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Review
Elucidation of structural information can greatly facilitate
the understanding of molecular function. A recent exam-
ple is the description of the G-protein-coupled receptor
(GPCR) autoproteolysis-inducing (GAIN) domain, an evo-
lutionarily ancient fold present in Adhesion-GPCRs
(aGPCRs) and polycystic kidney disease 1 (PKD1)-like
proteins. In the past, the peculiar autoproteolytic capacity
of both membrane protein families at the conserved GPCR
proteolysis site (GPS) had not been described in detail.
The physiological performance of aGPCRs and PKD1-like
proteins is thought to be regulated through the GPS, but it
is debated how. A recent report provides pivotal details by
discovery and analysis of the GAIN domain structure that
incorporates the GPS motif. Complementary studies have
commenced to analyze physiological requirements of
the GAIN domain for aGPCR function, indicating that it
serves as the linchpin for multiple receptor signals. Struc-
tural analysis and functional assays now allow for the
dissection of the biological duties conferred through the
GAIN domain.

Why GAIN domains are important for study
The GAIN domain is a recently discovered fold which
hallmarks the two protein families aGPCRs and PKD1-
like proteins. The members of both families are transmem-
brane receptors whose signaling modes are still only poorly
understood. In this review, we discuss the structure of the
GAIN domain and its integral part, the GPS, and its
impact on receptor function. This review also highlights
potential pharmacological implications resulting from the
emerging understanding of the role of the GAIN domain in
its different protein contexts. This venture is timely be-
cause both protein families appear responsible for the
infliction of diverse diseases. Studying GAIN domain func-
tion will thus hopefully shed light onto the etiology and
therapy of various human ailments.
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Araç, D. (arac@uchicago.edu).
Keywords: autocatalytic cleavage; GPCR proteolysis site (GPS); receptor activity;
disease-associated mutations.

* These authors contributed equally to this work.

470 Trends in Pharmacological Sciences August 2013, Vol. 34, No. 8
Adhesion-class GPCRs and PKD1-like proteins are
hallmarked by the GAIN domain
aGPCRs belong to the GPCR superfamily that is the
largest group of transmembrane receptors and the most
commonly targeted group of molecules for treatment of
human diseases. Although aGPCRs constitute, with 33
paralogs in humans [1–3], the second largest of the five
subgroups of GPCRs, they are the least understood. Recent
studies demonstrate their essential functions in immunol-
ogy [4–6], development [7,8], and neurobiology [9–11].
Evident and putative roles in brain function and disorders
such as bilateral frontoparietal polymicrogyria (BFPP)
[11], Usher syndrome [10], and attention-deficit and hy-
peractivity disorder (ADHD) [9] have been uncovered for
some members of this class, making them interesting
potential drug targets.

aGPCRs display structural features unique to their
class, indicating that they signal via different mechanisms
[3]. Unlike other GPCRs, they have large extracellular
regions that are autoproteolytically cleaved from their
seven-transmembrane (7TM) regions at a conserved
GPS [12,13]. The GPS motif is well described and recog-
nized as a vital element for receptor function [14–16].
Previously, the region preceding the GPS motif was des-
ignated as a ‘stalk’ or ‘mucin-like’ region [16,17]. Owing to
the absence of crystallographic data, the structural prop-
erties of the GPS motif and the stalk initially remained
unknown until recently, when the crystal structures of the
region that spans the GPS motif and the stalk have been
obtained from two distantly related aGPCRs. Structures
of latrophilin 1 and brain angiogenesis inhibitor 3 (BAI3)
have revealed a previously unidentified novel conserved
domain. Surprisingly, the �40-residue spanning GPS mo-
tif is not a separately folded domain but represents an
integral part of this much larger �320-residue domain
that was termed the GAIN domain [18] (Figure 1A). In-
triguingly, both the GPS motif and the stalk region, which
is not unstructured but indeed composed of numerous
structural elements, are constituent components of the
GAIN domain. The crystal structures of the GAIN domain
further showed that the GPS motif cannot function by
itself, but needs to be within the context of the GAIN
domain to mediate autoproteolysis.

http://dx.doi.org/10.1016/j.tips.2013.06.002
mailto:tobias.langenhan@uni-wuerzburg.de
mailto:arac@uchicago.edu
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.tips.2013.06.002&domain=pdf
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.tips.2013.06.002&domain=pdf


GPS
mo�f

N

C

Extracellular

Intracellular

Subdomain B

Subdom
ain A

GAIN domain

X

Transmembrane
domain

Y

Other 
domains
in the NTF

*

+ H O

1 or 7 or 11
TM helices

Tetrahedral intermediate

NTF
CTF

NTF CTF

Ester intermediate

NTF
CTF

Uncleaved protein

CTF

NTF

Cleaved protein

GAIN domain

(A) (B)

(C)

*

Subdomain B
Subdomain A

Transmembrane
helices

C

N

Linker

H

H

H

N

N

N

O

O

O

OH

H

H
O O

O
O

NH

N

N

N

HO

NH

N

HO
O

O O

H
N

⊕
N

N
N

H
H

H

O

O OO

N
H

H
N N

TRENDS in Pharmacological Sciences 

1
2

3

4

5

61
2

3

4

5

7

86

7

8

9
10

11
12 13

Figure 1. The GAIN domain structure. (A) Ribbon diagram of the rat latrophilin 1 GAIN domain and its subdomains A (yellow) and B (pink and magenta) in one possible

orientation to the modeled transmembrane helices (green). The last b-strand of the GAIN domain (orange) is autoproteolyzed but stays tightly associated with the rest of the

GAIN domain. The GPS motif, which is a part of subdomain B, is colored magenta. The short linker between the GAIN and the 7TM domains brings the GAIN domain in

close proximity to the transmembrane helices. The seven-pass transmembrane domain (green) was modeled by homology using the crystal structure of the b2 adrenergic

GPCR structure (PDB ID 2RH1). (B) Cartoon representation of a GAIN domain-containing protein. Note that the green box substitutes for any transmembrane domain design,

to which GAIN domains are found to be appended to with 1TM, 7TM, or 11TM helices. (C) The proposed mechanism for the autocatalytic cleavage at the GPS. A histidine or

another general base withdraws a proton from the hydroxyl group of a serine or threonine at position +1. The resulting negatively charged oxygen makes a nucleophilic

attack on the carbonyl group of the residue at position –1 (e.g., a leucine), yielding a tetrahedral intermediate and subsequently an ester intermediate. This ester is then

hydrolyzed to yield the cleavage products. Abbreviations: GAIN, G-protein-coupled receptor autoproteolysis-inducing domain; GPCR, G-protein-coupled receptor; GPS,

GPCR proteolysis site; 1TM, single transmembrane; 7TM, seven transmembrane; 11TM, eleven transmembrane; CTF, C-terminal fragment; NTF, N-terminal fragment.
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The GAIN domain is unique in that it is the only domain
that exists in all members of the class of aGPCRs in
humans (except GPR123 which bears no extracellular
domains at all), indicating an essential role in aGPCR
function. The conservation of the primary sequence of
the GAIN domain decreases from the C terminus to the
N terminus, and the GPS motif is the most conserved
region of the domain. Despite the low sequence identity
between the GAIN domains of latrophilin 1 and BAI3
(24%), the very high similarity of the domain structures
indicate that the 3D structure is more strictly conserved
than the primary amino acid sequence.

Intriguingly, GAIN domains are also found in all five
members of human PKD1-like proteins and in sea urchin
sperm receptors [19–21]. The GAIN domain spans a part of
the previously described receptor for the egg jelly (REJ)
homology region (of the sea urchin sperm receptor protein)
and the GPS motif in these proteins [18]. PKD1 is thought
to function as a mechanosensor that activates tubular
differentiation in kidneys by activating intracellular sig-
naling pathways via its interaction with PKD2 [22,23].
Approximately 90% of autosomal dominant polycystic kid-
ney disease patients have a mutation in their PKD1 pro-
tein. Although PKD1 family proteins are not GPCRs, they
also contain multiple transmembrane helices and large
extracellular regions (up to 300 kDa) that are autoproteo-
lyzed similar to aGPCRs [19]. In contrast to aGPCRs,
which have 7TM helices, PKD1 has 11, whereas sea urchin
471



Box 1. Hallmarks of GAIN domains

� Newly discovered domain evolutionarily conserved from slime

molds and tetrahymena to mammals.

� The only extracellular domain that exists in all aGPCRs through-

out vertebrates and invertebrates (except GPR123), and in all

members of the PKD1 protein family.

� Always immediately N-terminal to the TM domain (1, 7, or 11 TM

helices) within any protein layout.

� The �40-residue GPS motif is an integral part of the �320-residue

GAIN domain.

� The entire domain is required and sufficient for autoproteolysis.

� Does not dissociate upon autoproteolysis.

� Mutated in human diseases such as polycystic kidney disease,

BFPP, and cancer.
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sperm receptor has only 1. The fact that GAIN domains
independently occur in three otherwise unrelated protein
families suggests a common evolutionary origin of this
domain and indicates a general utility of the GAIN domain
in the function of these proteins, although this biological
function is elusive at the moment.

Moreover, primitive organisms that arose early in evo-
lution before animals emerged (such as slime molds and
tetrahymena) encode GAIN domains in spite of their lack of
most other autoproteolytic domains and signaling proteins
[16]. However, whereas in higher organisms GAIN
domains appear in context with 7TM or 11TM domains,
in aGPCRs and PKD1-like molecules, respectively, lower
metazoa contain aGPCR precursors with very short N-
terminal regions and no GAIN domains at all [24]. Instead,
in these simple organisms, GAIN domains feature in other
protein architectures. For example Dictyostelium discoi-
deum, an early ancestor to animals, encodes a protein
(accession number Q54XQ9) with a GAIN domain N-ter-
minal to a single transmembrane helix. These observations
show that the GAIN domain is widespread and conserved
in higher eukaryotes as well as in ancient organisms, and
resides N-terminal to a variety of transmembrane domain
layouts.

Intriguingly, however, a GAIN domain always immedi-
ately precedes the first transmembrane helix by a short
linker irrespective of the overall protein and transmem-
brane architecture, raising the possibility that the GAIN
domain regulates receptor signaling via intramolecular
interactions with the nearby transmembrane helices
(Figure 1A, see below). The signaling pathways, the mech-
anism of activation, and specific interactions probably vary
in different GAIN domain-containing proteins. A summary
of the hallmark features of GAIN domains are presented in
Box 1.

The GAIN domain: a complex fold sufficient and
necessary for autoproteolysis
The GAIN domain of the aGPCR latrophilin 1 contains an
N-terminal subdomain A that is composed of six a-helices,
and a C-terminal subdomain B that consists of a twisted b-
sandwich including 13 b-strands and 2 small a-helices, of
which the last 5 b-strands constitute the GPS motif
(Figure 1A,B).

Studies of the GAIN domain show that it is both
required and sufficient for autoproteolysis [13,18]. The
self-cleavage occurs at the GPS and takes place in the
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endoplasmic reticulum [14,25]. An autoproteolysis mecha-
nism has previously been suggested at first for the aGPCR
EGF-like module-containing mucin-like hormone receptor-
like 2 (EMR2) [13] and for PKD1 [26] based on the sequence
similarity of the cleavage site to the N-terminal nucleo-
phile hydrolases. The structural details of the GAIN do-
main are consistent with this mechanism; however, more
evidence, based on biochemical, structural, and spectro-
photometric studies, is needed to confirm the validity of the
suggested autoproteolytic reaction. The proposed mecha-
nism suggests that a general base at position –2 respective
to the cleavage site (such as a histidine in rat latrophilin 1
or a water molecule) retracts a proton from the hydroxyl
group of a threonine/serine at position +1 to yield a nega-
tively charged oxygen (Figure 1C) [13,26]. This oxygen
makes a nucleophilic attack on the carbonyl carbon of
the residue at position –1 (a leucine in rat latrophilin 1)
forming a tetrahedral intermediate followed by an ester
intermediate that eventually produces the cleaved protein.
In most GAIN domains, the cleavage site is HL#T/S.
Autoproteolysis can occur only if the residue at position
+1 is a threonine, serine, or cysteine. However, the residues
at positions –2 and –1 may vary in different GAIN
domains.

The two GAIN domain structures, one in the cleaved
form (latrophilin 1) and the other in the uncleaved form
(BAI3), allow insights in the unique structural features
that enable autoproteolysis [18]. The scissile bond is locat-
ed in a kinked, short loop between the last two b-strands of
the GAIN domain and lies close to the core of the protein
away from the surface (Figure 1A). For autoproteolysis to
occur, first, the GAIN domain has to fold properly and form
the right chemical environment around the scissile bond.
Numerous residues and structural features of the GAIN
domain need to be properly positioned to enable self-cleav-
age, and small variations of sequence and structure be-
tween different GAIN domains probably influence the
efficiency of autoproteolysis. Intriguingly, the cleaved
latrophilin 1 structure shows that autoproteolysis does
not cause the dissociation of the cleaved b-strand from
the rest of the GAIN domain [18]. Dissociation is prevented
by the strong hydrogen bonds and hydrophobic interac-
tions the cleaved b-strand is involved in. This is confirmed
by experimental evidence, which found that a high fraction
of cleaved aGPCRs and PKD1-like molecules exist as
homogeneric dimers at the plasma membrane of the trans-
fected cells [12,18,20]. Structural considerations support
the lack of aGPCR fragment dissociation after autoproteo-
lysis, as removal of the cleaved b-strand from the rest of the
GAIN domain is energetically unfavorable because it will
leave a large hole in the core of the protein that will render
the domain unstable and probably cause it to collapse
instantly and irreversibly onto itself [18]. Finally, in con-
trast to GAIN domain-carrying proteins, precedent exam-
ples of autoproteolytic proteins are cleaved in a linker
region between two domains, rather than in the core of
a domain, with the purpose of separating them (i.e., hedge-
hog, N-terminal nucleophilic hydrolases, inteins) [27,28].

By contrast, other studies suggest that the N-terminal
fragment (NTF) and C-terminal fragment (CTF) of
aGPCRs, which originate from self-cleavage, are able to
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dissociate under specific conditions as reassociation of NTF
with CTF seems reversible and might be triggered by
ligand binding [29,30]. Hence, the functional consequences
of autoproteolysis in the core of the GAIN domain without
it resulting in fragment dissociation require further inves-
tigations in the future.

Autoproteolysis at the GPS motif: one way of
controlling receptor activity?
The biological function of self-cleavage within the GAIN
domain is controversial. Cleavage in close proximity to the
membrane, which may release the NTF, yields a wide
spectrum of possibilities to control receptor activity. Cleav-
age could be necessary for receptor processing and stability,
or could serve to regulate receptor transport and expression
[31]. Moreover, it is conceivable that liberation of the N
terminus could expose an interaction site for binding part-
ners or lead to receptor activation/inhibition and thus sig-
naling, similar to protease-activated receptors (PARs) of the
GPCR superfamily [32]. However, at present, there is no
evidence supporting this signaling model for aGPCRs.

Several research groups have argued that cleavage at
the GPS is essential for receptor trafficking. Mutations at
the cleavage site were reported to lead to impaired protein
processing and membrane trafficking [20,25,31]. However,
it is important to determine whether faulty processing is
due to abolished cleavage or whether an individual muta-
tion impairs the domain structure (e.g., by unfolding the
protein; see example substitution mutations that impair
autoproteolysis but also abolish proper domain folding in
[18]). Indeed, it was shown that uncleaved but properly
folded forms of BAI3 and latrophilin 1 can properly localize
to the plasma membrane demonstrating that autoproteo-
lysis is not needed for trafficking [18]. It is possible that the
GPS as a structural motif of the GAIN domain might be
essential for receptor signaling rather than mediating
autoproteolysis only.

It has been suggested that cleavage is necessary for
some receptors to mediate receptor function. For example,
cleavage of the aGPCR EMR2 is essential for correct
migration of HT1080 cells in vitro [29]. Moreover, Pkd1
knock-in mice with disabled cleavage in polycystin-1 die
from uremia shortly after birth caused by cystic dilation of
the kidneys. However, only a subset of defects of Pkd1
knockout mice [33] is observed in cleavage-deficient mice.
Although these studies demonstrate the importance of
autoproteolysis at the GPS for distinct aspects of receptor
activity, the latter one suggests that it is not essential for
the whole spectrum of its biological functions. This has also
been shown for the latrophilin homolog LAT-1 in Caenor-
habditis elegans, in which abolished autoproteolysis does
not affect receptor function [34]. Moreover, signaling of the
aGPCR GPR133 via a G protein is independent of self-
cleavage [35]. Further, aGPCRs that are not cleaved at the
GPS motif at all, such as GPR111 and GPR115 [36],
support the notion that self-cleavage is not the sole role
of the GAIN domain. Sequence analyses revealed that two
human aGPCRs (GPR124 and GPR125) lack the threonine/
serine residue at +1 position required for cleavage, strongly
suggesting that these aGPCRs are not autoproteolytically
processed by default [34].
Because autoproteolysis is rarely fully efficient, both
versions – cleaved and noncleaved – can be detected in
sampled tissues [18,37,38]. The ability to self-cleave and
thus the cleavage efficiency does not only depend on the
GAIN domain but also on the receptor and the cell type
[18,37,39]. A naturally occurring variation in cleavage
efficiency, which could be subject to receptor glycosylation
[39], might indicate a possible means and need for cleav-
age regulation, which in turn may tune aGPCR or PKD1
signaling. It is probable that each GAIN domain confor-
mation could have a specific cellular function and the ratio
of a cleaved to an uncleaved receptor may be essential for
the fine balance of aGPCR-dependent cellular signaling
or adhesion.

Another possible means to modulate aGPCR activity is
the liberation of the NTF after autoproteolysis. Removal of
NTF by external stimuli (e.g., shear stress as in the case of
the aGPCR CD97) can result in internalization of the
remaining CTF and thus abrogate receptor signaling simi-
lar to PARs [40–42]. In another scenario, the NTF might
mediate cell non-autonomous functions that are indepen-
dent of the CTF and are located at a distance from the
aGPCR-expressing cell [14,34,43–45].

In summary, cleavage at the GAIN domain is not a
feature that all GAIN domain-containing receptors possess.
Thus, autoproteolysis might not be the only function of the
GAIN domain. Cleavage may be essential for receptor activ-
ity and its regulation in some receptors only, whereas in
others it may not occur or be dispensable. As the GPS motif is
highly conserved and a persistent strong selective pressure
can be detected [34], the motif on its own or as part of the
GAIN domain appears essential for receptor function.

One possible reason to account for the evolutionary
conservation of the GAIN domain is its potential role as
an interaction interface with partner molecules. Previous
research demonstrated that the GAIN domains of several
aGPCRs can directly engage with partner molecules.
Latrophilin 1 is the receptor for a-latrotoxin, a component
of the black widow spider toxin that triggers massive
neurotransmitter release from nerve terminals and neu-
roendocrine cells [12,46–48]. A recent study showed that
the GAIN domain of latrophilin 1 is the region that med-
iates a-latrotoxin binding [18], although evidence for an
endogenous binding partner of the GAIN domain is still
lacking. GPR56 has one of the shortest extracellular
domains among all aGPCRs, containing only a GAIN
domain preceded by a short, 100-residue long region that
appears to be unstructured. The binding sites for the two
reported interaction partners of GPR56 (collagen III [49]
and transglutaminase 2 [50]) map onto its GAIN domain. It
can be speculated that ligand binding to the GAIN domain
of GPR56 may lead to downstream signaling. Approxi-
mately a dozen interaction partners for aGPCRs have been
identified to date, but not all interaction sites on the
receptors have been determined [51–59]. It will be inter-
esting to see where these and newly discovered partners
will bind and how binding affects receptor signaling.

GAIN domain in human disease
Several studies showed that the human GAIN domain is a
hotspot for disease-associated mutations (Figure 2)
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Figure 2. Disease-associated mutations in the GAIN domain. Positions of point mutations in aGPCRs (outer shell) and PKD1 (middle shell) associated with human diseases

(see legend) mapped onto the GAIN domain secondary structural elements, that is, a-helices (H) and b-strands (S, inner shell). Color scheme corresponds to Figure 1A. Two

hotspots of mutations can be identified: one at the border of subdomain A (helix 6) and subdomain B (strands 1–4), the other in subdomain B around the border of the GPS

motif (strands 8 and 9). Abbreviations: BFPP, bilateral frontoparietal polymicrogyria; GAIN, G-protein-coupled receptor autoproteolysis-inducing domain; aGPCR,

Adhesion-G-protein-coupled receptor; GPS, GPCR proteolysis site; PKD1, polycystic kidney disease 1.
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[3,10,11,60–64]. Missense mutations in GPR56 cause BFPP,
a hereditary disease causing severe malformation of the
cerebral cortex [11,63]. Mutations in the GAIN domain of
CELSR1 lead to craniorachischisis, the result of failure in
neural tube closure [64]. Furthermore, point mutations in
474
the PKD1 GAIN domain cause polycystic kidney disease
[65–67]. Also various types of cancer have been associated
with point mutations in the GAIN domain in members of the
BAI, EMR, CELSR, and latrophilin aGPCR families [61].
Interestingly, the majority of the mutations are clustered in
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two discrete areas of the GAIN domain (Figure 2, our own
analysis). The first cluster is located at the border of sub-
domain A (helix 6) and subdomain B (strands 1–4), the
second one is found in subdomain B at the border of the
GPS motif (strands 8 and 9). Although disease causality has
not been tested for every mutation, the significant clustering
of these mutations within the GAIN domain highlights the
importance of these regions. It can be speculated that the
mutations impair binding of interaction partners or abolish
structural features essential for signaling because only a few
of the described missense mutations have been shown to
affect protein processing or membrane trafficking, respec-
tively [11,18,31,63,64]. Genetically, however, it is unclear
thus far whether this peculiar mutation profile reflects
particularly vulnerable regions of the GAIN domain (with
high selective pressure on them) leading to receptor failure
and consequently cell dysfunction. Alternatively, the sam-
pled mutations might enrich because of the low selective
pressure on these domain regions, and carriers survive their
mutational load as the receptor function remains fully or
partially intact. Mutations in other areas of the GAIN
domain might thus not be detectable due to strong negative
selection of affected receptor mutants leading to zygotic
lethality. This will be an important aspect to follow up by
bioinformatical and phenotype analyses.

Although the disease mutations in the PKD1 GAIN
domain abolish autoproteolysis either directly by interfer-
ing with the proteolytic reaction or indirectly by misfolding
the protein, the cancer mutations on latrophilins and BAIs
have no effect on autoproteolysis or protein trafficking [18],
suggesting that the mechanism through which GAIN do-
main mutations cause disease is different. It is likely that
the GAIN domain might be involved in more than one
function (such as autoproteolysis, ligand binding, interac-
tion with transmembrane helices, etc.; see below for fur-
ther possible roles of the GAIN domain). Thus,
pharmacological approaches to design drugs targeting
the GAIN domain may need to be customized for each
GAIN domain-containing protein (Box 2).

The GAIN domain as the central element in models of
receptor activity
Three properties of the GAIN domain make it unique and
intriguing. (i) All human aGPCRs (except GPR123) have a
GAIN domain and no other extracellular domain is shared
Box 2. Pharmacological perspectives on GAIN domain

modulation

GAIN domains are potential mediators of a multitude of actions in

their native protein architectures. Consequently, drugs ought to

interfere with either of these functions by:

� binding to GAIN domain surface areas that

(i) interact with the transmembrane helices

(ii) interact with GAIN domain ligands

(iii) interact with other extracellular domains within the NTF of

aGPCRs or PKD1-like molecules (e.g., the HormR domain)

(iv) interfere with autoproteolytic cleavage

� binding to GAIN-interacting structures such as

(i) the extracellular loops of the transmembrane helices

(ii) ligands

(iii) extracellular domains within the NTF of aGPCRs or PKD1-like

molecules.
by all receptor class members. (ii) All GAIN domains
analyzed thus far always immediately precede the N-ter-
minal transmembrane helix by a short linker and are in
close association with the signaling transmembrane
domains. (iii) In contrast to most other autoproteolytic
domains, upon autoproteolysis, the GAIN domain remains
attached to the membrane-embedded regions of the protein
[14,16,18,30,68]. These observations naturally lead to the
hypothesis that the GAIN domain may regulate receptor
signaling via intramolecular interactions with the trans-
membrane helices of the receptor [18,34,69,70]. Intriguing-
ly, it has also been suggested by several groups that the
7TM domain of aGPCRs is a GAIN domain interactor,
posing the question whether the GAIN domain can inhibit
or activate receptor signaling [18,34,70].

Several biological models have emerged recently to
describe aGPCR activity and the potential impact of the
GAIN domain, which differ from canonical GPCR activa-
tion scenarios. The best-studied and structurally most-
understood model for the activation of GPCRs, mainly
the rhodopsin class receptors, suggests that a ligand binds
to a groove formed by the extracellular loops between the
7TM helices and induces a conformational change that
leads to intracellular signaling [68,69]. Such ligands can
be a small compound, odor, hormone, neurotransmitter,
etc. A second well-understood GPCR activation mechanism
is the two-domain model of secretin/class B GPCR activa-
tion, in which the C terminus of the peptide binds to the
extracellular hormone binding domain of the receptor and
promotes the interaction of the N terminus of the peptide
hormone with the transmembrane helices, leading to acti-
vation of the receptor [71–73] An exception to these com-
monly accepted mechanisms is the PAR and the
thyrotropin receptor of the rhodopsin family that requires
the cleavage and dissociation of the extracellular domain
by an exogenous protease such as thrombin [72].

Recently, additional activation mechanisms via the ex-
tracellular domains of GPCRs have been reported and the
idea of extracellular domains regulating receptor activation
either in an inhibitory or excitatory manner was reiterated.
For example, in the melanocortin-4 receptor [73] and the
GPR61 receptor [74] of the rhodopsin class, the extracellular
domain acts as an intramolecular agonist of the receptor
keeping it constitutively active. By contrast, in the glucagon
receptor of the secretin class, the extracellular domain acts
as an inhibitor of activation due to its interaction with the
third extracellular loop of the 7TM domain [75].

Activity of a few GPCRs in the adhesion class was
suggested to be subject to regulation by their extracellular
domains. For example, removal of the entire extracellular
region of GPR56 triggers enhanced signaling ability com-
pared with the wild type GPR56, and thus the extracellular
region may have an inhibitory role in receptor activation
consistent with a tethered negative regulator model
(Figure 3A) [70,76]. However, whether such direct inhibi-
tory function of the GAIN domain is a general feature of
aGPCR modulation or whether conversely the GAIN do-
main can activate 7TM-dependent signals as in other
GPCRs (a tethered positive regulator model, Figure 3B)
is currently debated. Alternatively, the GAIN domain may
indirectly regulate binding of possible small ligands to
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transmembrane helices via steric hindrance (gateway
keeper model, Figure 3D). Another possibility is that the
GAIN domain can bind to protein ligands in the extracellu-
lar matrix (cis or trans) and couple adhesion to receptor
signaling (intermolecular interactor model, Figure 3E).
These ligands may directly affect receptor activation. It is
also possible that intramolecular interaction of the GAIN
domain with other extracellular domains, such as the near-
by hormone binding (HormR) domain as observed in the
crystal structures of both latrophilin 1 and BAI3 [18], might
be another way for GAIN domains to regulate aGPCR
function (intramolecular interactor model, Figure 3C).

Research on the latrophilin homolog LAT-1 in C. elegans
has extended the above models, which suppose that the
7TM domain-bearing CTF is the sole signal generator of
aGPCRs similar to rhodopsin class GPCRs, and that NTF–
CTF interplay governs control of 7TM activity. In addition
to this CTF-dependent function, the membrane-anchored
extracellular domain of LAT-1 containing the GAIN do-
main is also required for an activity that is independent
from the CTF (Figure 3E) [34] (e.g., for the engagement
with a coreceptor on the same cell membrane or to activate
receptors on the surface of neighboring cells). Hence, the
476
GAIN domain with its GPS motif acts as a bimodal switch
for at least two receptor activities [34].

Finally, the ‘split personality’ model adds another in-
triguing twist to the conceptual ideas on aGPCR signaling
by suggesting that reassociation of NTF with CTF is
triggered by ligand binding [20,29]. The ‘split personality’
hypothesis suggests that a cleaved NTF of a given aGPCR
is not exclusively bound to re-engage with its native CTF,
but can also interact with the CTF of other aGPCRs [77].
For example, latrophilins can form functionally active
chimeric complexes with GPR56. Thus, cleavage at the
GPS might lead to a large recombinatorial repertoire of
hybrid aGPCR variants, thereby connecting various recep-
tor inputs to flexible outputs via intracellular signaling
pathways. However, this cross-interaction does not seem to
be applicable for all aGPCRs [34]. Further, it remains to be
determined how the homogeneric or heterogeneric NTF–
CTF reassociation occurs on a molecular level, as the
crystal structure of the GAIN domain strongly suggests
that reassociation of the cleaved products is physically and
energetically not possible because the GAIN domain is
destined to become destabilized irreversibly, if the cleaved
strand is removed from its core [18].
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Certainly, even more complex models on GAIN domain
function in the context of aGPCR signaling are feasible,
which require further investigations. These may involve
but are not limited to allosteric pathways and removal of
the extracellular sequences upon ligand binding.

The GAIN domain as a pharmacological target
Importantly, the emerging understanding on aGPCR roles
in diseases and their signaling mechanisms has begun to
open perspectives of clinical relevance on this under-
researched GPCR class. These opportunities promise great
pharmacological potential given that GPCRs are the target
for approximately 40% of all drugs in the pharmaceutical
industry [2]. As the GAIN domain very likely plays a
critical role for the signaling of its native proteins, aGPCRs
or PKD1-like molecules, it is destined to become a central
target for drugs designed to interfere with their activity.
Our current state of knowledge on GAIN domain functions
allows for a scope of concepts to modulate GAIN-bearing
protein signaling (Box 2). One major consideration in these
efforts will be the low conservation of surface residues
between GAIN domains, whereas their secondary and
tertiary structural architectures appear highly conserved.
This constitutes challenges and opportunities. Challenges,
because GAIN domains probably bind different ligands via
their different surfaces that trigger the execution of similar
actions through their archetypical domain layout, render-
ing the search for general GAIN domain modulators te-
dious or obsolete. Opportunities, as the variety of GAIN
domain interfaces will help to achieve pharmacological
selectivity in the modulation of individual GAIN domains
and ensure a low degree of interference with nontargeted
GAIN-mediated signals. Random library searches for
interactors might thus be a good starting point for drug
design.

Concluding remarks
The GAIN domain is a newly discovered fold hallmarking
two transmembrane protein families: aGPCRs and PKD1-
like proteins. Until recently, only its integral part, the GPS
motif, and cleavage at this motif have been the focus of
research. The GAIN domain comprises a unique and highly
conserved domain located in close proximity to the mem-
brane, and therefore it is conceivable that it is involved in
novel aspects of transmembrane signaling. The GAIN
domain structure and initial functional characterization
provides the chance for a better understanding of the
signaling mechanisms of both protein families. Their mem-
bers play essential roles in biological processes and muta-
tions in their genes can lead to severe pathologies. Thus,
understanding the structure–function relationships
encoded in the GAIN domain bears great potential to
uncover the role of aGPCRs and PKD1-like proteins in a
wide scope of physiological duties and the etiology of
associated diseases.
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