown with the Ryu"P“" parameter.
Keywords: drug design - glycogen phosphorylase - kinases -
NMR spectroscopy - soluble epoxide hydrolase
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