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Biomolecular NMR: a chaperone to drug discovery
Marco Betz, Krishna Saxena and Harald Schwalbe

Biomolecular NMR now contributes routinely to every step in
the development of new chemical entities ahead of clinical
trials. The versatility of NMR — from detection of ligand binding
over a wide range of affinities and a wide range of drug targets
with its wealth of molecular information, to metabolomic
profiling, both ex vivo and in vivo — has paved the way for
broadly distributed applications in academia and the
pharmaceutical industry. Proteomics and initial target selection
both benefit from NMR: screenings by NMR identify lead
compounds capable of inhibiting protein—protein interactions,
still one of the most difficult development tasks in drug
discovery. NMR hardware improvements have given access to
the microgram domain of phytochemistry, which should lead to
the discovery of novel bioactive natural compounds. Steering
medicinal chemists through the lead optimisation process by
providing detailed information about protein-ligand
interactions has led to impressive success in the development
of novel drugs. The study of biofluid composition —
metabonomics — provides information about
pharmacokinetics and helps toxicological safety assessment in
animal model systems. In vivo, magnetic resonance
spectroscopy interrogates metabolite distributions in living
cells and tissues with increasing precision, which significantly
impacts the development of anticancer or neurological disorder
therapeutics. An overview of different steps in recent drug
discovery is presented to illuminate the links with the most
recent advances in NMR methodology.
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Introduction

The tedious process of drug discovery requires interdis-
ciplinary team play. Marketable, patented medicine is
cultivated by different specialists contributing to each
step of the value chain: from the first stage of target

selection, through its identification and optimisation to a
validated drug that can be administered safely. The pro-
cess relies on continuous innovation and the improvement
of their underlying methodologies. This article briefly
points out the consecutive steps, as shown in Figure 1,
where recent advances in NMR spectroscopy are increas-
ingly contributing to pharmaceutical drug discovery.

Proteomics and target selection

Proteomics and structural genomics initiatives often imple-
ment strategies for high-throughput cloning, expression
(for a comparison of cell-based and cell-free expression
protocols see [1]), purification and structure determination
to feed the demand for three-dimensional structures of
gene products. X-ray crystallography and NMR spectro-
scopy provide the only sources of experimental data at
high, often atomic, resolution. Whether there is a correla-
tion between NMR spectral quality and the success rate of
crystallisation is a traditional matter of debate. In one
initiative, X-ray crystallography is used as the sole method
for structure determination; here, protein samples are
subjected to fine-screen or coarse-screen crystallisation
trials on the prediction basis of 1D 'H NMR spectra [2].

In a different initiative, a statistical analysis failed to
distinguish the HSQC (heteronuclear single quantum
correlation) spectra quality distributions of proteins that
did and did not successfully yield crystal structures [3°].
Protein samples whose HSQC spectra qualified them as
poor or unfolded, crystallised with good diffraction prop-
erties and vice versa. 'The authors indicated that unstruc-
tured or molten-globule-like proteins with poor HSQC
quality should be subjected to HetNOE data and/or >N
transverse or longitudinal relaxation analysis. This pro-
cedure provides more quantitative data and may allow
detection of equilibria between folded and unfolded
states or some partially folded character in the solution
state. The crystallisation trials may drive some samples
into the folded conformation by mass action effects.
Another large-scale analysis of the results of structural
genomics initiatives recommends that both methodolo-
gies should be used in parallel because of the comple-
mentary success rates [4°]. This approach seems justified
given the dramatic improvements in the speed of NMR
structure determination [5].

For target selection, the therapeutically relevant targets
should be both ‘disease-modifying’ and ‘druggable’ [6°].
Therefore, the three-dimensional structure of a new
protein target is inspected for energetic focal points, often
called ‘hot spots’, on its surface (Figure 2), which are the
major contributors to the binding energies of ligands.
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Figure 1
/— Proteomics: NMR structures
Target 71— Druggability
identification
& validation

(

(

ADME-
toxicology

.

Natural products extracts
Screening for bioactives

——— Primary screening assays

Lead
identification
\/¥ Hit validation
v/— SAR-by-NMR
— . .
Lead _|——" NMR restrained docking:
optimisation protein—-ligand complexes

Validation of
in silico models

| —— Metabonomics: biofluid/tissue
composition, pharmacokinetics

i W In vivo NMR / MAS NMR

Current Opinion in Chemical Biclogy

Flow scheme of the con
discovery phases.

tributions of biomolecular NMR to the drug

Figure 2

Geometry-based algorithms (e.g. the flood-fill algorithm
implemented within Insight (Accelrys)) heuristically
search for concave invaginations. A simple model was
obtained by a statistical regression analysis of successful
and fruitless NMR screening approaches. The polarity,
the surface complexity, the ‘roughness’ and the ‘compact-
ness’ of the corresponding protein pockets are combined
to predict the success rate — the ‘druggability’ — of the
potential target [7°°]. The linear combination of the
mentioned properties is used to predict the ‘druggability’
of new target proteins. To delimitate the costs of expen-
sive high-throughput screening (HTS) approaches, the
authors put forward the use of NMR-based pre-screening
with a diverse fragment library to experimentally assess
and validate the general druggability of the protein target.

"This tool for risk assessment might prove handy to spur
intensive research on those proteins (and their large
molecular weight complexes) that could be targeted with
orally bioavailable drugs, especially given recent break-
throughs in small-molecule disruption of protein—protein
interactions [8°°] (a selection of recent examples is given
in Table 1). In some cases, inhibitors selective in target-
ing a single downstream signalling pathway will have to
be designed. Blocking enzyme activity per se and there-
fore indiscriminately disrupting all downstream signaling
might not be reasonable [9].

Lead identification
General aspects of NMR screening techniques for drug
discovery have been the subject of several recently pub-

lished reviews [24-27]. Here, we focus on examples
published in 2005.

Druggability score

= by- log (total surface area) +
b, log (polar contact area) +
bs- log (pocket compactness) +
sk

Gt
- (roughness) +

b
b, (no. of charged residues).
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To predict potential druggability, the first step is to identify possible binding sites on the protein surface. Next, characteristics of the putative
sites such as hydrophobicity, shape and charge are calculated and submitted to a numerical equation. The weight coefficients b; are known

from a statistical analysi

s of previous screening trials.

Current Opinion in Chemical Biology 2006, 10:219-225
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Some examples: recent NMR-based approaches to pharmaceutically relevant targets

Protein—protein interaction NMR applications Refs

Hydrophobic BH3-binding groove of Bcl-X Fragment screening, SAR-by-NMR, fragment linkage led to small molecule ABT-737  [10]

HIV-1 envelope protein: gp41 Solution structure, mapping interaction of human antibody epitope D5 [11,12]

HIV-1: capsid domain Mapping interactions with peptide inhibitors [13]

Bid (Bcl-2 family member) Fragment screening, SAR by ILOE (in detail see below) [14°]

P53-MDM2 Binding studies with small-molecule inhibitor RITA [15]

Malaria surface protein-1 with monoclonal NMR cross saturation [16]

antibody

SARS coronavirus nucleocapsid Solution structure, characterisation of the dimer interface [17]

Ubiquitin-related modifier SUMO with E2 NMR restrained docking complex by HADDOCK approach [18]

Protein-cosubstrate interaction

P38 MAP kinase Binding studies and protein dynamics in the presence of small-molecule inhibitors [19]
(Figure 3)

Protein-polypeptide interaction

HCV NS83 protease with substrate-based SAR optimisation guided by molecular modelling and NMR led to a clinical phase [20°]

hexapeptide macrocyclic inhibitor

RNA-protein interaction

HIV-1: TAR RNA with a cyclic peptidomimetic ~ Solution structure [21]

VEGF4e5 With aptamer NMR binding studies with the nucleic acid-based inhibitor Macugen [22]

DNA-protein interaction

HIV-1: integrase with DNA quadruplex Solution structure of DNA quadruplex, Docking to tetrameric model of HIV-1 [23]

integrase

The fragment-based approach for primary screening has
proved to be viable for the identification of lead mole-
cules [28]. The probability of detecting the binding of a
low molecular weight (MW ~200-300 Da) fragment with

Figure 3

high sensitivity exceeds that of ligands with MW of
~500 Da. The functional groups of fragment-based
libraries should already include synthetically accessible
starting points for chemical linkage. In a follow-up screen,

p38 MAP kinase

Ligand Complex

Dynamic conformational
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(o]
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The effects of p38 MAP kinase inhibitors are characterized by the analysis of 2D TROSY spectra of selectively labeled '°N-Phe-p38. The binding
of diarylurea compounds such as BIRB796 locks the dynamic in/out exchange into the out-conformation of the highly conserved Asp-Phe-Gly
loop (DFG). The unique selection of the conformational space of the involved protein loop enhances the selectivity of the inhibitor.
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chemical building-block fragments with masked linker
groups can be used, an optimisation step in library design
called the ‘fragment pair concept’. One can consider
fragment pairs of a synthesis and a screening fragment
[29°°]. Another major issue for any library design is the
identification of reactive false positives that oxidize or
alkylate a protein target. An assay called ALARM-NMR
has developed to rule out these compounds. It monitors
C chemical shift changes of the human La antigen
caused by the test compound or mixture. To validate
the unwanted reactivity, the same experiment is repeated
in the presence of D'TT [30].

Several NMR strategies, which follow on from the initial
screening trials, have been proposed. Spin-labeled adenine
analogues can be used to detect allosteric ligands at ATP-
binding drug targets by paramagnetic relaxation enhance-
ment [31]. The same effect can be utilised when the
ATP-complexed magnesium ion is replaced by the para-
magnetic manganese ion [32]. By these methods,
the proximity of potential allosteric inhibitors can be
estimated. The effects of antagonists on protein—protein
interactions can elegantly be monitored by NMR spectro-
scopy. When a small protein (e.g. ~20 kDa) binds to larger
one, the NMR resonances vanish because of excessive line
broadening of enhanced relaxation effects in the large
macromolecular complex. But the initial NMR spectrum
of the small protein can be restored upon addition of an
antagonist, which disrupts the protein—protein complex
[33].

Improvements stemming from NMR hardware develop-
ment have also been reported. Better shielding of NMR
magnets in combination with cryo-probe technology
enables the combination of liquid chromatography with
NMR (LLC/NMR). Plant extracts can be investigated in the
microgram domain to explore an extraordinary reservoir of
novel molecules with potential medical use [34]. Binding
to protein targets can be detected by intermolecular mag-
netisation transfer (e.g. the saturation transfer difference
(STD) NMR technique). During the search for novel
antibiotics, on-low LC/'H-NMR can also be combined
with bioassays of the sampled fractions. The 1D NMR
spectra can be used as ‘barcodes’ to guide the fractionation
of crude natural mixtures, thus avoiding the repetition of
biological testing [35]. For the same reason, multivariate
pattern recognition is applied to the complex NMR data,
which is obtained from HTS extracts from a diverse
collection of plants and marine organisms. Different sam-
ples that may contain the same bioactive compounds can
be identified or clustered together [36]. A further step
towards automated analysis of screening spectra was pub-
lished recently. A wavelet de-noising step can be applied to
1D/2D screening data prior to common algorithms of data
reduction and clustering, which improves the separation of
outliers (‘hits’) from the cluster representing spectra of
protein with non-binding ligands [37].

Structure-guided lead optimisation

Advances in modelling and NMR data-driven docking
procedures allow the determination of approximate struc-
tures of biomolecular complexes with rising precision.
N chemical shift perturbations of amide resonances
upon addition of a ligand (if the binding partner is another
protein or biomolecule; see review [38]) can routinely be
detected and used to principally map the binding inter-
face. This data is subjected as restraints to the docking
methods, which model the complex from the individual
atomic coordinates. The current algorithms allow the
incorporation of other NMR-derived data such as cross-
saturation transfer experiments, nuclear Overhauser
effects (NOEs) [39], residual dipolar couplings (RDCs)
[40] and even data derived from mutational analysis or
amino-acid-specific labeling. The recent success in dis-
rupting protein—protein interactions for drug discovery
surely fuels the interest in docking protein—protein com-
plexes to guide subsequent research. Applicable tools to
model docking complexes with small molecules, which
help medicinal chemists to judge structure—activity rela-
tionships, have recently been published. One approach
can be used as an approximation even in the weak-
binding regime of small fragment molecules [41]. Another
approach incorporates NMR-NOE data, which can be
measured in the tight-binding regime of drug candidates
at an advanced optimisation stage [42]. A brief overview
of NMR methods, which detect ligand interaction with
the target, is given in Table 2.

The relative orientation of two competitive ligands is
important in the design of high-affinity drug candidates
from weakly bound fragments. The nuclear Overhauser
effect can be transferred from one ligand to the compe-
titive ligand if the two are undergoing rapid exchange.
T'he magnetisation of the first ligand is transferred to the
protons of the protein and there it spreads over the
interaction surface by spin-diffusion. After replacement,
the second ligand picks it up and a correlation peak
between both ligand resonances evolves. This informa-
tion is used for subsequent linker design. The method is
described as INPHARMA (protein-mediated interligand
NOEs for pharmacophore mapping [44°]) or SAR by
ILOE (structure—activity relationship by interligand
nuclear Overhauser effect [14°]), which seems to be
applicable to any combination of ligands weakly bound
to a common receptor.

Solid-state NMR is catching up with the achievements of
solution-state NMR. Membrane proteins such as neuro-
logically important GPCRs, transporters or ion pumps can
be targeted for pharmaceutical drug discovery. Solid-state
NMR in drug design still strongly relies on bioinformatic
analysis, and the proposed models are refined by the input
data of direct experimentation. NMR signals from the
ligand provide useful information about its location
within the membrane target, its own structure, the

Current Opinion in Chemical Biology 2006, 10:219-225
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NMR methods for the detection of ligand binding and its derived information®

Effect

Observation

Used for

Information

Chemical shift perturbation

Ligand/target

Intermolecular magnetisation transfer

Structural information

Screening/hit validation

Identifies binding epitope, delivers restraints for 3D
structure calculation
Identifies binders, SAR-by-NMR

Saturation transfer difference (STD) Ligand Primary screening Identifies weak binders, build-up curve identifies

NMR interacting functional groups

(Reverse) NOE pumping Ligand Characterisation Identifies binders, alternative to the more robust STD
method

WaterLOGSY Ligand Primary screening Identifies weak binders

SLAPSTICK (requires spin-labeled Ligand Primary screening Highly sensitive detection of binders

protein)
SAR by ILOE [14°]

INPHARMA method [44]

Rotational dynamics

Ligand-to-ligand

Ligand-to-ligand

Compound optimisation

Compound optimisation

Detects protein-mediated ligand-ligand interactions
(competition for the same binding site)
Detects protein mediated ligand-ligand interactions
(competition for the same binding site)

T, relaxation, Ty, Line broadening Ligand Characterisation, Binding enhances relaxation, affinity estimation,
primary screening build-up curve identifies interacting functional groups

Sign of transferred intramol. NOE Ligand Characterisation Interaction of tight binders with the target

Surface protection

H>0O/D,0 exchange rates Target Characterisation Identifies binding epitope

Translational dynamics

DOSY Ligand Characterisation Binding slows diffusion rates

Molecular orientation

Residual dipolar couplings Ligand/target Structure determination Delivers restraints for 3D structure calculation

& For more detailed descriptions of general NMR methods see [24,43].

dynamic situation and its putative binding site (for review
sec [45]). The application has been demonstrated with
ligand docking to the gastric H/K*-ATPase, which has
already been successfully targeted by omeprazole, lanzo-
prazole and pantoprazole [46°]. Homology models of the
target protein were generated from the templates of the
E1.Ca**-ATPases and E2-(T'G)-conformer, which are
adopted during their catalytic cycle. Several analogues to
known inhibitors were synthesised and the conformation of
a representative was determined in the presence of gastric
H*/K*-ATPase by solid-state NMR. The ligand structure
was subsequently modelled into the putative binding
volumes in the E1/E2 models. The obtained model is
consistent with existing site-directed mutagenesis data.

ADME-toxicology

Assessing the pharmacokinetics, a common problem may
occur: the potential drug candidate binds tightly to serum
albumin and/or is inhibited and modified by cytochrome
P450 enzymes. The NMR-feasible domains of these two
proteins can be used to investigate possible interactions.
Similar to the NMR methods mentioned for lead optimisa-
tion, the obtained information guides the medicinal chemist
to design out these unacceptable 7z vivo properties [47].

To investigate the pharmacodynamics, high-throughput
NMR can be used to screen biofluid composition for

metabolic evidence of drug toxicity or therapeutic pro-
gress. Analogous methods for plant extracts such as
coupled LC/NMR techniques can be applied. 17 vivo
magnetic resonance spectroscopy (MRS) with the latest
high-field instruments enables the analysis of metabolic
composition with great spectral dispersion in living tis-
sues [48]. Complementary, ex wvivo spectra can be
recorded by solid-state NMR from tissue samples that
are directly placed into the magic-angle-spinning rotor
[49]. Besides the benefits from cryo-probe technology,
steady progress has been made because of growing data-
bases, which store the information obtained from animal
models and patients. Physiological variations due to spe-
cies, age, gender, nutrition state etc. are automatically
analysed by pattern recognition, and subjected to expert
systems [50]. Thus, metabonomic approaches based on
information-rich spectroscopic data sets can be used to
evaluate normal physiological variation and to investigate
drug safety issues.

Conclusion

T'ruly, NMR is a versatile technique in combination with
its unprecedented sensitivity and atomic resolution.
Emancipated from academia, NMR routinely contributes
to different aspects of drug discovery in the pharmaceu-
tical industry. In this review, readily available NMR
methods have been outlined, which most recently
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contributed to the concatenated steps of target validation
and selection, lead discovery and ADME-toxicology.
Improvements in hardware and instrumentation, together
with the fast-growing field of bioinformatics push the
frontier of amendable targets in modern drug discovery.
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