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To identify structural features in a G‐protein‐coupled receptor (GPCR)
crucial for biosynthesis, stability in the membrane and stability in detergent
micelles, we developed an evolutionary approach using expression in the
inner membrane of Escherichia coli. From the analysis of 800,000 sequences of
the rat neurotensin receptor 1, in which every amino acid had been varied to
all 64 codons, we uncovered several “shift” positions, where the selected
population focuses on a residue different from wild type. Here, we
employed in vitro DNA recombination and a comprehensive synthetic
binary library made by the Slonomics® technology, allowing us to uncover
additive and synergistic effects in the structure thatmaximize both detergent
stability and functional expression. We identified variants with N25,000
functional molecules per E. coli cell, a 50-fold increase over wild type, and
observed strong coevolution of detergent stability. We arrived at receptor
variants highly stable in short-chain detergents, much more so than those
found by alanine scanning on the same receptor. These evolved GPCRs
continue to be able to signal through the G‐protein.We discuss the structural
reasons for these improvements achieved through directed evolution.
© 2012 Elsevier Ltd. All rights reserved.
Introduction
G‐protein-coupled receptors (GPCRs) constitute

the largest group of cell-surface receptors found in
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gand binding assay;
cid.
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nature. GPCRs are involved in all kinds of signaling
processes, giving this class of proteins enormous
pharmacological relevance. Currently, it is estimat-
ed that 30% of all marketed drugs target GPCRs.1,2

However, our understanding of GPCR architecture
and mechanism has remained limited, and the
design features of agonists and antagonists for the
diverse set of receptors have remained mostly
enigmatic. Low expression levels, poor biophysical
behavior of solubilized GPCRs and their intrinsic
conformational flexibility make their structural
characterization very challenging. For the same
reasons, drug screening remains largely limited to
assays in whole cells.
The first crystal structure of a GPCR, bovine

rhodopsin, was solved in the year 2000 and remained
unchallenged for several years. Recently, GPCR
structures of the inactive states of the human
adenosine receptor A2A,

3 human β2-adrenergic
d.
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415Maximizing Stability and Expression of a GPCR
receptor,4,5 turkey β1-adrenergic receptor,6 C‐X‐C
chemokine receptor type 47 and human dopamine D3
receptor8 were determined. In most cases, crystalliza-
tion was enabled by allowing efficient crystal contact
formation by fusion protein strategies (e.g., Ref. 4);
however, this strategy hampers functional character-
ization, as it prevents binding of the G‐proteins. In
some cases, receptor stability was also improved by
mutagenesis.6,9 First insight into the signaling process
itself was provided by the determination of the
structure of the complex of the β2-adrenergic receptor
with the heterotrimeric G-protein.10

In our laboratory, we had previously developed a
FACS (fluorescence‐activated cell sorting)-based
selection system to evolve and engineer further
GPCRs for high functional expression and stability
in detergents and have successfully applied it to
several GPCRs.11,12 More importantly, we wished to
exploit this technology to elucidate and understand
the structural features that determine biosynthesis,
stability in the bilayer membrane and, after solubi-
lization, stability in detergent micelles. This will help
describe the evolutionary forces that have shaped
this family.
Because of the incomplete coverage of mutant space

by random mutagenesis, we recently performed an
exhaustive saturation mutagenesis to determine, for
every position of rNTR1-D03, the amino acid residues
that are not permitted, are permitted and are
preferred.13 The already improved mutant rNTR1-
D03 was used as framework,11 since rNTR1-wt
expression levels were so low that they would not
allow these experiments. Here, we have generated
both shuffled and exhaustive designed syntheticDNA
libraries for selection of the optimal combination of
shift mutations with respect to expression levels and
stability in detergents. Receptor variants with unan-
ticipated gains in functional expression and stability in
detergents were generated, which maintained the
ability to signal through G‐proteins, allowing us to
now formulate detailed structural hypotheses of the
architectural basis of such biophysical improvements.
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Results

Library design

In a previous comprehensive randomization
study, every receptor position had been turned
into a separate NNN library representing all 64
codons.13 Thus, 376 position-specific libraries were
created and then selected for high functional
expression using our previously developed FACS-
based approach.11 The selected library pools were
analyzed by deep sequencing, and the evaluation of
800,000 sequences led to the identification of 30 shift
positions (Table 1, see M30), defined as those
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positions where selection has focused on a new
residue that is different from rNTR-D03 (abbreviat-
ed as D03).13 Each single shift mutation positively
affects expression levels, and some of these also
significantly increase receptor stability in detergent.
Shifts often come in clusters, where shifted residues
close in space appear to address the same structural
problem independently.13 Hence, from simply
combining the mutations, additivity does not
necessarily result, and the optimal combination of
shifted residues cannot be deduced directly. We
thus explored the combinatorial space of the shift
mutations experimentally. Here, we used two
independent approaches to create such libraries,
and we selected them for variants of highest
expression and stability in detergent to bring out
the crucial structural features more clearly than
would be possible with a single mutation set.
In a first approach, we created a library by in vitro

DNA shuffling of two genes, (i) D03 (having no shift
mutations) with (ii) a synthetic gene carrying all
shift mutations at once (termed M30) (Table 1).
Methods based on shuffling are straightforward to
carry out14,15 but are not comprehensive in the
combinations they generate, since the number of
crossovers per gene is limited; thus, the chance of
separating two mutations very closely spaced in
sequence is finite.
In a second approach, a true “binary” library was

synthetically constructed with codons of both D03
and shift amino acids in question at equal frequency
at each shift position. This very comprehensive
approach requires a demanding synthesis, for which
the Slonomics® technology is one of the very few
technologies available.16,17 Both libraries were se-
lected using our established FACS technique,11 and
the selection output was screened for detergent-
stable variants.
In a third approach, guided by the statistics of

occurrence of particular shift mutations and their
biophysical properties when known, we combined
several of these mutations to rationally engineer a
detergent-stable variant directly.

In vitro DNA shuffling of D03 and M30 by the
staggered extension process

We created a diverse DNA library (StEPM30) by in
vitroDNA shuffling of the D03 with theM30 gene by
means of the staggered extension process (StEP)14,15

(see Supplementary Fig. S1 for illustration). Briefly,
an equimolar mixture of D03 and M30 genes was
used as input for PCR, in which extremely short
elongation cycles (6 s) allow for only short primer
extensions. By this staggered extension, the elongat-
ed primer fragment can switch templates after the
subsequent denaturation step, and 125 cycles are
performed to eventually obtain a chimeric full-
length PCR product. While carrying out these
studies, Shibata et al.reported the identification of
NTS1-7m,18 an rNTR1 mutant that is somewhat
more stable than rNTR1-wt. NTS1-7m contains four
point mutations, A86L1.54, I260A5.61, F342A (loop
E3) and F358A7.42. We use the sequential numbering
in plain text and the Ballesteros–Weinstein
numbering19 as superscript: here, the first number
denotes the helix in sequential order; the second
number defines the position within the helix, where
the most conserved position of a helix is denoted as
x.50, counting downwards toward the N-terminus
and upwards to the C-terminus. We had previously
identified the strong shift mutation F358V7.42 in the
D03 background, and thus, we decided to include
the mutations A86L1.54, I260A5.61 and F342A in a
further StEP library (termed StEPM303).
The theoretical library diversities of 230 (≈1×109)

for the StEPM30 library and 233 (≈8×109) for the
StEPM303 library cannot be reached in practice due
to limited recombination of mutations close in
sequence in the StEP method, even though libraries
with this number of colonies can easily be created in
our Escherichia coli-based system. Here, after opti-
mization of StEP parameters such as MgSO4 and
primer concentration as well as extension time,
recombination events as short as within a 30‐bp
distance were obtained.

Selection of the StEP library for high functional
expression

The initial libraries were subjected to three rounds
of StEP shuffling, each followed by three to six
rounds of selection by FACS,11 before expression
reached a stable plateau. StEPM30 and StEPM303
selections were pooled for a final selection round,
testing both expression at 20 °C and 30 °C (C6_20
and C6_30; Fig. 1a). The mean fluorescence intensity
(MFI) of the selected libraries, a measure of the mean
functional expression, reached 2-fold of D03 (Fig. 1a).
Single-clone expression levels were increased 2.5‐ to
3-fold, compared to D03 (Fig. 1b) (a 30-fold increase
compared to rNTR1-wt), and the best variants
reached 12,000 receptors per cell. Sequencing of 87
selected individual variants verified that both
favorable and unfavorable shifts are efficiently
selected for and against, respectively (Fig. 1c).
C332V6.59 is the most dominant shift after

selection for functional expression, occurring in
N90% of selected variants. Shifts further accumulate
in TM5, with a focus on I253A5.54. TM5 is involved
in conformational changes of the receptor upon
activation, and its conformational flexibility might
provide ample opportunity for improvements. Not
all shift mutations originally selected as single shift
mutations were maintained in the context of other
shift mutations, such as C320L6.47 and Y324L6.51

(b20% frequency), which are close in sequence to the
dominant shift C332V6.59 (Fig. 1c). Because of the



Fig. 1. StEP selections. (a) Expression profiles of final StEP selection pools after 20 h expression at 20 °C (C6_20) and
30 °C (C6_30). Expression is measured as binding of BODIPY-NT(8–13) to receptors and analyzed by flow cytometry. The
MFIs of C6_20 and C6_30 are 1660 and 1550, compared to 880 for D03. Nonspecific binding of BP-NT(8–13) is measured in
the presence of excess unlabeled neurotensin (10 μM). (b) Expression levels of individual selected StEP variants. Receptors
per cell were quantified by RLBA with 15 nM [3H]neurotensin. An average of two independent experiments is given. (c)
Frequency of sequences carrying the shift mutation in the final StEP selection pools (C6_20 and C6_30). We sequenced and
analyzed 87 individual variants.
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incomplete crossover, some shifts might be selected
together, displaying a neutral phenotype in the
context of other functionally relevant shifts. Inter-
estingly, the shift mutations A86L1.56, I260A5.61 and
F342A (E3 loop), originating from the StEPM303
library and introduced from NTS1-7m, are under-
represented after selection and, thus, must be
disfavored in the context of the other selected shift
mutations. Thus, it appears that an alternative, more
robust solution has been found by our combinatorial
approach (see below).
Detergent stability of receptor variants evolved
by StEP

Next, we analyzed the stability of selected variants
in different detergents, essentially as described
previously.12 About 90% of the selected variants
are more stable than D03 in amild detergent mixture
of n-dodecyl-β-D-maltopyranoside (DDM), 3-[(3-
cholamidopropyl)dimethylammonio]-1-propane-
sulfonate (Chaps) and cholesteryl hemisuccinate
(CHS), supplemented with 30% glycerol, and the
most stable variants retain full activity after 20 min
at 45 °C (Fig. 2a). The apparent Tm of the variants
M221H03 and M221A09 is 65 °C, an increase of 25°
compared to D03 (Fig. 2b). The heat-induced
inactivation of the receptors is irreversible, and Tm
thus reflects the transition point of heat-induced
deactivation after a defined incubation. The dra-
matic increase in detergent stability was intriguing,
considering that this particular property was never
under direct selection pressure, hence suggesting a
strong correlation between functional expression
and detergent stability.
Since glycerol is unfavorable for crystallization,

we attempted to identify variants that are stable in
its absence. In the absence of glycerol, CHS and
Chaps, i.e., with DDM as the sole detergent (buffer
SABoDDM), we observed a stronger separation of
stable from unstable clones, with the most stable
variant being C7E02 (Fig. 3a, C7E02 highlighted in
black). The apparent Tm of C7E02 under these
conditions is 52 °C, a 20° increase compared to D03
(31 °C; Table 2 and Supplementary Fig. S2a).
Moreover, C7E02 retains about 75% activity after
24 h at 4 °C, while D03 looses activity during that
time (Supplementary Fig. S2b).



Fig. 2. Stability screening of evolved StEP variants in buffer SAB, ranked by stability. (a) Stability screening in buffer
SAB (0.1% DDM, 0.5% Chaps, 0.1% CHS and 30% glycerol). The stability index is the ratio of remaining ligand binding
activity after 20 min of incubation at 45 °C compared to incubation at 4 °C. Screening was performed in the ligand-free
state. Black bars represent two independent measurements for D03. (b) Thermal denaturation profiles of the most stable
evolved StEP variants in buffer SAB. Thermal denaturation was measured in the ligand-free state after 20 min at the
indicated temperature. D03 displays an apparent Tm of 39 °C, compared to 65 °C forM221H03 andM221A09. Data from a
representative measurement are shown.
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In the larger micelles that are formed by longer‐
chain detergents, the protein part is prevented from
making crystal contacts, making the mild detergent
DDM unfavorable for membrane proteins devoid of
large extracellular regions. 20 We have thus
rescreened our best variants in shorter and harsher
detergents (Fig. 3b, C7E02 highlighted in black). D03
Fig. 3. Stability screening of evolved StEP variants in bu
Stability screening in buffer SABoDDM (0.1% DDM as the s
sole detergent). C7E02 is highlighted in black bars; D03 is i
remaining ligand binding activity after 20 min of incubation
performed in the ligand-free state.
is essentially unstable in n-decyl-β-D-maltopyrano-
side (DM; buffer SABoDM) with an apparent Tm of
approximately 18 °C, while C7E02 quantitatively
retains protein activity with an apparent Tm of 41 °C
(Table 2 and Supplementary Fig. S2c). All other
variants were completely inactivated upon buffer
exchange to DM, and detergents shorter than DM
ffers SABoDDM and SABoDM, ranked by stability. (a)
ole detergent) and (b) buffer SABoDM (0.2% DM as the
nactive in (a) and (b). The stability index is the ratio of
at 45 °C compared to incubation at 4 °C. Screening was

image of Fig.�3
image of Fig.�2


Table 2. Melting temperatures (°C) of evolved GPCRs in
detergents

DDM DM NM OG

+NT −NT +NT −NT +NT +NT

rNTR1-wt 40 29 34 (17) 36 (15)
D03 47 31 42 (18) 35 (14)
C7E02 56 52 51 41 45 30
TM86V 59 46 53 37 48 38
L5X 58 42 53 33 50 40
NTS1-7ma 50 37 45 27 39 27
wt‐TTM 48 41 43 27 38 26

n=2–9; average error±2 °C.
Numbers in parentheses are approximate values, since the protein
is too unstable.

a Reconstructed according to Ref. 18.
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also lead to complete inactivation of C7E02. Reach-
ing stability in such detergents thus required further
engineering (see below).
Conformational stabilization of GPCRs by agonist

or antagonist binding proved to be a prerequisite for
all GPCR structures solved so far (except opsin21).
Here, we assessed the influence of agonist binding
Fig. 4. Slonomics® library selections. (a and b) Expression p
Results for expression at 30 °C are shown. Expression is me
analyzed by flow cytometry. Nonspecific binding of BOPIPY-
neurotensin (10 μM). (a) After five rounds of selection for high
(MFI, 5200) shows a 5-fold increase in MFI compared to D03 (
1300 after six selection rounds, a 2‐fold increase in MFI compa
individual selected L5s5 (c) and L1s6 (d) variants (30 °C, 20
neurotensin. Duplicates of a representative experiment are gi
D03 control.
on detergent stability. Agonist stabilization of
C7E02 allowed detergent exchange to n‐nonyl‐β‐D‐
maltopyranoside (NM) and n‐octyl‐β‐D‐glucopyra-
noside (OG) (Table 2 and Supplementary Fig. S3).
The apparent Tm of C7E02 in OG is 30 °C (Table 2
and Supplementary Fig. S3d), a condition under
which D03 and rNTR1-wt are essentially unstable
(estimated Tm of 14–15 °C; Table 2 and Supplemen-
tary Fig. S3d).
C7E02 combines 14 mutations in addition to those

present in D03 (Table 1), 13 of which are shift
mutations, plus an unrelated mutation R183L4.39

located at the cytoplasmic end of TM4, which was
most likely introduced during the numerous StEP-
PCR cycles (Supplementary Fig. S1). As a single
shift, R183L4.39 did not significantly influence
detergent stability (data not shown). Interestingly,
C7E02 does not contain the dominant shift
C332V6.59. In summary, the evolutionary approach
has yielded a clone that is stable in the short‐chain
detergent OG in the presence of agonist, which is a
dramatic improvement, as our previously evolved
molecule D03 is essentially unstable in OG.
rofiles of final L5 (a) and L1 (b) selections compared to D03.
asured as binding of BODIPY-NT(8–13) to receptors and
NT(8–13) is measured in the presence of excess unlabeled
functional expression by FACS, the final evolved L5s5 pool
MFI, 970). (b) The final evolved L1s6 pool shows a MFI of
red to D03 with MFI of 670. (c and d) Expression levels of
h). Receptors were quantified by RLBA with 15 nM [3H]
ven. Black bars give the expression level of the respective

image of Fig.�4
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Comprehensive binary combinatorial library
made by Slonomics® technology

Given the success of the StEP libraries but the
limitation of having an incomplete separation of
mutations closely spaced in sequence, we aimed to
generate a comprehensive “binary” library, covering
all theoretically possible residue combinations of D03
or M303. The library was synthesized de novo using
the modified Slonomics® technology for DNA
library synthesis.16,17 Most importantly, to exclude
any effects of the nucleotide sequence on the outcome
due to codon usage, tRNA levels or mRNA second-
ary structure formation, we used all degenerate
codons for both the randomized positions and the
neighboring residues (Supplementary Fig. S4).

Expression levels of highly evolved clones only is
limited by plasmid copy number

We had previously observed that a mutation in the
origin of replication, resulting in a 2‐fold increase in
copy number, further enhanced expression levels of
D03, a protein improved by evolution, whereas
expression levels of the poorly folding rNTR1-wt
remained unaffected.11,22 Furthermore, both StEP
library selections arrived at a plateau of expression
levels at ~12,000 receptors per cell. We considered the
possibility that the plasmid copy number was now
limiting expression of the further evolved receptor
mutants, which no longer have a limitation through
folding and stability in the membrane. We therefore
expressed the Slonomics® library in a vector with
higher plasmid copy number (eLIC47; containing an
engineered ColE1-derived origin,23 abbreviated as
L5). Expression levels were clearly further improved
Fig. 5. Expression levels of evolved receptor variants (a)
plasmid copy number in E. coli and (b) in Sf9 cells. (a) D03 displ
C7E02, TM86V and L5X express better at 30 °C in both vecto
number eLIC47 vector that was used throughout the selecti
plasmid copy number of eLIC47. The average of three indepe
shown. (b) Sf9 cells were infected at an MOI of 5 and harvest
higher level compared to rNTR1-wt in Sf9 cells [BM (=back
average of three independent expressions, each measured in d
after five to six subsequent rounds of selection, with
the MFI of L5 now reaching 6-fold that of D03
(Fig. 4a). In a parallel control experiment with the
original plasmid pRGD0311 (L1), the maximal MFI
was only 3-fold that of D03, similar to the StEP
libraries (Fig. 4b). This indeed suggests that, for the
well‐folding receptor mutant, the original copy
number becomes limiting. The expression levels of
individual variants reached more than 25,000 re-
ceptors per cell, a 50‐ to 60‐fold increase compared to
rNTR1-wt and even a 5-fold increase compared to
D03 (Fig. 4c and d), the product of our first rNTR1
evolution.11 High plasmid copy numbers thus only
become useful with stable and well‐folding GPCR
variants, as the expression levels of D03 (with
intermediate properties) is similar in pRGD03 and
eLIC47, while expression of L5X is artificially limited
by the lower copy number of pRGD03 (Fig. 5a).
We found that C7E02 is further stabilized by

agonist binding, but the observed additional gain in
stability is smaller than for unstable receptors such
as D03 and rNTR1-wt (Table 2). Hence, we wished
to screen for the most stable mutants in the
presence of ligand directly. Evolved variants
obtained from library L5, the Slonomics® library
showing the highest functional expression after
selection, were thus analyzed for their stability
index in OG and n‐heptyl‐β‐D‐thioglucopyranoside
(HTG), respectively, in the agonist-bound state
(Fig. 6a). For that purpose, receptors were solubi-
lized from the membrane and saturated with [3H]
neurotensin before incubation at elevated temper-
atures. The stability index, the ratio of remaining
ligand binding activity after 20 min of incubation at
the elevated temperature compared to incubation at
4 °C, thus represents the capacity of receptor to
in comparison to D03 as a function of temperature and
ays similar expression levels under all conditions, whereas
rs. L5X expression is strongly increased in the high‐copy‐
on rounds. C7E02 and TM86V respond less to increased
ndent expression cultures, each measured in duplicate, is
ed 62 h p.i. All evolved receptor variants are expressed at
-mutant) refers to restored DRY-motif (L167R3.50)]. The
uplicate, is shown.

image of Fig.�5


Fig. 6. Stability screening of Slonomics® library selections. (a) Stability screening in buffer SABoOG (0.8% OG as the
sole detergent; black bars) and SABoHTG (1.5% HTG as the sole detergent; gray bars). Screening was performed in the
agonist-bound state, for which the mutants were saturated with [3H]neurotensin before incubation at elevated
temperatures. The stability index is the ratio of remaining activity after 20 min of incubation at 45 °C compared to 4 °C.
Only screened variants that retain ligand binding activity are shown. (b) Thermal denaturation profile of L5X, the most
stable variant, in SABoOG (OG, filled circles) and SABoHTG (HTG, open squares) in the agonist-bound state. The
apparent Tm is 38 °C in OG and 32 °C in HTG.
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sustain ligand binding. About 40% of clones
showed activity in OG and 30% even in HTG,
and the most stable clone, L5X, behaved similarly
in both detergents (Fig. 6b).
The apparent Tm of L5X in OG is 40 °C, another

10 °C gain compared to C7E02 and 33 °C in HTG
(Fig. 6b and Supplementary Fig. S3d). In OG, L5X
retains more than 75% activity after 72 h at 4 °C
(Supplementary Fig. S5d), whereas HTG inactivates
the receptor over time and is hence not suitable for
further studies. L5X comprises 15 mutations, which
only partially overlap with the C7E02 subset
(Table 1). Agonist-bound L5X also shows high
stability in milder detergents (Table 2 and Supple-
mentary Fig. S3 and S5). In the ligand-free state,
however, L5X is less stable than C7E02 in both DDM
and DM, with a difference of 10° (Table 2 and
Supplementary Fig. S2). These data reflect the
screening and selection conditions that led to the
identification of C7E02 or L5X, respectively, and
suggest that L5X is preferentially stabilized in the
agonist-bound state and that C7E02 is preferentially
stabilized in the ligand-free state.

Structure-guided combination of mutations
identified by evolution

We observed a strong correlation between higher
functional expression levels and stability in de-
tergents for the StEP and Slonomics® library
selections. The effects from single shifts are small
and not always significant,13 and there may be a
cooperative or synergistic effect of shifts selected
together, making the effect much greater in the
present libraries than with single randomized
positions. We used the stability data in detergents
for the single shifts13 and for C7E02 (Table 1) to
further investigate the contribution of the mutations
to the stability increase in detergents and to generate
a minimal C7E02-like variant. Here, we analyzed the
combinatorial effects of the shifts A86L1.54, I253A5.54

and F358V7.42 that are present in C7E02 and show
the strongest effect on detergent stability when
analyzed separately. The respective triple mutant,
TM86V, was assembled and assayed for its deter-
gent stability. In the ligand-free state, TM86V and
C7E02 behave similarly, with C7E02 being slightly
more stable in both DDM and DM (Table 2 and
Supplementary Fig. S2). In the agonist-bound state,
TM86V is superior to C7E02 in all detergents
(Table 2 and Supplementary Fig. S3), and the effect
is most pronounced in OG. Most important for
practical applications such as functional assays and
structure determination is that TM86V retains
higher activity over time than C7E02 in all de-
tergents in the agonist-bound state (Supplementary
Fig. S5). It is thus similar to L5X in this respect (see
above). TM86V is also expressed at a higher level
than D03, but less than L5X (Fig. 5a).

Influence of the D03 mutation background

TM86V is a highly stable variant of D03, adding the
three shift mutations A86L1.54, I253A5.54 and
F358V7.42 to D03. The three mutations partially
overlap with NTS1-7m, an rNTR1-wt mutant identi-
fied bymeans of alanine-scanningmutagenesis.18 We
remade the NTS1-7mmolecule in our laboratory and,
in another molecule, introduced the three shifts
A86L1.54, I253A5.54 and F358V7.42 into rNTR1-wt
(mutant wt-TTM) to test them under the same
conditions. Both NTS1-7m and wt-TTM display
detergent stability similar to each other in all
detergents (Table 2), and both perform better than
the unstable rNTR1-wt (Supplementary Fig. S2, S3
and S5). However, functional expression for both
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Fig. 7. Signaling activity of evolved receptor mutants.
Agonist-stimulated nucleotide exchange at Gαi1 of C7E02-
BM, TM86V-BM and L5X-BM in comparison to rNTR1-wt
and D03-BM [BM (=back-mutant) refers to restored DRY-
motif (L167R3.50)]. Triplicates of a representative experi-
ment are shown (error bars represent standard deviation).
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variants is only about 1.5‐fold better than the low
level of rNTR1-wt (Fig. S6). In contrast, with the
evolved mutants C7E02, TM86V and L5X, which are
all based on the D03 background, we reach detergent
stabilities and expression levels that are greatly
superior to NTS1-7m (Table 2 and Fig. 5a).

GPCR activation and signaling

The well-expressed and stable variants C7E02,
L5X and TM86V were assayed for their signaling
activity. D03 displays only low signaling activity in
comparison to rNTR1-wt due to a mutation within
the strongly conserved DRY-motif (R167L3.50) that is
crucial for activation of GPCRs.24 A version of D03
with restored DRY-motif [D03-L167R3.50, denoted in
short as D03-BM (BM, back‐mutant)] regains signal-
ing activity,11 and we have thus assayed C7E02, L5X
and TM86V after reconstitution of the DRY-motif.
For this purpose, we have used the Spodoptera
Fig. 8. Ligand binding affinities of the evolved receptor va
comparison to D03 was determined by equilibrium titration wi
via its C-terminus on magnetic beads. (b) Binding of antago
competition with 15 nM [3H]neurotensin. (a and b) The avera
frugiperda (Sf9) baculovirus system to coexpress
our receptor variants with the G‐protein Gαi1β1γ10
and have used a nucleotide binding assay using
[35S]GTPγS to assess the stimulation of nucleotide
exchange at Gαi1 as a function of agonist binding to
our receptor variants and suitable controls. Similar
to expression in E. coli, C7E02, TM86V and L5X are
expressed at a level similar to or higher than that of
D03 in Sf9 cells (Fig. 5b). Again, this underlines that
functional expression is limited by physical features
of the protein, and these features appear to be
universal for prokaryotes and eukaryotes.
C7E02-L167R 3.50 (termed C7E02-BM) and

TM86V-L167R3.50 (termed TM86V-BM), both re-
stored in their DRY-motif, induce exchange of
GDP for GTPγS (Fig. 7). All mutants show about
the same level of exchange as rNTR1-wt at high
agonist concentrations but differ in their behavior at
low agonist concentrations. Both C7E02-BM and
TM86V-BM are characterized by a higher basal level
than rNTR1-wt but still respond to agonist stimu-
lation. The agonist affinities of the evolved receptor
variants are very similar to that of D03 (Fig. 8a),
excluding any possible influence of changes in
agonist binding. The third very stable mutant,
L5X-L167R3.50 (L5X-BM), seems to be constitutively
active, as it shows the same high nucleotide
exchange activity independent of agonist concen-
tration. Thus, all mutants are active in GDP/GTP
exchange but differ in the degree by which the active
state has been stabilized through selection even in
the absence of bound agonist.
Discussion

To our knowledge, this is the first study reporting
an increase of functional GPCR expression level in E.
coli to more than 25,000 receptors per cell, starting
from only 500 receptors per cell for rNTR1-wt, along
riants. (a) Agonist affinities of C7E02, TM86V and L5X in
th [3H]neurotensin using solubilized receptor immobilized
nist SR 48692 to the receptor variants was measured by
ge of two independent duplicate experiments is shown.
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with unprecedented gains in detergent stability,
such that receptors stable in OG were now obtained.
We have also elucidated the structural reasons for
this stability gain.
Previously observed apparent limits of functional

GPCR expression after directed evolution must be
attributed to limitations in exploring sequence space
by random mutagenesis, as it does not allow all
codon substitutions.11,12 Our previous comprehen-
sive position-specific mutational analysis of D03
showed that, indeed, only by fully exploring the
sequence space, crucial substitutions for further
optimization of functional expression and detergent
stability could be identified.13

Maximization of both expression and stability
required combination of some selected shift muta-
tions with wild type in other positions, since some
groups of selected shifts address the same problem,
and only one of the shifts (but not all) should then be
chosen. A binary library is the only way to find the
optimal solution. Both approaches, the StEP recom-
bination libraries and the binary (truly comprehen-
sive) Slonomics® library, were successful in the
identification of improved receptor variants. More-
over, the potential of the library could only be fully
explored by removing measures originally taken to
decrease toxicity of GPCR expression in E. coli, such
as low expression temperatures and low plasmid
copy number, as these measures were putting an
artificial limit on functional expression (L5 versus L1).
During selection, pressure is applied on functional

receptor expression, which is a result of the efficiency
of correct protein folding, insertion into the lipid
bilayer and stability within the lipid bilayer.25 While
host engineering has been successfully used to
increase expression of some GPCRs in E. coli,26 it
does not address the intrinsic protein properties that
limit downstream processes such as protein purifica-
tion and functional assays in detergent solution. The
high expression levels of our evolved receptor
variants C7E02, TM86V and L5X are truly a result
of the improved biophysical properties: C7E02,
TM86V and L5X are also expressed at higher levels
than D03 in different E. coli strains [e.g., BL21(DE3);
data not shown] and Sf9 insect cells (Fig. 5b).
Previously, the higher expression of D03, compared
to rNTR1-wt, was shown in E. coli, Pichia pastoris and
human embryonic kidney 293 cells.11 These results of
the same mutants excelling in all expression systems
emphasize that the effects are governed by the
biophysical properties of the receptor.
In all library selections, functional receptor ex-

pression and detergent stability coevolved (Fig. 9),
an effect that agrees well with our previous studies
on different receptors, underlining the generality of
the phenomenon.11,12 Different from our selection
technique, in vitro alanine scanning solely for
detergent stability leads to uncoupling of receptor
expression and stability, and coevolution is thus
unlikely to be detected.6,9 While in our approach,
functional receptor expression and detergent stabil-
ity are coupled, there are, besides mutations with
overlapping effects, also individual mutations af-
fecting functional expression only, which is mostly a
measure of stability within the lipid bilayer, while
others also influence stability in detergent micelles.
The shift C332V6.59, for example, is dominant after
selection for functional expression but less relevant
for detergent stability, as it even slightly reduces
detergent stability of D0313 and is found only in one
of the three stable variants presented here.
C332V6.59 is located at the extracellular end of
TM6, and it is the only free cysteine pointing toward
the oxidizing milieu of the periplasmic space in E.
coli. rNTR1 contains a disulfide bridge between
C225 in extracellular loop 2 and C1423.25 in TM3,
and this particular shift mutation may mostly affect
biosynthesis by preventing incorrect disulfide for-
mation (see above) but not influence detergent
stability per se. This hypothesis is supported by
the 454 sequencing results obtained for positions
C1423.25 and C225 (for details, see Ref. 13).
However, not all shift mutations selected for high

functional expression did significantly influence de-
tergent stability, when studied individually.13 Com-
bined in M303, on the other hand, carrying all 33 shift
mutations, this GPCR displays higher detergent
stability than D03 (Supplementary Fig. S7b) yet is
functionally expressed at a level similar to that of D03
(Supplementary Fig. S7a). Thus, individual mutations
may also counteract the beneficial effect of others
when combined. The selection from a combinatorial
library, such as the StEP and Slonomics® libraries
described here, can solve this problem. We observed
cooperative effects of a subset of shift mutations with
respect to detergent stability, and those positive effects
seem to be dominant over any stability-decreasing
effect of single mutations. Since the selection is for
stability in the bilayer by means of functional
expression level, both this property and stability in
detergents coevolve.
TM86V is a minimal mutant of the selected

C7E02, which still confers the desired phenotype.
It combines the three shift mutations A86L1.54,
I253A5.54 and F358V7.42 with the most significant
contribution to functional expression and deter-
gent stability. For TM86V, the gain in detergent
stability is additive, consistent with the fact that,
according to an rNTR1 homology model, these
shift mutations are not in a distance where they
could interact with each other (Fig. 10). Moreover,
these three shift mutations have a positive effect
on detergent stability on both the rNTR1-wt
background (wt-TTM) and the already evolved
D03 background (TM86V; Table 2 and Supple-
mentary Fig. S2, S3 and S5), emphasizing that
positions with crucial relevance for improving the
biophysical properties of rNTR1 were found,



Fig. 9. Correlation between functional expression and detergent stability. The functional expression levels relative to
D03 (expression in vector pRGD03, 20 h at 20 °C) are plotted against detergent stability.(a) Ligand-free state in DDM, (b)
ligand-free state in DM, (c) agonist-bound state in DDM, (d) agonist-bound state in DM, (e) agonist-bound state in NM,
and (f) agonist-bound state in OG. The linear regressions [black broken lines in (a)–(f) are replotted in (g)]. The correlation
between high functional expression and detergent stability is highest for harsher detergent conditions, that is, DM in the
absence of agonist (b) and OG in the presence of agonist (f).
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independent of the receptor variant (rNTR1-wt or
D03). It should be noted, however, that the
maximal stabilizing effects and the maximal
expression levels can only be obtained in the
D03 background, which is already a product of
directed evolution (Table 2, Fig. 5 and Supple-
mentary Fig. S6).
As discussed in Schlinkmann et al.,13 I253A5.54,

pointing toward the helical core, might restrict
conformational flexibility of the receptor and in-
crease compactness of the helical core, thus leading
to increased detergent stability, while A86L1.54 and
F358V7.42 might optimize helix packing, thus
decreasing the sensitivity to detergent denaturation.
The selected variants TM86V and C7E02 retain
agonist-stimulated signaling activity, that is, activa-
tion of heterotrimeric G‐proteins, which is intriguing
considering that this particular characteristic was
never under direct selection pressure. The determi-
nation of the transition point for rNTR1-wt is very
robust (log [EC50]=−8.5±0.1) but more uncertain
for D03 and the evolved receptor variants as a result
of the small changes in total signal. The increased
level of basal activation can most probably be
attributed to partial stabilization of the receptor
variant in the activated state as a consequence of the
applied selection pressure in the presence of agonist.
While all evolved variants are characterized by high
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Fig. 10. Homology model of C7E02, L5X and TM86V. The 33 StEP-shuffled positions are highlighted in yellow. The
positions of mutations in C7E02, L5X and TM86V in comparison to D03 are highlighted in red spheres (the D03 amino
acid is given). For C7E02 and L5X, some mutations are in a distance where they could possibly interact. Generation of the
homology model is described in detail in Ref. 13.
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basal activity, stabilization of the agonist-bound
state is strongest for L5X, which does not respond to
agonist stimulation. This hypothesis of selected
stabilization of the agonist-bound state is strongly
supported by the high detergent stability of L5X in
the agonist-bound state and, particularly, by the
strongly decreased affinity of L5X to bind the small-
molecule antagonist SR 4869227 in comparison to
D03 as well as to TM86V and C7E02 (Fig. 8b).
Nevertheless, the high basal activity of the

receptor variants observed could in principle also
result from higher functional expression of the
above variants compared to rNTR1-wt. However,
higher basal activity is only observed after reconsti-
tution of the DRY‐motif (L167R3.50 back-mutation),
suggesting that this phenomenon is signaling
dependent and a true property of the evolved
receptors. Additionally, although the G‐protein
coexpression levels between different receptor var-
iants were carefully adjusted using quantitative
Western blots, the quantitative comparison of
receptor variants in this assay remains difficult and
is of limited accuracy (cf. Ref. 28, chapter 12). Here,
we have shown that the evolved receptor mutants
are signaling-active, but the detailed characteriza-
tion of G‐protein binding and activation will be the
focus of a separate study.
All three variants (TM86V, C7E02 and L5X)

contain F358V7.42, a position in TM7 that, when
mutated to alanine, is known to confer constitutive
activity.29 The valine substitution in our variants
retains agonist-dependent stimulation of signaling
in C7E02 and TM86V, albeit with an increased basal
activity, and may thus be an intermediate confor-
mation. The fact that L5X is indeed constitutively
active must then be due to further effects, such as a
strong rigidification as a result of small additive
effects of its 15 shift mutations.
With C7E02, TM86V and L5X, we have a unique

set of evolved receptor variants with improved
expression levels and stability in detergents.
Despite their mutational load, all three variants
are still highly identical with rNTR1-wt (TM86V is
97% identical; C702, 95%; L5X, 94%). Their
improved biophysical properties will facilitate
structural studies, and their differences in signal-
ing activity will help in functional investigation of
rNTR1.
In summary, we show that, by fully exploring

the enormous sequence space of a GPCR by a
directed evolution approach, we can arrive at
molecules that are functional in agonist binding
and signaling and are stable in short‐chain de-
tergents, and we can reach the expression level of
abundant bacterial membrane proteins. In this
proof-of-principle experiment, we proceeded in
three steps. After initial random mutagenesis, an
improved variant was evolved (D03),11 with which
a comprehensive evaluation of every codon at
every position became possible.13 By now screen-
ing a comprehensive binary library of all “shifted”
amino acids with their D03 counterparts, we
obtained variants with 50-fold improved expres-
sion levels and with stability in detergents as short
as octylglucoside. The insight into the parts of the
GPCR critical for stability both in the bilayer
membrane and in detergents that has been reached
in the present study may allow to greatly shortcut
this approach for other GPCRs by already intro-
ducing a number of these changes identified here.

image of Fig.�10


426 Maximizing Stability and Expression of a GPCR
Materials and Methods

StEP library design and generation

The D03 gene and either the synthetic M30 or the M303
gene were used as input for in vitro DNA shuffling using
the StEP (see Supplementary Fig. S1 for illustration) using
the amplification primers NTR1longfw (CGCGCA-
GACTGGATCTAACAACAACAACAATAAC) and
NTR1longrev (CAGAACCGCCACCAGAACCGC-
CACCG). We mixed 10 ng of each template DNA per
50 μl PCR reaction using VentR® DNA Polymerase (NEB)
and 30 pmol of each flanking primer, introducing a
restriction site. Shuffling was performed for 125 cycles
on a Biometra T3 cycler with 30 s of denaturation (94 °C)
and 6 s of annealing/elongation at 50 °C and 2 min of
initial denaturation. Twelve reactions were run in parallel.
The PCR product was treated with DpnI (Fermentas) for
digestion of the input DNA that was obtained from
propagation of the template plasmid in E. coli. The StEP
product was then purified from a preparative 1.5%
agarose gel. The purified DNA was digested with
BamHI (NEB) and Cfr9I (Fermentas), and 3 μg of purified
DNA was ligated into 5 μg of vector pRGD0311 (insert in
3-fold molar excess) overnight at 16 °C. Ligation products
were purified using Qiagen MinElute PCR purification
columns, eluted in a total volume of 20 μl of 2 mM Tris–Cl
(pH 8.5) and used for electroporation of 500‐μl electro-
competent E. coli DH5α cells. Cells were recovered in 5 ml
SOC medium for 1 h at 37 °C and further cultivated in
500 ml 2YT medium supplemented with 1% glucose and
100 μg/ml ampicillin for 12–16 h at 28 °C. Dilution series
were plated on 2YT–agar plates (1.5% agar, 1% glucose
and 100 μg/ml ampicillin) to determine the library size.
Typically, the library size was between 5×107 and 3×108.
Aliquots of N109 cells were supplemented with 20%
glycerol, snap-frozen in liquid N2 and stored at −80 °C
until further use.

Slonomics® library design and generation

The design of the library is schematically shown in
Supplementary Fig. S4. The 33 randomized positions
contain all codons specifying both the D03-specific residue
and the respective shift residue. All degenerate codons
were equally represented in order to exclude any bias due
to codon usage, tRNA levels or mRNA secondary structure
formation. For the same reason, the positions flanking the
randomized positions were also represented equally with
all codons for the respective amino acid except at three
positions (L74, L343 and L357) where a single leucine codon
(CTC) was omitted to avoid the generation of specific
restriction enzyme motifs. Thus, on the amino acid level,
the library is binary and equimolar, and on the nucleotide
level, it is agnostic. On the amino acid level, the library
diversity is 233=8.5×109. The library was generated by the
Slonomics® technology16,17 and shipped as a linear DNA
fragment. The library DNA was then amplified using the
amplification primers SLK_fw2 (CCAGTCTGGATC-
CACCTCGGAATCCGACACGGCAGGGCCC) and
SLK_rev1 (GAAGTACAGGTTCTCCCGGGTAGCG-
CAGGTGGAAAAGGCA). Cloning and transformation
was performed as for the StEP libraries. Transformation
efficiencies and thus library diversity were 3×108 for L1
and 1.3×108 for L5.

Library expression and selection

Libraries were expressed in 60 ml 2YT medium with
0.2% glucose and 100 μg/ml ampicillin. Cultures were
inoculated to OD600= 0.05 and grown at 37 °C to
OD600=0.5, at which time protein expression was induced
with 250 μM IPTG and continued for 20 h at 20 °C or
30 °C, respectively. For all libraries, the first two rounds of
selection were performed with an expression temperature
of 20 °C, after which the expression temperature was
increased to 30 °C. An aliquot of cells was washed in ice-
cold TKCl buffer [50 mM Tris–HCl (pH 7.4) and 150 mM
KCl] and saturated with 20 nM BODIPY-neurotensin
(8–13) for 1–2 h at 4 °C. Nonspecific binding was
determined in the presence of 10 μM neurotensin (8–13).
Cells were washed twice in TKCl buffer and resuspended
in 1 ml TKCl buffer. Selections were performed on a BD
FACS Aria I (Flow Cytometry Laboratory, UZH/ETHZ),
and 100,000 cells of the top 1% expressing cells were
isolated in the yield mode (selection of naïve libraries) or
purity mode (all further selections). Selected cells were
directly sorted into 2 ml 2YT medium (1% glucose and
100 μg/ml ampicillin), recovered for 1–2 h at 37 °C,
diluted into 30 ml 2YT (1% glucose and 100 μg/ml
ampicillin) and grown for 12–16 h at 28 °C. Aliquots of
N108 cells were supplemented with 20% glycerol, snap-
frozen in liquid N2 and stored at −80 °C until further use.

Whole‐cell radioligand binding assays

Radioligand binding assays (RLBAs) were used to
quantify receptor expression levels. Expression in E. coli
was performed essentially as described for library
expression (see above), whereas in S. frugiperda (Sf9) 107

cells were seeded as monolayer in 10‐cm cell culture
dishes, infected at an MOI (multiplicity of infection) of 5
with the respective virus and harvested 62 h p.i. (post‐
infection). To allow for agonist binding, we resuspended
107 E. coli cells or 105 Sf9 cells in 200 μl TEBB buffer
[50 mM Tris–HCl (pH 7.4), 1 mM ethylenediaminetetraa-
cetic acid (EDTA), 0.1% (w/v) BSA (bovine serum
albumin) and 40 μg/ml bacitracin] containing 15 nM
[3H]neurotensin (PerkinElmer) and incubated for 2 h at
4 °C. Nonspecific binding was determined in the presence
of 5 μM unlabeled agonist. Cells were applied to glass
fiber filters (Millipore), separated from free ligand using a
96-well vacuum manifold (Millipore) and washed four
times with 200 μl TEBB buffer. Filters were dried for 1 h at
60 °C and allowed to dissolve in 200 μl OptiPhase Super-
Mix (PerkinElmer) for 6–14 h. Filter-bound radioactivity
was measured by liquid scintillation counting (Microbeta
1450 Plus liquid scintillation counter; Wallac).

Analysis of detergent stability

Stability measurements of evolved receptor variants in
the ligand-free state were essentially performed as
described previously.12 All stability assay buffers con-
tained 50 mM Hepes (pH 7.4), 100 mM NaCl, 1 mM
EDTA and Complete Protease Inhibitor (Roche). Buffer
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SAB additionally contained 30% glycerol and 0.1% (w/v)
DDM (Anatrace), 0.5% (w/v) Chaps (Anatrace) and
0.1% (w/v) CHS (Sigma-Aldrich); buffer SABoDDM
contained 0.1% (w/v) DDM; buffer SABoDM contained
0.2% (w/v) DM (Anatrace); buffer SABoNM contained
0.5% (w/v) NM (Anatrace); buffer SABoOG contained
0.8% (w/v) OG (Anatrace) and buffer SABoHTG
contained 1.5% HTG (Anatrace). Detergent and glycerol
concentrations for ligand binding buffers were changed
accordingly. For all measurements, receptors were
solubilized in DM, and detergent was exchanged after
immobilization (Dynabeads® MyOneTM Streptavidin T1;
Invitrogen). For detergent exchange, beads were cap-
tured using a magnetic tube holder, and beads were
washed two times with 150 μl of desired assay buffer for
5 min each and resuspended in a final volume of 150 μl
assay buffer. For stability measurements in the agonist-
bound state, receptors were solubilized in DM and
saturated with 120 nM [3H]neurotensin (PerkinElmer) in
a volume of 150 μl for 90 min, before detergent
exchange. Data were analyzed by nonlinear regression
using GraphPad Prism 5.

Affinity measurements

Receptors were solubilized and immobilized in DM as
described in Ref. 12. Aliquots of the receptors immobilized
on magnetic beads were incubated with increasing concen-
trations of the agonist [3H]neurotensin in a volume of 200 μl
for 2 h at 4 °C in assay buffer LBB-DM [50 mM Tris–HCl
(pH 7.4), 0.2% DM, 1 mM EDTA, 0.1% (w/v) BSA and
protease inhibitor (Complete Protease Inhibitor Cocktail;
Roche)]. Unbound agonist was removed by capturing the
beads using a magnetic tube holder and washing of the
beads with 200 μl of buffer LBB-DM. Receptor-bound
agonist was quantitated by liquid scintillation counting.
Data were analyzed by nonlinear regression using Graph-
Pad Prism 5. Binding of the antagonist SR 48692 was
determined accordingly by titration of SR 48692 in the
presence of 15 nM [3H]neurotensin.
[35S]GTPγS binding assay

Receptors and the G‐protein (αi1β1γ10) were expressed
in S. frugiperda (Sf9) cells by co-infection with two
baculoviruses, one encoding the receptor and the other
encoding the whole G‐protein complex. Baculoviruses
were generated essentially as described for the MultiBac
system.30,31 Receptors were preceded by an N-terminal
melittin signal sequence, a FLAG tag, a His10 tag and a
TEV cleavage site, whereas the C-terminus was unmodi-
fied. The Gαi1 subunit was internally His6 tagged at
position 121,32 γ10 was N-terminally HA tagged and β1
was untagged.
Sf9 cells at a density of 1×106 cells/ml were co-infected

with receptor virus and G‐protein virus at a MOI of 2
and 1, respectively. At 72 h p.i., cells were harvested by
centrifugation (10 min, 500g, 4 °C) and washed with
phosphate‐buffered saline twice. Cells were resuspended
in lysis buffer [50 mM Tris–HCl (pH 8.0), 1 mM EDTA
and protease inhibitor (Complete Protease Inhibitor
Cocktail; Roche)] and were lysed by sonication. The
lysate was centrifuged (10 min, 500g, 4 °C), and the
resulting supernatant was centrifuged again (30 min,
20,000g, 4 °C). The membrane pellet was washed once
with lysis buffer, and the membranes were finally
resuspended in lysis buffer containing 20% sucrose and
flash‐frozen. Protein concentration was determined by
the Quant-iTTM Protein Assay Kit (Life Technologies),
and expression was controlled by quantitative IR
Western blot analysis using the Odyssey® system
(LI-COR).
Stimulation of [35S]GTPγS (1250 Ci/mmol; PerkinEl-

mer) binding was performed with 20 μg membrane
protein in 100 μl binding buffer [50 mM Tris–HCl
(pH 7.4), 5 mM MgCl2, 50 mM NaCl, 1 mM EDTA, 0.1%
(w/v) BSA, 0.1 mM DTT, 1 μM 1,10-phenanthroline and
1 μMGDP] containing various neurotensin concentrations
(2 pM–200 μM). After preincubation (15 min at room
temperature), 100 μl binding buffer with 2 nM [35S]
GTPγS (final concentration, 1 nM) was added, and the
mixture was further incubated (45 min at room tempera-
ture). The reaction was stopped by filtration through 96-
well MultiScreen glass fiber filter plates (Millipore) and
washed five times with 200 μl washing buffer [50 mM
Tris–HCl (pH 7.4), 5 mM MgCl2, 50 mM NaCl and 1 mM
EDTA]. Filter-bound radioactivity was determined by
liquid scintillation counting.
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