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Nowadays, a plethora of NMR methods are available to deduce the key features of the

interaction from both the ligand or the receptor points of view (receptor-observed or ligand-

observed NMR methods, respectively). Herein, we present the most used ligand-observed

NMR experiments for drug discovery making special emphasis on their experimental aspects

and on their applications to the study of protein-carbohydrate interactions.

Introduction

Molecular recognition processes are involved in life regulation and
progression. Due to the immense structure variability of the entities
involved in these events, the code that controls ligand/receptor
interactions is highly regulated. In fact, subtle differences at the
atomic level may produce dramatic changes in the corresponding
biological responses. Therefore, the exploration of these interactions
at the maximum possible resolution has become a new frontier in
molecular sciences.?

In this context, although underappreciated in the genomic and post-
genomic eras, carbohydrates have now emerged as key players in the
translation of information into functional activity, thanks to their
large coding capacity and the increasing realization of their key role
in receptor-mediated recognition events.’ Indeed, many sugar-
mediated processes are associated with cell-cell interactions,
including cell proliferation and other life threatening or positive
events. Interactions involving saccharide molecules are also
concerned in diverse disease-producing mechanisms, from bacterial
adhesion to inflammatory processes.”® Carbohydrate-protein
interactions are also rising as medically relevant factors in, for
instance, infection and tumour-related studies.”® Thus, the
investigation of the possibilities of controlling these events has
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become challenging in science, from chemistry and biochemistry to
molecular and cell biology.

On this basis, the understanding, at high resolution, of the various
mechanisms by which the binding sites of antibodies, lectins, and
enzymes recognize other molecular entities is of evident
importance.’ From this point of view, it can be safely assumed that
achieving a full conception of the energy, structural, conformational,
and dynamic features of the molecular recognition processes
between carbohydrates and their receptors can be exploited to
explain the basic interaction features and hence to design new
molecular probes and ultimately, novel sugar-based therapeutic
agents.'’ In fact, the detailed study of the 3D structure of different
ligand/receptor complexes has led to a deeper understanding of the
molecular basis for drug-receptor interactions, and thus to better
inhibitors of key enzymes.11

The power of X-ray crystallography to provide a detailed description
of these features can be acknowledged since has become one of the
major alternatives in this field.'> Nevertheless, in this review article
we have paid attention to NMR spectroscopy and its applications to
explore molecular interactions.”® In the last years, NMR has become
a powerful tool to monitor molecular interactions and to deduce
features of recognition processes at different levels of complexity,
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Table 1. Summary of the ligand-based NMR methods cited herein.

Generalities
Method Isotope Receptor Throughput Range of applicability (Kg)
labelled molecular ligand
material weight screening
STD no >>10KDa yes nM-mM,
NOE type experiments high sensitivity
Tr-NOESY no >>10KDa very moderate nM-mM,
high sensitivity
Water-LOGSY no >>10KDa yes nM-mM,
high sensitivity
Diffusion based DOSY no >>10KDa moderate ~100nM-mM, low sensitivity
experiments

both from the perspective of the receptor and of the ligand.*
Nevertheless, there is still an open window for further development
of new NMR methods and their applications to unravel molecular
recognition problems. Thus, we have aimed to describe significant
advances in the applications of ligand-based NMR techniques to
understand molecular interactions, especially in the carbohydrate—
protein recognition field." It has not been our intention to provide an
exhaustive review; we have instead attempted to focus on describing
different technical and methodological aspects within this research
area, also including examples of molecular interactions for other
biomolecules.'”> We have therefore selected different recent
examples that emphasize the application of different NMR protocols
to circumvent the technical problems that can be often found in this
type of investigations.

In contrast to the receptor-based NMR techniques,'®!” which allow
monitoring those changes that take place at the different residues of
the interacting macromolecule, ligand-based NMR techniques can
also be exploited to detect biomolecular interactions.'® The
advantages of these techniques are that they require very small
amounts of the receptor (in the nmol scale) and, especially that
labelling with stable isotopes (°N, C, ?H) is not required.
Nevertheless, there are also drawbacks in the application of a ligand-
based NMR protocol. First, changes in the NMR parameters in the
ligand only are those under scrutiny. Therefore, no straightforward
indication on the protein site that is interacting may be directly
extracted. In this case, it is necessary that additional NMR
experiments are performed, especially competition experiments, in
order to assess the binding site. Moreover, for certain relaxation-
based techniques, as STD and trNOESY experiments, there is a
strong requirement in the kinetics of the dissociation process.'® For
these experiments to be successful, the off-rate should be fast in the
relaxation time scale. Since fast off-rates are usually associated to
moderate or weak binding processes, these experiments are mostly
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used for investigating interaction processes in the mM or pM range.
Their application to investigate tight binding events, around nM, can
only be exploited in combination with other alternative approaches,
including competition experiments. Table 1 gathers the most
common ligand-observed NMR methods cited herein together with
some of their relevant and practical properties.

Ligand-based NMR methods for drug discovery

Saturation transfer difference NMR (STD NMR)

The Saturation Transfer Difference (STD) experiment permits to
deduce the existence of interaction between a small molecule and a
target receptor and, in favourable cases, the identification of the
ligand epitope.’” STD has now been used for fifteen years to
characterize ligand binding to receptors. The experiment derives
from the previously used saturation transfer experiment, which
permits to identify chemical exchange in a given molecule that is
present in different states (i.e., free and bound), provided that the
exchange rate is slow in the chemical shift time scale.®' Thus, by
saturating the NMR signals of the free ligand, the signals of the
bound ligand can be identified, since they also receive the saturating
radiofrequency field through the corresponding chemical exchange
process.22 The improvement of the method using difference
spectroscopy permitted to detect ligand binding to a given receptor,
even for mixtures of molecules (chemical libraries) and also for fast
exchange.

Technically, the STD NMR experiment is the subtraction of two
different '"H-NMR spectra performed on the same ligand/receptor
sample. In the first one (on-resonance spectrum), the selective
irradiation of some protein protons is performed for a few seconds.
The saturation frequency should be chosen so that no ligand protons
are present at least within 1-2 ppm. The saturation is efficiently
propagated across the entire protein through spin-diffusion, also

This journal is © The Royal Society of Chemistry 2012

Page 2 of 10



Page 3 of 10

saturating those protons at the protein surface, including those
located at the binding site and, therefore affecting the NMR active
nuclei of any possible molecule interacting at the protein binding
site. Thus, the signals from binding molecules display lower
intensities in the associated spectrum.

)
e
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Ligand-protein complex
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Figure 1. A) Schematic view of the STD experiment. The protein protons are
selectively saturated and at a specific frequency (optimal frequency values
are those between & 0 and -2 ppm, since for globular proteins several
aliphatic protons close to aromatic rings are present in this region.
Alternatively, especially for natural carbohydrates devoid of aromatic
protons, the § 6.5-8.0 ppm region can also be employed). Then, the saturation
is transferred to any ligand interacting with the protein, affecting the ligand
protons signals differently, depending on their proximity to the protein
protons (as indicated with the different colours and font sizes used for the
ligand displayed in the figure). B) STD NMR experiment with concanavalin
A and methyl a-mannoside at a 1:30 protein/ligand ratio.

Moreover, the intensity of the protons of the ligand will be
differently affected, depending on their distance to the protein-
binding site. Any putative ligand molecule that is not interacting
with the receptor does not receive any saturation from the protein
and, therefore, the saturation pulse does not affect its intensities. The
second spectrum (off-resonance spectrum) is recorded as reference
or blank spectrum. Herein, the chosen saturation region is free from
ligand and protein signals (ca. & 100 ppm). Therefore, the NMR
signals of all molecules display their natural intensities (Fig. 1).
Then, subtracting the on-resonance from the off-resonance spectra,
the obtained STD spectrum only contains the ligand resonances
whose intensities have been affected by the protein saturation. Thus,
the STD technique permits to differentiate binders from non-binders
in a complex mixture.

This experiment does not require a large amount of protein (actually
1:20 to 1:100 protein/ligand molar ratios are recommended, with a
protein concentration less than 20 pM). As mentioned above, the
suitable affinity values (Kd) are between 10~ and 107 M. In fact,

This journal is © The Royal Society of Chemistry 2012

Medicinal Chemistry Communications

given the intrinsic properties of carbohydrate-protein interactions,
they usually display moderate binding affinities, with optimal
properties for the application of STD spectroscopy.

Different applications of STD to screen carbohydrates within
chemical libraries or even plant extracts towards different receptors
have been reported.”> One of the key applications of STD relies on
the possibility of deducing the binding epitope of the ligand. Since
the protons closer to the protein are more effectively saturated, they
display the largest intensities in the difference spectrum. This STD-
based epitope mapping procedure provides essential information for
drug lead optimization and its concomitant application in a structure-
based drug design protocol.*

Remarkably, STD-based intensities can be employed for determining
the inhibition constant (Ki) of a given ligand that competes with a
reference ligand (with a known Kd). Competition experiments can
be performed for designed mixtures of both molecules by evaluation
of the gradual decay of the STD signals from the reference in the
presence of increasing concentrations of the inhibitor.?

STD NMR has been employed to characterize the binding epitope of
two glycomimetic platforms (thiodigalactoside and
dithiodigalactoside). Of note, despite its apparent similarity, STD
could demonstrate that the binding epitope of these
pseudodisaccharides is different for human galectin-1, with medical
relevance in tumor growth and methastasis, and for the plant toxin
VAA (Viscum Album Agglutinin), a potent ribosomal inactivator

with modulatory effect on the natural immune system.

Although STD is commonly employed to monitor the binding of
small molecules and fragments to the protein targets, recent studies
have expanded the scope of the method to larger systems, much
closer to the natural interacting partners.”’” For instance, N-glycans,
which are ubiquitous in mammalian glycoproteins, may contain
different epitopes in their structures, displaying multiple possibilities
for recognition. In this case, the concatenation of different NMR
experiments to the basic STD module helps to extract conclusions on
the interacting epitope that cannot be accessed from simple 1D
measurements. In particular, combinations of STD with TOCSY,?
selective TOCSY,” or HSQC/HMQC 3 have been proposed,
providing spectra with optimal dispersion of the STD signals, now
devoid of significant overlap. Nevertheless, the acquisition time for
these experiments may be significantly large. Using STD and STD-
TOCSY experiments, it has been demonstrated that the interaction
mode of large N-glycans towards a given receptor may differ from
that existing for small model fragments of the same molecule. In
fact, the presentation mode of the N-glycan is essential for the
interaction to take place. Even new interacting epitopes may appear
within a large structure, not possible for smaller systems. These
results indicate that care should be taken when trying to extrapolate
the obtained results for molecular fragments to the complete entity.
Moreover, it should be emphasized that those conclusions arising
from macroscopic measurements (i.e., SPR, ITC, glycan or lectin
arrays) without detailed structural investigations may be
misleading.27

J. Name., 2012, 00, 1-3 | 3



Medicinal Chemistry Communications

Moreover, if the ligand contains NMR-active nuclei other than
protons, filtering/editing schemes may also be employed to
characterize binding. Examples for *C or '’N-containing ligands
have been reported.’' For "F-containing molecules, an alternative
STD approach focused on the detection of heteronuclear 'H—'"F
STD has been designed to study fluorinated carbohydrates as lectin
ligands.*? Obviously, the presence of NMR heteronuclei also open
the avenue to perform NMR experiments in which the hetero atom
acts as “spy” probe to monitor binding of other molecules present in
the NMR tube by using competition experiments. Dalvit has
exhaustively employed this approach in the drug design context, by
using '°F-containing molecules and T;- and T,-based experiments.*®
Obviously, the relaxation properties of the ligand nuclei dramatically
change when passing from the free to the bound state, being the
fluorine atom the proper sensor to detect binding of the F.
containing molecule or others, provided that they compete by the
same protein-binding site. A similar approach has been used
applying the '"H—'°F STD experiment.**

In the case of ligand interactions with nucleic acids, STD not only
provide evidences on binding epitopes, but also on the groove of
DNA that may be involved in the interaction.®® Due to the relatively
few protons existing in DNA, the intermolecular saturation transfer
may be restricted with a particular area of the DNA structure, thus
permitting the assessment of local features of the recognition
process.*

STD-NMR has also been applied to monitor interactions of ligands
in the presence of more complex systems, including membrane
preparations,37 microtubule assemblies,® living cells,”® or even
bacteria,* and viruses.*' These experiments open new avenues in the
drug discovery context, also approaching the possibilities of
studying ligand binding to G-protein coupled receptors (GPCRs)"
and other membrane proteins that are very difficult to isolate and
manipulate. Different examples expanding the application of
solution based NMR spectroscopy have been presented.
Alternatively, in the study of interactions with living cells,” it has
been proposed that the method can also be safely combined with
HR-MAS protocols, providing very good quality STD spectra.

Transferred NOE

As complement to the STD method, the exchange-transferred NOE
experiment (tr-NOESY) allows the conformation of a particular
ligand at the receptor’s binding site to be deduced.** The tr-NOESY
technique is based on the changes in the rotational motion properties
of a ligand upon binding to a large macromolecular receptor.**¢*7
For small molecules, whose rotational motion correlation time lies in
the ps timescale, NOEs are positive. However, for large receptors,
the correlation time is in the ns time scale and the associated NOEs

are negative (Fig. 2).

Thus, when a small ligand binds to a given receptor, its correlation
time dramatically changes. In consequence, the NOEs move from
positive to negative values (Fig. 3). Therefore, the change in the
NOEs cross peaks sign is a simple and clear evidence of the
existence of binding. The major disadvantage of the tr-NOESY
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approach is the narrow accessible kinetic window. For the
experiment to be successful, the off-rate should be fast in the
relaxation time scale, (i.e., a few times per second). Otherwise, the
NOE information acquired by the ligand at the receptor site will fade
away by relaxation before it dissociates from the protein.

BOUND
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Figure 2. Schematic view of the tr-NOESY experiment for an exchanging
ligand-receptor system. For a small molecule, the cross-peaks are positive
and display opposite sign to the diagonal peaks. In the presence of the
receptor, the cross-peaks for the complex change their signs and become
negative, due to the increase of the effective rotational correlation time. The
analysis of the negative cross-peaks provides information on the bound
geometry of the ligand. The possible existence of spin diffusion effects can
complicate tr-NOESY analysis. In this case, spin-diffusion-mediated cross-
peaks can be detected by employing tr-ROESY experiments, due to the
alternation of sign between direct and indirect effects.

The tr-NOESY approach can be also applied to discriminate ligand
binders in complex mixtures, even when significant structural
similarities could lead to extensive signal overlap.*® In principle, tr-
NOESY (as well as STD) have the advantage that separation of the
components of a library prior to activity tests is not necessary. Small
amounts of receptor are required, with protein/ligand molar ratios
usually ranging from 1:5 to 1:50, depending on the affinity and
kinetic parameters.

This journal is © The Royal Society of Chemistry 2012
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Figure 3. Schematic representation of the dynamic equilibrium between free
and bound states. (1) Initial state: the free ligand displays fast rotational
motion properties. (2) Formation of the complex: the bound ligand now
rotates with the protein. (3) Dissociation of the complex. The free ligand
retains the NOE features acquired in the bound state and produces negative
NOEs, provided that the off-rate is fast in the relaxation timescale. After
some time, the system reverts to the initial state.

For gaining quantitative information, it is essential to register
different experiments with variations in the NOE build experimental
parameters in a systematic manner, (i.e. mixing times) as well as
employing several ligand/protein molar ratios.

Many examples have focused on the study of the structural events
associated with molecular recognition processes. Indeed, different
structural and conformational recognition patterns may take place. In
many cases, the ligand NOE cross peak pattern in the free and bound
state is very similar. In fact, for these systems, protein binding sites
are well pre-organized to recognize one conformation of the ligand,
which is close to its global minimum energy region. This condition
considerably reduces the entropic cost for the binding. One example
of this phenomenon has been described for the recognition of the
microtubule-stabilizing agent discodermolide by tubulin dimers and
by assembled tubulin.*® This phenomenon has also been evidenced
for other microtubule-stabilizing agents, whose conformations are
fairly well defined in solution.*

However, there are several examples in which the rigid lock and key
model fails. In this case, the plasticity of one or both partners
involved in the interaction is the only possible explanation.

For instance, a case of protein-induced conformational selection has
been reported when studying the interaction of human galectin-1
(hGal-1) with C-glycosyl compounds, as hydrolytically stable
glycomimetics.”® Although the C-glycosyl molecule exists as a
complex conformation equilibrium with four distinct conformers in
solution, the tr-NOESY experiment pointed out that hGal-1 only
selects one of these geometries, which strikingly does not correspond
to the global minimum structure.™

These tr-NOESY experiments also provide a robust manner to detect
protein-induced conformational variations. The comparison of the

This journal is © The Royal Society of Chemistry 2012
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NOESY acquired for the ligand in the isolated state with that in the
presence of receptor provides a quick mean to detect conformational
distortions. For instance, binding of rosmarinic acid to
acetylcholinesterase (AChE) has been reported™ to occur with a
change in the conformation of the molecule, from an extended to a
hairpin-like conformation. The tr-NOESY experiment showed a
dramatic difference of the NOE cross peak patterns between the free
and bound states. Noteworthy, the NMR study (STD and tr-NOESY)
of the interaction of salvia sclareoides extracts with AChE permitted
to identify this molecule as the active component in the plant.” In
fact, the STD experiments of S. sclareoides crude extracts in the
presence of AChE determined that rosmarinic acid was the only
binder for AChE.

Depending on the architecture of the binding site of the receptor,
different situations may take place, even for the same type of
molecules. Different examples have focused on the study of heparin,
heparin sulphate, and other glycosaminoglycans (GAGs), which
regulate the activity of a wide variety of proteins. It is noteworthy to
mention that these molecules are usually highly sulphated and that
the presence of L-iduronic rings endows high flexibility to these
entities. In particular, the conformational features of the interaction
of the antithrombin-heparin pentasaccharide with the extracellular
Ig2 domain of the fibroblast growth factor receptor (FGFR2) has
been evaluated* In the free state, the iduronate residue is in
equilibrium between a skew boat (°Sg) and a chair ('Cy)
conformation. However, when bound to the fibroblast growth factor
receptor FGFR2, the NOE data, acquired thorough a “*C filtered
NOESY experiment, showed that the iduronate residue only displays
the %S, conformer. Therefore, a conformational selection process
takes place. In contrast, the analysis of the binding of a similar
heparin hexasaccharide to the acidic fibroblast growth factor FGF1
showed that this protein recognizes this ligand maintaining its
intrinsic flexibility. Both chair and skew boat conformers are
recognized in this case.”> This event, involving the simultaneous
recognition of different conformations has also been described for
different dynamic ligands. For instance, for glycomimetics with
thioglycoside chemical nature,”® the energy barrier for rotation
around the glycosidic torsions is low enough to access different
geometries in the free state. The study of the interaction of these
glycosidase inhibitors with a model glycosidase enzyme showed that
the enzyme is able to accommodate different distorted geometries,
which probably mimic the transition state for glycosidase-mediated
hydrolysis.*

Ligand binding detection through bulk water: waterLOGSY

Although most of the ligand-observed NMR methods described
above do not take explicitly into account the role that the
surrounding solvent molecules may play during complex formation,
the influence of protein solvation on ligand binding processes is
evident.”” The presence of water molecules at the binding site of
both free and bound receptors has been confirmed by X-ray
crystallography as well as by NMR spectroscopy, demonstrating that
water molecules may mediate specific contacts between the ligand
and the protein residues at the binding site.”™® As a matter of fact,
the detection of water-ligand intermolecular NOEs have been taken
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as a proof of the existence of water molecules squeezed at the
interface of the protein-ligand complex and/or tightly bound through
hydrogen bonds with the free ligand.*¢"** Based on these
experimental observations, the so-called waterLOGSY experiment
(water-ligand observed via gradient spectroscopy) has become one
of the most popular NMR-based methods applied to target-directed
drug discovery.®*** WaterLOGSY allows distinguishing between
binder and non-binder molecules by transfer of magnetization from
the bulk water, via the protein-ligand complex, to the free ligand.

The regular 1D waterLOGSYspectrum allows the easy and visual
identification of active ligands from a ligand mixture in the presence
of a potential receptor. In this experiment, the NMR resonances of
free and protein-bound molecules exhibit different phase properties.
While the signals of the interacting ligands are positive, the non-
interacting ones are negative. This technique has become very
popular in drug discovery, particularly as a fragment-based NMR
screening experiment (Fig.4). The experiment is very well suited for
medium-throughput screening of large libraries of compounds since
its sensitivity is relatively high and a reduced amount of material
(biomolecules and ligands) is needed.®® Thus, the method has been
employed for initial identification of possible hits from a fragment
library of potential inhibitors targeting, for example, an alternative
pocket on HIV-1 envelope glycoprotein gp41° or to evaluate the
interaction of previously in silico-selected drugs with heparanase®’.

The main drawback of waterLOGSY NMR based experiments (as
for STD) is that strongly binding ligands with slow dissociation rates
cannot be directly detected. This problem can be easily overcome by
using a reference compound with an intermediate binding affinity for
the receptor and, as it happens with STD NMR, designing
appropriate competition binding waterLOGSY experiments.®® The
effectiveness of this methodology was first demonstrated by
screening a molecular library against human serum albumin (HSA)
and using 6-methyl tryptophan as reference compound. In particular,
the waterLOGSY signal intensity of the reference compound in the
presence and absence of other ligands was compared. Changes in the
sign or the intensity of the reference signal in the presence of the
other molecules were related to the existence of a better binder in the
mixture.

Investigations on the blood coagulation process have also profited
from this technique. Since most widely anticoagulants (i.e. heparin
and warfarin) appear to exhibit adverse side effects and handling
problems, pharmaceutical companies are looking for alternative
drugs. Thus, thrombin has been envisaged as a potential target for
direct inhibition. Indeed, water-LOGSY experiments have been
employed as primary source of information to identify specific
neutral fragments that bind to thrombin.®

Human serum albumin (HSA) is one of the most important plasma
transport proteins. Thus, from a pharmacokinetic perspective, the
complete understanding of how drugs interact with HSA is of
importance for the development of new drugs. In this context, the
interaction of a series of antimicrobial peptides with HSA has been
investigated using competitive water-LOGSY experiments.”

6 | J. Name., 2012, 00, 1-3

Figure 4. Schematic description of the waterLOGSY experiment. Left. The
magnetization of the bulk water is selectively transferred, via the protein-
ligand complex, to the ligand in the unbound state. Right. Representation of
the regular NMR spectrum of the mixture (above) and of the resulting 1D
waterLOGSY spectrum (below), where binder and non-binders ligands can
be identified in a straightforward manner.

Other variants of the waterLOGSY experiment as the aroma-
waterLOGSY  experiment’' or the polarization optimized
waterLOGSY method (PO-waterLOGSY)™ provide significant
sensitivity improvement. In these the fundamental
waterLOGSY scheme is modified by including longer delays for the
water signal to relax. Thus, aroma-waterLOGSY selectively
identifies the aromatic signals from the ligand, while PO-

cases,

waterLOGSY significantly improves the time efficiency.

The range of applicability of this technique is not restricted to the
field of ligand screening. Other interesting applications have also
been reported. The SALMON method (solvent accessibility, ligand
binding, and mapping of ligand orientation by NMR spectroscopy)
has been developed to detect not only ligand-receptor interactions,
but also to investigate the orientation of the ligand with respect to the
receptor. The SALMON experiments permits the deduction of the
portions of the ligand that remain more exposed to the solvent upon
binding (ligand solvent accessibility epitope).”* This approach has
been employed to deduce the relative orientation of a serial of
antimicrobial peptides in detergent membranes. The detection of A
variety of water-peptide contacts are detected for those peptide
residues that remain solvent-exposed, in contrast with the absence of
water-peptide interactions for those that are embedded into the
membrane.”*

An interesting application of this technique has shown to be very
useful to detect structural water molecules,” previously identified by
X-ray crystallography in the complex formed by a peptidic
carbohydrate mimic and the anti-carbohydrate antibody SYA/J6. The
combination of STD and waterLOGSY NMR experiments with
molecular modelling protocols confirmed the presence of bound
water molecules in the active site of the receptor. This study
exemplifies how the combined use of NMR data and computational
methods can be used for unravelling complex interaction processes.

Most often, ligand-observed NMR experiments employ 'H detection.
It is not unusual that the analysis of the resulting spectra results very
difficult due to extreme overlapping of the '"H NMR signals of the
ligands present in the mixture. Therefore, as mentioned above, the
use of fluorine atoms in the tested ligand molecules could be
advisable. Thus, screening of large chemical mixtures may be

This journal is © The Royal Society of Chemistry 2012
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successfully achieved. In this context, a complete binding assay
dubbed FAXS (fluorine chemical shift anisotropy and exchange for
screening) has been developed to identify binders from a mixture of
fluorinated molecules against the target biomolecule.”® The method
requires the presence of a fluorinated low affinity ligand in the
mixture, the so-called “spy molecule”.

NMR-based diffusion experiments

Although other ligand-based NMR experiments may be employed to
monitor interactions, such as those involving paramagnetic agents77
or residual dipolar couplings,”® we will finish this review by
focusing on the application of Diffusion Ordered spectroscopy
(DOSY)” experiments in this field. DOSY data are presented as a
2D plot, as schematized in Fig.5. The vertical axis represents the
diffusion coefficient values, while the abscissas’ shows the regular
1D spectrum of the sample. The final plot somehow resembles the
physical separation obtained by chromatography and the experiment
is also known as NMR chromatography. Since the diffusion
coefficient of a molecule depends on its size, molecular weight, and
shape, this experiment has been found extremely useful in the field
of molecular recognition and supramolecular chemistry to follow the
formation of ligand-receptor and host-guest complexes, respectively.
Obviously, the diffusion coefficients of the involved species are

altered as consequence of the formation of the complex.***!

Figure 5. Schematic view of the DOSY experiment. The diffusion coefficient
of the bound ligand is significantly larger than that of the free species.

In the field, NMR-based diffusion
experiments have been used to describe protein aggregation®™ and
folding,® as well as the formation of ligand-receptor complexes.®* In

molecular recognition

the case of ligand binding, the hydrodynamic radius of any bound
ligand molecule will apparently increase as consequence of the
interaction with the receptor. Thus, ligand-binding processes can be
monitored by tracing the observed changes in the diffusion
coefficient of the ligand in the presence of the receptor. The
formation of complexes between the antimicrobial peptide defensine
and a variety of glycosaminoglycans has been demosntrated by
detecting changes in the diffusion coefficient values of the species in
both free and bound form

DOSY can simply be used to calculate ligand dissociation constants,
as well as the stoichiometry of the process.*® For instance, DOSY

This journal is © The Royal Society of Chemistry 2012
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has been employed to evaluate the binding affinity of the anti-
tumour agent topotecan (TPT) to DNA.*” For screening purposes,
DOSY can also be used to selectively detect the active ligands in a
complex mixture that bind to a target protein. In contrast to the
bound ligands, the diffusion coefficient of the non-interacting
molecules in the mixture will remain unaffected. As mentioned
above, this virtual separation of active and non-active compounds is
conceptually comparable to affinity chromatography and this method
has been therefore dubbed affinity NMR 5%

For complex mixtures, signal overlapping may difficult the proper
identification of the active species. It is then convenient to use the
so-called DECODES method (Diffusion Encoded Spectroscopy-
DECODES) that combines DOSY with a TOCSY experiment. Then,
the resulting much less overcrowded spectrum allows the easy
identification of the active species.®

Besides combining DOSY with other NMR methods, signal
overlapping can be also overcome by employing other NMR active
nuclei in the ligand molecule (e.g. *'P, F,...).”"*As example, in the
study of the enzymatic reaction of a series of phosphorus-containing
substrates with a-chymotrypsin, the resulting molecules that were
covalently bound to the enzyme could be readily identified from
their distinctive diffusion coefficient.”"

A similar approach has been used that relies on the presence of
fluorine tags in the ligand. The complexity of the acquired NMR
spectra is easily reduced by simply monitoring the '°F nuclei. Hence,
identification of the bound ligands may be achieved by analyzing
several NMR parameters that are affected upon binding (i.e.
broadening of signals, waterLOGSY experiments,...), including the
diffusion coefficients (DOSY) and the '“F-'H long-range
connectivities (COSY). The absence of overlap in the "’F spectra
results in high quality DOSY spectra that are devoid of artefacts
Following this approach, different ligands from a mixture of
fluorinated molecules in the presence of bovine pancreatic trypsin
have been identified.”

From a technical viewpoint, the overlapping of both ligand and
receptor signals may lead to large errors in the calculation of the
ligand diffusion coefficient. Thus, strategies to improve the precision
of the measurement range have been proposed.”® For instance, the
suppression of the protein background signals has been implemented

by simple spectral subtraction of the protein spectrum.94

DOSY can also be useful for epitope mapping, as complement to
STD experiments. In fact, the experimental conditions employed to
measure the ligand diffusion coefficient allow for a concomitant
proton-proton magnetization transfer in the protein-ligand complex.
Moreover, the intermolecular NOE transfers between specific parts
of the ligand and the receptor produce slight changes in the loss of
the intensities for each ligand resonance signal along the set of
experiments that are needed to calculate the diffusion coefficient.
These different intensity losses may permit to infer the ligand
epitope, as exemplified in the study of the binding of trimethoprim
to dihydrofolate reductase.” This protocol is particularly well suited
for systems whose off-rate is much faster than cross relaxation.
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Otherwise, spin diffusion prevails and no selective intermolecular
NOE can be detected.”®

Conclusions& Perspectives

In some cases, the NMR-based detection of the key features of
molecular recognition processes may still be a complex problem.
Nevertheless, new advances in new spectroscopic methods,
advances in protein biochemistry, and the access to larger magnetic
fields are taking place. For instance, the use of paramagnetic metals
as tags, the employment of MAS or HR-MAS spectroscopy methods,
together with new computational tools are examples of new
developments. Hopefully, it will be early demonstrated for the
successful application of these protocols that the only limitation is
in our imagination.
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