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Structural characterization
and binding sites of
G-protein-coupled receptors

Annette G. Beck-Sickinger

G-protein-coupled proteins constitute a superfamily of
integral membrane proteins encompassing hundreds of
receptors for all types of chemical messengers, as well
as, for example, the key molecules of our light and smell
sensory systems, bioactive amines, peptide hormones,
neurotransmitters and even proteins. Because of their
complicated organization with the characteristic seven
transmembrane segments (7TM) it has as yet been
impossible to structurally characterize these proteins by
crystallography or magnetic resonance. However, a
number of indirect methods to study the structure,

ligand binding and signal transduction capacity of these

proteins are known and summarized in this review.

he superfamily of G-protein-coupled receptors are
integral membrane proteins characterized by
amino acid sequences that contain seven hydro-
phobic domains (Figure 1). These are predicted to
represent the transmembrane-spanning regions of the pro-
teins and are the reason for the second name of this super-
family: 7TM- or heptahelix receptors. G-protein-coupled
receptors are found in a wide range of organisms and many
kinds of chemical messengers act through them, from classi-
cal monoamine messengers (adrenaline, acetylcholine,
serotonin, histamine, dopamine, etc.) via lipids (prosta-
glandins, endogenous cannabinoids, etc.), neuropeptides

[neuropeptide Y (NPY), substance P (SP), cholecystokinin
(CCK), opioids, etc.] and peptide hormones (glucagon,
angiotensin, bradykinin) to small proteins, such as chemo-
kines, and large proteins (glycoprotein hormones, thrombin,
etc.). All these messengers are involved in the transmission
of signals to the interior of the cell through interaction with
heterotrimeric G proteins. In addition, important sensory
proteins, such as rhodopsin and the olfactory receptors
(alone several hundred different molecules), belong to this

superfamily.

Structural characterization of G-protein-coupled
receptors

The overall size of G-protein-coupled receptors can vary
significantly: from less than 300 amino acids (adrenocortico-
trophin hormone receptor) to between 300-370 residues
(odorant receptors and mammalian rhodopsins), up to
350-600 residues for peptide hormone and monoamine
messenger receptors), 650-750 amino acids for protein
receptors and even more than 1,100 amino acids for the
metabotropic glutamate receptors. The hydropathy plots
suggest that all of the members of this family contain seven
hydrophobic domains of 20-25 amino acids in length, which
are believed to represent the transmembrane regions. Based
on structural similarities with the extensively characterized
protein bacteriorhodopsin, for which electron diffraction data
are available!, these regions are predicted to be a-helices
and to be orientated to form a ligand binding pocket (Figure
1). Of the 7TM receptors themselves only rhodopsin has
been structurally characterized by cryoelectron microscopy
analysis, which has confirmed the seven-helix transmembrane
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Figure 1. 3D Model of a 7TM, G-protein-linked
receptor. Above: side view (extracellular part up,
cytoplasm down); N- and C-terminal segments are cut.
Below: view from top, the putative binding pocket of
nonpeptide antagonists is indicated by an arrow.

bundle2. However, the resolution is too low 1o give detailed
information. Recently, site-directed electron paramagnetic
resonance, which has given much information on bac-
teriorhodopsin, has been applied to rhodopsin, a true
G-protein-coupled protein. One great advantage of site-
directed electron paramagnetic resonance over other struc-
ture determination techniques is that it is suitable for the
investigation of the dynamics in protein structures3.
Protease digestion studies and detailed immunological
mapping have provided evidence for the 7TM-model,
including direct evidence that the N-terminal sequence is
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extracellular and the C-terminal sequence intracellular.
Thus, each receptor is believed to have an extracellular
N-terminal sequence that can vary in length from less
than 10 amino acids (adenosine receptors) to several
hundred (glycoprotein hormone receptors, metabotropic
glutamate receptors), which is followed by three sets of
alternate intracellular and extracellular loops and a final
intracellular C-terminal sequence. The majority of intracellu-
lar and extracellular loops are predicted to be between
10 and 40 amino acids in length, although the third intra-
cellular loop and the C-terminal sequence can have more
than 150 residues, a common occurrence in the receptors for
bioactive amines.

Whereas the seven helices of rhodopsin were character-
ized from electron density maps, the sense of the orien-
tation (clockwise or anti-clockwise) remained unclear. How-
ever, the anti-clockwise orientation (seen from outside) has
recently become much more probable, following evidence
from a set of mutation experiments: by the incorporation of
two His residues on different transmembrane helices in the
tachykinin receptor, artificial Zn>-binding sites were created,
if the distance between the His residues was close enough.
Only the anti-clockwise orientation was in agreement with
the identified positions on TM 3 and 5 or 2 and 6 (Ref. 4).

Common features of G-protein-coupled receptors

G-protein-coupled receptor subfamilies are characterized
according to the lengths of the extra- and intracellular seg-
ments and the identity of specific residues. However, some
structural features are common for all receptors. A higher
molecular weight than that predicted from the amino acid
sequence of a receptor is frequently found, and suggests
that the receptor is glycosylated. This is supported by the
observation that almost all 7TM receptors have one or more
asparagine residues, which are present in a glycosylation
consensus sequence N-x-T/S. Most of them are found in the
N-terminus, though some receptors could be glycosylated in
other extracellular loops. Glycosylation can increase the
molecular weight by up to 20 kD and the added glycoside
can constitute up to 30% of a receptor’s total molecular
weight. However, it is thought that glycosylation plays only
a minor role in the agonist binding of most receptors,
though it may be important in determining the correct
distribution of the receptor in the cell and in controlling
receptor expression. Expression of G-protein-coupled
receptors in Escherichia coli or the treatment of receptors
with endoglycosidases leads to receptors with similar

503



REVIEWS

binding properties. Glycosylation-deficient mutant f,-adreno-
ceptors exhibit a significant reduction in the part of the
receptor appearing on the cell surface. In addition, mutation
of rhodopsin Thrl7, which is part of a glycosylation site, to
Met has been identified in patients suffering from autosomal
dominant retinitis pigmentosa, and it is thought that these
patients express much less protein®.

A cysteine residue at the carboxyl end of the first extra-
cellular loop and a second one in the middle of the second
extracellular loop are present in most G-protein-coupled
receptors, and it is suggested that an important disulphide
bridge is formed. In rthodopsin, it has been shown that this
bridge is essential for obtaining the correct folding.
Disruption of the bridge either by chemical reduction of the
linkage or by replacing cysteine using site-directed muta-
genesis has been shown to affect ligand binding. Additional
disulphide bridges, involving different extracellular loops or
the N-terminal segment, are present in some receptors; their
position varies from subtype to subtype®.

Subfamilies of G-protein-coupled receptors

The over 300 G-protein-linked receptors of which the pri-
mary structure is known can be divided into several sub-
families by various criteria. The type of the ligand, and thus
the hypothetical binding mode, or the type of G protein a
specific receptor can interact with are possibilities for further
characterization of this huge protein family. Most frequently,
however, the receptors are classified by primary-sequence
homology and subfamilies are named after well-character-
ized members. While only low homology is found in the
loop segments, the transmembrane helices contain a num-
ber of residues that are conserved for all or several recep-
tors. An evolutionary tree can be drafted based on this
homology.

Three main types of receptors can be distinguished: the
rhodopsin subfamily (Figure 2a), the calcitonin subfamily
(Figure 2b) and the glutamate-metabotropic-receptor sub-
family. The only feature that all three subtypes have in com-
mon is the disulfide bridge between a cysteine residue at the
top of TM3 and another in the second extracellular loop,
which seems to be important for the overall structure.
Bacteriorhodopsins, which are not G-protein-coupled pro-
teins but proton pumps, are totally different with respect to
amino acid sequence but have a seven-helix bundle similar
to the G-protein-coupled receptors’ helical portion’.

Most of the receptors cloned so far belong to the
rbodopsin-like subfamily, which includes receptors that
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bind bioactive amines, lipids, purines, kinins, endothelin,
NPY, opsins and thodopsins (Table 1). The N-terminal seg-
ment is highly glycosylated, which secures folding and sur-
face expression. A number of polar residues within the
transmembrane segments are conserved: Asnl8 on TMI,
Aspl0 on TM2, Arg26 on TM3 and Asnl6 on TM7. These
residues probably create a network of hydrogen bonds that
is important for the structure of the receptor. The charged
residues Aspl0 on TM2 and Arg26 on TM3 may also play an
important role in signal transduction. Conserved proline
residues in TMs 4—7 are possibly involved in the dynamics of
the receptors, for example in the change between active and
inactive receptor. Conserved hydrophobic residues are also
found. A fourth intracellular loop, created by a palmi-
toylated Cys-residue in the C-terminal segment, could be
involved in receptor desensitization. The second intracellu-
lar loop and parts of the third intracellular loop and of the
C-terminal segment are involved in G-protein interaction,
and therefore in signal transduction. In addition to the
highly conserved residues mentioned above, closely related
receptors have further identical residues. For example an
Asp residue in TM3 is found in monoamine receptors, but
not in peptide, purine or protein receptors.

Mainly peptide hormones and neuropeptides bind to
receptors of the calcitonin-like subfamily. Glucagon-
like peptide 1, glucagon, gastrin inhibitory peptide, secre-
tin, vasoactive intestinal peptide (VIP), calcitonin and
calcitonin-gene-related peptide are some of the ligands
characterized so far. The large N-terminal segment (100-150
residues) of this subfamily contains six cysteine residues,
which could be interconnected by a number of disulphide
bridges hypothetically forming a globular ligand-binding
domain. There are also several conserved proline residues,
located at different positions from those in the rhodopsin-
like receptors.

The third and so far smallest group of G-protein-coupled
receptors are characterized by a huge N-terminal segment
(500600 amino acids) and a similarly large C-terminal
domain. The G-protein-coupled glutamate receptors (so
called metabotropic receptors) and the calcium sensor of the
parathyroid receptor belong to this subfamily. The trans-
membrane segments are connected by short loops and
share no sequence homology. Interestingly, the large
extracellular domain resembles that of a family of bacterial
transporting proteins with known X-ray structure. Mutation
analysis of metabotropic receptors suggest that glutamate
binds in between two large subdomains in the N-terminal
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Figure 2. Characteristics of two main G-protein-coupled receptor
subfamilies: (a) Rhodopsin-like receptors frequently have a small
N-terminal segment that is glycosylated and highly conserved residues
(red) in the transmembrane segments. A residue that was identified for
subtype selectivity of peptide receptors is shouwn in green, residues
important for binding of adrenaline in the 3 -receptor are shown in
blue. Residues that play a role in signal transduction are marked in
yellow, and the very conserved Arg in transmembrane helix 3, which
has been found to act as a switch, is labelled in yvellow/green.

(b) Calcitonin-like receptors have a lavge N-terminal segment with
glycosylation sites, six cysteine residues (green) and a number of
conserved residues (ved) in the transmembrane segments. A conserved
His residue (yellow) in transmembrane belix 2 has been identified
recently to be involved in signal transduction’s.
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segment in the same way that amino acids
bind to their transporting proteins in
bacteria'®.

Ligand binding: agonists, antagonists
and inverse agonists

So far, two main hypotheses that describe
the interaction of a ligand and its receptor
have been proposed. For a long time, it was
believed that agonists and antagonists bind
to the receptor in a similar way. An agonist
induces a conformational change that leads
to signal transduction, whereas for an antag-
onist, this is not possible (or favourable). By
contrast, a number of recent experiments
support the hypothesis of conformational
selection?. According to this hypothesis, 7TM
receptors exist in at least two conformations,
of which at least one binds G proteins and
is, therefore, active (R*). In other confor-
mations the receptor cannot interact with
G proteins, and is referred to as an inactive,
resting or uncoupled receptor (R) (Figure 3).
Usually, uncoupled receptors are dominant,
and the equilibrium constant L, which is
defined by the equation L = [RV/[R*],
large!®. However, small numbers of active
receptors dre responsible for a low, but
consistent signal, even when no ligand is
available. Ligands have different affinities for
the two states of a receptor; these affinities
are characterized by K, and K* If ligands
bind to the active conformation with high
affinity, K,/K,*>> L (K,*= [R*] [Ligl/[R*Lig];
K, = [R] [Ligl/[RLig]), active receptor mol-
ecules are then dominant and the com-
pound is called an agonist. Compounds that
bind to the inactive conformation can be
found, too. A K,/K,* ratio that is much
smaller than the equilibrium constant L
results in a reduction of the number of
constitutively active receptors; in this
case the ligand functions as an inverse
agonist''12. The latter are characterized by
the fact that they lower the level of second
messenger compared with the basal level.

Ligands that bind to both receptor
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Table 1. Some of the most important ligands that bind to G-protein-coupled receptors

and their predominant signal transduction pathways#6.47

Receptor subfamily

Rhodopsin-like
{(monoamine)

Rhodopsin-like
(peptide)

506

Ligand or ligand family
Acetylcholineg

Adrenaline,
noradrenaline

Dopamine
Histamine
Melatonin

Serotonin

Angiotensin

Bombesin family
Neuromedin B
Gastrin-releasing peptide
Ligand?

Bradykinin

CCK/gastrin family
CCK
Gastrin

Endothelin ET-1, ET-2, ET-3

GnRH

Melanocortin family
ACTH
o-, B-, +MSH

Neurotensin

Neuromedin N

Opioid family
Endorphin
Dynorphin
Enkephalins

PP family
PP

Neuropeptide Y, peptide YY

Somatostatin

Tachykinin family
Substance P
Neurokinin A
Neurokinin B

TRH

Vasopressin

Oxytocin

Receptor

M. My, Mg
M,, M,
Olyar Oy Oyp
Olyps Olgp Oy
B Ba Bs
D;, Ds

D.. D;, D,
H,

H,
ML;a MLyg
ML,
5_HT1A7F
5_HT2A‘C
5-HT,
5'HT4,6,7
5-HT,

AT, . AT g
AT,

BB,
BB,
BB,
B, B,

CCK,

CCK,

ET, ETy

GnRH receptor

ACTH receptor
MSH receptor

Neurotensin receptor

u-receptor
K-receptor
d-receptor

PP./Y.
Y

Y,
Ye, Ys

SST,, SST,, SST,,

SST,, SST,

NK,

NK,

NK,

TRH receptor
Via Vig

V,

oT

G Proteins
{o-subunit)
G, /G,

G/G,

G,/Gy,

G/G,

G
GS
G/G,
G,/G.,
GS

G /G,
G,/G.,
G /G,
G,/G.,
?

S

G,
¢

G,/G,
?

G./G,,
G./G,
?

G,/G,,

G,/G.,
G,/G.,
G,/G.,
G,/G.,

G
G,
G./G,,

s

Gi/Go
Gi/G
G/G

[°]

o}

Gi/Go
Gi/Go
Gi/Go
G/G,
G'\/Go
G/G,

G./Gy;
G./G,
Gu/Gyy
Go/G:,
Go/G:,
GS

G,/Gss

Effect

PLC ~

cAMP~, Cazch,
PLC~

cAMP~, Cazch \
CAMP 7~

cAMP ~

cAMP~,, Caz+, K+~
PLC .~

cAMP ~

cAMP~N,

PLC~

CAMP™, other
PLC~

Cation channel
cAMP ~

PLC ~
cGMP~,

PLC ~
PLC 7~

PLC ~

PLC~
PLC
PLC~
PLC~

cAMP ~
CAMP ~
PLC ~

cAMP~, other
Cazrch \,
cAMP~N,

cAMP~
cAMP
cAMP~,, Caz+ch\
cAMP,
CAMP~N,
CAMP~N

PLC ~
PLC .~
PLC ~
PLC ~
PLC ~
CAMP ~
PLC ~
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Rhodopsin-like FSH FSH receptor G, cAMP ~
(protein) LH/MNCG LH receptor G, cAMP ~
Thyrotrophin (TSH) TSH receptor G, cAMP ~
Rhodopsin-like Thrombin cleaves N-terminus ~ Thrombin receptor (PAR,) G, /G, cAMP~ and PLC ~
(protease-activated) of receptor = ligand: TFRIED G/G,
N-Terminal segment: SLIGRL ~ PAR, ?
Rhodopsin-like C-C Chemokines CC CK,, G/o PLC ~, Caz+ mobilization
{chemokine) (MIPs, MCPs, eotaxin, and CC CK, CC CK,, ?
others) CC CK,, CC CKy
C-X-C Chemokines IL-8, G/G, PLC ~
(IL-8, NAP-2, GROw) IL-8g G/G, PLC
Rhodopsin-like Leukotrienes BLT,
(miscellaneous) LTB, LTC, LTD, CyslLT,
LTE, LTF CyslLT,
Chemicals Odorant receptors
{(odorous signals)
11-cis-Retinal Red, green, biue opsins, Transducin cGMP-
{light) rhodopsin phosphodiesterase 7
Platelet activating factor (PAF)  PAF receptor ? PLC~
Prostanoids
D DP G, CAMP ~#
F FP G,/G;, PLC~
I IP G, CAMP ~
T TP G,/Gy, PLC ~
E EP, EP, G,/Gy, PLC ~
EP,, EP, G, CcAMP ~
Adenosine AL A, G/G, cAMP~
Asn A G, cAMP 7~
Purine
ADP Pt G/G, CAMP~
ATP Poy G./G,, PLC ~
UTP P, P, G, /G, PLC~
Calcitonin-like Calcitonin family
Calcitonin Calcitonin receptor G, cAMP ~
CGRP CGRP, G, CAMP ~
Amylin ?
Adrenomedullin Adrenomedullin receptor G cAMP
Glucagon Glucagon receptor G, cAMP ~
GLP-1 GLP-1 receptor G, cAMP ~
Parathyroid PTH receptor G, cAMP ~
hormone (PTH)
VIP family
VIP VIP,, VIP, G, CAMP #
PACAP PACAP, G, cAMP #
GRF
PHM, PHI
Secretin
Metabotropic Glutamate mGIuR,, mGIuR, G, /G, PLC~
glutamate receptors MGIUR, 5, MGIuRg, G/G, cAMP~,

Abbreviations: PLC, phospholipase C; Ca?+ch, Caz-channels; ., inhibition; #, activation; ACTH, adrenocorticotrophin; CGRP,
calcitonin gene related peptide; CCK, cholecystokinin; FSH, follicle stimulating hormone; GLP, glucagon-like peptide; GIP, gastrin inhibitory
peptide; GnRH, gonadotrophin releasing hormone; GRF, growth hormone releasing factor; LH, luteinizing hormone; hCG, human
choriogonadotrophin; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory peptide; MSH, melanocyte stimulating
hormone; NAP. neutrophil-activating peptide; PACAP, pituitary adenylyl cyclase activating peptide; PAR, protease-activated receptor;
PHI, peptide histidine isoleucine; PHM, peptide histidine methionineamide; PP, pancreatic polypeptide; TRH, thyrotrophin releasing
hormone; VIP, vasoactive intestinal peptide.
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Antagonist: stabilizes equilibrium

N L M u
Constitutively

active receptor

KA KA*
Agonist:
stabilizes receptor
conformation, that binds
the G protein

Inverse Agonist:
stabilizes recep
conformation.
not bind the G protein

G protein

Figure 3. Model of receptor-ligand interaction according to Ref. 10.
The equilibrium between inactive (R) and active receptor conformations
(R*) is characterized by the constant L. Agonists and inverse agonists
stabilize one conformation and shift the equilibrium, whereas
competitive antagonists stabilize both conformations equally.
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be seen as an extreme case of confor-
mational selection, when an agonist stabi-
lizes a rare active conformation!?.

Binding-site locations in G-protein-
coupled receptors
The location of the binding site differs
from subtype to subtype and also depends
on the physical properties of the ligand
(Figure 4). A unique property of the
rhodopsin and the opsin receptors is that
they bind ligands covalently and that
receptor activation occurs in response to
the absorption of photons. The former is
illustrated by the reaction of the aldehyde
function of 1l-cisretinal (a rhodopsin
ligand) with Lys296 in TM7 to form a
Schiff-base linkage. The photon-induced
receptor activation is thought to proceed
via a conformational change in the photo-
excited rhodopsin involving TM3 and TM5
(Ref. 18).

Monoamines (histamine, adrenaline,

dopamine, serotonin, acetylcholine), lipids

conformations and do not change the number of activated
receptors (K, /K,*= L) are called silent and function as com-
petitive antagonists. By contrast, if a compound binds to the
active conformation with K, /K,* only slightly higher than L,
it would be able to change the concentration of activated
receptor only slightly and display low, but detectable effi-
cacy; compounds of this type are called partial agonists.
Similar effects can be found if a ligand binds slightly better
to the active than the inactive conformation.

Energy differences between R* and R are generally small.
This is shown by single amino acid mutations that lead to
constitutively active receptors, thus decreasing the value of
L significantly!3-15. A further indication of this labile equilib-
rium is that antibodies can act as agonists!® and very slight
chemical differences can turn an agonist into an antagonist.

A recent debate suggests that there is no dichotomy
between the conformational induction and conformational
selection mechanisms. Both can be seen as two extremes of
the same mechanism, assuming that there are more than two
receptor conformations available and an agonist can stabi-
lize various conformations by forming thermodynamically
favourable complexes. Conformational induction thus can
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and purines bind to sites located in the
upper part of the TM helices. For example, the direct bind-
ing of the adrenaline to Asp8 in TM3 was identified by site-
directed mutagenesis. The Asp8—Ser mutation changed the
functional-group selectivity from amine to carbonyl: the
ionic interaction was replaced by a polar one. The catechol
ring of adrenaline interacts with two serine residues at the
top of TM5 of the B,-receptor and also performs a x—m-inter-
action with Phe in TM7 (Ref. 19) (Figure 2a, blue). Other
amines are believed to bind in a similar way?® (Figure 5).
Antagonists that are chemically very similar to the agonist
have been shown to occupy much of the same space.
However, additional sites of interaction, for example at the
top of TM7 have been identified.

The binding of peptide ligands to the rhodopsin-like
receptor has been studied extensively in the past few years.
Important findings have been obtained for tachykinins, endo-
thelin, opioid peptides, angiotensin, vasopressin and NPY
(for reviews see Refs 6,21). Several binding modes with major
interaction sites in the exterior segments were found. The
top of TM2, the first and the second extracellular loop and
part of the N-terminal segment were identified for binding to
the tachykinins. In addition, the top parts of TMs 4—6 are

DDT Vol. 1, No. 12 December 1996
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Subfamilies of
G-protein-coupled receptors

4

Metabotropic Calcitonin-like
glutamate receptors
receptors

Rhodopsin-like
receptors
Chemokine Peptide
receptors receptors
D/‘ofeas
Protease Protein Monoamine
receptors receptors receptors

Figure 4. Subfamilies of G-protein-coupled receptors
(according to bomology) and their putative ligand
binding sites: ligands are shown in red, recepiors in
black.

important for the binding of larger peptides, such as NPY.
One residue of the first extracellular loop was found to be
important for ligand selectivity, because subtype selectivity
could be changed by mutation of this residue in the vaso-
pressin/oxytocin system?? (Figure 2a, green). Interestingly,
the binding site of a number of nonpeptide antagonists was
found to be located deeper into the membrane, interacting
with residues from TMs 3, 4, 5, 6 and/or 7. Whereas agonist
and antagonist binding sites are different for the small pep-
tides (tachykinins, angiotensin)?324, larger and overlapping
binding sites have been found for larger peptide hormones,
such as NPY (Ref. 25) and endothelin, and their antagonists.
The deep crevice between TMs 3, 5 and 6 is not accessible
for peptides, as was shown for SP (Ref. 26).
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Although the glycoprotein receptors have a rhodopsin-
like structure, these receptors have a number of specific
characteristics and thus represent a discrete subfamily. The
N-terminal segment of glycoprotein receptors contains 9-14
copies of an imperfectly repeated sequence of 25 residues,
called the leucine-rich repeat. The functional significance of
this structure is not known. However, using chimeric recep-
tors it could be shown that this N-terminal segment is impor-
tant for ligand binding.

The chemokine receptor family, which has been dis-
covered recently?”#8, binds homologous small proteins
{4—8 kDa), the so-called chemokines. Among them, inter-
leukin-8 is the best characterized ligand. The N-terminal
regions of the chemokine receptors and the third extracellu-
lar loop have been identified to be important for ligand
binding.

Activation of the thrombin receptor involves a novel
proteolytic mechanism. Thrombin, a protease, cleaves its
receptor to create a new segment at the N-terminus that
functions as a tethered ligand to activate the receptor?. The
second extracellular loop has been shown to be involved
in the binding of this segment®. A receptor with high

T™M5

™ 4 T™ 3 TM 6

Bo-Adrenoceptor

Figure 5. Model of the interaction of adrenaline
(red) with the f,-adrenoceptor residues that were
identified to be involved in binding: blue residues
indicate polarsionic interaction, green residues
suggest hydrophobic interaction and yellow residues
are involved in m—cation interactions.
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homology to the thrombin receptor, called proteinase-
activated receptor-2 (PAR-2), was cloned recently3!. Because
this receptor is also activated by its N-terminal segment
after protease cleavage, it seems that this particular acti-
vation pathway is rather more common than initially
expected.

While the N-terminal segment plays only a minor role in
the ligand binding of the rhodopsin-like receptors, it is
responsible for ligand selectivity and affinity of calcitonin-
like receptors. Using chimeric VIP/secretin®? and glucagon/
GLP-1 receptors®3, which both belong to the calcitonin-
like subfamily, it was found that the receptors’ large
N-terminus with six cysteine residues (Figure 2b, green) and
the first extracellular loop are involved in ligand binding and
selection. Constitutively active mutants have been obtained
for this receptor subfamily by mutation of a conserved His
residue into Arg in TM 2 (Figure 2b, yellow)!3,

Activation of G-protein-coupled receptors

Binding of an agonist to the G-protein-coupled receptor
stabilizes the latter’s active conformation, which is charac-
terized by the ability to bind the heterotrimeric G protein

G, and cause its GTP-dependant dissociation into G, and

afy
Ggy. Thus, the conversion of the inactive heterotrimer
Gegyp Which binds GDP in the G,-subunit, to the active

GTP-binding G,-subunit is catalysed by the agonist—
receptor complex. G,-GTP is able to activate or inhibit
further effector molecules, such as adenylate cyclase, phos-
pholipase C and ion channels or phosphodiesterases,
dependent on the subtype of G protein. Adenylate cyclase is
inhibited by G- or G_-proteins and activated by G_-subtypes;
G,-proteins activate phospholipase C, which cleaves
phosphaditylinositol 4,5-bisphosphate. The regulation of
both enzymes leads to an increase or decrease in the release
of a second messenger, such as cyclic AMP, inositol
1,4,5-trisphosphate or diacylglycerol. Na+, Ca- and
K+-channels have been reported to act as effector systems
and thus vary the intracellular concentration of certain
cations. So all systems are pathways to transmit a signal
from the extracellular side of the membrane to the cyto-
plasm by increasing or reducing the amount of a compound.
As either enzymes are activated (or deactivated), or
channels opened (or closed) the signal is additionally po-
tentiated, because one agonist-receptor complex can
activate several G proteins, and each of them will further
activate an enzyme that produces a number of second
messengers.
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Responses to G proteins undergo a rapid desensitization
during continuous stimulation and this is likely to be caused
by receptor phosphorylation. In the intracellular segments
of all G-protein-coupled receptors many serine and threo-
nine residues are found, the majority in consensus
sequences for the phosphorylation by G-protein-coupled
receptor kinases. It has been shown that phosphorylation of
the active conformation of the B,-adrenoceptor does take
place and allows a protein, called B-arrestin, to bind, which
prohibits signal transduction.

Whereas many aspects of the signal transduction pathway
are reported in textbooks, little is known about the molecu-
lar structure of active receptors. Site-directed mutagenesis,
deletion and chimeric receptor studies have been used to
identify the regions that couple to certain G proteins.
Constitutively active mutants of the adrenoceptors have
been identified in the third intracellular loop. The third intra-
cellular loop was found to be important for the interaction
with the G -protein of the B,-receptor. However, residues in
the second intracellular loop and the overall 3D structure on
the cytoplasmic side of the membrane also seem to play a
major role. Highly conserved residues, which frequently
have a functional role in proteins, are found near the bottom
of TM3: the motif Asp (or Glu)-Arg-Tyr is present in all
rhodopsin-like receptors and is speculated to play a major
role in signal transduction. Site-directed mutagenesis into
Gly-Gly-Ala eliminates coupling to G-proteins3*. The Arg is
speculated to have a switch function, thus either binding to
Asn in TM7 and Asp in TM2, the so-called hydrophilic
pocket (inactive conformation), or shifting towards the
cytosol (active conformation). The shift may be caused by a
rearrangement of the pocket. Further residues involved in
this hydrophilic pocket (Figure 2a, yellow) could be Asn
(TM1) and Tyr (TM7), whereas Leu (TM2) could be neces-
sary to orientate Arg by hydrophobic interaction3%36,

Methods to study binding to G-protein-coupled
receptors

Systematic variation and random screening of the
ligand

To investigate the interaction of ligand and receptor, ana-
logues of a high-affinity ligand are often synthesized.
Through systematic variation of the ligand hundreds of
slightly different compounds are prepared. Important func-
tional groups can be distinguished from less important ones,
and analogues with antagonistic properties can suggest seg-
ments that are relevant for signal transmission. Computer
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models of 7TM receptors have been created
based on the structural

mode]?17.222537  These have been used to

rhodopsin

suggest new ligands, thus initiating a ra-
tional approach for the development of new
drugs and reducing the number of organic
syntheses required.

New strategies for the synthesis of
peptide fragments have been developed in

Replacement of certain
residues gives information on
relevant positions of the ligand

A

Covalent
crosslinking

suggests residues

the past few years, which make it possible Anti-receptor
to synthesize a large number of peptides :S:)igg?ti?se
in parallel®. This has led to a new area mapping of
in peptide hormone research. Systematic binding sites

of interaction

approaches to peptide synthesis have
resulted in the identification of binding sites
of peptidic ligands3® (Figure 6). However,

peptides can adopt several conformations in
aqueous solutions, but adopt only one ﬁ
specific conformation at their receptors.
Different receptor subtypes may recognize
different conformations of the same

peptide. In order to characterize receptor

!
o

:
l

subtypes, and also to find smaller selective
peptides or eventually nonpeptide drugs,
the knowledge of the bio-active confor-

mation of a neuropeptide agonist or antag-

3D model of the °',
receptor suggests  *ep
mutations and ligand
analogues

7

Site-directed
mutagenesis in TMs
and extracellular
loops suggests

onist is essential. Various strategies to
constrain the conformation of small pep-
tides have been tried, including cyclization
and the incorporation of unnatural amino
acids or spacer templates.

Figure 6. Methods that are used to characterize ligand—receptor
interactions.

important residues
of the receptor

Recent strategies for the synthesis of new
compounds include combinatorial chemistry, synthesis of
peptide and nonpeptide libraries and solid-phase organic
synthesis. In these protocols, mixtures of ligands are synthe-
sized, and these are then tested for their ability to interact
with the receptor of interest. The active compound is then
identified either by testing less and less complex mixtures or
by a direct method. In the latter case the polymer-bound
peptide or oligonucleotide, which is either the ligand or is
coding for an organic molecule that has been synthesized in
parallel, is identified by sequencing®. However, high-
throughput screening is still used very effectively to identify
high-affinity ligands. Huge compound pools, which have
been collected in each company over the years from vari-
ous projects, are available as soon as a new project with a
suitable testing system comes up. Those compound pools,
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in fact, are a major asset for companies, because the more
diverse ligands are available, the more likely it is that a new
lead is discovered. The major challenge is finding a strategy
for selecting the compounds to be tested in the first step
from the thousands of ligands stored.

Chimeric receptors and point mutations

One of the most frequently used tools to characterize the li-
gand-receptor interaction is the creation of special mutants.
Studies of agonist and antagonist affinities to the mutant will
suggest the relevance of a specific residue (Figure 6).
However, most frequently mutants with loss of function/
binding are generated and it becomes impossible to distin-
guish between indirect (conformational) and direct effects.
So the effect of a single mutation is always questionable®.
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Either a number of ligands should be tested with the mutant
to identify the important functional groups, or a set of mu-
tations should be investigated. In particular, the mutation of
a specific residue to Ala, which leads to a smaller side-chain,
can be combined with a mutation to a larger side-chain in
order to test the steric interactions of a residue and test the
available space in the binding crevice. Using molecular
modelling, the binding site that is suggested by the data
obtained by mutagenesis can be hypothesized and used to
forecast a next set of mutated receptors. These lead to a fur-
ther optimization of the receptor models22.25.

Crosslinking

Analyses of molecular interactions between ligands and
their receptors are mainly performed indirectly by either
synthetic modifications of the ligand or by receptor muta-
genesis. However, whether the loss of affinity is due to a
direct or an indirect interaction is difficult to determine. An
alternative approach is to use the ligand to label the part of
the receptor that it interacts with. Cross-linking of the ligand
with the receptor via a linker molecule is an option (Figure
6). However, this method is not necessarily suited for iden-
tifying the binding site as bifunctional reagents will often
cross-link the ligand with the receptor at 14-16 A from the
binding site.

An alternative method for the covalent binding of the
ligand to its receptor is the use of a ligand with a built-in
photoreactive amino acid that generates a highly reactive
species, for example a carbene, a nitrene or a diradical. The
exact knowledge of the ligand and the essential amino acids
of peptide hormones, however, is of great significance!,
Photocrosslinking using a ligand-bound photoactive amino
acid has been used successfully to characterize hormone
receptors recently. The central CCK receptor and the
neurokinin 1 receptor were labelled using a p-benzoyl-
Orn(propionyl) analogue and p-benzoylphenylalanine
analogue of the native ligand, respectively, and also a
photoactive analogue of the nonpeptide antagonisté?.
Identification of the first extracellular loop as part of the
binding site of the V, vasopressin receptor was achieved
with an analogue containing Lys(4-azidobenzimide)*, and a
photoactive [B,receptor antagonist was used to label
segments of transmembrane helices.

Anti-receptor antibodies

Various studies have shown that antibodies produced
against hormone receptors are valuable tools. Beside
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immunization using purified or enriched receptors, in par-
ticular immunizations by the use of receptor fragments for
obtaining antireceptor-antibodies have been described.
Molecular mass determinations by SDS-PAGE and subse-
quent western blot, receptor purification by affinity
chromatography on antibody-columns and investigations on
the receptor localization, degradation, synthesis, turnover
and covalent modifications are only a few applications of
antireceptor-antibodies. Moreover, if the binding site of a
monoclonal antibody is known, or if the antibodies are
obtained against receptor fragments, then localization of the
functional groups would be possible by competition with
ligands*s (Figure 0).

Future use of G-protein-coupled receptors in drug
design

G-protein-coupled receptors transmit signals from a wide
range of endogenous ligands, such as hormones, neuro-
transmitters and neurohormones. Many data have been
obtained in recent years as a result of significant improve-
ments in ligand-synthesis techniques, advances in homology
expression, site-directed mutagenesis and protein-expression
systems, However, many features of G-protein-coupled
receptors, including their 3D structure and dynamics,
the binding-site of many ligands and the pathway of sig-
nal transduction, all necessary for the successful rational
design of agonists and antagonists, are not yet fully under-
stood and new techniques are required to improve our

understanding.
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In short...

Scientists at the University of Virginia and Mitokor have identified a genetic defect in the mitochondrial DNA that may
cause Parkinson’s disease (PD). The defect was found to affect the production of complex I, a mitochondrial enzyme
that serves as a starting point of the electron transport chain and a known factor in the onset on PD. Experiments with
cytoplasmic hybrid cells containing mtDNA from PD patients showed that Complex 1 activity was 20% lower in PD
hybrid cells than in the controls. Also, the PD hybrid cells were found to be more susceptible to MPTP, a parkinson-
ism-inducing toxin. The study is published in Annals of Neurology (1996) 40, 663—671. Mitokor (San Diego, CA, USA)
is a biopharmaceutical company that focuses solely on the role of mitochondria in human disease.

SciClone Pharmaceuticals’ lead product, thymosin al (tradename: Zadaxin(R)], achieved statistically significant
results in the treatment of chronic hepatitis B in a study carried out by Dr P. Andreone and coworkers (University of
Bologna, Italy). The randomized and controlled clinical trial involved 33 patients who were hepatitis B virus DNA (HVB
DNA) and hepatitis B e antibody (HBeAb) positive. Seventeen patients were treated with thymosin al (twice weekly)
and 16 patients with interferon o (three times weekly) for six months; 15 clinically similar patients were used as con-
trols. Six months after completion of the treatment 41% of the thymosin o1 treatment group, 25% of the interferon o
treatment group and 7% of the control group showed HBV DNA loss and normalization of alanine transaminase (ALT)
levels. Results were reported in Hepatology (1996) 24, 774-777 and Journal of Viral Hepatitis (1996) 3, 191-196.
Thymosin ol is a synthetically produced, naturally occurring, 28-amino-acid peptide that is believed to stimulate the
immune system.
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