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The structural features determining efficient biosynthesis, stability
in the membrane and, after solubilization, in detergents are not
well understood for integral membrane proteins such as G protein-
coupled receptors (GPCRs). Starting from the rat neurotensin re-
ceptor 1, a class A GPCR, we generated a separate library comprising
all 64 codons for eachamino acidposition. By combining apreviously
developed FACS-based selection system for functional expression
[Sarkar C, et al. (2009) Proc Natl Acad Sci USA 105:14808–14813]with
ultradeep 454 sequencing, we determined the amino acid prefer-
ence in every position and identified several positions in the natural
sequence that restrict functional expression. A strong accumulation
of shifts, i.e., a residue preference different from wild type, is
detected for helix 1, suggesting a key role in receptor biosynthesis.
Furthermore, under selective pressure we observe a shift of the
most conserved residues of the N-terminal helices. This unique data
set allows us to compare the in vitro evolution of a GPCR to the
natural evolution of the GPCR family and to observe how selective
pressure shapes the sequence space covered by functional mole-
cules. Under the applied selective pressure, several positions shift
away from thewild-type sequence, and these improve the biophys-
ical properties.We discuss possible structural reasons for conserved
and shifted residues.
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Very few residues are strictly conserved in the family of G
protein-coupled receptors (GPCRs), the eukaryotic seven-

transmembrane (TM) receptors that regulate many cellular
events in response to chemically diverse ligands. GPCRs undergo
conformational changes in response to agonist binding, and need
to maintain a delicate balance between stability in the membrane,
flexibility required for signaling, and the subsequent steps of recep-
tor inactivation and degradation or recycling (1). These constraints
limit stability and at least partly explain the paucity of structural
information from this large family, despite herculean efforts.
Structural studies have been reported only recently (2–4),

mostly for naturally stable receptors or including engineered do-
main insertions and/or trial-and-error optimization of the protein
sequence (5, 6; summarized and reviewed in ref. 7). The limited
number of solved receptor structures and the redundancy of the
datasets do not reflect the functional diversity of GPCRs and still
limit general conclusions about their activation mechanism, and
thus about fundamental rules for agonist and antagonist design.
Most GPCRs are not amenable to functional and structural

studies, because their biophysical properties are imposing major
roadblocks to earlier steps in the characterization process, ex-
pression, purification, and detergent stability.
We wished to determine the critical information content in the

GPCR sequence and structure for their biophysical properties and
compare this to the conserved sequence features of the whole
family and to experimentally test and expand previously proposed
architectural rules aboutmembrane proteins. Here, rat neurotensin

receptor 1 (rNTR1)-D03 (termed here D03) was used as a model.
D03 is a variant of rNTR1 that had been obtained previously by
in vitro evolution of the wild type (8). D03 displays higher func-
tional expression and detergent stability than wild type (5,000 vs.
500 receptors per cell), thus allowing reliable detection and in-
terpretation of small changes in expression levels and detergent
stability. However, despite increased expression level of D03 and
improved detergent stability of the evolved variant D03 (8) or the
engineered variant NTS1-7m (9), the critical structural features
might not yet have been identified, requiring an in-depth and
comprehensive mutagenic analysis.
Previous mutagenesis studies have relied on either error-prone

PCR (8, 10) or spiked oligonucleotides (11) and could thus not
cover the complete mutant space. More importantly, the studies
using reporter genes have not quantitated stability or expression
level (8, 10, 11). We have therefore undertaken a complete
analysis of mutant space to explore the biosynthesis and bio-
physical properties of a GPCR.

Results and Discussion
Directed Evolution System for GPCRs. A total of 376 DNA libraries
were generated by separately randomizing amino acid positions
43–418 of rNTR1-D03 (8) into all 64 codons. Sequencing of in-
dividual clones from every second library was performed before
selection to confirm the library design and quality. This analysis
of about half of all libraries showed an even distribution of the
four bases in all codon positions (Table S1), consistent with full
randomization. Libraries were expressed in Escherichia coli, ex-
posed to a fluorescence-labeled agonist of rNTR1, BODIPY-
neurotensin, in a buffer facilitating ligand penetration through
the outer membrane (8). After ligand binding to the native GPCR
located in the inner membrane, the 1% highest-binding cells were
selected by FACS. This selection for ligand binding directly
selects for efficient production, insertion, and correct folding of
the GPCR in the inner membrane of E. coli. The system was
tested and adjusted in a proof-of-principle experiment using the
64-codon library of residue Y3477.31 that is critical for binding of
the agonist neurotensin (12) (Figs. S1 and S2). We use the se-
quential numbering in plain text and the Ballesteros–Weinstein
numbering as a superscript; here, the first number denotes the
helix in sequential order, and the second number defines the
position within the helix, where the most conserved position of a
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helix is denoted as x.50, counting downward toward the N ter-
minus and upwards to the C terminus (13).
Standard Sanger full-length sequencing of 6–20 selected clones

per randomized position ensured that no spurious additional
mutations influenced the phenotype (4,298 sequences; Fig. S3).
Very few mutations were found outside the randomized posi-
tions. Ultradeep 454 sequencing yielded 890,381 high-quality
reads, each covering about 180–250 bp (SI Text, Figs. S4 and
S5, and Table S2). After processing, 518,228 sequences de-
viating from the wild type by exactly one codon in a random-
ized position remained, covering 363 of the 376 positions of

rNTR1-D03 at an average of 1,428 independent sequences per
randomized position.
Because libraries randomized in different positions had to be

combined for 454 sequencing, only 63 of the 64 codons could
be quantified. The frequency of the wild-type codon was ob-
scured (Fig. S5). However, we could determine the wild-type
codon conservation from the frequencies of synonymous codons.
Based on these results, the mutational tolerance in each posi-
tion was addressed by calculation of rmsd (Fig. 1). The rmsd
(see SI Text and Eq. S1 for detailed description) compares the
observed amino acid frequency distribution after selection with

Fig. 1. Sequence variability of rNTR1-D03 (A) and GPCR class A consensus (C). Positions in a snake plot (Left) and homology model of rNTR1-D03 (Right) are
color coded in a gradient from red for high mutational tolerance to blue for low tolerance (see SI Text for details). Letters indicate conserved sequence motifs
in each helix. Positions that were not randomized (flexible N terminus and C terminus) or for which no 454 data were obtained (13 transmembrane positions)
are coded in gray. (B) Histograms of observed amino acid frequencies (red) compared with the amino acid frequency distribution expected for an unbiased
library (blue) illustrate the significance of the different rmsd levels.
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the input amino acid frequency distribution (that of an un-
biased NNN codon randomization). The rmsd reflects the se-
lective pressure shaping the amino acid distribution in a given
position. Sanger and 454 datasets agree well. On average, syn-
onymous codons were used with equal frequency (Fig. S6),
indicating a purely phenotypic selection at the protein level,
e.g., membrane insertion, folding, and stability within the mem-
brane and deleterious effects of misfolded proteins on the
host organism. Thus, we did not detect any effects of rare
codons.
According to the ultradeep sequencing analysis after selection,

positions are classified as conserved, as shift positions, or as not
significant, the latter describing a broad amino acid distribution.
A shift position focuses the selection on an amino acid (or very
few) different from the wild type. Both conserved and shift po-
sition are subclassified as robust or weak, where weak effects are
observed only after correction for codon bias, and robust effects
under any condition (details are given in SI Text).
Very few amino acids are globally conserved within the GPCR

family, and amino acid distributions are broad for most positions
in the 454 results (Fig. S7). Structurally relevant glycines and
prolines, the conserved disulfide bond and very few other resi-
dues are immutable in rNTR1 and GPCRs in general (Fig. 2 and
Fig. S8). The different selection pressures, toward efficient bio-
synthesis, membrane insertion, and folding to form a functional
ligand binding site in E. coli (rNTR1-D03 libraries), or toward
finely regulated signaling competence in response to different
ligands (in the case of the GPCR family evolved in nature), are
reflected in different patterns of sequence constraints. In general,
the GPCR class A consensus shows a strong conservation of the
intracellular helix ends, pointing to their importance for down-
stream signaling interactions. G protein contact residues, con-
served in the GPCR family, are variable in our results, whereas
residues involved in ligand contact are conserved in our dataset.
Residues equally conserved in both systems and those shifting

away from the rNTR1 sequence presumably reflect the con-
straints of efficient folding and stability. The statistically robust
454 data set provides a unique opportunity to assess the relevance
of structural rules (14–16), deduced from early membrane protein
structures and statistical analysis of primary sequences (Fig. S9).
Aromatic residues are often found to contact the periphery of the
membrane, whereas aliphatics contact the hydrophobic interior
or the bilayer. Basic residues are found at the cytoplasmic ends of
transmembrane helices. rNTR1 obeys this last rule, displaying
a strong accumulation and preference of basic amino acids at the
cytoplasmic helix ends, especially at TM1/IL1 and TM5. TM5 is
connected to TM6 by a long intracellular loop, and the increase in
basic amino acids in TM5 might help to define the helix length
and position the helix within the lipid bilayer through interactions
with the phospholipid head groups.
Of particular interest are the shift positions (Fig. 3). Strong

shift positions are exclusively located within the TMs. Both lipid-
exposed side chains and those pointing into the helical interspace
are observed to shift. Shifted residues form clusters, defining
specific locations important for protein folding and stability, with
the shift mutations releasing a previous constraint present in the
wild-type sequence. Clustered mutations represent different so-
lutions to the same problem, and may thus not be additive.
We find an accumulation of shifts in TM1 and TM2, whereas

TM3, known to be involved in structural rearrangements upon
activation (1, 17), remains highly conserved. TM1 shows three
independent gains of aromatic amino acids pointing toward the
lipid interface at the N terminus, at V65W1.33, L66F1.34, or
A69F1.37. This gain of aromatic side chains might enhance protein
integration into the lipid bilayer during positioning of the first TM
helix in the lipid bilayer. Considering that membrane protein bio-
synthesis is crucially dependent on correct helix folding, targeting,
and insertion into the lipid bilayer, we hypothesize that the accu-
mulation of shifts in the N terminus and the most N-terminal he-
lices is an adaptation to that process, and this effect might be highly

Fig. 2. Correlation between sequence constraints in natural GPCRs and in the rNTR1-D03 454 sequencing experiment. Colors indicate whether the amino acid
distribution in a given position is equally constrained in both systems (purple), more constrained in natural class A GPCR sequences (blue), or in the deep
sequencing from rNTR1-D03 (red). The size of the circles indicates the constraints imposed by the respective system; large circles indicate positions with high
constraints.
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relevant for increased GPCR expression levels (Fig. 3). This par-
ticular importance of the N-terminal helices was not apparent from
previous analyses of residue preferences in membrane proteins.
In TM7, we find a loss of aromatic residues at positions

F346A7.26, F350A7.34, and F358V7.42, approximately within two
helical turns from each other. According to our model of rNTR1,
F3587.42 is located close in space to the proline-induced kink in
TM6, and the shift F358V7.42 might relieve a steric constraint and
lead to optimized helix packing. Because TM7 contributes spe-
cifically to ligand binding, a comparison with the GPCR con-
sensus is more difficult. Y3477.31, for example, is crucial for ligand
binding in rNTR1 (12). The GPCR consensus shows an addi-
tional proline at position 3627.46 that will substantially influence
the structural architecture of TM7, but is absent in rNTR1.
GPCRs share high conservation of key signature motifs in every

helix (highlighted in Fig. 2; Table S3) that are common to the
GPCR family and reflect structural features (e.g., proline-deter-
mined helical architecture) or the common signaling process
[E/DRY motif in TM3 (E1663.49, R1673.50, and Y1683.51 in
rNTR1) for receptor activation] (18). As explained above, the
Ballesteros–Weinstein nomenclature (added in superscript) refers
to 50 as the most conserved position of a helix. Unexpectedly, we
find that the key residues of the first three helices are shift posi-
tions, i.e., N82H1.50, D113S2.50, and R167L3.50. N82H1.50 and
D113S2.50 are close in space according to our homology model,
and these mutations might be alternative solutions to the same
problem of an unsatisfied salt bridge. D1132.50 was shown to be
responsible for the sodium-sensitivity of the rNTR1 receptor (19).
R167L3.50 is part of the E/DRY motif for which a crucial role, the
“ionic lock,” in receptor activation has been proposed (17). The
fact that we findGPCR signature residues shift is rather surprising,
and suggests that functionally required conformational flexibility
of the receptor may limit its biophysical stability. In vivo, these
signature residues might be required to maintain the delicate
balance of receptor-signaling networks, and even facilitate GPCR
degradation after endocytosis.When studied in an isolated system,
however, these residues are identified as roadblocks for recom-
binant overexpression and detergent stability. The phenotype of
rNTR1-D03 is determined by nine mutations, originating from
randommutagenesis on the wild type (8). Among these mutations,
we find R167L3.50 to improve functional expression but to de-
crease signaling competence (8). Interestingly, we find the D03

mutations to be mostly confirmed after full randomization (Figs.
S3 and S7). For R1673.50, we find only mild preference of aliphatic
residues over R, allowing us to reintroduce R1673.50 and thus to
restore signaling capability without compromising functional ex-
pression levels, as shown for D03 (8).
Several mutations, based on the D03 background, were selected

for further characterization (Table 1). For all mutants tested,
expression levels were as high as or higher than rNTR1-D03, in-
dicating that no false-positive selection result was observed.
A86L1.54, I253A5.54, and F358V7.42 significantly increase the sta-
bility of the receptor in n-dodecyl-β-D-maltopyranoside (DDM),
a mild detergent used for solubilization and functional studies
of many GPCRs, increasing the apparent Tm by 7.5, 3.5, and 4°,
respectively, in the absence of ligand (Table 1). F358A7.42, a
nonenriched negative control, had no effect on receptor stability,
clearly showing the specific effect of the valine substitution. These
results clearly demonstrate the power of the full randomization
and selection applied here, in contrast to an alanine scan (9); the
latter would only have investigated I253A5.54, but discarded
F358A7.42 as unfavorable, and thus would not have discovered
F358V7.42.
For these three shifts, we find a correlation between increased

functional expression levels, which report on the biophysical
properties in the bilayer, and stability in detergents. This overlap
is intriguing regarding the fact that selection for functional ex-
pression reflects the sum of correct biosynthesis; efficient and
functional membrane integration; stability in the lipid bilayer; re-
sistance to degradation; and the potential influence of misfolded
species on survival and growth of the host organism, whereas sta-
bility within a detergent micelle is governed by the influence of the
small detergent molecules on the structure, potentially penetrating
into the core, or allowing some access to solvent molecules. The
chemical nature of the detergent, protein packing, and helical
stability will all influence the observed stability, and some of the
selected mutations have improved stability in detergents and
functional expression.
I253A5.54 is located in the core of TM5, facing TM3 and TM6.

Previous functional and structural studies on GPCRs have shown
an important role for TM5 in receptor activation (1), because
TM5 contains crucial residues that, upon binding of agonist,
induce local structural rearrangements that presumably lock the
receptor in the activated state (1, 20). I253A5.54, located one

Fig. 3. Sequence shifts. Positions are colored according to conservation (blue) or shift (red) away from the rNTR1-D03 sequence. Uppercase letters refer to
robust effects and lowercase letters to effects obscured by codon bias in the raw amino acid consensus. The strength of the conservation or shift is given by
the rmsd of the amino acid distribution from the input distribution as shown in Fig. 1A and listed in Fig. S7. For the highlighted positions, the influence of
mutations on the performance of the receptor has been further characterized (Table 1).
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helical turn away from the structurally conserved proline in TM5,
might reduce conformational flexibility of the receptor, thereby
increasing stability. In contrast to that, we assume that A86L1.54

and F358V7.42 improve detergent stability by addressing helix
packing. Based on our homology model, A86L1.54 and F358V7.42

are solvent accessible, and a compact helix fold might reduce the
susceptibility toward detergent penetration into the helical core.
Both conformational stabilization and optimized helix interac-

tions reduce the susceptibility of the receptor toward denaturation
by detergents, and these effects are certainly not rNTR1 specific,
but of general importance for membrane protein stabilization.
However, not all of the mutations that increase functional expres-
sion also affect stability, or the reverse (Table 1). We thus hypoth-
esize that a large number of shift residues improve interactions
within the receptor that are critical for efficient and correct bio-
synthesis, thus increasing functional expression in the lipid bilayer,
whereas only a subset of shift residues affect interactions within
the folded receptor, thus leading to higher detergent resistance.
The combination of saturation mutagenesis, FACS selection,

and analysis by 454 sequencing has produced unprecedented in-
sight into the contribution of every receptor position on receptor
functionality, stability in the natural bilayer, and in detergents.

Membrane proteins maintain a delicate balance between ex-
pression, function, and stability. In vivo evolution of GPCRs and
membrane proteins in general shows strong selective and func-
tional pressure (21). The high tolerance toward randomization,
and especially the high frequency of shifts observed in this study,
including signature residues in helices, is intriguing and of utmost
importance for our understanding of membrane proteins. Though
our in vitro evolutionary approach covers the full mutant space in
one library, in vivo evolution would require neutral intermediates,
some of whichmight not be tolerated in case of integral membrane
proteins. Our results show that rNTR1, and presumably other
GPCRs, offer ample opportunity for engineering, without com-
promising protein activity.
Several trends uncovered here might be of general applica-

bility: clusters that evolve toward the class A consensus indicate
the validity of the rules of preferential location of aromatic
amino acids (16) and positive charges (14). These trends might
be easily transferable to other GPCRs. Furthermore, the im-
portance of the N-terminal helices had not previously been
highlighted: the location of some of the most prominent shifts
within TM1 indicates that functional expression may be at least

Table 1. Detergent stability in DDM and expression levels of single-shift mutants

Mutation Conservation Rmsd 454 Tm, °C (n = 2)* Tm, ΔD03, °C
Receptors per cell

relative to D03, % (n = 3)

T68S Robust shift 16.7 28.6 −2.5 99 ± 43
E124D Robust shift 15.1 28.0 −3.2
V57I Robust shift 11.9 31.2 0.1
S83G Robust shift 10.2 32.0 0.9 144 ± 9
T354S Robust shift 8.6 28.7 −2.4 129 ± 1
C332V Robust shift 7.2 28.7 −2.5 174 ± 7
N262R Robust shift 6.5 28.8 −2.4
D113A Robust shift 6.4 28.1 −3.0 116 ± 8
D113S Robust shift 6.4 29.6 −1.5 145 ± 19
D150E Robust shift 6.4 30.5 −0.6
I70V Robust shift 6.3 28.7 −2.4 114 ± 26
A110L Robust shift 5.7 28.4 −2.7 82 ± 17
I253A Robust shift 5.2 34.4 3.3 175 ± 19
A86L Robust shift 4.9 38.4 7.3 149 ± 25
R143K Weak shift 12.9 30.8 −0.4
L119F Weak shift 10.1 31.9 0.8 134 ± 21
I260A Weak shift 7.1 28.8 −2.4
I202L Weak shift 5.3 28.0 −3.1 121 ± 10
I202S Weak shift 5.3 30.8 −0.3 75 ± 27
N58R Weak shift 4.2 30.9 −0.3
C172R Weak shift 2.9 28.6 −2.5
T101R Not significant 3.4 29.4 −1.8 131 ± 5
A177H Not significant 3.1 29.2 −1.9 123 ± 13
K263R Weak conservation 4.7 30.8 −0.4 152 ± 17
Y324L Weak conservation 6.3 24.6 −6.6 164 ± 21
C320L Weak conservation 7.0 26.8 −4.4 152 ± 10
K235R Weak conservation 8.7 30.8 −0.4 148 ± 21
F75L Weak conservation 10.8 27.5 −3.6 108 ± 7
F358V Robust conservation 4.8 34.8 3.7 179 ± 23
F358A Robust conservation 4.8 29.7 −1.5
L125V Robust conservation 7.2 28.1 −3.1 143 ± 14
A201S Robust conservation 14.0 27.2 −4.0 180 ± 26
M121L Forced shift 11.7 29.5 −1.7 158 ± 10
M208V No data 29.6 −1.5 139 ± 7
V240L No data 28.4 −2.7
F342A No data 30.1 −1.0
D03 31† 100 ± 13

*Average error, 2 °C.
†n = 8.
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partially limited by cotranslational membrane insertion via the
SecYEG translocon in E. coli.
Some receptor residues, among them key GPCR signature

residues, might be conserved mainly to maintain a fine-tunable
receptor-signaling network, because the receptor needs to be able
to exist in two conformational states: signaling active and inactive.
Though the mutations investigated, even when combined, maintain
signaling at high agonist concentration, they show higher levels of
activity at low agonist concentrations than wild type (22). Thus,
selection may have favored mutants that shift the balance toward
the activated state, because selection was carried out in the presence
of agonist. This selection for biophysical behavior maintained re-
ceptor-activated nucleotide exchange at theG proteins (22), but not
the ability of the GPCR to fully turn off in the absence of agonist.
It is interesting to note that mutations selected in E. coli also

lead to improved expression in eukaryotic hosts (8, 22). Some
shift mutations significantly increase the stability of rNTR1 in
short-chain detergents, presumably by controlling access of de-
tergent molecules (22).
We believe that this systematic and evolutionary approach to the

biophysical properties of the GPCR family will greatly help equally
systematic structure determination efforts across this important
family, and also delineate the biophysical constraints on the natural
evolution of this family. These results may be thus of interest for
othermembrane proteins, and could be the basis for rational design
of membrane proteins for higher stability in detergent solution for
more efficient drug screening and structural studies.

Methods
Library Design and Synthesis. A total of 376 different libraries were generated
for receptor positions 43–418 by a PCR approach using oligos with NNN-

diversified codons, generating a position-specific 64-codon library with at
least 10- to 20-fold oversampling. Each library was subcloned into the ex-
pression vector pRGD03 (8, 23). The absence of any bias in the randomized
library was confirmed by sequencing individual variants before selection.

Library Expression and Selection. Each library was separately expressed in
E. coli DH5α for 20 h at 20 °C. After expression, cells were labeled using
BODIPY-neurotensin, a fluorescence-labeled ligand of rNTR1. The outer
membrane was permeabilized by a Tris·HCl salt buffer to allow for ligand
binding (1–2 h at 4 °C). The 1% highest fluorescent cells were selected using
FACS and recovered for sequence analysis.

Sequencing Analysis and Characterization. Per library, 6–20 single selected
clones were analyzed by Sanger sequencing. The plasmid DNA of the se-
lected variant pool was isolated and analyzed by ultradeep 454 sequencing.
Expression levels were determined by radioligand binding assays, and de-
tergent stability was assessed with protein variants isolated from the E. coli
membrane according to Sarkar et al. (8).
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