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he common seven-transmembrane–domain (TMD) architecture of G protein–coupled receptors
(GPCRs) has been preserved over a vast period of time, and highly conserved amino acid
motifs and residues have evolved to establish ligand and signal transduction specificities.
The mining of evolutionary data from sequenced genomes and targeted retrieved orthologs
has proven helpful for understanding the physiological relevance of individual GPCRs and for
interpreting the clinical significance of GPCR mutations in structural terms. Sequence analysis of
GPCR pseudogenes, which are considered as genomic traces of past functions, as well as recent
success in sequence analysis of GPCR genes from extinct species, provide further information. This
review discusses recent advances and approaches aimed at developing a better understanding of
GPCR biology based on evolutionary data.
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The evolutionary success of the GPCR superfamily is reflected both
by its presence in almost every eukaryotic organism and by its abundance in mammals. Based on the genome sequences of humans and
other mammalian species, approximately three to four percent of
mammalian genes code for GPCRs. The GPCR superfamily comprises
at least five structurally distinct families: the Glutamate, Rhodopsin,
Adhesion, Frizzled/Taste2, and Secretin (GRAFS) families (6, 7). The
rhodopsin-like receptors (also called family A or 1) form the largest
family in vertebrates. Because there is very little sequence homology
among the rhodopsin-like, secretin-like (family B or 2), and glutamate-like (family C or 3) receptor families, the evolutionary origin of
GPCRs and their ancestry remain a matter of debate.
Proteins that display a seven-TMD architecture are present in
prokaryotes that utilize light-sensitive proteo-, halo- and bacteriorhodopsins to harvest energy and fix carbon via a non-chlorophyllbased pathway. In addition to the ion-translocating rhodopsins,
sensory rhodopsins exist in Halobacteria that promote phototaxis
by collaborating with transducer membrane-embedded proteins
with no relation to G proteins [i.e., halobacterial transducer of
sensory rhodopsin-(Htr)-I and -II]. Like the rhodopsins of bilateral
animals, prokaryotic rhodopsins contain retinal covalently bound to
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G protein–coupled receptors (GPCRs) constitute the most prominent family of validated pharmacological targets in biomedicine.
Approximately sixty percent of approved drugs elicit their therapeutic effects by selectively targeting members of this receptor family
(1). Despite the remarkable structural diversity of natural GPCR
agonists and low sequence homology among GPCRs, hydropathy
analysis and biochemical data suggest that all GPCRs share a common molecular architecture consisting of seven transmembrane
domains (TMDs) connected by three intracellular and three extracellular loops. Currently, a high-resolution structure is available only
for bovine rhodopsin (2, 3), and so broader consideration of GPCRs
must rely on other sources of structural information. The availability
of in-depth genome sequence data for human (4), mouse (5), and
many other vertebrates, as well as of numerous invertebrates, has
provided the unique opportunity to compare and analyze genomewide GPCR sequences. Such comparative genomic approaches can
provide information about the origin and evolutionary history of
GPCRs, illustrated below in the first two paragraphs by the example
of rhodopsin-like GPCR. Comparative genomic data provide information about the origin and evolutionary history of GPCRs, and
analyses of genomes have revealed hundreds of obviously non-functional gene-like sequences, so-called pseudogenes, many of which
reflect GPCR-like sequences suggestive of past functions. Finally,
comparative genomic approaches can help to identify conserved
sequence motifs that are responsible for certain aspects of GPCR
functionality, which, through mutation, may cause disease.

TMD7. Similarly, eukaryotes contain transmembrane proteins that
are structurally similar to prokaryotic sensory rhodopsins (8, 9). The
structural and functional features shared by prokaryiotic and eukaryotic rhodopsins suggest a common ancestry; however, despite these
similarities, sequence comparisons provide no convincing evidence
of an evolutionary linkage between prokaryotic rhodopsins and
eukaryotic GPCRs (10).
Signal transduction through G proteins is definitive of GPCRs.
The rhodopsins of insects and vertebrates are coupled to the G proteins Gq and transducin, respectively. Several groups of worms (e.g.,
nematodes and trematodes) are the evolutionarily oldest extant lineages that exhibit evidence of rhodopsin- and G protein–mediated
photoreception (11). These appeared, however, long after GPCRs
and G protein signaling evolved. Structural and functional data
clearly show that G protein signaling via GPCRs is present in yeast/
fungi (12) and plants (13) (e.g., fungal pheromone receptors, slime
mold cAMP receptor–like receptors, and glutamate receptor–like
receptors), as well as in unicellular eukaryotes, such as the slime
mold Dictyostelium discoideum (14). GPCRs with some structural
relations to cAMP receptor–like receptors and adhesion receptors
are also found in plant genomes. Glutamate receptor–like receptors
are present in D. discoideum and the sponge Geodia cydonium (15),
which diverged more than 600 million years ago. Sponges (Porifera)
belong to the earliest occurring metazoans (animals). In contrast,
the structural signatures of rhodopsin-like GPCRs do not appear to
extend phylogenetically back before the appearance (approximately
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Figure 1. Representation of GPCRs in major evolutionary lineages.
Heptahelical transmembrane-spanning proteins of the proteo-, halo-, and bacteriorhodopsin families are present in prokaryotes. Except for their transmembrane architecture, there is no evidence of an evolutionary relation between
the genuine GPCRs and bacteriorhodopsins, which are not coupled to G proteins. GPCRs and their signal transduction probably evolved ~1.2 billion years
ago. Genomes of extant plants and fungi usually contain less than 10 GPCR
genes. The first rhodopsin-like GPCRs, which compose the main GPCR family in vertebrates, appeared ~580-800 million years (Myr) ago. Expansion of
rhodopsin-like GPCRs started ~500 Myr ago, giving rise to over 1000 members in mammalian genomes. The relationships of the major lineages, which
remain controversial, are not indicated.
a
Complete genome data are not yet available.
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580–800 million years ago) of Bilateria such as insects, mollusks,
nematodes, and trematodes (16–18). Given that the coupling of
G proteins to seven-TMD proteins evolved before the plant/fungi/
animal split (i.e., about 1.2 billion years ago), and that the first
rhodopsin-like receptors appeared early in metazoan evolution
(Figure 1), the retinal-based photosensory system likely represents
a “re-invention” (i.e., a product of convergent evolution). Among
the rhodopsin-like GPCRs, serotonin receptors appear to be among
the oldest, as suggested by their presence in planarians (19) and in
many nematodes (20).

The Evolutionary Expansion
of Rhodopsin-like GPCRs
Vertebrates appeared in evolution about 500 million years ago, during the Cambrian period. With the exception of odorant receptors
(ORs), rhodopsin-like receptors occur in vertebrate genomes twice
as frequently as they do in invertebrates (Figure 1). Although they
are the predominant family of GPCRs in vertebrates as a whole, rhodopsin-like receptors occur significantly less frequently in more basal
vertebrate lineages than in higher species, which primarily reflects the
continuous expansion of the OR gene family (7). The evolutionary
rise in the number of GPCR genes is generally explicable in terms
of two mechanisms of duplication, described below. Subsequent
to gene duplication, new functions can evolve as one or even both
members of a duplicated gene pair mutate and acquire novel functionality; the fitness of the organism is presumptively less at risk to
mutation in the context of multiple gene copies. Disadvantageous
mutations in GPCRs are removed from a population through purifying selection, and many evolutionarily old GPCR genes, including
the rhodopsins, display strong purifying selection (21–23).

Intrachromosomal Gene Duplications
Clusters of GPCR genes occur as the result of contiguous duplication
of genes. The most impressive example is found in ORs; human chromosome 11 encodes nearly half of the classical OR repertoire, including a single cluster of more than 100 OR genes (24). Multiple copies
of related GPCR genes, such as the human protease-activated receptors (human 5q13), P2Y12-like receptors (human 3q24), trace amine
associated receptors (TAAR; human 6q23.2) and CC-chemokine
receptors (human 3p21.3), are arranged in a tandem-like fashion.

Entire Chromosomal and
Whole Genome Duplications
The dopaminergic receptor paralogs DRD5 and DRD1, and the
adrenergic receptor paralogs ADRA2C and ADRA1 on chromosomes
4 and 5, respectively, seem to have originated from a chromosomal
or even a whole genome duplication event (25–28). Polyploidy is
common in certain vertebrates, such as fish and amphibian species;
ploidy levels of up to 8n have been found in sturgeon (29). GPCR

duplications due to polyploidy have been proposed for the expansion of TAAR and lyso-phosphatidylserine receptors (e.g., GPR34) in
the ancestor of the teleostei, the largest group of bony fishes (21, 30).
A whole genome duplication likely occurred in the teleost lineage following its split from the tetrapod lineage, such that only a subset of
the duplicates are retained in modern teleost genomes (31).

Ancient Records of GPCR Evolution
Whereas more than ninety-nine percent of all species that ever lived
on earth are extinct, most of the genetic information about receptor
repertoires and their evolutionary history must be garnered from the
fossil record. Recent advances in DNA extraction and amplification
from fossil remains (32) have made it possible to retrieve substantial
amounts of ancient [e.g., Pleistocene (33) and Bronze age (34)] DNA
sequences. Genome sequences of extant species, however, can also
harbor valuable information about past functions and gene history.
Pseudogenes in particular can generally be considered as genomic
fossils, and they increasingly attract attention in GPCR research.
Pseudogenes are by definition non-functional genomic
sequences that are homologous to a known gene (35). As a result of
their non-functionality, most pseudogenes are released from selective pressure, and they therefore display an increased ratio of asynonymous to synonymous substitution rates (K a/Ks) and accumulate
frameshifting and nonsense mutations. These features are frequently
used to identify pseudogenes in a genome (36). The majority of
mammalian pseudogenes can be classified as duplicated pseudogenes or retrotransposed pseudogenes (also called “processed”
pseudogenes). The latter are created by the reverse transcription
of mRNAs followed by genomic integration. Duplicated pseudogenes arise from local duplication or unequal crossing-over; thus,
they often retain, at least to some extent, the intron structures of
the parental genes. Nevertheless, duplication or retrotransposition
events are not always directly involved in the emergence of pseudogenes. The mutational inactivation of functional genes can be pinpointed in the genesis of specific pseudogenes, including mutational
inactivation of GPCR-encoding genes (37–39).
Over time, signatures of the original sequence gradually disappear, which complicates the identification of pseudogenes (40); the
exact number of pseudogenes within a complex genome can only
be estimated. Rough estimates suggest that signatures of genes can
be detected more than eighty million years after “pseudogenization” and loss of constraint. For example, pseudogenes for the
neuropeptide Y receptor type 6 (Y6R) exist in all primates so far
investigated; an inactivating deletion mutation is therefore believed
to have occurred in a common ancestor of primates. Large deletions, however, can remove informative sequences in a significantly
shorter period; for example, the Y6R gene disappeared in rats after
the mouse/rat split fourteen to sixteen million years ago.
Pseudogenes are important because they provide molecular records of ancient genes that existed millions of years ago.
Pseudogenes are particularly plentiful in the case of ORs. Whereas
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Figure 2. Distribution of missense mutations in the melanocortin type 4 receptor (MC4R). Like all GPCRs, the MC4R is composed of seven transmembrane domains connected by three intra- and three extracellular loops. Inactivating mutations in the MC4R are indicated in inherited forms of obesity. Amino acid
substitutions at sixty positions have been found in obese humans (colored circles), but only half of missense mutations reveal a partial or complete loss of receptor function (blue circles).

the human genome contains signatures of at least thirty non-olfactory rhodopsin-like GPCR pseudogenes, out of approximately 900
ORs, at least sixty-three percent appear to be pseudogenes (24).
Furthermore, some apparently intact human OR genes lack motifs
that are very highly conserved in their mouse orthologs, suggesting that not all human OR genes with complete open reading
frames express functional OR proteins. A similar accumulation of
pseudogenes has been observed in human bitter taste receptors. By
contrast, in the mouse genome only about twenty percent of OR
sequences are pseudogenes, giving mice over three times as many
intact OR genes as humans (41). It has been speculated that the
evolution of trichromatic color vision in hominoids and other Old
World monkeys has relaxed the functional constraints for many
taste, odorant, and pheromone receptors, thereby facilitating the
development of pseudogenes (42–44).
Although the original definition of a pseudogene implied transcriptional silence, a number of reports over the years have reported
pseudogene transcripts (37, 45–48). Transcripts of processed pseudogenes can contain regions with significant antisense homology,
which may suggest a regulatory role for transcribed pseudogenes
through an RNAi-like mechanism (49). Transcripts of several GPCR
pseudogenes have been detected, but evidence for their functional
relevance has yet to be substantiated.

20

Structural Information from
Evolutionary Approaches
Currently, the only available crystal structure of a GPCR is that of
rhodopsin, which provides the basis to generate structural models for all other members of the superfamily (50). Efforts to mine
evolutionary trends for additional structural information have thus
been crucial in modeling and mutational studies for predicting the
arrangements of the seven transmembrane helices (51). To identify
distinct structural determinants, such as those that participate in
ligand recognition or signal transduction for a particular GPCR,
sequence analysis has focused on the comparison of receptor
orthologs and paralogs. The basic concept of this approach is that
the structural diversity between orthologs is the result of a long
evolutionary process characterized by a continuous accumulation
of non-deleterious mutations. Studies based on large numbers of
orthologs have analyzed the conservation and relative orientation of
TMDs (21) to address the functional relevance of distinct residues in
GPCRs (38, 52).
GPCR pseudogenes and their evolutionary fate can also be
monitored by sequence comparisons of orthologs. An illustrative
example is the chemokine receptor GPR33. Having appeared in
the mammalian genome about 125–190 million years ago, GPR33
underwent parallel pseudogenization in humans, other hominoids,
and some rodent species—all within just the past one million years
(37). This relatively sudden occurrence across so many disparate
species likely reflects a selective pressure in favor of GPR33 inacti-
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Table 1. aCharacterization of naturally occurring missense
mutations in human MC4R
b
Degree that given
amino acid position
is conserved.

Not conserved

c

Number of amino
acid substitutions
that retain wild-type
functionality.
18

c
Number of amino
acid substitutions
that change wildtype functionality.

3

Loosely conserved

8

9

Stringently conserved

5

24

a
More than seventy missense mutations (among sixty positions) have been
identified in the human MC4R.
b
Stringency of conservation at the given position is determined by sequence
comparison of over seventy vertebrate MC4R orthologs: Stringently concerved, no variation; loosely conserved, either of two amino acids occurs
among orthologs; not conserved, more than two amino acids can occur at
given position among orthologs.
c
About ninety percent of all mutations have been functionally tested. The
complete list of missense mutations included in the analysis and the references can be provided on request.

vation. A selective advantage has been established in the inactivation of the chemokine receptors CCR5 and DUFFY, which act as
co-receptors for the cell entry of pathogens. CCR5 is involved in
the internalization of human immunodeficiency virus-(HIV)-1, and
DUFFY mediates the entry of Plasmodium vivax. Mutational inactivation of CCR5 and DUFFY leads to resistance to infection by
HIV-1 (53) and P. vivax (54), respectively. Interestingly, the inactive
CCR5-Δ32 allele exists in European populations at comparatively
high rates (around ten percent), although the appearance of HIV-1 is
too recent to explain such an allelic preponderance. Other possible
selective advantages proposed for CCR5-Δ32 (55), along with nonselective scenarios (56), are still under debate.
In the case of GPR33, a cause of inactivation could be the possible interplay between receptor and a rodent-hominoid–specific
pathogen; indeed, fixation of the GPR33 pseudogene is observed
in rats and gerbils but not in dozens of other mammalian species
(37, 38). Although the selective action of microbes upon the GPR33
pseudogene is still hypothetical, rats and gerbils are common hosts
of zoonotic pathogens like hanta viruses and Yersinia pestis, and in
fact both rodent species share their habitats with humans. Although
evolutionary data cannot supplant functional studies of receptors,
the relevance of evolutionary trends upon GPCR research is intriguing and greatly enriches our understanding of receptor repertoires.

Clinical Implications of Evolutionary Data
GPCRs play a central role in almost all physiological functions, and
their involvement in pathophysiological processes is becoming clear
within multiple clinical contexts. Mutations in GPCR genes are
responsible for more than thirty human diseases, including cancer
(57). Classical examples for GPCR-related diseases are nephrogenic
diabetes insipidus (NDI) and an inherited form of obesity caused by
the concomitant mutations of the vasopressin type 2 receptor (V2R)
and in the melanocortin type 4 receptor (MC4R). About one third of

all inactivating mutations found in GPCRs are nonsense and frameshifting mutations, which are readily recognized upon sequence
analysis. In contrast, interpreting the clinical relevance of missense
mutations usually requires heterologous expression and functional
characterization of the mutant receptor by ligand binding studies and second messenger assays, because missense mutations in
GPCRs do not cluster in specific receptor regions. Figure 2 depicts
positions of missense mutations of MC4R that decrease receptor
activity and are associated with inherited obesity. It is of interest
to note that almost ninety percent of all functionally relevant missense mutations in MC4R (C Stäubert, T Schöneberg, H Römpler;
unpublished results) and V2R (57) affect receptor sequences that
have been conserved (negative selection) over 450 million years of
vertebrate evolution.
Several examples demonstrate that in-depth functional characterization in combination with mining evolution as an additional
source of structural information is an extremely powerful approach
in the investigation of the molecular consequences of distinct disease-causing mutations in GPCRs. The likelihood that a residue is
important for proper receptor function positively correlates to the
degree to which the residue is conserved among vertebrates over
the course of evolution. For example, most GPCRs of the rhodopsin family contain a highly conserved disulfide bond connecting
extracellular loops 1 and 2. Interestingly, disease-causing missense
mutations located in extracellular loops of the V2R often introduce
cysteinyl residues in the expressed protein (e.g., the Y205C mutant
receptor). An attractive explanation for the dysfunction is that the
additional extracellular cysteine residue introduced by mutation
disrupts the conserved disulfide bond or engages in other disulfide
bridges. As attractive as this mechanistic explanation is, the replacement of certain wild-type residues by cysteine (e.g., the Y205C variant of V2R) can be mimicked by the introduction of residues that
do not participate directly in disulfide linkages (e.g., the Y205H variant of V2R) (58), such that abolishment per se of an evolutionarily
conserved and essential wild-type residue must be acknowledged.
For well-defined disease states such as NDI, the association of a
phenotype with a missense mutation found in a respective GPCR can
be straightforward. Obesity, in contrast, can have multiple causes;
a mutation in MC4R is only one rare cause. Therefore, it is not surprising that only half of the missense variants of the MC4R found
in obese humans have a partial or complete loss of function when
studied in vitro (Table 1). Evolutionary approaches that exploit large
sets of ortholog sequence data can supplement mutational analysis of
obesity. For example, the Ala175Thr substitution has been associated
with obesity and positively tested for dysfunction (59–62); however,
Thr at this position is naturally found in wild-type amphibian, fish,
and Western European hedgehog MC4R (63) (Figure 3). Similarly,
the Val95Ile mutation has been identified in an obese patient and
tested to be functionless, whereas Ile95 is naturally found in polar
bear and armadillo MC4R, findings that prompted the re-evaluation
of the human MC4R; in our hands, the Val95Ile variant of the human
MC4R in manifests wild-type activity (C Stäubert, T Schöneberg, H
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H. sapiens
P. troglodytes
P. pygmaeus
M. mulatto
M. fascicularis
C. jacchus
C. aethiops
S. sciureus
O. garnettii
L. catta

VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGVLFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VRIIISCIWAACTVSGILFIIYSD
VGITISCIWAACTVSGILFIIYSE
VGIIISCIWAACTVSGILFIIYSD
VGITISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGVLFIIYSD
VGIIISCIWAACTVSGILFIIYSD

T. belangeri
S. tridecemlineatus
D. novemcinctus
F. catus
C. familaris
V. vulpes
P. leo
L. lutra
P. sibirica
Z. californianus

VGIIISCIWAACTVSGILFIIYSD
VGITISCIWAACTVSGVLFIIYSD
VGIIISGIWAACTVSGVLFIIYSE
VGIIISCIWAACTVSGVLFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGVLFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGILFIIYSD

U. arctos
U. maritimus
U. americanus
U. thibetanus
N. nasua
H. malayanus
T. ornatus
A. melanoleuca
B. taurus
S. scrofa

VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VAITISAIWAACTVSGVLFIIYSD
VGIIISCIWAVCTVSGVLFIIYSD

O. aries
C. liberiensis
L. africana
E. maximus
B. acutorostrata
T. manatus
O. anatinus
E. telfairi
E. europaeus
S. araneus

VAITISAIWAACTVSGVLFIIYSD
VGIIISCIWAACTVSGILFIIYSE
VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VAIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VGTIIGCIWATCTVSGALFIIYSD
VGIILSCIWAACTVSGVLFIIYSD
VGVIISCIWTACTVSGILFIIYSD
VGIIISCIWAACSVSGILFIIYSD

M. albescens
M. lucifugus
R. io
M. spretus
M. musculus
R. norvegicus
P. duprasi
P. obesus
C. porcellus
M. auratus

VGIILSCIWAACTVAGILFIIYSE
VGIILSCIWAACTVAGILFIIYSE
VGIILSCIWAVCTVAGILFIIYSD
VGIIISCIWAACTVSGVLFIIYSD
VGIIISCIWAACTVSGVLFIIYSD
VGIIISCIWAACTVSGVLFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGIVFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGILFIIYSD

M. domestica
C. simum
A. anser
G. gallus
G. aculeatus
C. carpio
T. nigroviridis
T. chinensis
T. radiatus
O. latipes

VGIIITCIWAACTVSGILFIIYSD
VGIIISCIWAACTVSGILFIIYSD
VGVIITCIWAACTVSGILFIIYSD
VGVIITCIWAACTVSGILFIIYSD
ATLVIGSIWTCCTVSGILFIIYSE
AGTIITCIWTFCMVSGVLFIVYSE
ASLVISSIWTCCTVSGVLFIIYSE
ASLVISSIWTCCTVSGVLFIVYSE
ASLVISSIWTCCTVSGVLFIVYSE
AALVISSIWTCCIVSGILFIIYSE

T. rubripes
T. poecilonotus
X. tropicalis
C. auratus
D. rerio
T. porphyreus
O. mykiss
S. acanthias

ASLVISSIWTCCTVSGVLFIVYSE
ASLVISSIWTCCTVSGVLFIVYSE
AVVIISCIWTACSISGVLFIIYYD
AGTIITCIWTLCTVSGVLFIVYSE
AGTIITCIWTFCTVSGVLFIVYSE
ASLVISSIWTCCTVSGVLFIVYSE
AMAVIACIWSCCVASGVLFIIYSE
ALMIIAAIWAACTGSGILFIVYSE

Römpler; unpublished results). These examples nicely illustrate the
power of evolutionary data to inform functional analysis and structural evaluation of disease-causing mutations in GPCRs.

Future Perspectives
The growing number of sequenced genomes will further support
our efforts to understand phylogenetic relationships and to identify
signatures of past and ongoing evolutionary selection within GPCRs.
The significance and reliability of interpretations depend on both
the quality and quantity of sequence data obtained from different
species and populations. Extant species and populations will be
the main sources for genetic information, but sequence analysis of
ancient nuclear DNA will be useful for dating molecular genetic
events and analyzing adaptive processes.
In GPCR research, evolution technology depends on the very
robust nature of G protein–receptor crosstalk, such that signaling
elements of even distantly related species (e.g., yeast and mammals)
can be brought together in vitro. To enable mammalian GPCRs to
activate the yeast mating pathway, for instance, only one minor
change in the C terminus of the yeast G protein Gpa1p is necessary
(64). Through the tailoring of the yeast G protein, activation of a
mammalian GPCR can control yeast cell growth via an engineered
pheromone response pathway. This coupling of receptor activity to
yeast growth, moreover, allows the rapid and economical screening
of randomly modified receptor libraries. For example, atropine usually acts as a blocker on M3 muscarinic receptors (M3R). However,
M3Rs from libraries of millions of randomly mutated receptors
expressed in yeast have been selected for growth in the presence of
atropine (Figure 4). Such approaches are suitable for ligand identification, mutational maturation, saturable structure-function analysis,
genetic selection of constitutively active receptors, and generation of
receptors with novel ligand recognition properties (65, 66).
Admittedly, the extraction of past evolutionary information
cannot necessarily identify the selective forces that have shaped the
structural evolution of GPCRs, and these past selective forces are
obviously not amenable to experimental modulation and verification. However, for many biomolecules, such as RNA, enzymes, and
antibodies, in vitro evolution techniques have been developed that
guide structure and maturation under researcher-defined selection
conditions. Over more than one billion years of GPCR evolution,
the unique seven-TMD architecture has manifested discriminatory
power and a remarkable degree of structural freedom to recruit
almost any chemical molecule as a ligand. In keeping with the idea
of a universal “receptor backbone,” artificial programming of the
binding site by in vitro evolution approaches has indeed led to
Figure 3. Evaluating the functional relevance of mutant MC4R by ortholog sequence comparison and functional testing. Ala175Thr within transmembrane domain 4 has been associated with obesity and positively tested
for dysfunction (59–62). In amphibian, fish, and Western European hedgehog,
MC4R Ala175 is naturally substituted by Thr; accordingly, the human Ala175Thr
receptor protein has been examined and recently found to possess wild-type
functionality (C Stäubert, H Römpler, and T Schöneberg; unpublished results).

A

dopsin: A G protein–coupled receptor. Science 289, 739–745 (2000).
This paper discribes the first high resolution crystal structure of a
GPCR. This structure inspired and formed the basis of hundreds of
mutagenesis and modelling studies of this receptor family.

N

3.

Edwards, P.C., Li, J., Burghammer, M., McDowell, J.H., Villa, C.,
Hargrave, P.A., and Schertler, G.F. Crystals of native and modified
bovine rhodopsins and their heavy atom derivatives. J. Mol. Biol. 343,
1439–1450 (2004).

4.

International Human Genome Sequencing Consortium. Finishing the
euchromatic sequence of the human genome. Nature 431, 931–945 (2004).

5.

Waterston, R.H., Lindblad-Toh, K., Birney, E. et al. Initial sequencing and
comparative analysis of the mouse genome. Nature 420, 520–562 (2002).

6.

Fredriksson, R., Lagerstrom, M.C., Lundin, L.G., and Schioth, H.B.
The G protein–coupled receptors in the human genome form five main
families. Phylogenetic analysis, paralogon groups, and fingerprints. Mol.
Pharmacol. 63, 1256–1272 (2003). Currently the most comprehensive
study of sequence relationships among GPCRs. The analysis forms
the basis of the GRAFS system of GPCR families.

7.

Fredriksson, R. and Schioth, H.B. The repertoire of G-protein-coupled
receptors in fully sequenced genomes. Mol. Pharmacol. 67, 1414–1425
(2005).

8.

Sineshchekov, O.A., Jung, K.H., and Spudich, J.L. Two rhodopsins mediate phototaxis to low- and high-intensity light in Chlamydomonas reinhardtii. Proc. Natl. Acad. Sci. USA 99, 8689–8694 (2002).

mutant

9.

Waschuk, S.A., Bezerra, A.G., Jr., Shi, L., and Brown, L.S.
Leptosphaeria rhodopsin: Bacteriorhodopsin-like proton pump from a
eukaryote. Proc. Natl. Acad. Sci. USA 102, 6879–6883 (2005).

wt

10. Soppa, J. Two hypotheses—one answer. Sequence comparison does
not support an evolutionary link between halobacterial retinal proteins
including bacteriorhodopsin and eukaryotic G protein-coupled receptors.
FEBS Lett. 342, 7–11 (1994).

P
K

C

M3R

B

Receptor activity

1

0
-8

-7

-6
-5
-4
atropine, log M

-3

Figure 4. Identification of an atropine-agonized mutant M3 muscarinic
acetylcholine receptor (M3R). To generate an M3R that can be activated by
atropine, we applied error-prone random mutagenesis and screened approximately 1 x 107 mutant M3R clones for atropine sensitivity in a yeast expression system. In one clone we identified the mutations R179K and A489P (A) that
enable the M3R to be activated by atropine (B). Both mutated positions are
fully conserved within Gq-coupled muscarinic acetylcholine receptors.

the generation of GPCRs with new ligand binding properties (67).
Custom-designed biosensors are just one application of such evolutionary approaches.
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