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Abstract
The type 1 neurotensin receptor (NTS1) belongs to the G-protein coupled receptor (GPCR) family.
GPCRs are involved in important physiological processes but for many GPCRs ligand binding sites
and other structural features have yet to be elucidated. Comprehensive analyses by mass spectrometry
(MS) could address such issues, but they are complicated by the hydrophobic nature of the receptors.
Recombinant NTS1 must be purified in the presence of detergents to maintain solubility and
functionality of the receptor, to allow testing of ligand or G-protein interaction. However, detergents
are detrimental to MS analyses. Hence steps need to be taken to substitute the detergents with MS-
compatible polar/organic solvents. Here, we report the characterization of NTS1 by electrospray
ionization mass spectrometry (ES-MS) with emphasis on methods to transfer intact NTS1 or its
proteolytic peptides into compatible solvents by protein precipitation and liquid chromatography
(LC) prior to ES-MS analyses. Molecular mass measurement of intact recombinant NTS1 was
performed using a mixture of chloroform/methanol/aqueous TFA as the mobile phase for size
exclusion chromatography-ES-MS analysis. In a separate experiment, NTS1 was digested with a
combination of CNBr and trypsin and/or chymotrypsin. Subsequent reversed phase LC-ES-MS/MS
analysis resulted in greater than 80% sequence coverage of the NTS1 receptor protein including all
seven transmembrane domains. This work represents the first comprehensive analysis of recombinant
NTS1 receptor using mass spectrometry.
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Introduction
The type 1 neurotensin receptor (NTS1) is a G-protein coupled receptor (GPCR) that is
predominately expressed in the brain and intestine. Recent studies have indicated that NTS1
is linked to cancer and pain perception [1]. The receptor is activated by the brain-gut
tridecapeptide neurotensin. From mutational analyses and computer assisted modeling
techniques, it has been proposed that neurotensin interacts with amino acids in TMs IV and VI
[2] and extra-cellular loop III [2;3] of NTS1. The backbone conformation of neurotensin, bound
to NTS1, was determined by solid-state nuclear magnetic resonance experiments [4].
Alternative approaches, such as mass spectrometry, would allow further characterization of
the receptor-ligand interactions. As a prerequisite for such studies, protocols must be developed
to cover the entire sequence of NTS1, which is described below.

Mass spectrometry (MS) has gained wide acceptance for the structural characterization of
proteins. Proteins can be analyzed intact or after digestion into peptides. Detection of the intact
protein provides molecular mass information and the extent of protein heterogeneity. The
analysis of proteolytic peptides allows confirmation of the amino acid sequence (assuming that
full sequence coverage is achieved) and a thorough investigation of post-translational
modifications i.e.; modification type and location. With continuous improvements in
technology and computer software, MS has become not only a key player in protein sequencing
but also a tool for the characterization of higher order protein structures, non-covalent
complexes and receptor-ligand binding interactions [5;6].

The under-representation of GPCRs and indeed other integral membrane proteins in MS-based
proteomic studies is primarily due to their hydrophobic nature. Membrane proteins aggregate
when they are removed from their lipid environment; however, this can be minimized by using
suitable detergents. The choice of an appropriate detergent allows efficient extraction from
membranes (solubilization), as well as preservation of the receptor’s function and hence 3D
structure; a requirement for studying for example receptor-ligand interactions. Detergent
composition and concentrations must be optimized experimentally for each receptor in question
to maintain its functional integrity. However, detergents are often detrimental to proteolytic
digestion and to mass spectrometric analyses [7] and therefore they need to be reduced or
completely removed before MS analysis while maintaining receptor solubility in MS-
compatible solvents. Despite these challenges, some GPCRs have been successfully studied
by MS [8;9;10;11;12;13;14;15;16;17].

To-date, only three GPCRs, rhodopsin [8;9], the tachykinin NK-1 receptor [17] and recently
the cannabinoid 2 (CB2) receptor [14] have had their protein sequences (almost) completely
determined using MS. Given its naturally high abundance and availability, the photoreceptor
rhodopsin was the first GPCR to be completely sequenced. In initial studies by Barnidge et al.
[18], rhodopsin was purified from retinal rod outer segment membranes in the presence of the
detergent n-octyl-β-D-glucoside, partially denatured in urea, and then digested with trypsin.
The resulting tryptic peptides were separated by reversed phase liquid chromatography (LC)
with octyl-glucoside in the mobile phase. Peptides covering the hydrophilic loop regions and
hydrophobic peptides from 4 out of 7 TM domains were observed by matrix assisted laser
desorption ionization-time of flight mass spectrometry (MALDI-TOF MS). The limited
coverage of rhodopsin’s hydrophobic regions may have been a consequence of the interfering
effects of octyl-glucoside on the MALDI-TOF MS analysis. Following these initial studies,
modifications to the rhodopsin preparation protocol for MS analyses were made by several
groups [8;9;10;11] improving the sequence coverage of rhodopsin to include all 7 TM domains.
While the detergents used to purify the receptor from the rod outer segment membranes varied
between protocols, a common feature in all was that the purified receptor was first precipitated,
and then digested with cyanogen bromide (CNBr). Precipitation of the receptor prior to
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digestion helped to reduce the amount of detergent, while high acid concentrations needed for
CNBr digestion provided favorable conditions for dissolving the precipitated receptor. The
identification of peptides after CNBr treatment was performed either by MALDI-TOF MS
[8;9;10] or by ES-MS after separation of the CNBr generated peptides by reversed phase LC
[11]. Full sequence coverage of rhodopsin by bottom-up MS methods led to further studies on
the receptor including the characterization of post-translational modifications [19;20;21] and
to probing interaction sites with the transducin α-subunit [22]. A different MS sample
preparation was employed by Alves et al. for a recombinant tachykinin NK-1 receptor,
achieving ~80% sequence coverage [17]. The purified receptor (with FLAG and His-tags) was
subjected to one-dimensional sodium dodecylsulfate polyacrylamide gel electrophoresis (1D
SDS PAGE). The receptor band was excised and in-gel digestion was performed with a
combination of enzymes and/or CNBr. Peptides from the tachykinin receptor were extracted
from the gel in the presence of the detergent n-dodecyl-β-D-maltoside at 0.1% and analyzed
by MALDI-TOF MS. The addition of dodecyl-maltoside to extraction buffers has been shown
to improve the recovery of hydrophobic peptides from in-gel digestions and dodecyl-maltoside
at low concentrations seemed tolerable in the MALDI-TOF MS. However, it was noted by the
authors that the tachykinin NK-1 receptor peptides appeared as weak signals and most of the
intense peaks in the spectrum corresponded to contaminants [17]. Recently, ~90% of the
cannabinoid CB2 receptor sequence was observed using MS. The recombinant receptor was
digested with trypsin in the presence of the detergent 5-cyclohexyl-1-pentyl-β-D-maltoside
(CYMAL5) at low concentration [14] and the resulting peptides were identified by reversed
phase LC-ES-MS/MS using formic acid/water/acetonitrile mixtures as the mobile phase. This
represented a significant breakthrough as previous attempts reported that 70% of the
hydrophobic TM domains remained undetected when an in-gel trypsin digestion was
performed [23].

Two GPCRs, rhodopsin and the tachykinin NK-1 receptor, have been analyzed intact by MS.
Intact rhodopsin was precipitated with acetone, separated using a mixture of water/formic acid/
2-propanol as the mobile phase and analyzed by ES-MS. The recorded mass spectra revealed
extensive heterogeneity owing to different glycoforms of rhodopsin and modifications such as
phosphorylation and formylation [24]. Recently, the intact tachykinin NK-1 receptor was
analyzed using MALDI-TOF MS [17]. The histidine-tagged receptor was expressed in
mammalian cells, and bound to either nickel or cobalt chelating magnetic beads for purification.
The beads containing the receptor were then directly deposited on the MALDI target. The
MADLI mass spectrum indicated the presence of the unmodified receptor as well as a number
of glycosylated and truncated forms. These results were confirmed by Western blotting.

The above examples show that sample preparation prior to MS analysis varies between
receptors, possibly reflecting differences in amino acid sequence and purification protocols to
obtain purified GPCRs. Therefore, sample preparation methods for MS analysis would need
to be refined specifically for each receptor. Factors such as the degree of detergent removal
prior to MS, solubility of the intact receptor or receptor peptides in MS-compatible solvents,
and efficiency of proteolytic enzymes will influence the ability to achieve full sequence
coverage of a particular receptor. With these factors in mind, we present here the analysis of
NTS1 by LC-ES-MS. Under optimized conditions, we were able to obtain a mass spectrum of
intact NTS1 and achieve 88% coverage of the amino acid sequence from a combination of
chemical and proteolytic fragments.

Materials
Water, acetonitrile, cyanogen bromide (5M in acetonitrile) (CNBr), formic acid, ammonium
bicarbonate, trifluoroacetic acid (TFA), iodoacetamide (IAM), dithiothreitol (DTT),
chloroform, and methanol were purchased from Sigma-Aldrich (St Louis, MO). RapiGest™
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SF was purchased from Waters Corporation (Milford, MA). The model TM peptide
(IYSKVLVTAIYLALFVVGTVGNSVTAFTLARKKSLQSLQSTVHYHLGSLALSDLLIL
LLAMPVELY) was synthesized at the Center for Biologics Evaluation and Research (CBER),
FDA, Bethesda, MD.

Experimental
Preparation of NTS1

The NTS1 fusion protein MBP-N10-Tev-rT43NTR-CH2-N5G3S-G3S-TrxA-H10 (here
referred to as NTS1-1233) consists of the Escherichia coli maltose-binding protein, followed
by a linker and a tobacco etch virus (Tev) protease recognition site, the N-terminally truncated
rat neurotensin type 1 receptor (NTS1) starting at Thr43, a second Tev protease recognition
site at the receptor C-terminus, a linker, the E. coli thioredoxin and a decahistidine tag [25].
The fusion protein was expressed in E. coli and purified as described [25]. Purified NTS1-1223
was incubated overnight at 4°C with Tev protease in the presence of DTT. This generated
rT43NTR, with Ser-Gly-Ser at the N-terminus, and with the C-terminus ending in Glu421-Asn-
Leu-Tyr-Phe-Gln (calculated average molecular mass of 43,303 Da). We refer to rT43NTR as
NTS1. The mixture was resolved by size-exclusion chromatography in detergent buffer (20
mM TrisHCl pH 7.4, 8% glycerol, 1 M NaCl, 0.03% 3-[(3-cholaminidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS)/0.006% cholesteryl hemisuccinate (CHS),
0.01% n-dodecyl-β-D-maltoside (LM)) [25] to obtain NTS1.

Intact Protein Analysis by Size-Exclusion Chromatography-Electrospray Ionization Mass
Spectrometry (SEC-ES-MS)

Purified NTS1 receptor protein (25 µL at 0.34 mg/mL) in detergent buffer was diluted 1:1 with
neat TFA prior to analysis. SEC was performed on a Hewlett-Packard (Palo Alto, CA) binary
LC pump using a Super SW2000 size exclusion column (4.6 mm ID × 30 cm, Tosoh Bioscience,
Montgomeryville, PA). The mobile phase consisted of chloroform/methanol/0.5% aqueous
TFA (1:3:1 v/v/v). The flow rate was set to 200 µl/min and the column temperature to 30°C.
The eluent was directly electrosprayed into a single quadrupole mass spectrometer, HP1100
LC-mass selective detector (MSD) (Palo Alto, CA). Data were acquired from m/z 600-2000
every 7 s. Nitrogen was used to assist nebulization and desolvation. The HP ChemStation data
system was used for data acquisition and deconvolution. The MS instrument was calibrated
with a standard Agilent ES tuning mix.

Analysis of Model Transmembrane Peptides
Purified synthetic transmembrane peptide with sequence
IYSKVLVTAIYLALFVVGTVGNSVTAFTLARKKSLQSLQSTVHYHLGSLALSDLLILL
LAMPVELY was digested with trypsin in the presence of either 60:40 (v/v) methanol/50 mM
ammonium bicarbonate, 80:20 (v/v) acetonitrile/50 mM ammonium bicarbonate or an acid
labile detergent (Rapigest) to generate two tryptic peptides comprising TM I
(VLVTAIYLALFVVGTVGNSVTAFTLAR) and and TM II
(SLQSLQSTVHYHLGSLALSDLLILLLAMPVELY) of NTS1. The digest mixture was
analyzed by LC-MS. Briefly, the digest mixture was separated by reversed phased
chromatography using a CapLC (Waters) and peptides were mass measured using a Q-ToF II
(Micromass/Waters) mass spectrometer.

Protein Precipitation
Purified NTS1 receptor protein in detergent buffer was precipitated with chloroform/methanol/
aqueous TFA. Briefly, methanol (150 µL) and chloroform (50 µL) were added to the protein
solution (50 µL at 0.34 mg/mL) and mixed. A solution of 10% trifluoroacetic acid (aqueous)
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(100 µL) was added, followed by brief mixing. The two phases were separated by
centrifugation (8,944 × g at 10°C, for 20 min), and the precipitated protein accumulated
between the two solvent phases. The bulk of the upper and lower phases was removed without
disrupting the precipitated protein at the interface. Methanol (150 µL) was added to the
precipitate and mixed. The protein pellet was recovered by centrifugation. The majority of the
methanol was removed with a pipette tip and the protein pellet was then allowed to dry.

Digestion of NTS1 Receptor
For CNBr cleavage, the dried protein was dissolved in 90% aqueous formic acid (100 µL).
CNBr (5 µL) was added to the dissolved receptor and mixed for 2 hours at room temperature
in the dark, after which CNBr was removed using a vacuum centrifuge. Peptides were acidified
with 0.5% TFA (500 µL) and left to stand overnight at room temperature. TFA was removed
using a vacuum centrifuge and peptides were washed with water (2×100 µL) with drying in
between each wash step. The peptides generated by the CNBr treatment were dissolved in 25
µL 0.2% RapiGest solution before performing reduction and alkylation of cysteines. To reduce
the disulfide bonds, the sample solution was adjusted to 4 mM DTT and incubated at 55°C for
30 minutes. For the subsequent alkylation of free cysteine residues, the solution was adjusted
to 8.3 mM iodoacetamide and incubated at room temperature in the dark for 30 minutes. The
CNBr generated, cysteine alkylated peptides were further digested with trypsin and/or
chymotrypsin in the presence of 0.2% RapiGest. A 1:5 enzyme-to-protein ratio was used.
Digestion was carried out at 37°C overnight. RapiGest was then hydrolyzed by the addition of
formic acid at a final concentration of 30%. The peptide mixture was incubated at 37°C for 30
minutes and then centrifuged for 5 minutes. The supernatant was transferred to a clean vial and
stored at −20°C until required for analysis.

LC-ES-MS/MS Analysis of NTS1 Fragments
An aliquot of the NTS1 digest mixture (10 µL) was loaded onto a Waters Symmetry 300 C18
NanoEase™ trap column (5µm) (Waters, Milford, MA) using 0.2% aqueous formic acid
(mobile phase A) for desalting. Peptides were subsequently separated on a C18 column
(VC-10-C18WS-150, Micro-Tech Scientific, Vista, CA) using a gradient with mobile phase
B containing 0.2% formic acid in acetonitrile. The eluent from the column was directed into
the nano-electrospray source of the mass spectrometer fitted with a 360 µm OD, 75 µm ID, 10
µm tip Picotip emitter (New Objective, Woburn, MA). Reversed phase LC was performed
using a CapLC system (Waters) and tandem mass spectrometric analysis was performed using
a 7-Tesla linear ion trap Fourier transform ion cyclotron resonance (LTQ-FTICR) mass
spectrometer (ThermoFisher, San Jose, CA). Data were acquired in data-dependent mode using
Xcalibur software. In each cycle, the five most intense ions detected in FT-ICR mode were
automatically isolated and fragmented by CID in the linear ion trap. Bioworks (ThermoFisher)
was used to generate dta files and a perl script was used to generate a Mascot Generic Format
(MGF) file that was then used to search the Swissprot protein database using the MASCOT
(Matrix Science, London, UK) search engine. Typical search parameters include: 10ppm error
for MS mode and 0.5 Da for MS/MS mode. The identified peptides were verified by manual
interpretation of MS/MS spectra.

Results and Discussion
A combination of the detergents CHAPS and LM in the presence CHS and glycerol is essential
to maintain NTS1 in soluble and functional form during solubilization and purification[26].
Although critical for purification, these reagents have adverse effects on proteolytic digestion
and LC-ES-MS analyses. Therefore, the NTS1 sample was treated in a manner to substitute
the detergents with LC-ES-MS compatible solvents whilst maintaining receptor solubility
throughout. The amino acid sequence of recombinant NTS1 is shown in figure 1.
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Analysis of Intact NTS1 Receptor
To analyze the intact NTS1 receptor by ES-MS, it was necessary to dissolve the receptor in
MS-compatible solvents. Typical electrospray solvents such as acetonitrile/aqueous acid or
methanol/aqueous acid mixtures do not adequately dissolve hydrophobic proteins. A number
of research groups showed that the addition of chloroform, which is MS-compatible, to these
solvent mixtures improved the solubility of membrane proteins, and hence enabled acquisition
of mass spectra of intact seven transmembrane proteins such as bacteriorhodopsin [27;28] and
bacterioopsin [29;30]. In subsequent studies, the use of chloroform/methanol/aqueous acid was
extended further by Whitelegge and co-workers by employing this mixture (4:4:1 v/v/v) as the
mobile phase for the separation of membrane proteins by size-exclusion chromatography
(SEC) coupled to ES-MS [31;32;33;34]. The method has been successfully applied to the
characterization of intact thylakoid membrane proteins [34] and cytochrome b6f complexes
[33]. The chloroform/methanol/aqueous acid mixture (4:4:1 v/v/v) employed by Whitelegge
and co-workers served as starting point to find suitable mobile phases for the analysis of
recombinant NTS1 by SEC-MS. NTS1 precipitated upon addition of the 4:4:1 chloroform/
methanol/aqueous formic acid mixture to receptor-containing detergent buffer in preparation
for SEC. Therefore, alternative solvent combinations were tested. Adding TFA to receptor-
containing detergent buffer, and using a mobile phase of chloroform/methanol/0.5% aqueous
TFA (1:3:1 v/v/v) for SEC was found to keep NTS1 soluble and therefore amenable to SEC-
MS.

Figure 2a shows the total ion chromatogram (TIC) from SEC-MS analysis of the intact NTS1
receptor using chloroform/methanol/0.5% aqueous TFA (1:3:1 v/v/v) as the mobile phase. The
peak eluting at 11−12 minutes corresponded to monomeric NTS1. The summed mass spectrum
is shown in figure 2b and deconvolution of the multiply charged spectrum gave a single
component with a molecular mass of 43,321 Da. The mass discrepancy between the
experimental molecular mass of NTS1 and of that calculated from amino acid sequence shown
in figure 1 (43,303 Da) can be accounted for by an oxidation and/or sodium adduct. High acid
concentrations employed to solubilize the receptor is the likely cause of amino acid oxidation
and sodium was present from the sample preparation. The MSD mass spectrometer used here
for intact protein analysis was unable to resolve these products but their presence can be
confirmed. The calculated errors between the experimental and theoretical molecular mass of
these products are within the error range of the mass spectrometer. The summed mass spectrum
of the peak eluting at 13–14 minutes in the TIC showed ion signals from multiple components.
Deconvolution of these signals resulted in multiple components with molecular masses
approximately twice that of NTS1, suggesting that the second peak (13–14 minutes)
corresponded to NTS1 dimeric aggregates. The detergent CHAPS elutes after 20 minutes
(figure 2a) and was thus sufficiently separated from NTS1 to allow the molecular mass
determination of the receptor.

Digestion and LC-ES-MS/MS Analysis of NTS1 Fragments
As an initial experiment, we performed digestion of purified NTS1 in detergent buffer with
trypsin. The resulting peptides were identified by reversed phase LC-MS/MS using
acetonitrile/water/0.2% formic acid mixtures as the mobile phase. With this approach, less than
20% of the receptor sequence was covered, with the majority of the observed peptides
corresponding to regions from the hydrophilic intra-and extra-cellular loops (data not shown).
Several factors may account for these results. First, low sequence coverage may have been
caused by the presence of high concentrations of detergents which can affect the ionization
efficiency of peptides. Extracted ion chromatograms of CHAPS (m/z 615.40) and LM (m/z
511.31) showed the monomers and their multimers eluting as broad peaks overshadowing
coeluting NTS1 peptides (data not shown). The strategy to remove detergent by SEC, as was
done with the intact receptor, could not be applied to peptide separation because the molecular
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masses of CHAPS and LM (monomer and multimers) are too similar to the NTS1 peptides.
Second, NTS1 may have stayed tightly folded in the presence of the detergents CHAPS/LM/
CHS such that trypsin could not access all cleavage sites in NTS1 leading to long hydrophobic
peptide due to trypsin missed cleavages. Third, some of the tryptic peptides are predicted to
contain one or more TM domain due to lack of tryptic cleavage sites within these regions.
These long hydrophobic tryptic peptides may not be amenable to separation by reversed phase
LC, have poor ionization efficiency or fragmentation by collision induced dissociation (CID)
and thus could not be observed.

To test whether digestion efficiency, reversed phase LC separation, electrospray ionization and
fragmentation by CID are influenced by the length and amino acid composition of TM domains,
a portion of the rat NTS1 receptor sequence was synthesized and used as a model TM peptide.
The amino acid sequence of this synthetic peptide
(IYSKVLVTAIYLALFVVGTVGNSVTAFTLARKKSLQSLQSTVHYHLGSLALSDLLIL
LLAMPVELY) corresponded to TM I, loop I and TM II of NTS1 (figure 1). We recognize
that the synthetic peptide represents only a small portion of NTS1 and that trypsin digest
conditions optimal for this peptide may not necessarily present conditions suitable for the entire
protein. Nonetheless, we used this peptide as representative of the typical length and
hydrophobicity of peptides potentially produced from digestion of NTS1 and therefore as a
useful model to investigate appropriate experimental conditions for their retention and
separation by reversed phase LC and also ES ionization and fragmentation by CID. This
particular portion of the NTS1 receptor was chosen because in previous digestions no peptides
corresponding to the TM I domain were observed, but peptides corresponding to the TM II
domain were found frequently. The synthetic peptide was digested with trypsin in the presence
of either 60:40 (v/v) methanol/50 mM ammonium bicarbonate, 80:20 (v/v) acetonitrile/50 mM
ammonium bicarbonate or an acid labile detergent (Rapigest) to generate two tryptic peptides
comprising TM I and TM II of NTS1. These digestion buffers were chosen because the
synthetic NTS1 peptide dissolved in them and they have been shown to enhance the number
of peptides in tryptic digests of integral membrane proteins[35;36;37]. Figure 3 shows the
extracted ion chromatograms of the triply charged peptides,
VLVTAIYLALFVVGTVGNSVTAFTLAR (TM I) and
SLQSLQSTVHYHLGSLALSDLLILLLAMPVELY (TM II), from a LC-ES-MS analysis of
a trypsin digestion of the synthetic NTS1 peptide in the presence of 0.2% Rapigest in
ammonium bicarbonate. These two peptides could be separated by reversed phase LC using
acetonitrile/water/0.2% formic acid mixtures and were successfully analyzed by ES-MS and
ES-MS/ MS. Therefore, it is probable that the observation of low sequence coverage in previous
experiments with the NTS1 receptor was due to inefficient digestion rather than to the
properties of the TM peptides.

Methods to improve the efficiency of proteolytic enzymes are to reduce or completely remove
detergents and salts and/or to denature NTS1 prior to digestion. We therefore chose to
precipitate the receptor using a mixture of chloroform/methanol/aqueous TFA instead of
separating the protein by 1D SDS PAGE prior to digestion. Our previous efforts with in-gel
digestion of the receptor resulted in low coverage of NTS1 peptides; this may have been due
to poor digestion efficiency and recovery of hydrophobic peptides from the gel matrix. Various
buffer compositions were tested to dissolve the precipitated NTS1 receptor, including
ammonium bicarbonate buffer with varying percentages of methanol, acetonitrile, Rapigest,
or urea at various concentrations, but these attempts were all unsuccessful. It was found that
precipitated NTS1 receptor required more than 50% of either formic or trifluoroacetic acid to
dissolve. Under these conditions, trypsin would be inactive, however cleavage with CNBr at
methionine residues would be feasible since this reaction requires acidic conditions. No
peptides were observed after CNBr treatment of NTS1. It is possible that the CNBr reaction
was inefficient, resulting in peptides, which were too large. These large hydrophobic peptides
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may have precipitated before or during their LC separation and/or were bound irreversibly to
the reversed phase chromatographic material and therefore were not observed by ES-MS. To
generate peptides of lengths suitable for LC-ES-MS/MS analysis, trypsin and/or chymotrypsin
digestions were performed in the presence of the acid-labile surfactant Rapigest after treatment
with CNBr. The concentration of formic acid (30% final) used to hydrolyze Rapigest after
digestion was not reduced prior to LC-ES-MS/MS analysis, as a high acid concentration was
found to help maintain the hydrophobic peptides soluble. LC-ES-MS/MS analysis of the
peptide mixture generated from CNBr treatment followed by trypsin digestion of the NTS1
receptor resulted in 84% sequence coverage. Table 1 shows the list of peptides that were
observed; peptides that overlap in sequence due to missed cleavages are not shown. Peptide
identifications were confirmed using accurate peptide mass (less than 10 ppm) and MS/MS
data. Since the acquisition m/z range was 300–2000, multiply charged peptides outside this
range (e.g.; AK, TLM) were not detected. All seven TM domains were either partially or
completely covered by a single peptide, for example
VLVTAIYLALFVVGTVGNSVTAFTLAR (TM I), or by several peptides. The observation
of peptides generated from CNBr and/or tryptic cleavages within TM domains, for example
(R)GYYFLR and (R)DACTYATALNVASLSVER, both from TM V, indicated that NTS1
was sufficiently denatured to expose CNBr and tryptic cleavage sites. The CID MS/MS spectra
for these peptides are shown in figure 4. As expected, the high formic acid concentrations
required for maintaining solubility of NTS1 receptor and its peptide fragments caused oxidation
and formylation of amino acid residues in several peptides. The peptide derived from TM I,
VLVTAIYLALFVVGTVGNSVTAFTLAR, was present both as the unmodified and
formylated form. An MS/MS spectrum was acquired for the formylated peptide only (figure
4), but the presence of the unmodified form could be confirmed by the observation of the triply
charged ion in the FT-ICR mass spectrum with high mass accuracy (<10 ppm).

Figure 5 shows the base peak ion (BPI) chromatogram for a typical LC-ES-MS/MS analysis
of a CNBr and trypsin digestion mixture of NTS1 and extracted chromatograms for peptide
SGSTSESDTAGPNSDLDVNTDIYSK and
VLVTAIYLALFVVGTVGNSformylVTAFTLAR, which, based on their Bull and Breese
values [38] represent the most hydrophilic and hydrophobic peptides in the digestion mixture,
respectively. Peptide retention times were observed to increase with increasing hydrophobicity,
a trend generally observed with reversed phase LC separations. Peptide ion intensities of
hydrophobic peptides were observed to be lower when compared to hydrophilic peptides. One
explanation for this difference could be poor recovery of hydrophobic peptides from the
reversed phase column and electrospray ionization efficiency.

To further improve sequence coverage of the NTS1 receptor, a combined trypsin and
chymotrypsin digestion was performed after CNBr treatment of the precipitated protein (table
2). This resulted in 83% coverage of the NTS1 sequence with the observation of extra-cellular
loop III fragments, which were not obtained from CNBr and trypsin digestion alone. But
peptides from TM IV were now absent. Overall 88% sequence coverage was achieved when
the observed peptides from independent digestion methods (CNBr+trypsin and CNBr+trypsin
+chymotrypsin) were combined (figure 6).

CHAPS and LM were not completely removed after performing the chloroform/methanol/TFA
precipitation, but their ion abundances were reduced approximately 10-fold. Both CHAPS
(extracted ion chromatogram in figure 5) and LM were now observed as sharp peaks and eluted
at positions distant from the peptides. This suggests that interactions between the hydrophobic
protein core and detergent molecules were largely disrupted by the chloroform-methanol
precipitation, so that released detergent molecules could be observed as distinct entities.
Reducing detergent concentrations by performing a protein precipitation unfolded the protein
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and thus allowed efficient digestion of NTS1 and the LC-ES-MS/MS analysis of both
hydrophobic and hydrophilic peptides, thus increasing the overall protein sequence coverage.

Conclusion
A mixture of detergents and salts are essential to maintain solubility and functionality of
GPCRs, whether they originate from natural sources or are expressed in a recombinant system.
In order to perform comprehensive analysis of GPCRs by MS, experimental methodology is
required to minimize detergents and salts in the receptor sample. With an appropriate, MS-
compatible sample preparation we were able to perform MS analyses both with the intact NTS1
and receptor peptides. To determine the molecular mass of the intact monomeric NTS1
receptor, detergents were substituted with a chloroform/methanol/aqueous TFA mixture by
SEC. This solvent mixture was ES-MS compatible and a mass spectrum of multiply charged
NTS1 was obtained. For receptor sequence analysis, NTS1 was precipitated to reduce detergent
interference and then digested with either CNBr+trypsin or CNBr+trypsin+chymotrypsin.
Peptides observed in the LC-ES-MS/MS analysis of the digestion mixtures covered more than
80% of the protein sequence, including all seven TM domains. The work presented here
provides an important step towards the detailed characterization of NTS1 by MS. It is
anticipated that these MS methods will allow the characterization of post-translational
modifications and ligand binding sites on NTS1, and provide complementary structural
information to NMR and X-ray crystallography studies. Together, these techniques will
enhance our understanding of the structure-function relationship of the neurotensin receptor.
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Figure 1.
Schematic diagram of the recombinant type 1 rat neurotensin receptor (NTS1). The proposed
seven transmembrane domains are labeled I-VII [39]. Predicted CNBr and tryptic cleavage
sites are highlighted with dark grey circles.
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Figure 2.
Intact protein analysis of NTS1 using SEC-MS. (a) Total ion chromatogram and (b) ES mass
spectrum of the NTS1 receptor (summed spectra between 12–13 minutes from the total ion
chromatogram). The charge states of NTS1 are shown in bold. Deconvolution of the ES
spectrum resulted in a molecular mass of 43,321 Da (theoretical value is 43,303 Da based on
amino acid sequence shown in figure 1).
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Figure 3.
LC-MS analysis of a trypsin digestion mixture of the synthetic NTS1 peptide
IYSKVLVTAIYLALFVVGTVGNSVTAFTLARKKSLQSLQSTVHYHLGSLALSDLLILL
LAMPVEY. Extracted ion chromatograms and ES mass spectrum of the triply charged tryptic
peptides (a) VLVTAIYLALFVVGTVGNSVTAFTLAR which eluted at 27.68 min, and (b)
SLQSLQSTVHYHLGSLALSDLLILLLAMPVELY which eluted at 26.06 min. Mass spectra
of the parent ion for each peptide are shown in the inserts. Bold text indicates amino acids in
the TM domains. Mass spectra were acquired using an electrospray Q-ToF II mass
spectrometer.
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Figure 4.
Examples of CID MS/MS spectra of NTS1 peptides that were observed in the LC-ES-MS/ MS
analysis of CNBr followed by trypsin digestion of precipitated NTS1.
(* = carbamidomethylation and formyl = formylation ). Mass spectra of the parent ion for each
peptide are shown in the inserts.
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Figure 5.
Base peak ion (BPI) chromatogram of LC-MS/MS analysis of CNBr followed by trypsin
digestion of the precipitated NTS1 receptor. Extracted ion chromatograms of the most
hydrophilic (SGSTSESDTAGPNSDLDVNTDIYSK, [M+2H]2+) and hydrophobic
(VLVTAIYLALFVVGTVGNSformylVTAFLAR, [M+3H]3+) peptides based on their Bull and
Breese values and the detergent CHAPS.
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Figure 6.
Sequence coverage of the NTS1 receptor. The proposed TM domains [39] are highlighted in
bold. Peptides that were observed in the LC-MS/MS analysis of a CNBr+trypsin and CNBr
+trypsin+chymotrypsin digestion of precipitated NTS1 are underlined. The peptides observed
cover 88% of the protein sequence shown.
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