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Abstract | Observing drugs and ligands at their site of action in membrane proteins is now 
possible through the use of a development in biomolecular NMR spectroscopy known as 
solid-state NMR. Even large, functionally active complexes are being examined using this 
method, with structural details being resolved at super-high subnanometre resolution. 
This is supplemented by detailed dynamic and electronic information about the surrounding 
ligand environment, and gives surprising new insights into the way in which ligands bind, 
which can aid drug design. 

Drug discovery for membrane targets will be a major 
focus for the foreseeable future, as acknowledged fully 
by the drug industry1,2. At present, more than three-
quarters of all drugs act on only 5% of known mem-
brane targets, and it is predicted that two out of three 
new targets in the future will be membrane proteins. 
This is, perhaps, not surprising, as most (~85%) of the 
cell signals are generated through the plasma mem-
brane, and a membrane protein constitutes at least 
one component in all known metabolic and signalling 
pathways. Such information powerfully illustrates the 
potential of this class of target for further exploration 
and exploitation.

Even in the absence of high-resolution structural 
details for the target protein, of which ion channels, 
G-protein-coupled receptors (GPCRs), transporters 
and ion pumps are all examples, screening and other 
approaches have resulted in small-molecule therapies. 
The importance of having knowledge of membrane 
protein structure for understanding cell function has 
been recognized by several of the Nobel prizes that have 
been awarded during the past 15 years — most recently, 
in 2003, by that presented to McKinnon and Agre for 
the structural resolution of the potassium channel3 
and aquaporin (water channel)4, respectively. Several 
new companies (for example, 7-TM Pharma and 
m-phasys) have been founded with mission statements 

that relate to the use and production of membrane pro-
teins as drug targets, and ~2,000 of the new patents 
that are filed each year involve drugs and membrane 
proteins. However, the lack of essential high-resolution 
structural details at the molecular level, and the well-
acknowledged technical difficulties that are associated 
with the crystallography of membrane proteins, have 
hampered the development of rational drug discovery 
for membrane targets, with computational approaches 
generally being used to compensate for this lack of 
knowledge BOX 1.

For determining the complete structures of mem-
brane proteins at atomic resolution, there is no sub-
stitute for crystallography, but the resolution afforded 
by solid-state NMR BOX 2 of structural details at 
the subnanometre level for small bound molecules 
at their site of action is unsurpassed. In addition, 
intimate dynamic information and electronic details 
for bound ligands, as well as details of the binding 
site itself, can be resolved. Other applications, such 
as the determination of chirality or the partitioning 
characteristics of small molecules, are also possible, 
which make solid-state NMR a versatile tool for drug 
discovery and design (FIG. 1). Some examples for which 
this information has been obtained and the potential 
for including such information in the drug design 
process will be discussed in this review.
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Challenges of membrane proteins as targets
Although they represent a sizeable proportion (~30–
40%) of the proteins that are expressed from open read-
ing frames (ORFs) in the human genome, the number 
of high-resolution (<0.3 nm) complete structures of 
membrane proteins (~20 unique structures and ~70 
structures in total) in the protein database derived 
from crystallographic methods does not reflect their 
occurrence when compared with soluble proteins 
(~22,000 total structures). As high-resolution informa-
tion is essential for resolving potential target sites, as 
well as understanding the ligand–target interaction at 
the molecular level, the past and future development of 
drugs for membrane targets has and will be hampered 
by the lack of direct structural information.

An important factor that limits the availability 
of structural information for membrane proteins is 
the challenge of obtaining such proteins in sufficient 
quantity and purity for structural studies; the func-
tionality must also be preserved. Although the copy 
number of putative membrane-embedded drug targets 
can range from exceptional cases of 30–40% of the 
total membrane protein (as with the gastric ATPase 
in peptic ulcer therapy), to a few tens or less copies per 
cell (as with some GPCRs), the usual situation is low 
copy number and, therefore, poor availability. This is 
a direct result of the high efficiency with which mem-
brane processes occur. Even when they are readily 
available, the isolation and purification of membrane 
proteins for structural studies can be difficult owing to 
the requirement for detergents to prevent aggregation, 
which would cause loss of functionality. 

In cases in which wild-type proteins are not read-
ily available, recombinant technology is required to 
express a target of interest. Some breakthroughs in the 

use of new vectors, such as baculovirus and bacterial 
systems (notably Escherichia coli) for eukaryotic pro-
teins, have allowed the limited production of mem-
brane proteins, but only a couple of GPCRs out of the 
possible 2,000 that are thought to be produced from 
ORFs in the human genome have been expressed 
to any reasonable extent, so far, for structural stud-
ies5–7. Recombinant technology therefore has a long 
way to go to fulfil the needs of structural work. Even 
commercial efforts (for example, m-phasys) that are 
aimed at GPCR-specific expression are still expend-
ing considerable efforts to satisfy the tremendous 
potential demand for such proteins, and successes 
are eagerly awaited. 

Most applications of solid-state NMR in the study 
of membrane targets, similar to other direct methods, 
have so far been limited to method development with 
readily available wild-type membrane proteins and 
only a limited number of studies of recombinant pro-
teins. TABLE 1 lists the typical amounts of target that are 
required for both solution-state and solid-state NMR 
studies of ligand–target interactions. The availability 
of stronger magnetic fields and novel experimental 
techniques are also helping to improve sensitivity for 
NMR methods. 

Solid-state NMR in structural studies
NMR is a tool that is used to derive local (magnetic) 
information at the atomic level and is, therefore, 
limited by complexity in large molecules. There is a 
theoretical limit to protein molecular mass for struc-
tural determinations of ~30–40 kDa because of size 
(slow TUMBLING and broadening of spectral informa-
tion) and multiple overlapping resonances BOX 2. 
Therefore, even for a seven-transmembrane-domain 
protein with a molecular mass of ~40 kDa, the 
amount of information that is available under ideal 
conditions is, so far, too great for complete structure 
determination8, although recent advances might 
extend this limit for some proteins and possibly even 
a membrane protein in detergent micelles9. When 
embedded in a membrane, the situation is further 
complicated owing to slow molecular tumbling and 
line broadening, even for a protein up to a molecular 
mass of this predicted limit10. 

However, defining ligand–protein interactions 
does, fortuitously, require local information and so 
NMR comes into its own. Indeed, it has been success-
fully used for a significant range of soluble, weakly 
binding drug–target interactions11,12 with applicability 
in screening procedures, such as structure–activity 
relationships (SAR) by NMR13 using solution-state 
NMR. There are some drawbacks to this approach 
and it might not be possible to gain information about 
the bound (motionally restricted) ligand itself. These 
approaches cannot be explored for membrane targets, 
because of the size of the target, or for tightly bound 
ligands BOX 2.

Observing drugs at their membrane-embedded 
target directly is an important challenge that solid-
state NMR is now addressing14–17. For the first time, 

Box 1 | Computational approaches for membrane targets

Many structural studies of membrane proteins begin with a bioinformatics analysis 
and the models can then be tested through direct experimentation. This route is no 
less valid for the study of ligand–target interactions using solid-state NMR. 
Computational approaches can take the form of homology modelling that is based on 
a known structure, especially around a putative ligand-binding site. For example, the 
recently resolved high-resolution (0.35 nm) structure of retinal rhodopsin55, which 
itself is a seven-transmembrane-domain G-protein-coupled receptor (GPCR), has 
been used to generate structural models of neurologically important GPCRs, even 
though these are ligand, rather than light, activated. Although the primary sequence 
similarity between GPCRs might be low, the major secondary structure elements 
could be similar, and it is the important details of ligand binding and structure, which 
NMR can reveal, that are functionally relevant. 

Docking programs (for example, Autodock) and molecular dynamics, which are 
coupled with simulated annealing methods, are now regularly used even in the 
absence of any structural data. These methods are based on algorithms that are 
generated either empirically or energetically from known information to give putative 
high-resolution data. NMR can be used to test the results of such simulations, and 
NMR-generated structural information can be included in docking routines to 
increase their use and applicability, and to improve and refine the algorithms. In 
particular, electronic information about ligand–target interactions could be included 
more rigorously than at present, because most of the data that are used come from 
crystallographic studies in which such interactions might only be inferred from 
electron-density profiles.

TUMBLING
A term used to describe 
molecules moving freely in 
solution and reorientating 
themselves quickly with respect 
to any given point.
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it is possible to ‘peer’ extensively into the ligand bind-
ing site with confidence about the information that 
is being gained. The challenge, therefore, is to design 
the solid-state NMR study so that the NMR signals 
from the ligand provide useful information about its 
location within a membrane target with sufficient 

detail to obtain the structure, dynamics and electronic 
environment, as well as information about its binding 
site. This detail is exactly what is required in drug 
design and discovery, and if target conformational 
changes on activation are also accessible, this could 
provide worthwhile additional information. As an 

Box 2 | Solid-state NMR of large biomolecules

Macromolecules (molecular mass  ≥30,000 kDa) do not tumble quickly enough to average out the orientationally 
dependent (anisotropic) spin-magnetic interactions in NMR. It can be shown that any membrane complex that 
contains only a few hundred (in this case, ~200) proteins (each of molecular mass >40,000 kDa) with associated lipids 
(each of molecular mass ~1,000 kDa) at room temperature in aqueous medium, tumbles too slowly to average out the 
proton dipolar couplings, and the 13C or 15N CHEMICAL SHIFT anisotropy. This slow motion and the rich natural 
abundance of large γ-protons cause significantly broadened spectra through dipolar interactions, and are the main 
reasons why large macromolecular complexes produce broadened NMR spectral lines (even excluding relaxation 
effects) and structural resolution becomes difficult. Some new high-frequency transverse relaxation-optimized 
spectroscopy (TROSY) NMR methods6 combined with 2H and 15N labelling might extend this limit for full structural 
determinations for isolated membrane proteins in suitable small (radius <10 nm) detergent micelles.

Wide-line solid-state NMR has been developed to exploit the anisotropic characteristics of large complexes and 
to give, in particular, molecular orientation in ordered systems, such as fibres or membranes56,57. High-resolution 
solid-state NMR involves mechanically averaging the anisotropic spin interactions by rotating a sample in a rotor. 
Here, the rotor is set at the ‘magic angle’, which is 54.7° with respect to the z axis of the static magnetic field (see 
figure) and is the angle that is made by the cross diagonal of a unit cube. Any point on this diagonal now has 
identical x,y,z coordinates (see figure). Therefore, the anisotropic detail is lost. When the NMR sample is spinning 
(at a frequency of ωr), the broad lines from the immobile sample begin to become continuously narrowed, with a 
significant improvement in the signal amplitude and sensitivity. At fast spinning rates (where ωr > νA and νA is the 
width of the anisotropically broadened NMR spectrum), the spectrum eventually collapses to an isotropic-like 
spectrum (see figure). 

Spinning can lead to morphological changes in the sample, especially those that are induced by hydration, 
because at high g values (ωr >12 kHz in the liquid state), the water of hydration can be expelled from the sample and 
can cause denaturation. Intermediate spinning rates (0 < ωr <νA) produce a central band at the resonant frequency 
and a set of associated side-bands that are spaced at the spinning rate (ωr), and this spectral form can be a useful 
way of obtaining orientational and structural information21. The resolution of the narrow NMR spectra from 
spinning the sample at the magic angle (magic-angle spinning  (MAS)) methods does not match those of high-
resolution solution-state NMR spectra, mainly because of sample disorder and slow molecular motional effects. 
The mechanical averaging means that many of the informative spectral features from which the structure can be 
deduced, such as dipolar couplings, are lost. Reintroducing the dipolar couplings requires NMR pulse methods that 
are designed specifically to reinstate these interactions between selected isotopically enriched sites BOX 3. 

Using either static or MAS methods, solid-state NMR can now be applied to a range of noncrystalline biological 
macromolecules that are of interest in drug discovery and design. Size is not a limitation (as long as sensitivity is not a 
problem) and often 
heterogenous systems 
with other components 
can be studied; these 
include membrane-
embedded drug or 
hormone receptors14–17, 
amyloid fibrils and other 
fibrous (noncrystalline 
and crystalline) 
proteins58, natural 
membranes as targets for 
antibiotics, toxins and 
other perturbing 
agents59,60, proteins in 
crystals61 and small 
molecules (such as 
drugs) that are used to 
resolve uniquely the 
polymorphism or 
chirality, which is vital 
in drug synthesis61 
BOX 6. 

NATURE REVIEWS | DRUG DISCOVERY  VOLUME 4 | JULY 2005 | 557

R E V I E W S



Compound
characterization

Compound
screening

Candidate
selection

Mapping
drug-
binding
site (direct
or bio-
informatics
driven)

Drug
profiling/
lead 
optimi-
zation

Bioavail-
ability and
partitioning
behaviour

Functional
characteri-
zation

Preclinical
validation;
toxicology;
clinical trials

Market
develop-
ment and
protection

Drug
production
and quality
control

Sales

a b c d e f

extension, it should be possible (although it has not 
been demonstrated so far) to obtain local details 
about multiple binding sites or more than one ligand 
(agonist/antagonist) on the same target. The targets 
that are amenable to study range from single-pass 
transmembrane peptide ion channels to large multi-
subunit receptors. They are always embedded in a 
membrane (either a natural microsomal preparation 
or a model reconstituted membrane), with functional 
competence (ligand binding is just one indicator of 
functionality) being an essential criterion to ensure 
that the structural information is relevant. The fol-
lowing sections consider this application of solid-state 
NMR for detecting ligands at their site of action, 
resolving drug structures at their site of action, defin-
ing target binding sites, resolving ligand orientation, 
resolving bound drug dynamics, and assessing drug 
authenticity and partitioning.

Detecting ligands at their site of action
In solution-state NMR, the spectrum is dominated 
by narrow features that originate from isotropically, 
quickly tumbling molecules. Large, slowly tumbling 
molecules give broad signals BOX 2 and any bound 
ligand within a large target will also necessarily give a 
broad, usually indistinguishable, signal. What is ide-
ally required is a means to visualize only the bound 
drug or ligand without the complication of narrow 
resonances from unbound (or exchanging) ligands. 
Solid-state NMR can deliver this requirement using 
specialized pulse sequences that are able to select sig-
nals from bound ligands, whether they are exchange-
able or covalently bound. This has been an important 
breakthrough in allowing the investigation of ligands 
directly at their site of action, which is a requirement 
for drug design and discovery. 

Using isotopic labelling BOX 3 to aid detection, 
ligands with both tight and weak binding behaviour 
can be observed using solid-state NMR. Indeed, at 
one extreme, even covalently bound ligands can 
be resolved structurally and uniquely, without any 
knowledge of the rest of the protein scaffold. At the 
other extreme, relatively weakly binding ligands (Kd 
values in the millimolar range) can be detected, as 
long as the residence time in the occluded site is 
long on the NMR timescale, as shown for exchang-
ing 13C-labelled sugars (where α- and β-anomers 
of occluded glucose were distinguished) in mem-
brane-bound transporters18. As an example of a 
binding isotherm that has been used to characterize a 
weakly binding ligand by solid-state NMR, [1-13C]-d-
galactase has been titrated into its binding site in the 
lactose-transport protein (LacS) from Streptococcus 
thermophilus19 (FIG. 2). Here, Kd can be estimated 
from a conventional Scatchard analysis, using the 
fractional ratio of the 13C line height for the bound 
substrate. Although this kind of study has not been 
performed for any drug–target interaction, and the 
line heights are used because chemical shifts for the 
ligand are known, these data do indicate the potential 
for multiple ligand-competition studies to determine 
selectively recognized molecules at specific binding 
sites — an approach not dissimilar to determining 
structure–activity relationships (SAR) by solution-
state NMR. This might provide a direction for future 
studies. 

As an example of a tightly covalently bound 
ligand, the Schiff-base-linked (to a lysine) retinal 
in bacteriorhodopsin (an early example used for 
modelling GPCRs) and, later, rhodopsin (the present 
‘model’) BOX 1, is the protein–ligand complex that 
has been most extensively studied using solid-state 

Figure 1 | Solid-state NMR in drug discovery. The stages at which solid-state NMR can aid in the drug discovery process 
are highlighted in gold. a | Solid-state NMR gives direct chemical bonding, chirality and compositional information in the solid 
(amorphous, semi- or fully crystalline) form for newly synthesized compounds67–69. Structural conformers, which are rapidly 
averaged in solution and might not be resolved, are observed directly and individually in the solid state. b | Selective drug-
binding studies can be undertaken in the solid state for large macromolecular complexes10,14–17. Isotopic labelling BOX 3, or 
the identification of a readily identifiable nucleus, such as 19F, might be required. The nonspecific and specific binding of a drug 
to a target can be identified in the solid-state NMR spectrum of a heterogeneous macromolecular complex. The dissociation 
constant (Kd) values can also be determined using solid-state NMR19. Inspection of the chemical or electronic requirements 
that are characteristic of drugs that are found to bind to a target can help to make a more educated selection of other drugs for 
the target at the same binding site. c | Solid-state NMR spectral parameters for a drug that is bound at its target site can give 
detailed insight into the electronic and conformational nature and components of a binding site. d | The manipulation of 
bioavailability is important, either through solubility or partitioning to a membrane target through the bilayer, which can be 
distinguished using solid-state NMR48. e | Patent infringement investigations through polymorphic differences of competing 
drugs can be resolved, often unambiguously and more powerfully than by crystallography67–69. f | The quality control of drug 
synthesis is readily monitored using solid-state NMR, particularly when the chirality and enantiomeric form are important.
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NMR. Retinal is a vitamin A derivative that is col-
oured from yellow to purple in proteins. Indeed, this 
was the first membrane protein ligand for which the 
method was demonstrated20. The orientation (cis 
or trans with respect to the polyene chain) of the 
β-ionone ring of the retinal was determined using 
constraints that were determined from precise (±0.03 
nm) interatomic distance determinations between 
strategically placed 13C atomic labels for identifica-
tion and measurement BOX 4. In later studies, the 
complete structural constraints of specifically deu-
terated (2H) retinal at its binding site were resolved 
for a bacterial and a mammalian photoreceptor21,22. 
Most recently, solid-state NMR has been used to give 
high-resolution (±25 pm) distance measurements 
and torsion angles within protein-bound retinal, 
which have yielded high-resolution details for the 
chromophore23.

Resolving drug structures at their site of action
The molecular structure determination of bound lig-
ands is usually achieved by inspection of the residual 
electron density (|Fc – Fo|) after the refinement to back-
bone-modelled protein structures in crystallography. 
Recent advances in automation and informatics have 
aided the development of structure-based lead dis-
covery for soluble targets to almost the level of high-
throughput screening (HTS)24. This progress is highly 

successful in the best cases, although the residual elec-
tron density is often modelled and is of lower resolu-
tion than the refined backbone structure, and there are 
many cases in which small-molecule structure deter-
mination is not possible. Added to this is the possible 
difficulty of crystallizing a drug–target complex, which 
has not been achieved for any membrane drug target 
so far, and so any alternative approach to define ligand 
structure is a welcome addition. Even when all of the 
necessary criteria have been fulfilled, the resolution 
and electronic details for ligand binding might not 
be sufficient from any structural method. Solid-state 
NMR can fill this gap in the best cases, and the levels 
of structural details are high in defining intra- and 
intermolecular constraints, as highlighted by the two 
examples described below. 

Gastric proton pump. Inhibitors of the gastric proton 
pump, which reduce the secretion of gastric acid, 
have proved highly successful clinically, and continue 
to generate considerable revenues as a result of the 
widespread occurrence of gastric and duodenal ulcers, 
and gastro-oesophageal reflux disease (GERD). Even 
with Helicobacter pylori infestation, stomach acidity 
needs to be reduced for antibiotics (such as amoxicillin 
and clarithromycin) to be effective. The target, which 
is the P-type H+/K+-ATPase in the gastric lumen, is a 
large heterodimeric (α- and β-subunits) protein (with 

Table 1 | Comparision of solution-state and solid-state NMR

Solution-state NMR Solid-state NMR

Observation of unbound drug

For drug observation only in solution Yes NS

For drug observation as solid 
(polymorphism determinations)

NS Yes

Nuclei observable 1H, 13C, 15N and 19F 13C, 15N, 19F, 2H and 17O 

Target molecular size

For complete structure determination Yes (if Mr <30,000 unless TROSY 
can be applied)

NS (except for small membrane 
peptides so far)

For direct drug observation at target 
binding site

Yes (if Mr <40,000 unless TROSY 
can be applied)

No limit

For indirect (rapidly exchanging into 
solution) drug–target observation

No limit NS

Sample size 10–500 µl 10 µl–1 ml

Detection levels of target–drug complex 
(13C, 19F and 15N)

mM (for Mr <30,000) >20 nmoles*

Detection levels for drug only >1 nmole >1 nmole* 

Temperature range Not frozen Any

Isotopic-labelling requirements for target None or 13C, 15N selectively and/or 
uniformly 

None or selective target labelling 
(residues of a single type or a 
minimal number of types) only

Isotopic-labelling requirements for drug Preferable for enhanced sensitivity 
or to aid assignments

Yes for assignment and sensitivity 
enhancements for 13C and 15N; no 
for rare nuclei (such as 19F)

Kd range mM to µM (for large targets); mM 
to nM (for small targets)

<mM (no limit)

*With proton cross-polarization to enhance sensitivity. Kd, dissociation constant; Mr, relative molecular mass; NS, not suitable; TROSY, 
transverse relaxation-optimized spectroscopy. 
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Table | Properties of commonly used and biologically relevant NMR-visible isotopes

NMR-
visible
isotope

13C
2H

15N
19F
31P

Main NMR
property exploited

Dipolar coupling and chemical shift
Anisotropic quadrupolar interactions 
and dynamics
Anisotropic chemical shifts
Strong dipolar couplings
Anisotropic and isotropic chemical 
shifts

Relative
sensitivity

  0.016
~0.001

~0.001
  0.83
  0.006

Natural
abundance
compared
with 1H
1.1%
0.015%

0.37%
100%
100%

Substitution 

12C
1H

14N
Non or 1H
Non

ASSIGNMENT
The process of attributing 
a resonance in an NMR 
spectrum to a particular 
nucleus in a molecule.

molecular mass of ~114 kDa and ~35 kDa, respectively). 
One member of this ubiquitous ATPase family, the sar-
coplasmic reticulum Ca2+/Mg2+-ATPase, has (uniquely, 
so far) been crystallized in two functional forms and 
with an inhibitor (thapsigargin) in situ25. However, no 
such detail is available for the proton- or sodium-pump 
analogues and their respective inhibitors.

In studies of porcine gastric membranes, which 
were prepared through the removal of peripheral pro-
teins to enrich the proton pump to 30–35% of the total 
membrane protein, high-resolution structural details of 
some representative members of the substituted imida-
zole pyridines based on the Schering SCH library have 
been determined26,70. Several SCH28080 analogues were 
synthesized that gave useful half-maximal inhibitory 
concentration (IC50) values for proton-pump inhibition 
in the micromolar range. Subsequent solid-state NMR 

investigation of the 13C- and/or 19F-labelled analogues 
allowed internuclear distances in the bound ligand to 
be determined with high precision (±0.03 nm; BOX 4. 
A close-to-planar structure of all the analogues was 
observed (FIG. 3), with deviation from planarity owing 
to intramolecular flexibility in the binding site (see 
below). This is a little surprising, because such ligands 
with complete freedom around their torsion angles 
might be expected to take on a conformationally more 
constrained structure within their target site. This is 
the first example of a drug structure being resolved at 
its site of action in a membrane target, with the added 
benefit of being defined with structural details of such 
high resolution in the absence of the protein structure 
and in a membrane-embedded target70. 

Sodium pump. Another example of such high-resolution 
structure determination has been reported for ouabain, 
which is the parent compound of the cardiac glycoside 
(digitalis) family, the members of which are found in 
a number of plants and are usually extracted from the 
foxglove (Digitalis lanata). They are used in controlling 
atrial fibrillation and their action as positive inotropes 
also gives them a role in the management of conges-
tive heart failure. The ouabain molecule is comprised 
of two moieties, a rhamnose sugar and a rigid steroid 
nucleus, which are linked through a single flexible 
ether link. As with the H+/K+-gastric ATPase, kidney 
microsomes that are enriched in the Na+/K+-ATPase to 
35–40% of the total protein can be produced by nega-
tive purification (removing peripheral proteins in salt). 
Density-gradient centrifugation produces a membrane 
preparation that is suitable for direct NMR studies or 
functional assays. Here, a distance of 0.90 ± 0.05 nm 
was determined between the 13C pairs and the 13C–19F 
nuclei that were incorporated within target-bound 
ouabain modified with diacetonides across the diol 
functions27. This distance restricts the two moieties to 
a conformation of 90° with respect to each other, with 
the rhamnose probably extending into solution and the 
steroid constrained on the protein surface (see below). 
All of the modified ligands showed inhibition (IC50 
values in the nanomolar to micromolar range) of the 
Na+/K+-ATPase in the enriched kidney membranes, 
but they were not of the same magnitude as the potent 
parent compound (IC50 values in the nanomolar range 
or lower).

Defining target binding sites 
Intramolecular structural details for a bound ligand 
alone do not give a direct insight into the binding site, 
although they might help in locating and understand-
ing putative drug–target interactions. Defining the 
structure is therefore a useful first step, but some fur-
ther information is then required. This can come from 
modelling that is based on other similar studies, direct 
information, such as NMR chemical shifts, as well as 
heuristic data and functional activity measurements, 
which often involve site-directed mutagenesis (SDM), 
discussions of which are beyond the scope of this 
review. Two types of example are provided here: the 

Box 3 | Isotopic substitution for drug-target studies by solid-state NMR

The identification and ASSIGNMENT of NMR resonances require defined chemical 
labelling or spectroscopic approaches that are designed for these purposes. The NMR-
visible nuclei that can be chemically introduced in studies of drug–target interactions 
commonly include 13C (the natural abundance of which is 1.1%), 15N, 2H, 31P and 19F 
(almost 50% of all drugs are fluorinated with this NMR-visible naturally abundant 
isotope as shown in the table). 17O has not found widespread application owing to its 
low sensitivity and the need for high NMR magnetic fields, but its use is expanding in 
small-molecule biological applications62. All of these ‘spin probes’ are nonperturbing 
and more precursors are becoming available for de novo synthesis, including amino 
acids either for use in peptide ligands or labelling proteins. 

The overriding consideration in experimental design is how many sites need 
labelling (too many labels might be difficult to resolve) and where the labels should be 
placed, as illustrated in the figure for two fluorine-containing ligands. To achieve the 
required answer in this task, a structural modelling or simulation study is vital in 
labelling strategies. Distance measurements in a bound small molecule are limited to 
the strength of the dipolar couplings BOX 4 and, therefore, the distance range that can 
be covered (typically 1–15 Å)57. Modelling methods can therefore help in the selection 
of sites for labels, either by giving a distance between the nuclei and constraining a 
drug structure by defining torsion angles, or by probing a binding site 
and defining the involvement of specific moieties in the binding process. Even 
defining limits can be
useful, so the lack of 
detection of any dipolar 
interaction between 
defined sites might 
imply a distance that is 
longer than the predicted 
possible range for dipolar 
coupling. 
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cation pumps that were discussed in the previous sec-
tion and the nicotinic acetylcholine receptor (nAChR), 
which is a ligand-gated ion channel.

Cation pumps. The sarcoplasmic reticulum Ca2+/
Mg2+-ATPase has overall ~26% sequence similarity 
with the gastric proton pump (H+/K+-ATPase), 
but ~40% identity in the putative cation-location 
domain for the region in the membrane where 10 
transmembrane domains assemble to form the ion-
translocation pathway. This reasonable similarity 
allows modelling of the putative proton-translocation 
pathway in the H+/K+-ATPase based on the Ca2+/
Mg2+-ATPase crystal structure, as well as speculation 
as to how the protein alters conformationally 
between the E1 and E2 states of the functional cycle, 
which are known to be kinetically similar for both 
homologues. With this information, and indications 
from SDM that Tyr925 and Glu765 — located at the 
luminal end of transmembrane domains 8 and 5 
in the Ca2+/Mg2+-ATPase, respectively — might be 
crucial residues for ion translocation and inhibitor 
binding, the locality of the binding site can be ten-
tatively defined (FIG. 3). NMR chemical shift changes 
that were observed for the –O–13CH2– ether link of 
the pyridine in the bound SCH28080 analogue con-
firmed the possible Van der Waals contact that was 
identified in the model (within ~0.3–0.5 nm) of an 
aromatic residue to the pyridine moiety28. Similarly, 
a small chemical shift change of the resonance from 
the imidazole-N(13CH)3 indicated a charge interac-
tion of the N+/N+-imidazole of bound ligand with 
the protein, which, together with the SDM-implied 

Glu765 residue, and Glu824 domain 6, is proposed 
to participate in the ion binding site II as identified 
in the homologous Ca2+/Mg2+-ATPase25.

Using a docking routine (AutodockTM 4.0), a more 
detailed description of the binding site is possible, 
even though this is an unconventional application for 
a membrane target28. Imposing a predetermined solid-
state NMR-resolved structure on the ligand before 
docking increases (from ~55% for unconstrained 
ligand to 95% for constrained ligand) the population 
of the ligand at the anticipated ligand-binding site. 

Similarly, the chemical shift perturbation of 13C-
acetonide-modified rhamnose derivatives of ouabain, 
when bound to the sodium pump (see above), strongly 
imply an electronic interaction with the essential 
Tyr108, which, when mutated, confers ouabain resist-
ance on the pump in studies of the recombinant pro-
tein27; this is also the residue that is mutated in some 
warfarin-resistant rats. 

Ligand-gated ion channel. Drug design for interaction 
with the nAChR at neuromuscular junctions is of par-
ticular interest for the treatment of many neurological 
diseases, including schizophrenia, Alzheimer’s disease 
and attention-deficit/hyperactivity disorder. High-
resolution atomic structures of the receptor are not 
available (although a structure at 4.6-Å resolution is 
available from electron-microscopic studies29,30) and, 
more importantly, details of the neurotransmitter-
binding site are not known, even though, paradoxi-
cally, nAChR is the best understood of the cell-surface 
ligand-gated receptors. A good model for the human 
receptor is that in the Torpedo sp. electric organ, which 
can be prepared with 30–35% of the total protein being 
the receptor of interest. The five transmembrane subu-
nits surround a water-filled ion-conducting channel of 
nAChR, which is activated by the agonist acetylcho-
line (a small neurotransmitter that causes 5 × 103 Na+ 
per min to pass through the channel into the cell). 
Questions relate to channel action, not least because 
neurotransmitter binding occurs remotely some 6–7 
nm away from the membrane surface and, therefore, 
the pore site30. 

Solution-state NMR studies of the neurotransmit-
ter in solution and in the presence of the receptor do 
not reveal the agonist structure or provide binding-site 
information, as this is averaged quickly when the lig-
and departs the binding site (exchange rates are in the 
millisecond range or faster)31. Therefore, considerable 
discussion about the mechanism of acetylcholine bind-
ing was only resolved when a solid-state NMR study 
showed that the binding mechanism was mediated 
through an aromatic protein residue(s) interaction with 
the -N+(CH3)3 quaternary ammonium moiety of the 
activator molecule, rather than a simple charge–charge 
interaction with an anionic residue in the binding 
pocket (FIG. 4). This electronic contribution to binding 
was reported through chemical shift perturbations of 
~1.6 ppm for the 13C-labelled trimethyl group of bound 
neurotransmitter using NMR pulse-sequence methods 
that were specifically designed to exclude any free 

Figure 2 | Determining Kd for ligands.  The NMR spectral line heights for a 13C-labelled, 
weakly binding ligand (galactose here) increases as the concentration of ligand is added to a 
fixed amount of target protein (a sugar transporter here). The fractional ratio of bound ligand, 
which is specifically selected for using NMR methods, then gives a binding isotherm and, for 
this case, a Kd ~4 mM  REF. 19. By suppressing the NMR spectrum from isotropic, unbound 
ligand, and only observing bound ligand, an equilibrium Kd is determined directly.
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unbound ligand from detection32,33. Subsequently34, 
the cation–π interaction has been suggested to stabi-
lize the folding of proteins between, for example, Asp 
or Lys residues and aromatic residues, thereby giving 
stabilization energies as high as 10 kcals per mole.

The implications of this simple piece of novel 
information for aiding drug design that involves the 

nAChR are clear. For example, the potential capacity 
of compounds to act at neuronal nAChRs and exert 
beneficial effects in central nervous system disorders 
has prompted a search for agents with improved safety 
and pharmacokinetic profiles similar to those of nico-
tine (3-(1-methyl-2-pyrrolidinyl)pyridine). Some of 
these compounds are analogues of nicotine, which, 

Box 4 | Distance methods in solid-state NMR

Method development for recoupling dipolar interactions in magic-angle spinning (MAS) solid-state NMR is now a 
mature field63. These methods have been introduced because of the averaging of all the dipolar coupling interactions 
that occur as a result of sample spinning BOX 2. The distances can be measured to ultra-high resolution, which is 
typically ±0.05 nm and often better. This is a direct result of the strong sensitivity of the magnetic dipolar coupling 
(b) to the distance (r). Methods are available for determining b between similar nuclei (homonuclear) and different 
nuclei (heteronuclear) as shown below. Explicitly, as shown in equation 1:

where bIS is the dipolar coupling between nuclear spins I and S, µO is the permeability of free space, γI and γS are the 
gyromagnetic ratios of spins I and S respectively, ћ is Planck’s constant divided by 2π and rIS is the distance between 
nuclear spins I and S. 

For coupling between a 13C pair, this relationship simplifies to equation 2:

Experimentally, for homonuclear recoupling (panel a), the recoupling is achieved under ‘rotational resonance’ 
conditions by setting the sample spinning rate BOX 2, ωr, to multiples of the frequency difference (νAB) between the 
NMR resonances (|νA – νB|); that is,  ω  ωr =    nνAB, where n = 1, 2, 3 and so on. During the mixing period (τm; panel a), 
the transfer of magnetization occurs, thereby reducing the spectral intensity (panel b). The decay curve (panel c) of 
the intensity reduction as a function of the mixing time (τm) then provides a means of quantifying the dipolar 
interaction (b). Typical distances of 0.7 ± 0.03 nm for 13C pairs and 1.5 ± 0.05 nm for 19F pairs can be measured under 
ideal conditions. For strong couplings at short distances the curves are oscillatory, but at larger distances they 
become close to exponential. Although the mixing curves (panel c) might seem to have considerable scatter, owing to 
motion or spectral noise, when computer generated curves at 0.05-nm intervals are compared with the experiment, 
the data can be seen to be well defined.

For heteronuclear recoupling64, the signal amplitude is again determined, but as a function only of mixing time at 
any sample spinning rate that is sufficient to resolve the resonance line from the coupled nucleus. This is a less 
complicated method than rotational resonance, but the labelling BOX 3 might be more complex. Many of these 
methods were designed and perfected for ‘ideal’ samples, such as solid compounds or those with little motion, and 
might not be directly applicable to some systems.
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with its -N+CH3 moiety (nicotine itself is 70% ionized 
under physiological conditions) could explain its com-
petitive behaviour with acetylcholine for the receptor 
(although the Kd values of nicotine and acetylcholine 
are 10–9 and 10–4 M, respectively). Nicotine has now 
even been tentatively suggested to have therapeutic 
effects in schizophrenia, Alzheimer’s disease, Tourette’s 
syndrome and Parkinson’s disease35–39. One compound 
(ABT-418), which progressed as far as Phase II clini-
cal trials, has the pyridine ring of nicotine replaced 
by the (S)-methyl-5-isoxazole moiety, and shows 
cognitive-enhancing and anxiolytic-like activities in 
animal models, with an inhibition constant (Ki) in the 
nanomolar range40. Additionally, it is interesting to note 
that schizophrenics often become chain smokers41; the 
similar mechanisms of the cholinergic agonist nicotine 
and drugs with quaternary ammonium-like or N+-
CHx-containing groups allow them, possibly, to 
compete for acetylcholine at the receptor, thereby 
modulating neurological activity. These searches have 
not acknowledged the solid-state NMR information, 
but clearly it could be of significant use in similar dis-
covery processes, and would limit compound library 
searches and, therefore, make them more efficient.

Initially, identifying directly the electronic contri-
butions to drug binding, which are notoriously dif-
ficult to resolve from electron-density maps of target 
binding sites, and then understanding and exploiting 

them in the design process, could result in greater hit 
rates in the discovery process. NMR of bound ligands, 
whether in membrane or soluble targets, clearly has 
a role to play here. 

Resolving ligand orientation
Membranes are asymmetric and vectorial in their 
function. Drugs must find a binding site and, if this is 
occluded, they might have reduced efficacy. As mem-
brane targets are uniquely orientated, any drug will 
have an (average) orientation with respect to the mem-
brane. If this can be resolved, it can help in modelling 
the drug and its target site, because most membrane 
proteins have a bundle of transmembrane helices as a 
major structural feature. 

Some forms of solid-state NMR spectra from 
orientated samples can be produced in which the ani-
sotropic magnetic interactions dominate. Although 
most magnetic interactions are anisotropic in nature, 
some nuclei can be exploited more readily to show 
molecular anisotropy, such as 31P and 15N (in the 
chemical shift), and 2H (in the quadrupolar interac-
tions). Macroscopically orientated membranes are 
required to resolve molecular orientation details, but 
no knowledge of protein structure is needed, because 
only intramolecular information with respect to the 
membrane normal is resolved. 

A well-studied example of ligand orientation in a 
membrane-embedded receptor is retinal in photosen-
sitive proteins, such as bacteriorhodopsin and bovine 
rhodopsin20,21. These well-studied receptors (one of 
which is a GPCR) serve to demonstrate the methodol-
ogy and resolution of measurement (±5°), and, when 
compared with subsequent highest-resolution crystal 
structures (early structures for bacteriorhodopsin42 
had errors or missing retinal density), the NMR-
derived structural constraints are shown to be close 
to the highest-resolution (1.55 Å) wild-type protein 
structures43. In both cases, the receptor can be studied 
in membranes that can be stacked and orientated in 
the magnetic field, either when in the native purple 
membrane for bacteriorhodopsin or in a reconstituted 
membrane for rhodopsin20,44,45.

Solid-state NMR studies of deuterated acetylcho-
line-(N+(C2H3)3) have shown that the neurotransmit-
ter binds to its α-subunit binding site at an angle for 
the long molecular axis of 42 ± 5°. This angle agrees 
favourably (to within 3°) with that determined from 
electron-microscopic structural information29. No 
drugs have yet been studied with the goal of resolv-
ing their orientation at their target site, but examples 
of simulations aimed at obtaining this information 
have been reported — any experimental information 
here would strengthen the simulations and help their 
extension into other systems. 

Resolving bound drug dynamics
It is acknowledged that ligands have considerable 
degrees of freedom within binding sites, but ways of 
visualizing or quantifying this motion are scarce. Such 
experimental information is required if approaches, 

Figure 3 | Resolving drug structures at the site of action. The binding site of the H+/K+-
ATPase for the substituted imidazole-pyridine class of drugs resolved using solid-state NMR in 
combination with site-directed mutagenesis (SDM) and bioinformatics approaches is shown. 
The intramolecular drug structure at the target site has been resolved to high resolution 
(interatomic distance to ±0.03 nm; BOX 4), as has the electronic environment (from NMR 
chemical shift perturbations). Essential π–π electronic interactions of Tyr926 (an essential 
residue identified from SDM and functional studies) with the mobile pyridine moiety, and 
charge–charge interactions from the constrained imidazole nucleus and Glu765 (from SDM), 
give insight into the requirements for drug design in this site (C. G. Kim, J. A. Watts and A. 
Watts, unpublished observations).
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such as the stochastic-tunnelling technique (STUN), 
are applied to screen a database of chemical com-
pounds to the target site using atomistic force fields 
that include the internal rotational degrees of freedom 
of the ligand46. Solid-state NMR is sensitive to dynam-
ics, as are other spectroscopic methods. In addition, 
it is not justified to assume that the rigid ‘structure’ of 
a bound ligand is representative of the whole ligand 
— one moiety might be highly mobile, whereas a 
linked moiety might be motionally restricted.

One NMR approach that can be used to gain an 
insight into ligand motion is labelling with the 2H 
nucleus, which gives rise to NMR spectra with sensi-
tivity to motions in the functionally important milli-
second to picosecond timescale. Depending on the 
situation, narrow spectra can imply fast (microsecond 
to picosecond) motion and broad spectra can indi-
cate slow (greater than microsecond) motion BOX 5. 
This motion can also be of large amplitude (close to 
isotropic) or more restricted, but the spectra remain 
sensitive to these possibilities.

Fast motion of the ligand while at its binding site in 
a membrane receptor was first shown unequivocally 

for an acetylcholine agonist at its target site32. Here, 
fast –N+(CH3)3) group rotation, even at –60°C, was 
observed to be in the picosecond time range. Rotating 
these methyl groups through the π-orbital of an aromatic 
ring (see above) might be a contributing energetic factor 
in driving structural changes (ion-channel opening) in 
the receptor.

There are only two examples, so far, in which 
the differential motion of a bound ligand has been 
resolved. Again, these are for the proton and sodium 
pumps, because the chemistry (deuteration) is defined 
for ligand-labelling schemes. For a substituted imida-
zole, the pyridine moiety moves quickly around an 
average position in the proximity of a neighbouring aro-
matic residue (Phe or Tyr) when bound (FIG. 5), whereas 
the imidazole moiety is constrained and undergoes 
slow motion — it is probably constrained through 
electrostatic interactions with the binding site and 
charge–charge interactions (see above). Similarly, oua-
bain is constrained to the protein at its steroid nucleus, 
but is highly mobile in the rhamnose moiety, which is 
probably involved in a Tyr π-bond-sharing interaction 
(see above). 

The significance of ligand mobility might be in gen-
erating small increments of thermally derived energy 
to induce conformational changes in the protein during 
inhibition. The ion channel in the acetylcholine recep-
tor is 7-nm remote from the agonist-binding site, and 
energy is required to rotate the five helices and open 
the distant channel. Similarly , the ATPases are con-
formationally locked into inhibitory conformations by 
small-molecule drugs and, as yet, the mechanisms by 
which receptors are activated have only been resolved 
structurally for the Ca2+/Mg2+-ATPase25 — the energet-
ics that are required and the molecular dynamics that 
are involved have been little studied. 

Assessing drug partitioning
The delivery of a drug to its target might be influenced 
significantly by its ability to partition into, and dis-
tribute between each side of, the plasma membrane. 
Also, translocation across the blood–brain barrier is 
a requirement in some cases. Certain drugs might 
act on the plasma membrane itself and others might 
need to enter the cell for (putative) intracellular target 
binding sites. Chemically, partition behaviour can be 
manipulated by increasing or reducing hydrophobic-
ity or through fluorination. Despite its simplicity as 
a concept, partition behaviour is difficult to quantify. 
The standard filtration or separation methods for 
its measurement are plagued by artifacts, as seen 
in any literature search for the range of partition 
co efficients for any compound, which often vary by 
orders of magnitude. 

Solid-state NMR can be used to visualize all 
molecularly distinct components, not only those that 
are free in solution, but also those that are bound to 
membranes or proteins. Exchange can be fast or slow 
as long as the residency time of the labelled compo-
nent is long in any one environment on the NMR 
timescale (milliseconds; BOX 5. Deuterated small 

Figure 4 | Identifying bound ligand environment. Direct 
indications that a mechanism involving a cation–π interaction 
between agonist and receptor came from ring-current-
induced chemical shifts that were observed in solid-state 
NMR studies of (13CH3)3N

+-acetylcholine when resident at the 
receptor binding site, compared with an aqueous agonist. 
a | The agonist binding site is shown for the nicotinic 
acetylcholine receptor (1OL4.pdb chick α7 receptor subunit), 
which highlights (in red) the aromatic residues (Tyr91, Trp147, 
Thr148 and Tyr186) that line the agonist-binding pocket, 
within which deuterium solid-state NMR studies BOX 3 have 
shown fast rotation of the agonist –(CH3)3 group32,33. Nicotine 
(3-(1-methyl-2-pyrrolidinyl)pyridine) (b) and ABT-418 (c) both 
modulate receptor function, and could potentially bind to the 
acetylcholine receptor through a cation–π interaction that is 
similar to that for the natural agonist acetylcholine (d).
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Box 5 | Identifying the partitioning behaviour and motion of bound ligands

Deuterium is a low-natural-abundance quadrupolar nucleus that shows high motional and order sensitivity. The 
maximum quadrupolar coupling constant for a –C-2H group is ~175 kHz, and is averaged through motional rate 
and amplitude. For a freely (isotropically) and rapidly (rate >> ~175 kHz) tumbling molecule, a narrow isotropic 
line is recorded (labelled as ‘free’ in this simulated spectrum), and for a slowly moving (rate < ~175 kHz) 
constrained molecule, a broadened spectrum is observed, which is typical for a small molecule that is partitioned 
into a membrane (panel a). Fast and slow motion are therefore spectroscopically defined and spectral shape can be 
used diagnostically for motional rate (the case of anisotropic motional broadening is also useful, but is only useful 
in ordered systems). 

Partitioning behaviour of drugs. The deuterium wide-line NMR spectra of ligands that can partition into a 
membrane show well-defined spectra for each motionally distinct environment (panel a). This distinction only 
occurs if the exchange rate (νex = 1/τex) of a freely tumbling small molecule between the environments is slow on the 
quadrupolar averaging timescale, as defined above (νex <175 kHz). As long as the experimental conditions 
(particularly the relaxation delays) are sufficient, then spectral integration (the measured areas, Ap and Ai, for the 
partitioned and isotropic spectral components, respectively) gives directly the relative concentrations of the small 
molecule in each phase in equilibrium. From this, a partition coefficient, Kp, can be determined as Kp = ApVa/AiVm, 
where Va and Vm are the aqueous and membrane volumes, respectively. 

As an example of how membrane composition can affect drug (a substituted imidazole pyridine is shown) 
partitioning behaviour, a model system of bilayers was made of varying proportions of less-fluid saturated lipids and 
more-fluid unsaturated lipids (dioleoyl phosphatidylcholine or DOPC; panel b)48. As the proportion of fluid lipid 
was increased, the partition coefficient increased, as expected. This kind of determination would be useful for any 
drug for which partitioning behaviour is unknown and accessibility to a target is required through the bilayer. 

Differential dynamics of bound ligands. Differential motional behaviour of the same bound ligand has been 
reported for a substituted imidazole pyridine (as shown) bound to the H+/K+-ATPase and for ouabain bound to 
the Na+/K+-ATPase48. This implies that parts of the drug have an average position in or on its binding site, rather 
than a highly rigid location for the whole molecule. Deuterium substitutions in one of the two main moieties 
give rise to either a motionally broadened or a motionally narrowed spectrum (panel a), depending on which 
part of the molecule carries the label. In the example shown, the method is sensitive enough to differentiate 
unbound ligand as a narrow (‘free’) signal from the tightly (dissociation constant (Kd) values in the nanomolar 
range or smaller) ‘bound’ ouabain (panel c, upper) when the deuterium label is carried on the steroid nucleus of 
ouabain. By contrast, for a similar drug carrying the deuteron in the rhamnose sugar moiety, a narrow spectrum 
characteristic of a highly mobile component is recorded (panel c, lower graph). The difference in motional rates 
are probably 2–3 orders of magnitude.
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molecules of interest are generally used, because the 
large degree of spectral (quadrupolar) anisotropy 
gives rise to a high degree of differentiation between 
the motionally different environments of the small 
molecule — even different motional modes for water 
(2H2O) can be distinguished. The applicability and 
success of the solid-state NMR partition method 

is limited by the amounts of membrane that are 
available and the labelling of the small partitioning 
species, but it does give direct and assumption-free 
(about degrees of hydration, membrane amounts and 
so on) quantification of partition behaviour. Such 
approaches can be used to estimate the amount of 
access to a protein target for a membrane-acting drug 

Box 6 | Resolving polymorphism in drug design and synthesis

Polymorphic state, hydration, amorphous states or unpredictable polymorphic transitions of drugs can adversely 
affect their efficacy, processing and bioavailability65–67. In some cases, financially expensive patent issues61 or adverse 
side effects have been caused through ill-characterized or controlled polymorphisms, which might be uncovered 
through conventional crystallography if suitable crystals can be formed. Despite their importance, the predictive or 
systematic preparation of polymorphic crystal forms is limited. The preparation and detection of polymorphs is, 
therefore, largely empirical, but remains essential in quality control. 

Solid-state NMR has a powerful and definitive role in polymorph characterization, discrimination and 
quantification, either alone or with other methods. Detailed inter- and intramolecular conformations can be deduced 
at high (>0.1 nm) resolutions BOX 4, and proton sites and hydrogen bonds, which are often lacking in crystallographic 
studies or averaged in solution-state NMR, can be directly determined. In a crystalline material, the number of 
molecules in the asymmetric unit can be determined and sensitive aspects of the electronic structure, such as the 
aromaticity or the groups that act as donors or acceptors for hydrogen bonds, can be deduced. 

As an example of polymorph characterization, various forms of derivatives of sulphanilamides, which act as 
antibacterials, have been studied68; these are versatile in their ability to crystallize in various solid-state forms and 
have formed the subject of an extensive literature since their discovery in the 1930s. However, recent solid-state NMR 
studies have uncovered new polymorphs and hundreds of solvates. The most common polymorphs68 are shown in 
panel a, in which clear spectral differences can be distinguished. Some forms have been variously and wrongly 
described by other methods, probably because of compound instability and changing hydrate form, which depend on 
the sample-preparative methods. The changing polymorphic behaviour (for example, with time or temperature) of 
solid compounds can also be assessed, as well as the rates of internal rotation of the groups relative to each other. If 
the motions are slow on the frequency averaging timescale, many solid-state NMR spectra are recorded, which can 
give an insight into the transitions that might occur, even at room temperature, and that are relevant to drug-storage 
requirements. The quantification of polymorphic states in the same sample is regularly a requirement and the 
integration of spectral lines can give accurate discrimination of the proportions of particular polymorphs; in the case 
shown in panel b, this value is 46% of polymorph I REF. 69. Here, as in any quantification study by NMR, it is 
necessary to determine whether the relaxation behaviour of each polymorph is similar (as it often is), to prevent 
spectral suppression owing to the incomplete relaxation of any one form and, hence, erroneous quantification. Such 
studies demand a better description of drug polymorphs, and more consistency between the pharmaceutically and 
crystallographically defined nomenclature of the same drugs. In the case of sulphathiazole (panel b), five 
polymorphs were described more than 50 years ago, but these were not differentiated until they were resolved by 
solid-state NMR, which uncovered the irreproducibility of crystallization, a tendency to form mixed crystal forms, 
sample-to-sample variation and other differences that were overlooked for more than 40 years. Importantly, the 
commercially available materials are not as they were described originally owing to this confusion.
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Figure 5 | Differential dynamics of bound ligands. Differential dynamics are detected for 
bound ligands in their target site in membrane proteins. One moiety is fixed relative to the 
protein, and the other is highly mobile both in rate and amplitude of motion. Here, the two 
examples for which data are available, the substituted imidazopyridine in the proton pump (a) 
and ouabain in the sodium pump (b), are shown. The imidazole and steroid components are 
the more restricted parts of the ligands, whereas the pyridine and rhamnose moieties are 
allowed greater degrees of freedom of motion about the average positions that are determined 
by dipolar recoupling methods27 BOX 4.

and any reduction in the concentration of the drug 
that is available at the target owing to nonspecific 
membrane partitioning can be estimated. 

The approach has been applied to the simple mem-
brane-partitioning alcohol hexanol47, and a substituted 
imidazole pyridine48 that has specific target binding. 
Such studies have shown a more complex situation 
than simple two-phase (membrane or aqueous phase) 
partitioning as, in the case of hexanol, some mem-
brane-embedded alcohol was identified together with 
a surface-bound (third) component. The free unbound 
aqueous alcohol is readily distinguished, because 
it gives rise to a narrow spectrum and the measure-
ments are performed under equilibrium conditions, 
which makes quantification possible without the need 
to centrifuge or filter the membrane. 

Future prospects and needs
Two important pieces of information are lacking in 
present studies of ligand binding as described above: 
the spatial coordinate (intermolecular) details of 

binding sites and the binding-site architecture. Both of 
these are also missing for some of the best-characterized 
soluble drug targets for a range of technical reasons. 
To obtain this information, labels are required in the 
binding site itself, and this necessitates either recom-
binant protein with specific labels, as shown only 
for bacteriorhodopsin so far49,50, or the external 
introduction of non-NMR labels but specifically 
sited chemical modifications19. With labels in both 
the binding site and ligand, geometric triangula-
tions that use distance measurements over short 
ranges (up to 1.5 nm) can reveal structural, as well 
as electronic (from chemical shifts) and orienta-
tional, details. With such detailed information, 
both electrostatic and — possibly with the aid of 
17O as a sensitive NMR probe — hydrogen-bond-
ing contributions to drug–target interactions can 
be described51. This exercise in mapping depends 
on the successful protein production and labelling 
of target and ligand, and any experimentation will 
need to be led by a modelling and bioinformatics 
approach to determine which sites to label. 

Some headway is already being made in describing 
conformational changes in targets that are induced by 
small-molecule binding or activation, again by light 
in bacteriorhodopsin52,53. So far, structural changes 
that are induced in bacteriorhodopsin have been 
observed using solid-state NMR — here, the same 
sample can, in principle, be studied in two or more 
forms directly in the NMR spectrometer without 
sample removal. Helix orientational and loop confor-
mational changes can be detected, and some ligands 
bind to loop regions rather than sites in the protein 
for some classes of target (the loops of proteins can 
readily be visualized in NMR10,54, even though they 
are often elusive in crystallographic structures).

In conclusion, the details of membrane target bind-
ing sites are now becoming accessible at the structural 
and dynamic levels. This new information can clearly 
help in the design and discovery of new drugs and lig-
ands. Essential interactions to induce a desired effect 
might become available as more generic information 
is released, and data production will be accelerated as 
more targets become accessible for study. There are 
important implications for drug design in the future 
using predictive methods that are based firmly on 
direct experimental evidence.
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