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17Information about lipid–protein interactions for G protein-coupled receptors (GPCRs) is scarce. Here, we
18use electron spin resonance (ESR) and spin-labelled lipids to study lipid interactions with the rat neurotensin
19receptor 1 (NTS1). A fusion protein containing rat NTS1 fully able to bind its ligand neurotensinwas reconstituted
20into phosphatidylcholine (PC) bilayers at specific lipid:protein molar ratios. The fraction of motionally restricted
21lipids in the range of 40:1 to 80:1 lipids per receptor suggested an oligomeric state of the protein, and the result
22was unaffected by increasing the hydrophobic thickness of the lipid bilayer from C-18 to C-20 or C-22 chain
23length PC membranes. Comparison of the ESR spectra of different spin-labelled lipids allowed direct measure-
24ment of lipid binding constants relative to PC (Kr), with spin-labelled phosphatidylethanolamine (PESL),
25phosphatidylserine (PSSL), stearic acid (SASL), and a spin labelled cholesterol analogue (CSL) Kr values of
261.05± 0.05, 1.92± 0.08, 5.20± 0.51 and 0.91± 0.19, respectively. The results contrastwith those from rhodop-
27sin, the only other GPCR studied thisway, which has no selectivity for the lipids analysed here.Molecular dynam-
28ics simulations of NTS1 in bilayers are in agreementwith the ESR data, and point to sites in the receptorwhere PS
29could interact with higher affinity. Lipid selectivity could be necessary for regulation of ligand binding,
30oligomerisation and/or G protein activation processes. Our results provide insight into the potential modulatory
31mechanisms that lipids can exert on GPCRs.
32© 2016 Published by Elsevier B.V.
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43 1. Introduction

44 Several studies have shown that GPCR function is affected by the
45 lipid environment (reviewed in ref. [1–4]), with most reports focusing
46 on the role of cholesterol and lipid microdomains influencing receptor
47 activity, localisation, and G protein coupling in celulla. However, the
48 molecular mechanisms that govern these interactions are poorly

49understood, and there is little information on how specific lipid species
50interact with GPCRs in membranes. This is due to the technical chal-
51lenges associated with expression [5,6], purification [7–9] and reconsti-
52tution [10–16] of GPCRs into model bilayers that allow controlled,
53specific analysis of lipid–protein interactions, and then comparison
54with functional assays. This type of detailed information is essentially
55limited to rhodopsin [17–20], which functions in the very specific
56membrane environment of the outer rod segment. The purpose here
57is to extend this knowledge for another prototype GPCR of pharmaco-
58logical relevance, the neurotensin receptor 1 (NTS1).
59Neurotensin is a tridecapeptide that functions as a neurotransmitter
60or neuromodulator in the central nervous system and as a local
61hormone in peripheral tissues. Three different receptors have been
62identified for neurotensin, namely NTS1, NTS2 and NTS3, of which
63NTS1 is the principal mediator of the known effects of neurotensin.
64The neurotensin receptor 1 belongs to the group A of GPCRs and homo-
65logues have been described inmammals (mouse, rat, humans), amphib-
66ians, fish and birds [21,22]. In rat, NTS1 is found in distinctive areas of
67the brain [23–26] and spinal cord [27] aswell as in the heart, duodenum,
68small intestine, large intestine, and liver [23]. A wide distribution is also
69seen in humans [28] and other species [21]. Through its roles in central
70nervous system NTS1 has been associated with several neurological
71disorders [29]. It has also been found to play a role in cell proliferation
72and cancer, and is a potential biomarker [30] and target [31] in cancer
73therapy.
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Abbreviations: CHS, cholesterol hemisuccinate; CHAPS, 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate; CSL, 4′,4′-dimethylspiro(5α-cholestane-3,2′-
oxazolidin)-3′-yloxyl; C14:0PC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; C15:0PC,
1,2-dipentadecanoyl-sn-glycero-3-phosphocholine; C16:0–C18:1PC, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine; C16:0–C18:1PE, (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine); C16:0–C18:1PS, (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
L-serine); C18:1PC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; C20:1PC, 1,2-dieicosenoyl-
sn-glycero-3-phosphocholine; C22:1PC, 1,2-dierucoyl-sn-glycero-3-phosphocholine;
DDM, n-dodecyl-β-D-maltoside; ESR, electron spin resonance; GPCR, G protein-coupled
receptor; MBP, maltose binding protein; NTS1, neurotensin receptor 1; PC, phosphatidyl-
choline; PE, phosphatidylethanolamine; PS, phosphatidylserine; rPE, 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl); SA, stearic acid;
TM, transmembrane helix; 14-PCSL, 1-acyl-2-[14-(4,4-dimethyloxazolidinyl-N-oxyl)
stearoyl]-sn-glycero-3-phosphocholine; 14-PESL, 1-acyl-2-[14-(4,4-dimethyloxazolidinyl-
N-oxyl)stearoyl]-sn-glycero-3-phosphoethanolamine; 14-PSSL, 1-acyl-2-[14-(4,4-
dimethyloxazolidinyl-N-oxyl)stearoyl]-sn-glycero-3-phosphoserine; 14-SASL, 14-(4,4-
dimethyloxazolidinyl-N-oxyl)stearic acid.
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74 The wide tissue distribution of NTS1 and its involvement in numer-
75 ous physiological and pathological processes highlight the extreme
76 complexity of this receptor and anticipate an exquisite regulation of
77 its functions at the molecular level. NTS1 is able to activate a range of
78 signalling pathways through interaction with Gq/11 at its intracellular
79 loop 3 (IC3) [32], and through interaction with Gi/o and Gs at the first
80 half of its C-terminal portion [33,34] and a recent study shows that
81 this is complicated by the possible Gαβγ heterotrimers that can interact
82 with NTS1 [35]. Some transduction pathways can be suppressed bymu-
83 tation or deletion of particular intracellular domainswhile leaving unre-
84 lated pathways intact, suggesting that pathways can be individually
85 regulated by direct interactions with the receptor [36]. Further com-
86 plexity is added when considering the potential functional conse-
87 quences from receptor homo- [10,11] or heterodimerisation [37,38],
88 and modifications such as phosphorylation, acylation and glycosylation
89 [39]. Finally, when considering the various lipid environments that
90 NTS1 can experience in different cell types, the possibility arises that
91 receptor function could be fine-tuned to serve particular cell type re-
92 quirements according to cell type membrane composition, adding an
93 extra dimension of complexity to receptor modulation.
94 Recently, we showed that binding of neurotensin to NTS1, receptor
95 homodimerisation, and coupling to Gαi1 are greatly affected by the
96 specific lipid composition of the bilayer [40,41], and Grisshammer and
97 co-workers showed that the same holds for Gq protein activation [12].
98 Here, we now analyse how major lipid species of the mammalian
99 plasma membrane interact with the transmembranous region of rat
100 NTS1 using a fusion protein termed NTS1-B. We present a protocol for
101 reconstitutingNTS1-B at low lipid to proteinmolar ratios in a controlled
102 manner which allows us to measure directly interactions of spin-
103 labelled lipids with the receptor using electron spin resonance (ESR).

104 2. Materials and methods

105 2.1. Materials

106 The phospholipids, 1,2-dioleoyl-sn-glycero-3-phosphocholine
107 (C18:1PC), 1,2-dieicosenoyl-sn-glycero-3-phosphocholine (C20:
108 1PC), 1,2-dierucoyl-sn-glycero-3-phosphocholine (C22:1PC) and
109 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rho-
110 damine B sulfonyl) (rPE) were obtained from Avanti Polar Lipids.
111 The spin-labelled phospholipids 1-acyl-2-[14-(4,4-dimethyl-
112 oxazolidinyl-N-oxyl)stearoyl]-sn-glycero-3-phosphocholine (14-
113 PCSL), 1-acyl-2-[14-(4,4-dimethyloxazolidinyl-N-oxyl)stearoyl]-sn-
114 glycero-3-phosphoethanolamine (14-PESL), and 1-acyl-2-[14-(4,
115 4-dimethyloxazolidinyl-N-oxyl)stearoyl]-sn-glycero-3-phosphoserine
116 (14-PSSL), and the spin-labelled fatty acid 14-(4,4-dimethyl-
117 oxazolidinyl-N-oxyl)stearic acid (14-SASL) were synthesized as de-
118 scribed by Marsh and Watts [42]. The spin-labelled cholesterol
119 analogue 4′,4′-dimethylspiro(5α-cholestane-3,2′-oxazolidin)-3′-yloxyl
120 (CSL), cholesterol hemisuccinate (CHS) and sodium cholate were ob-
121 tained from Sigma-Aldrich. The detergents, 3-[(3-cholamidopropyl)-
122 dimethylammonio]-1-propanesulfonate (CHAPS), and n-dodecyl-β-D-
123 maltoside (DDM) were from Melford Laboratories.

124 2.2. Protein production

125 The plasmid with the rat NTS1-B construct (MBP-N10-Tev-
126 rT43NTR-CH2-N5G3S-G3S-TrxA-H10) was a gift of Dr. Grisshammer
127 and is described in ref. [7]. The construct consists of the E. coli maltose
128 binding protein (MBP, residues Lys1 to Thr366), a GSN10ENLYFQSGS
129 linker including a tobacco etch virus (Tev) cleaving recognition site
130 (underlined), the rat NTS1 (residues Thr43 to Tyr424), a FQSN5G3SG3SEF
131 linker containing part of a second Tev cleaving recognition site which
132 starts in the C-terminus of NTS1, followed by the E. coli thioredoxin
133 (Trx, residues Ser2 to Ala109), and a GT link to a ten histidine tag. Expres-
134 sion and purification protocols have been extensively described [5,8].

135NTS1-B was expressed in E. coli BL21 (DE3) cells. All steps were
136performed at 4 °C or on ice and when required between days along
137the protocol the sample was frozen in liquid N2 and stored −80 °C.
138Cell pellets were solubilised with buffer A [50 mM Tris pH 8 (4 °C),
13930% glycerol (v/v)] containing 200 mM NaCl, 0.1% CHS, 0.5% CHAPS,
140and 1% DDM (w/v in all cases for the detergents) and in the presence
141of protease inhibitors, lysozyme and DNAase. Insolubilised material
142was discarded after centrifugation (60 min; 65,000 g) and NTS1-B was
143purified first through a 5 ml Ni-NTA column eluting in buffer A with
144350 mM imidazole, 200 mM NaCl, 0.1% CHS, 0.5% CHAPS, and 0.1%
145DDM. The eluate was diluted with buffer A containing 0.1% DDM and
1460.01% CHS to reach 50 mM NaCl and then further purified through a
147neurotensin ligand affinity column. Pure NTS1-B was eluted in buffer
148Awith 1MNaCl, 0.1% DDM and 0.01% CHS. Fractionswere frozen in liq-
149uid N2 and stored at−80 °C.

1502.3. Reconstitution into bilayers

151The required amount of lipid from chloroform stocks was dried in
152glass vials as a thin film under a stream of N2, then under vacuum
153(b10−5 Torr) overnight. The lipid film was resuspended in buffer B
154[50 mM Tris pH 8 (4 °C), 50 mMNaCl] with 1 mM EDTA and the neces-
155sary concentration of sodium cholate to achieve 20 mM final con-
156centration after addition of the receptor to the solubilised lipid. The
157resuspended lipid was fully solubilised to clarity in a bath sonicator
158(9 min; Langford Sonomatic Ultrasonics 475H). Purified NTS1-B was
159first concentrated by binding it to a 1 ml Ni-NTA column at a slow
160flow rate (rebinding the flow through once more markedly increased
161the amount of protein bound). The bound protein was washed with
16250 ml of buffer B containing 0.1% DDM (w/v) to eliminate CHS. The
163receptor was eluted with 350 mM imidazole and the concentration de-
164termined by absorbance at 280 nm using a molar extinction coefficient
165of 138,785 cm−1 M−1 as calculated [43], using the ExPasy ProtParam
166Tool [44]. Subsequently, the appropriate amounts of solubilised lipid
167and protein were mixed to achieve the desired lipid:protein molar
168ratio. At this point, 2 mol% spin-labelled lipid (with respect to total
169lipid) was added to the mixture from ethanol stocks (except in the
170case of 14-SASL, whichmust be added later as it is otherwise lost in pos-
171terior dilution/dialysis), the final ethanol concentration in the mixture
172being lower than 1% (v/v), as described previously [17]. In the case of
173the samples for determination of relative lipid binding constants, a
174large sample was first prepared by mixing lipid and protein, and only
175then was the sample split into identical aliquots to which the required
176spin-labelled lipids were added (only 14-SASL was added later). This
177was to ensure the lipid:protein molar ratio in each of these samples
178was identical. Reconstitution was performed by 100 fold dilution with
179buffer B with 1 mM EDTA taking the detergents below their critical
180micelle concentration. Any remaining detergent was eliminated by
181extensive dialysis against 100× the sample volume (24 h; 4 °C) replac-
182ing the buffer after approximately 3 h and 7 h. Note that generally only
1830.5–1 mol% spin-labelled lipid is necessary, but during dialysis about
18450% becomes reduced so that it is necessary initially to add an excess.
185Reconstituted proteoliposomes were collected by ultracentrifugation
186(100,000 g; 2 h; 4 °C) and resuspended in about 1.5 ml of buffer B
187with 1 mM EDTA. A small sample was taken for determination of
188the final lipid:protein molar ratio, and 0.5 mol% 14-SASL was added to
189the corresponding sample from an ethanol stock ensuring that the
190final ethanol concentration was below 1%. Proteoliposomes were
191pelleted in a bench top centrifuge, loaded into 50 μl glass capillaries
192for ESR measurements, snap frozen in liquid N2 and kept at −80 °C
193until the day of measurement.

1942.4. Determination of lipid:protein molar ratio by absorbance spectroscopy

195For determination of the final lipid:protein molar ratio in each
196sample, rPE was initially mixed with the lipids in chloroform prior to
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197 drying the lipid films so that after later incorporation of protein
198 a rPE:NTS1-B molar ratio of 0.85:1 would be obtained, resulting
199 in 2.1 mol% or less rPE in the total lipid, depending on the total
200 lipid:protein molar ratio. Thus, after reconstitution an absorption spec-
201 trum could be measured simultaneously for rPE (573 nm) and protein
202 (280 nm). Assuming that the rPE to host lipid ratio remains constant
203 during sample preparation, the final lipid:protein molar ratio can
204 be readily calculated. Such assumption is safe because the resulting
205 proteoliposomes are homogeneous in lipid:protein ratio, which shows
206 homogeneous mixing of lipid and protein (see results Fig. S2), and
207 because the preparative lipid:protein ratios at the start and the final
208 lipid:protein ratios determined by absorbance are closely matched
209 for all the samples (see results Table 1). Themolar extinction coefficient
210 of lissamine rhodamine B sulphonyl chloride of 88,000 cm−1 M−1

211 (Molecular Probes Handbook, Invitrogen) was taken for rPE, with
212 the absorption maximum occurring at 573 nm in 1% SDS for rPE. After
213 protein reconstitution, a small aliquot of sample was diluted 2.5× into
214 a final concentration of 1% SDS to reduce scattering from the lipid
215 vesicles. A blank of lipid prepared the same way in the absence of pro-
216 tein was used to subtract residual scattering and rPE absorbance at
217 280 nm [16].

218 2.5. ESR spectroscopy

219 Continuous wave ESRmeasurements were performed on an X-band
220 Bruker EMX spectrometer. Spectra were recorded at 18 and 25 °C,
221 which are well above the lipid phase transition temperature of the PC
222 bilayers used. The slow and fast motion components in the composite
223 spectra were determined by spectral addition as described in refs. [45,
224 46]. Single-component spectra libraries were obtained from 14-PCSL
225 in C18:1PC membranes recorded from 2 to 35 °C at 1 °C intervals for
226 the fast motion component, and from 14-PCSL in sonicated C14:0PC
227 (1,2-dimyristoyl-sn-glycero-3-phosphocholine) membranes recorded
228 from 0 to 20 °C at 3 or 4 °C intervals for the slow motion component.
229 For analysis of the CSL sample in particular, single-component spectra
230 from libraries of CSL in C18:1PC (fast motion) and in sonicated
231 C14:0PC (slow motion) membranes were used.

232 2.6. Sucrose density analysis

233 After ESRmeasurements, sampleswere resuspended in 200 μl buffer
234 B and were subject to a discontinuous sucrose density gradient from
235 20 to 65% (w/v) sucrose in buffer B with increasing 1 ml steps of 5%.
236 Gradients were centrifuged (100,000 g; 4 °C, 18 h) in a swing rotor
237 (Beckman SW41 Ti).

2382.7. Molecular dynamics (MD) simulations

239Simulations were run using GROMACS (v. 4.6.3) [47]. A self-
240assembly coarse grained (CG) MD simulation [48] in a C16:0–C18:1PC
241(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) membrane was
242first performed for 100 ns at 323 K, giving a protein-embedded mem-
243brane of about 300 C16:0–C18:1PC lipid molecules, solvated with
244SPC water molecules [49], and containing around 150 mM NaCl.
245The NTS1 crystal structure of PDB ID: 4BUO [50] was employed upon li-
246gand removal. R305 was back-mutated to H305 and the non-resolved
247intracellular loop 1 (IC1) was modelled using the software Modeller
248[51]. To build the brain polar lipid (BPL) bilayer model, the self-
249assembled C16:0–C18:1PC CG system was lipid-exchanged [52] to
250C16:0–C18:1PC, C16:0–C18:1PS (1-palmitoyl-2-oleoyl-sn-glycero-3-
251phospho-L-serine), C16:0–C18:1PE (1-palmitoyl-2-oleoyl-sn-glycero-
2523-phosphoethanolamine) and cholesterol at a PC:PS:PE:cholesterol
253molar ratio of 15:22:39:24 to approximately mimic the BPL lipid com-
254position (Avanti catalogue No. 141101; and assuming a 24% in choles-
255terol content). The resulting heterogeneous membrane system was
256submitted to a 1-microsecond CG-MD simulation at 323 K using the
257same parameters as for the C16:0–C18:1PC CG-MD. The final system
258was then converted to atomistic (AT) detail using the CG2AT protocol
259[53], then bilayer/solvent equilibrated (positional restraints on the
260protein) for 1 ns [54], and finally run for a further 200 ns (at 323 K) of
261AT-MD with the GROMOS96 53a6 force field.
262The atomistic system was considered to be in equilibrium after the
263first 20 ns of AT-MD, based on NTS1 backbone RMSD (Fig. S1). The tra-
264jectory analysis was performed from 20 ns to 200 ns using GROMACS
265and VMD tools.

2663. Results

2673.1. Reconstitution of NTS1-B in lipid bilayers

268Analysis of lipid–protein interactions using ESR and spin-labelled
269lipids requires proteoliposomes that are homogeneous in lipid:protein
270content and a knowledge of the lipid:protein molar ratio. This is neces-
271sary to ensure a homogeneous equilibrium of lipid–protein interactions
272across the sample, to enable measurement of the relative lipid binding
273constants. Fig. S2 shows sucrose density gradients of NTS1-B
274reconstituted into lipid bilayers by a dilution-dialysis method. Samples
275were dopedwith rPE to allow easy visualisation of the proteoliposomes
276and to quantify the lipid content by absorbance spectroscopy. The sharp
277bands show that all samples were homogeneous in density and there-
278fore homogeneous in lipid:protein content. Increasing the lipid:protein
279molar ratio decreased the density of the proteoliposomes, which ran
280higher in the gradient. It can be seen that the proteoliposomes do not
281run exactly at the interface between the gradient steps, particularly
282the sample of lipid:proteinmolar ratio of 50:1which runs in themiddle
283of the 40% sucrose step. This indicates that the gradient becomes contin-
284uous during centrifugation, although the steepness of the gradient
285formed between the steps might vary. Reconstitution of NTS1 cleaved
286from its fusion partners (MBP, Trx) gave heterogeneous proteolipo-
287somes (Fig. S2). The reduced hydrophilicity of the cleaved protein
288might influence the reconstitution process, and thus ESR experiments
289were performed with the full NTS1-B construct. NTS1-B has MBP and
290Trx fused at its N- and C-terminus, respectively. The topology of the
291receptor, with its N-terminus coming out of one side of the membrane
292and its C-terminus coming out of the other side, means that its water
293soluble fusion partners are located at opposite sides of the bilayer.
294Strong evidence that the fusion partners are not embedded in the
295bilayer (as expected) comes from the fact that it is possible to cleave
296them free also when the protein is reconstituted in lipid bilayers
297(nanodiscs) [12]. Therefore,MBP and Trx are not expected to alter inter-
298actions of lipids with the transmembranous region of NTS1. The NTS1-B
299fusion protein maintains a biologically relevant fold as evident from its

t1:1 Table 1
t1:2 Lipid:NTS1-Bmolar ratios, fraction of slowmotion component in the ESR spectra from 14-
t1:3 PCSL, and derived Nb values for each reconstituted sample. The final lipid:NTS1-B molar
t1:4 ratios after reconstitution were determined measuring simultaneously absorbance at
t1:5 573 nm and 280 nm for rPE and NTS1-B, respectively. ESR measurements were recorded
t1:6 at 25 °C or 18 °C (†) to facilitate spectral analysis. The error is themaximum range of error
t1:7 introduced upon determination of the final lipid:protein molar ratio (Nt) and the fraction
t1:8 of immobile component (f). The error for the Nb values is the maximum difference
t1:9 between the Nb value and the value obtained when Nb is calculated taking the extreme
t1:10 error values for Nt and f. (*) Combined sample used for measuring relative lipid affinities
t1:11 for which the corresponding sucrose density gradient analysis is also marked (*) in
t1:12 Fig. S2; the fraction of slow motion component is only given here for 14-PCSL.

t1:13 Lipid Preparative
lipid:NTS1-B
molar ratio

Final
lipid:NTS1-B
molar ratio

Fraction of
slow motion
component (f)

Average number of lipid
molecules associated to a
NTS1-B molecule (Nb)

t1:14 C18:1PC 80:1 75 ± 6:1 0.14 ± 0.05† 11 ± 5
t1:15 C18:1PC 60:1 57 ± 5:1 0.23 ± 0.01† 13 ± 2
t1:16 C18:1PC 50:1 43 ± 3:1 0.23 ± 0.03† 10 ± 2
t1:17 C18:1PC 40:1 39 ± 5:1 0.30 ± 0.01† 12 ± 2
t1:18 C18:1PC* 40:1 33 ± 3:1 0.29 ± 0.01 10 ± 1
t1:19 C20:1PC 40:1 41 ± 5:1 0.34 ± 0.02 14 ± 3
t1:20 C22:1PC 40:1 36 ± 6:1 0.28 ± 0.03 10 ± 3
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300 ability to bind to neurotensin in the neurotensin affinity column, and
301 previous experiments with the receptor also fused to MBP at the
302 N-terminal side and fused to different G proteins at the C-terminal
303 side showed that the fusion protein retained its ability to activate G pro-
304 teins [55]. Therefore studies of lipid–protein interactions in NTS1-B are
305 representative of lipid interactions with the native receptor. Table 1
306 shows the spectrophotometric analysis of the proteoliposomes, and
307 the final lipid:protein molar ratios, which were very close to the
308 intended preparative values as expected, given the homogeneity of
309 the samples. These values were used to calculate the average number
310 of lipids associated with the transmembrane region of a NTS1-B mole-
311 cule, as described below.

312 3.2. The lipid–protein interface

313 Interaction of spin-labelled lipids with the transmembranous region
314 of a protein reduces themotion of the spin label compared to that in the
315 bulk bilayer, so that the anisotropic averaging of the spin label is re-
316 duced for the population of lipids in contact with the protein interface,

317giving a broader ESR spectrum that can be resolved from the narrower
318spectrum of the lipids in the bulk bilayer, as shown for many other ex-
319amples [17,42,45]. The host lipid C18:1PC was chosen for these studies
320for its low phase transition temperature (−17 °C) to ensure maximum
321miscibilitywith other lipid species andwith the protein, and because PC
322is one of themain components of mammalian plasmamembranes [56].
323Fig. 1 shows the ESR spectrum of 14-PCSL in C18:1PC membranes con-
324taining NTS1-B at a lipid:protein molar ratio of 40:1. The spectrum
325shows two components: a narrow component (dashed arrows) from
32614-PCSL in the bulk bilayer, and a broad component (solid arrows)
327from 14-PCSL in contact with the transmembranous region of NTS1-B.
328For comparison, the spectra of 14-PCSL in 18:1PC membranes (Fig. 1C)
329and in sonicated C14:0PCmembranes (Fig. 1B) in the absence of protein
330are shown. In the absence of protein, in C18:1PC membranes the spec-
331trum is narrow indicating fast anisotropic averaging of the spin label,
332while in saturated C14:0PC membranes the spectrum is wider due to
333less complete anisotropic averaging. The motional averaging of these
334single-component spectra matches that in the two-component spec-
335trum, so that the single-component spectra fitted together to match
336the two-component spectrum (Fig. 1A, dashed line) give the fractions
337of slow (0.30 ± 0.01) and fast (0.70± 0.01)motion spin-labelled lipids Q3

338in the two-component spectrum [42,45], showing that 30 ± 1% of 14-
339PCSL is in contact with the receptor.
340From the lipid:protein molar ratio (Nt) of a sample, and the fraction
341of slower motion component (f) in the ESR spectrum of the spin-
342labelled lipid, it is possible to determine the average number of lipid
343molecules that are interacting with a single protein molecule (Nb), as
344shown for several other proteins [42,45,57,58]. At the low concentra-
345tions of spin-labelled lipids (bbNt) this relation is described by:

1− fð Þ= f½ � ¼ 1=Krð Þ Nt=Nbð Þ−1½ � ð1Þ
347347

where Kr is the relative affinity for the protein of the spin-labelled lipid
348relative to the unlabelled lipid. At [(1 − f) / f] = 0, Nt = Nb, giving the
349number of motionally restricted lipids interacting with the protein
350[42,45]. In Fig. 2, the experimental data obtained for 14-PCSL in mem-
351branes of increasing lipid:NTS1-B molar ratios is fitted to Eq. 1. It
352is not expected that 14-PCSL shows any specific interaction for a protein
353when in a PC bilayer, as shown previously [42,45] so that it is sensible to
354assumeKr

PC=1 (where Kr
PC isKr for 14-PCSL relative to C18:1PC). TheNb

355value given at the intercept of [(1 − f / f)] = 0 is 11 ± 1 (Fig. 2). By

Fig. 1. Single column fitting. ESR spectra of 14-PCSL: (A) in C18:1PC membranes
containing NTS1-B at a lipid:protein molar ratio of 40:1 (solid line); (B) in C14:0PC
sonicated membranes; (C) in C18:1PC membranes. In (A), the single-component spectra
shown in (B) and (C) were fitted to the two-component spectrum (solid line) obtained
in the presence of NTS1-B. The resulting fitted spectrum is in dashed line, and the
dotted line is the subtraction of the fitted spectrum from the experimental spectrum.
Small differences between the experimental and fitted spectra are normally seen in the
regions of steep slope due to small differences in motional averaging. Solid arrows point
to the outer peaks from the slow motion component, and dashed arrows point to the
outer peaks from the fast motion component. For comparison, vertical dotted lines trace
the positions of the peaks along all the spectra. Measurements were recorded at 25 °C
(A), 4 °C (B) and 18 °C (C), with a total scan width of 150 G. The spectra are normalized
to equal second integrals.

Fig. 2. Single column fitting. Ratio of fast to slow motion populations of 14-PCSL as
a function of lipid:protein molar ratio. The fractions of slow (f) and fast (1 − f)
motion 14-PCSL were obtained from the 14-PCSL spectra in samples of increasing
C18:1PC:NTS1-B molar ratios, measured at 18 °C. The solid line shows a fit to Eq. 1
assuming that Kr = 1, giving a stoichiometry of 11 ± 1 lipids associated to a NTS1-B
molecule (Nb = 11 ± 1) at the [(1 − f / f)] = 0 intercept. Error bars correspond to the
maximum range of error introduced upon determination of the fraction of immobile
component and determination of the lipid:protein molar ratio in each case.
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356 assuming that Kr
PC = 1 it is also possible to determine the Nb value on

357 an individual basis for each sample. Table 1 summarises the Nb values
358 obtained applying Eq. 1 individually to each sample considering the
359 maximum range of error introduced upon determination of the fraction
360 of slowmotion component and determination of the lipid:proteinmolar
361 ratio in each case. In all cases the Nb values are close to the collective fit
362 shown in Fig. 2. From the dimensions obtained in crystal structures it
363 can be estimated that an annulus of about 23 lipid molecules will be
364 necessary to fully solvate the transmembrane region of the receptor
365 [58]. Thus, the low Nb values obtained here suggest an oligomeric
366 state of the protein under our experimental conditions, where pro-
367 tein–protein contact sites reduce the number of lipid–protein contact
368 sites.

369 3.3. Hydrophobic mismatch

370 Hydrophobicmatching between the lipid bilayer and the transmem-
371 brane region of membrane proteins has been shown to influence their
372 oligomeric or aggregation state [59]. Fig. 3 shows the ESR spectra for
373 14-PCSL in membranes of increasing hydrophobic thickness containing
374 a lipid:NTS1-B molar ratio of 40:1. The spectra are very similar in
375 C18:1PC, C20:1PC and C22:1PC membranes, whose respective hydro-
376 phobic thicknesses are 27, 30.5 and 34 Å (Table S1), as measured from
377 the C-2 in the acyl chains of one leaflet to the C-2 in the opposite leaflet
378 [60]. The outer peaks of the broad slower motion spectral component
379 that arises from the population of spin-labelled lipid in contact
380 with the protein (solid arrows) do not vary, but the outer peaks of
381 the narrower faster motion spectral component corresponding to the
382 spin-labelled lipid in the bulk bilayer (dashed arrows) become broader
383 and less intense with increasing hydrophobic thickness. Deconvolution
384 of the spectra shows that the fraction of each component does not vary
385 significantly (Table 1), so that in all cases a similar fraction of spin-
386 labelled lipid is in contact with the receptor. This suggests that the
387 observed decrease in the intensity and width of the fast motion compo-
388 nent when increasing hydrophobic thickness is due to an increase in
389 the number of van der Waals interactions between the acyl chains, so
390 that the motion of the spin-labelled lipid in the bulk bilayer is reduced.
391 Because the fraction of lipid in contact with the protein is similar in all
392 bilayers, the transmembranous protein surface available for interaction
393 with lipids is most likely to be the same in the three membranes sug-
394 gesting that the oligomeric state of the receptor does not change signif-
395 icantly within the studied bilayer hydrophobic thicknesses.

3963.4. Relative lipid affinities for NTS1-B

397Fig. 4 shows the ESR spectra for different spin-labelled lipids in
398C18:1PC membranes containing a lipid:NTS1-B molar ratio of 40:1. For
399spin-labelled lipids with higher affinity for NTS1-B the fraction of slow
400motion component is greater (Table 2). Comparing the fractions of
401slow and fast motion components of these spectra allows determining
402relative lipid binding constants for the protein. Because C18:1PC is the
403host lipid, 14-PCSL is taken as the reference spin-labelled lipid. Then,
404at spin-labelled lipid concentrations (bbNt), constant lipid:protein
405molar ratio (Nt), and assuming a similar number of lipid binding sites
406(Nb) for the given spin-labelled lipids, it follows from Eq. 1.

Kr=K
PC
r

� �
¼ f 1− f 0ð Þ½ �= f 0 1− fð Þ½ � ð2Þ

408408

where f0 is the fraction of slow motion 14-PCSL in C18:1PC, and Kr
PC is

409the binding constant of 14-PCSL relative to C18:1PC [42,45]. Assuming
410that 14-PCSL has no selectivity for the protein relative to the host lipid
411C18:1PC (Kr

PC = 1), Eq. 2 directly gives the relative binding constant Kr

412of the other spin-labelled lipids relative to C18:1PC. The f and Kr values
413derived from the spectra in Fig. 4 are summarised in Table 2. The anionic
414lipids 14-PSSL and 14-SASL bind, respectively, with two and five times
415greater affinity for the receptor compared to PC, while uncharged PESL
416and CSL show no relative selectivity for the protein.

Fig. 3. Single column fitting. ESR spectra for 14-PCSL in lipid bilayers of increasing
thickness containing NTS1-B at a lipid:protein molar ratio of 40:1. Solid line for C18:1PC
membranes, dashed line for C20:1PC membranes and dotted line for C22:1PC
membranes. Solid arrows point the outer peaks of the slow motion component while
dashed arrows point to those of the fast motion component. Measurements were
recorded at 25 °C, well above the phase transition temperature of the three lipid species,
with a total scan width of 150 G. The spectra are normalized to equal second integrals.

Fig. 4. Single column fitting. ESR spectra of the given spin-labelled lipid species in C18:1PC
membranes containing NTS1-B at a lipid:protein molar ratio of 40:1. The outer peaks of
the slow motion component are indicated by the solid arrows and vertical dotted lines
except for the CSL spectrum which has a broader slow motion component indicated by
the dashed arrows. Measurements were recorded at 25 °C with a total scan width of
150 G. The spectra are normalized to equal second integrals.

t2:1Table 2
t2:2Fraction of the slow motion component and lipid binding constants relative to C18:1PC
t2:3(Kr) derived from the ESR spectra from 14-PCSL, 14-PESL, 14-PSSL, 14-SASL and CSL in
t2:4C18:1PC membranes containing NTS1-B at a lipid:protein molar ratio of 40:1 (spectra
t2:5from Fig. 4). The error is the maximum range of error introduced upon determination of
t2:6the fraction of immobile component (f). The error for theKr values is themaximumdiffer-
t2:7encebetween theKr value and the value obtainedwhenKr is calculated taking the extreme
t2:8error values for f.

t2:9Spin-labelled
t2:10lipid

Fraction of slow motion
component (f)

Binding constant relative to
C18:1PC (Kr / Kr

PC)

t2:1114-PCSL 0.29 ± 0.01 1.00
t2:1214-PESL 0.30 ± 0.01 1.05 ± 0.05
t2:1314-PSSL 0.44 ± 0.01 1.92 ± 0.08
t2:1414-SASL 0.68 ± 0.02 5.20 ± 0.51
t2:15CSL 0.27 ± 0.04 0.91 ± 0.19
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417 3.5. Molecular dynamics simulations

418 In order to gain detailed insights about specific NTS1–lipid inter-
419 actions that could aid in understanding the different lipid affinities
420 derived from ESR experiments, atomistic (AT) MD simulations were
421 carried out for a NTS1 model based on the crystal structure of PDB ID:
422 4BUO [50]. R305, the only mutated charged residue in this structure
423 which is accessible to lipid molecules, was back-mutated to the wild
424 type H305 to avoid the possible appearance of “artificial” clusters of
425 PS lipids around this point mutation. Simulations were performed in
426 bilayers resembling the composition of brain polar lipid extract (Avanti)
427 because this lipid mixture has been shown to optimally support ligand
428 binding of NTS1 [40] and contains the main lipids found in mammalian
429 plasma membranes also studied here with ESR. The calculated average
430 thickness value for the simulated BPL-like model membrane was
431 41.8±0.4Å (phosphorus to phosphorous distance), therefore very sim-
432 ilar to the experimental thickness reported for a C20:1PC lipid bilayer
433 (Table S1, [60]). The average number of contacts with each type
434 of lipid within a radius of 4 Å from the protein was very similar for
435 PC, PE, and cholesterol, while for PS it was about double that of the
436 other lipids (Fig. 5A). This is in very good agreement with the relative

437affinities derived by ESR (almost identical for PC and PE, and nearly
438double for PS binding to NTS1, Table 2). TheMD simulation also indicat-
439ed different lipid preferences for the extracellular (EC) and intracellular
440(IC) sides of NTS1. In particular, PC and PS showed higher relative fre-
441quency of contacts for the EC and IC domains, respectively (Fig. 5A),
442while cholesterol and PE presented very similar contacts with both
443domains. This observation correlateswell with the fact that themajority
444of PS lipidmolecules are located in the IC side of themammalian plasma
445membrane and PC molecules are more abundant in the extracellular
446side [61]. Interactions of PS with lipid-exposed positively charged resi-
447dues (see discussion) were studied using the same criteria. Preferential
448contacts to R1854.41 were observed, followed by K1884.44, R3778.51

449K2635.64, R3046.31 and R3116.38 (Fig. 5B). Thus, the IC end of TM4 and
450TM6 may represent high affinity binding sites for PS (Fig. S3).

4514. Discussion

4524.1. Stoichiometry of NTS1-B and associated lipid molecules

453At lipid:NTS1-B molar ratios ranging from 40:1 to 80:1 the fraction
454of slowmotion 14-PCSL indicates a constant and low number of associ-
455ated lipid molecules to each receptor molecule (Nb =11± 1, assuming
456that Kr

PC =1). Similar studies for frog [62] and bovine [17] rhodopsin in
457their native rod outer disc membranes gave Nb values of 22 ± 2 and
45824 ± 3, respectively, where the native membrane lipid:rhodopsin
459molar ratio is of 61:1. Bovine rhodopsin reconstituted at a lipid:
460rhodopsin molar ratio of 60:1 in C14:0PC or C15:0PC bilayers also
461gave an Nb value of ca. 22 [63]. The values reported for rhodopsin
462coincide with the number of lipid molecules that would be required to
463solvate the perimeter of the seven transmembrane domain receptor,
464as evidenced frommodelling of lipidmolecules around the crystal struc-
465ture of rhodopsin [58]. Numerous similar ESR studies have given Nb

466values for other membrane proteins that also match those expected
467from crystal structures [58]. The low Nb value of 11 ± 1 reported here
468for NTS1-B thus implies that protein–protein contacts occur reducing
469the surface of the receptor available for interaction with lipid molecules
470[64]. Previously, using fluorescence energy transfer in NTS1 fused to
471fluorescent proteins, we described constitutive dimerisation of the re-
472ceptor at higher lipid:protein molar ratios from ~600:1 to ~1000:1
473when reconstituted into bilayers from porcine brain polar lipid extract
474[10], and later we showed that the degree of dimerisation, as reported
475by FRET efficiency, is affected by the specific lipid composition of the
476bilayer [40]. In C16:0–C18:1PC membranes FRET efficiency was low
477compared to that in BPL membranes [40], so that in our present study
478in C18:1PC membranes we would expect little dimerisation, although
479potential effects due to difference in the lipid acyl chain saturation
480were not explored. However, an important difference with respect the
481FRET study is the lipid:protein molar ratio, with molar ratios ranging
482from 40:1 to 80:1 of lipid to protein in our ESR experiments, the higher
483protein concentration could favour dimerisation in PCmembranes. This
484is also in good agreement with a study showing concentration depen-
485dent dimerisation of rat NTS1 in detergent micelles [65].
486The current experiments in our laboratory in which we measure
487distances between the monomers of a dimer using small fluorescence
488or spin label probes attached at particular transmembrane helices of
489NTS1, suggest that association of receptors can occur dynamically
490through interfaces involving different helices (unpublished). An NTS1
491dimer model derived from our ongoing experiments indicate that, for
492a receptor molecule, the accessible surface to the lipid bilayer decreases
493by about 23% in a dimer compared to that of amonomer (unpublished).
494However, the Nb value measured for NTS1-B here is about half of that
495expected for a monomer, which would imply a 50% decrease in lipid
496accessible surface per receptor molecule, thus suggesting a higher
497order oligomeric arrangement in the present study. The ‘promiscuity’
498of receptor–receptor interface associations observed in our unpublished
499experiments could explain why at the lower lipid:protein molar ratios

Fig. 5. Single column fitting. (A) Normalized frequency of specific lipid interactions with
the extracellular (red bars), intracellular (green bars), and both (blue bars) domains of
NTS1. The number of contacts was normalized against the fraction of each lipid in the
membrane. (B) Per-residue normalized frequency of specific PS headgroup interactions
with the positively charged amino acids of NTS1 that are exposed to the lipid bilayer.
In (A) and (B) data was obtained over 180 ns of MD simulation (20–200 ns fragment)
of H305R backmutated NTS1 structure (PDB ID: 4BUO) modelled within a BPL-like
membrane.
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500 higher oligomeric arrangements occur. This promiscuity of associations
501 makes it very difficult to infer the stoichiometry of the oligomers from
502 the Nb value, because the surface area accessible to the lipid bilayer
503 varies depending on the particular protein–protein interface.
504 The low Nb value does not arise from random protein–protein
505 contacts at the low lipid:protein molar ratios studied here because the
506 probability of protein–protein contacts is still very low at these molar
507 ratios [46] as evidenced for rhodopsin and numerous other membrane
508 proteins studied this way [45]. Furthermore, random protein–protein
509 contacts would decrease upon increasing lipid:protein molar ratio,
510 and here this is not the case as Nb remains constant from 40:1 to 80:1
511 lipid:protein molar ratios (Table 1). For this reason, nonspecific aggre-
512 gation of the receptor is also unlikely. In contrast, a recent study com-
513 bining ESR and fluorescence experiments showed aggregation of the
514 bacterial potassium channel KcsA at lipid:channel molar ratios ranging
515 from 30:1 to 75:1. TheNb values for KcsA at thesemolar ratios increased
516 when decreasing protein concentration and were lower than the num-
517 ber of lipids necessary to fully solvate the transmembranous region of
518 the channel. However, at higher molar ratios the channel did not aggre-
519 gate: theNb valuewas constant and coincidedwith the number of lipids
520 required to cover the perimeter of the channel [66].
521 Finally, it must be considered that it is impossible to discard any
522 influence of the fusion partners on oligomerisation. However, both
523 MBP and Trx are used widely to aid maintaining the biological function
524 of heterologously expressed proteins and are not expected to drive
525 artefactual aggregation/oligomerisation. On the other hand, stearic hin-
526 drance could limit receptor–receptor interactions, but this seems not to
527 be the case given the consistent, low Nb value.

528 4.2. Effect of increasing the thickness of the lipid bilayer

529 Hydrophobic matching between the lipid bilayer and the hydropho-
530 bic segment of transmembrane proteins is important, and there are a
531 number of ways to compensate the energy cost of hydrophobic mis-
532 match which can affect protein function [59]. ESR studies of the type
533 reported here with spin-labelled lipids in combination with saturation
534 transfer experiments of spin-labelled bovine rhodopsin showed that
535 varying the hydrophobic thickness of the bilayer could induce extensive
536 aggregation or an oligomeric arrangement of the receptor [63,67].
537 More recently, FRET studies with Alexa fluorophores attached to bovine
538 rhodopsin also showed a dependence of receptor oligomerisation/
539 aggregation on lipid chain length [68]. Comparing the choice of saturat-
540 ed or monounsaturated PC lipids, and the different lipid:rhodopsin
541 molar ratios used in the aforementioned studies also reveals that
542 these factors can influence rhodopsin oligomerisation/aggregation.
543 Polyunsaturated acyl chains have been shown to interact more
544 favourably with rhodopsin than saturated chains [69], so that it is not
545 surprising that unsaturation and hydrophobic thickness can together
546 influence the aggregation/oligomeric state of the receptor.
547 In the current work, the lipid of choice was C18:1PC, as described
548 above, which has a bilayer phosphate–phosphate distance 4.5 Å shorter
549 than the average mammalian plasma membrane (Table S1). We also
550 reconstituted the receptor in thicker bilayers (Fig. 3), the C20:1PC and
551 C22:1PC membranes having phosphate–phosphate distances of 41.5

552and 45.0 Å respectively, but we observed no change in the Nb values
553for NTS1-B. This suggests that the oligomeric state of the receptor is
554stable across this short range of hydrophobic thicknesses, which covers
555the range of thicknesses of membranes found in the exocytic pathway
556of rat liver cells (Table S1, to our knowledge, the only mammalian
557cells for which bilayer thicknesses have been measured directly [70]).
558The stability in the oligomeric arrangement suggests that the bilayer
559accommodates to the hydrophobic thickness of the oligomeric protein,
560rather than any alteration in the protein folding to match the hydro-
561phobic thickness of the bilayer, which would be expected to affect
562oligomerisation.

5634.3. Relative lipid affinities for NTS1-B

564We measured the relative lipid affinities for NTS1-B of lipid species
565that are major components of the mammalian plasma membrane
566(Table 2). It is important to keep in mind that these interactions are
567for oligomeric NTS1-B,where some lipid binding sites in themonomeric
568form can be occluded, while new sites can be generated at the protein–
569protein interfaces. Both PC and PE, showed no relative selectivity for the
570receptor. We have previously reported that for NTS1 in reconstituted
571systems, the presence of PE as a major component of the lipid bilayer
572is important for effective binding of neurotensin [40]. Since PE shows
573little relative affinity for NTS1, one possibility is that this lipid exerts a
574bulk collective effect on the receptor. On the other hand, because PE is
575abundant in the bilayer, binding at a specific site to modulate function
576could not require high affinity for the lipid, because there would be suf-
577ficient lipid molecules around to interact with such a site, and therefore
578it is difficult to suggest a mechanism by which PE could mediate its
579effects on NTS1. For example, using ESR and spin-labelled lipids with
580bovine rhodopsin did not show selectivity for the PE headgroup [17],
581but recent studies have suggested that a combination of the collective
582effect of PE on the physical properties of the bilayer together with the
583level of acyl chain unsaturation and the ability of PE to engage in direct,
584water-free hydrogen bonding [71] with the protein are important to
585influence receptor function [72].
586Negatively charged PS is the third most abundant of the
587phosphoglycerolipids in plasma membrane after PC and PE [56]. PS
588showed approximately double the affinity for the receptor compared
589to zwitterionic PC and PE, while the negatively charged fatty acid
590showed ca. five times the affinity compared to that of the zwitterionic
591lipids. The differences in affinity could, in principle, be due to exposed
592positively charged residues at the lipid headgroup region of the bilayer.
593Crystal structures of stabilisedmutants of NTS1 showpositively charged
594residues that could interact with lipid headgroups in the bilayer, and
595which are native to the NTS1 sequence (Fig. 6, from PDB ID: 4BUO
596[50]). In the structure from White et al. [73] (PDB ID: 4GRV), although
597not all side chains have been resolved, R3046.31 and R3116.38 in trans-
598membrane helix 6 (TM6) appear in close proximity constituting a po-
599tential high affinity binding site for negatively charged phospholipids
600at the IC side. In the 4BUO structure [50], all of the positively charged
601side chains expected to be facing the lipid bilayer are resolved and are
602scattered around what would be the lipid-water interface, with a
603group of three close positively charged residues (R1854.41, K1874.43

Fig. 6. 2-Columnfitting. Solvent accessible surface of NTS1 (PDB ID: 4BUO). Lysine and arginine residues that could interactwith lipids in the bilayer are coloured orange and green, respectively.
Images generated with The PyMol Molecular Graphics System, Version 1.7.0.5 Schrödinger, LLC.
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604 and K1884.44), at the IC side of TM4 (Fig. 6). The chains of the R3046.31

605 and R3116.38 residues in TM6 in the 4BUO structure are, however,
606 pointing further apart than in the 4GRV structure. The IC side of TM6
607 is one of the regions of the receptor where the two structures differ
608 most, probably due to the absence of the interfacial helix 8 in 4GRV,
609 which has been proposed to result in a displacement of TM6 towards
610 an “active-like” position [50]. Movement of TM6 is critical for signal
611 transduction and G protein coupling [74], and it has been shown that
612 for the β2-adrenergic receptor (β2AR) TM6 is highly dynamic, sampling
613 several conformational states with and, to a lesser extent, without
614 bound agonist [75,76]. Therefore, lipids interacting with TM6 could
615 influence its conformational state, having an impact on G protein cou-
616 pling. It is attractive to speculate that different conformational states
617 could expose/hide lipid binding sites through which lipids could exert
618 their modulatory effects. Remarkably, recent MD simulations on β2AR
619 show that the space exposed by the movement of TM6 in the active
620 structures allows penetration of lipid molecules which interact with
621 R3.50 and stabilise the active conformation, with anionic lipids binding
622 more frequently [77]. Experimental evidence correlating direct mea-
623 surement of lipid interactions with channel opening has been obtained
624 for the mechanosensitive channel MscL [78–80] and the potassium
625 channel KcsA [81]. In this case, Lee and co-workers measured relative
626 lipid binding constants by quenching Trp fluorescence with lipids bro-
627 minated at the acyl chains [82]. In the case of MscL, by placing a single
628 Trp residue at a site close to a cluster of positively charged residues
629 they were able to measure relative lipid affinities for a single high affin-
630 ity lipid binding site on the protein. The measurements gave PS and
631 phosphatidic acid (PA) binding constants relative to PC of 5.0 ± 0.6
632 and 8.4 ± 0.5 [78]. Later they showed that interaction with negatively
633 charged lipids modulates channel opening [79] and that such modula-
634 tion is mediated by binding of the negatively charged lipids at the clus-
635 ter of positively charged residues [80]. The relative lipid binding
636 constants in MscL reported by Powl et al. for PS and PA are significantly
637 higher than that obtained here for PS using ESR. However, two impor-
638 tant things must be considered. First, the distribution of PS in the mam-
639 malian plasma membrane is asymmetric [61], with the majority being
640 located in the IC side. This means that the fraction of PS constituting
641 the inner leaflet is very high, so that binding at a particular site on a
642 protein at the IC side will not require very high affinity binding sites.
643 Second, the binding constants reported by Powl et al. [78] were deter-
644 mined for a specific site, while the binding constants reported by the
645 ESR method are a weighted average for all the lipid binding sites in
646 the protein [42,45,57], so that the binding constant for a high affinity
647 binding site is averaged together with the binding constants for lower
648 affinity binding sites. This means that it is perfectly reasonable to
649 suggest a role for PS in modulating receptor function through direct in-
650 teraction. Our MD simulation of the NTS1 monomer in the BPL-like
651 membrane is in agreement with the ESR data, and points to specific
652 high affinity sites in the IC side of TM4 and TM6 where PS could bind
653 to exert modulatory effects (Fig. 5B and Fig. S3); mutating these resi-
654 dues will be important to determine their role in the interaction with
655 lipids and potential receptor function modulation. Other residues that
656 could become accessible to the lipid bilayer upon receptor activation,
657 as observed for the β2AR [77], must also be considered.
658 The relative binding constant obtained here for the fatty acid (Kr =
659 5.20 ± 0.51) is much higher than for PC, PE, or PS. A possible explana-
660 tion for this higher affinity could be that the smaller headgroup of the
661 fatty acid allows easier access to crevices of the protein. It is expected
662 that the negative charge in the fatty acid will also be important, al-
663 though fatty acids incorporated into lipid bilayers have their pKa shifted
664 towards physiological pH, so only roughly 40% of the fatty acid is ex-
665 pected to be deprotonated [83]. Nonetheless, the microenvironment
666 provided by a positively charged cluster of residues could affect this
667 pKa to favour deprotonation of the fatty acid, strengthening the interac-
668 tion at such site. Fatty acids, in particular polyunsaturated fatty acids,
669 are well known for acting as signalling molecules that are able to affect

670the activity of a wide range of ion channels [84,85]. These messenger
671molecules are released upon stimuli through phospholipases, and re-
672cently have been shown to be able tomodulate the activity of potassium
673channels (in vitro and in celulla) through direct binding at the pore of
674these channels [86,87]. Using ESR [88] and fluorescence [89] with
675spin-labelled and fluorescently labelled fatty acids, respectively, it has
676been possible to measure directly binding constants for fatty acids to
677the pore of a potassium channel. NTS1 has been shown to mediate
678release of arachidonic acid through G protein activation [90], therefore,
679an interesting possibility arises that fatty acids could also have a modu-
680latory effect on NTS1 and other GPCRs through direct interactions upon
681local release from cellular stimuli. The recent crystal structure of the A2A

682adenosine receptor obtained from lipid cubic phase showed numerous
683associated lipid chains whose headgroups were not resolved [91].
684Some of these lipid chains, most of them modelled as oleic acid, were
685intimately associated with the receptor, one of them protruding into
686the ligand binding pocket, providing structural insights into potential
687modes of interaction of fatty acids with a GPCR.
688The spin-labelled cholesterol analogue, CSL, showed no relative
689selectivity for NTS1-B. A large number of studies document the impor-
690tance of cholesterol for GPRC function (discussed in refs. [1–3]). For
691rhodopsin, cholesterol has been shown to influence receptor function
692and stability [92–94], but no selectivity for CSL relative to PC was ob-
693served using ESR studies of the type presented here, assuming similar
694binding sites for both lipids [17]. The latter ESR study did show, how-
695ever, that CSL is able to interact with rhodopsin, in agreement with
696later FRET experiments between Trp (donor) and the cholesterol ana-
697logue cholestatrienol (acceptor) [18]. The FRET study further revealed
698that cholestatrienol–rhodopsin interactions could be displaced by
699cholesterol but not by ergosterol, suggesting specific binding sites for
700cholesterol. In the case of the serotonin1A receptor, experiments with
701cholesterol stereoisomers have suggested a stereospecific interaction
702of cholesterol with the receptor affect agonist binding, although effects
703due to changes in the bulk physical properties of the bilayer could not
704be discarded [95]. Cholesterol also has some influence on NTS1; we
705showed that it can affect receptor oligomerisation and that the analogue
706CHS increases the stability of the receptor to some extent [40], however,
707NTS1 is capable of ligand binding and G protein coupling in the absence
708of cholesterol [12,15,40,55]. The conserved cholesterol motive (CCM)
709proposed as a site for interaction of cholesterol with GPCRs [96] and a
710more generic CRAC motif (cholesterol recognition/interaction amino
711acid consensus, identified first in other membrane proteins [97] and
712later in GPCRs [98]) are found in the NTS1 sequence [40], but whether
713cholesterol influences NTS1 through direct interaction with these mo-
714tives remains unknown. The broad component in Fig. 4 for CSL shows
715that, although this analogue does not have higher affinity for NTS1-B
716relative to PC, it is able to interact with the receptor, so that binding at
717the proposed cholesterol motives cannot be ruled out. Fluorescence ex-
718periments of the type performed with rhodopsin in combination with
719site directedmutagenesis could be a goodway to explore this possibility.
720Finally, it is important to note that the relative lipid binding con-
721stants determined here are for a small fraction of spin-labelled lipid
722(1 mol%) in the C18:1PC background, so that the spin-labelled lipids
723cannot affect the bulk biophysical properties of the bilayer. This means
724that the relative affinities measured rely on the ability of the different
725lipid species to establish interactions with the receptor in the 18:1PC
726membrane background. Generally, it is very difficult to determine
727whether the effects of lipids on membrane proteins are due to the
728bulk physical properties of the bilayer or due to interactions between
729particular lipids and particular sites [99]. The experiments presented
730here therefore offer a unique opportunity to measure lipid–receptor
731interactions without the influence of bulk physical effects, and will be
732critical for future interpretation of the important functional dependence
733of NTS1 and other GPCRs on lipids.
734Numerous studies have shown the lipid environment is critical for
735rhodopsin function, and it is becoming evident that the same holds for
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736 NTS1 and other GPRCs. However, as our knowledge on other GPCRs
737 increases, it is apparent that despite marked similarities between the
738 crystal structures of rhodopsin and other GPCRs, there are important
739 differences in receptor dynamics [100]. Lipids can affect receptor
740 dynamics [20], and here we show that the way lipids interact with
741 NTS1 is also very different to the way lipids interact with rhodopsin.
742 Membrane proteins have co-evolved with the lipid composition of the
743 membranes surrounding them, and for such a diverse and versatile
744 group of proteins as GPCRs it is reasonable to think that evolution has
745 fine-tuned receptor function to itsmembrane environment.Much effort
746 will be necessary to dissect all the factors that affect GPCRs and to un-
747 derstand how all these factors orchestrate GPCR biological function
748 in vivo.
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