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Abstract | In the past decade, the potential of harnessing the ability of nuclear
magnetic resonance (NMR) spectroscopy to monitor intermolecular interactions
as a tool for drug discovery has been increasingly appreciated in academia and
industry. In this Perspective, we highlight some of the major applications of NMR
in drug discovery, focusing on hit and lead generation, and provide a critical
analysis of its current and potential utility.

Nuclear magnetic resonance (NMR)
spectroscopy is often valued for its ability
to shed light on molecular structure,

but its greatest potential in drug discovery
probably lies in the information that it can
reveal about molecular interactions

at the atomic level'. A simple parameter,
the NMR chemical shift, is highly sensitive

to the exact environment of the atom and
therefore yields information about whether
a small molecule binds to a target protein or
nucleic acid, what parts of the small mole-
cule are interacting and to which part of the
macromolecular target the small molecule
is bound. Other NMR experiments, such
as the saturation transfer difference®?, or
'"H NMR simple relaxation measurements,
such as the T experiment", are sensitive
to the overall molecular motion of test
compounds, which is very different for free
versus bound ligands. Thus, these simple
approaches can be used to validate ligand
binding and/or to identify potential ligands
in mixtures of test compounds.

The variety of readily measurable NMR
parameters allows several applications of
NMR in drug discovery, including assessing
target druggability, pharmacophore identifica-
tion, hit validation, hit optimization and
potentially structure-based drug design
(FIC. 1). Perhaps most notably, in the past
decade, NMR has demonstrated its utility
in fragment-based drug design (FBDD)*>”
(BOX 1), a novel and increasingly popular
strategy for lead discovery that provides an
alternative to conventional high-throughput
screening, or to support hit-to-lead optimi-
zation for a particular drug target. NMR can
also be used to determine low-resolution

structures of target-ligand complexes

for natively unstructured proteins or
membrane proteins that are not amenable
to crystallographic approaches.

When introducing and developing novel
drug discovery technologies in general, the
response of the scientific and business com-
munities has often been similar (C. Lipinski,
personal communication): after a period of
sceptical resistance, which varies depending
on the current development stage of other
competing technologies, considerable and
often exaggerated enthusiasm is generated
around the approach. As time goes by,
set-backs and the overoptimistic nature of
the original ‘hype’ results in the enthusiasm
turning to distrust. Eventually, for those
technologies that survive, their real value
emerges and the realistic impact on the drug
discovery process can be critically assessed
and justified. This process takes on average
about 5-10 years. We believe that many
applications of NMR spectroscopy in drug
discovery are now mature enough for such
assessments. With this in mind, in this
article, which is based on discussions at a
recent meeting on NMR in drug discovery
(see acknowledgements), we provide our
collective evaluation of the past, present
and future of the applications of NMR
spectroscopy in hit and lead generation.

NMR-based strategies in drug discovery
Several NMR-based strategies have been
developed (TABLES 1,2) that are particularly
useful for FBDD applications (BOX 1). These
range from the more traditional chemical-
shift mapping, to ligand-based techniques
that monitor changes in ligand nuclear

spin relaxation properties upon binding, to
measurements of diffusion. Some of these
approaches are better suited to screening
methods and/or to validate hits coming
from high-throughput screening (HTS)
campaigns®'® (TABLE 1), whereas others are
better suited to guide hit optimization into
more potent, selective and drug-like com-
pounds’ (TABLE 2). An overview of the merits
and pitfalls of some of these approaches is
provided below. The detailed description
and technical details of these methods fall
outside the scope of this article and can be
found in the citations within TABLE 1, 2, as
well as in recent review articles cited in this
manuscript.

NMR screening and hit validation. A simple
approach for ligand binding studies, and
probably the most utilized approach for
hit identification and validation by NMR,
exploits differences in chemical shift
between free and bound protein/nucleic
acid targets in'”N/'H and/or *C/'H two-
dimensional correlation spectra of the target
upon titration of a ligand or a mixture of
ligands. When the resonance assignments
are known (usually attainable for proteins
smaller than 30-40 kDa), this approach,
also called chemical-shift mapping, can also
provide crude but meaningful structural
information on the site of binding. The
method can be extended to larger macro-
molecular targets in which an amino-acid
type has been selectively labelled to reduce
spectral complexity, thus extending its
applicability to targets larger than 100 kDa''.
The use of chemical-shift mapping
studies to monitor ligand binding has
several advantages, the most obvious being
that compounds that bind to a given protein
can be found and characterized without the
need to develop a specific assay or having
knowledge of the function of the protein
— a concept that is generally true for most
NMR-based techniques. Second, as men-
tioned, when combined with resonance
assignments, this approach can rapidly
provide information on the site of binding.
Third, when the structure of the target
has been previously determined by NMR,
in some instances it should be possible to
rapidly derive ligand-protein distances via
nuclear Overhauser effect (NOE)-type experi-
ments that allow more precise determination
of the ligand binding mode. Last but not
least, the chemical shift approach is argu-
ably one of the most robust, reliable and
reproducible ligand binding assays currently
available. Although X-ray crystallography
could, assuming suitable crystallization
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conditions, provide more precise information
on the binding mode, this approach does
not provide information on the dissocia-
tion constant of the complex, nor can it
easily be used to monitor ligand binding.
However, like X-ray crystallography, the
amount of protein that is needed for a single
NMR experiment is relatively high for the
technique to be used efficiently to test large
libraries of compounds. Hence, these assays
have found more widespread use in hit
validation'? and in FBDD (BOX 1), in which
smaller libraries are screened.

In detecting ligand binding, rather than
observing the NMR spectra of the target
upon complex formation, the so-called
ligand-based experiments focus on the
observation of the perturbations induced
by a substoichiometric amount of target on
the NMR spectra of the ligand. Examples of
these approaches are the saturation transfer
difference (STD) or simple Tlp measure-
ments (TABLE 1). In a typical STD experiment,
simple one-dimensional '"H NMR experi-
ments are recorded for a ligand in the
presence of a small amount of target, usually
at a ligand:protein ratio of about 100:1,
with and without selective irradiation
of the protein resonances. When the longi-
tudinal relaxation rates for the hydrogens of
the small molecule are longer than the dis-
sociation rate constant (k) of the complex
(typically true for ligands with micromolar
to millimolar dissociation constants),
there will be an accumulation of saturated
ligand even if the target is present in a sub-
stoichiometric concentration. The selective
saturation of protein resonances can be
obtained by irradiating regions of the 'H
NMR spectra (typically, the aliphatic region
of the spectrum, between -1 and 2 ppm)
that are usually well populated by methyl
groups of the protein but are not occupied
by resonances from small-molecule, organic
ligands. Subsequently, a difference spec-
trum is generated from two spectra that are
recorded with and without pre-irradiation of
protein resonances. Similarly, the T, | experi-
ment exploits the fact that the relaxation
properties of ligand nuclei differ depend-
ing on whether the molecule is in the free
versus the bound state, even if the binding
is transient, in the presence of a substoichio-
metric amount of target. These ‘transferred’
ligand-based methods are less informative
than chemical-shift mapping and are used
primarily for screening and/or to validate
ligand binding. However, they could also be
used for the determination of the binding
epitope' and the bioactive conformation
of larger ligands, such as carbohydrates or
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Figure 1| Overview of applications of NMR in drug discovery. NMR spectroscopy can provide
critical information at early stages of hit validation and identification. NMR measurements for
binding studies can represent a key step to eliminate false positives from high-throughput (HTS)
campaigns, to validate putative hits from in silico screens or to identify novel scaffolds in fragment-
based programmes. NMR and X-ray crystallography can also provide unique information to sub-
sequently guide hit-to-lead optimization. ADME-tox, absorption, distribution, metabolism, excretion

and toxicity.

peptides; this information could be very
useful in pharmacophore-based design'*".
Finally, chemical reactions that are cata-
lysed by enzyme targets can also be easily
monitored by NMR'*'8, which is particu-
larly useful not only in screening but also
to validate hits that were previously identi-
fied by using spectroscopic techniques.
The major advantages of the NMR-based
approaches is that they require a relatively
small amount of protein per sample
(the typical target concentration needed
for one experiment is 1-5 uM for binding
studies), that their range of applicability is
not limited to proteins amenable to NMR
spectroscopy (as only the resonance lines
of ligands are observed) and that measure-
ments are relatively fast (1-10 minutes for
binding assays) and readily automatable.
Similar considerations can be made for
other approaches listed in TABLE 1. These
are mostly used for hit validation or for
screening small libraries, of the order of
hundreds up to thousands of compounds,

which are usually tested in mixtures of
10-50 compounds per sample.

An obvious strategy is to combine these
NMR screening approaches with in silico
docking of a compound database to predict
those that should bind to a target protein
structure (usually static). Computational hits
from this virtual screening will need to be
tested experimentally, but a relatively small
number of top-ranking hits can be selected
(for example, 1%) for NMR screening. This
approach could be less expensive and faster
than HTS if the time to develop an experi-
mental assay is considered, as this is not
needed for NMR.

In summary, various NMR-based
approaches can provide valuable informa-
tion for hit identification and validation,
and ultimately guide medicinal chemistry.
The development of these applications now
seems to have reached a plateau, and it is
unclear whether further room for expansion
remains. Rather, it is likely that applications
of the approaches described above to
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Box 1 | Fragment-based lead discovery

It has been estimated that the number of potential drug molecules is of the order of 10°-10°
(REF. 52). However, for a given target system, it is difficult to imagine high-throughput screening
(HTS) performed with much more than 10° compounds, especially considering that such
endeavours would be very expensive and subject to a sizeable number of false positives and false
negatives. The traditional approach of testing variations of known drugs is not going to explore
this potential pool very deeply either, but at least it has the advantage of exploring compound
space based on knowledge, so the search will be made more effectively. Unfortunately, the
chances of encountering cross-resistance, for example, are enhanced if searches are limited

to compounds similar to those already in clinical use.

The realization that poor ADME-tox (absorption, distribution, metabolism, excretion and
toxicity) of drug candidates in vivo has been a common and expensive limitation in drug
development has stimulated the development of tools to identify compounds or classes of
compounds that may overcome these problems. One recent school of thought has been to
filter the databases to be screened so that criteria largely comply with Lipinski’s “Rule of Five”,
an empirical list of desirable properties based on clinically successful drugs with good
bioavailability****. However, as Lipinski reports, there are numerous examples of drugs that do
not abide by these rules, so it is not a rule to be followed blindly; for example, the rules of Veber
etal. are also well suited and provide an alternative way to look at potential drugs®®.
Nevertheless, ligands that are larger than ~500 daltons and with poor solubility tend to become

problematic at the developmental stages®®.

These issues are exacerbated when dealing with targets that have macromolecular
interaction surfaces, for which HTS campaigns tend not to provide therapeutically viable
leads. However, it is currently unclear whether HTS screening campaigns are not producing
valuable leads against protein—protein interactions because of the alleged ‘undruggable’
nature of the binding surfaces or simply because the compound libraries are populated by
compounds that were not originally derived to complement a protein surface. Although the
most likely the answer is both, it seems sensible to assume that a more rational chemical
design approach, in which a compound is ‘built’ stepwise within the binding cavity of the
target, probably represents a more suitable strategy to tackle targets that are otherwise

very challenging for HTS.

These considerations represent the fundamental impetus for the development of the so-called
fragment-based drug discovery (FBDD) approaches®®, which have the intrinsic advantage
of exploring in principle a much larger accessible chemical space than conventional HTS
campaigns. The strategy consists of building up a lead compound (typically smaller than
500 daltons) from screening a database of typically 1,000-15,000 smaller molecules (fragments)
that are smaller than 300 daltons and have good aqueous solubility. The most common FBDD
approaches include tethering®®*’-’°, X-ray diffraction®’”7® or NMR spectroscopy’*:#977-82,
as methods for fragment screening and to guide iterative optimizations.

‘non-traditional’ targets, such as macro-
molecule-macromolecule interactions or
membrane proteins, could be of most value.

NMR-based hit/lead optimization. A powerful
application of chemical-shift mapping

in hit/lead optimization is the ‘SAR
(structure-activity relationship) by NMR’
strategy, which is arguably the archetypal
FBDD approach (BOX 1). In this approach,

a chemical-shift mapping-based screen

for a second compound that binds to the
target is performed in the presence of an ini-
tial weak hit compound. The latter may come
from a previous NMR screen or it could be a
known ligand that was discovered from other
approaches such as HTS. Compounds that
induce chemical-shift changes for nuclei in a
region on the protein’s surface that is adjacent
to the site of binding of the first ligand are
considered. The structural characterization
of the ternary complex by NMR allows the

design of potential chemical linkers of the
two compounds to give a higher-affinity
ligand. The binding affinity of the resulting
bi-dentate compound is, in principle, higher
than that of the individual compounds
because of a larger number of interactions
(enthalpy factor) and because of a reduced
loss in translational and rotational entropy
upon binding. The approach has been dem-
onstrated to yield bi-dentate compounds
with dramatically increased affinity com-
pared with the individual fragments and,

as anticipated, the method has resulted in
the successful design of compounds against
protein—protein interactions or more com-
plex macromolecular targets'»*. Alternative
approaches to the design of high-affinity
bi-dentate compounds include those that
rely on the use of a paramagnetically labelled
first ligand®' or on the detection of protein-
mediated ligand-ligand magnetization
transfers'®?* as screening methods (TABLE 2).

Because of their simple chemical structure
and smaller size, the initial fragments, also
referred to as privileged binding scaffolds®,
might bind to the target with K| values
ranging from low micromolar to millimolar.
However, rather than the absolute potency
of the binding fragments, a key parameter
to follow in a FBDD campaign is the ligand
efficiency (or binding efficiency index)*%,
which is defined as the free energy of
binding per non-hydrogen atom. The
ligand efficiency is a simple and intuitive
method of normalizing molecular weight
and potency of a given molecule, provid-
ing a meaningful rank ordering of hit
compounds®?. Because in successful opti-
mizations, potency and molecular weight
increase linearly (with a rate of approxi-
mately 0.3 kcal per mol per atom), it is
obvious that considering initial hit fragments
with the most optimal ligand efficiency is
crucial for the development of a potent lead
molecule with an acceptable size?’.

These approaches have proven very useful
in deriving high-affinity ligands for challeng-
ing targets for which other approaches have
failed to produce viable leads. The current
view is that NMR has found a more useful
role in these approaches for drug discovery
than as a structure determination tool in the
hit-to-lead stage. For structure determina-
tion, X-ray crystallography can provide
higher resolution structures much faster
and, as a result, it is far more widely used.
The only exceptions are in companies that
have been set up based on NMR expertise,
certain large pharmaceutical companies with
the necessary expertise in which NMR has
consistently been shown to be valuable in this
respect, or in academic research groups that
focus on these applications of NMR.

So, are there other areas of drug discovery
in which NMR information is clearly supe-
rior or for which there are no alternatives?
We believe that this will be the case for an
increasing number of interesting targets that
are classified as ‘undruggable’ after non-
productive HTS campaigns. The identifica-
tion of new possible targets or of possible
druggable sites on known targets can also
begin with NMR-based screens of fragment
libraries. In fact, the simple observation
that some targets yield more free energy
of binding per atom for the initial bind-
ing fragments is itself a good indicator for
assessing the target’s druggability and to
identify potential hot spots on the target’s
surface?. We therefore predict that there will
be an increase in the application of NMR-
based approaches in FBDD aimed towards
challenging drug targets such as protein
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tyrosine phosphatases® or those involved

in macromolecular recognition, including
protein—protein®, protein-membrane? and
protein—nucleic-acid interactions™. It should
also be possible to extend some of the
NMR-FBDD approaches to in-cell NMR
experiments to provide, for example,
mapping information from chemical-shift
perturbations for serially expressed pro-

tein systems®~*. Furthermore, it can be
envisioned that these approaches may also
be extended to target membrane proteins,
assuming that issues related to production
of these proteins, such as poor yields, lack of
stability and poor solubility, can be solved.

NMR in structural characterization of drug
targets. The use of macromolecular NMR as a
structural tool to complement X-ray crystallo-
graphy is not fully exploited in industry for
various reasons, but most notably because it
is not rapid. It might still be viable in academic
laboratories, where the choice of protein
targets is less constrained by immediate com-
mercial therapeutic relevance. It is possible
that a structural focus could re-emerge with
the growing interest in integral membrane
proteins, particularly with the advances in
solid-state NMR techniques, and NMR-based
structure determination of protein-ligand
complexes could also attract more atten-

tion in the future. However, NMR-based
structure determination must become faster,
and should take advantage of synergies with
X-ray crystallography and computational
tools®**. In particular, to be viable in the fast-
paced industrial setting, structure refinement
by NMR must be streamlined. There is also

a lack of suitable NMR structure determina-
tion software for such industrial purposes.
Establishing a consortium to develop new,
compatible, easy to use software, as done by
and for the X-ray community in the past,
could help in this respect.

Another structure-related application
that might contribute to drug discovery is in
computational modelling with limited NMR
structural data. Our view is that the com-
bination of molecular docking supported
by limited NMR experimental constraints
(either internuclear distances information'"
or chemical-shift mapping**) could
represent an efficient way to rapidly gather
information on ligand-target complexes
without full structure determination.

Importantly, an advantage of NMR in
structure-based drug design projects is that
it can quickly deliver information about
ligand binding properties even if the
receptor cannot be characterized at high
resolution. In essence, whereas X-ray
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Table 1| NMR methods for compound screening and hit validation

Approach Observation  Use

Chemical-shift
perturbation®

Target (protein
or nucleic acid)

Primary screening
Hit validation

Description and references
to recent applications

Identifies compounds that bind by
means of chemical-shift perturbation

resonances Site of binding of resonances of the target!!”’”83-8¢
STD NMR? Ligand Primary screening Identifies compounds that bind
Hit validation weakly; build-up curve identifies
interacting functional groups®!33086-89
WaterLOGSY®° Ligand Primary screening Identifies compounds that bind by
using water-mediated NOEs!!
SLAPSTIC Ligand Primary screening  Highly sensitive detection of
(Using spin- fragments that bind**?
labelled protein)®?
TINS® Ligand Primary screening  Identifies compounds that bind
Hit validation by screening libraries against
immobilized protein targets®
T, and T, Ligand Primary screening  Binding enhances relaxation; enables
reTaxation; Hit validation affinity estimates; build-up curve
line broadening* identifies interacting functional
groups®*
Transferred Ligand Hit validation Gives information about the
NOEs®* Conformationof  interaction of binders with
flexible ligands the target®™’; determines bioactive
conformation of flexible ligands such
as peptides **
FABS*Y Substrate or Primary screening  Uses reference substrates or
cofactor Hit validation cofactors to monitor enzymatic
reactions'2%10
FAXS?05:106 Reference Primary screening  Measures the displacement of a
ligand Hit validation fluorinated ‘spy’ molecule'**1%’
Diffusion Ligand Primary screening  Measures the difference in diffusion
measure- Hit validation rates for ligands in the bound versus
ments'%10 free state '*°

FABS, fluorine atoms for biochemical screening; FAXS, fluorine chemical shift anisotropy and exchange
for screening; NOE, nuclear Overhauser effect; SLAPSTIC, spin labels attached to protein side chains as
atool to identify interacting compounds; STD, saturation transfer difference; TINS, target immobilized
NMR screening; T, | rotating frame nuclear spin longitudinal relaxation time; T,, transverse nuclear spin
relaxation time; waterLOGSY, water-ligand observed via gradient spectroscopy.

crystallography is arguably a superior tech-
nique in providing a detailed picture of the
binding interactions at the atomic level,
NMR can provide a crude but meaning-

ful picture of the bound ligand(s), even if
the receptor cannot be characterized'**.
In addition, the spatial relations between
two binding fragments can also be readily
obtained by, for example, protein-mediated
ligand-ligand NOEs? or relaxation measure-
ments with paramagnetic, labelled reference
compounds?. Although these approaches
could clearly benefit from the availability

of the three-dimensional structure of the
target or, better, of the ternary complex,
such information is not absolutely necessary
for the design of high-affinity bi-dentate
compounds??.

However, many multidomain proteins
show considerable flexibility in the organiza-
tion of their components during interactions
with multiple ligands, and allosteric

modulation of activities is of considerable
significance in their activity. In contrast to a
structure determined in a crystal, in which
the interdomain interactions accommo-
date the need for the lowest crystal packing
energy, structures that are determined in
solution reflect a more physiological milieu
and can be used to characterize the available
dynamic interconversions*. NMR methods
to characterize these interactions, using
relaxation properties and special isotopic
labelling, can be applied to complex systems
in which the plasticity of interaction with
ligands (or known drugs) is evident, such as
protein tyrosine kinases, which are widely
recognized as significant drug targets*'.
Magic-angle-spinning solid-state NMR has
emerged in the last five years as a potential
alternative method to determine protein
structure, particularly for samples which
could not be easily analysed before, such as
native membranes, fibrils and cytoskeletal
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Table 2 | NMR methods for hit/lead optimization

Approach Observation Use Description and references
to recent applications
SAR by NMR®*11 | jgand Structural information  Design bi-dentate compounds 20112
Target FBDD screening
Compound
optimization
SLAPSTIC Ligand FBDD screening Highly sensitive detection of
with first-site Compound fragments and weakly interacting
spin- labelled optimization second-site compounds'*?
compound?!
SAR by ILOEs**!**  Ligand-to- FBDD screening Detects protein mediated
ligand Compound ligand-ligand interactions
optimization (compounds occupying adjacent
sites)?
Pharmacophore  Ligand-to- FBDD screening Detects protein-mediated
by ILOEs™® ligand Compound ligand-ligand interactions and
optimization uses information for pharmaco-
phore-based search of bi-dentate
compounds'*®
H,0/D,0 Target Compound Identifies binding epitope!®
exchange-rate characterization
measurements
INPHARMA! Ligand-to- Compound Detects protein mediated
ligand characterization ligand-ligand interactions

(competition for the same
binding site)

FBDD, fragment-based drug design; ILOE, interligand nuclear Overhauser effect; INPHARMA, interligand
NOEs for pharmacophore mapping; SAR, structure—activity relationship; SLAPSTIC, spin labels attached to
protein side chains as a tool to identify interacting compounds.

complexes. Recently, models of a potassium-
channel-toxin complex, various fibrils and
other receptor-agonist complexes have been
published, illustrating the advances in the
field***2-*. Projects aiming to provide well-
determined structures of membrane proteins
are underway in several laboratories.

Concluding remarks
Macromolecular NMR works best in drug
discovery when the data can be quickly
integrated with that attained from other
analytical techniques, and it has to be com-
prehensible, portable and available on a
timescale that is compatible with medicinal
chemistry. It seems that some years ago,
researchers in modelling and bioinformatics
eschewed solution NMR structures
(as opposed to crystal structures) because
a series of structures could be obtained,
thus calling into question the accuracy and
meaning of the data. This underscores the
importance of integrating NMR analysis
with the views of other disciplines that are
major driving forces in drug discovery.
Indeed, fragment-based approaches such
as the SAR by NMR strategy require excellent
integration with medicinal chemistry and
possibly biology. Effective use therefore
implies some degree of centralized
organization and a specialization of labour.

In an academic setting, this must come from
collaboration. We envision that a possible
solution would be to engage in collaborative
programmes that would bring together the
state-of-the-art design of new drugs using
NMR and other technologies to optimize
the speed and quality of lead optimization.
In particular, there is a major need for syn-
thetic chemistry groups to collaborate in
such efforts, as well as research groups to
perform biological and functional testing of
intermediate new compounds to combine
binding studies with functional assays more
efficiently. In the United States, there are
several screening centres that may provide
such support (see Further information).

A further important issue is that the
training of researchers able to translate
basic discoveries to new drugs is not well
established in academia. For example, in
the United States, medicinal chemistry is
predominantly learned in industry. Only
recently, several schools of pharmacy have
either instituted or increased their invest-
ment in educating research scientists in
such disciplines (see Further information).
With regard to NMR, there is some con-
troversy over how much spectroscopy is
required for its effective use, but with few
exceptions, there is little educational effort
in NMR relative to other means of lead

generation and optimization. In screening
and FBDD, medicinal chemists rather than
physicists, biologists or organic chemists
would be the likely users of the techniques,
but for NMR, the current educational focus is
strongly on chemical physics and structure-
determination, which appeals more to
biologists or biophysicists than medicinal
chemists. However, many of these students
are interested in entering drug discovery in
industry, which raises the question of what
kind of jobs might be available for them.
There is also less interest in mastering the
underlying theory of a given biophysical
technique, and much more on fast down-
loads to rapidly summarize the results of
multiple techniques. This is natural, given
the urgency and competition in drug dis-
covery, but what does this imply in terms
of designing an appropriate curriculum for
such students? Perhaps a curriculum that
includes multidisciplinary research activi-
ties, ranging from cell biology to medicinal
chemistry, would be a logical way to train
future scientists that are interested in drug
discovery. In such a context, a good com-
promise between basic and applied research
could also include adopting more detailed
studies in which NMR is used to decompose
the overall thermodynamics of binding for
a given ligand—-protein interaction into the
enthalpic and entropic contributions from
the ligand, protein and solvent®®*!.

Finally, one common pitfall of the imple-
mentation of NMR in industrial drug dis-
covery pipelines is that it is often brought
in too late. Although many examples exist
of successful drug discovery projects that
are entirely jump-started by NMR-based
approaches, it is clear that when applied
in isolation, these methodologies, much
like any other technique, cannot be fully
effective. The successful implementation
of NMR in the drug discovery process
is often based on the early and effective
integration of medicinal chemistry, compu-
tational approaches and biology. Training
the scientists of the future based on these
observations might be the long-term solu-
tion for these problems; establishing large
collaborative efforts with academia or
coordinating NMR-based infrastructures
in industrial settings may represent short-
term solutions.
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Glossary

Druggability

The ability of a target to be modulated by a lead candidate
that has the requisite physicochemical and absorption,
distribution, metabolism and excretion properties for
development as a drug candidate.

Drug-like

Sharing certain characteristics — such as size, shape
and solubility in water and organic solvents — with other
molecules that act as drugs.

Hit

A compound that satisfies an initial set of criteria

(for example, minimum potency and solubility), but which
requires elaboration or validation through further detailed
analysis of performance or additional iterations to
become a lead.

Hot spots

Compact, centralized regions of residues at a
protein—protein interface that are crucial for the affinity
of the interaction.

Lipinski’s “Rule of Five”

This identifies several key properties that should be
considered for small molecules that are intended to be
orally administered. These properties are: molecular
mass <500 Da; number of hydrogen-bond donors <5;
number of hydrogen-bond acceptors < 10; calculated
octanol-water partition coefficient (an indication of the
ability of a molecules to cross biological membranes) <5.

Relaxation rate

The terms longitudinal and transverse relaxation rates
describe the rates at which nuclear magnetization returns to
the equilibrium after perturbation in a non-equilibrium state.

NMR chemical shift

The chemical shift of a particular nucleus is a measure of
the dependence of the resonance frequency of the nucleus
on its chemical environment.

Nuclear Overhauser effect (NOE)

Change in the intensity of the NMR signal, which is caused
by through-space dipole—dipole coupling. Upper distance
constraints obtained from '"H-"H NOEs are used to
determine the structure of biological macromolecules.
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Nuclear spin-relaxation

This term describes several physical processes

by which nuclear magnetization that is perturbed
in a non-equilibrium state returns to equilibrium.
Nuclear spin relaxation rates depend on the overall
rotational correlation time of the molecule and on
the number and nature of interacting spins.

Paramagnetically labelled

Nuclear spin relaxation rates are enhanced for a given
nucleus when it is in close proximity to a molecule
containing an electron spin (a paramagnetic molecule).
Labelling a reference ligand or a target with a
paramagnetic molecule can provide spatial information
on the binding of a test ligand.

Pharmacophore

The steric and electronic features of a ligand that
are necessary to ensure optimal interactions with a
biological target structure and to trigger (or to block)
its biological response.

Saturated ligand

NMR relaxation phenomena on the nuclei of a bound
ligand result in the attenuation of its NMR signal
intensities. When the signal is nearly completely
suppressed, the ligand is said to be saturated.

Selective irradiation

Application of radio frequency energy at a particular
narrow frequency. This will cause the selective saturation
of the resonance lines in the spectrum of nuclei that
resonate at that frequency.

Solid-state NMR

NMR measurement of the magnetic properties of nuclei
in solid samples rather than of samples in solution.
They are characterized by anisotropic and directionally
dependent interactions that can be useful to obtain
structural information.

Two-dimensional correlation spectra
NMR experiments that exploit nuclear coupling to
correlate the chemical shifts of protons with other
NMR-active nuclei, most often '*C or '*N.
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