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Abstract Using solid-state NMR approaches, it is how
possible to define the structure and dynamics of binding
for asmall, isotopically (°H, *3C, °F, 1°N) labelled ligand,
prosthetic group or soluteinitsbinding site of amembrane-
bound protein at near physiological conditions in natural
membrane fragments or in reconstituted complexes. Stud-
ies of oriented membranes permit the orientational bond
vectors of |abelled groups to be determined to good preci-
sion, as shown for retinal in bacteriorhodopsin and bovine
rhodopsin. Using novel magic angle spinning NMR meth-
ods on membrane dispersions, high-resolution NMR spec-
tracan be obtained. Dipolar couplings can be reintroduced
into the spectrum of labelled ligands in their binding sites
of membrane-bound proteinsto give interatomic distances
to high precision (+0.5 A). Relaxation and cross-polariza-
tion data give estimates for the kinetics for on-off ratesfor
binding. In addition, chemical shifts can be measured di-
rectly to help provide details of the binding environment
for a bound ligand, as shown for analogues of drugs used
in peptic ulcer treatment in the gastric ATPase, and for
acetylcholine in the acetylcholine receptor.

Key words Membrane proteins - Solid-state NMR -
Receptors - Transporters - Biomembranes

Abbreviations MAS Magic angle spinning - NMR Nu-
clear magnetic resonance - GalP Galactose transporter of
E. coli - TMD Transmembranedomain - Ml Meta-1 - TMPIP
1,2,3-Trimethyl-8-(phenylmethoxy)imidazol[ 1,2-a] pyri-
dinium cation

A. Watts () - 1. J. Burnett - C. Glaubitz - G. Grébner

D. A. Middleton - P. J. R. Spooner - P. T. F. Williamson
Biomembrane Structure Unit, Department of Biochemistry,
University of Oxford, Oxford OX1 3QU, UK

e-mail: awatts@bioch.ox.ac.uk

Introduction

Small molecules, such as hormones and neurotransmit-
ters, induce conformational changes and then concomi-
tant profound cellular changes through their interactions
with membrane-bound proteins. In addition, both nutri-
ent transport into cells and inhibition of important phar-
macological targets exploit the biological specificity of
the interaction of small ligands with membrane proteins.
Despite the importance of defining the structure and dy-
namics of ligand interactions with integral membrane
proteins, atomic details of membrane protein structures
and the nature of their interactions with ligands are scare.
This scarcity is, in part, aresult of the serious technical
difficulties in routinely producing two-dimensional or
three-dimensional crystalsfor diffraction studies, and be-
cause high-resolution solution-state NMR spectra of
membrane-embedded proteins are broadened by aniso-
tropic magnetic interactions, resulting in the loss of the
spectral resolution required for obtaining structural de-
tails.

Solid-state NM R methods have been developed toyield
new detailed information about membranes. Two ap-
proaches are used; in one, the anisotropic interactions of
quadrupolar, 13C and N nuclei in oriented membranesare
exploited; andintheother, high-resolution-like NMR spec-
tra from randomly dispersed samples are used to give de-
tailed molecular and atomic detail about protein-ligand
interactions and protein structures. The approach used de-
pends upon the information to be gained, and the nature of
the question being addressed. If orientational information
of specific chemical bonds with respect to the membrane
axesisrequired, then nuclei such as?H and *°N can bein-
corporated into the protein or peptide backbone, or a pros-
thetic group, to determine peptide orientation or ligand
structure (Seelig 1978; Wattset al. 1995; Smithetal. 1996).
For inter-atomic distances or kinetic detail of ligand bind-
ing, or information about the binding site environment,
then high-resol ution solid-state NM R methodsarerequired
(Watts etal. 1995; Smith etal. 1996).



The strength of the method is that biological specific-
ity is exploited in ligand binding. Only the constrained li-
gand is observed (non-bound ligand being invisible) and
exhaustive purification of the protein is not required, ex-
cept when reconstitutions are performed. Usually, there-
fore, enriched membranes are used and the system retains
al its biochemical functionality and integrity.

In this short review, information about several mem-
brane proteins being studied by us using these approaches
will be presented, although for more details of the experi-
mental methods the reader is referred to the reviews by
Watts etal. (1995) and Smith etal. (1996).

Results

Static solid-state NMR of retinal in membrane-bound
photoreceptor proteins

Retinal is the chromophore of many photoreceptive pro-
teins, including bacteriorhodopsin and retinal rhodopsin
(Birge 1990). The mechanisms for photoreception and
subsequent biochemical events (as diverse as proton
pumping in the bacterial protein and activation of a
G-protein cascade in the high life form protein) are still
not clear, even though the crystal structure of bacterio-
rhodopsin has recently been resolved (Pebay-Peyroula
etal. 1997).

Since retinal structure and position within the protein
arecrucial to an understanding of the photoreception mech-
anisms, we have been using solid-state NMR to define the
structure within the protein, using an ab initio approach of
oriented membranes in which the chromophore is deuter-
ated at its various C-(CDs)5 groups in both bacteriorho-
dopsin and bovine rhodopsin. Although the retinal is not
resolved at low (~6 A) resolution in either of the protein
structures (Schertler etal. 1993; Grigorieff etal. 1996; Un-
ger etal. 1997), in the case where the protein structure is
knownto high (2.5 A) resolution, precise details of the ret-
inal structure may still not be unambiguously defined (Pe-
bay-Peyroula etal. 1997).

Bacteriorhodopsin

Solid-state?H NM R methods have been applied to oriented
purple membranes as anon-crystallographic method to de-
termine the detailed local structure of the chromophorein
bacteriorhodopsin in the initial state and the M,;, photo-
intermediate (Ulrich etal. 1995). The spectra from selec-
tively deuterium-labelled methyl groups on the retina
were obtained from oriented patches of the purple mem-
branes on glass plates (about 90 mg on 20 plates), and the
chromophore structure obtained from the spectral aniso-
tropy which gave the orientations of the individual methyl
groups. The analysis of the orientation dependence of the
lineshapes and the quadrupolar splittings of the uniaxially
oriented samples with respect to the magnetic field pro-
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Fig. 1 Orientation and conformation of 11-cis-retinal in the bind-
ing pocket of bovinerhodopsin at the ground state, constructed from
the orientation of the methyl group at the C,, position as determined
by solid-state 2H NMR. The relative change of the orientation after
photoexcitation at the MI state is also indicated

vided anglesfor the various C-CD4 bond vectors, defining
the retinal conformation precisely.

For the photo-intermediate state trapped at —60°C, an
increase of the local tilt of retinal by ca. 3° upon 13-cis
isomerization was detected (Ulrich etal. 1995). Recent
high-resolution X-ray crystallographic detail sfor bacterio-
rhodopsin (Pebay-Peyroula et al. 1997) confirm the valid-
ity of the 2H-NMR approach within limits (+10°) for all C-
CD; bond vectors of retinal except C,, However, it is not
clear whether theretinal around the Lys216 residue on he-
lix-G at C,, is distorted, and the bond vectors determined
by NMR (32°) and crystallography (10°) resultsare not co-
incident for this position.

Rhodopsin

For the retinal photoreceptor rhodopsin, a similar deute-
rium NMR approach has been used to probe the structure
of the chromophore in its binding pocket to obtain struc-
tural detailsfor the chromophore and hence, for this7TMD
receptor, a closer insight into the molecular mechanism of
the activation of the coupling to the G-protein transducin.
For this purpose, a preparative procedure was devel oped
enabling the alignment of phospholipid membranes con-
taining rhodopsin (900 pl of a lipid complex containing
20 nM of rhodopsin were oriented onto glass plates and
kept at 52% humidity at 4°C) with 11-cis-retinal specifi-
cally deuterated at its methyl groups (as C-CD5) at the C,
positionintheground state and photoactivated meta-1 (M1)
state (Grobner et al. 1997). To test the orientational integ-
rity of the membranes 3!P NMR was used as an indepen-
dent assessment of the quality of alignment of the mem-
branes by using the phospholipids as internal reporter
molecules. Computer analyses of the 2H NMR lineshapes
from the labelled retinal in the protein in aligned mem-
branes at different orientations relative to the magnetic
field are providing the orientational constraints for the
C-CD4 bond vector (Fig. 1) for the C,, position of retinal
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in the dark-adapted ground state of rhodopsin and in its
photo-excited M1 state, which could be trapped by using a
DMPC- matrix at 4°C (Gibson and Brown 1993). For the
ground state an angle of 30+5° was obtained, which in-
creases to about 60+10° for the M1 state after photoisom-
erization (Grobner etal. 1998). Our results for the confor-
mation and orientation of the chromophore are in good
agreement with results obtained from linear dichroism and
Fourier transform infrared spectroscopy on mutant forms
of rhodopsin (Jéger et al. 1997). To describethe overall or-
ientation and possible distorted structure of the chromo-
phore within the binding pocket of rhodopsin at the vari-
ous steps of the photocycle in amore comprehensive way,
further constraints haveto be obtained, in particular for the
retinal ring, work which is aready in progress using the
same H NMR approach.

High-resolution solid-state NMR of ligands bound
in membrane proteins

ATPases

The P-type AT Pases constitute asmall family (four or five
members) of pharmacol ogically important and widespread
ion-pumps, which couple nucleotide hydrolysis to cation
translocation across cell membranes (Stokes etal. 1994;
Carafoli 1992). lon-pump function typically involves an
E1-E2 conformational change during the catalytic cycle,
in which binding domains of the protein are exposed alter-
nately to substrates and activating ionson either side of the
membrane. There exists a number of structurally diverse
and potentially therapeutic ATPase inhibitors that inter-
venein the catalytic cycle, for example to prevent dephos-
phorylation of the active enzyme intermediates. Under-
standing the structural basisfor ligand recognition and en-
zyme inhibition could provide a basis for rational ligand
design, and guide the search for novel drugs against pep-
tic ulcer disease, cardiac arrhythmias and congestive heart
failure.

Structures of P-typeion-pumps, for examplethe gastric
H*/K*-ATPase (Xian and Hebert 1997) and skeletal mus-
cle Ca?*-ATPase (Toyoshima et al. 1993), have been ob-
tained from two-dimensional crystals using electron mi-
croscopy and image reconstruction, but are currently of too
low resolution (>10 A) to visualize the structure or loca-
tion of bound ligands or inhibitors. More detailed structu-
ral information on membrane topology and inhibitor bind-
ing has been derived indirectly from random mutagenesis
of low-level expressed enzyme (Canessa et al. 1992; Pal-
asiset al. 1996; Asano et al. 1997), photoaffinity labelling
(Munson et al. 1991) and protein digestion (Goldshleger
and Karlish 1997; Heimburg et a. 1997), but these meth-
ods are often open to different interpretations.

It has now become possible to obtain direct and highly
precise information on inhibitor binding to these enzymes
using solid-state NMR distance measurements (Middleton
et al. 1996, 1997). Inhibitors of the gastric H*/K*-ATPase
(M,<150 k) have potential for the treatment of peptic ul-

cer disease by ameliorating the highly acidic milieu of gas-
tric glands. The proton pump inhibitors (PPIs) omeprazole,
pantoprazol eand |anzoprazol e are established antisecretory
drugs that covalently react with thiol groups (Sachs 1997).
More recently, attention has focused on reversible inhibi-
tors as a new generation of drugs (Pope and Sachs 1992).
A structurally diagnostic distance in the reversible pump
inhibitor 1,2,3-trimethyl-8-(phenylmethoxy)imidazo[1,2-
a]pyridinium (TMPIP) at its site of action in the non-fro-
zen (at 1°C), fully hydrated protein (~30 mg of total pro-
tein in enriched membranes containing ~70% ATPase;
20 nmol binding sites) (Fig. 2) was measured using solid-
state (rotational resonance) 3C NMR, and enabled one of
the three flexible torsional anglesin the moleculeto be de-
duced (Middleton etal. 1997). Work isin progressto meas-
uretwo further distances, which should solvetheentire con-
formation of TMPIP, place geometric constraints on its
functionalities and suggest structures of novel potential in-
hibitors. The binding location of K*-competitiveinhibitors
such as TMPIP isstill amatter of debate, and modelling of
TMPIPininteraction at its site of action is precluded until
this question is resolved. Constructing a model of inhibi-
tors such as TMPIP at their binding sites clearly relies on
having some indication of the residues that participate in
ligand binding and their proximity to the ligand.

Mutagenic substitutions have helped to pinpoint key
residuesimplicated in ligand binding (Canessaet al. 1992;
Asano etal. 1997), but give little or no indication of the
spatial arrangement of other residues around the binding
site. In proteins where residues have been identified as be-
ingimportant for ligand binding, solid-state NMR distance
measurementsbetweenisotopelabelsintheligand and pro-
tein have added valuable constraints to assist in modelling
the protein-ligand complex (Klug et a. 1997). Unfortu-
nately, functional P-type ion-pumps have not been ex-
pressed to high levels, which poses a problem for intro-
ducing isotope labels into the proteins non-invasively.
Methods for post-translational, chemical modification of
wild-type ATPases are now being investigated as an alter-
native approach to isotope labelling of specific amino ac-
ids (Watts et al. 1995). Points of close contact (<6 A) of la-
belled modified residueswith labelled inhibitors can be es-
tablished if the internuclear, intermolecular dipole-dipole
interaction between ligand and protein can be re-intro-
duced, for example at rotational resonance.

This approach is being applied to the Na'/K*-ATPase,
the pharmacological receptor for the cardiac glycosides
(CGs). Ouabain, a well-known CG, was derivatized to in-
corporate 13C labelsinto theinhibitor with only aminor loss
of potency. Labels were introduced into the protein by re-
ductivemethylation of primary amines(Wattsetal. 1995and
refs. therein), predominantly fromlysines, to produceamul -
tipleN,N-(**CH,), derivative. Cross-polarization magic an-
gle spinning (CP-MAS) NMR (Spooner and Watts 1992)
was able to detect and resolvein the same spectrum C sig-
nals from the bound inhibitor and a broad signal envelope
from|abelled protein. Preliminary experimentsshowed that,
at rotational resonance, magnetization was exchanged
between the protein and Ouabain *3C spin-systems. Thisob-
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Fig. 2A, B CP-MAS methods for probing the interactions of non-
covalent inhibitors with P-type ATPases. A The H*/K*-ATPase in-
hibitor TMPIP was 3C labelled at two sites (top) and a rotational
resonance magnetization exchange curve was obtained from C
spectra of the inhibitor at its high affinity site (bottom). Numerical
simulations of the data indicated that bound TMPIP adopts a ‘ syn-
type’ configuration with respect to angle 8, (Middleton etal. 1997).
B The Na*/K*-ATPase inhibitor ouabain has been shown to interact
with a number of residues in the alpha subunit (top). Ouabain was
13C |abelled and protein NH, groups were methylated with 13CH,.
At rotational resonance, the decay of the ouabain resonance in the
13C spectrum with increasing mixing time (bottom) suggested aclose
contact (<6 A) between thelabelled inhibitor and at | east onel abelled
residue

servation suggests that at least one of the labels within the
sodium pumpisin close proximity (<6 A) to the highly spe-
cificligandinitsbinding site. Further biochemical andNMR
experiments will help to clarify which of the labelled resi-
dues falls within a close radius of the ligand.

Sugar transporters

CP-MAS 3C NMR techniques have been used to detect
substrate, selectively labelled with *C nuclei, associated
with sugar symport proteins which have been over-ex-
pressed in their native fluid membranes and retained in
their functional state. Despite the typically weak associa-
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tion of substrate with these transport systems (ky~mm),
bound substrate could be discriminated at high resolution
and with good sensitivity (~22 mg of total membrane pro-
tein of which 55—60% isGal P; 250 nmol —1 pmol of bind-
ing sites; 4°C) (Spooner etal. 1994). New NMR methods
(dephasing delayed CP) have been devel oped to show that
although substrates are weakly bound, their overall ex-
change with the protein is slow (>107 s). We attribute the
good sensitivity from CPin these fluid membrane systems
totwo factors: arelativeimmobilization of protein asare-
sult of its amplified expression in the native membranes
and an immobilization of the substrate during its slow
translocation in the protein. Substrate binding has been
characterized in terms of its specificity, anomeric selectiv-
ity and the kinetics of the translocation process, for GalP
(Spooner et al. 1994) and FucP (Spooner P, O'Reilly J,
Rutherford N, Henderson P, Watts A, unpublished data),
the galactose-H"* and fucose-H* symport proteins, respec-
tively, from E. coli, and, more recently, LacS, the lactose
symporter from S. thermophilis (Spooner P, Veerhoff L,
Poolman B, Watts A, unpublished data). All these meas-
urements show a high degree of substrate selectivity for
the target proteins and, importantly, thisis allowing stud-
ies on the native systems to proceed without any special
requirements for purification and reconstitution.
Asshownin Fig. 3, initial measurements showed that
selective substrate binding could be readily detected
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Fig. 3 The MASNMR spectrum from inner membranes containing
0.54 mol (~26 mg) of GalP which was ~55% of the total membrane
protein. The lower spectrum shows natural abundance *3C (1.1% of
the total carbon) NMR resonances which are due to the lipids and
proteinsinthe membranes and would not normally be resolved with-
out the MAS technique. In the upper spectrum, the resonances due
to added p-[1-*3C]glucose are resolved, with the uppermost insets
showing the expanded part of the spectra for two different amounts
(1 pmol and 0.25 pmol) of added labelled glucose, where both the
a- and B-anomers are resolved. In each case the specific label isre-
solved in apart of the spectrum (90—100 ppm) not occupied by oth-
er resonancesfrom themembranesand very similar to those observed
for the solid, amorphous labelled glucose by the same method. CP
(1-ms contact time) conditions, with a 3-srecycle time and 8000 ac-
quisitions per spectrum, were used to resolve only constrained mole-
cules, including bound glucose, with any free, isotropic glucose in
the solution and not bound being invisiblein thistype of experiment
(adapted from Spooner etal. 1994)

from adding as little as 250 nmol of substrate to the
membranes with around 50% of total protein asGalP. In
more recent work, with transport systems achieving
more modest levels of over-expression and in mem-
branes of greater chemical complexity, as with LacS-
contai ning membranes, we have detected and character-
ized substrate binding to aslittleas 60 nmol of the trans-
porter.
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Fig. 4A, B CP-MAS NMR *3C spectra (64—48 ppm) of nicotinic
acetylcholine receptor enriched membranes containing 40 nmol of
acetylcholine binding site recorded with 1 ms CP and averaged over
8600 acquisitions at 283 K. Data processed with 20 Hz line broad-
ening. Membranes in the absence of acetylcholine (A); membranes
with40 nmol of N*(*3CH,),-acetylcholine added (B). Theresonance
assigned to bound acetylcholine is shaded in B

Nicotinic acetylcholine receptor

The nicotinic acetylcholine receptor, a ligand gated ion
channel, is a member of the four transmembrane helix
superfamily of receptors which include the GABA, gly-
cineand 5-HT3receptorswhich play akey roleinthetrans-
mission and modulation of nervous impulses (Galzi et al.
1991). These receptors are recognized targets for avariety
of pharmaceutical agents for a range of neurological dis-
eases (Cooper et al. 1996). Using high-resolution MAS
NMR, we have been able to obtain high-resolution-like
spectra of NMR-labelled agonist and of nicotinic acetyl-
choline-enriched membranes.

Synthetic introduction of carbon-13 labels into the re-
ceptor agonist acetylcholine, at the N-methyl position
[N(*3*CH,)5-acetylcholing], permits direct observation of
the bound agonist in the receptor. Making use of the fa-
vourable CP behaviour of membrane systems, in contrast
to those in free solution, we have been able to observe the
appearance of aresonance at 52.34 ppm upon the addition
of 40 nmol of N(**CH)5-acetylcholine to 50 mg of pro-
tein at 4°C in excess buffer (Fig. 4), assignable to the
N(*3CHy,)s-acetylcholine motionally restricted within are-
ceptor binding site. Upon the addition of the same amount



of agonist to membranes pretreated with the specific in-
hibitor a-bungarotoxin (Galzi etal. 1991), which both dis-
places and prevents binding to the acetylcholine binding
site, no such resonance appears (Williamson et al. 1998).
This demonstrates that the resonance observed at
52.34 ppm arises from the N(*3CH,),-acetylcholine spe-
cifically bound to its binding site in the nicotinic acetyl-
choline receptor (Williamson etal. 1998).

The resonance at 52.34 ppm from bound agonist is
shifted by —1.5 ppm from that observed for N(**CHs)5-ac-
etylcholine in free solution or as a crystalline solid, as
measured in solution-state and solid-state NMR, respec-
tively (Williamson et al. 1996). Such information provides
information relating to the local electrostatic environment
experienced by the bound ligand. The upfield perturbation
in chemical shift may arise from the presence of aromatic
residues in the binding pocket, which generates ring cur-
rents causing local field effects (Guinther 1992). The nic-
otinic acetylcholine receptor is proposed to have abinding
pocket lined by aromatic residues similar to that found in
acetylcholinesterase (Raves etal. 1997) in which the aro-
matic ringsin the binding pocket ligate the quaternary am-
monium group of acetylcholine (Raves et al. 1997; Dou-
gherty 1996). Simulation of chemical shifts (Williamson
1993; Asakura etal. 1995) based on the crystal structure
of acetylcholineboundto acetylcholinesterase (Raveset al.
1997) predict asimilar perturbation in chemical shift upon
the binding of acetylcholine to acetylcholinesterase.

Through the exploitation of differing relaxation prop-
erties between ligands free in solution and those bound to
the receptor, we have been able to carry out dipolar de-
phasing experimentswhich demonstratethat acetylcholine
isresident in the receptor binding site for a period exceed-
ing 100 ms. Such information provides additional mecha-
nisms for obtaining Kinetically valuable information about
ligand binding events which are critical to our understand-
ing of receptor activation.

Our ability to observe selectively ligands bound to this
class of receptor provides us with the opportunity to use
fully isotopically enriched ligands and recent advancesin
dipolar recoupling NMR techniques (Lee et al. 1995; Bal-
duset al. 1997) to provide multiplerestraints critical to the
elucidation of the structure of the bound ligand.

Conclusions

Observation at high resolution and sensitivity for nuclei in
the binding site of membrane proteins now provides op-
portunities for characterizing the structure within these
functionally important regions of the transporter, receptor
and ion-tranglocation proteins. Work is now proceeding
with uniformly labelled proteins (uniformyl *°N, labelled
sugar transporters, for example) and using substrate bind-
ing to probe the vicinity of the binding sites with strongly
interacting nuclei (e. g. °F). Then, connectivities resolved
through magnetic interaction between ligand and local
(7-15 A) residues will help to build up apicture of the li-
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gand at its site of action. It is expected that the unique ap-
plication of these methods for correlating ligand-polypep-
tide distance measurements will yield detailed structural
information within the binding sites of proteins, from
which we can begin to deduce functional mechanisms and
details of the specificity of the binding process. One ma-
jor hold-up in these approaches is in the molecular biol-
ogy required for expression of a large variety of active
membrane proteins at sufficient levels (>30% of the total
membrane protein; 5—20 mg per NMR experiment) for
such approaches to be used, but thisis thought not to be a
hurdle which cannot be overcome at some time in the fu-
ture.

Thesolid-state methodol ogy can al so beadapted for el u-
cidating the dynamic features of the functional eventsin
transport proteins, as already demonstrated with GalP
(Spooner et al. 1994). These dynamic processes are likely
to play asignificant rolein understanding the mechanisms
of translocation, and therefore solid-state NMR will hold
the unique position of being capabl e of yielding both struc-
tural and dynamic information in adirect and non-crystal-
lographic way.
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