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ABSTRACT: GPCRs mediate intracellular signaling upon
external stimuli, making them ideal drug targets. However,
little is known about their activation mechanisms due to the
difficulty in purification. Here, we introduce a method to purify
GPCRs in nanodiscs, which incorporates GPCRs into lipid
bilayers immediately after membrane solubilization, followed
by single-step purification. Using this approach, we purified a
family B GPCR, parathyroid hormone 1 receptor (PTH1R),
which regulates calcium and phosphate homeostasis and is a
drug target for osteoporosis. We demonstrated that the purified PTH1R in nanodiscs can bind to PTH(1-34) and activate G
protein. We also observed that Ca2+ is a weak agonist of PTH1R, and Ca2+ in millimolar concentration can switch PTH(1-34)
from an inverse agonist to an agonist. Hence, our results show that nanodiscs are a viable vehicle for GPCR purification, enabling
studies of GPCRs under precise experimental conditions without interference from other cellular or membrane components.

Integral membrane proteins can be challenging to purify and
study. G-protein-coupled receptors (GPCRs) are the largest

class of integral membrane proteins found in the human
genome and are represented by approximately 1000 genes.1

These 7-helical-transmembrane proteins constitute a major
portal for intercellular communication. Upon binding to their
ligand on their extracellular or transmembrane domain, GPCRs
transduce a signal via conformational changes to the
cytoplasmic side, which then couples with G-proteins to start
signaling cascades. Based on GPCRs’ function and amino acid
sequence, they are classified into 5 families (A−E), of which
families A, B, and C are best studied with respect to their ligand
binding, function, and G-protein coupling.2 However, most
biophysical and activation mechanism studies have been
performed only on family A GPCRs, using model systems,
such as rhodopsin and β2-adrenergic receptor.

3−9 These studies
reveal precise information about roles of amino acids and
helical movements in the transmembrane region upon
activation. Such detailed information is unavailable for families
B and C, largely due to difficulty in purifying them while
retaining their activity for biophysical studies. Apart from
reasons such as low cellular expression levels, the difficulty in
purifying GPCRs can also arise from their labile membrane-
embedded hydrophobic domains, which require detergents for
solubilization and extraction from the plasma membrane.
Solubilization is a critical step in the purification procedure,
where the target GPCR is separated from the membrane lipids
of the expressing cell systems. Traditionally, once GPCRs are

separated from cell membranes with a detergent, all subsequent
purification steps are also done in detergent.10 The purified
GPCRs are then either stored in detergent or reconstituted into
lipid environments.11 Such prolonged exposure to detergent
could be an additional contributing factor in denaturation of
GPCRs during purification.
Here, we propose that minimizing detergent contact with

GPCRs can preserve their structure and stabilize them. One
way to achieve minimal detergent contact is by using nanodiscs.
Nanodiscs, also referred to as NABBs (Nanoscale Apolipopro-
tein Bound Bilayers),12 are a discoidal form of HDL (High-
density Lipoproteins). They are composed of nanometer-sized
lipid bilayers surrounded by two alpha helical membrane
scaffold proteins (MSP).13 MSPs are modified versions of
apolipoprotein A.14 Nanodics were first characterized by the
Sligar group.14 Because nanodiscs mimic a membrane, they
could be ideal vehicles for stabilization of transmembrane
proteins. A recent study showed that MSP can be replaced by
polymers to form particles called Lipodisq.15 Because nanodiscs
mimic a membrane, they could be ideal vehicles for stabilization
of transmembrane proteins. In this study, we use nanodiscs
formed by the MSP MSP1E3D1 to purify GPCRs. We
incorporate our target GPCRs into nanodiscs immediately
after solubilization from the expression system to minimize
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detergent contact and purify the receptors by single-step affinity
chromatography while the receptors are in the lipid environ-
ment of nanodiscs (Figure 1).
Although nanodiscs have been applied to study membrane

proteins,16−23 they have not been used as a vehicle to purify
GPCRs. Previous studies have shown that when membrane
proteins are incorporated into nanodiscs, they display improved
stability and activity.12,24 Nanodiscs were used to incorporate
rhodopsin, β2-adrenergic receptor, μ-opioid receptor, and
CCR5 for examining their interactions with G-pro-
teins.12,19,25−27 Moreover, rhodopsin incorporated into nano-
discs can couple with downstream signaling proteins, including
rhodopsin kinase and arrestin-1.28,29 However, in these
previous studies, GPCRs were incorporated into nanodiscs
after being purified in detergent. Although nanodiscs have been
applied to directly purify a membrane-anchored protein,
cytochrome P450 monooxygenase,30 nanodiscs have never
been used as a means for purifying integral membrane proteins,
such as GPCRs.
Here, we use parathyroid hormone 1 receptor (PTH1R), of

which the purification in detergent has been reported, as a
model system to establish our proposed nanodisc methodology
for purifying GPCRs. The receptor belongs to family B GPCRs.
To date, there have been a small number of successful cases of
purifying family B GPCRs, which include pituitary adenylate
cyclase-activating peptide receptor purified from bovine brain31

and insect cells;32 PTH1R purified from COS-7 cells,33

HEK293S cells,34 and E. coli;35 glucagon-like peptide 1 receptor
purified from both E. coli36 and insect cells;37 and two other
receptors, corticotrophin-releasing factor receptors 1 and 2β,
obtained using cell-free expression methods.38 In this study, we
choose PTH1R as our target receptor, because it has been
shown to be stable in detergents. Thus, it is a good model
system for establishing and standardizing the purification
protocol.

PTH1R is expressed in osteoblasts in bone and tubule
epithelial cells in the kidney and is a target for osteoporosis
treatment.39 It has two endogenous ligands, parathyroid
hormone 1 (PTH) and parathyroid hormone-related protein
(PTHrP). It regulates calcium and phosphate homeostasis in
blood and extracellular fluids upon binding to PTH, and
subsequent coupling with either Gs or Gq, which activates the
adenylyl cyclase or phospholipase C signaling pathways,
respectively.39 Association of PTH1R with PTHrP is important
in the development of organs, such as bone, heart, mammary
glands, and other tissues.39−41 A truncated version of PTH,
PTH(1-34) that has the first 34 amino acids, maintains the
same functions as the full-length ligand.39 Paradoxically, while
activation of PTH1R by PTH or PTH(1-34) results in bone
resorption (release of Ca2+ from bone), intermittent injection
of PTH(1-34) can enhance bone formation, and is an FDA-
approved treatment for osteoporosis.42

In this study, we extracted PTH1R in nanodiscs and
characterized the properties and functions of the purified
PTH1R incorporated in nanodiscs (PTH1R-ND). We used
fluorescence anisotropy to study the binding of fluorescently
labeled PTH(1-34) to the purified PTH1R-ND and obtained
binding constants at various Ca2+ concentrations. We also used
a fluorescently labeled nonhydrolyzable GTP analogue to
examine the ability of PTH1R-ND to activate G-protein (Gs) in
response to the binding of PTH(1-34).
Our studies reveal that both ligand binding and G-protein

activation by PTH1R-ND strongly depend on Ca2+ concen-
tration. In particular, Ca2+ at millimolar concentrations can
switch PTH(1-34) from inverse agonist to agonist, and Ca2+

alone can weakly activate PTH1R under the conditions of our
experiments. These results demonstrate that nanodiscs can be a
viable vehicle for GPCR purification, which enables precise
control of experimental conditions, such as Ca2+ concentration,

Figure 1. Schematic of purification of a family B GPCR in nanodiscs. The purification procedure includes (1) expression of a family B GPCR in a
mammalian expression system, (2) solubilization of membrane components of the expression system using detergent, (3) incubation of solubilized
membrane components with phospholipid and the membrane scaffold protein, MSP1E3D1, (4) addition of Bio-Beads to remove detergent by
physical adsorption to induce formation of nanodiscs containing membrane proteins, (5) immuno-affinity binding of the GPCR incorporated in
nanodiscs (GPCR-ND) to antibody-conjugated resin, (6) washing resins bound with GPCR-ND, and (7) elution with epitope to yield purified
GPCR-ND.
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for functional characterization that would be difficult in cells or
membrane preparations.

■ RESULTS

Purification of PTH1R in Nanodiscs. The purification
process starts with expressing a full-length PTH1R tagged with
the 1D5 epitope (TETSQVAPA) in HEK293S cells (Figure 1).
Membrane fractions of the PTH1R expressing cells were
isolated (described in Supplementary Methods) and then
solubilized using n-dodecyl-β-D-maltopyranoside (DDM). The
solubilized membrane fractions were incubated with 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and
MSP1E3D1. Subsequently, Bio-Beads were added to remove
DDM by physical adsorption. Upon removal of DDM,
nanodiscs form spontaneously, which incorporate POPC and
the membrane components of the HEK293S cells, including
the overexpressed 1D5-tagged PTH1R. Then, 1D4 antibody
coupled resin was added to the assembly mix to specifically
bind PTH1R incorporated in nanodiscs (PTH1R-ND). The
resin was washed, and the bound PTH1R-ND was eluted using
the 1D5 peptide. We established this protocol through several
rounds of optimization of various experimental parameters,
including the lipid to detergent ratio, the MSP1E3D1 to
membrane protein ratio, the MSP1E3D1 to lipid ratio, and the
amount of Bio-Beads, which are detailed in the Supporting
Information. Using this optimized protocol to purify PTH1R,
we obtained a yield ranging roughly from 0.05 to 0.2 μg of
PTH1R per 10-cm plate of HEK293S cells (Supplementary
Figure 1).
Characterization of Physical Properties of PTH1R-ND.

Next, we characterized the size, size distribution, and purity of
PTH1R-ND. We used size exclusion chromatography to
measure the Stokes diameter of PTH1R-ND. The gel filtration
profile showed a major peak at 10.7 mL (Figure 2a).
Calibration with protein standards (vertical bars on the top

of the elution profile) confirmed that this peak corresponded to
a Stokes diameter of 12.5 nm. We would like to point out here
that the Stokes diameter assumes a spherical shape of the
particle being measured, whereas nanodiscs are disc-shaped.
The profile also contained an earlier eluting peak, representing
aggregates that are too large for the column to resolve. To
further characterize the size and size distribution, we used
transmission electron microscopy (TEM). We took several EM
images, and each image displayed roughly 200 particles (Figure
2b), of which most are homogeneous with a diameter of ∼15
nm (Figure 2b, lower panel). A few particles appeared to be 2−
3 times larger than the rest, which is consistent with the gel
filtration profile. We also ran a SDS-PAGE gel and stained it
with Coomassie blue. The gel contained two main bands with
apparent molecular weights of 28 and 75 kD, corresponding to
MSP1E3D1 and PTH1R, respectively (Figure 2c).

Effect of Ca2+ on Ligand Binding of PTH1R-ND. Next,
we examined the ligand binding activity of PTH1R-ND using
fluorescence anisotropy and observed an effect of Ca2+

concentration on the ligand affinity. We designed a
fluorescently labeled ligand, PTH(1-34)-FAM, which is labeled
with 5(6)-carboxyfluorescein (FAM) at Lys13 (Figure 3a). The

concentration of PTH(1-34)-FAM was fixed at 50 nM and
titrated with freshly prepared PTH1R-ND in Buffer A (20 mM
Tris at pH 7.4, 150 mM NaCl, 100 μM EDTA, and 3 mM
MgCl2). In the presence of 15 mM Ca2+, the anisotropy of
PTH(1-34)-FAM increased with an increase in PTH1R-ND
concentration (Figure 3b). This increase is due to the binding

Figure 2. Characterizations of physical properties of PTH1R-ND. (a)
Size exclusion chromatogram of purified PTH1R-ND. (b) Trans-
mission electron micrograph of negatively stained purified PTH1R-
ND. Lower panel: images of PTH1R-ND with a scaling bar of 15 nm.
(c) Coomassie-stained SDS-PAGE of the purified nanodisc prepara-
tion showing two major bands corresponding to MSP1E3D1 (∼28
kD) and PTH1R (∼75 kD).

Figure 3. Ligand-binding activity assay using fluorescence anisotropy.
(a) PTH(1-34)-FAM peptide: (upper) sequence of PTH(1-34)
conjugated to 5(6)-carboxyfluorescein (FAM) at Lys13 and (lower)
structure of FAM. (b) Titration of PTH(1-34)-FAM (50 nM) with
four nanodisc samples: (■) PTH1R-ND with 15 mM Ca2+, (●)
PTH1R-ND without added Ca2+, (▲) PTH1R-ND with 200 μM
EGTA, and (○) nanodiscs containing no PTH1R (empty-ND) with
15 mM Ca2+. Indicated Ca2+ and EGTA concentrations are final.
Buffer A: 20 mM Tris (pH 7.4), 150 mM NaCl, 100 μM EDTA, and 3
mM MgCl2.
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of PTH(1-34)-FAM onto PTH1R-ND, resulting in a slower
rotational diffusion. We analyzed the titration curve using a
binding model (Supporting Information) to obtain the
dissociation constant (Kd), which was reproducible over four
experiments with an average value of 32.8 ± 5.6 nM. When no
additional Ca2+is added, the increase in anisotropy of PTH(1-
34)-FAM with increase in PTH1R-ND concentration is much
smaller. The Kd averaged from three independent measure-
ments is 570.3 ± 70.5 nM. When empty nanodiscs (empty-
ND) are used instead of PTH1R-ND, there is no change in
anisotropy even in the presence of 15 mM Ca2+, suggesting that
binding of PTH(1-34)-FAM is specific to PTH1R. Altogether,
the results suggest that the purified PTH1R-ND can bind to
PTH(1-34)-FAM. The results also show that ligand binding is
highly Ca2+-dependent and the presence of 15 mM Ca2+

increases the association constant of PTH(1-34)-FAM to
PTH1R-ND by an order of magnitude.
Lower Affinity of Ligand Binding under a Ca2+-

Depleting Condition. We also examined the binding of
PTH(1-34)-FAM to PTH1R-ND under a Ca2+-depleting
condition, i.e., in the presence of 200 μM EGTA. EGTA is
used to remove residual Ca2+ in the buffer that was introduced
as impurity from the buffer components (Tris-HCl, NaCl, and
MgCl2). Ca

2+ impurities on bottle labels were specified as ≤10
mg/kg for Tris-HCl, 0.002% for NaCl, and 0.01% for MgCl2.
The residual Ca2+ in the buffer is expected to be less than 6 μM.
Indeed, the concentration of Ca2+ in our buffer was measured
using the inductively coupled plasma optical emission
spectrometry (ICP-OES) method by Robertson Microlit
Laboratories and found to be undetectable with a specified
detection limit of 1 ppm (∼25 μM). Thus, addition of 200 μM
EGTA is expected to remove all residual Ca2+. Under this
condition, a titration of PTH(1-34)-FAM (50 nM) with
PTH1R-ND still leads to an increase in PTH(1-34)-FAM
anisotropy (Figure 3b). However, the increase is relatively small
compared to other conditions shown in Figure 3. The Kd is
measured to be 802.8 ± 82.4 nM, which is averaged from two
independent measurements. Thus, depletion of Ca2+ weakens
the binding of PTH(1-34)-FAM to PTH1R-ND. Nonetheless,
this weakening effect is reversible. Addition of 15 mM of Ca2+

after Ca2+-depletion can restore the binding affinity (Supple-
mentary Figure 5).
Activation of G-protein by PTH1R-ND upon Binding

to PTH(1-34). In addition to ligand binding, we also examined
G-protein activation. We studied activation of Gs by PTH1R-
ND upon binding to unlabeled PTH(1-34) using a non-
hydrolyzable fluorescently labeled GTP analogue, BODIPY FL
GTPγS (Figure 4a). The fluorescence of BODIPY FL GTPγS is
quenched when it is in an aqueous solution, but fluorescence is
restored when it binds to Gs. Hence, an increase in fluorescence
intensity indicates activation of Gs. Figure 4b shows the time
dependence of fluorescence intensity measured simultaneously
in identical cuvettes in four sample slots of the fluorimeter. At t
= 0, a reaction mixture, containing PTH1R-ND (20 nM), Gs
(100 nM), and BODIPY FL GTPγS (100 nM) in Buffer A, is
aliquoted in each of the four slots. At t ≈ 6 min, one of the
following four solutions are added into each sample slot: (1)
PTH(1-34) with addition of 15 mM Ca2+, (2) PTH(1-34) with
addition of 5 mM Ca2+, (3) PTH(1-34) without addition of
Ca2+, and (4) the buffer. Then, the fluorescence intensity was
monitored for ∼3 h. The concentration of PTH(1-34) was
fixed at 2 μM in all G-protein activity assays, which is expected
to saturate the binding based on the measured Kd. Figure 4b

shows the fluorescence signal continues to increase in the case
of buffer alone, which represents the basal activity. Upon
addition of PTH(1-34) in the presence of 5 or 15 mM Ca2+, the
fluorescence intensity further increases relative to the basal
level. Such increase is larger for 15 mM than for 5 mM.
Surprisingly, adding PTH(1-34) without a supplement of Ca2+

causes a decrease of fluorescence signal relative to the basal
level. Figure 4c shows the basal level subtracted fluorescence
signal. When the buffer is supplemented with 5 and 15 mM of
Ca2+, addition of PTH(1-34) induces a positive response,
indicating that PTH(1-34) is an agonist. In contrast, when the
buffer is not supplemented with Ca2+, addition of PTH(1-34)
leads to a negative response, indicating that PTH(1-34) is an
inverse agonist. These observations were made in five different
experiments using independently prepared PTH1R-NDs.

Control Experiments. To confirm that the G-protein
activity and Ca2+ effect shown in Figure 4 are specific to
PTH1R, we performed control experiments where we replaced
PTH1R-ND with empty-ND and examined the G-protein
activity in response to addition of Ca2+ and empty-NDs. At t =
0, a mixture of Gs (100 nM) and BODIPY FL GTPγS (100
nM) is aliquoted into two sample slots, and the fluorescence
intensities are monitored simultaneously (Figure 5). In the first
45 min, the fluorescence signals remain unchanged, suggesting
that Gs exhibits no basal activity by itself. At t ≈ 45 min, 15 mM
Ca2+ is added to slot 1 while Buffer A is added to slot 2. The
fluorescence signals of the two samples stay the same for
another 45 min, suggesting that BODIPY-GTPγS does not bind
to Gs and that Ca2+ cannot activate Gs in the absence of

Figure 4. G-protein activity assay using BODIPY FL GTPγS. (a)
Structure of nonhydrolyzable and fluorescently labeled BODIPY FL
GTPγS. (b) Time-dependent BODIPY FL GTPγS fluorescence signal
monitored simultaneously in 4 sample slots in a fluorimeter. At t = 0,
each sample slot contains a mixture of PTH1R-ND (20 nM), Gs (100
nM), and BODIPY FL GTPγS (100 nM) in Buffer A; at t ≈ 6 min,
one of the following four solutions are added to each sample slot:
(black) buffer, (green) 2 μM PTH(1-34), (blue) 2 μM PTH(1-34)
with 5 mM Ca2+, and (red) 2 μM PTH(1-34) with 15 mM Ca2+. (c)
Basal level or buffer subtracted time-dependent fluorescence signals.
Buffer A: 20 mM Tris (pH 7.4), 150 mM NaCl, 100 μM EDTA, and 3
mM MgCl2.
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PTH1R-ND. At t ≈ 90 min, empty-ND is added to slot 1 while
Buffer A is added to slot 2. The fluorescence intensity is
monitored for an additional 70 min. Aside from the initial drop
in signal due to dilution, the fluorescence intensity does not
change, indicating that empty-NDs cannot activate Gs. We
repeated these control experiments twice and made the same
observations. We conclude that the observed Gs activity (Figure
4) is specific to PTH1R and that the effect of Ca2+ on the G-
protein activity (Figure 4) is exerted through the purified
PTH1R-ND.
Residual Ca2+ Required for Basal PTH1R Activity. To

test whether residual Ca2+ in buffer is important for G-protein
activity, we performed the same G-protein activity assay under a
Ca2+-depleting condition (200 μM EGTA) (Figure 6a). At t =
0, the three sample slots in the fluorimeter are filled with the
same mixture of PTH1R-ND, Gs, and BODIPY FL GTPγS. At t
≈ 15 min, one of the following solutions are added to each
sample: (1) 2 μM PTH(1-34), (2) 2 μM PTH(1-34) with 200
μM EGTA, and (3) 2 μM PTH(1-34) with 5 mM Ca2+

(specified as final concentrations). Addition of PTH(1-34) in

the presence of EGTA gives a small fluorescence response,
suggesting that PTH(1-34) can barely activate G-protein via
PTH1R-ND under the Ca2+-depleting condition. In contrast,
addition of PTH(1-34) in the absence of EGTA results in an
increase in fluorescence signal. The presence of 15 mM Ca2+

produces a more robust increase in signal than when no Ca2+is
added. Moreover, we tested the effect of depletion of Ca2+ on
the basal activity, i.e., in the absence of the ligand. Figure 6b
shows that after two solutions, (1) Buffer A and (2) Buffer A
with 200 μM EGTA, are added, the increase in fluorescence
signal is greater in the absence of EGTA than in the presence of
EGTA. The results suggest that residual Ca2+ in the buffer is
important for the basal activity of PTH1R-ND.

Ca2+ Alone As a Weak Agonist of PTH1R. We further
compared the effect of PTH(1-34) and Ca2+ on activating G-
protein via PTH1R-ND (Figure 6c). To the same mixture of
PTH1R-ND, Gs, and BODIPY FL GTPγS, in three sample slots
of the fluorimter, we added one of the following three
solutions: (1) 2 μM PTH(1-34) with 5 mM Ca2+, (2) 5 mM
Ca2+, and (3) Buffer A, all mentioned as final concentrations.
Addition of 5 mM Ca2+ in the absence of PTH(1-34) leads to a
greater increase in fluorescence relative to buffer alone,
suggesting that Ca2+ alone can activate G-protein in the
presence of PTH1R-ND. However, this increase is much less
than when both Ca2+ and PTH(1-34) are present. This result
reveals that Ca2+ by itself can act as an agonist under our
experimental conditions, but the effect is relatively weak when
compared with PTH(1-34) in the presence of Ca2+.

■ DISCUSSION
We have established a nanodisc-based protocol to purify a
family B GPCR, PTH1R. This protocol incorporates PTH1R
into nanodiscs immediately after membrane solubilization to
avoid prolonged contact with detergents. Once in nanodiscs,
PTH1R is isolated by single-step affinity purification (Figure 1).
Also, we have developed functional assays to detect ligand
binding and G-protein activation. Ligand binding was detected
with a fluorescently labeled ligand using fluorescence
anisotropy, and G-protein activity was examined using a

Figure 5. Control experiment: G-protein activity in the absence of
PTH1R. At t = 0, two sample slots of the fluorimeter contain the
reaction mixture of Gs (100 nM) and BODIPY FL GTPγS (100 nM)
in Buffer A. At t ≈ 45 min, 15 mM Ca2+ is added to cuvette 1 (red),
while Buffer A is added to cuvette 2 (black). At t ≈ 90 min, 20 nM
(final concentration) of empty-ND is added to cuvette 1 (red), while
plain buffer is added to cuvette 2 (black). The fluorescence remains
unchanged except decreases due to dilution.

Figure 6. Calcium-dependent G-protein activity. Time-dependent BODIPY FL GTPγS fluorescence signal monitored simultaneously in 2 or 3
sample slots in a fluorimeter. At t = 0, each sample slot contains PTH1R-ND (20 nM), Gs (100 nM), and BODIPY FL GTPγS (100 nM) in Buffer
A. (a) At t ≈ 15 min, one of the following three solutions are added to each sample slot: (black ) 2 μM PTH(1-34), (blue ) 2 μM PTH(1-34)
with 200 μM EGTA, and (red ) 2 μM PTH(1-34) with 15 mM Ca2+. (b) At t ≈ 6 min, two solutions are added to 2 sample slots: (black )
buffer and (red ) buffer with 200 μM EGTA. (c) At t = 8 min, one of the three solutions are added to each of the three sample slots: (black )
buffer, (blue ) 5 mM Ca2+, and (red ) 2 μM PTH(1-34) with 5 mM Ca2+(specified as final concentrations).
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nonhydrolyzable fluorescently labeled GTP analogue. Using
these assays, we confirmed signal transduction activity of the
purified PTH1R-ND. We also showed that Ca2+ has a profound
effect on the signal transduction activity of purified PTH1R-ND
under our experimental conditions. Addition of 15 mM Ca2+

enhanced the binding of PTH(1-34) to PTH1R-ND by a factor
of 17 ± 4, in comparison to when experiment was done in the
presence of residual Ca2+, i.e., without addition of EGTA, and
by a factor of 24 ± 5 in comparison to when experiment was
done in the absence of any Ca2+, i.e., in the presence of 200 μM
EGTA. Moreover, Ca2+ by itself was able to act as a weak
agonist for PTH1R-ND to activate Gs. Unexpectedly, PTH(1-
34) behaved as an inverse agonist when no additional Ca2+ was
present but supplementing with millimolar amounts (5 or 15
mM) of Ca2+ switched PTH(1-34) to an agonist under our
experimental conditions.
Our observations of the effect of Ca2+ on the signaling

process of PTH1R in nanodiscs generate a number of
important questions: What is the molecular mechanism of
the Ca2+ effect? How does Ca2+ change the structure and
dynamics of PTH1R in both micromolar and millimolar
concentration? How do these changes in PTH1R alter ligand
binding and G-protein activation? What is the physiological
relevance of Ca2+ on PTH1R signaling in modulating Ca2+

homeostasis? While PTH(1-34) is known to trigger bone
resorption (release of Ca2+ from bone), intermittent injection
of PTH(1-34) is a treatment for osteoporosis. Could the
observed effect of Ca2+ on the PTH1R signaling process
provide molecular insights into the pharmacological efficacy of
the PTH(1-34) treatment? As for now, all of these questions
remain unanswered. However, we have started exploring some
of them.
We hypothesized that Ca2+ can alter the secondary structure

of PTH(1-34) in solution to enhance its binding to PTH1R-
ND. Previous studies have shown that many peptide ligands of
family B GPCRs adopt α-helical structures upon binding to the
receptors but exhibit little or no secondary structure in
solution.43,44 PTH(1-34) is found to be partially helical in
solution45 but is crystallized as a full helix.46 To test whether
Ca2+ could increase the α-helical content in PTH(1-34) in
solution and thereby enhance the binding, we acquired circular
dichroism spectra of PTH(1-34) at 0−15 mM of Ca2+. The
spectra revealed the presence of both α-helical and disordered
structures (Supplementary Figure 6). No change in secondary
structure was observed upon addition of Ca2+. Hence, Ca2+

does not promote formation of α-helical structure in PTH(1-
34) to enhance binding.
Our results show that Ca2+ at a concentration of 15 mM can

alter the affinity of PTH(1-34) toward PTH1R-ND and the G-
protein activity of PTH1R-ND. Nonetheless, the Ca2+

concentration in blood is strictly regulated at ∼2.5 mM, of
which only half exists as free ions.47 However, local Ca2+

concentrations in the extracellular fluid around osteoblasts,
bone cells that express PTH1R, can be momentarily boosted up
to ∼40 mM during the bone resorption process.48 It would be
interesting to test whether this instantaneous increase in Ca2+

concentration to millimolar levels at the osteoblasts in vivo
could further mediate bone resorption via PTH1R signaling.
Moreover, the effects of Ca2+ on the signaling activity of

PTH1R-ND imply that there could be Ca2+ binding site(s) on
the receptor and/or that Ca2+ can alter protein dynamics and
shift PTH1R to a more active-like conformation. When residual
Ca2+ is removed from the buffer by EGTA, PTH1R-ND can

barely activate G-protein both in the presence and absence of
ligand. The effect of millimolar levels of Ca2+ on both ligand
binding and Gs activity also points toward interactions of Ca2+

with PTH1R and/or the signaling complex, PTH(1-34)-
PTH1R-ND-Gs. We are in the process of building homology
models in conjunction with mutagenesis to explore the
possibility of identifying the Ca2+-binding site(s).
An important factor that might contribute toward the

behavior of any membrane protein is the composition of lipids
in the bilayer in its immediate vicinity. A recent study on the
family A GPCR neurotensin receptor 1 (NTR1) in nanodiscs
has demonstrated that although this receptor binds to its ligand
independently of lipid composition in the lipid bilayer, its
interaction with the G-protein, Gq, is determined by whether
the nanodisc is composed exclusively of zwitterionic POPC or a
mixture of POPC and the negatively charged POPG (1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol)).49
Increasing the proportion of the negatively charged POPG
resulted in increased affinity for Gq, as well as increased
nucleotide exchange rates. Similarly, by increasing the ratio of
negatively charged POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-L-serine) to POPC, rhodopsin incorporated in
nanodiscs showed increased association with arrestin-1.28

In this manuscript, we have used POPC alone to make
nanodiscs. Taking into account the lipid contribution from the
cell membrane, we will have only ∼7% non-POPC lipids in the
nanodiscs (see Supplementary Results for estimation). It is
quite likely that upon changing the lipid content of the
PTH1R-ND bilayer to where we have significant amounts of
negatively charged lipids, such as POPG or POPS, we will
observe an increased association of PTH1R-ND with the Gs
trimer. We plan to perform further experiments by varying the
lipid content of the nanodisc bilayer to observe any changes in
the association of G-protein with PTH1R.
The existence of GPCR oligomers and consequences of these

oligomers on GPCR function have been under intense study for
some time. The ability to control the number of receptor/
GPCR molecules in the nanodisc makes them an important
tool for the study of the effect of receptor oligomerization on
ligand binding and signal transduction. Using nanodiscs, it has
been shown that GPCRs such as rhodopsin,28,29,50 β2-
adrenergic receptor,25 neurotensin,49 and μ-opioid receptor27

monomers are sufficient for functional association with G-
protein. In fact, monomeric rhodopsin in nanodiscs is also
shown to undergo phosphorylation by rhodopsin kinase
(GRK1) and bind with arrestin-1.28

FRET (fluorescence resonance energy transfer) and BRET
(bioluminescence resonance energy transfer) studies in live
cells have shown that in the absence of bound ligand, PTH1R
can exist as a dimer in the cell membrane,51 but this does not
necessarily imply that PTH1R solubilized from cell membranes
using detergents will continue to exist as a dimer in the
resulting micelles. For instance, β2-adrenergic receptor has been
shown to dimerize in the cell membrane52 but is found to be a
monomer in detergent micelles after solubilization,25 i.e., the
dimer does not survive the high concentration of detergent.
Thus, it is likely that PTH1R also forms monomers in
detergent micelles and exists in the monomeric state in the
nanodisc as well. In the future, we plan to carry out experiments
to determine the oligimerization status of PTH1R in nanodiscs
and understand the function of the receptor with respect to its
oligimerization status.
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In conclusion, we have established a method to purify the
family B GPCR PTH1R in nanodiscs and developed functional
assays to examine ligand binding and G-protein activity of the
protein. The ligand binding assays can be adapted to other
family B GPCRs, while the G-protein activity assay can be
generally applied to other GPCRs. Our nanodisc-based method
enables biochemical and functional characterization of the
receptor in the absence of interfering factors from the cell or
membrane preparations, including various interacting proteins
and feedback regulations, facilitating our observation of the
profound effects of Ca2+ on the signaling process of PTH1R.
The observations lead to a number of questions that introduce
opportunities for further research on PTH1R’s function. The
purification method yields the receptor directly into nanodiscs,
which could be an ideal platform for biophysical character-
ization, such as single-molecule spectroscopy and electron
paramagnetic resonance spectroscopy. Such studies can
potentially reveal a detailed activation mechanism in terms of
conformational changes in the transmembrane region, which
has remained almost unknown for family B GPCRs. The
purification method utilizing nanodiscs can be readily tested
and optimized for all other GPCRs with minimum adaptations
and can theoretically be extended to other integral membrane
proteins, potentially yielding a general method for purifying
transmembrane proteins that cannot be purified in detergent
systems.

■ METHODS
Materials. Three peptides were synthesized at the Keck

Biotechnology Resource Laboratory at Yale University: 1D5 peptide
(TETSQVAPA), PTH(1-34), and PTH(1-34)FAM, i.e., PTH(1-34)
conjugated to 5(6)-carboxyfluorescein at Lys 13 (Figure 3a). BODIPY
FL GTPγS (Figure 4a) was purchased from Invitrogen. Membrane
scaffold protein (MSP1E3D1) was expressed and purified as described
previously14 with minor modifications (see Supplementary Methods).
The lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
was obtained from Avanti Polar Lipids, and the detergent n-dodecyl-β-
D-maltopyranoside (DDM) was from Anatrace. All other chemicals
were analytical grade obtained from Sigma or American Biochemicals.
Expression of Human PTH1R in HEK293 Cells. The human

PTH1R was expressed with a 1D5 tag (TETSQVAPA) at its C-
terminus, in the tetracycline-inducible vector pACMV-tetO in
HEK293S GnTI− cells.53,54 Details of the plasmid construction and
cell line generation are described in Supplementary Methods. PTH1R
stable cells were induced with 0.55 mg/mL sodium butyrate and 2 μg/
mL tetracycline and maintained under 5% CO2/95% air atmosphere in
1:1 DMEM/F12 supplemented with 10% FBS. After 48 h, membrane
fractions were isolated as described in Supplementary Methods.
Nanodisc Assembly. Preparations of solubilized POPC,

MSP1E3D1, and the membrane fraction pellet of the HEK293 cells
are described in detail in Supplementary Methods. The pellet from
about 45−60 10-cm plates was resuspended in 600 μL of
Solubilization Buffer (50 mM Tris pH 7.4, 150 mM NaCl, 5 mM
CaCl2, 5 mM MgCl2, 2 mM EDTA, 10% glycerol, and 0.5% DDM) in
the presence of Protease Inhibitor Cocktail Set III (EMD Biosciences)
for 1 h at 4 °C and then spun at 15,000 × g for 15 min. The
supernatant was quantified for total protein using the Pierce BCA
protein assay kit (Thermo Scientific). Using an average MW of 40,000
for membrane proteins,55 the protein concentration was calculated.
The nanodiscs were assembled in multiple 1.5 mL centrifuge tubes in a
final volume of 400 μL of assembly mixture per tube. The
concentration of the different components were 90 μM MSP1E3D1,
8 mM POPC, and 180 μg (∼11 μM) of total membrane protein made
up to a final volume in a buffer containing 50 mM Tris pH 7.4, 150
mM NaCl, 5 mM MgCl2, 5 mM CaCl2, 4 mM EDTA, and 4% glycerol.
The nanodisc assembly mix was incubated on ice for 45 min and then
transferred into another 1.5 mL centrifuge tube containing 150 mg of

washed Bio-Beads SM-2 (Bio-Rad) to initiate nanodisc formation. The
mixture was gently mixed overnight at 4 °C. Next morning, the
assembled nanodiscs were affinity purified as detailed in Supple-
mentary Methods.

Expression and Purification of Gs Heterotrimer. Gs hetero-
trimer was expressed and purified exactly as described previously.9

Briefly, bovine Gαs short, His6-rat Gβ1, and bovine Gγ2 were expressed
together as the heterotrimer in HighFive insect cells and solublized
with sodium cholate. The protein was exchanged into DDM detergent
and purified by using Ni-NTA, Mono-Q, and Superdex 200
chromatography.

Size Exclusion Chromatography. Purified PTH1R-containing
nanodiscs were resolved using a Superdex 200 10/300 GL column at a
flow rate of 0.4 mL/min. Five protein standards were used to calibrate
the column: thyroglobulin (17.2 nm), apoferritin (12.2 nm), alcohol
dehydrogenase (9.1 nm), bovine serum albumin (7.2 nm), and
carbonic anhydrase (4 nm).

Electron Microscopy. A 4 μL of sample at 80 nM was applied to a
glow-discharged carbon-coated EM grid and negatively stained with
2% uranyl acetate (w/v) solution. The specimen was subsequently
examined in a FEI Tecnai-12 electron microscope operated at 120 kV.
Images were collected as 4096 × 4096-pixel 8-bit gray scale Gatan
Digital Micrograph 3 (DM3) files on a Gatan Ultrascan 4000 CCD
camera at 52,000×. Particle sizes were estimated using Eman2.

Ligand Binding Assays. The binding between PTH and PTH1R-
ND was determined by fluorescence anisotropy using PTH(1-34)-
FAM. We confirmed that this FAM-labeled peptide was able to bind
PTH1R on PTH1R-expressing cells using flow cytometry (see
Supporting Information). In our binding assay shown in Figure 2, a
50 nM solution of PTH(1-34)-FAM was incubated with different
concentrations of nanodiscs in a buffer containing 20 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 100 μM EDTA, 3 mM MgCl2, and with CaCl2
concentration as indicated. Titration using empty nanodiscs under the
same conditions was set up as a control experiment. The measure-
ments were made on a PTI QuantaMaster C-61 two-channel
fluorescence spectrophotometer with excitation (497 nm) and
emission (518 nm) slit widths of 5 nm. The ligand was mixed with
PTH1R nanodiscs in a cuvette; the entire sample in the cuvette was
pipetted up and down 3−4 times for through mixing and then
incubated for one minute. The anisotropy was averaged over 60 s with
one reading per second. All experiments were performed at 30 °C.
Anisotropy was measured before and after adding CaCl2 to the
cuvette, with a 1-min wait after adding calcium. Anisotropy data were
fitted using eq 1 with three fitting parameters Kd, rb, and rf (see
Supporting Information). The value of rb obtained from the data fitted
in the presence of calcium was used for fitting in the calcium free
condition.

G-Protein Activation Assay. We measured Gs activation using
BODIPY FL GTPγS, whose fluorescence intensity increases upon
binding to the G-protein. The G-protein association with BODIPY-
GTPγS was monitored using a fluorescence spectrophotometer (Cary
Eclipse, Varian Inc.) with a multicell peltier block, with 2.5 nm
excitation (500 nm) and 5 nm emission (511 nm) slit widths at 30 °C.
Reaction buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 100 μM
EDTA, 3 mM MgCl2), 100 nM Gs, 100 nM BODIPY-GTPγS, and 20
nM PTH1R nanodisc were added in a cuvette to a final volume of 54
μL. Fluorescence was monitored for about six minutes before addition
of 6 μL of either PTH(1-34) alone to a final concentration of 2 μM or
PTH(1-34) with CaCl2 at 5 or 15 mM final concentration. Stock
solutions of all reagents in the reaction were made in reaction buffer
except for Gs, which was diluted in 0.2% DDM used to stabilize the G-
protein. The final reaction mixture, containing 78 μM DDM, was
found to have no effect on the stability of nanodiscs within the time
scale of the G-protein activity assay (see Supporting Information).

■ ASSOCIATED CONTENT
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