1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
J Proteome Res. 2010 April 5; 9(4): 1746-1753. d0i:10.1021/pr900870p.

Mass Spectrometry-Based GPCR Proteomics: Comprehensive
Characterization of the Human Cannabinoid 1 Receptor

Nikolai Zvonok™, Wei XuT, John WilliamsT, David R. JaneroT, Srinivasan C. Krishnan*, and
Alexandros Makriyannis™'

TNortheastern University, Center for Drug Discovery, 116 Mugar Life Sciences Building, 360
Huntington Avenue, Boston, Massachusetts 02115

*Applied Biosystems, 500 Old Connecticut Path, Framingham, Massachusetts 01701

Abstract

The human cannabinoid 1 receptor (hCB1), a ubiquitous G protein-coupled receptor (GPCR),
transmits cannabinergic signals that participate in diverse (patho)physiological processes.
Pharmacotherapeutic hCB1 targeting is considered a tractable approach for treating such prevalent
diseases as obesity, mood disorders, and drug addiction. The hydrophobic nature of the
transmembrane helices of hCB1 presents a formidable difficulty to its direct structural analysis.
Comprehensive experimental characterization of functional hCB1 by mass spectrometry (MS) is
essential to the targeting of affinity probes that can be used to define directly hCB1 binding
domains using a ligand-assisted experimental approach. Such information would greatly facilitate
the rational design of hCB1-selective agonists/antagonists with therapeutic potential. We report
the first high-coverage MS analysis of the primary sequence of the functional hCB1 receptor, one
of the few such comprehensive MS-based analyses of any GPCR. Recombinant C-terminal hexa-
histidine-tagged hCB1 (His6-hCB1) was expressed in cultured insect (Spodoptera frugiperda)
cells, solubilized by a procedure devised to enhance receptor purity following metal-affinity
chromatography, desalted by buffer exchange, and digested in solution with (chymo)-trypsin.
“Bottom-up” nanoLC-MS/MS of the (chymo)tryptic digests afforded a degree of overall hCB1
coverage (>94%) thus far reported for only two other GPCRs. This MS-compatible procedure
devised for His6-hCB1 sample preparation, incorporating in-solution (chymo)trypsin digestion in
the presence of a low concentration of CYMAL-5 detergent, may be applicable to the MS-based
proteomic characterization of other GPCRs. This work should help enable future ligand-assisted
structural characterization of hCB1 binding motifs at the amino-acid level using rationally
designed and targeted covalent cannabinergic probes.
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Introduction

As the largest family of membrane proteins, G protein-coupled receptors (GPCRs) bind
diffusible signaling molecules presented at the cell surface and G-protein subunits at their
intracellular, cytoplasmic aspect.! Their pervasive role as signal transducers that mediate a
wide variety of cellular responses and their status as the single largest class of drug targets
have made GPCRs the focus of intense research and translational interest.1:2 Information on
the biochemistry, structure, and binding domain of individual GPCRs is avidly sought to
inform rational, targeted drug design.2 Traditional GPCRs share the hallmark features of an
extracellular amino terminus, an intracellular carboxyl terminus, and an extensive
membrane-spanning region containing seven transmembrane a-helices (TMHSs) connected
by intra- and extracellular loops.1:3 The nature of GPCRs as heptahelical, hydrophobic,
integral-membrane proteins has made it challenging to express and purify a sufficient
quantity of most any GPCR in intact, functionally active form for direct experimental
definition of its structural properties and binding interactions.*

A component of the ubiquitous endogenous cannabinoid (endocannabinoid) signaling
system, the cannabinoid 1 receptor (CB1) is a prominent class-A GPCR localized primarily
with-in the vertebrate central nervous system (CNS) as the most abundant GPCR in
mammalian brain.> Central CB1 activation by the phytocannabinoid A®-
tetrahydrocannabinol mediates most of the psychobehavioral effects associated with
cannabis use.8 In the CNS, endocannabinoid signaling through CB1 helps control human
motor, cognitive, emotional, and sensory functions and influences pain perception, hormonal
activity, thermo-regulation, and cardiovascular status.’ In peripheral organs such as liver and
pancreas, CB1 helps regulate energy homeostasis and lipid metabolism/deposition.8 CB1
involvement in diverse physiological functions and the limitations of the first-in-class CB1
antagonist/inverse agonist pharmaceutical (rimonabant) have made CB1 a prominent drug-
discovery target.® Rational design of agonist and antagonist ligands that safely and
effectively modulate CB1 transmission for therapeutic benefit against over-weight/obesity
and allied cardiometabolic risk factors, drug dependence, pain, and neurodegeneration
would be greatly facilitated by detailed information on the ligand-binding domains of
functional human CB1 (hCB1).5.7:9.10

An experimentally derived, three-dimensional structure of CB1 from any species is currently
unavailable, in lieu of which provisional hCB1 computational models have been constructed
based upon indirect data from mutational studies and bovine rhodopsin crystal
structures.11-16 The applicability of rhodopsin X-ray structures to hCB1 homology modeling
and ligand design remains equivocal due to the many biochemical and pharmacological
differences betwen these two GPCRs, not the least of which is rhodopsin’s light- (vs ligand-)
activated nature.16:17 Despite the attendant uncertainties, hCB1 homology models!1~15 have
served as surrogates for inferring putative small-molecule chemotypes and receptor amino
acids critical to the binding of prospective hCB1-targeted drugs. Crystal structures of only a
very few GPCRs (i.e., the human B, adrenergic,18.1% A, adenosine,20 and opsin21-22
receptors and the turkey B, adrenergic receptor23) have been solved since the first X-ray
diffraction structure of a class-A GPCR (bovine rhodopsin) was reported a decade ago.16
These advances notwithstanding, the overall similarity among class-A GPCRs is low; for
example, there is 23, 26, and 27% identity between the TMHs of hCB1 and bovine
rhodopsin, the human (3, adrenergic receptor, and the Ay adenosine receptor,
respectively.324 Therefore, to reconcile homology-generated hCB1 computational models
with the native organization of hCB1 ligand-binding site(s) and motifs, experimental hCB1
characterization is required. Such considerations invite new experimental approaches for
direct interrogation of hCB1 ligand-binding domains at the molecular (i.e., amino-acid)
level. This laboratory has formulated a ligand-assisted approach involving the design of

J Proteome Res. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zvonok et al.

Page 3

novel high-affinity probes that bind covalently to amino acid residues at (or very near) their
interaction site(s) within a functional protein target. Incorporation of chemically reactive,
targeted cannabinoid ligands into this paradigm has allowed direct identification of amino
acid residues critical to the interaction of small molecules with cannabinoid-system
enzymes2® and GPCRs26:27 as potential drugs that modulate cannabinergic signal
transduction for therapeutic gain. The resulting data contribute to the experimental
characterization of small-molecule interaction domains within the target proteins.

To apply a ligand-assisted approach for interrogating directly the structure of hCB1 ligand-
binding domains, sufficient amounts of functional, purified hCB1 are required. We
previously expressed functional, C-terminal hexa-histidine (His6)-tagged hCB1 (His6-
hCB1) and N-terminal FLAG-tagged/C-terminal His6-tagged hCB1 (FLAG-His6-hCB1) in
insect (Spodoptera frugiperds) cells using a baculovirus system.28 This system circumvented
some formidable technological road-blocks encountered in prior attempts at hCB1
expression1”-29-31 and allowed satisfactory isolation of recombinant hCB1 proteins by
immobilized metal-affinity chromatography (IMAC). However, matrix-assisted laser
desorption/ionization time-off-light mass spectrometric (MALDI-TOF MS) analysis of in-
gel digested His6-hCB1 samples afforded limited sequence coverage of only 46% of the
receptor’s TMHSs (most thoroughly, TMHSs 3 and 7 with little coverage of the other five
TMHs).28 This limited MS coverage represents a serious impediment to characterizing
hCB1 binding domains, for critical hCB1 ligand-recognition sites and responses to both
activating ligands and the surrounding membrane matrix have been associated with this
receptor’s (and, more generally, GPCR) TMHs.10-12.32 Therefore, we have devised and
validated an experimental protocol that enabled purification of recombinant hCB1 and
generation of proteolytic peptides for “bottom-up” MS-based proteomic analysis. Virtually
the entire hCB1 amino-acid sequence, including all seven of its TMHSs, was observed
directly with nanocapillary liquid chromatography-tandem mass spectrometry (nanoLC-MS/
MS). The >94% sequence coverage attained in this first comprehensive hCB1 MS analysis
elevates hCBL1 into the select company of only five other GPCRs (out of the 5000 unique
GPCRs estimated33 to be present in 13 species whose genomes are fully sequenced) with
>80% overall reported MS sequence coverage.3*-38 These data should help facilitate future
characterization of hCB1 binding motifs and conformational features, inform the design of
covalent affinity probes useful for identifying amino acid residues critical to CB1 ligand
binding, and promote the synthesis of small molecules as hCB1-directed therapeutics.

Materials and Methods

Reagents and Materials

Unless otherwise specified, standard laboratory chemicals and buffers were purchased from
Sigma Chemical Co. (St. Louis, MO) and Fisher (Pittsburgh, PA). BioSafe Coomassie
Staining Protocol, SDS-PAGE gels, and related electrophoresis buffers and reagents were
from Bio-Rad (Hercules, CA). n-Dodecyl-p-o-maltoside (DM) and 5-cyclohexyl-1-pentyl-f-
o-maltoside (CYMAL-5) were purchased from Anatrace (Maumee, OH). Trypsin Gold, MS
grade, (>15 000 Units/mg protein) was from Promega (Madison, WI), and bovine pancreatic
a-chymotrypsin (C3142) (>40 Units/mg protein) was from Sigma.

Expression of Recombinant hCB1 Proteins and Membrane Isolation

Functional His6-hCB1 and FLAG-His6-hCB1 were expressed in suspension-cultured
fallworm (Spodoptera frugiperda) Sf21 cells using the optimized baculovirus expression
system detailed.22 Membrane pellets from S£21 cells expressing His6-hCB1 or FLAG-His6-
hCB1 were prepared from whole-cell lysates and either processed immediately for either
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saturation-binding assay or receptor isolation or were snap-frozen in liquid nitrogen and
stored at 80 °C.28

Saturation-Binding Assay

Saturation-binding assays with [?H]CP-55,940 as radioligand were performed in a 96-well
plate format and analyzed as previously detailed.28

His6-hCB1 Solubilization and Purification

A two-step procedure was devised that allows selective His6-hCBL1 extraction from S721
cell membranes. The lysate-derived membrane pellet (above) was first resuspended in 50
mM sodium phosphate buffer, pH 8.0, containing 300 mM NaCl, 1% DM, and 0.5% Sigma
protease inhibitor cocktail (20 mg membrane protein/1.0 mL buffer) with manual
homogenization in a Dounce-type homogenizer. Membranes were solubilized by gently
mixing the homogenate in a rotator for 2 h at 4 °C. Following centrifugation of the
solubilized membrane preparation at 27 000x g for 30 min at 4 °C, the pellet was recovered
and resuspended in denaturing buffer (50 mM sodium phos-phate buffer, pH 8.0, containing
300 mM NacCl, 0.5% DM, 0.5% Sigma protease inhibitor cocktail, and 8 M urea) (5 mg
membrane protein/1.0 mL buffer) and manually homogenized as before. Protein extraction
was completed by gently mixing the homogenate in a rotator for 1 h at room temperature.
Insoluble material was precipitated by centrifugation at 27 000x g for 30 min at room
temperature. The supernatant was collected for His6-hCB1 purification according to the
procedure detailed?8 using cobalt-based IMAC with BD Talon resin (Clontech Laboratories,
Mountainview, CA). The IMAC column eluate fractions were collected and monitored by
SDS/PAGE.

SDS-PAGE and Immunoblotting

Samples of IMAC column eluate were incubated in Laemmli buffer containing 5%p-mer-
captoethanol at room temperature for 30 min and resolved on 10% Tris-HCI gels (running
buffer: 25 mM Tris, pH 8.3, containing 250 mM glycine and 0.1% SDS). Protein bands were
either visualized with Commassie blue or transferred to polyvinylidene difluoride
membranes using semidry blotting at room temperature (10 V for 10 min followed by 15 V
for 15 min) for Western analysis. The protein blots were visualized by enzyme
immunodetection with a 1:10 000 dilution of anti-5His-horseradish peroxidase-antibody
conjugate (Qiagen, Valencia, CA) following the procedures outlined in the ECL Western
blotting analysis system (GE Healthcare, Piscataway, NJ). In all cases, membrane
preparations from S721 cells infected with nonrecombinant wild-type virus were used as
negative controls.

In-Solution Digestion

Pooled IMAC fractions containing purified His6-hCB1 were reduced with dithiothreitol (17
mM) at 56 °C for 1 h, alkylated with iodoacetamide (55 mM) at room temperature for 1 h in
the dark, desalted on Micro Bio Spin A6 columns with exchange buffer (25 mM NH4HCOs3,
0.05% CYMAL-5), and digested overnight with either trypsin (5 ng/uL sample) at 37 °C or
a-chymotrypsin (10 ng/uL sample) at 30 °C.3°

NanoLC-MS/MS

(Chymo)trypsin digests of purified His6-hCB1 were resolved and subjected to peptide
identification and sequencing by nanoL.C-MS/MS using a hybrid quadrupole-linear ion trap
mass spectrometer (4000 Q-Trap; Applied Biosystems/MDS Sciex, Framingham, MA).
Mobile phase A consisted of 98% water, 2% acetonitrile, and 0.1% formic acid, by volume.
Mobile phase B consisted of 98% acetonitrile, 2% water, and 0.1% formic acid, by volume.
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For concentrating and desalting, 1.5-uL sample volumes at 10 pL/min were injected onto a
trap column (150-um x 4-mm manually packed with Oasis HLB, 15 um) (Waters Corp.
Milford, MA) over 5 min in mobile phase A using a Tempo nanomultidimentional-LC
system (Applied Biosystems). Gradient separation was carried out on a 75-um x 100-mm
reverse-phase C4 nano-LC column (5-um, 120-A, manually packed) (YMC Europe GmbH,
Dinslaken, Germany). A linear gradient from 20% to 70% mobile phase B over 50 min
followed by a 10-min isocratic wash with 90% B was employed at a constant flow rate of
350 nL/min. Eluted peaks were introduced into the mass spectrometer via positive-mode
nanospray ionization. Instrument conditions were: source temp, 180 °C; curtain gas, 15;
nebulizer gas, 8; source voltage, 2200 V; declustering potential, 80 V. Peptides were
analyzed using information-dependent acquisition, scanning over a mass range of 400 to
1600 ml z. Specifically, the charge states of the three most intense ions in an enhanced,
multiply charged survey scan were determined. Those ions that met the selection criteria
were fragmented and analyzed in MS/MS mode. Rolling collision energies were applied
based upon the detected precursor’s m/z. Dynamic fill time of the linear trap was used to
eliminate space-charging effects. Acquired spectra were searched with Protein Pilot software
(Applied Biosystems) using a single-entry hCB1 database (accession P21554) to identify
and sequence hCB1 peptides. The Protein Pilot Paragon search algorithm was set to perform
a thorough identification, including over 90 biological modifications at a detected protein
threshold of 1.3 (95%) for all samples.

Results and Discussion

His6-hCB1 Expression, Purification, and Sample Preparation for nanoLC-MS/MS

We have expressed hCB1 (as His6-hCB1 and FLAG-His6-hCB1) in cultured S721 cells at
unprecedented yields using a baculovirus system.28 Moreover, S£21 cell membranes
containing His6-hCB1 or FLAG-His6-hCB1 evidence specific, high-affinity binding of the
CB1 full agonist [3H]CP-55,940 and antagonist [3H]SR141716A, and forskolin-stimulated
cyclic adenosine-3,5’-monophosphate (CAMP) production is inhibited by CP-55,940 in
5721 cells expressing His6-hCB1 (Table 1 and data not shown).28 Although these results
demonstrate the functionality of the recombinant hCB1 proteins, several major obstacles
arose during previous attempts at recombinant hCB1 “bottom-up” MS analysis.28 SDS/
PAGE revealed that the His6-hCB1 expressed in insect cells using a baculovirus system was
a mixture of monomers, dimers, and oligomers. The His6-hCB1 preparation also contained
N- and C-terminal truncated receptors, necessitating an additional SDS/PAGE separation
prior to (chymo)trypsin digestion. MALDI-TOF analysis of in-gel (chymo)trypsin digestions
provided ~80% coverage of hCB1 hydrophilic regions, but very limited coverage (<50%) of
its TMHs.28 After in-gel digestion, the highly hydrophobic TMHs-based peptides appear
extremely resistant to extraction from the polyacrilamide gel matrix. Indeed, following
similar sample preparation procedures, only the most hydrophilic TMHs (i.e., 3 and 7) were
entirely identified by MALDI-TOF analysis of an in-gel digest of hCB1 expressed in
insect?8 or yeast3! cells. These technological problems surrounding in-gel digestion
compromised the overall His6-hCB1 MS signal and obviated detection of low-abundance,
very hydrophobic TMH peptides, thereby severely limiting the MALDI-TOF MS-based
coverage of this physiologically and therapeutically important GPCR.28

Since extraction and purification of expressed hCB1 from other membrane proteins is a sine
qua non for its MS-based proteomic characterization, the current work initially addressed
aspects of sample preparation critical to obtaining recombinant hCB1 in suitable quantities
for and under conditions compatible with MS analysis. Our success in purifying FLAG-
His6-human cannabinoid 2 receptor (hCB2) from S721 cells using detergent solubilization
and anti-FLAG M2 affinity chromatography?® prompted us to apply an analogous procedure
to FLAG-His6-hCB1. However, three findings undermined this approach (data not shown):
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(@) The expression of recombinant FLAG-His6-hCB1 was consistently lower than that of
His6-hCB1.28 (b) FLAG-His6-hCB1 proved extraordinarily resistant to solubilization by a
variety of detergents, including those effective for FLAG-His6-hCB2.3° (c) Membrane
treatment under denaturing conditions with urea followed by dilution in an attempt to make
the final urea concentration compatible with subsequent analytical procedures generated
FLAG-His6-hCB1 that failed to bind to anti-FLAG affinity resin. Plausible reasons for the
binding incompetency include adverse effects of residual urea on the immobilized anti-
FLAG antibody and of the denaturing conditions on FLAG-tag accessibility. Collectively,
these data rendered FLAG-His6-hCB1 refractory to purification by anti-FLAG M2 affinity
chromatography.

We therefore focused on developing an alternative sample-preparation protocol capable of
yielding purified His6-hCB1 in sufficient quantity for subsequent proteolytic processing and
high-coverage MS-based proteomic analysis. A two-step solubilization procedure was
devised and validated (Materials and Methods) that incorporated an initial membrane
extraction under native conditions with buffered DM. The extracted membrane pellet
consisted predominantly of His6-hCB1 that proved amenable to solubilization under
denaturing conditions with DM-urea and IMAC final purification (Figure 1). The His6-
hCB1 protein was observed on SDS/PAGE as a ~54 KDa band (calculated MW, 53 681 Da).

Due to the high quality of the purified His6-hCB1 protein using the two-step solubilization
procedure and IMAC, SDS-PAGE separation was not required. This result allowed us to
obviate the difficulties associated with hCB1 hydrophobic peptide extraction after in-gel
digestion?® by utilizing in-solution (chymo)trypsin digestion.3> Accordingly, the purified
His6-hCB1 was sequentially reduced, alkylated, desalted in the presence of a low
concentration of CYMAL-5, and digested in solution with (chymo)trypsin. The saccharide-
based nonionic detergent, CYMAL-5, was selected because of its proven ability to solubilize
membrane proteins at concentrations not detrimental to electrospray-ionization MS.3°

MS Characterization of Purified His6-hCB1

NanoLC-MS/MS is a well-established, sensitive technique for peptide separation and
analysis.*0 His6-hCB1 (chymo)tryptic peptides were resolved using nanoLC and
characterized using a 4000 Q-Trap hybrid triple quadrupole/linear ion trap mass
spectrometer. Several advanced capabilities of this instrument facilitated peptide analysis.
Specifically, the enhanced multiple-charge scan mode, in concert with an information-
dependent acquisition workflow, allowed selective isolation of multiply charged peptides for
tandem MS identification over singly charged chemical background ions, including any
CYMAL-5 detergent aggregates that may have formed.

The amino acid sequence of hCB1 (as His6-hCB1) is presented in Figure 2. Approximately
half of the receptor’s 478 amino acids are within its TMHSs, and only TMH3 contains a
discrete trypsin-cleavage site. Trypsin digestion of His6-hCB1 produced, on average, 33-
mers for each of the seven TMH domains. The average tryptic peptide length for the extra-
and intracellular loops and the N- and C-terminal chains was approximately 8 amino acids.
MS analysis of large hydrophobic tryptic peptides such as those from the hCB1 TMHSs can
be complicated by their irreversible binding to chromatographic media and the formation of
multiply charged ions outside the instrument’s mass range.*! To circumvent this difficulty,
chymotrypsin was also used to prepare His6-hCBZ1digests for nanoLC-MS/MS in view of its
distinct cleavage specificity for aromatic and hydrophobic amino acid residues relative to
that of trypsin.

A two-dimensional His6-hCB1 serpentine diagram is presented in Figure 3. The vast
majority (91.4%) of hCB1 could be identified from the trypsin digest alone, validating the
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adequacy of our sample-preparation and analytical conditions for His6-hCB1 detection and
sequencing over all seven of its TMH domains. Exemplary tandem MS data used to
sequence individual peptides are given in Figure 4. The standard y~and b-ion series shown
represents the complete sequencing of the peptide containing hCB1 TMH6
(LAKTLVLILVVLIC*WGPLLAIMVYDVFGK, where C* designates a cysteine that had
been carbamidomethylated consequent to experimental iodoacetamide alkylation). These
sequence data now allow definitive identification of this TMH6 cysteine residue as the
amino acid provisionally implicated in ligand-induced hCB1 activation through functional
analysis of hCB1 mutants.! Figure 3 illustrates that virtually complete sequence coverage
of the hCB1 hydrophobic TMH domains was achieved, a noteworthy finding given the
structural and functional importance of GPCR (including CB1) TMH domains to receptor
activation.1-3:10-12.32 Although there are three putative A-glycosylation sites within the N-
terminal portion of hCB1, we did not observe glycosylation of the recombinant receptor.
This finding is consonant with the limited capacity of (baculovirus-infected) insect cells for
N-glycosylation (especially with respect to the more compositionally complex, terminally
sialylated N-glycans of mammalian proteins) and the robust postglycosylation trimming
pathways present in insect cells.#243 The lack of detectable glycosylation of recombinant
hCB1, however, did not affect the receptor’s ligand-binding or functionality (Table 1 and
data not shown),28 likely because its candidate glycosylation sites are
outsideofthefunctionallycritical TMHandC-terminalregions.11-15.17

Comparison of the theoretical hCBL1 tryptic peptides with those identified experimentally by
(chymo)trypsin digestion is presented in Table 2. As calculated using the sequenced peptides
generated by both proteases, 94.4% of the His6-hCB1 sequence was determined. The
remaining 5.6% is accounted for by unidentified small peptides (six amino acids or less). It
is likely that these peptides were not detected due to their exclusion by the enhanced
multiple-charge scan mode employed, for such small peptide ions typically do not support
multiple charges and reside as singly charged species. Since these regions are considered not
to be involved in ligand binding by class-A GPCRs such as hCB1,1-3:10-12.32 3nq in light of
the exceptionally high33-38 total MS coverage (94.4%) we attained with our His6-hCB1
sample preparation, we did not pursue their identification. A single-entry database for hCB1
(Swiss-Prot # P21554) was used for simplicity and search efficiency; however, the coverage
was identical when the entire Swiss-Prot database was used (data not shown). A high
resolution “zoom” scan determined the charge state of selected ions throughout the entire
data acquisition to assist in accurate database searching with Protein Pilot software. The
charge states of the identified peptides Table 2 ranged from +2 to +6 (Table 2). A search of
the entire Swiss-Prot database produced several incomplete matches to CB1 proteins from
nonhuman species (data not shown).

Notwithstanding the importance of GPCRs as signal-transduction elements and
pharmacotherapeutic targets for various diseases, their hydrophaobic, transmembrane,
heptahelical character complicates direct GPCR analysis. Consequently, experimental data
characterizing the structures of even prevalent GPCRs such as hCBL1 are conspicuously
lacking.2-3:13.14.24 Formidable challenges surround the isolation and direct structure analysis
of functionally active GPCRs. Agents used to solubilize and extract recombinant GPCRs
expressed at the plasma membrane, for instance, are often incompatible with modern MS-
based proteomic analyses.3439-41 The work presented here addresses and solves such
problems for hCB1, the most abundant GPCR in the CNS,>~" by devising a method for
solubilizing and purifying functional recombinant His6-hCB1 in quantities sufficient for
direct experimental characterization through “bottom-up” MS-based proteomics. Three key
methodological features enabled us to obtain high sequence coverage of His6-hCB1: (a)
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membrane solubilization under native conditions that enriched the subsequent protein
extract for His6-hCB1 analyte; (b) in-solution proteolytic digestion of purified and desalted
His6-hCB.1 that overcame the poor extraction efficiency of hydrophobic peptides generated
from in-gel digestion; and (c) nanoLC separation with enhanced MS/MS detection of
analyte ions. Consequently, we were able to achieve high (>94%) overall sequence coverage
of His6-hCB1 primary structure and virtually complete coverage of all of its seven,
functionally critical’®-12 TMH domains. Most (chymo)-tryptic hCB1 peptide fragments
were identified as multiply charged species, and their sequences were confirmed with high
confidence. The experimental MS characterization of functional hCB1 detailed should help
inform future work involving this prominent GPCR, for example, probing higher-order
hCB1 architectural detail, defining conformational correlates between hCB1 binding
interactions and signal transmission, and designing site-directed ligands as either affinity
probes or potential therapeutics. The MS primary structures of merely ~0.1% of the GPCRs
estimated33 to occur among the fully sequenced genomes of thirteen species have been
determined experimentally at >80% sequence coverage, and only two (rhodopsin and hCB2)
at virtually complete coverage.34-38 It is suggested, therefore, that at least some features of
our experimental approach may be profitably applied to advance the MS-based proteomic
characterization of other GPCRs.
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Abbreviations

CAMP

CB1

CB2

hCB1

hCB2

CNS

CYMAL-5

DM

FLAG
FLAG-His6-hCB1
FLAG-His6-hCB2

GPCR

His6

His6-hCB1
IMAC

LC

MALDI-TOF MS

cyclic adenosine 3’,5"-monophosphate

cannabinoid 1

cannabinoid 2

human cannabinoid 1 receptor

human cannabinoid 2 receptor

central nervous system

5-cyclohexyl-1-pentyl-B-o-maltoside

n-dodecyl-B-o-maltoside

DYKDDDK peptide tag

N-terminal FLAG/C-terminal hexa-histidine-tagged hCB1 receptor

N-terminal FLAG-tagged/C-terminal hexa-histidine-tagged hCB2
receptor

G protein-coupled receptor

hexa-histidine peptide tag

C-terminal hexa-histidine-tagged hCB1 receptor
immobilized metal affinity chromatography
liquid chromatography

matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry
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mass spectrometry

mass to charge ratio

TMH transmembrane helix.
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Figurel.

(A) Western-blot analysis of supernatant (S) and pellet (P) fractions obtained from native
detergent solubilization of S721 cell membranes containing functional His6-hCB1. (B)
Coomassiestained gel and (C) Western blot of IMAC-purified His6-hCB1. The arrows at the
right indicate His6-hCB1 monomer (M), dimer (D), and oligomer (O) forms.
Immunodetection was performed with an anti-5His-horseradish peroxidase-antibody
conjugate.
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1 11 21 31 41 51
MKSILDGLAD TTFRTITTDL LYVGSNDIQY EDIKGDMASK LGYFPQKFPL TSFRGSPFQE

61 71 81 91 101 111
KMTAGDNPQIL VPADQVNITE FYNKSLSSFK ENEENIQCGE NFMDIECFMV LNPSQOLATA
121 | TMHI 131 141 151 161 T™H2 | oy

VLSLTLGTFT VLENLLVLCV ILHSRSLRCR PSYHFIGSLA VADLLGSVIF VYSFIDFHVF

181 191 | TMH3 | 54 211 21 231
HRKDSRNVFL FKLGGVTASF TASVGSLFLT AIDRYISIHR PLAYKRIVTR PKAVVAFCLM

21| TMH4 | gy 261 271 281 [ TMHS | 59,

WTIAIVIAVL PLLGWNCEKL QSVCSDIFPH IDETYLMFWI GVTSVLLLFI VYAYMYILWK

301 311 21 331 341 TMH6 | 55,
AHSHAVRMIQ RGTQKSIITIH TSEDGKVQVT RPDQARMDIR LAKTLVLILV VLIICWGPLL
361 371 381 |_MH7 | 5oy 401 411

AIMVYDVFGK MNKLIKTVFA FCSMLCLLNS TVNPIIYALR SKDLRHAFRS MFPSCEGTAQ

421 431 441 451 461 471
PLDNSMGDSD CLHKHANNAA SVHRAAESCI KSTVKIAKVT MSVSTDTSAE ALHHHHHH

Figure2.

Experimentally determined amino acid sequence of His6-hCB1. The hydrophobic, core
peptides in each of the seven TMH domains are sequentially labeled and bolded.
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. = trypsin high confidence

® = chymotrypsin high confidence ~ . “

® = not detected
)

Figure3.

(Chymo)trypsin His6-hCB1 MS coverage. Amino acids are color-coded to represent the
enzyme used in their identification: Blue, trypsin; Pink, chymotrypsin. The 27 amino acids
in yellow were not identified.
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-
Fragmentation Evidence for Peptide

ILAKTLVLILVVLIIC[CAM]WGPLLAIMVYDVFGK

Residue b y N
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Figure 4.

Tandem MS sequence annotation of the His6-hCB1 TMHS6 tryptic peptide
LAKTLVLILVVLIIC*WGPLLAIMVYDVFGK (C*, carbamidomethylated cysteine).
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Table 1

Saturation-Binding Parameters of Expressed hCB1s4

construct Kg (M) Bpax (pmol/mg)
His6-hCB1 33+0.3 57%0.2
FLAG-His6-hCB1 5.1+0.6 0.6+0.1

Page 16

aBinding affinities (as Kd) and receptor densities (as Bmax) were determined in saturation-binding assays with [3H]CP—55,940 and membrane

preparations from S721 cells expressing a tagged hCB1, as detailed.28 Data are means +range from the average of two independent determinations,

each performed in triplicate.
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