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ABSTRACT: We provide a protocol for the preparation of
fully active Y2 G protein-coupled receptors (GPCRs).
Although a valuable target for pharmaceutical research,
information about the structure and dynamics of these
molecules remains limited due to the difficulty in obtaining
sufficient amounts of homogeneous and fully active receptors
for in vitro studies. Recombinant expression of GPCRs as
inclusion bodies provides the highest protein yields at lowest
costs. But this strategy can only successfully be applied if the
subsequent in vitro folding results in a high yield of active receptors and if this fraction can be isolated from the nonactive
receptors in a homogeneous form. Here, we followed that strategy to provide large quantities of the human neuropeptide Y
receptor type 2 and determined the folding yield before and after ligand affinity chromatography using a radioligand binding
assay. Directly after folding, we achieved a proportion of ∼25% active receptor. This value could be increased to ∼96% using
ligand affinity chromatography. Thus, a very homogeneous sample of the Y2 receptor could be prepared that exhibited a KD value
of 0.1 ± 0.05 nM for the binding of polypeptide Y, which represents one of the natural ligands of the Y2 receptor.

The G protein-coupled receptors (GPCRs) constitute the
largest family of integral membrane proteins and have

become of tremendous interest for the research community as
well as for pharmaceutical industry over the past one and a half
decades. More than 800 different human GPCRs have been
identified in the coding sequence of the human genome.
Although only 10% of these molecules have been targeted so
far, ∼30% of all currently used drugs already act on these
proteins. Hence, GPCRs represent a very important and high
potential target for pharmaceutical intervention. The most
essential function of GPCRs is the transduction of outer signals
through the plasma membrane into the interior of a cell.
Malfunctions in this process can lead to various diseases while
influencing signal transduction provides an enormous potential
for therapeutic treatment.1,2

Apart from the function of each GPCR and the under-
standing of the respective signal transduction pathways, the
structure and dynamics of the receptor molecules, especially
upon their activation, are most important for drug develop-
ment. The crystal structures of seven different class A GPCRs
have been reported to date, some in their activated and some in
their nonactivated states, and more will probably come very
soon, as reviewed in refs 3−7. Although crystal structures have
revealed the largest part of the knowledge about GPCRs, they
represent characteristic snapshots in a rather non-native
environment and therefore can hardly provide all the essential
information about the structure and dynamics of these highly
dynamic molecules and the changes of these parameters upon
activation. This gap has to be filled by other methods.8

By far the most powerful method to provide information
about the structure and particularly the molecular dynamics in a
more native environment is magnetic resonance spectrosco-
py.9−11 For example, EPR measurements using site-directed
spin-labeling has revealed the key events during the activation
of rhodopsin.12 It has already been shown that NMR is also a
feasible method to investigate membrane proteins of larger
size.13,14 Especially rhodopsin-like proteins have been subjects
to intense studies.15−17 Recently, even the first full structure of
an α-helical seven transmembrane receptor was solved using
solution NMR methods.18 Additionally, NMR-based structures
of some ligands of GPCRs have been published.19−22

The main limitation for the application of NMR techniques
to GPCRs is the sample preparation. NMR samples require
homogeneous, isotopically labeled, and stable protein mole-
cules in comparatively high concentrations. This sample quality
is difficult to achieve for GPCRs, since so far these strongly
hydrophobic and very dynamic receptors are challenging to
stabilize in a homogeneous fully active state in the required
concentrations. A very careful optimization of each step in the
preparation appears to be fundamental for successful
preparation.23

The first challenge is to provide sufficient amounts of
isotopically labeled protein. Significant progress has been made
in the recombinant expression of GPCRs over the past years.
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The expression of GPCRs as fusion protein in the Escherichia
coli inner membrane,24,25 the expression in the yeast strain
Pichia pastoris,26,27 or the cell free expression28 are strategies
that can lead to samples that are suited for NMR measure-
ments. But so far, the strategy that provides the highest yields
represents the expression of GPCRs in E. coli as inclusion
bodies. This is not only due to the simplicity, rapidity, safety,
scalability, and genetic tractability of the host but also in terms
of the quantity and the homogeneity of the recombinantly
expressed protein. Further, the solubilization and purification of
GPCRs from inclusion bodies are now well established.29,30

The difficulty with this strategy is that GPCRs expressed as
inclusion bodies have to be subsequently folded in vitro in their
native states. The folding of membrane proteins has been the
subject of intense studies for quite a while now31 but with
growing success.32 For a few class A33−37 and also some class B
GPCRs38,39 it has been demonstrated that these receptors can
successfully be transferred to their native states by in vitro
folding, at least in terms of ligand binding. But usage of these
molecules in structural studies has remained challenging, since
the folding solution always represents a mixture of native
protein, non-native intermediates, oligomers, and aggregates,40

and especially for GPCRs it is not straightforward to
discriminate between the different states.
To evaluate the success of the folding strategy, it is

fundamental to quantify the proportion of native receptor
and even more important to isolate and concentrate this
fraction into a homogeneous sample. In the current study, we
focus on this question, working with a typical class A GPCR,
the human neuropeptide Y receptor type 2 (Y2 receptor).41

The natural ligands of the Y2 receptor are the neuropeptide Y
(NPY) and the polypeptide Y (PYY). Both ligands comprise 36
amino acids and bind to the receptor in a low nanomolar
range.42 The interaction of the Y2 receptor and its ligands plays,
among others, an essential role in food intake and in the
regulation of the circadian rhythm, which renders this molecule
an interesting target for pharmaceutical research.43

Here, we describe the quantification of the exact proportion
of the native Y2 receptor after in vitro folding with ligand
affinity chromatography and radioligand binding assays using
both natural ligands. Further we investigated the isolation of the
native receptor fraction. Using different salts in varying
concentrations, the recovery of Y2 receptor from ligand affinity
chromatography was determined by fluorescence measure-
ments and radioligand binding assay.

■ EXPERIMENTAL PROCEDURES
Preparation of the Y2 Receptor Samples. Recombinant

expression in E. coli, solubilization of the expressed inclusion
bodies, and purification of the Y2 receptor in sodium dodecyl
sulfate (SDS) micelles were performed as previously
described.44 Receptor folding in detergent micelles composed
of n-dodecyl-β-D-maltoside (DDM) provided by GLYCON
Biochemical , Luckenwalde, Germany, and 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS) provided by Sigma-Aldrich, Deisenhofen, Germany,
was carried out by rapid dilution as described in ref 33, but with
a final receptor concentration of ∼900 nM without any further
concentration. The folding buffer also contained 20 mM β-
cyclodextrin for the removal of SDS as described before.33

Preparation of the N-Terminal Biotinylated NPY. All
peptides were synthesized by automated multiple-solid-phase
peptide synthesis on a Syro II peptide synthesizer (Multi-

SynTech, Bochum, Germany) by Fmoc/tBu-strategy on a 15
μM scale using Rink amide resin (resin loading = 0.045 mmol/
g) to yield C-terminally amidated peptides. Side-chain
protecting groups included tBu (Ser, Tyr, Asp, Glu), Trt
(Asn, Gln, and His), Pbf (Arg), and Boc (Lys). For automated
amino acid coupling, a 10-fold excess of the Nα-Fmoc-protected
amino acid was activated in situ with equimolar amounts of DIC
and HOBt and was performed in a double coupling procedure
(2 × 40 min). Cleavage of the Fmoc group was carried out
using 40% (v/v) piperidine in DMF for 3 min and 20% (v/v)
piperidine in DMF for 10 min. The N-terminal biotin group
was introduced into the peptide by manual coupling, using a 3-
fold excess of biotin and in situ DIC/HOBt (0.3 M in DMF)
activation for 16 h. Final cleavage of the peptide was achieved
with a mixture of TFA/thioanisole/thiocresol (90:5:5 v/v/v) in
3 h while shaking at room temperature. The peptides were
precipitated in ice-cold Et2O and washed six times with Et2O.
The precipitate was then dissolved in tBu/H2O (1:3 v/v) and
finally lyophilized from the mixture. Peptides were purified by
preparative RP-HPLC (Phenomenex Jupiter Proteo C-18
column, 22 mm × 250 mm, 4 μm/90 Å) using 0.1% (v/v)
TFA in H2O (eluent A) and 0.08% (v/v) TFA in ACN (eluent
B) to yield homogeneous peptides (>95%). The identity of the
peptides was verified by MALDI-ToF mass spectrometry
(Ultraflex III MALDI-ToF/ToF, Bruker Daltonics), and the
purity was determined by analytical RP-HPLC (Phenomenex
Jupiter Proteo C-18 column, 4.6 mm × 250 mm, 4 μm/90 Å)
using a linear gradient system of 0.1% (v/v) TFA in H2O
(eluent A) and 0.08% (v/v) TFA in ACN (eluent B).
Ligand Affinity Chromatography. The matrix for ligand

affinity chromatography was prepared using a modified
protocol, which was successfully applied for the neurotensin
receptor type 1 before.45 Intensively washed avidin resin from
egg white (Sigma-Aldrich, Deisenhofen, Germany) was
incubated with 230 nmol of biotinylated NPY per mL of
resin for 1 h and then transferred into an empty column.
Unbound ligand was removed by washing the matrix with 20
column volumes (cv) of a buffer containing 1 M NaCl. To
avoid nonspecific protein binding to avidin, the resin was
succinylated.
Ligand affinity chromatography was used analytically to

determine the folding yield of the native receptor and for
purification to isolate the receptor in its native form from the
folding solution. For quantification of the folding yield,
different volumes of folding solution with a constant receptor
concentration of ∼900 nM were mixed with 1 mL matrix by
gentle stirring. After incubation overnight at room temperature,
this solution was transferred into a column and washed with 10
cv of a buffer containing 30% (v/v) glycerol, 0.3% (w/v) DDM,
0.6% (w/v) CHAPS, and 0.1 M Tris/HCl at pH 8. Elution of
the bound receptor was performed with 2 cv of the same buffer,
but additionally 1 M NaCl. The protein concentrations of the
elution fractions were measured by using the intrinsic
tryptophan fluorescence of the receptor as described below.
To determine the optimal salt species and its concentration

for elution, 4.5 nmol of Y2 receptor in the folding solution were
incubated again with 1 mL of matrix and washed as stated
above. The elutions were performed in a step gradient of
increasing salt concentration with 2 cv for each step. For
calculation the measured receptor amounts in the elution
fractions were added to the previously measured amounts in
lower salt concentrations.
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Fluorescence Measurement. Fluorescence emission was
used to determine receptor concentrations in the nanomolar
range. The spectra were recorded on a FluoroMax-2 (JOBIN
YVON) in a 10 mm quartz cuvette at 20 °C using slit widths of
1 nm. The excitation wavelength was set to 295 nm, and the
emission was recorded from 300 to 400 nm. All spectra were
corrected for buffer contributions.
The receptor concentration was determined by comparing

the fluorescence signal at 335 nm with a calibration curve
(Figure 1, inset). For the calibration curve, the Y2 receptor in

SDS micelles with a spectrophotometrically determined
concentration was diluted to different nanomolar concen-
trations and measured as stated above.
Radioligand Binding Assay. Radioligand binding studies

were performed for Y2 receptors in DDM/CHAPS micelles
before and after ligand affinity chromatography. Ligand binding
was determined using 125I-PYY (PerkinElmer, Rodgau,
Germany) with a final ligand concentration of 0.3 nM. The
Y2 receptors in micelles were diluted to a certain concentration
in 30% (v/v) glycerol, 0.3% (w/v) DDM, 0.6% (w/v) CHAPS,
and 0.1 M Tris/HCl, pH 8, and incubated with the ligand in a
reaction volume of 60 μL. After incubation at room
temperature for 60 min, the samples were loaded on Micro
Bio-Spin Chromatography columns (Bio-Rad Lab., Munich,
Germany) filled with Ni-NTA-agarose (Qiagen, Hilden,
Germany) to separate the PYY bound to the C-terminal His-
tagged Y2 receptor from unbound ligand. The columns
enclosed a bed volume of 300 μL resin and were equilibrated
with 3 cv of the dilution buffer stated above. To minimize
nonspecific binding, the loaded columns were washed with 3 cv
dilution buffer containing 50 mM imidazol. The elution of the
Y2 receptor−ligand complex was performed again with 3 cv
dilution buffer containing this time 500 mM imidazol to
eliminate all metal−histidine interactions. The radioactivity of
the eluted samples was measured by liquid scintillation

counting46 with a counting time of 2 min. All measurements
were performed with at least two samples either in duplicate or
triplicate. The general equation for a sigmoidal dose−response
curve was fitted to the data points in all experiments.47

■ RESULTS
Quantification of Native Receptor by Ligand Affinity

Chromatography. To quantify the yield of native receptor
after in vitro folding, ligand affinity chromatography with a bed
volume of 1 mL was used. According to the distributor (Sigma-
Aldrich), the capacity of the matrix is specified with 60−160
nmol/mL resin. Since protein concentrations in this nanomolar
range can hardly be measured spectrophotometrically, the
tryptophan signal of the receptors at 335 nm was used and
compared with a calibration curve to determine the respective
protein concentration (Figure 1).
Different amounts of the receptor were loaded onto the

ligand affinity column directly after in vitro folding, washed
intensively, and then eluted from the matrix using high salt
concentrations. The receptor concentrations in the respective
elution fractions were measured using the intrinsic fluorescence
of the receptor as stated above. Figure 2 illustrates that the

relative amount of receptor eluted from the column remains
almost constant up to a certain amount of receptor loaded onto
the column. For amounts above 2.8 nmol the column capacity
is reached as indicated by a drastic decrease in the relative
amount of receptor bound to the column. From the fraction of
receptor bound to the column at low concentration an
approximate value of 26 ± 2% active receptor can be
concluded. Also, the maximum capacity of the matrix could
be calculated to be around 730 pmol bound Y2 receptor per
mL of matrix.
As a control experiment we loaded Y2 receptor in SDS

micelles before folding onto the ligand affinity column. In this
case, no receptor could be detected in the elution fraction.

Figure 1. Tryptophan fluorescence spectra of different receptor
samples. The solid and the dotted lines represent the spectra of the Y2
receptor recovered from ligand affinity chromatography by elution
with 40 mM CaCl2 and 400 mM NaCl, respectively, while the dashed
line represents the spectra of the Y2 receptor before folding in SDS. A
set of these receptor spectra solubilized in SDS was used for a
calibration curve of fluorescence emission at 335 nm in linear
dependence on the receptor concentration as shown in the inset. A
slight shift in the maxima from 333 to 335 nm could be observed in
the sample eluted with 40 mM CaCl2 compared to the other samples,
what might be a hint to structural changes related to successful
refolding.

Figure 2. Yield of receptor recovered from ligand affinity
chromatography. Different amounts of Y2 receptor in folding solution
were loaded onto 1 mL of matrix. The bound fractions were eluted
with 1 M NaCl. The maximum yield was determined at around 26% by
using the mean value of the data points from the amounts of loaded
receptor below 3 nmol (dashed line), representing the folding yield of
native Y2 receptor. The capacity of the affinity column is ∼730 pmol
of native receptor per mL of matrix, calculated from the data point at
2.8 nmol. All receptor amounts were determined by the fluorescence
assay.
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Isolation of Native Receptor. Besides the quantification
of the folding yield, the isolation of the native receptor from the
in vitro folding solution in its active form was the main focus of
this study. The interaction between the Y2 receptor and NPY is
dominated by electrostatic attraction.48 Thus, for the elution of
the native receptor from the ligand affinity column the
monovalant ion Na+ and the bivalent ion Ca2+ were tested in
different concentrations to break off the receptor ligand
interactions.
As illustrated in Figure 3, the Y2 receptor could be eluted

from the affinity column, using NaCl as well as CaCl2 with a

similar yield of around 730 pmol of Y2 receptor. While a
concentration of at least 800 mM NaCl was required to elute
most of the receptor from the ligand affinity column, a
concentration of only 40 mM CaCl2 was sufficient to elute
more than 90% of the active receptor. These results are in
agreement with the reported tolerated salt concentration for the
interaction between NPY and the Y5 receptor.42 Also, the
efficiency of the receptor elution as a function of salt
concentration varies significantly between the two salt species.
While a rather gradual increase in the receptor amount that can

be eluted from the column is observed for NaCl, the elution
profile for CaCl2 shows a sudden increase at ∼40 mM. The
elution with CaCl2 is approximately an all or nothing effect with
a critical concentration of ∼40 mM.
Further, using a radioligand binding assay, we tested whether

the recovered receptor eluted by NaCl or CaCl2 was still in the
native state (Figure 4). To measure the ligand binding ability of

the receptors, all samples were diluted at least 10 times in a
buffer without the respective salt. This means that the
maximum salt concentrations were ≤80 and ≤16 mM for
NaCl and CaCl2, respectively. Almost no 125I-PYY binding
could be detected for the receptor samples eluted by either 400
or 800 mM NaCl. In contrast, the fractions eluted with either
160 or 40 mM CaCl2 showed a clear concentration-dependent
binding behavior. From the fit of the data points the maximal
radioactivities of bound 125I-PYY could be determined to
16 250 ± 950 cpm for the sample eluted with 160 mM CaCl2
and 14 050 ± 1200 cpm for 40 mM CaCl2, with similar
inflection points at a receptor concentration of 5 ± 2 pM. The
basal radioactivity was measured in all experiments at around
5800 ± 200 cpm.
Quantification of Native Receptor by Radioligand

Binding Assays. To assess the functionality of the Y2
receptor preparations before and after ligand affinity
chromatography, we measured the radioactivity of bound 125I-
PYY as a function of increasing receptor concentrations.
Representative binding curves are shown in Figure 5A. While
the fitted maximal and minimal radioactivities in both curves
are very similar, the determined inflection points strongly vary
with values of 800 ± 50 pM in the sample before and 5 ± 4 pM
in the sample after separation of native Y2 receptors by ligand
affinity chromatography. Considering the fact that before ligand
affinity chromatography the sample contains native receptor
and non-native intermediates, this difference was expected.
To quantify the proportion of native Y2 receptor, the data

points from the experiments above were normalized to the

Figure 3. Fraction of eluted Y2 receptor from the ligand affinity
column at varying salt concentrations. Different concentrations of the
monovalent Na+ (A) and the bivalent Ca2+ (B) cations were tested.
While 800 mM NaCl was required to elute ∼90% of the bound
receptor, already 40 mM CaCl2 was sufficient, resulting in a 20 times
higher effectiveness. The data are from one representative experiment
for each salt species. All receptor amounts were determined by the
fluorescence assay.

Figure 4. Radioactivity of Y2 receptor bound 125I-PYY for different
samples recovered from ligand affinity chromatography. The samples
eluted with 160 mM CaCl2 (solid line) and 40 mM CaCl2 (dashed
line) show a clear increase of bound ligand in a receptor concentration
dependent manner. The maximal amounts of bound ligand have
slightly different values, but the inflection points of the curves from the
fitted model are very similar, indicating very equal samples with similar
amounts of native receptor. In contrast, the ligand shows almost no
binding to the receptor fraction eluted with 800 mM NaCl (dotted
line). The data shown are from several merged experiments.
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percentage of minimal and maximal bound 125I-PYY (Figure
5B). In the assay, constant amounts of 0.3 nM ligand were
used. Assuming that one ligand binds to one natively folded
receptor, the percentage of native receptors could be
determined at values of 32 ± 9% in the sample before and
96 ± 4% in the sample after ligand affinity chromatography,
indicating the high efficiency of the separation method.
Determination of the KD Value. From the binding data

as a function of receptor concentration, the KD value for
receptor−ligand interaction can also be calculated for the
samples before and after ligand affinity chromatography. As
shown in eq 1, the ligand−receptor interaction is described by
the mass action law with an equal molar stoichiometry between
ligand (L) and receptor (R) according to L + R ⇔ LR.

(1)

The free ligand concentration [L] is always represented by
the total ligand concentration [Ltot], which was kept constant,
reduced by the receptor bound ligand concentration [LR].

(2)

Through rearranging the law of mass action, the KD value for
ligand binding of the receptor can be determined as a function
of the total receptor concentration [R] and the concentration
of the ligand receptor complex (eq 3) measured by the
radioactivity of the receptor bound ligand

(3)

yielding an equation for the concentration of the ligand
receptor complex:

(4)

Figure 5C shows the measured radioactivity of bound 125I-
PYY for increasing receptor concentrations on a linear scale.
From the fit of the data points to eq 4 KD values of 0.7 ± 0.3
and 0.1 ± 0.05 nM for the receptor samples before and after
ligand affinity chromatography, respectively, could be calcu-
lated. These KD values strongly depend on the proportion of
native receptor in the respective sample, since the total receptor
concentrations (native and non-native) are used for the fit,
based on fluorescence measurements. The resulting ratio of the
KD values also offers the opportunity for a conclusion of the
ratio of active to inactive receptors in the receptor samples
before ligand affinity chromatography, calculated with 0.15 ±
0.20, although this only represents a rough estimate due to the
error margin of the fit.

■ DISCUSSION

Despite the large efforts that have been undertaken and the
tremendous progress that has been achieved over the past few
years, there is still limited information on the structure and
dynamics of GPCRs and their ligands. Such data can be
provided by solution NMR49 and especially solid-state NMR
spectroscopy,50,51 which both require highly concentrated
homogeneous samples. To date, the most effective strategy to
provide the milligram amounts of isotopically labeled GPCRs
required for NMR measurements is the recombinant expression
of these molecules in E. coli as inclusion bodies, as used in this

Figure 5. Radioligand binding assay of Y2 receptor samples before
(dashed line) and after (solid line) ligand affinity chromatography,
eluted by using CaCl2. The radioactivities of bound ligand from several
merged experiments in a receptor concentration dependent manner
are presented (A). The applied receptor concentrations are based on
fluorescence measurements. To determine the amount of native
receptor the data points were normalized to the percentage of maximal
bound ligand (B, error bars are omitted for clarity). In the assay, a
constant ligand concentration of 0.3 nM was used in all samples.
Assuming a 1:1 mol/mol stoichiometry in the receptor−ligand
complex, the proportion of native receptor could be calculated at 32
± 9% before and 96 ± 4% after ligand affinity chromatography. In (C),
the calculated binding affinity curves are shown providing KD values of
0.7 ± 0.3 and 0.1 ± 0.05 nM for the respective samples as determined
from the fit to the data points. The different KD values result from the
different proportions of native receptor in the samples, since the total
receptor concentration (native and non-native) is used for the fit.
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study. In this approach, the expression level exceeds those
achieved for most of the reported expression systems by orders
of magnitude,52 and the labeling is comparatively simple. But
this strategy can only be successfully applied if (i) the
subsequent in vitro folding yields a native receptor proportion
of a two-digit percentage30 and (ii) the native receptor can be
isolated in a homogeneous form. To address these two
fundamental points for the Y2 receptor, we implemented
ligand affinity chromatography using biotin-NPY and studied
the activity of the Y2 receptor before and after the column by a
radioligand binding assay using 125I-PYY.
Biotin binds to avidin with an extremely high specificity and

an affinity of 10−15 M and hence presents one of the strongest
noncovalent interactions. Very harsh conditions like molar
concentration of chaotropic agents at very low pH are required
to break this interaction, rendering it long-term stable.53

Therefore, the use of biotinylated ligand bound to an avidin
matrix is exploited in many areas of biotechnology to separate
native proteins, even for GPCRs.54 One consideration that has
to be made is that the ligand is fixed to the avidin matrix on one
end and hence is not fully accessible for the receptor.
Fortunately, this does not represent a problem for the Y2
receptor, since NPY is biotinylated at the N-terminus, which is
not involved in the binding to the Y2 receptor. Common
truncated analogues like NPY (3−36) or NPY(13−36) and
even shorter fragments (18−36, 22−36) can bind to the Y2
receptor with the same nanomolar affinity as the full length
ligand.55

Using ligand affinity chromatography, we were able to
estimate a folding yield of the Y2 receptor of 26 ± 2%, which
represents the exact proportion of natively folded molecules in
the receptor preparation. This value could be confirmed in the
radioligand binding assay, where a value of 32 ± 9% was
determined. Despite the fact that the micellar system does not
present an optimal environment for membrane proteins,56 it
allows the detection of the precise amount of native receptor
molecules, since the receptors are supposed to be monomeric
in micelles57 and all ligand binding sides are accessible.58

Estimating the exact proportion of native receptors is a
prerequisite for evaluating folding conditions. Just to assume
that all receptors in the soluble fraction after folding are in their
native state, as it is often presented, might not be sufficient,30

even if general ligand binding could be shown.
In this study, we also used ligand affinity chromatography to

separate native Y2 receptors from the folding solution. The
capacity of the column was calculated to be 730 pmol receptor
per mL of matrix. This value is below the maximal capacity of
the matrix indicated by the manufacture, which can be
explained simply by the size of the involved proteins. With
its 43.8 kDa, which is at least doubled in the protein-detergent
complex,59 the Y2 receptor occupies more space than the avidin
(16.8 kDa) or the NPY (4.3 kDa), and hence not all ligands can
be saturated by receptors.
It was found that the use of CaCl2 for the elution of the Y2

receptor in ligand affinity chromatography is about 20 times
more effective than using NaCl. This is somewhat surprising
since the ion radii of the hydrated ions are nearly identical, and
only the charge states of the monovalent ion Na+ and the
bivalent ion Ca2+ are different.60 At first sight, one would expect
that the required elution concentration for Na+ is only twice as
high as for Ca2+. In detail, the calculation of electrostatic forces
in (dilute) electrolyte solutions is given by the Gouy−Chapman
and Debye−Hückel theories.60 The Debye length in 40 mM

CaCl2 electrolyte is about 0.96 nm, which almost equals the
distance (0.85 nm) for the one identified salt bridge between
NPY and the Y2 receptor Arg33-Asp2.68.61 In contrast, the
Debye length for 800 mM NaCl, which is required to elute a
similar amount of receptor from the column, is 0.34 nm. This
means that the higher NaCl concentration screens the
electrostatic potentials more efficiently than the much lower
CaCl2 concentration, which suggests that pure electrostatic
effects cannot explain the differences in the elution properties
of the two salts.
Therefore, it further has to be considered that the binding of

monovalant Na+ ions to the protein and/or ligand is likely to be
weaker than the binding of the bivalent Ca2+ ions to the
negatively charged binding sites at the protein. For instance, the
intrinsic binding constant of Ca2+ ions to phospholipid
membranes is about 40 times higher than that of Na+ ions,62

which is about the same difference as seen for the elution
concentrations of Ca2+ and Na+. Therefore, the increased
binding affinity of Ca2+ to the protein and/or ligand should be
the main contribution for the lower elution concentration
observed for Ca2+.
In contrast to the receptors eluted using CaCl2, the fractions

eluted by NaCl show no ligand binding at all and therefore no
activity. Under these conditions, the receptors bound to the
NPY on the column are most likely eluted by denaturing and
not by weakening of the electrostatic NPY−receptor
interactions, which might explain the shallower slope in the
plot of the percentage of eluted receptor at increasing salt
concentrations (see Figure 3). Alternatively, the receptor
molecules could be denatured directly after dissociating from
their ligands. It is known that GPCRs generally show a higher
stability when bound to their ligands.63

Whether the receptors eluted from the affinity column by
800 mM NaCl were denatured or aggregated was not
determined in detail. It has been shown before that the Y
receptors overexpressed in COS-7 cells can tolerate quite high
salt concentrations.42 However, at a certain salt concentration
the tolerance level of the receptors is exceeded; this appears to
be reached at 800 mM NaCl, but not at 160 mM CaCl2. We did
not investigate in detail what happens to the Y2 receptors in the
presence of 800 mM NaCl; it is also conceivable that the
micelles change their properties, which would lead to receptor
aggregation or, if the ions interfere with the electrostatic forces
within the soluble loops of the receptor, to denaturation. As we
were most interested in finding conditions that allow elution of
functional receptor from the column, we did not further
investigate the precise cause of the loss of activity of the Y2
receptors at high NaCl.
The receptors eluted by using CaCl2 seem to be fully active

after elution, as confirmed by radioligand binding assays with
125I-PYY. Also, the KD value is in the same low nanomolar range
as is obtained for Y2 receptors endogenously expressed in
mammalian cells (0.2 ± 0.1 nM) for both ligands NPY and
PYY.48 Obviously, the 40 mM CaCl2 had no critical influence
on the receptor structure. The higher KD value for the receptors
before ligand affinity chromatography can be explained by the
fact that the preparation directly after in vitro folding represents
a mixture of active and nonactive receptors. The model used to
describe the binding data as a function of receptor
concentration always assumes that the entire receptor
population is active. The fact that only a fraction of the
receptor is active before ligand affinity chromatography leads to
a shift in the KD to higher values. Therefore, the ratio of the KD
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values before and after ligand affinity chromatography
represents another measure of the ratio of active and nonactive
receptors in the preparation. Adjusting the receptor concen-
trations to the actual amount of active receptors (∼25%) in the
model leads to very similar KD values for all preparations. In our
study, the binding assays were performed with increasing
receptor concentrations instead of using increasing ligand
concentrations as in the usual performance of this assay.
Because of the high availability of receptors from preparations
from E. coli inclusion bodies, this experiment is much more cost
efficient than performing an assay with increasing concen-
trations of the valuable radioactive ligand.
We reported earlier that during in vitro folding at 1.5 μM

receptor concentration and a subsequent concentration
increase to 32 μM up to 80% of the Y2 receptors stay in
solution.33 With a maximal protein concentration of 900 nM
without any further concentration steps, as it is performed in
this recent study, almost 100% of the receptors remain soluble,
which has been determined by the fluorescence assay. After
expression and purification we obtained around 13 mg of pure
and labeled Y2 receptor from 1 L of cultivation medium.44 With
the folding yield determined here (of above 25%), the achieved
overall yield is more than 3 mg of isolated and fully active Y2
receptor per liter of expression medium, which represents the
required amount for NMR studies. Within 48 h no significant
change in the yields or KD values of the receptor preparations
could be determined by the radioligand binding assay. We are
aware that all experiments in this study were performed in fairly
low concentrations, and it has to be proven that the results can
be transferred to the Y2 receptor in concentrations required for
NMR measurements. But following the philosophy of a
carefully optimized step by step strategy, this work presents a
significant achievement toward the preparation of functional
GPCR samples useful for NMR. The next logical steps will be
an upscaling of the affinity chromatography and the develop-
ment of a concentration strategy, where the methods
established here can be used for quality control.
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