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Background: PheVI:09 (6.44) is highly conserved among 7TM receptors.

Results: In the inactive state, PheVI:09 is locked against the backbone of TM-III but slides pass Ilelll:16 (3.40) into a tight
hydrophobic pocket between TM-III and TM-V during receptor activation.

Conclusion: Mutational analysis and computational chemistry shows that PheVI:09 functions as a microswitch.
Significance: This work clarifies the molecular mechanism of a crucial microswitch in 7TM receptor activation.

In seven-transmembrane (7TM), G protein-coupled recep-
tors, highly conserved residues function as microswitches,
which alternate between different conformations and interac-
tion partners in an extended allosteric interface between the
transmembrane segments performing the large scale conforma-
tional changes upon receptor activation. Computational analy-
sis using x-ray structures of the f3,-adrenergic receptor demon-
strated that PheVI:09 (6.44), which in the inactive state is locked
between the backbone and two hydrophobic residues in trans-
membrane (TM)-IIL, upon activation slides ~2 A toward TM-V
into a tight pocket generated by five hydrophobic residues pro-
truding from TM-III and TM-V. Of these, the residue in position
I11:16 (3.40) (often an Ile or Val) appears to function as a barrier
or gate for the transition between inactive and active conforma-
tion. Mutational analysis showed that PheVI:09 is essential for
the constitutive and/or agonist-induced signaling of the ghrelin
receptor, GPR119, the B,-adrenergic receptor, and the neuro-
kinin-1 receptor. Substitution of the residues constituting the
hydrophobic pocket between TM-III and TM-V in the ghrelin
receptor in four of five positions impaired receptor signaling. In
GPR39, representing the 12% of 7TM receptors lacking an aro-
matic residue at position VI:09, unchanged agonist-induced sig-
naling was observed upon Ala substitution of LeuVI:09 despite
reduced cell surface expression of the mutant receptor. It is con-
cluded that PheVI:09 constitutes an aromatic microswitch that
stabilizes the active, outward tilted conformation of TM-VI rel-
ative to TM-III by sliding into a tight hydrophobic pocket
between TM-III and TM-V and that the hydrophobic residue in
position III:16 constitutes a gate for this transition.
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Seven-transmembrane (7TM)? receptors or G protein-cou-
pled receptors are activated by a diverse range of stimuli. It is,
however, generally believed that, despite the very diverse chem-
ical nature of their ligands, the different members of this very
large receptor family share a common molecular activation
mechanism (1). The structural rearrangement occurring dur-
ing receptor activation has been studied by biochemical and
biophysical means for many years and has recently been further
illuminated by a number of high resolution x-ray structures,
which in several cases today include both inactive and active
receptor structures of the same receptors (2—9). The major
component of the global activation mechanism for 7TM recep-
tors comprises a large scale outward movement of the intracel-
lular pole of TM-VI through which a relatively large pocket
opens for binding of the C-terminal end of the G, subunit of the
G protein (4—6,10-12).

A number of highly conserved residues are believed to func-
tion either as so-called microswitches, or they participate in the
water hydrogen bond network between the intracellular seg-
ments of, in particular, TM-I, -II, -VI, and -VII (13). Micro-
switch residues are found in substantially different conforma-
tions and are involved in distinct interactions in the inactive
versus the active state of the receptor. An example of this is the
Arglll:26 (3.50)* microswitch of the DRY motif in TM-III,
which in the inactive conformation is locked through a salt
bridge to the neighboring AsplIl:25 (3.49). In the active state,
this residue rotates away to make a hydrogen bond to a con-
served TyrV:24 (5.58) in TM-V and possibly interacts directly
with the backbone of the Ga subunit. Other examples of micro-
switch residues are TyrVIL:20 (7.53) of the NPXXY motif in
TM-VIIand TrpVI:13 (6.48) of the CWXP motifin TM-VI (13).
Although these microswitch residues are highly conserved,

3 The abbreviations used are: 7TM, seven-transmembrane; TM, transmem-
brane; B2AR, B2-adrenergic receptor; NK1, neurokinin-1; PDB, Protein Data
Bank; IP, inositol 1,4,5-trisphosphate.

*The Schwartz/Baldwin generic numbering system for 7TM receptors, which
is based on the actual location of the residues in each transmembrane
helix, is used throughout (1).
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FIGURE 1. The highly conserved PheVI:09 and its interaction partners in the B2AR. A, serpentine model of the B2AR. The residues indicated in black on red
represent the conserved PheVI:09 (Phe6.44) and the residues with which it interacts: Serlll:15, llelll:16, and Leulll:19 (in TM-IIl) and PheV:13, LeuV:17, and
MetV:20 (in TM-V). Residues in black on gray indicate the conserved residues Asnl:18 (1.50), Aspll:10 (2.50), CyslIl:01 (3.25), TrplV:10 (4.50), ProV:16 (5.50),
ProVI:15 (6.50), and ProVII:17 (7.50). B, PheVI:09 (purple) in the inactive conformation of B2AR (PDB entry 2RH1) as viewed from TM-VI (backbone and most
residues removed) toward TM-III. C, as in B but in the active conformation of B2AR (PDB entry 3P0G). Distances between PheVI:09 and each of the residues
constituting the hydrophobic pocket are indicated by red dotted lines for both receptor conformations.

none of them are totally conserved among all rhodopsin-like
7TM receptors, conceivably because they function in parallel
and not in a sequential manner in the overall allosteric activa-
tion mechanism (1). In other words, the microswitch residues
and the hydrogen bond network function together as an
extended allosteric interface between the TM segments that
perform the large scale, global conformational changes during
the activation process.

It was expected that the microswitch residues would be
found in a very similar conformation and with very similar
interaction partners in the active state of different 7TM recep-
tors. In this respect, the high resolution x-ray structures have
displayed surprisingly different pictures. For example, the most
highly conserved microswitch residue, ArglIl:26, is found in
rather different conformations and interaction patterns in
the active form of rhodopsin, opsin, B,-adrenergic receptor
(B2AR), and the adenosine A2a receptor (4-7, 9, 12). This is
also the case for TyrVII:20 of the NPXXY motif, and TrpVI:13
of the CWXP motif has not been observed to perform the
expected rotational change in conformation predicted from
previous studies (14, 15).

However, when Rasmussen et al. (5, 12) recently published
the crystal structure of the B2AR in complex with both an ago-
nist and an antibody fragment mimicking the G protein, they
noticed a rearrangement in the packing between PheVI:09
(6.44) and an isoleucine residue in TM-III, Ilelll:16 (3.40), and
proposed that this rearrangement could be important in the
intramolecular signal transduction events. As shown in Fig. 1,
receptor activation not only changes the interaction pattern
between PheVI:09 and Ilelll:16 but brings PheVI:09 into close
proximity with three hydrophobic residues in TM-V: PheV:13
(5.47), LeuV:17 (5.51), and MetV:20 (5.54). This indicates that
PheVI:09 could function as a sliding microswitch residue that
stabilizes the active conformation of TM-VI relative to not only
TM-III but also TM-V. In the present study, the highly con-
served (82%) PheVI:09 residue is further analyzed as a potential
microswitch through both computational chemistry analysis
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and receptor mutagenesis. The latter was performed in a series
of model receptors displaying different degrees of constitutive
activity and further includes mutational analysis of the pro-
posed hydrophobic pocket for the active conformation of
PheVI:09 located between TM-III and TM-V.

EXPERIMENTAL PROCEDURES

Molecular Modeling—Knowledge of the inactive and active
conformation of 7TM receptors and the basis for conforma-
tional changes of microswitches is the key to understanding the
activation mechanism of 7TM receptors. In this study, we have
used computational methods to investigate the structural and
energetic properties of the inactive and active conformations
and, in particular, to focus on conformational and energetic
properties of the highly conserved residues located in the
extended allosteric interface between the TM segments. Our
analysis is based on 1) generation of intermediate conforma-
tions going from the inactive to the active receptor conforma-
tion using a morphed trajectory and 2) rigid and adiabatic
energy mapping.

Initially, x-ray structures of the active (PDB entries 3P0G,
3QAK, and 2Y00) and inactive (PDB entries 2RH1, 3EML, and
1GZM) B2AR, adenosine A2a, and rhodopsin receptors were
obtained from the Protein Data Bank. The PDB files were man-
ually cleaned to include one receptor domain. Additional
domains and molecules, such as T4 lysozyme, cholesterol, lip-
ids, ligands, water, etc., were removed from the coordinate files.
The active and inactive structures of the receptors were super-
imposed with respect to their TM domains using ICM (i.e.
extra- and intracellular loops did not contribute to the super-
position). The superimposed inactive and active structures
were used to create a morphed trajectory including 15 interpo-
lated conformations for each receptor (16, 17). Despite that
these are theoretically computed trajectories and consequently
lack time scale, kinetic and dynamic information, the interme-
diates are nevertheless believed to represent fairly realistic
structures, which are similar or even indistinguishable from
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real intermediate conformations. This assumption is based on
various structural checks to experimental structures and have
previously been used to study known motions associated with,
for example, hinged domain or allosteric changes in proteins
(16).

Individual conformations in the resulting trajectories, repre-
senting the transition from the inactive through intermediate
to the active conformation, were subsequently minimized in
the simulation package CHARMM (18). Here it was used to
analyze and access the role of the highly conserved residues
located in an extended allosteric interface between the TM seg-
ments associated with large scale conformational changes dur-
ing activation. Each conformation was minimized in 100 steps
using steepest descent followed by 100 steps of the conjugated
gradient steps using the CHARMM 22 force field, a 15-A cut-
off radius for the non-bonded interactions, and a distance-de-
pendent dielectric constant of 8. The interaction energy from
inactive to active conformations for side chains of interest was
computed by constraining the y1 and x2 dihedral angles to
their initial values using a dihedral harmonic potential with a
barrier height of 100 kcal/mol and minimizing the system in
100 steps of steepest descent. All other atoms were free to
move, followed by 50 minimization steps of steepest descent
with all constraints released.

To evaluate their robustness and reproducibility, the calcu-
lations were performed using different minimization protocols
(different number of steps and value for distance-dependent
dielectric constant). The result of these calculations identifies
the same low energy conformations of the studied side chains
(data not shown) and gives qualitatively the same results as the
protocol described above and presented under “Results.”

Comparative Homology Modeling of the Ghrelin Receptor—
The amino acid sequence of the human ghrelin receptor
(GHSR_HUMAN accession code Q92847) was obtained from
the UniProt Web site. The x-ray structures of the 7TM recep-
tors in the inactive state adenosine A2a (PDB entry 3EML),
B,-adrenergic receptor (PDB entry 2VT4), B2AR (PDB entry
2RH1), chemokine CXCR4 (PDB entry 30DU), dopamine D3
(PDB entry 3PBL), histamine H1 (PDB entry 3RZE), and rho-
dopsin (PDB entry 1GZM) were obtained from the PDB data-
base. A multiple-sequence alignment between the ghrelin
receptor and the above template structures identified dop-
amine D3 to have slightly higher sequence identity, considering
the TM region, compared with the remaining template recep-
tors. A comparative homology model of the ghrelin receptor
was constructed based on the template structure of dopamine
D3 using the homology modeling package in ICM. Torsion
angles of all side chains were simultaneously optimized using
the automated Monte Carlo protocol, and best fitting loops
were extracted from a database of known loops. The resulting
ghrelin model was subsequently minimized for 300 steps (steep
descent) using the Merck molecular force field.

Material—The ghrelin and substance P peptides were pur-
chased from Bachem (Bubendorf, Switzerland). MK-677 was
purchased from Axon Medchem. Pindolol was purchased from
Sigma, and AR-231453 was a generous gift from Arena Phar-
maceuticals (San Diego, CA).
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Molecular Biology—The B2AR, neurokinin-1 (NK1), GPR39,
and GHSR cDNA were cloned into the eukaryotic expression
vector pCMV-Tag (2B) (Stratagene, La Jolla, CA). The GPR119
¢DNA was cloned into the eukaryotic expression vector
pcDNA3.1 (Invitrogen). Mutations were constructed by PCR
using the QuikChange method. All PCR experiments were per-
formed using Pfu polymerase (Stratagene) according to the
instructions of the manufacturer. All mutations were verified
by DNA sequence analysis by MWG (Ebersberg, Germany).

Transfections and Tissue Culture—COS-7 cells were grown
in Dulbecco’s modified Eagle’s medium 1885 supplemented
with 10% fetal calf serum, 2 mMm glutamine, 100 units/ml peni-
cillin, and 100 pg/ml streptomycin. Cells were transfected
using 20 g of DNA/75 cm? by the calcium phosphate precip-
itation method with chloroquine addition, as described previ-
ously (19).

Competition Binding Assay—Transfected COS-7 cells were
plated in poly-D-lysine coated white 96-well plates at a density
of 10,000 cells/well aiming at 5-10% binding of the radioactive
ligand. The following day, the binding experiments were per-
formed for 3 h at 4 °C using ~25 pm [*H]MK-677 (Amersham
Biosciences). Binding assays were performed in 0.1 ml of a
HEPES buffer, pH 7.4, supplemented with 1 mm CaCl,, 5 mm
MgCl,, 0.1% (w/v) bovine serum albumin, and 40 pg/ml baci-
tracin. Nonspecific binding was determined as the binding in
the presence of 1 um unlabeled ghrelin. After two washes in
cold buffer, scintillation was added, and the bound radioactivity
was counted on Topcount (PerkinElmer Life Sciences).

Phosphatidylinositol Turnover Assay—One day after trans-
fection, COS-7 cells were incubated for 24 h with 5 uCi of
myo-[*H]inositol (Amersham Biosciences)/ml of medium sup-
plemented with 10% fetal calf serum, 2 mMm glutamine, 100
units/ml penicillin, and 100 wg/ml streptomycin. Cells were
washed twice in buffer (20 mm HEPES, pH 7.4, supplemented
with 140 mm NaCl, 5 mm KCl, 1 mm MgSO,, 1 mm CaCl,, 10
mM glucose, and 0.05% (w/v) fetal bovine serum) and then incu-
bated in 0.5 ml of buffer supplemented with 10 mm LiCl at 37 °C
for 30 min. After a 45-min stimulation with various concentra-
tions of ligands at 37 °C, cells were extracted with 10 mm formic
acid, followed by incubation on ice for 30 min. The resulting
supernatant was purified on Bio-Rad AG 1-X8 anion exchange
resin to isolate the negatively charged inositol phosphates.
After application of the cell extract to the column, the columns
were washed twice with GPI buffer (60 mM sodium formate and
100 mM formic acid) to remove glycerophosphoinositol. Inosi-
tol phosphates were eluted by the addition of elution buffer (1
mM ammonium formate, 100 mm formic acid). Determinations
were made in duplicates. The columns containing AG 1-X8
anion exchange resin were regenerated by the addition of 3 ml
of regeneration buffer (3 M ammonium formate, 100 mm formic
acid) and 5 ml water.

For GPR39 transiently transfected in COS-7 cells, on the day
after transfection, cells were harvested, and 35,000 cells/well
were plated in 96-well plates in Dulbecco’s modified Eagle’s
medium 1885 supplemented with 10% fetal calf serum, 2 mm
glutamine, 100 units/ml penicillin, 100 ug/ml streptomycin,
and 5 ul (20 mCi/mmol) #yo-[2-*H]inositol (American Radio-
labeled Chemicals)/ml of DMEM. The following day, the cells
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were washed twice with Hanks’ balanced salt solution and incu-
bated for 30 min in Hanks’ balanced salt solution with 10 mm
LiClL. Following incubation, ligand was added and incubated for
an additional 45 min. After removal of the ligand, the cells were
placed on ice, and 50 pl of 10 mm cold formic acid was added to
each well for 30 min. 20 ul was added to a white 96-well plate,
and 80 pl of YSi SPA beads (diluted 1:8 with double-distilled
H,O to afinal concentration of 1 mg of YSi SPA beads/well) was
added to each well. The plate was shaken for 2—4 h and spun
down for 5 min. The signal was counted using the Topcount
(PerkinElmer Life Sciences).

cAMP Assay—One day after transfection, COS-7 cells were
plated into white 96-well plates (20,000 cells/well). The next
day, the cCAMP assay was performed using the DiscoveRX Hit-
Hunter™ cAMPxs+ kit (Freemont, CA) according to the
manufacturer’s protocol.

Calculations—EC,, values were determined by nonlinear
regression using the Prism version 3.0 software (GraphPad
Software, San Diego, CA). The basal constitutive activity is
expressed as a percentage of the maximal ligand-induced acti-
vation of the WT receptor.

Cell Surface Expression (ELISA)—Cells transfected and
seeded for cCAMP were in parallel seeded for ELISA. The cells
were washed twice with phosphate-buffered saline (PBS), fixed
for 10 min with formaldehyde, and incubated in blocking solu-
tion (PBS added to 3% dry milk) for 30 min at room tempera-
ture. Subsequently, the cells were incubated for 1 h at room
temperature with anti-FLAG (M2) (Sigma) antibody diluted
1:1000 with PBS plus 3% milk. The cells were washed three
times with PBS and incubated for 1 h at room temperature
with anti-mouse horseradish peroxidase-conjugated antibody
(Sigma) diluted 1:1250 in PBS plus 3% milk. After three addi-
tional washing steps with PBS, immunoreactivity was discov-
ered by the addition of horseradish peroxidase, and after 5 min,
the reaction was stopped by the addition of H,SO,. The absorb-
ance was read on the Topcount plate reader (PerkinElmer Life
Sciences).

RESULTS

Functional Analysis of PheVI:09 in the Ghrelin Receptor—
When analyzing activation of efficacy switches, it is particularly
appropriate to study effects on constitutive or ligand-indepen-
dent signaling in order to avoid confusing direct or indirect
effects on ligand binding. In this respect, the ghrelin receptor is
particularly suited because even in the absence of its endoge-
nous agonist, it displays almost 50% of its maximal signaling
capacity, and, importantly, the ghrelin receptor is generally
robust with respect to mutational changes (20, 21).

Alanine substitution of PheVI:09 did not affect the surface
expression of the ghrelin receptor transiently expressed in
COS-7 cells, as measured by ELISA (Fig. 2A (inset) and Table 1).
However, the high constitutive signaling through the G -medi-
ated pathway observed in the wild-type ghrelin receptor was
totally eliminated in the AlaVI:09 mutant form (Fig. 2A and
Table 1). Moreover, alanine substitution of PheVI:09 decreased
ghrelin-induced signaling to ~10% with only a minor effect on
agonist potency (Fig. 24 and Table 1) and no effect on agonist
affinity as determined in competition binding experiments
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against the radiolabeled non-peptide agonist [PH]MK-677
(Table 2). Interestingly, not even the rather large, flexible, and
hydrophobic side chain of a leucine residue could substitute for
phenylalanine because the LeuVI:09 mutant form of the ghrelin
receptor also displayed a complete lack of constitutive activity
(Fig. 2A and Table 1). However, the LeuVI:09 mutant induced
an E,_ . around 35% of that observed for wild-type receptor,
again with no effect on ghrelin potency, indicating that
PheVI:09 functions as an efficacy switch and is not involved in
ligand binding. This is further substantiated by the close to wild
type binding properties for ghrelin in these receptor mutants
(Table 2). Importantly, substitution of PheVI:09 with a struc-
turally similar, aromatic tyrosine residue decreased the basal
activity to 15% and did not affect the ghrelin-induced maximal
signaling efficacy. Altogether, the aromatic, rigid hydrophobic
properties of the phenyl side chain are required in position
VI:09 in particular for constitutive but also for the full ligand-
dependent activation of the ghrelin receptor but are apparently
not important for agonist binding.

Mutational Analysis of the PheVI:09 in Other 7TM Receptors—
Similar to the ghrelin receptor, GPR119 displays around 50%
constitutive activity but through the G, pathway. As observed
in the ghrelin receptor, alanine substitution of PheVI:09
totally abolished the ligand-independent, constitutive activity
of GPR119 as determined by cAMP measurements in tran-
siently transfected COS-7 cells (Fig. 2B). Similarly, by use of the
non-peptide prototype agonist, AR231453, it was shown that
agonist-induced signaling was totally eliminated in the
AlaVI:09 mutant form of GPR119 (Fig. 2B). Importantly, these
impairments in receptor signaling were observed despite an
almost 5-fold increase in receptor cell surface expression for the
AlaVI:09 receptor mutant as compared with the wild-type
GPR119 receptor.” The B2AR also signals through G,. In the
present system, we only observed a rather low degree of consti-
tutive activity of the B2AR, which was only slightly affected by
alanine substitution of PheVI:09. However, the agonist-in-
duced signaling was almost eliminated in the AlaVI:09 mutant
form of the B2AR without any effect on cell surface expression
(Fig. 2C).

The NKI1 receptor is a very “silent” G, -coupled receptor with
no detectable degree of constitutive activity, as judged by mea-
surement of inositol phosphate accumulation in COS-7 cells.
Alanine substitution of PheVI:09 did not affect cell surface
expression of the NK1 receptor, but the substance P-induced
signaling was abolished for this mutant form of NK1 (Fig. 2D).
In several receptors, the results demonstrate the importance of
PheVI:09 in receptor activation and show that this residue
appears to function as a pure efficacy switch.

GPR39, a Receptor Lacking a Phenylalanine in Position VI:09—
12% of 7TM receptors do not have a phenylalanine or a tyrosine
residue in position VI:09. To represent these receptors, we
chose GPR39, which is a constitutively active member of the

®>The large increase in cell surface expression of GPR119 could either be
caused indirectly by decreased constitutive activity, because highly con-
stitutively active receptors often are unstable, or it could be caused by an
associated effect on the high degree of constitutive internalization
observed with GPR119.
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FIGURE 2. Functional consequence of substituting the PheVI:09 residue. WT (dotted lines) receptor or FVI:09 mutants were all transiently transfected in
COS-7 cells. A, basal and agonist (ghrelin)-induced IP; production of WT ghrelin receptor or mutants of the following: PheVI:09Ala, PheVI:09Leu, and PheVI:
09Tyr. B, basal and agonist (AR231453)-induced cAMP production of WT GRP119 and PheVI:09Ala. C, basal and agonist (pindolol)-induced cAMP production of
WT B2AR and PheVI:09Ala. D, agonist (SP)-induced IP; production of WT NK1 or PheVI:09Ala. Cell surface receptor expression, measured by enzyme-linked
immunosorbent assay, is shown in the inset column diagrams in each panel. Error bars, S.E.

TABLE 1
Inositol phosphate signaling of the ghrelin WT receptor and mutant forms with substitutions in positions Vallll: 16, llelll:19, PheV:13, ValV:17,
LeuV:20, and PheVI:09

The constructs were expressed in transiently transfected COS-7 cells. The efficacy data on basal activity and maximal response (E,
maximal signaling of the wild-type ghrelin receptor. Values are shown *+ S.E.

are expressed as a percentage of the

max)

Constitutive Expression Ghrelin Ghrelin
activity n level n EC,, n F, . E, .« n F,
nm

WT ghrelin R1a 456 =3 4 1 4 0.75 = 0.29 4 1 100 £ 0.7 4 1

Vallll:16Ala (3.40) 14.6 = 3.7 4 1.4 *0.07 4 1.5+ 043 4 2 100 = 5.9 4 1

Vallll:16Ile 455+ 1.8 4 1.1 = 0.04 4 5.96 £ 2.75 4 7.9 92.7 * 4.6 4 0.9
Vallll:16Phe 25.6 = 6.1 3 1.0 = 0.04 3 4.55 *= 2.62 3 6.1 88.1 9.9 3 0.9
IleII:19Ala (3.43) 435 * 6.1 4 0.71 = 0.05 4 35.0 £17.4 4 47 68.8 £ 11.2 4 0.7
PheV:13Ala (5.47) 1.7 = 1.06 5 1.07 = 0.07 5 1.6 +0.33 5 2 70.8 = 3.7 5 0.7
ValV:17Ala (5.51) 523 £ 1.3 3 0.99 = 0.05 4 3.34 £2.09 3 4.5 101 £5.6 3 1

LeuV:20Ala (5.54) 11.8 = 3.7 4 1.1 = 0.05 4 1.31 £ 0.21 4 1.7 118 = 4.2 4 1.2
LeuV:20Ile 51.9 + 8.8 3 0.95 *+ 0.1 4 1.17 = 0.31 3 1.6 114 = 15.7 3 1.1
LeuV:20Val 374 £65 3 1.0 = 0.05 4 2.37 £ 0.74 3 3.2 111 £ 6.5 3 1.1
LeuV:20Phe 11.6 = 3.1 3 1.0 = 0.06 3 1.83 = 0.62 3 2.4 73.1*6.3 3 0.7
PheVI:09Ala (6.44) 1.5+0.8 3 1.0 = 0.02 4 10.7 + 2.04 3 14.3 13.3 = 4.0 3 0.1
PheVIL:09Leu 1.3 *£17 6 1.3 = 0.06 3 1.92 = 0.99 6 2.6 375 4.1 6 0.4
PheVI:09Tyr 10.5 = 3.9 5 1.3 +0.08 3 0.8 = 0.27 5 1.1 87.7 7.1 5 0.9

ghrelin receptor family, having a leucine residue in position
VI:09. As shown in Fig. 3, substitution of LeuVI:09 with either
alanine, tyrosine, or phenylalanine in all three cases reduced the
cell surface expression and decreased the apparent constitutive
signaling of GPR39. Nevertheless, in contrast to what was
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observed in the receptors having a phenylalanine in position
VI.09 (Fig. 2) and despite the apparently reduced cell surface
expression, a normal agonist-induced IP; response was
observed in the GPR39 constructs where LeuVI:09 was substi-
tuted with either alanine or tyrosine (Fig. 3). However, intro-
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TABLE 2

Ligand binding properties of substitutions in position Vallll:16, llelll:
16, PheV:13, ValV:17, LeuV:20, and PheVI:09 in the ghrelin receptor
using [*HIMK-677 as a radioligand

The constructs were expressed in transiently transfected COS-7 cells. Values are
shown = S.E.

MK-677 Ghrelin
B, .« n K, n K; n
fmol/10° nm nm

cells
WT ghrelin R1a 127167 4 191*052 4 247*042 7
Vallll:16Ala (3.40) 170 =149 4 3.03x077 4 341*082 6
Vallll:16Ile 165 641 4 221*x04 4 289*056 7
Vallll:16Phe 225646 4 63*008 4 183*x001 5
Ilelll:19Ala (3.43) 254 556 3 479*037 3 587*x014 3
PheV:13Ala (5.47) 208 537 4 40709 4 178*04 5
ValV:17Ala (5.51) 105*+157 4 21*036 4 207*059 5
LeuV:20Ala (5.54) 124 =341 4 4.08*09 4 25*036 6
LeuV:20Ile 164 *+772 4 237*122 4 243*035 6
LeuV:20Val 238535 4 414*108 4 235*038 6
LeuV:20Phe 184 =256 4 531*146 4 403*121 6
PheVL:09Ala (6.44) 239 *+523 4 443*151 4 176+039 7
PheVI:09Leu 338770 4 256*06 4 366*061 6
PheVI:09Tyr 280666 4 337064 4 241017 7

duction of a phenylalanine at position VI:09, as found in the
majority of 7TM receptors, was not allowed in GPR39 because
it both reduced the expression and completely abolished both
the constitutive and the ligand-induced activation of GPR39
(Fig. 3C).

PheVI:09, Analysis of Conformations and Interactions—
Morphed simulation followed by adiabatic mapping and energy
minimization was used to analyze the changes in side chain
conformations, interaction pattern, and energy between
PheVIL:09 and its neighboring residues during the transition
from inactive to active conformation of the B2AR based on the
high resolution x-ray structures (PDB entries 2RH1 and 3P0G).
Initially, the energy between PheVI:09 and the nine closest res-
idues (SerIIL:15, IlelIl:16, Leulll:19, PheV:13, ProV:16, ProV:17,
MetV:20, MetVI:06, and TrpVI:13) was calculated as a function
of the reaction coordinates defined by the morphed trajectory
describing the transition from the inactive to the active x-ray
structure of the B2AR (Fig. 4). The resulting interaction ener-
gies for the transition can by approximations be considered to
represent the enthalpic component of the potential of mean
force, which indicates two distinct energy minima correspond-
ing to the inactive and the active conformation, respectively,
separated by an energy barrier.

In order to understand the interaction mode for PheVI:09 in
more detail, we calculated the interaction energy for PheVI:09
with the key residues in TM-III and TM-V. In the inactive con-
formation of the B2AR (PDB entry 2RH1), the phenyl side chain
of PheVI:09 interacts closely with the backbone atoms of
SerIIl:15 (3.39) and Ilelll:16 and the aliphatic side chains of
IlellI:16 and LeulII:19 (Figs. 1B and 5A). This interaction mode
is reflected in the favorable interaction energy between the side
chain of PheVI:09 and these three residues in TM-III, as shown
in Fig. 5C (top). In addition, PheVI:09 makes an edge-to-face
aromatic-aromatic interaction with TrpVI:13 located one heli-
cal turn above in TM-VI itself.

During receptor activation, the side chain of PheVI:09 moves
several A toward TM-V and hereby totally loses its van der
Waal interaction with the backbone of SerlIl:15, as evident in
the interaction energy, which goes toward zero (Fig. 5C, top). In
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FIGURE 3. Functional consequence of alanine substitution of the
LeuVI:09 residue in GPR39. Shown are basal and agonist (Zn?*)-induced IP,
production in COS-7 cells transiently transfected with either WT GPR39 (dot-
ted line) or the following mutant forms of GPR39: LeuVI:09Ala (A), LeuVI:09Tyr
(B), and LeuVI:09Phe (C). Cell surface receptor expression, measured by
enzyme-linked immunosorbent assay, is shown in the inset column diagram.
Error bars, S.E.

contrast, in the active conformation of the B2AR (PDB entry
3P0G), PheVI:09 keeps a favorable hydrophobic interaction
with Leulll:19 and Ilelll:16, albeit at a slightly higher energy
level because it has moved to the other side of IlelII:16 (Fig. 54).
Importantly, the simulation of the conformational changes
occurring during activation demonstrated that the phenyl side
chain of PheVI:09 has to pass the aliphatic side chain of IlellI:
16, which, as expected, constituted an energy barrier and
resulted in rather large fluctuations in the interaction energy
(Fig. 5C, top). During this, IleIlI:16 reorients from a minimum
centered around the side chain torsion angle y1 = 68° in the
inactive structure (PDB entry 2RH1) to populate a new rota-
meric state corresponding to y1 = —163° found in the active
crystal structure (PDB entry 3P0G). These torsion values are in
good agreement with the values y1 = 62° and x1 = —177,
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FIGURE 4. Interaction energy between PheVI:09 and the surrounding res-
idues in the B2AR. The interaction energy between PheVI:09 and the sur-
rounding residues in TM-1Il, TM-V, and TM-VI (Serlll:15, llelll:16, Leulll:19, PheV:
13, ProV:16, ProV:17, MetV:20, MetVI:06, and TrpVI:13) calculated in 15
conformational steps during “normal mode” simulation of the transition from
the inactive (PDB entry 2RH1) to the active structure (PDB entry 3P0G).

corresponding to the most populated rotameric states for iso-
leucine according to the Penultimate Rotamer Library defined
in the integrated CCP4 program suite (available at the CCP4
Web site), which is a collection of developed tools for experi-
mental determination and analysis of protein structures.

In the inactive conformation, the distance from the phenyl
side chain of PheVI:09 to PheV:13, LeuV:17, and MetV:20 in
TM-V is between 5.2 and 6.7 A (Fig. 1). However, during recep-
tor activation, PheVI:09 moves pass IleIll:16 into a tight hydro-
phobic pocket generated by these three hydrophobic residues
in TM-V with side chain distances narrowing van der Waal
contacts between 3.5 and 3.8 A (Figs. 1 and 5C). This favorable
interaction is evident from the energy landscape, which, after a
slight increase in the middle of the activation process, reaches a
minimum for the calculated interaction energy between
PheVI:09 and each of the hydrophobic residues in TM-V in the
final active conformation (Fig. 5B, bottom).

It is concluded that PheVI:09 constitutes a microswitch,
which in the inactive receptor conformation interacts closely
with the backbone and aliphatic hydrophobic residues in the
opposing TM-III and which during receptor activation is repo-
sitioned to a hydrophobic pocket generated by three hydropho-
bic residues in TM-V and the two hydrophobic residues in TM-
III. Tlelll:16 appears to constitute an important gate for this
transition of the PheVI:09 side chain.

Mutational Analysis of the Hydrophobic Partners for
PheVI:09—As described above, in both the inactive and the
active conformations, PheVI:09 interacts closely with the
hydrophobic residues found in position III:16 and III:19, of
which the residue in position III:16 appears to function as a gate
between the inactive and active conformation. In the ghrelin
receptor, a valine residue is found in position III:16. Alanine
substitution of Vallll:16 had a very limited effect on both the
constitutive and the agonist-induced signaling (Fig. 6A and
Table 1). However, introduction of an isoleucine in position
I1I:16, as found in the B2AR, decreased the constitutive activity,
and introduction of a large and relatively rigid phenylalanine
residue in this position both decreased the constitutive activity
and shifted the agonist dose-response curve ~10-fold to the
right. The binding affinity of the endogenous peptide agonist
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ghrelin was almost unaffected by this substitution at position
II1:16 (Table 2).

Alanine substitution of the other hydrophobic interaction
partner for PheVI:09 in TM-III, IlelIl:19 (leucine in B2AR),
shifted the dose-response curve for ghrelin 2 orders of mag-
nitude to the right but without any major change in consti-
tutive activity or in agonist binding affinity or B, (Fig. 6B
and Table 2).

As previously described and demonstrated here, alanine sub-
stitution of PheV:13 eliminated the constitutive activity of the
ghrelin receptor and increased the B, without affecting ago-
nist potency (Fig. 6C and Tables 1 and 2) (22). In contrast,
alanine substitution of the middle hydrophobic interaction
partner for PheVI:09 in TM-V, ValV:17, which is furthest away
from PheVI:09, had no effect on either constitutive or agonist-
induced activity of the ghrelin receptor (Fig. 6D and Table 1).
However, alanine substitution of the lower interaction partner
in TM-V, LeuV:20 (methionine in B2AR), decreased the con-
stitutive activity without affecting the agonist-induced signal-
ing of the ghrelin receptor (Fig. 6E and Table 1). However, in
position V:20, isoleucine or valine substituted well for the nat-
urally occurring leucine, whereas the introduction of a large
and more rigid phenylalanine residue decreased both constitu-
tive and agonist-induced signaling but without affecting ago-
nist potency (Fig. 6E and Table 1).

Overall, the mutational analysis of the proposed hydropho-
bic pocket for PheVI:09 in several positions affected receptor
signaling and in particular the ligand-independent signaling.
The effect of substituting the proposed interaction partners in
TM-III was more complex, in agreement with the fact that
these residues appear to interact with PheVI:09 both in the
inactive and the active receptor conformation.

max

DISCUSSION

It has for years been known that PheVI:09 is among the most
highly conserved residues in 7TM receptors. However, the
structural and functional reason for this was unclear. In the
inactive structures of initially rhodopsin and later the B2ZAR and
other ligand-activated 7TM receptors, PheVI:09 did not draw
much attention because it basically just pointed toward TM-III.
However, the active structure of the B2AR demonstrated a sig-
nificant rearrangement of the interaction between PheVI:09
and IlelIl:16 upon activation (5). The computational chemical
analysis and the mutational examination in the present study
indicate that PheVI:09 functions as an important microswitch,
which alternates between an inactive state, where its phenyl
side chain is closely locked against the backbone and between
two hydrophobic side chains in TM-III and an active state,
where the phenyl side chain is locked in a tight pocket com-
posed of a total of five hydrophobic residues: three protruding
from TM-V and two from TM-III (Fig. 5). During the activation
process, the side chain of PheVI:09 slides ~2 A toward TM-V
into the hydrophobic pocket located between TM-III and
TM-V. During this process, PheVI:09 has to pass Ilelll:16,
which needs to change its rotameric state to allow for this pas-
sage. Thus, IlellI:16 appears to function as a barrier or gate for
the interconversion between the two states of the PheVI:09
microswitch: inactive versus active.
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PheVI:09 (purple) with Serlll:15, llelll:16, and Leulll:19 (green) in TM-IIl viewed from the extracellular side of the inactive (PDB entry 2RH1) and active (PDB entry
3P0G) structures of the B2AR shown in the left and right panels, respectively. B, side view (toward TM-Ill) of the interaction of PheVI:09 (purple) with the
surrounding residues TrpVI:13, Serlll:15, llelll:16, Leulll:19, PheV:13, LeuV:17, and MetV:20 (green) in the inactive and active structure of B2AR. C, interaction
energy landscape between PheVI:09 and the surrounding residues in TM-III (Serlll:15, llelll:16, and Leulll:19; top graph) and in TM-V (MetV:20, LeuV:17, and
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active structure (PDB entry 3P0G).

The notion that the PheVI:09 microswitch plays a crucial role
in 7TM receptor activation is underlined both by its central
location close to the pivot around which TM-VI performs its
large scale movement during activation and by the fact that
PheVI:09 appears to stabilize the overall active conformation of
TM-V and TM-VI relative to TM-IIL. Notably, whereas other
microswitch residues, such as Arglll:26 of the DRY motif and
TyrVII:20 of the NPXXY motif, are found in surprisingly differ-
ent interaction patterns in the different receptors (3, 4, 6-9,
23), our computational analysis of the available high resolution
x-ray structures of pairs of active and inactive conformations of
rhodopsin, B2AR, and the adenosine 2a receptor indicates that
PheVI:09 is the only microswitch that has almost identical
interaction patterns in all three receptor pairs (Fig. 7).

The mutational analysis of the present study indicates that
PheVI:09 is functionally important for the spontaneous and/or
agonist-mediated signaling of the ghrelin receptor, GPR119,
the B2AR, and the NK1 tachykinin receptor (i.e. different
receptors signaling through both G, and G, pathways). In these
receptors, alanine substitution of PheVI:09 seriously impaired
or eliminated signaling. Furthermore, in the ghrelin receptor,
the mutational analysis of the residues constituting the
hydrophobic pocket for PheVI:09 in several positions
affected receptor signaling and in particular the ligand-inde-
pendent signaling. However, the effects of substituting the pro-
posed interaction partners in TM-III were more complex,
which is in agreement with the fact that these residues interact
with PheVI:09 both in the inactive and the active receptor con-
formation and that in particular the residue in position III:16,
being valine in the ghrelin receptor and isoleucine in B2AR,
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apparently constitutes a gate or barrier between the two recep-
tor conformations.

Previously, alanine substitution of PheVI:09 in rhodopsin
demonstrated that the mutant receptor reconstituted normally
with the 11-cis-retinal chromophore but that it displayed
decreased ability to light-dependently activate transducin in
analogy with the present observations of functional impairment
in a number of other 7TM receptors (24, 25). Similarly, in the
cholecystokinin B receptor, alanine substitution of PheVI:09
resulted in a receptor with retained high affinity agonist binding
but impaired signaling (26).

However, as often observed with microswitch residues, their
functions may vary in different receptors. In the alB-AR,
alanine substitution of PheVI:09 eliminated agonist-induced
receptor signaling as described above for a series of other recep-
tors. However, in this case, the mutant receptor showed
increased constitutive signaling. Moreover, the alB-AR leucine
substitution of PheVI:09 did not decrease signaling as observed
in the ghrelin receptor but instead increased both constitutive
signaling and E_,, for the agonist (27). Similarly, in the musca-
rinic M5 receptor, Spalding et al. (28) found that various sub-
stitutions of PheVI:09 all introduced constitutive activity and
increased agonist-induced maximal signaling. Extensive muta-
tional analysis of the hydrophobic interface between TM-III
and TM-VI of the complement C5a receptor demonstrated
that, in particular, substitutions of PheVI:09 and its interaction
partners in TM-III, Ilelll:16 and LeullI:19, all led to increased
constitutive activity (29). Concerning the B2AR, Chen et al. (30)
found that alanine substitution of PheVI:09 introduced consti-
tutive signaling and increased the agonist-induced maximal
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FIGURE 6. Functional consequence of substituting the hydrophobic region surrounding the FVI:09 microswitch in the ghrelin receptor. Structure of the
hydrophobic region (sticks) (green) surrounding the FVI:09 (purple) microswitch based on homology modeling using the dopamine D3 receptor (PDB entry
3PBL) structure as a template. A-E, basal and agonist (ghrelin)-induced IP; production in COS-7 cells transiently transfected with either WT (dotted lines) or
mutant forms of the following: Vallll:16Ala, Vallll:16lle, Vallll:16Phe (A); llelll:19Ala (B); PheV:13Ala (C); ValV:17Ala (D); and LeuV:20Ala, LeuV:20lle, LeuV:20Val, and
LeuV:20Phe (E). Cell surface receptor expression, measured by immunosorbent assay, is shown in the inset column diagrams in each panel. Error bars, S.E.

signaling instead of eliminating signaling as observed in the
present study. The reason for these differences is unclear. How-
ever, studies of B2AR in, for example, COS-7 cells is compli-
cated because these express endogenous receptors that will
interfere, and may even interact, with transiently expressed
B2AR, especially because these endogenous receptors are also
strongly activated by isoproterenol as used by Chen et al. (30),
in contrast to pindolol, as deliberately used in the present study.
Moreover, we clearly observed no effect of the PheVI:09 mutant
on cell surface expression as measured by a specific ELISA for
the tagged receptor (Fig. 2C). In contrast, Chen et al. (30) deter-
mine receptor expression through adrenergic ligand binding,
which may bind to the endogenous receptors also; however,
these results were not shown in the article (30). Clearly, more
independent studies are required to assess the function of the
PheVI:09 microswitch in the B2AR.

It is often expected that highly conserved microswitch resi-
dues, such as PheVI:09, have to be essential for 7TM receptor
function. However, as previously emphasized, these micro-

43524 JOURNAL OF BIOLOGICAL CHEMISTRY

switches do not function as “domino bricks” (i.e. in series, in
which case they would all be essential). Instead, the micro-
switches appear to function in parallel (i.e. as individual, dis-
tinct parts of an extended allosteric interface located between
the structural elements, the transmembrane helices, which per-
form the large scale conformational changes) (1, 13). In this
Monod, Wymann, and Changeux type of concerted allostery,
any of the microswitch residues are in principle dispensable
because it is the “strength” of the overall allosteric interface that
counts and not any single component. Although PheVI:09 is
essential for receptor signaling in a number of receptors, as
reported in the present study and discussed above, 12% of 7TM
receptors do not have an aromatic residue in position VI:09. In
the case of GPR39, the leucine residue found in position VI:09
could be substituted with an alanine residue without affecting
agonist-induced signaling despite reduced cell surface expres-
sion. This fits very well with the notion that the different micro-
switches function in parallel and not in series. In this connec-
tion, it should be noted that the outward tilted, active

VOLUME 287+NUMBER 52 -DECEMBER 21, 2012



Phe in TM-VI as a Microswitch in 7TM Receptor Activation

Rhodopsin
inactive |

A2aR | °
inactive

active
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A2a receptor (bottom two panels). PheVI:09 (highlighted in purple) is shown in the inactive conformation of each of the receptors (PDB entries 2RH1, 1GZM,
and 3EML) in the panels to the left and in the active conformations in the panels to the right (PDB entries 3P0G, 2Y00, and 3QAK). In all cases, PheVI:09 and its
interaction partners are viewed from TM-VI (backbone and most residues removed) toward TM-III. Distances between PheVI:09 and each of the residues
constituting the hydrophobic pocket in B2AR are indicated in Fig. 1, Band C. Note the similar position of the microswitch residue PheVI:09 on each side of the
proposed gate or barrier residue l11:16 in the inactive versus the active conformation of all three receptors. A couple of other residues are also highlighted (i.e.
TrpVI:13 of the CWXP motif in TM-VI, TyrV:24 involved in stabilizing the proposed active conformation of the Arglll:26 microswitch of the DRY motif in TM-III (not
shown), and TyrVII:20 of the NPXXY motif of TM-VII). Note the different positions of TyrV:24 and TyrVII:20 in the three different receptor pairs. TrpVI:13 is

positioned very similarly in all three receptor pairs but does not change conformation from inactive to active conformation in any of the receptors.

conformation of TM-VI and TM-V not only is stabilized by
PheVI:09 locked in the hydrophobic pocket between TM-III
and TM-V, as shown in Fig. 5, but also is stabilized by another
microswitch residue, TyrVIIL:20, locked in a similar hydropho-
bic pocket located between TM-V and TM-VI two helical turns
further toward the intracellular space (13).

In the glycoprotein hormone family of receptors of which the
thyrotropin receptor is a prototype, an aspartic acid residue has
been conserved at position VI:09. Interestingly, alanine substi-
tution of AspVI:09 did not impair receptor signaling but instead
led to increased constitutive activity of both the thyrotropin
and the luteinizing receptors (31, 32).

An interesting aspect of microswitch residues, such as
PheVI:09 of the present study and, for example, also ArglIl:26
of the DRY motif in TM-III, is that they apparently are involved
in stabilizing both inactive and active states of the receptor.
This means that the effect of alanine substitution will vary from
receptor to receptor, as discussed above for PheVI:09, where

ACEVEN
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both loss of function and gain of function effects have been
observed for receptor signaling in different receptors. The
mutational effect is dependent on whether the microswitch res-
idue is most strongly involved in stabilizing the active or the
inactive state of the receptor. In the case of Arglll:26, loss of
function is observed in most receptors. However, for example,
in the B2AR, no effect is observed upon alanine substitution of
ArgllIl:26 with respect to G, stimulation, despite the fact that
alanine substitutions of the interaction partners for ArglIl:26 in
its active and inactive conformation had major loss of function
or gain of function effects, respectively (33, 34).
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