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Abstract

Integral membrane G protein-coupled receptors (GPCR) regulate multiple physiological processes
by transmitting signals from extracellular milieu to intracellular proteins and are major targets of
pharmaceutical drug development. Since GPCR are inherently flexible proteins, their
conformational dynamics can be studied by spectroscopic techniques such as electron
paramagnetic resonance (EPR) which requires selective chemical labeling of the protein. Here, we
developed protocols for selective chemical labeling of the recombinant human cannabinoid
receptor CB, by judiciously replacing naturally occurring reactive cysteine residues and
introducing a new single cysteine residue in selected positions. The majority of the 47 newly
generated single cysteine constructs expressed well in £. coli cells, and more than half of them
retained high functional activity. The reactivity of newly introduced cysteine residues was assessed
by incorporating nitroxide spin label and EPR measurement. The conformational transition of the
receptor between the inactive and activated form were studied by EPR of selectively labeled
constructs in the presence of either a full agonist CP-55,940 or an inverse agonist SR-144,528. \We
observed evidence for higher mobility of labels in the center of internal loop 3 and a structural
change between agonist vs. inverse agonist-bound CB> in the extracellular tip of transmembrane
helix 6. Our results demonstrate the utility of EPR for studies of conformational dynamics of CB».
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Introduction

Integral membrane G protein-coupled receptors (GPCR) regulate multiple physiological
processes by transducing signals from the extracellular milieu to cytoplasmic proteins and
are major targets of pharmaceutical drug development. The recently published X-ray crystal
structure of the human cannabinoid receptor CB, (1) and a cryo-EM structure of the
complex of CB5, with the G protein (2) have provided insights into the structure of this
GPCR at high resolution. (3)

The complex pharmacology of GPCR ligands cannot be fully explained by a small number
of alternative static conformations shown by X-ray crystallography (1) and, recently, by
cryo-EM (2,3). More dynamic models for ligand regulation of GPCR conformation have
been proposed since GPCR display a range of motions associated with their function.
Although such protein dynamics are important for both signaling and allosteric regulation,
they remain poorly understood. Therefore, additional methods are required to evaluate the
ligand-induced conformational changes in GPCR and how the ligand binding affects the
conformational dynamics of the receptor.

A proven methodology of examining protein conformational dynamics relies on site-directed
spin labeling (SDSL) (4-7). In this technique, a spin label is covalently attached at a specific
site by a thiol-reactive tether. This requires that a unique reactive cysteine is inserted into the
protein following substitution mutagenesis. Motional freedom of the probe, its solvent
accessibility, and distance-dependent interactions between spin-labels have been used to
investigate the environment of the protein at the site of spin labeling. (8-11)

To evaluate the SDSL as a tool to study ligand-induced conformational changes in the CB,
receptor, we generated the “minimal cysteine” construct of CB5 in which the naturally
occurring, reactive, water-exposed cysteine residues were replaced. We demonstrated that
the function of this base construct was not compromised, and its performance in ligand-
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biding and in G protein-activation tests was similar to the wild type receptor. New cysteine
residues were introduced, one at a time, to this base construct at various positions, and their
reactivity was studied. The conditions of the labeling reaction were optimized to minimize
the contribution of unwanted labeling of the cysteines preserved in the base construct.

To study the conformational dynamics of the intracellular surface of CB5, we attached
nitroxide spin-labels to sites on the intracellular loop 3 (IL3) and the adjacent
transmembrane regions (TM5 and TMG6) of the receptor. We used EPR spectroscopy to
monitor the environment of the spin-label in CB, complexes with an inverse agonist
SR-144,528 and a full agonist CP-55,940. Significant differences in the efficiency of
labeling of these sites along the IL3 and adjacent regions were observed. Furthermore, for a
handful of sites, the influence on the EPR label of agonist and inverse agonist-bound
conformations of CB, was probed. These observations confirm the value of SDSL and EPR
methodology for structural studies of the structure of CB.

Materials and Methods

CB, mutagenesis

The minimal-cysteine mutants of CB, were generated as fusions with maltose binding
protein as previously described (12). All mutants were obtained from GenScript and
contained a His and twin-Streptag required for purification.

CB, expression

All CB, constructs were expressed in E£scherichia coliBI21 (DE3) cultures as previously
described (13). Briefly, cells were grown in 2 L batches containing 2YT medium, 0.2%
glucose, and ampicillin (50 mg/mL) at 37°C. After reaching optical density of 0.5 (approx. 4
hr. growth), the cultivation temperature was lowered to 20°C and 3 mM (final concentration)
of ligand CP-55,940 was added. The recombinant protein production was induced with
isopropyl p-D-1-thiogalactopyranoside (0.5 mM). The biomass was collected after 42 hours
by centrifugation at 5000 x g for 30 min, washed once with cold PBS and stored at —80°C
until use.

CB, Purification

Upon partial thawing, cells were resuspended in TBS solution with Complete Protease
Inhibitor (no EDTA), DNAse I, and 5mM MgCl,. Cells were lysed using a cell homogenizer
(Avestin). Upon homogenization, 10 mM CP-55,940 and Buffer A (2x solubilization buffer:
100 mM Tris-HCI (pH 7.5), 300 mM NaCl, 60% Glycerol; and 10 x Triple detergent
solution (1.2% CHS, 10% DDM, 6% CHAPS) were added and the resulting solution was
stirred for 1 hr. at 4°C. After stirring, the crude cell extract was centrifuged at 215,000 x g
for 1 hr. to separate out the solubilized protein. The supernatant was isolated and applied to
Dowex 1x4-50 ion exchange resin for 30 min with orbital mixing at 4°C. The resin was
removed from protein solution using a 0.45 mm filter.

The resulting protein extract was further purified using tandem Ni-NTA and StrepTactin XT
affinity chromatography. Using FPLC, the protein solution was applied and washed on a
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5mL prepacked Ni-NTA column directly followed by a 5mL prepacked StrepTactin XT
High Capacity column to capture any non-bound protein from the Ni-NTA column. The
protein was eluted from the Ni-NTA resin using imidazole elution buffer (10 mM
CP-55,940; Buffer A; 250 mM imidazole) and collected on the StrepTactin XT resin.

Detergent Exchange and Ligand Exchange

Once all protein was bound to the StrepTactin XT column, ligand exchange and detergent
exchange were completed. The protein solution was washed with Buffer A supplemented
with 10 mM SR-144,528. Detergent was then exchanged from Buffer A to FA buffer (0.5-
1.0% DMSO, 0.25 mM Fagade-TEG/CHS buffer, 20 mM HEPES; pH. 7.5, 10 mM
SR-144,528) using gradient washes. After ligand and detergent exchange, the protein was
eluted from the StrepTactin XT column using FA elution buffer (FA buffer with 20 mM
biotin). Protein fractions were collected and washed using FA buffer supplemented with
SR-144 528, then concentrated. Resulting protein concentration was measured using the
DCA protein assay (BioRad Laboratories). The protein was resuspended in FA buffer with
15% glycerol, separated into 200 mg aliquots, frozen in liquid nitrogen, and stored at —80°C.

For protein samples purified with CP-55,940 as the final ligand of interest, the above steps
were followed but with 10 mM CP-55,940 in all buffers instead of SR-144,528.

EPR Sample Preparation

A protein aliquot (200 mg; typically, 20-50 mL) was thawed on ice. An FA buffer solution
with appropriate ligand (0.5-1.0% DMSO, 0.25 mM Fagade-TEG/CHS buffer, 20 mM
HEPES; pH 7.5, 10 mM SR-144,528 or CP-55,940) was chilled on ice and degassed under
vacuum for 10 min. The FA buffer was briefly removed from vacuum and 0.5 mL was added
to the filter column with the protein. The filter column was centrifuged for 7 min at 14 x g at
4°C. After centrifugation, flow through was removed, and washing was repeated three times.

After initial washing, the protein solution (typically 20-30 mL) was removed from the filter
and transferred to a 100 mL tube. The volume was adjusted with degassed FA buffer to 40
mL (50 mM CB> protein). To this protein solution 1.25 mL of 3-(2-lodoacetamido)-
PROXYL spin label (50 mM stock; final conc. of 1.5 mM in reaction) were added. The
protein in the presence of label were incubated together on ice for 30 min.

After labeling was completed, the protein solution was transferred to a fresh 50 kDa
molecular weight cutoff (MWCO) filter column. Non-degassed FA buffer (0.5 mL) was
added and the filter was centrifuged at 14 x g for 7 min at 4°C to wash out unreacted label.
After protein labeling, it was no longer necessary to keep FA buffer under vacuum. This
wash process was repeated 9 times to ensure removal of unreacted label. After a final wash,
labeled protein was removed from the filter column and protein concentration was measured
using the DCA protein assay (BioRad Laboratories).

Performing EPR Measurement and Analysis

After protein labeling, 7 mL of protein sample were transferred to a capillary tube with an
inner diameter of 0.8 mm and the tube sealed from both end with capillary tube sealer. EPR

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yeliseev et al.

Results

Page 5

spectra were recorded at 4°C on a Bruker EMXnano spectrometer operating in the X-band
frequency range using Xenon software (Bruker). The experiment was run using the
following parameters: center of field = 3430 G, field modulation amplitude 2G, sweep width
=150 G, microwave power = 5 mW, sweep time = 60.0 sec., number of scans = 50. The Q-
factor of the resonator declined reproducibly after sample insertion to values near 3,000.
After measurement, an initial linear baseline correction was performed using the Bruker
software.

After acquisition, spectra were analyzed using a fitting procedure from EasySpin/SimLabel
(14,15), a MATLAB-based application. Spectra were fitted as superposition of two spectral
components with separate sets of parameters. The principal value components A, and Ay, of
the nitrogen hyperfine coupling tensor A were set to Ay = Ay = 6 G, and the Lorentzian
contribution to line broadening of resonances was set to 2 G. It was assumed that hyperfine
splittings Ax = Ay = 6 G, and Lorentzian Broadening of resonances was set to 2 G. The
weight of spectral components 1 and 2, rotational correlation times assuming an isotropic
rotational model, the g factor matrix, hyperfine coupling tensor value Az, and the Gaussian
contribution to line broadening of resonances were allowed to vary until a reasonably low
root mean square deviation between experimental and fitted spectra was reached which
typically required several thousand iterations. A variable Gaussian contribution to linewidth
was chosen to account for variability in protein structure as well as for signal superposition
from background labeling. An interpretation of components of the g-factor matrix is not
prudent due to limitations from signal superposition and limitations of applicability of the
isotropic rotational model of label motions.

All spectra were fitted beginning from the same set of initial fit parameters. Fitting was
conducted using the Nedler/Mead simplex algorithm, target = derivative, scaling = “scale &
linear baseline (Isql)”, startpoint = center of range. The SimLabel fit generates numerical
values of EPR parameters related to the shape of the spectra that were used for analysis. The
spectral fitting to an isotropic rotational diffusion model was primarily used to derive the
weights of two individual spectral components. The actual motion of the nitroxide label is
likely to be anisotropic and, therefore, rotational correlation times and g-factor components
reported should be considered only as estimates.

Final linear baseline correction of experimental spectra was conducted with a fitting routine
written for Sigmaplot 14 (Systat Software) using the fitted spectrum as reference. Label
concentration in samples was determined by double integration of the baseline corrected
spectra. Reproducibility of double integration for repeated acquisition of spectra using the
same sample was £10% or better. Absolute concentrations of label were determined by
calibration of integral intensity using samples with a known concentration of label.

Development of a minimal cysteine construct of CB»

The amino acid sequence of the human CB5 receptor contains 13 cysteine residues, eight of
which are believed to be localized in the water-exposed domains of the protein
(Supplemental Fig. S1). The residues in positions 174 and 179 of the extracellular loop 2
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form an essential disulfide bridge. Preliminary studies demonstrated that several of the
remaining cysteine residues in water-exposed regions of CB, may interact with sulfhydryl-
reactive spin labeling reagents. Consequently, labeling of the wild type CB5 protein with a
nitroxide spin-label produces a complex signal due to contributions from several labeled
sites (results not shown). To reduce the complexity of the EPR signal, we systematically
replaced the naturally occurring cysteine residues in CB, with either serine or alanine.

To examine the structural and functional consequences of such replacements, the wild type
and variant constructs were expressed in £. coli cells as fusions with the N-terminal maltose-
binding protein (MBP) at conditions that favor the formation of functional CB5 (16). The
expression levels of these constructs were analyzed by a Western blot of the whole-cell
membrane fraction (Supplemental Fig. S2), and the functional activity by the G protein
activation (GEF) test. (17) We found that the replacement of six cysteine residues in the
water-exposed sites of the receptor with serine in construct CB,-365 (C(4, 134, 175, 313,
320, 360)S) did not affect the activation of the receptor by the agonist CP-55,940 (results not
shown). On the other hand, a replacement of several of the TM-localized cysteines
(construct CB,-C335, C(4, 40, 89, 134, 175, 288, 313, 320, 360)S, C284A) significantly
reduced the potency of the agonist CP-55,940 as revealed by the G protein activation (GEF)
test (Fig.1). ECsq for CP-55,940 for the WT and CB»-365 constructs were 13 nM while for
CB,-335 — 95 nM, likely due to the reduced binding of the agonist by the variant CB2-335
in which most of the cysteine residues in TM domains have been replaced.

Based on these observations, the minimal cysteine construct CB,-365 was selected for
subsequent optimization. The TM-located cysteine residues are presumed to be less reactive
toward the water-soluble spin-labels and, therefore, are somewhat less likely to contribute to
the EPR signal. We will demonstrate below that although such TM-localized cysteines are
likely to be less-reactive, they still contribute significantly to the overall labeling, thereby
complicating signal analysis.

Furthermore, the C-terminus of CB, was truncated at position 331 to favor the formation of
a monomeric receptor in detergent micelles, to generate CB»-365/C331 (Supplemental Fig.
S1). Our preliminary results indicate that oligomerization in detergent micelles may
adversely affect the homogeneity of the purified CB, sample. However, there are numerous
reports of truncations of N- and C-termini used to improve the homogeneity of GPCR
preparation for high resolution structural studies (18-21). We therefore tested several
variants of CB, truncated at N- and C-termini for their expression in £. coli and activity in
GEF tests. Several constructs truncated at N-termini downstream of amino acid 5 showed
reduced expression and/or activation in GEF tests, and therefore were not used in subsequent
trials. Likewise, the truncation of large parts of the C-terminus of CB, reduced the
functionality of the receptor. On the other hand, the CB5 construct truncated at C-terminus
after amino acid 331 expressed well in £. cofiand its functional activity was not affected
(Supplemental Fig. S3). Furthermore, the purified CB,-365/C331 protein eluted
predominantly as a monomer in size-exclusion chromatography analysis (Supplemental Fig.
S4). Therefore, this construct was selected for subsequent introduction of single cysteine
replacements and labeling with the nitroxide spin-label. For simplicity, this truncated variant
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is referred to as CB»-365 since it performed virtually identically to the full-length receptor in
expression and functional activity tests.

To generate single cysteine variants of the CB,-365 construct, the amino acid residues at
targeted sites were systematically replaced with cysteine, one at a time. These new residues
were placed either at the ends of TM domains or in the cytoplasmic loops of the receptor
since these locations are expected to be involved in conformational changes of the receptor
in response to ligand binding. The constructs harboring the newly introduced residues were
expressed as a fusion with MBP in E£. coli cells, and their expression levels and functional
activity characterized (Fig. 2 and Supplemental Table. S1).

More than half of the 47 single cysteine constructs were expressed in £. coli cells at levels
similar to that of WT CB,, and exhibited only slightly reduced activity in the GEF test, as
illustrated by the green and blue circles in Fig. 2. Therefore, these constructs were selected
for labeling by the sulfhydryl-reactive spin label (Fig. 3). Some of the remaining single
cysteine constructs exhibited a significantly diminished functional activity (marked by
brown circles in Fig. 2) that precluded their subsequent characterization by EPR.

Optimization of spin labeling conditions

The optimization of labeling conditions was performed for single cysteine replacement
constructs, by comparing them to the minimal-cysteine construct CB,-365. For initial tests
of labeling efficiency, the S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl
(MTSL) methanesulfonothioate was used. This sulfhydryl-labeling reagent forms a disulfide
bond upon reaction with cysteine groups of the protein. However, the product of this
reaction is redox-sensitive, releasing the nitroxide spin labels over time (22). To avoid such
undesirable degradation, in this study we used the 3-(2-lodoacetamido)-2,2,5,5-
tetramethyl-1-pyrrolidinyloxy (1A-Proxyl) to introduce a spin-label into the protein. While
the 1A-Proxyl is somewhat less reactive compared to MTSL, it forms a stable C-S bond
upon reacting with the SH group of the cysteine, which is not a subject of degradation at
experimental conditions (Supplemental Fig. S5).

Due to the large number of constructs studied in this work, it was essential to design a robust
and efficient CB, protein expression and purification protocol. The receptor is expressed as a
fusion with the N-terminal MBP in £. coliand purified by two successive steps of affinity
chromatography as described in Experimental Procedures. To simplify the purification
protocol and to minimize the number of steps, the MBP fusion partner was not removed
from the receptor. The MBP does not contain cysteine residues and therefore was inert in the
reaction with nitroxide spin label. Furthermore, the presence of MBP appears to add to the
stability of CB, in detergent solutions (unpublished observations). The last step of
purification of the receptor was performed in the presence of Facade-TEG detergent that,
due to its low aggregation number, forms small micelle particles. A significant difference in
sizes between the CBy-containing micelles and the empty Facade-TEG micelles allows their
efficient separation in spin-concentrators and concentrating of the purified protein without
significant co-concentration of detergent. Furthermore, such size difference made it easy to
remove the excess labeling reagent and other small size molecules from protein sample by
several rounds of concentration on a spin concentrator equipped with an appropriate filter,
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with good recovery of the protein. The purity of protein samples was routinely assessed by
SDS-PAGE and Western blot analysis as shown in Supplemental Fig. S6. Partial,
spontaneous cleavage of the fusion protein that is sometimes observed in the course of
purification is not problematic since the released receptor protein is sufficiently stable at
experimental conditions.(17)

The labeling conditions of several representative constructs of CB, were optimized to
decrease the off-target labeling of undesired sites on the proteins. Because the minimal
cysteine CB»-365 construct contains several functionally critical cysteine residues, it was
important to minimize the unwanted labeling of these sites. Thus, a variety of IA-Proxyl
labeling conditions were tested, aiming to reduce labeling of the base construct while
achieving sufficiently high labeling of the targeted cysteine residue. Initial optimization
trials have shown that the traditional approach to labeling involving prolonged incubation of
the receptor with the labeling reagent (23-25) resulted in high levels of off-target labeling in
several CB, mutants (results not shown). Therefore, we chose to perform spin labeling
reactions at a high label- and protein concentration over a short period of time, taking
advantage of the differential reactivity between the target cysteine and the background
cysteine residues present in the base construct. Furthermore, due to the low stability of CB,
in detergent solutions, all procedures with purified receptor, including the labeling reaction,
were performed at 4°C or on ice. We found that 1:25 protein to 1A-Proxyl ratio with a 30
min incubation time at 4°C was most effective for sufficiently high labeling of targeted
cysteine residue and low off-target labeling.

The EPR experiments on the minimal cysteine-mutant series began with 50 individual
protein mutants stabilized by inverse agonist SR-144,528. Upon measurement of all
constructs in the series, samples with spectra that did not meet inclusion criteria were
eliminated from the analyzed data set. One criterion for removal was labeling efficiency of
each protein construct, expressed in units of label/protein, compared to values for the
CB,-365 construct that has no added cysteines. Samples were included for analysis if they
labeled at least 30% higher than the CB,-365 construct. Five samples were removed because
they labeled lower, suggesting that the added cysteine was not accessible for labeling.
Additionally, spectra were inspected for low signal-to-noise, upon which five additional
samples were removed. The final data set included 41 unique protein constructs. A subset of
protein mutants was investigated bound to full agonist CP-55940. For this subset, all spectra
are shown, independent of background labeling.

EPR of IL3 SR-144,528-bound receptor

To estimate the background signal contribution, all constructs in the minimal-cysteine
mutant series were labeled and purified in the presence of an inverse agonist SR-144,528,
and their EPR spectra were compared to the spectra of CB,-365-base construct. The EPR
fitting protocol generates a variety of numeric variables that provide valuable structural
information about the labeled site (see Methods). Specifically, we focused on the following
parameters that characterized significant variation between spectra of the labeled constructs:
labels per protein, and content of spectral immobilized Component 1 (C1) fraction, and
spectral more mobile Component 2 (C2) fraction. Furthermore, we analyzed rotational
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correlation times, and hyperfine coupling tensor value A; for both spectral components
(Supplemental Figures S7-S12).

The labeling efficiency of the constructs in the series of samples covering the IL3 and
adjacent tips of TM domains varied significantly. As shown in Figure 4, all represented
samples have a labeling efficiency significantly above the base construct (label/protein =
0.15). This suggests the successful, partial labeling of the site of interest in each variant
construct, with a background from residual reactivity of off-target sites, - since these
constructs only differ from CB,-365 by a single cysteine addition. The label per protein
value represents a valuable parameter characterizing reactivity of cysteine residues placed at
different sites of the receptor. Not surprisingly, the highest values were observed for several
residues located at water-exposed sites on the receptor, specifically several positions in the
IL3 such as H219C and M237C (Fig. 4). Additionally, several other sites, including
extracellular tips of transmembrane domains, were also highly reactive (Supplemental Fig.
S7).

The C1 component of the EPR spectra represents the more immobilized conformation of the
labeled site, while C2 represents the more mobilized one. Two superimposed spectral
components originating from the same labeled cysteine result from long lived (1077 s)
conformers of cysteine sidechains. By comparing the C2/C1 ratio as determined by the
spectral fitting procedure, differences in mobility of each labeled site within the
experimental series can be determined (Figure 5). Higher values reflect greater overall
mobility of the label, which can then be extrapolated to the mobility of the residue of
interest. As shown in Fig. 5, the mobility fluctuates depending on the location of the label. In
particular, the residue G225C has a substantially larger C2/C1 value indicating that this site
located at the center of IL3 has significantly higher mobility compared to the rest of the
loop. Not surprisingly, the C2/C1 value for residues immediately surrounding G225C trend
upward as well, indicating that mobility in this region is increased due to structural
flexibility. The values of hyperfine splitting A, of spectral component 1 tends to be higher
for labeled sites near the center of IL3 also, suggesting that labels are more water exposed
(Fig. S10).

Comparison of CP-55,940- and SR-144,528-bound conformations of CB»

Binding of an agonist CP-55,940 or inverse agonist SR-144,528 induces significant
conformational changes in CB5 as reported by the recently published X-ray(1) and cryo-EM
(2,3) structures. However, the conformational flexibility of IL3 was not examined in these
studies. In fact, IL3 was removed from the expression construct described in the X-ray
structure of an inverse agonist-bound CB», in order to achieve greater rigidity of the protein
construct. Since the structure of the intracellular surface of CB, including the IL3 is critical
for understanding the mode of binding of the G protein (3), in this study we compared EPR
spectra of CP-55,940-bound- and SR-144,528-bound receptor for select residues within the
IL3 and residue A270C in the extracellular tip of transmembrane helix 6 (Fig. 6, 7 and
Supplemental Table S2). Labeling of protein bound to CP-55,940 was generally lower
compared to labeling of protein bound to SR-144,528. Therefore, constructs Q230C, V231C
and M234C may have low labeling of mutated sites in the presence of CP-55,940 (see Fig.
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S7). Furthermore, a A270C site at the extracellular tip of TM6 was added to this
comparison.

Significant changes in the appearance of spectra of these constructs, bound to agonist vs.
inverse agonist, suggest changes in the chemical environment of the label at this site of the
receptor (Fig. 7a). These spectral changes can be quantified using the differences in weight
of Component 1 and 2 as previously discussed. From the C2/C1 ratios, one can determine
the mobility of the labeled site (Fig. 7c). There is a trend of higher ratios for the center of
IL3 from residues H217C to H226C (Fig. 5) suggesting higher mobility in this region. Out
of the 7 resides for which ligand effects were investigated, residue A270C at the tip of helix
6 is more mobilized when bound to CP-55,940 (Fig. 7c).

Discussion

The recent reports of the X-ray and cryoEM structures of CB5 provide valuable starting
points for rational design of specific pharmaceuticals targeting this receptor.(1-3) However,
much remains to be discovered about the factors and mechanisms involved in activation of
CB5 and its binding with G protein and other cellular interacting partners. In this report we
demonstrate that the dynamics of conformational changes of CB, can be successfully
measured by spectroscopic methods such as EPR.

Site-selective labeling of proteins with nitroxide spin-label for EPR analysis is typically
performed by targeting cysteine residues that either are already present in the native receptor
or are introduced by genetic manipulations. However, due to the large number of cysteine
residues in the WT CB,, selective labeling of this protein presented a significant challenge.
We performed an extensive site directed mutagenesis-based screening of variants of CB,
receptor in which one or more of the naturally occurring reactive cysteine residues were
removed. By coupling this screening with expression and functional characterization of
variant receptors, we selected a construct CB»-365 in which only two functionally essential
cysteine residues in water-exposed parts of the protein remained. Replacement of cysteine
residues in TM domains of CB, was deemed unwarranted since it diminishes ligand binding
affinities and negatively affects the activation of the receptor (unpublished observations).

The minimal cysteine construct CB»-365 was used as a base upon which to introduce new
cysteine residues, one at a time, at selected positions on the receptor. Among almost 50
constructs tested, more than half performed reasonably well in expression- and functional
activity tests and were selected for subsequent nitroxide spin-labeling. These sites spanned
the intra-cellular as well as extra-cellular regions of the receptor, clustering around the ends
of transmembrane domains and flexible cytoplasmic loops.

The reaction conditions were optimized to minimize the incorporation of the label into the
base construct, and to avoid the degradation of the receptor.(17) Importantly, the labeling as
well as EPR measurements were performed in Fagcade-TEG detergent supplemented with
cholesterol derivative CHS (see Methods) to stabilize the receptor (17). The low aggregation
number of Facade-TEG allows concentrating of the protein sample in spin-concentrators
without accompanying co-concentration of the detergent. Furthermore, the unreacted spin-
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label can be easily removed on a centrifugal spin-concentrator with high protein recovery
and without any detrimental effects on the protein sample.

We observed significant differences in labeling efficiency of cysteine residues introduced at
different sites of the receptor. At our reaction conditions, these differences should parallel
reactivity of these residues with sulfhydryl reagents. The highest reactivity was observed for
the residues located in more flexible parts of the protein including middle of the IL3
although several other residues located at tips of transmembrane domains also exhibited high
reactivity. These data may prove useful when selecting sites for double labeling of CB; for
distance measurements in by double electron-electron resonance (DEER) experiments.(26)
The technique has been used successfully for distance measurements in proteins including
GPCR.

Even though the incorporated spin-label was located at water-exposed sites to yield high
labeling efficiency, the background contribution from labeling of the base construct CB,-365
was still significant. The experimental data reported in the figures are therefore a composite
of properties from several labeled sites, with comparable or dominating contributions from
the site of the introduced mutation. Because of the contribution from background,
presumably originating from several sites, the fit parameters should be interpreted as trends
with contributions from the site where a cysteine was introduced. From our extensive
optimization attempts, it appears unlikely that the current labeling strategy can be improved
further. While we have not studied the source of the background signal, we consider it likely
that it derives in part from both TM-localized spin labels as well as from partial labeling of
the two water-exposed cysteines involved in the formation of the disulfide bridge. This
disulfide bridge was previously shown to be essential for preservation of the functional
structure of CB», and therefore introduction of the spin-label would most certainly result in
unfolding of the part of the labeled receptor (17).

In this study, in order to reduce the background labeling while preserving protein function,
we intentionally under-labeled our protein constructs, at a rate of about 30% labeling
efficiency. However, our labeling procedures can be easily modified by increasing the
reaction time, to achieve close to 70-80% label incorporation (1:1 ratio of label per protein).
This would be required to generate significantly double-labeled constructs for subsequent
DEER measurements. For successful DEER measurements, it is essential that the pair of
cysteine residues is labeled predominantly while the non-specific background label
incorporation is minimized.

In addition to demonstrating variation in labeling efficiency and reactivity, of mutants in the
IL3, we also observed differences in EPR labeling between CB, mutants when bound to
SR-144,528 or CP-55,940. Notably, the EPR method described here shows a proof of
concept for identifying specific changes in mobility and residue-reactivity of CB, due to
ligand type. Such observations may prove to be a useful starting point for studying
conformational changes associated with ligand binding to the receptor, including the IL3, for
which data are not available from current X-ray and cryo-EM analysis (1,3). The significant
differences between the inactive (SR-144,528-bound) and active (CP-55,940-bound)
conformations at the tip of transmembrane helix 6 of the receptor reported here reveal a
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concept for structural analysis of CB, at additional residues, and could potentially be used
for evaluating structural changes induced by other CB, ligands.

Conclusions

While much of the present work was devoted to selection and minimization of labeling of a
minimal cysteine construct named CB,-365, the contribution from the labeling of this
construct to the EPR signal is still significant. It is possible that at least part of the
background signal derives from a partially unfolded fraction of the protein that contains
cysteine residues exposed for interaction with nitroxide spin-label. One of the future
directions of our work involves expression of single cysteine constructs of CB5 in
mammalian cell cultures for subsequent labeling. We recently demonstrated superior
stability of the receptor isolated from mammalian cell cultures due to post-translational
modifications of the receptor molecule by glycosylation of its N-terminal domain and
palmitoylation of C-terminal tail. (12) It is expected that higher stability of the receptor will
translate into a more rigid conformation that is less susceptible to unfolding and interaction
with sulfhydryl reagents. Additionally, we would like to further expand upon our EPR
methodology to determine more detailed structural and environmental information about
CB, using methods such as EPR power saturation measurements at variable oxygen
concentrations and in the presence of water soluble relaxation agents (27) and distance
measurements within the protein by double-electron electron resonance (DEER).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Developed protocols for selective labeling of the human cannabinoid receptor
CB,

. Expressed 47 functionally active single cysteine constructs of CB,

. Transition of CB5 between activated and inactive conformation studied by
EPR

. Structural changes in agonist vs. inverse agonist-bound CB» occur in 1L3 and
TM6
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Figure 1. Functional activity of cysteine-replacement constructs of CB».

Page 15

— CB,-WT
- CB,-365
4+ CB,-335

GEF assay of CB,-WT and constructs CB,-365 and CB2-335. In CB,-365, all non-essential
cysteine residues in water-exposed regions of CB, have been replaced C(4, 134, 175, 313,
320, 360)S. In CB»-335, four additional cysteine residues in TM regions have been replaced
(C(4, 134, 175, 313, 320, 360, 40, 89, 288)S, C284A). ECsq determined by titrating
increasing concentrations of an agonist CP-55,940.
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Figure 2. Snake diagram of the minimal cysteine construct and mutant series.
Green circles indicate either no decrease or a small decrease in functional activity; blue

circles — moderate decrease in functional activity; brown circles — large decrease in
functional activity. Red circles filled with black show the naturally occurring in the wild type
cysteine residues replaced with serine residues; red circles filled with yellow - naturally
occurring cysteines remaining in a construct. Each blue, green, and brown-colored circle
represents a single construct where the residue was replaced with a cysteine. The relative
activity of CBy variants was calculated as a ratio of the functional activity determined by the
GEF test to the relative expression levels determined by semiquantitative Western blot.
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Figure 3. Snake diagram of CB, mutant series used for EPR labeling optimization.
Red circles represent cysteine residues that were removed from the wild type receptor. Green

circles represent the wild type cysteine residues that are critical for protein function, and
thus are retained in the CB»-365. The site of truncation of the C-terminus of CB, C-331is
shown by a dotted line. Each blue circle represents an individual variant from the CB,-365
base construct where a single cysteine is introduced at the marked location for spin labeling.
This resulted in a library of 37 individual protein variants to be used for the spin labeling.
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Figure 4. Labeling of variant constructs in the IL3 in the presence of inverse agonist SR-144,528.
Gaps represent the residues in the protein that were not tested in this study. Error bars

represent 15% variation due to error limits of EPR measurement and protein concentration
measurement for each individual sample.
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label, while the Component 2 parameter values indicates higher mobility of the spin label.

The C2/C1 ratio reports the overall mobility of the labeled site.
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Figure 6. Comparison of select sites in IL3.
Select CB, mutants bound to SR-144,528 or CP-55,940 were compared using EPR analysis.

The labels/protein values of these mutants are compared. For comparison, the site A270C is
also shown. Error bars represent 15% variation due to error limits of EPR measurements and
protein concentration measurement for each individual sample.
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Figure 7. Comparison of inverse agonist-bound (SR-144,528) and agonist-bound (CP-55,940)
CBy mutants.

a. Experimental EPR spectra for CB, mutants labeled with IA-Proxyl spin label. Black
traces are the experimental spectra and the red traces represent the generated spectral fit. b.
Experimental spectrum (black) of sample H219C (SR-144,528) with spectra of fitted
component 1 (red) and component 2 (green). c. The C2/C1 ratios derived from fitting.
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