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Abstract

High-resolution structural determination and dynamic characterization of membrane proteins by 

nuclear magnetic resonance (NMR) require their isotopic labeling. Although a number of labeled 

eukaryotic membrane proteins have been successfully expressed in bacteria, they lack 

posttranslational modifications and usually need to be refolded from inclusion bodies. This 

shortcoming of bacterial expression systems is particularly detrimental for the functional 

expression of G protein-coupled receptors (GPCRs), the largest family of drug targets, due to their 

inherent instability. In this work we show that proteins expressed by a eukaryotic organism can be 

isotopically labeled and produced with a quality and quantity suitable for NMR characterization. 

Using our previously described expression system in Caenorhabditis elegans, we showed the 

feasibility of labeling proteins produced by these worms with 15N,13C by providing them with 

isotopically labeled bacteria. 2H labeling also was achieved by growing C. elegans in presence of 

70% heavy water. Bovine rhodopsin, simultaneously expressed in muscular and neuronal worm 

tissues, was employed as the ‘test’ GPCR to demonstrate the viability of this approach. Although 

the worms’ cell cycle was slightly affected by the presence of heavy isotopes, the final protein 

yield and quality was appropriate for NMR structural characterization.
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Introduction

Drug design, lead generation and optimization are greatly facilitated if the structure of the 

biological target is known. This is particularly true when complexes between a ligand and 

target can be obtained. Although X-ray crystallography remains the current gold standard for 

structural determination, recent advances in solution-state NMR techniques to overcome 

molecular weight limitations offer an alternative approach for structural determination [1]. 

An added advantage of NMR structure determination is that it is less sensitive to disordered 

regions of the protein [2], allowing the analysis of protein targets that could be refractory to 

crystallization. Moreover, NMR offers the possibility of quantitative dynamics and binding 

studies for membrane proteins (MPs) complexed with ligands and drugs in a solution closely 

resembling their native environment. Despite the increasing importance of structure-based 

methods in modern pharmacological research and the fact that about 60% of drug targets are 

MPs [3], only a small fraction of protein structures solved to date at atomic resolution 

correspond to MP structures with a native sequence. The GPCR family of MPs represents 

the largest class of drug targets because drugs designed to interact with GPCRs are marketed 

in virtually every therapeutic area [4–8]. Structure-based drug design for GPCRs is 

advancing at a steady pace due to several crystal structures solved in the past few years. 

However, bovine rhodopsin remains the only vertebrate GPCR with a native sequence 

whose crystal structure has been determined at atomic resolution. Thus, novel technologies 

to elucidate the structures and provide conformational dynamics of GPCRs in native-like 

environments remains both highly desirable and challenging. The only GPCR structure 

solved to date by solid-state NMR is that of a ligand-free form of chemokine receptor 

CXCR1 [9], which was 15N- and 13C-labeled in E. coli, solubilized with SDS from inclusion 

bodies, purified in hexadecyl- and dodecyl-phosphocholine (DPC) and refolded in 

phospholipic proteoliposomes by detergent dialysis. Another somewhat successful example 

of expression of a GPCR in bacteria is the serotonin receptor 5-HT4 [10], which also had to 

be refolded from 6 M urea. A major disadvantage of expressing mammalian GPCRs in 

bacteria is the uncertainty about the percentage of protein that is correctly folded in the final 

reconstituted, purified sample.

Here we describe the feasibility of triple isotopic labeling (2H-, 15N and 13C) of proteins 

expressed in a eukaryotic system (C. elegans). We chose worms heterologously expressing 

bovine rhodopsin, a GPCR critical for vision signaling, as our primary target for proof of 

concept for two reasons: 1) rhodopsin’s signature absorbance allows a convenient quality 

control for protocol optimization; 2) rhodopsin’s well-characterized biochemical properties 

allow functional comparisons of isotopically-labeled and non-labeled samples. The 

advantage of this particular expression system is that mammalian GPCRs expressed in TG 

worms: 1) are post-translationally modified and properly folded, 2) exhibit the same 

pharmacological, photochemical and G protein signaling properties as do their counterparts 
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obtained from a native source, 3) scalability, 4) phenotypic diversity, and 5) relatively facile 

genetic manipulation among others [11, 12]. Proteins expressed in the worms can be easily 

labeled simply by providing them with 15N-,13C-labeled E. coli or adding 2H2O to the worm 

culture media.

Here we demonstrate the feasibility of isotopically labeling mammalian GPCRs in the C. 

elegans expression system to characterize their structure, stability, interactions and 

dynamics in solution by NMR. This strategy leverages the power of the C. elegans protein 

expression system for producing experimental quantities of GPCRs (or other MPs) 

combined with isotopic labeling to produce samples suitable for structure determination with 

state-of-the-art NMR methods.

MATERIALS AND METHODS

Maintenance of worms and generation of transgenic (TG) worm lines

Worms used for this study were maintained by standard methods [13]) including culture on 

nematode growth medium plates (NGM)(0.25% peptone, 51 mM NaCl, 25 mM K3PO4, 5 

μg/ml cholesterol, 1 mM CaCl2, and 1 mM MgCl2) with OP50 bacteria, cryostorage, and 

recovery from stocks. Compositions of media and solutions, as well as detailed protocols for 

their use, were previously published in Ref. [13]. Transgenic worm lines expressing bovine 

aporhodopsin ((b)opsin) in either muscles or neurons also have been described [11, 12]. 

Hermaphrodites expressing (b)opsin in muscles were crossed to males expressing (b)opsin 

in neurons. By screening for the fluorescent marker DsRed in F3 progeny, we obtained a 

homozygous worm line expressing (b)opsin in both muscles and neurons ([M,N](b)opsin).

Stable isotope labeling of HB101

Unlabeled E. coli HB101 were grown in an incubated shaker (I2500 series; New Brunswick 

Scientific, Edison, NY, USA) (37°C, 180 rpm) with M9 minimal medium of the following 

aqueous composition: 42.25 mM Na2HPO4, 279.41 mM KH2PO4, 8.56 mM NaCl,, 18.70 

mM NH4Cl,, 113.51 μM CaCl2, 8.92 μM EDTA-Na2, 15.41 μM FeCl3, 1.50 μM CuSO4, 

1.19 μM MnSO4, 0.1673 μM ZnSO4, 0.2080 μM CoCl2, 40.93 nM biotin, 33.24 nM 

thiamine, 2 mM MgSO4, and 22.20 mM glucose. The medium was adjusted to pH 7.4 with 

10 M NaOH.

The same culture conditions were used to culture isotopically labeled HB101 except that 

~99% 2H2O (for 2H labeling), 18.35 mM 15NH4Cl (for 15N labeling), and 10.74 mM labeled 

glucose (13C6H12O6) (for 13C labeling) were substituted for either H2O, NH4Cl or glucose, 

respectively, in M9 minimal medium. All media were sterilized by filtration.

Stable isotope labeling of nematodes

For solid phase culturing, worms were grown on peptone-free NGM plates with 51 mM 

NaCl, 25 mM K3PO4, 5 μg/ml cholesterol, 1 mM CaCl2, and 1 mM MgCl2 in either H2O or 

700 g/L 2H2O. For liquid phase culture, worms were grown in S-medium (100 mM NaCl, 

39.79 mM KH2PO4, 10.22 mM K2HPO4, 12.93 μM cholesterol, 10 mM citric acid 

monohydrate, 20.66 mM KOH, 3 mM CaCl2, 3 mM MgSO4, 24.89 μM FeSO4, 55.32 μM 
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Na2EDTA, 15.58 μM ZnSO4, and 11.69 μM CuSO4) in either H2O or 800 g/L 2H2O. 

Isotope-labeled worms were provided with HB101 containing the same isotope, 

e.g., 13C-,15N-labeled HB101 for 13C-,15N- labeled worms, using previously described 

worm culture protocols [14].

Analysis of worm brood sizes

Worms were synchronized to L1 (first larval stage) by standard methods [14]. Six L1 

animals were transferred onto peptone-free NGM plates specially made with isotopic media 

and then provided with HB101 labeled with the same isotope. Total F1 larvae were counted.

Analysis of growth rates

About 200 synchronized L1 worms were transferred into H2O or 2H2O S-medium and 

provided with unlabeled or isotopically-labeled HB101. Lifetime cycles (from L1 to L1 

progeny) were quantified. The ratio of the lifetime cycle of control worms (46 ± 2 h) raised 

under non-labeling conditions, over the experimental worm lifetime cycle was defined as the 

relative growth rate.

Analysis of egg hatching rate

Synchronized young adult worms were raised in 70% 2H2O containing S-medium and 

provided 2H-labeled (98%) HB101. One hundred of their eggs were transferred to S-medium 

containing unlabeled, 13C-, or 15N-labeled HB101. Hatched F1 L1 worms were then 

observed for 4 days.

Immunohistochemistry (IHC)

IHC was performed as previously published [11, 12]). Briefly, age-synchronized day 1 

animals were sandwiched between 2 cover glasses, buried in dry ice for 30 min, and then 

fixed with 100% methanol (10 min) followed by 100% acetone (10 min). Then worms were 

washed with PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4·2H2O, and 1.76 mM 

KH2PO4, pH 7.4) for 0.5 h and incubated with PBS containing Alexa-488-conjugated 1D4 

antibody and 0.1% Triton X-100 overnight at 4°C. Stained worms were subsequently 

washed 3 times with PBS and examined by confocal microscopy. All experiments were 

done with a Leica TCS SP2 confocal microscope (Leica Microsystems, Bannockburn, IL, 

USA). Either live worms immobilized with 10 mM NaN3 on 2% agarose pads or methanol/

acetone-fixed worms were used. Fluorescent probes employed were DsRed (λex=543 nm; 

λem=580–630 nm) and Alexa-488 (λex=488 nm; λem=510–530 nm).

Immunoblotting

Immunoblotting was carried out by a published protocol [11]. Briefly, worms were 

sonicated and centrifuged to remove debris. The resulting supernatant was mixed in 

electrophoresis loading buffer, vortexed, centrifuged briefly, and samples were analyzed by 

immunoblotting after SDS-PAGE on 4–12% Bis-Tris polyacrylamide gels (Invitrogen, 

Carlsbad, CA, USA). Quantification of signals in immunoblotted gels was done by obtaining 

their digital pictures with ImageJ software [15]. Area values of bands were measured and 

compared with areas of purified (b)opsin or control samples loaded on the same gel.
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In vivo light-response assays

In vivo light-response assays were performed as previously described [12] with some 

modifications. Briefly, one day before such experiments, unlabeled L4 animals raised at 

20°C were transferred onto NGM plates seeded with 100 μl HB101 bacteria culture 

containing either DMSO vehicle control (no retinal), 10 μM 9-cis-retinal or 10 μM all-trans-

retinal (Toronto Research Chemicals, Toronto, ON, Canada). Triple isotopically labeled (2H, 

~70%; 13C,15N,~100%) animals were transferred onto peptone-free NGM plates containing 

80% 2H2O seeded with 100 μl of triple isotopically labeled (2H, ~70%; 13C,15N,~100%) 

HB101 culture medium containing either DMSO vehicle control (no retinal), 10 μM 9-cis-

retinal or 10 μM all-trans-retinal. The resulting plates were wrapped with aluminum foil and 

stored in a cardboard box overnight at 20°C. Light response experiments were carried out at 

22°C in a dark room with a Zeiss Stemi SV11-Apo microscope (Carl Zeiss, Oberkochen, 

Germany) and 7 lux of transmitted white light was used to visualize (b)opsin-expressing 

animals. For each light-response assay, a day-1 worm was transferred onto an unseeded 

NGM plate. About 5 seconds later,1000 lux of blue light (488±20 nm) was delivered over 1 

s to animals from a metal halide short arc bulb housed in an EXFO X-Cite 120PC-Q unit 

(Lumen Dynamics, Mississauga, ON, Canada) through a Kramer USFAC and animals then 

were continuously imaged for another 1 min.

Worm locomotion before and after illumination was recorded by AVI movies. Light 

intensity output of the EXFO unit was calibrated to reach a targeted intensity (±5%) at the 

microscopic field, measured with a Macam L203 Photometer (MacamPhotometrics, 

Livingston, UK). The light-response index was defined as described in [12]: 5 = complete 

lack of motion >10 s; 4 = complete lack of motion > 10 s except for head shaking; 3 = lack 

of motion 2–10 s; 2 = lack of motion ≤ 2 s; 1= changed locomotion speed or direction; and 0 

= no change noted in motor activity.

Labeling bacteria and nematodes with 13C6,15N2-lysine and proteomic sample preparation 
for LC-MS/MS analyses

These procedures have been described in detail [14]. Briefly, arginine and lysine 

auxotrophic Escherichia coli AT713 bacteria were cultured in M9 basal medium 

supplemented with arginine (100 μg/ml), cysteine (100 μg/ml) and lysine (100 μg/ml 

either 12C6,14N2-lysine) or 13C6,15N2-lysine) (Cambridge Isotope Laboratories, Andover, 

MA)) (M9 with amino acid supplementation) in an incubator shaker (3°C, 200 rpm until 

OD600 reached 1.5), pelleted by centrifugation, and killed with 100% ethanol.

Age-synchronized animals were cultured to day 3 on peptone-free NGM plates seeded with 

regular or heavy lysine-labeled AT713 bacteria along with 25 mg/l 5′-FUDR (5-

fluoro-2′deoxyuridine, Geel, Belgium) starting from day 0. Then bacteria were separated 

from nematodes by an H2O wash and nematodes were pelleted by centrifugation. Equal 

weights of heavy lysine-labeled and unlabeled WT worms were suspended in 100 mM 

ammonium bicarbonate containing 4% perfluorooctanoic acid (w/v), and proteins were 

extracted by ultrasonication (4.5 kHz three times for 9 s with a 3-min pause on ice between 

pulses) using a Virsonic 100 ultrasonic cell disrupter (SP Scientific, Warminster, PA). 
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Extracted proteins were reduced with dithiothreitol and S-alkylated with iodoacetamide, and 

then digested by Lys-C as described previously [14].

LC-MS/MS analyses

LC-MS/MS analyses were conducted using an UltiMate 3000 LC systems (Dionex Inc.) 

interfaced to Velos Pro Ion Trap and Orbitrap Elite Hybrid Mass Spectrometer (Thermo 

Scientific, Bremen, Germany). The platform was operated in the nano-LC mode, with the 

standard nano-ESI (Proxeon Biosystems) source. The spray voltage was set at 1.2 kV and 

the temperature of the heated capillary was set to 200°C. The solvent flow rate through the 

column was maintained at 300 nL/min. Lys-C digests were injected onto a reversed-phase 

0.3 × 5 mm C18 PepMap trapping column with a 5-μm particle size (Dionex Inc.) 

equilibrated with 0.1% formic acid/1% acetonitrile (v/v). The column was washed for 5 min 

with the equilibration solution at a flow rate of 25 μL/min using an isocratic loading pump 

operated through an autosampler. The trapping column was then switched in-line with a 

reversed-phase 0.075 × 150-mm C18 Acclaim PepMap 100 column (Dionex Inc.), and 

peptides were eluted using a linear gradient of 2 to 37% acetonitrile in aqueous 0.1% formic 

acid over 180 at a flow rate of 300 nL/min. The eluent was directly introduced into the mass 

spectrometer. The mass spectrometer was operated in a data-dependent MS to MS/MS 

switching mode, with the 10 most intense ions in each MS scan subjected to MS/MS 

analysis. Full MS scanning was performed at a resolution of 120,000 (“full width at half 

maximum”) in the Orbitrap detector, and MS/MS was performed in the ion trap detector in a 

collision-induced dissociation mode. The threshold intensity for the MS/MS trigger was set 

at 3000. Fragmentation was carried out in the collision-induced dissociation mode with a 

normalized collision energy of 35. The data were completely collected in the profile mode 

for the full MS scan and in the centroid mode for the MS/MS scans. The dynamic exclusion 

function for previously selected precursor ions applied the following parameters: repeat 

count of 1, repeat duration of 40 s, exclusion duration of 90 s, and exclusion size list of 500 

(ions). Xcalibur software (Version 2.2 SP1 build 48, Thermo-Finnigan Inc., San Jose, CA) 

was used for instrument control, data acquisition, and data processing.

Identification and quantification of heavy-lysine labeled and unlabeled peptides and 
proteins

Proteins were identified by comparing all experimental peptide MS/MS spectra against the 

Wormbase database using Mascot database search software (version 2.1.04, Matrix Science, 

London, UK). Carbamidomethylation of cysteine was set as a fixed modification, whereas 

oxidation of methionine to methionine sulfoxide, acetylation of the N-terminal amino group, 

and the replacement of C-terminal lysine with heavy-Lys were considered to be variable 

modifications. The mass tolerance was set to 10 ppm for the precursor ion and to 0.8 Da for 

the product ion. Strict Lys-C specificity was applied, and missed cleavages were not 

allowed. Criteria for significant peptide identifications included the following: peptides must 

be composed of at least six amino acid residues and have a minimum mascot score of 20. 

The false discovery rate was calculated from the following equation: N(decoy)•2/N(decoy) 

+ N(target), and the threshold rate was set to ≤0.01 for peptide identification. Protein 

isoforms and proteins that could not be distinguished based on the peptides identified were 
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reported as a single protein group. ProteomicsTools version 2.4.1 was used to obtain the 

intensities of heavy-lysine labeled and unlabeled proteins [16].

Statistical analyses

Statistical significance was analyzed with Statistica software (StatSoft, Tulsa, OK, USA). T-

tests, ANOVA with Dunnet’s post-hoc analyses were used for their appropriate applications. 

Error bars indicate means ±SE. P values <0.05 were accepted as defining statistically 

significant differences.

Results

Simultaneous expression of (b)opsin in worm muscles and neurons

We demonstrated previously that (b)opsin can be expressed in worm muscular [M] or 

neuronal [N] tissue in a homogeneously glycosylated and functional form [11]. Indeed over 

1 milligram of functional bovine isorhodopsin ((b)opsin reconstituted with 9-cis-retinal) and 

other vertebrate GPCRs could be obtained in a pure form from a 10-L worm culture. To 

maximize the expression of (b)opsin we hypothesized that expressing it in both, muscles and 

neurons would show an additive effect in the total amount of protein without negatively 

affecting the TG worm life cycle. Quantification of the expression level showed that the 

expression level of (b)opsin in [M,N](b)opsin worms was in fact about twice the amount 

expressed in [M](b)opsin and [N](b)opsin worms, reaching a final yield of ~3 mg per 10-L 

of cell culture (Fig. 1A,B). Because the glycosylation pattern is similar in both tissues, most 

of the (b)opsin migrated as a single band upon electrophoresis. After reconstituting the 

(b)opsin with 9-cis-retinal, purification of ground-state (b)isorhodopsin to >99% 

homogeneity and functionality was relatively simple in two chromatographic steps (Fig. 

1C). The absorption spectra before (Fig. 1C) and after illumination were identical to spectra 

of bovine rhodopsin [17]. Consequently, this [M,N](b)opsin TG worm line was adopted for 

our remaining experiments involving (b)opsin expressed in worms.

An optimized protocol for culturing isotopically labeled transgenic worms

Isotopic labeling of proteins expressed in TG worms was achieved by providing the worms 

with E. coli grown in isotopic media. We tested whether different isotopes had noxious 

effects on worm growth which could lower the final protein yield. For example, isotopic 

labeling might: 1) delay the reproduction of TG worms, 2) suppress the growth of TG 

worms, or 3) lower heterologous GPCR expression in TG worms.

We cultured (b)opsin expressing TG worms in 1H or 2H-containing liquid medium and 

provided them with non-labeled, 2H-labeled, 13C-,15N-labeled or 2H-,13C-,15N-labeled 

bacteria (E. coli HB101, food of nematodes) following a previously published protocol [11]. 

Similar to E. coli, both the growth rate and breeding of (b)opsin expressing TG worms were 

significantly affected by 2H-labeling, such that worms grew only half as fast and had half 

the progeny per hermaphrodite in 70% 2H2O-containing liquid medium (Fig. 2). Also 

similar to E. coli, 13C,15N-labeling had little effect (<10%) on both the breeding and growth 

of TG worms. Importantly, eggs produced by 13C-,15N-labeled TG worms hatched and 

matured into Day 4 larva (L4) at the same rate as eggs produced by unlabeled TG worms in 
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70% 2H-containing liquid medium (Fig. 2C). Because 2H2O is needed only during the 

protein production/fermentation steps, this worm culturing problem can be addressed by 

culturing 13C,15N-labeled TG nematodes in the initial steps to collect eggs. Once in the 

fermenter, we used 70% 2H-containing liquid medium and maintained transgenic worms 

with either 13C,15N-labeled or 2H,13C,15N-labeled bacteria. With the latter protocol, the 

negative effect of 2H labeling on TG worm breeding and growth had only a minor effect on 

fermenter preparation. This modification extended the culture time in a fermenter, the rate-

limiting step of TG worm production, from ~3.5 days for unlabeled TG worms [11, 12] to 

~7 days.

We next used this modified protocol to culture unlabeled and triple-labeled TG worms and 

compare their (b)opsin expression levels. We found that isotopic labeling reduced (b)opsin 

expression by ~30% (not shown). Thus, we were able to produce 2 mg of a triple- and 

double-labeled GPCR from a 10-L worm culture in 10 days. We conclude that an optimized 

culturing protocol with a 70% 2H-containing liquid medium is suitable for 

producing 13C, 15N and 2H-labeled transgenic worms.

Triple-labeled (b)isorhodopsin is functional and correctly expressed

The promoters myo-3 (Pmyo-3; [18]) and H20 (PH20; [19]), that drive strong gene 

expression in muscles and the nervous system, respectively, were chosen to control the co-

expression of (b)opsin in these two worm tissues. Muscles comprise the greatest portion of 

the worm body mass, and the nervous system has the largest numbers of a specific cell type; 

e.g., 302 of the 959 total somatic cells in an adult worm are neurons. In examining whether 

isotopic labeling affects the folding of heterologous receptors and their association with 

membranes, we found that isotopic labeled transgenic worms cultured under optimized 

conditions (13C, 15N,~100%; 2H, ~70%) exhibited the same cellular distribution of (b)opsin 

in the nervous system and muscles as did unlabeled transgenic worms (Fig. 3A). Also 

(b)opsin expression was modestly (~30%) reduced in isotopically labeled transgenic worms 

compared with unlabeled transgenic worms (Fig. 3B). The presence of (b)opsin was 

detected by IHC with Alexa-488-conjugated 1D4 antibody, with a C-terminus epitope 

identical to that of rhodopsin.

Worms do not have vision and thus do not respond to visible light [11, 12]. However, when 

(b)opsin expressed in TG worms is reconstituted with 11-cis-retinal, the resulting ground-

state rhodopsin, (b)Rho, becomes light sensitive, mimicking rhodopsin in the retina (not 

shown). Bovine opsin reconstituted with 9-cis-retinal, known as isorhodopsin, has similar 

biophysical properties to rhodopsin except that its maximum absorbance is blue-shifted to 

~485 nm. Illumination of (b)isorhodopsin results in the isomerization of 9-cis-retinal into 

all-trans-retinal, and the consequent activation of rhodopsin [11, 12]. We previously 

demonstrated that photoactivation of (b)isorhodopsin in neurons of TG worms results in an 

instantaneous but transient muscular paralysis [12]. Just as unlabeled TG worms expressing 

(b)isorhodopsin, triple-labeled TG worms exhibited locomotive paralysis in response to a 

488 nm light pulse (Fig. 3C) although there was a slight reduction in light sensitivity. This 

reduction is likely attributable to a reduced expression of the receptor (Fig. 3B) or the 

isotopic effect on G protein activation. Moreover, absence of 9-cis- or 11-cis-retinal 
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prevented this response to light. The latter observation demonstrates that triple-labeled 

(b)isorhodopsin is functional in vivo. Indeed, both unlabeled and labeled recombinant 

(b)opsin displayed immunoreactive bands of (b)opsin monomer (Fig. 3B).

The isotopic labeling yield is suitable for NMR structural studies

To estimate the isotopic labeling yield of (b)opsin in TG worms, we used our “stable isotope 

labeling by amino acids in worms” strategy (an adaptation of “stable-isotope labeling with 

amino acids in cell culture” (SILAC)) [20] to quantify the incorporation of 15N2,13C6-lysine, 

an essential amino acid for worms and the E. coli species used [21], into TG worms. In 

SILAC, stable isotope-labeled amino acids are incorporated into cellular proteins through 

endogenous protein synthesis, allowing accurate quantification of all native proteins without 

subsequent chemical modification. Our technique involves mixing equal amounts of labeled 

and unlabeled sample prior to mass spectral analysis. The worms were obtained by the 

optimized culturing protocol described above. With this relatively inexpensive and accurate 

quantitative proteomic approach [22, 23], we identified a total of 1947 worm proteins (one 

tenth of the worm genome) and found that the average labeling yield of 15N2,13C6-lysine 

was over 97.5%. Fig. 4 shows plots of the intensities of unlabeled peptides against their 

labeled counterparts for ~2000 proteins. The slope of the linear regression fitting line 

(1.0064) indicates virtually complete labeling yield. Thus, it is reasonable to conclude that 

heterologous GPCRs also will be labeled with 15N2,13C6-Lys at about the same yield.

DISCUSSION

Structural characterization of membrane proteins usually involves the heterologous 

expression of milligram amounts and their purification. In addition, NMR studies require the 

isotopic labeling of the target protein. Bacterial expression systems have been used routinely 

to label membrane proteins for NMR. However, the functional expression of mammalian 

GPCRs in bacteria is extremely challenging due to their instability and the number of 

posttranslational modifications required for maintaining their native functional 

conformation. Although several groups have reported successful refolding of GPCRs from 

exclusion bodies, it remains uncertain as to what percentage of the final purified sample was 

properly folded after the harsh treatment involved in refolding. A similar approach for 

labeling rhodopsin in a eukaryotic expression system was previously described for 

HEK293S cells [24]. Expression of GPCRs in mammalian cells has advantages over other 

expression systems but it also has disadvantages, such as the heterogeneity of post-

translational modifications of the heterologously expressed receptor.

The aim of this work was to demonstrate the feasibility of isotopically labeling GPCRs 

heterologously expressed in a eukaryotic organism (C. elegans). We first started by 

increasing the heterologous protein yield through co-expressing bovine aporhodopsin 

((b)opsin) in both neurons and muscles). (b)Opsin can easily be reconstituted into ground-

state rhodopsin (b)rhodopsin by incubating worms or worm membrane extracts with 11-cis 

retinal. Alternatively, (b)isorhodopsin can be obtained by incubation with 9-cis-retinal, a 

chemically more stable isomer. The purification yield is at least 3 mg of (b)isorhodopsin for 
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a 10-L fermentation, and we show that the resulting protein can be easily obtained at a purity 

and functionality of >99%.

Next, we explored the effect of isotopic labeling on worm growth, which will ultimately 

affect the final protein yield. Not surprisingly, the worms’ cell cycle was affected by the 

presence of heavy elements, especially 2H, much like what was previously observed in E. 

coli [25]. Fortunately, by modifying our culture protocol, we obtained a uniform 13C-,15N-

labeling, and 70% 2H labeling of C. elegans proteins. This was achieved by providing the 

worms with 13C-,15N-labeled bacteria and adding 70% 2H2O to the worm culture media.

Additionally, we demonstrated that triply isotopically labeled (13C, 15N,~100%; 2H, ~70%) 

GPCRs expressed in worms are functional as judged by a phenotypic assay described 

previously [12]. Instantaneous but transient paralysis of worms upon illumination indicates 

that the exogenous (b)isorhodopsin can be activated to its meta II state which also couples to 

the worms’ endogenous G proteins.

The uniformity of 13C-,15N-labeling was assessed by an adaptation of the SILAC strategy 

for quantification of isotopic labeling by mass-spectrometry. By feeding worms 

with 13C-,15N-labeled lysine, we demonstrated that the average labeling of ~2,000 expressed 

proteins was ~97.5%, which is appropriate for NMR studies.

In summary, we developed a set of techniques to obtain single labeled (15N), double labeled 

(2H,15N)- and triple labeled (2H,13C,15N) vertebrate GPCRs (and potentially other 

membrane proteins) of a sufficient quality and quantity for NMR structural studies in 

solution. This strategy combines the advantages of protein expression in eukaryotes (i.e., 

proper folding and posttranslational modifications), expression in liquid cell culture 

(scalability, high yield and a rapid cell cycle), and the possibility of uniform isotopic 

labeling for NMR studies. Thus, this system combines the advantages of in vivo animal 

expression and unicellular cell expression in suspension. It is particularly reassuring that C. 

elegans worms express about 1,100 endogenous GPCRs (5% of its genome), many of them 

with human homologs. In addition, worms feed on E. coli and, therefore, proteins in the 

worms can be labeled by maintaining them with isotopically labeled bacteria.
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GPCR G protein-coupled receptors

IHC immunohistochemistry

Salom et al. Page 10

Anal Biochem. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



LC-MS Liquid chromatography–mass spectrometry

MP membrane protein

NGM nematode growth medium

NMR nuclear magnetic resonance

TG transgenic

SILAC stable-isotope labeling with amino acids in cell culture
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Figure 1. 
TG nematode lines expressing (b)opsin in both muscles and neurons [M,N] achieve greater 

receptor expression than TG nematode lines expressing (b)opsin in either muscles [M] or 

neurons [N]. A) A representative immunoblotted gel. Worms were sonicated and centrifuged 

to remove debris. Then supernatants of 0.33 μl [M] or 0.67 μl [N], [M,N] (b)opsin worms 

were loaded on the gels as shown. B) Quantification of immunoblotting results from three 

independent experiments. Error bars indicate means ±SE. **P<0.01; Student’s t test; n=3. 

C): UV spectrum of (b)isorhodopsin purified from [M,N](b)opsin worms by 

chromatography and gel filtration. The purity and functionality of the protein is evident from 

the ratio A280nm/A485nm= 1.52 and its electrophoretic profile (inset). The SDS-PAGE gel 

was silver stained. Right lane shows the molecular weight standards.
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Figure 2. 
Effects of isotopic labeling on brood size (A), growth rate (B), and hatching (C) of the TG 

nematode line expressing (b)opsin in both neurons and muscles. A) To estimate brood size, 

the F1 progeny produced by singly (2H,~70%), doubly (13C,15N,~100%) or triply 

(2H,~80%; 13C,15N,~100%) isotopically labeled transgenic worms were counted. Data are 

from three independent experiments, n>20. Error bars indicate means ±SE. *P<0.05, 

**P<0.01. One-way ANOVA with Dunnett’s correction. B) To estimate growth rate of these 

worms, we quantified the time for a life cycle (from L1 to L1 of F1 progeny) of transgenic 

worms. The relative growth rate is the ratio of the life cycle of unlabeled worms over that of 

each variant. Data are from three independent experiments, n>20. Error bars indicate means 

±SE. *P<0.05, **P<0.01. One-way ANOVA with Dunnett’s correction. C) Worms raised in 

70% 2H containing S-medium laid eggs at similar hatching rates in 13C,15N (~100%) 

containing S-medium and control medium((−)13C,15N). Data are from three independent 

experiments. Error bars indicate means ±SE, n>60. Students t test.
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Figure 3. 
Effects of isotopic labeling on the expression of (b)opsin in [M,N](b)opsin TG worms and 

the functionality of (b)isorhodopsin in [N](b)opsin and [M,N](b)opsin TG worms. U, 

unlabeled; L, triply isotopically labeled (13C, 15N,~100%; 2H, ~70%) worms. A) 

Representative Alexa-488-conjugated 1D4 mAb fluorescent images of adult [M,N](b)opsin 

worms without (U, left panel) and with isotope labeling (L, right panel). 1D4 mAb stained 

many neurons in the head ganglion, tail ganglion (white arrows), and was also detected in 

body wall muscles (orange arrows), as well as in muscles of the neck and head. B) 
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Representative immunoblotted gel (left panel) of opsin expression in unlabeled and 

isotopically labeled [M,N](b)opsin worms together with quantification of the 

immunoblotting results (right panel). Worms collected from three independent experiments 

(Exp1-3) were sonicated and centrifuged to remove debris. Worm supernatants of 0.33 μl 

together with 0.75 ng of (b)rhodopsin purified from bovine retina were used. Error bars 

indicate means ±SE. *P<0.05; Students t test. C) Light-responsive motor behavior of triple-

labeled worms. Unlabeled and labeled L4 [N](b)opsin and [M,N](b)opsin TG worms were 

preincubated with either vehicle, 10 μM all-trans-retinal or 10 μM 9-cis-retinal overnight 

and then transferred onto unseeded NGM tracking plates. Vigorously crawling TG animals 

were then exposed to blue light (1000 lux, 488 ±20 nm) for 1 s. Light-responsive motor 

behaviors of these animals were recorded and scored according to the response index (see 

Materials and Methods). Data were derived from 3 independent experiments with 5–10 

animals each. Error bars indicate means ±SE. *P<0.05; Student’s t test.
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Figure 4. 
Isotope labeling efficiency of C. elegans proteins. Equal weights of the 13C6,15N2-lysine-

labeled and unlabeled WT worms were pooled, and proteins were extracted by 

ultrasonication. The extracted proteins were then digested by Lys-C and analyzed by LC-

MS/MS. The intensities of individual heavy-lysine labeled and unlabeled peptides are 

plotted against each other and linear regression analysis was performed. The observed 

intensities of labeled and unlabeled peptides were normalized with respect to TBB-1 (worm 

homolog of β-tubulin).
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