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1. ABSTRACT 

 
 NMR has a long history in drug discovery and 

hit-to-lead optimization. Compared to many other methods 
NMR has the advantage of combining structural and 
functional parameters to characterize protein inhibitor 
interactions. NMR methods used in this context can be split 
into two categories; protein based experiments using 
isotopically labelled protein samples and a broad range of 
ligand based methods. Recently, there has been a strong 
emphasis on so-called ligand-based methods which offer a 
broad range of options to determine binding epitopes. 
Ligand-based methods are attractive because they are 
broadly applicable, impose few constraints on the 
composition of the target protein and don't require isotopic 
labeling of the protein or ligands. Such experiments include 
diffusion experiments, saturation transfer difference (STD-
NMR), NOE pumping, waterLOGSY, SALMON, 
transferred-NOE and INPHARMA. Ligand-based NMR 
methods have been employed in screening and in lead 
optimization. One key advantage arises from their 
capability to pick up specific interactions for compounds of 
relatively low affinity and their ability to provide limited 
structural information without any need of crystallization or 
isotopic labeling. 

 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

Structure-based drug design is commonly used in 
many industrial and research laboratories. Characterization 
of protein-ligand binding is of utmost importance for 
screening  libraries of ligand fragments and for the 
optimziation of lead compounds. However, many of the 
technologies used for drug discovery are either too 
unspecific or too expensive or time consuming. While 
high-throughput screening (HTS) methods allow hundreds 
of thousands of scans in minimal time, there is an 
increasing need for smarter screening technologies which 
can detect compounds which slip through the broad filter of 
HTS. Such methods include plasmone resonance (Biacore), 
calorimetry (1) and Thermofluor (2) which provide a more 
robust assessment of protein ligand interactions. However, 
even these methods struggle to bridge the gap between 
HTS and structure based screening or lead optimization 
because physico-chemical characterizations can not be 
easily linked to structural parameters.  

 
  While X-ray analysis can determine protein 
structures in a short time without any limitation in protein 
size, the latter has a strong advantage for the analysis of 
protein-ligand interactions and does not require
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Table 1.  Summary of ligand based NMR methods for compound screening and lead optimization 
NMR Method Ligand 

vs 
Protein 

Competition 
experiments 
possible? 

Epitope 
mapping 

High 
throughput 

Description 
and references 

STD NMR 
 

excess yes yes yes Saturation transfer from protein to weakly binding ligands; binding epitope can be 
determined using build-up curves (22-24, 49-53). 

WaterLOGSY excess yes no yes Weakly binding com-pounds are identified through negative NOEs originating from 
the water resonance (25, 26). 

SALMON excess yes yes yes 
 

Similar experimental conditions to waterLOGSY; a solvent accessibility epitope 
can be derived through use of short mixing times (27, 28). 

Transferred 
NOEs 

excess no no no Information on protein/ligand interaction as well as conformation of bound ligand 
can be derived from cross peak analysis (19, 45, 47, 48). 

INPHARMA excess Based on 
competitive 
binding 

(yes) no Protein mediated inter-ligand NOEs of competitive binding ligands (29, 30). 

SAR by ILOE excess no (yes) no Direct inter-ligand NOEs of simultaneous binding ligands; binding constants  can 
be enhanced by chemically linkage of the two ligands (55). 

Pharmacophore 
by ILOE 

excess no (yes) no Protein mediated inter-ligand NOEs of simultaneous binding ligands using 
pharmacophore-based search of bi-dentate molecules (54, 55). 

FABS excess yes no yes 19F chemical shift perturbation of a CF3-group introduced into the ligand after 
conversion by the enzyme (56, 57).  

FAXS excess no no yes 19F chemical shift perturbation of a fluorinated medium to weakly binding reporter 
molecule upon binding of a high affinity ligand (56, 57).  

T2 and T1rho 
relaxation 

excess yes yes yes Resonance broadening upon ligand binding; binding epitope can be derived using 
build-up curves (31, 34). 

Selective T1 
relaxation 

excess yes yes yes Change in selective longitudinal relaxation rate upon ligand binding (31, 34, 37). 

TINS excess yes no yes Line broadening upon ligand binding to an immobilized target protein (35, 36).  
 
crystallization which has often been the bottle-neck of structure 
based analysis. SAR by NMR (3) has been used most broadly 
to map ligand binding sites on proteins (4-9) it is limited by 
protein size (30-50kD) and the need to prepare isotopically 
labeled proteins of a similarly high concentration as required 
for crystal structures. In contrast, ligand-based NMR methods 
usually don't require isotopic labeling and can be used with an 
excess of ligand and a small concentration of protein. Such 
methods offer valuable binding parameters for ligands which 
interact with proteins such as a binding epitiope and an active 
conformation of a ligand. Here we review the most common 
ligand-based techniques used to characterize protein ligand 
interactions as summarized in Table 1. A detailed description 
of these methods is beyond the scope of this review article and 
can be found in various more detailed citations (10-18). 

 
 Ligand-observed NMR methods are based on a 

fundamental difference between proteins and ligands. 
Small molecules used as protein inhibitors usually possess 
molecular masses below 1kDa whereas proteins have 
masses of typically larger than 10kDa. Associated with this 
difference in size are relaxation properties arising from 
slower or faster tumbling in solution. Ligand based NMR 
methods build on the transfer of protein relaxation 
properties arising from slow tumbling to the much smaller 
ligands.  

 
In the presence of exchange between bound and 

free states relaxation properties can be transferred to 
ligands which bind to a protein. Therefore relaxation 
properties of small molecules not binding to proteins differ 
vastly from those which interact with a protein. While 
small molecules are characterized by small transverse 
relaxation rates, weakly positive cross-relaxation rates and 
large diffusion constants, the opposite is the case for large 
molecules. These differences cause line broadening, 
changes in the diffusion coefficient and an inversion of the 
sign of the nuclear Overhauser effect (NOE).   

 
    Since most ligand-observed NMR experiments 

used for drug design are recorded for small concentrations 
of the protein and a much larger concentration of the 
ligand, signal intensities also depend on exchange rates 
associated with ligand binding which influence the 
adoption of the protein relaxation properties by the ligand. 
Therefore the life time of the interaction which is inversely 
correlated to the off-rate becomes an important parameter 
which can be modulated by using a large excess of ligand. 
This does not apply to methods which require equal 
amounts of protein and ligand such as diffusion 
experiments (vide infra). 

 
The transverse relaxation rate of a molecule is 

proportional to the line width of its NMR resonances. 
Signals of ligands bound to the protein will be broadened 
because the signals of the protein have a much larger line 
width (larger transverse relaxation rate, R2) than those of 
small ligand molecules. The large line width of protein 
resonances is a direct consequence of the small 
autocorrelation time of large proteins in solution. In the 
same manner the transfer of other relaxation properties 
which are typical for large proteins have been used to study 
interactions and to screen for ligand binding. For example, 
diffusion properties are transferred from the protein-ligand 
complex to the ligand and can be used in screening. The 
most commonly used techniques which observe ligand 
resonances employ magnetization transfer by the nuclear 
Overhauser effect (NOE). These include the transferred 
NOE (19), NOE pumping (20) and reverse pumping (21), 
saturation transfer (STD-NMR) (22-24), waterLOGSY (25, 
26), derivation of solvent accessibility epitopes from 
waterLOGSY experiments (SALMON) (27, 28) and inter-
ligand NOEs between two competitively binding molecules 
(INPHARMA) (29, 30).  

 
None of these techniques requires isotopic 

labeling of the protein, the required amount of protein is 
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usually very small (typical concentrations are 10-
50 microM) and there is no upper limit size for the 
protein. Instead, relatively pure solutions must be used 
because any impurity contributes to the signal. 
Unfortunately ligands with very high affinities have low 
off-rates from the complex and can therefore score as 
non-binders. Competition experiments can help to 
circumvent this problem by measuring signals of a lower 
affinity ligand. Another limiting factor is the solubility 
of the ligand because most of these methods require an 
excess concentration of ligand. Some of these 
experiments are useful for high-throughput screening 
allowing spectra to be obtained in 5-10min, some 
provide more detailed information on ligand binding, 
some can be used to map the binding epitope of the 
ligand. Relaxation based methods will be covered 
briefly while techniques employing magnetization 
transfer will be described in greater detail. 
 
3. RELAXATION METHODS 
 

    In NMR spectroscopy the term relaxation is 
used to describe the process which restores equilibrium 
magnetization and random phase. Two relaxation 
mechanisms must be distinguished, transverse and 
longitudinal relaxation with the respective relaxation rates 
R2 and R1. While (non-selective) longitudinal relaxation can 
be very similar for small and large molecules, transverse 
relaxation is quite different. NMR relaxation can be 
associated with fluctuating electrical fields which 
originate from the overall tumbling and internal motions 
of the molecule. The transverse relaxation rate of a 
nucleus in a molecule is to a first approximation 
proportional to its tumbling correlation time.  Since 
large molecules tumble slowly in solution, the 
correlation time tauC of their rotational motion is 
relatively long, causing large relaxation rates R2 and 
therefore large line widths of NMR signals (LW = 
R2/pi). Compounds interacting with a receptor which has 
a large molecular weight show broadened lines and 
increased R2 values. Importantly, these transferred 
properties can vary across the small molecule depending 
on the time and localization of the interaction. The 
potential of relaxation-editing for screening has been 
demonstrated by Fesik and coworkers using FK506 
binding protein (FKBP) and a nine-compound mixture 
from which one ligand with a dissociation constant of 
200 microM was identified (31) T2 and T1rho  filters have 
been commonly used to filter spectral components arising 
from short relaxation times (31-34). 

 
Longitudinal relaxation rates are generally not 

a sensitive marker of ligand binding except if the protein 
resonances are kept in their equilibrium state while 
ligand resonances are disturbed. In this case ligands 
interacting with the receptor experience a change in 
their longitudinal relaxation rate which, to a first 
approximation, is proportional to the molecular 
tumbling correlation time of the protein ligand complex. 
The same principle underlies the reverse NOE pumping 
experiment by Chan and Shapiro (21). 

A ligand bound to a protein adopts the relaxation 
properties of the complex. In the case of fast exchange free 
ligand molecules preserve the relaxation properties from 
the bound state for a short time. To observe signals of 
ligands which bind the target protein with dissociation 
constants KD of typically 10-3 to 10-9M an excess of ligand 
must be available. The broadening of resonances as a 
consequence of higher transverse relaxation rates is a 
typical property of spectra of small molecules in the 
presence of a large proteins. For this reason the line width 
and the transverse relaxation rate can be used as criteria for 
ligand screening. Broadening is more pronounced for large 
proteins or proteins bound to a matrix. Bound ligands can 
be identified using T2 filter experiments (31). Usually 
spectra with and without protein must be compared to 
obtain meaningful results. 

 
Broadening of ligand resonances induced by 

binding to a protein has been used frequently in the past, 
not only for drug design. Sykes and coworkers studied the 
interaction of the 85 kDa extracellular domain of the 
epidermal growth factor receptor (EGFR-ED) with the 
transforming growth factor TGF-α (32). By measuring line 
widths and transverse relaxation rates of methyl proton 
resonances of TGF-α for different TGF-α / EGFR-ED 
concentration ratios binding kinetics were determined. The 
line width of methyl protons showed a regional dependence 
indicating which parts of TGF-α were involved in the 
interaction. Selective broadening of lines has the potential 
to yield localized information in a ligand for regions 
interacting with a protein. 

 
    Siegal and coworkers recently described a fast, 

fragment based approach as Target Immobilized NMR 
Screening (TINS) (35, 36) where a target protein 
immobilized using a solid support (e.g. glass or sepharose 
beads) is in equilibrium with a solution containing small 
molecule compounds. A difference spectrum (beads 
without protein – beads with protein) shows ligands which 
bind the target protein owing to their line broadening 
arising form the interaction with the immobilized protein. 
This method is very sensitive and can be used to screen for 
ligands of very large proteins (e.g. membrane proteins). 
TINS can also be used to characterize competitive binding 
of different ligands. 

 
Another relaxation based method has been 

developed by Jahnke et al (37). Here a paramagnetic spin 
label is introduced to the protein (SLAPSTIC – Spin Labels 
Attached to Protein Side chains as a Tool to identify 
Interacting Compounds) which in its vicinity (r < 15-20 
Angstroem) will significantly broaden or quench all NMR 
signals. SLAPSTIC experiments are carried out in dilute 
solutions (< 100 microM) where intermolecular distances 
are much larger so that only ligand molecules interacting 
with the protein experience the line broadening. 
 
4. DIFFUSION METHODS  
 

Diffusion techniques rely on the dependence on 
the size of the molecule. According to the Stokes-Einstein 
equation D = kT/6pXir where k is the Boltzmann constant, 
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T the temperature,  Xi the viscosity and r the radius of the 
molecule, the diffusion coefficient D depends inversely on 
the size of a molecule. This principle has been used to 
analyze mixtures of compounds, for example in 
combinatorial chemistry (38, 39). Shapiro and coworkers 
combined diffusion editing techniques with TOCSY (total 
correlation spectroscopy) spectra to obtain two-dimensional 
spectra with little peak overlap and valuable information on 
the structure of the ligands (DECODES, diffusion encoded 
spectroscopy) (40).  

 
    Diffusion coefficients are measured in NMR 

by applying a linear magnetic field gradient for a short 
time. A gradient causes spatially dependent dephasing of 
the signal which can be reversed by applying the same 
spatially encoded gradient after a spin-echo. Rephasing 
fails for molecules which have “traveled” since the 
application of the first gradient. Consequently large 
molecules with small diffusion coefficients will be affected 
to a smaller degree by the diffusion filter than small 
molecules. For fast exchange the free ligand may carry 
diffusion properties from the complex. In principle two 
types of diffusion experiments have been used, pulsed field 
gradient spin echo (PFG-SE) (41) and pulsed field gradient 
stimulated echo (PFG-STE) (42). In the latter case loss of 
magnetization due to transverse relaxation is reduced 
although only half of the signal is observed. For this 
experiment the ligand and protein are commonly used in 
equimolar amounts. There has been some speculation 
whether diffusion NMR will also yield a binding epitope 
which is probably possible when stimulated echoes are 
used where longitudinal magnetization is subject to NOE 
cross relaxation inducing changes in signal intensity for 
long diffusion times (43).  

 
    Diffusion NMR can be used to directly 

determine the affinity of ligands without the need of 
titration with ligands. For free and bound ligand in fast 
exchange the observed diffusion coefficient represents a 
time-averaged mean of the free and bound species. The 
fraction of the bound ligand can be obtained from the 
diffusion constants of the protein Dbound, of the free ligand 
Dfree and that of the the ligand in the mixture by Dobs = 
xfreeDfree + xboundDbound (xi are mole fractions) assuming that 
the diffusion constants of the complex and free protein are 
the same. 

 
   For small molecules bound to larger partners 

the diffusion coefficient is reduced compared to non-
binding molecules of a similar size. The observed diffusion 
coefficients are time-averaged according to the rate of 
exchange. Shapiro used the expression 'affinity NMR' for 
this approach because it is in some way reminiscent of 
separation by affinity chromatography (454). He reported 
applications of the method to study the binding of 
tetrapeptides to the glycopeptide vancomycine and to study 
the binding of small molecules to DNA.  

 
    To overcome problems arising from signal 

broadening of the ligand and from background signals of 
the protein Hajduk proposed to use differences between 
various spectra (31) where in the first step stimulated echo 

(STE) spectra of the compound mixture in the presence of 
the protein at high and low gradient strength are subtracted. 
This result is again subtracted from a stimulated echo 
(STE) spectrum of the chemical mixture in absence of the 
protein recorded at low gradient strength. The result is a 
spectrum which shows only signals of the small molecules 
that bind to the protein. This cumbersome approach which 
requires three different spectra has been reported for the 
identification of a 20 µM inhibitor for stromelysine from a 
mixture of 9 compounds.  It is a disadvantage of this 
method that bound ligands may have different chemical 
shifts in fast exchange when equal amounts of protein and 
ligand are used. 

 
    Diffusion experiments are clearly a useful tool 

for drug screening and to a limited degree for epitope 
mapping. The main drawback is the relatively low 
sensitivity of the experiment which requires equimolar 
amounts of protein and ligand at concentrations of at least 
50-100 µM. For low-affinity compounds even larger 
amounts of substances are needed as the diffusion effect 
becomes very small.  
 
5. METHODS INVOLVING MAGENTIZATION 
TRANSFER 
 

    Methods using magnetization transfer 
represent the most popular NMR methods for drug 
discovery. They combine many advantages like 
applicability to large protein complexes, use of low protein 
concentrations and broad applicability. This class of 
methods includes many small variations of experiments 
which provide somewhat complementary answers to related 
problems. 
 
5.1. TRANSFERRED NOE (Tr-NOE) 
 
The transferred NOE (Tr-NOE) effect was originally 
described by Bothner-By (19, 45). Peters proposed to use 
the Tr-NOE for screening compound mixtures (46). The 
Tr-NOE is a nuclear Overhauser effect between adjacent 
spins in the ligand in presence of chemical exchange 
between the bound and unbound form (Figure 2). Small 
molecules experience small, positive cross-relaxation rates. 
These are negative for large molecules and have a much 
larger magnitude. Ligands in fast exchange between the 
bound and the free form experience transfer of the negative 
NOE from the protein complex to the population of the free 
molecules. As a consequence, in two-dimensional NOESY 
spectra positive cross peaks relative to diagonal peaks are 
observed for protein ligands while signals from free 
compounds are negative or disappear.  

 
The theoretical framework of internuclear 

magnetization transfer via NOE for chemically exchanging 
molecules is well understood. The Tr-NOE effect benefits 
from large proteins which cause a strong negative NOE. Tr-
NOEs are obtained from regular NOESY spectra. Signals 
arising from the protein are usually not observed for large 
proteins. Background signals arising from the protein can 
be suppressed by a T2 or a T1rho filter (spin-lock). 
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Figure 1. Schematic illustration of the STD-NMR and the 
waterLOGSY experiments. For the STD-NMR experiment 
protein resonances are saturated selectively without 
affecting resonances of the ligand. Increasing saturation is 
represented by darker blue tones. Compounds which 
interact with the protein (triangles) show the saturation 
effect. NMR signals from small molecules which are 
released from the protein in fast to intermediate exchange 
can be detected. Molecules which bind to the protein show 
reduced signal intensities as a consequence of saturation 
transfer. Non-binding molecules (oval circles) show no 
effect. In the waterLOGSY experiment magnetization is 
transferred from bulk water to the protons of the protein by 
NOE or by exchange of labile protons. The ligand in 
solution shows the transfer of magnetization from bulk 
water. The sign of the signal is different for molecules 
which bind the protein (+, dark blue color) and those which 
experience transfer of magnetization from bulk water 
without binding the protein (-, light blue). For short mixing 
times solvent exposed protons of the ligand partially retain 
their properties of the unbound ligand due to direct solvent 
interaction even when bound to the protein (SALMON). 
These parts of the bound ligand are also colored in light 
blue. 

 
Peters demonstrated the potential of Tr-NOE to 

screen oligosaccharides for deglycosylated E-selectin/hIgG 
(47) and was able to select binding compounds and 
determine the bioactive conformation. To overcome severe 
overlap in mixtures of carbohydrates Peters also used three-
dimensional TOCSY-Tr-NOESY experiments (48). 
Although this more time-consuming approach is useful to 
deconvolute mixtures of compounds it is not suitable for 
screening.  

 
The Tr-NOE method is broadly applicable for 

large proteins with dissociation constants between 10-7M 
and 10-3M, requires only small amounts of protein (10-
30microM, depending on its size) and has frequently been 
used to determine binding epitopes. Disadvantages of this 
method are connected with the need for relatively high 

ligand concentrations requiring highly soluble compounds, 
and the requirement to record two-dimensional NOESY 
spectra with long acquisition times. A large amount of spin 
diffusion limits epitope mapping. 
 
5.2. SATURATION TRANSFER DIFFERENCE AND 
SATURATION TRANSFER DOUBLE DIFFERENCE 
 

    The saturation transfer difference method 
(STD-NMR) introduced by Meyer (24) is one of the most 
popular NMR methods to detect ligand binding. The 
sample condition requirements are the same as for the Tr-
NOE experiment but a small variation allows for much 
faster one-dimensional spectra.  

 
The principle of STD-NMR is illustrated in 

Figure 1. Protein proton resonances are selectively 
irradiated by a series of selective small flip-angle pulses to 
saturate the irradiated protons. Efficient cross-relaxation 
spin diffusion in large molecules spreads the saturation 
over the entire protein. This saturation will also be 
transferred to protons of ligand molecules bound to the 
protein, whereas protons of non-binding ligands will not 
experience the saturation transfer. It is therefore essential 
that the saturation pulse affects only protein resonances but 
not resonances of the ligand. Typically methyl resonances 
with unique chemical shifts in proteins between 0 and -2 
ppm are saturated because low chemical shifts for methyl 
groups are typical for folded proteins. In a reference 
experiment the saturation pulse is applied at a frequency 
where none of the protein or ligand protons resonate 
(typically +30 ppm) and the reference spectrum is 
subtracted from the transfer spectrum.  

 
Sample conditions for STD-NMR are fortunate 

for large proteins as the effect increases with the size of the 
protein and with the ratio of ligand to protein 
concentration.Fast dissociation rates also favor large STD 
effects which limits the method to lower affinity 
interactions. The necessity of a large ligand excess allows 
STD measurements with very low protein concentrations. 
The theory underlying the STD effect follows the same 
principles as that for the Tr-NOE method. Because it is 
very well understood it can be used for a quantitative 
analysis of the NMR spectra yielding binding epitopes (49) 
on the ligand molecule as well as binding constants if the 
complex structure is known. 

 
The STD principle can be combined with two-

dimensional homonuclear (24) and heteronuclear  (50) 
experiments. STD-TOCSY was presented by Meyer and 
coworkers employing a mixture of seven oligosaccharides 
and wheat germ agglutinin. Competition studies can make 
STD-NMR accessible to ligands with nanomolar 
dissociation constants and slow dissociation rates. STD-
NMR has also been used in combination with HR-MAS 
solid state NMR spectroscopy (51).  

 
The potential of STD-NMR for epitope mapping 

has been demonstrated for many examples, including large 
proteins such as the 120 kDa lectin agglutinin binding 
methyl beta-D-galactoside (23). More recently Peters



Ligand based NMR methods for drug discovery 

4570 

 
 

Figure 2. Schematic illustration of the Tr-NOE and 
INPHARMA experiment.  Magnetization is transferred 
from ligand A via the protein back to itself (Tr-NOE) or to 
another competitively binding ligand B (INPHARMA). In 
both cases the cross peaks in a 2D experiment are used to 
either determine the conformation of the bound ligand (Tr-
NOE) or to derive the relative orientation of the two ligands 
when bound to the protein (INPHARMA). 

 
demonstrated the applicability to study receptor recognition 
by a calicivirus showing binding epitopes for several histo-
blood group antigens. The same study also used fragments 
of the virus and showed that L-fucose is a minimal 
structural requirement for specific molecular recognition by 
virus particles (52). 

 
    One major limitation of STD-NMR is that 

very tight binders (KD <= 10nM) score as non-binders 
causing false negatives in screening. Also, the necessity to 
have a large excess of ligand limits STD-NMR to 
reasonably soluble compounds (> 500 µM) although 
addition of compounds in DMSO helps to overcome this 
limitation.  

 
    Saturation transfer double difference (STDD-

NMR) is an extension of the STD-NMR approach which 
allows observation of ligand binding to membrane proteins 
in entire cells. Two STD-NMR spectra of the sample are 
acquired, one with addition of the ligand and a second one 
without the ligand. Finally the difference of the two spectra 
is used. This approach requires extreme care for sample 
preparation and is very demanding in terms of instrument 
stability owing to its nature as a double difference method. 
Meyer and coworkers have used this approach to study 
binding properties of a pentapeptide  to integrin 
alphaIIbalpha3 in living cells and liposomes (53). 
 
5.3. NOE PUMPING 
 

NOE pumping is closely related to STD-NMR. 
In a NOE pumping experiment magnetization is transferred 

by an NOE from the protein to the ligand. Protein 
magnetization is selected by a diffusion filter which cancels 
the signals of the ligand and is transferred to the ligand by 
intermolecular cross-relaxation. Ligand molecules in fast 
exchange which experience magnetization transfer from the 
protein are detected.  All other small molecules will not 
show signals owing to their large diffusion coefficient. 
NOE pumping has been demonstrated using human serum 
albumin and a mixture of the three compounds salicylic 
acid, L-ascorbic acid and glucose where only the signals of 
salicylic acid were observed in the NOE pumping 
spectrum. The same ligand could not be detected in a pure 
diffusion edited experiment without NOE transfer (20, 21). 

 
In the reverse NOE pumping experiment (RNP) 

the ligand spectrum is selected employing a transverse 
relaxation filter which eliminates the signals of the protein 
and inverts the ligand signals. This filter exploits the much 
faster transverse relaxation rate (R2) of the protein 
compared to the slower relaxation of the ligand. During a 
mixing time ligand magnetization is partially transferred to 
the protein via intermolecular cross-relaxation. A reference 
experiment in which no magnetization transfer takes place 
is subtracted. In the difference spectrum only signals of 
compounds which interact with the protein are observed. 
This experiment was used for human serum albumin with 
glucose and a mixture of unbranched fatty acids as putative 
ligands. Only the fatty acids were observed in the 
difference spectrum. Intensity ratios between different 
ligands were used to rank the affinities of different 
compounds.  

    NOE pumping and reverse NOE pumping are 
very sensitive experiments for primary NMR screening, the 
latter is considered to be more sensitive. As a consequence 
of spin diffusion epitope mapping is not feasible.  
 
5.4. WaterLOGSY and SALMON 

 The WaterLOGSY (Water-Ligand Observed via 
Gradient SpectroscopY) experiment represents another 
variation of magnetization transfer between a protein and a 
ligand in which protein magnetization is selected through 
water molecules bound to the protein (26). This may 
include water bound at the protein ligand interface but also 
surface bound water. Magnetization from water molecules 
is selected using a selective pulse followed by a mixing 
time during which magnetization is transferred from water 
to the protein and to the ligand. At the same time 
magnetization can also be transferred directly from bulk 
water to the ligand without the pathway through the protein 
(see Figure  1). For the direct interaction between the water 
and the ligand the NOE is positive and small, leading to 
negative signals in the final spectrum whereas the NOEs 
arising from the magnetization pathway via the protein are 
negative (= positive signals in the spectrum) due to the 
larger auto-correlation time of the protein. It is important to 
note that most pharmaceutical compounds are very 
hydrophobic and therefore the direct interaction between 
the water and the ligand molecules is relatively inefficient. 
The interaction between the ligand and the protein is much 
tighter allowing a better magnetization transfer. This adds 
to the more favorable cross-relaxation rate for large 
molecules. 
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    Because an excess of ligand is used, it is 
always the signal of the free ligand that is observed. 
Depending on the dissociation constant of the complex 
either the contribution of negative NOEs typical for the 
protein or positive NOEs for small molecules will prevail. 
This allows a fast distinction between molecules which 
bind to the protein and those which do not bind because 
NOEs of the two will have opposite signs in the spectra.  

 
WaterLOGSY experiments have a great potential 

in primary NMR screening. The experiment is very 
sensitive and requires only very low protein and modest 
ligand concentrations. Signals of non-binding ligands have 
opposite sign compared to signals of ligands which bind 
with high affinity. The dissociation constant of complexes 
may be as low as 10 nM.  

 
    WaterLOGSY and epitope mapping. While the 

initial waterLOGSY experiment seemed to be limited to the 
identification of binders vs non-binders recent work 
showed that waterLOGSY can be used to probe for bulk 
water accessibility to derive the orientation of a bound 
ligand. This approach has been termed SALMON (Solvent 
Accessibility and protein Ligand binding studied by NMR 
Spectroscopy) (27, 28). To be able to derive a solvent 
accessibility epitope from waterLOGSY spectra shorter 
mixing times have to be chosen to avoid blurring of of the 
epitope by massive spin diffusion. SALMON also requires 
a slightly modified pulse sequence employing gradient 
selection of the transfer pathway rather than a phase cycle. 

 
    For short mixing times a solvent accessibility 

epitope can be derived when at least parts of the ligands are 
partially solvent accessible when bound to the protein by 
comparing signal intensities in the SALMON spectrum 
with those in a normal 1D spectrum.  

 
 The information content of these spectra is 

complementary to STD-NMR spectra. Moreover, other 
solvents than water or co-solvents have been used as a 
starting point for the magnetization transfer to probe for 
different polarities of the binding region (28).   
 
5.5. INPHARMA 

Magnetization can also be transferred from one 
ligand molecule to another via the protein if the exchange 
rate is sufficiently fast (see Figure 2). Carlomagno has used 
this effect to transfer magnetization between to different 
ligands which bind in the same binding pocket (29). 
Magnetization that is transferred from one ligand to the 
other can be seen as additional cross peaks in a 2D-NOESY 
spectrum. If the complex structure is known for one of the 
ligands, the ligand orientation of the other ligand can be 
derived from the additional cross peaks in the spectrum.  

 
This method requires two ligands at a reasonable 

concentration to be present in a low concentration protein 
solution. While long instrument times are required it has 
great potential to map binding sites when the orientation of 
one ligand is known from prior structural analysis. This has 
been demonstrated for tubulin-bound epothilone A in 
competition with discodermolide or baccatin III (29, 30).    

5.6. SAR by ILOEs 
The fragment based approach for drug discovery 

usually results in weakly binding compounds. Frequently 
the binding site on the protein allows for the simultaneous 
binding of more than one compound. In this case direct 
interligand NOEs (ILOEs) have been observed in two-
dimensional NOESY spectra. Becattini and Pellecchia have 
used ILOEs to identify pairs of weakly binding compounds  
and chemically linked them to convert them into high 
affinity ligands (54). They termed this method SAR by 
ILOEs. The ligand/ligand interaction can then be used for a 
pharmacophore-based search for bi-dentate compounds 
(55). The advantage of this approach is that it is possible to 
screen for a library of weakly binding molecules and 
convert those into high affinity ligands. 
 
6. EXPERIMENTS USING FLUORINATED 
REPORTER MOLECULES (FABS, FAXS) 
 

    Dalvit and coworkers developed two 19F-
observed  methods for high throughput NMR screening 
(56, 57). One of them uses 3-FABS (3 Fluorine Atoms for 
Biochemical Screening), a substrate with a CF3-group, and 
observes a change in chemical shift upon substrate 
conversion. While this method requires the introduction of 
a reporter group into a substrate it can be used to obtain 
kinetic and inhibition data. 

 
    The FAXS (Fluorine chemical shift 

Anisotropy and Exchange for screening) method uses 19F-
labeled reporter molecules. Here a known weak binder (the 
'spy' molecule) and a second molecule (the 'control' 
molecule) which is known not to bind to the protein are 
labeled with fluorine. Any molecule that binds to the same 
binding pocket on the protein will compete with the spy 
molecule and will alter the amount of time the spy 
molecule spends on the protein molecule. When bound to 
the protein the spy molecule is not observed because slow 
tumbling broadens its signal substantially owing to the 
large chemical shift anisotropy of 19F. When a competing 
inhibitor binds the signal of the reporter molecule is 
gradually restored. The advantages of this approach are that 
19F resonances of the spy molecule are recorded for which 
no water suppression is required and that high affinity 
ligands can be detected.  
 
7. CONCLUSIONS 

 
Ligand-based NMR methods offer a broad 

spectrum of possibilities for small molecule screening and 
lead optimization using binding epitopes. While many of 
these methods have now been available for several years, 
there are still gradual improvements. In the future these 
methods will be applied to increasingly complex proteins, 
including membrane proteins, proteins with relatively low 
solubilities and large protein complexes. The challenge is 
to integrate ligand-based NMR into an efficient drug 
screening and drug design process, at a sufficiently early 
stage to harness the best possible impact.  In this context 
the preparation of proteins with limited solubility becomes 
the most limiting requirement which deserves further 
attention to apply these technologies to their full capacity. 



Ligand based NMR methods for drug discovery 

4572 

8. ACKNOWLEDGEMENTS 
 
The support of the EU-NMR project (No. RII3-026145) is 
kindly acknowledged. 
 
9. REFERENCES 
 
1. S. Leavitt and E. Freire: Direct measurement of protein 
binding energetics by isothermal titration calorimetry. Curr. 
Opin. Struct. Biol. 11, 560-566, (2001) 
 
2. U.B. Ericsson, B.M. Hallberg, G.T. Detitta, N. Dekker 
and P. Nordlund: Thermofluor-based high-throughput 
stability optimization of proteins for structural studies. 
Anal. Biochem. 357, 289-298, (2006) 
 
3. S.B. Shuker, P.J. Hajduk, R.P. Meadows and S.W. Fesik: 
Discovering High-Affinity Ligands for Proteins: SAR by 
NMR. Science 274, 1531-1534, (1996) 
4. G.M. Clore and C.D. Schwieters: Theoretical and 
computational advances in biomolecular NMR 
spectroscopy. Curr. Opin. Struct. Biol. 12, 146-153, (2002) 
 
5. U.L. Günther, Y. Liu, D. Sanford, W.W. Bachovchin and 
B. Schaffhausen: NMR Analysis of Interactions of a 
Phosphatidylinositol 3‘-Kinase SH2 Domain with 
Phosphotyrosine PeptidesReveals Interdependence of 
Major Binding Sites. Biochemistry 35, 15570-15581, 
(1996) 
 
6. P.J. Hajduk, S. Boyd, D. Nettesheim, V. Nienaber, J. 
Severin, R. Smith, D. Davidson, T. Rockway and S.W. 
Fesik: Identification of novel inhibitors of urokinase via 
NMR-based screening. J. Med. Chem. 43, 3862-3866, 
(2000) 
 
7. M. Hensmann, G.W. Booker, G. Panayotou, J. Boyd, J. 
Linacre, M. Waterfield and I.D. Campbell: Phosphopeptide 
binding to the N-terminal SH2 domain of the p85 alpha 
subunit of PI 3'-kinase: a heteronuclear NMR study. 
Protein. Sci. 3, 1020-1030, (1994) 
 
8. J. Rizo, Z.P. Liu and L.M Gierasch: 1H and 15N 
resonance assignments and secondary structure of cellular 
retinoic acid-binding protein with and without bound 
ligand. J. Biomol. NMR 4, 741-760, (1994) 
 
9. G. Wider: Structure determination of biological 
macromolecules in solution using nuclear magnetic 
resonance spectroscopy. Biotechniques 29, 1278-82, 1284-
90, 1292 – passim, (2000) 
 
10. T. Dierks, M. Coles and H. Kessler: Applications of 
NMR in drug discovery. Curr. Opin. Chem. Biol. 5, 285-
291, (2001) 
 
11. P.J. Hajduk, R.P. Meadows and  S.W. Fesik: 
Discovering high-affinity ligands for proteins. Q. Rev. 
Biophys. 32, 211-240, (1999) 
 
12. J.M. Moore: NMR screening in drug discovery. Curr. 
Opin. Biotechnol. 10, 54-58, (1999) 

13. J. Peng, C. Lepre, J. Fejzo, N. Abdul-Manan and  J. 
Moore: Nuclear magnetic resonance-based approaches for 
lead generation in drug discovery. Methods Enzymol. 338, 
202-230, (2001) 
 
14. J. Peng, J. Moore and N. Abdul-Monanan: NMR 
experiments for lead generation in drug discovery. Prog. 
Nucl. Magn. Reson. 44, 225-256, (2004) 
 
15. G.C. Roberts: NMR spectroscopy in structure-based 
drug design. Curr. Opin. Biotechnol. 10, 42-47, (1999) 
 
16. G. Roberts: Applications of NMR in drug discovery. 
Drug Discov. Today 5, 230-240, (2000), 
 
17. M.J. Shapiro and J.R. Wareing: NMR methods in 
combinatorial chemistry. Curr. Opin. Chem. Biol. 2, 372-
375, (1998) 
 
18. B. Stockmann and C. Dalvit: NMR screening 
techniques in drug discovery and drug design. Prog. Nucl. 
Magn. Spectrosc. 41, 187-231, (2002) 
 
19. P. Balaram, A. Bothner-By and J. Dadok: Negative 
nuclear Overhauser effects as probes of macromolecular 
structure. J. Am. Chem. Soc. 94, 4015-4017, (1972) 
 
20. A. Chen and M. Shapiro: NOE Pumping: A Novel 
NMR Technique for Identification of Compounds with 
Binding Affinity to Macromolecules. J. Am. Chem. Soc. 
120, 10258-10259, (1998) 
 
21. A. Chen and M.  Shapiro: NOE Pumping. 2. A High-
Throughput Method To Determine Compounds with 
Binding Affinity to Macromolecules by NMR. J. Am. 
Chem. Soc. 122, 414-415, (2000) 
 
22. S. Forsen and R. Hoffman: Study of Moderately Rapid 
Chemical Exchange Reactions by Means of Nuclear 
Magnetic Double Resonance. J. Chem. Phys. 39, 2892-
2901, (1963) 
 
23. M. Mayer and B. Meyer: Group Epitope Mapping by 
Saturation Transfer Difference NMR To Identify Segments 
of a Ligand in Direct Contact with a Protein Receptor. J. 
Am. Chem. Soc. 123, 6108-6117, (2001) 
 
24. M. Mayer and  B. Meyer: Characterization of Ligand 
Binding by Saturation Transfer Difference NMR 
Spectroscopy. Angew. Chem. Int. Ed. Engl. 38, 1784-1788, 
(1999) 
 
25. C. Dalvit, P. Pevarello, M. Tatò, M. Veronesi, A 
.Vulpetti and M. Sundström: Identification of compounds 
with binding affinity to proteins via magnetization transfer 
from bulk water. J. Biomolecular NMR 18, 65-68, (2000) 
 
26. C. Dalvit, G. Fogliatto, A. Stewart, M. Veronesi and B. 
Stockman: WaterLOGSY as a method for primary NMR 
screening: Practical aspects and range of applicability. J. 
Biomolecular NMR 21, 349-359, (2001) 
 



Ligand based NMR methods for drug discovery 

4573 

27. C. Ludwig, P.J.A. Michiels, X. Wu,  K.L. Kavanagh, E. 
Pilka, A. Jansson, U. Oppermann and U.L. Günther: 
SALMON: Solvent Accessibility, Ligand binding, and 
Mapping of ligand Orientation by NMR Spectroscopy. J. 
Med. Chem. 51, 1-3,  (2008) 
 
28. C. Ludwig, P.J.A. Michiels, A. Lodi, J. Ride, C. Bunce 
and U.L. Günther: Evaluation of Solvent Accessibility 
Epitopes for Different Dehydrogenase Inhibitors. 
ChemMedChem 3, 1371-1376, (2008) 
 
29. V.M. Sánchez-Pedregal, M. Reese, J. Meiler, M.J.J. 
Blommers, C. Griesinger and T. Carlomagno: The 
INPHARMA Method: Protein-Mediated Interligand NOEs 
for Pharmacophore Mapping. Angew. Chem. Int. Ed. Engl. 
44, 4172-4175, (2005) 
 
30. V.M. Sánchez-Pedregal, K. Kubicek, J. Meiler, I. 
Lyothier, I. Paterson and T. Carlomagno: The Tubulin-
Bound Conformation of Discodermolide Derived by NMR 
Studies inSolution Supports a Common Pharmacophore 
Model for Epothilone and Discodermolide. Angew. Chem. 
Int. Ed. Engl. 45, 7388-7394, (2006) 
 
31. P. Hajduk, E. Olejniczak and S. Fesik: One-
Dimensional Relaxation- and Diffusion-Edited NMR 
Methods for Screening Compounds That Bind to 
Macromolecules. J. Am. Chem. Soc. 119, 12257-12261, 
(1997) 
 
32. D.W.; Hoyt, R.N. Harkins, M.T. Debanne, M. 
O'Connor-McCourt, and B.D Sykes: Interaction of 
Transforming Growth Factor .alpha. with the Epidermal 
Growth Factor Receptor: Binding Kinetics and Differential 
Mobility within the Bound TGF-.alpha. Biochemistry 33, 
15283-15292, (1994) 
 
33. D. Rabenstein, T. Nakashima and G. Bigam: A pulse 
sequence for the measurement of spin-lattice relaxation 
times of small molecules in protein solutions. J. Magn. 
Reson. 34, 669-674, (1979) 
 
34. T. Scherf and J. Anglister: A T1 rho-filtered two-
dimensional transferred NOE spectrum for studying 
antibody interactions with peptide antigens. Biophys. J. 64, 
754-761, (1993) 
 
35. G. Siegal, E. Ab and  J. Schultz: Integration of fragment 
screening and library design. Drug Discov. Today  12, 
1032-1039, (2007) 
 
36. S. Vanwetswinkel, R.J. Heetebrij, J. van Duynhoven, 
J.G. Hollander, D.V. Filippov, P.J. Hajduk and G. Siegal: 
TINS, Target Immobilized NMR Screening: An Efficient 
and Sensitive Method for Ligand Discovery. Chem. Biol. 
12, 207-216, (2005) 
 
37. W. Jahnke, S. Rüdisser and  M. Zurini: Spin Label 
Enhanced NMR Screening. J. Am. Chem. Soc. 123, 3149-
3150, (2001) 
 
38. E.K. Gozansky and D.G. Gorenstein: DOSY-NOESY: 

Diffusion-Ordered NOESY. J. Magn. Reson. B 111, 94-96, 
(1996) 
 
39. D.P. Hinton and C.S.J. Johnson: Simultaneous 
measurement of vesicle diffusion coefficients and trapping 
efficiencies by means of diffusion ordered 2D NMR 
spectroscopy. Chem. Phys. Lipids  69, 175-178, (1994) 
 
40. M. Lin and  M. Shapiro:  Mixture Analysis in 
Combinatorial Chemistry. Application of Diffusion-
Resolved NMR Spectroscopy. J. Org. Chem. 61, 7617-
7619, (1996) 
 
41. E. Stejskal and J.  Tanner: Spin Diffusion 
Measurements: Spin Echoes in the Presence of a Time-
Dependent Field Gradient .J Chem Phys 42, 288-292, 
(1965) 
 
42. J. Gibbs and C. Johnson: A PFG NMR experiment for 
accurate diffusion and flow studies in the presence of eddy 
currents J. Magn. Reson. 93, 395-402, (1991) 
 
43. J. Yan, A.D. Kline, H. Mo, E.R. Zartler and M.J. 
Shapiro: Epitope Mapping of Ligand−Receptor Interactions 
by Diffusion NMR. J. Am. Chem. Soc. 124, 9984-9985, 
(2002) 
 
44. R. Anderson, M. Lin and M. Shapiro: Affinity NMR: 
Decoding DNA Binding J. Comb. Chem. 1, 69-72, (1999) 
 
45. P. Balaram, A. Bothner-By and  E. Breslow: 
Localization of tyrosine at the binding site of neurophysin 
II by negative nuclear Overhouser effects. J. Am. Chem. 
Soc. 94, 4017-4018, (1972) 
 
46. B. Meyer, T. Weimar and T. Peters: Screening mixtures 
for biological activity by NMR. Eur. J. Biochem. 246, 705-
709, (1997) 
 
47. D. Henrichsen, B. Ernst, J. Magnani, W. Wang, B. 
Meyer and T. Peters: Bioaffinity NMR Spectroscopy: 
Identification of an E-Selectin Antagonist in a Substance 
Mixture by Transfer NOE. Angew.  Chem. Int. Ed. Engl. 38, 
98-102, (1999) 
 
48. L. Herfurth, T. Weimar and T. Peters: Application of 
3D-TOCSY-trNOESY for the Assignment of Bioactive 
Ligands from Mixtures. Angew. Chem. Int. Ed. Engl. 39, 
2097-2099, (2000) 
 
49. N. Krishna and V. Jayalakshmi: Complete relaxation 
and conformational exchange matrix analysis of STD-NMR 
spectra of ligand–receptor complexes. Prog. Nucl. Magn. 
Reson. 49, 1-25,. (2006) 
 
50. A.J. Benie, R. Moser, E. Bauml, D. Blaas and T. Peters: 
Virus−Ligand Interactions: Identification and 
Characterization of Ligand Binding by NMR Spectroscopy. 
J. Am. Chem. Soc. 125, 14-15, (2003) 
 
51. J. Klein, R. Meinecke, M. Mayer and B. Meyer: 
Detecting Binding Affinity to Immobilized Receptor 



Ligand based NMR methods for drug discovery 

4574 

Proteins in Compound Libraries by HR-MAS STD NMR. 
J. Am. Chem. Soc. 121, 5336-5337, (1999) 
 
52. C. Rademacher, N.R. Krishna, M. Palcic, F. Parra and 
T. Peters: NMR Experiments Reveal the Molecular Basis of 
Receptor Recognition by a Calicivirus. J. Am. Chem. Soc. 
130, 3669-3675, (2008) 
 
53. B. Claasen, M. Axmann, R. Meinecke and B. Meyer: 
Direct Observation of Ligand Binding to Membrane 
Proteins in Living Cells by a Saturation Transfer Double 
Difference (STDD) NMR Spectroscopy Method Shows a 
Significantly Higher Affinity of Integrin αIIbβ3 in Native 
Platelets than in Liposomes. J. Am. Chem. Soc. 127, 916-
919, (2005) 
 
54. B. Becattini and M. Pellecchia: SAR by ILOEs: An 
NMR-Based Approach to Reverse Chemical Genetics. 
Chemistry 12, 2658-2662, (2006) 
 
55. J. Chen, Z. Zhang, J.L. Stebbins, X. Zhang, R. 
Hoffman, A. Moore and M. Pellecchia: A Fragment-Based 
Approach for the Discovery of Isoform-Specific p38# 
InhibitorsACS Chem. Biol. 2, 329-336, (2007) 
 
56. C. Dalvit, E. Ardini, M. Flocco, G.P. Fogliatto, N. 
Mongelli and M. Veronesi: A General NMR Method for 
Rapid, Efficient,and Reliable Biochemical Screening. J. 
Am. Chem. Soc. 125, 14620-14625, (2003) 
 
57. C. Dalvit, P.E. Fagerness, D.T.A. Hadden, R.W. Sarver 
and B.J. Stockman: Fluorine-NMR Experiments for High-
Throughput Screening: Theoretical Aspects, Practical 
Considerations, and Range of Applicability. J. Am. Chem. 
Soc. 125, 7696-7703, (2003) 
 
Abbreviations: 1D = one dimensional; 2D-NOESY = two-
dimensional nuclear Overhauser enhancement 
spectroscopy; DECODES = diffusion encoded 
spectroscopy; DMSO = dimethylsulfoxide; EGFR-ED = 
epidermal growth factor receptor; FABS = fluorine atoms 
for biochemical screening; FAXS = fluorine chemical shift 
anisotropy and exchange for screening; FKBP = FK506 
binding proteins, family of proteins that have prolyl 
isomerase activity; ILOE = interligand NOE; INPHARMA 
= inter-ligand NOEs between to competively binding 
molecules; KD = dissociation constants; NOE = nuclear 
Overhauser effect; NOESY = nuclear Overhauser 
enhancement spectroscopy; hIgG = chimeric 
immunoglubulin G; HMQC = heteronuclear multi-quantum 
correlation spectroscopy; HR-MAS NMR = high resolution 
– magic angle spinning NMR; HSQC = heteronuclear 
single-quantum correlation spectroscopy; HTS = high-
throughput screening; PFG-SE = pulsed field gradient spin 
echo; PFG-STE = pulsed filed gradient stimulated echo; RF 
= radiation frequency; RNP = reverse NOE pumping; 
SALMON = solvent accessibility and protein ligand 
binding studied by NMR spectroscopy; SLAPSTIC = spin 
labels attached to protein side chains as a tool to identify 
interacting compounds; SAR by NMR = structure activity 
relationship by nuclear magnetic resonance; STD = 
saturation transfer difference; STDD-NMR = saturation 

transfer double difference NMR; STE NMR = stimulated 
echo; TGF-α = transforming growth factor; TINS = target 
immobilized NMR screening; TOCSY = total correlation 
spectroscopy; Tr-NOE = transferred NOE; TROSY = 
transverse relaxation optimized spectroscopy; 
waterLOGSY = water-ligand observed via gradient 
spectroscopy 
 
Key Words: High-throughput screening, Structure Activity 
Relationship, Drug-Protein Interactions, Bioaffinity Study, 
Protein Relaxation, Protein Binding Sites, Small Molecule 
Screening, Review 
 
Send correspondence to: Ulrich L. Guenther, HWB-
NMR, Institute for Cancer Studies, University of 
Birmingham, Vincent Drive, Edgbaston, Birmingham, B15 
2TT, UK, Tel: 44-121-414-8361, Fax: 44-121-414-8357, E-
mail: u.l.gunther@bham.ac.uk 
 
http://www.bioscience.org/current/vol14.htm 
 
 
 
 
 


