
Abstract Despite their clinical importance, detailed

analysis of ligand binding at G-protein coupled recep-

tors (GPCRs) has proved difficult. Here we success-

fully measure the binding of a GPCR, neurotensin

receptor-1 (NTS-1), to its ligand, neurotensin (NT),

using surface plasmon resonance (SPR). Specific re-

sponses were observed between NT and purified,

detergent-solublised, recombinant NTS-1, using a

novel configuration where the biotinylated NT ligand

was immobilised on the biosensor surface. This SPR

approach shows promise as a generic approach for

the study of ligand interactions with other suitable

GPCRs.
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Abbreviations

CHAPS 3-[(3-Cholamidopropyl)dimethylammonio]-

1-propanesulfonate

CHS Cholesteryl hemisuccinate

DCM Dichloromethane

DDM Dodecyl-b-D-maltoside

EDTA Ethylenediaminetetraacetate

GPCR GTP-binding protein-coupled receptor

HPLC High pressure liquid chromatography

MBP Escherichia coli maltose binding protein

NT Neurotensin

NTR/NTS Neurotensin receptor

NTS-1A MBP-rT43NTR-TrxA-H10

SPR Surface plasmon resonance

TES Triethylsilane

TFA Trifluoroacetic acid

Introduction

G-protein coupled receptors (GPCRs), of which over

2000 have now been cloned, are a family of integral

membrane proteins with seven transmembrane helices.

GPCRs are involved in a wide range of physiological

processes, including cell–cell communication, sensory

transduction, neuronal transmission and hormonal

signalling (Ji and Ji 1998; Iyengar et al. 2002). Conse-

quently, GPCRs are of particular pharmacological

importance and they are expected to comprise a large

proportion of future drug targets (Terstappen and

Reggiani 2001).

Neurotensin (NT) is an endogenous tridecapeptide

neurotransmitter (N-Glu-Leu-Tyr-Glu-Asn-Lys-Pro-

Arg-Arg-Pro-Tyr-Ile-Leu-C) found in the central

nervous system and gastrointestinal tract and is

responsible for the activation of the neurotensin

receptor (NTS) family (Carraway and Leeman 1973).

One such receptor, neurotensin receptor type 1
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(NTS1) is a member of the GPCR superfamily

(Tanaka et al. 1990). Central effects of NT include

analgesia, inhibition of food intake, modulation of

dopaminergic systems, modulation of pituitary hor-

mone secretion and regulation of digestive function. It

also acts as a trophic factor on human colon, pan-

creatic, prostate, and lung cancer cell lines (Vincent

et al. 1999). Thus, NTS1 represents a putative target

for the treatment of pain, obesity, schizophrenia, and

cancer.

Surface plasmon resonance (SPR) allows the sen-

sitive detection of molecular interactions in real time,

without the use of labels (Van der Merwe 2000). The

technique has proved to be extremely versatile, per-

mitting the study of analytes ranging in size from

hundreds of daltons to whole cell binding (McDonnell

2001). Application to receptor–ligand interactions

has largely been limited to soluble ligand-binding

domains (Kroger et al. 1999; De Crescenzo et al.

2000; Rich et al. 2002). Detailed analysis of ligand–

receptor interactions for GPCRs has proved diffi-

cult, due to problems encountered in successful

overexpression, purification and stabilisation of

GPCRs, although solid state NMR approaches indi-

cate a significant electrostatic contribution to recep-

torndash;ligand binding (Williamson et al. 2001, 2002;

Watts 2005).

Immobilisation of rhodopsin, a GPCR, on the bio-

sensor surface in a supported lipid bilayer has been

achieved, allowing the kinetics of transducin activation

to be observed (Heyse et al. 1998; Karlsson and Lofas

2002). A similar receptor immobilisation technique was

applied to the chemokine receptors CXCR4 and CCR5

and active ligand binding was demonstrated, although

with lower affinity than had previously been published

(Stenlund et al. 2004) and more recently, ligand bind-

ing to a2-adrenergic receptors has been demonstrated

(Sen et al. 2005).

An alternative approach, the measurement of the

direct binding of functionally active GPCR to immo-

bilised ligand on the SPR chip, has not been suc-

cessful until now. Since responses observed in SPR

are proportional to the molecular weight of bound

analyte, binding of the large receptor protein gives

improved sensitivity when compared with analyses in

the reverse orientation. This point is key, given the

low molecular weight of many GPCR ligands.

Here, SPR was used to study the kinetics of the NT–

NTS1 interaction as a first example of this approach

for a purified, detergent-solubilised GPCR, showing

potential for high-throughput ligand screening for this

class of receptors.

Materials and methods

Functionally active rat NTS-1 (rNTS-1) was expressed

in Escherichia coli DH5a as a fusion protein (termed

NTS-1A) from the pRG/III-hs-MBPP-T43NTR1-

TrxA-H10 plasmid (Tucker and Grisshammer 1996;

Grisshammer et al. 1999; Williamson et al. 2002). The

fusion protein consists of E. coli maltose binding pro-

tein (including its periplasmic targeting sequence) at-

tached to the N-terminus of an N-terminally truncated

form of rNTS-1 (rT43NTR), with thioredoxin and a

His-10 tag, which aid stability and purification, at-

tached to the C-terminus.

NTS-1A for SPR analysis was solubilised and puri-

fied on a large scale as previously described (White

et al. 2004). A two-stage purification procedure,

involving immobilised metal affinity chromatography

(IMAC) followed by an NT affinity column, was carried

out, with all steps at 4�C unless otherwise stated.

Briefly, a 250 g bacterial pellet (40 mg scale prepara-

tion) was resuspended and disrupted by ultrasonication.

Functionally active receptors were solubilised using a

CHAPS (0.5%)/DDM (1%)/CHS (0.1%) detergent

mix. NTS-1A was purified by IMAC using a 100 ml Ni-

NTA column. This was followed by a 20 ml NT affinity

column, which comprised biotinylated-NT immobilised

on tetrameric avidin resin (Promega). NT affinity col-

umn eluate was stored at –80�C in NTS-1A storage

buffer (50 mM Tris/HCl, pH 7.4, 30% glycerol (v/v),

50 mM NaCl, 0.5% CHAPS, 0.1% CHS, 0.1% DDM,

1 mM EDTA). A 3H-NT (New England Nuclear)

radioligand binding assay was used to quantify amounts

of active receptor present. Non-specific binding was

quantified in the presence of excess unlabelled NT.

Separation of bound from free ligand was achieved

using Microspin G-50 columns (GE Healthcare).

N-terminally-biotinylated NT (biotin-Glu-Leu-

Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu) and

‘scrambled sequence’ NT (biotin-Leu-Tyr-Asn-Arg-

Pro-Arg-Pro-Tyr-Leu-Glu-Ile-Lys-Glu) peptide li-

gands were produced by Fmoc solid phase peptide

synthesis using an automated peptide synthesiser

(Pioneer, Perspective Biosystems). Peptides were

purified to > 95% homogeneity by reversed phase

HPLC using a C18 Kromasil 150–10 12 ml semi-pre-

parative column (Hichrom) by applying a gradient of

acetonitrile containing 0.1% TFA. The presence of

desired product was confirmed using ESI mass spec-

trometry.

Surface plasmon resonance analysis was carried out

using a Biacore 3000 biosensor instrument (Biacore

AB) at 25�C. All buffers used were filtered and
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de-gassed though a 0.2 lm filter (Whatman). 250 RU

of biotinylated NT in HBS-EP buffer (Biacore AP)

was immobilised on a streptavidin-coated chip (Bio-

sensor SA, Biacore). 250 RU of ‘scrambled sequence’

biotinylated NT was immobilised in a control flow cell

in the same manner. Analyte used was purified,

detergent-solubilised NTS-1A, buffer-exchanged into a

glycerol-free ‘SPR’ buffer to reduce bulk shift effects

(50 mM Tris/HCl, pH 7.4, 50 mM NaCl, 0.5% CHAPS,

0.1% CHS, 0.1% DDM, 1 mM EDTA). Interaction

experiments were carried out at a flow rate of

20 ll min–1, with sample racks maintained at a con-

stant 5�C throughout. Surface regeneration was

achieved via two sequential 1 min injections of SPR

buffer containing 1 M NaCl to dissociate bound

receptor. BiaEvaluation Software v4.1 (Biacore AP)

and Origin v6.1 (Microcal Software) were used for data

processing.

Results and discussion

Functionally active rat NTS1 was expressed as the NTS-

1A fusion protein, which consists of an N-terminally

truncated NTS-1 with an E. coli maltose binding

protein (MBP) attached to the N-terminus and thiore-

doxin and a deca-His tag attached to the C terminus

(Tucker and Grisshammer 1996; Grisshammer et al.

1999; Williamson et al. 2002). NTS-1A for SPR analysis

was solubilised and purified on a large scale using a

two-stage purification procedure, involving immobi-

lised metal affinity chromatography (IMAC) followed

by an NT affinity column (White et al. 2004). An

N-terminally-biotinylated NT peptide ligand was

produced by solid phase synthesis to facilitate immo-

bilisation on streptavidin-functionalised SPR chips. As

a rigorous control for binding, a biotinylated ‘scrambled

sequence’ peptide, but with the same 13 residues as

NT, was synthesised to ensure the specificity of any

interactions observed with NT.

Specific binding data for the NT–NTS1A interaction

was obtained by subtracting the control peptide flow

cell response from the immobilised NT flow cell re-

sponse (Fig. 1a). Responses observed for the flow cell

with scrambled control peptide immobilised were not

significantly different from a blank flow cell (Fig. 1b),

indicating a highly specific interaction of the solubilised

receptor with the NT peptide. In the absence of glyc-

erol the half life (t1/2) of binding activity decreases

from 400 to 50 hours at 4�C (Tucker and Grisshammer

1996). This decay was taken into account when calcu-

lating the concentration of active NTS-1A present at

the time of the SPR experiment.

The amplitude of the observed response is lower

than might be expected, given the immobilisation level

of the 1,916 Da peptide ligand (250 RU) and the

mass of the receptor being used as the analyte

(100 kDa). It is possible that this is caused by occlusion

of a proportion of the immobilised ligand, thereby

preventing some analyte binding. However, a system-

atic study of alternative sensor surfaces which might

address problems of ligand occlusion has not yet been

carried out. Also, whilst the biotinylated NT used in

Fig. 1 SPR response curves for the NT/NTS-1A interaction
using immobilised NT. a The interaction between detergent-
solubilised NTS-1A and biotinylated NT. Various concentrations
of NTS-1A [5.8 nM (a), 2.9 nM (b), 1.5 nM (c), 0.73 nM (d),
0.36 nM (e), 0.18 nM (f)], were injected at 20 ll min–1 over 250
RU immobilised NT and control ligands. The control (scrambled
peptide) response is subtracted and therefore only specific
binding of NTS-1A to immobilised NT is shown. b Binding of
detergent-solubilised NTS-1A to the biotinylated NT (a) and
control peptide (b) flow cells at a concentration of 2.9 nM. The
response obtained for a blank Sensor Chip SA flow cell has been
subtracted from both curves, revealing negligible non-specific
binding to the control peptide surface
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this experiment already has seven residues between the

point of immobilisation and the six C-terminal residues

known to be involved in receptor binding, an increase

in linker length might also relieve any ligand occlusion

problems.

This preliminary SPR study has yielded the first SPR

binding data using a full length, detergent-solubilised

ligand-binding GPCR as the analyte. The use of the

large receptor molecule as the analyte overcomes

the problem of the small responses encountered in the

reverse orientation, specifically the measurement of

ligand binding to the immobilised receptor molecule

on the chip surface. This technique will have useful

applications to other suitable GPCR systems, not only

providing insights into the kinetics and binding mech-

anisms involved in ligand binding, but also in the

search for novel ligands and in the more rigorous

optimisation of detergent solubilisation procedures

than is currently possible using conventional tech-

niques. The study of ligand–GPCR binding events will

be crucial if an understanding of how ligand binding at

the cell surface is coupled to downstream signalling is

to be gained.
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