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(Bacl(ground: ArgllI:26 (Arg3.50) is almost 100% conserved among 7TM receptors.
Results: Alanine substitution of ArglIl:26 was basically silent while providing expected positive and negative effects when

Conclusion: The ArglIl:26 micro-switch stabilizes both active and inactive receptor conformations but is not directly involved

Significance: This work provides clarification of the molecular mechanism of a crucial micro-switch in 7TM
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Recent high resolution x-ray structures of the 32-adrenergic
receptor confirmed a close salt-bridge interaction between the
suspected micro-switch residue Arglll:26 (Arg3.50) and the
neighboring AsplIl:25 (Asp3.49). However, neither the ex-
pected “ionic lock” interactions between Arglll:26 and
GluVI:-06 (Glu6.30) in the inactive conformation nor the inter-
action with TyrV:24 (Tyr5.58) in the active conformation were
observed in the x-ray structures. Here we find through molecu-
lar dynamics simulations, after removal of the stabilizing T4
lysozyme, that the expected salt bridge between ArgIIl:26 and
GluVI:-06 does form relatively easily in the inactive receptor
conformation. Moreover, mutational analysis of GluVI:-06 in
TM-VI and the neighboring AsplIII:25 in TM-III demonstrated
that these two residues do function as locks for the inactive
receptor conformation as we observed increased G signaling,
arrestin mobilization, and internalization upon alanine substi-
tutions. Conversely, TyrV:24 appears to play a role in stabilizing
the active receptor conformation as loss of function of G, signal-
ing, arrestin mobilization, and receptor internalization was
observed upon alanine substitution of TyrV:24. The loss of func-
tion of the TyrV:24 mutant could partly be rescued by alanine
substitution of either AspIll:25 or GluVI:-06 in the double
mutants. Surprisingly, removal of the side chain of the ArgIII:26
micro-switch itself had no effect on G signaling and internal-
ization and only reduced arrestin mobilization slightly. It is sug-
gested that Arglll:26 is equally important for stabilizing the
inactive and the active conformation through interaction with
key residues in TM-III, -V, and - VI, but that the ArglIII:26 micro-

switch residue itself apparently is not essential for the actual G
protein activation.

Over the last years, a number of high resolution x-ray struc-
tures of not only inactive but also presumably active structures
of 7-transmembrane (TM)® G protein-coupled receptors have
been published (1-9). This has revealed an overall activation
mechanism involving a major outward movement of the intra-
cellular segment of TM-VIaway from TM-III, opening a pocket
for the G protein to interact with the receptor, a movement that
was expected based on a number of previous biochemical and
biophysical studies (10, 11). However, these structures have still
left us with a large degree of uncertainty concerning the role of
a number of conserved so-called micro-switch regions pre-
sumed to display distinct interaction patterns in the inactive
versus the active receptor conformations and consequently
believed to be important elements of the activation process
(12).

The most canonical micro-switch residue is ArglIl:26 (3.50)*
of the so-called DRY motif at the intracellular pole of TM-III,
which for decades has been expected to be crucially involved in
receptor activation due to the fact that it is conserved as an
arginine residue in close to 100% of 7TM receptors (see Fig. 14)
(13). When rhodopsin as the first 7TM receptor was crystal-
lized in its inactive conformation with 11-cis retinal bound (2),
Arglll:26 was found to be stabilized by two salt bridges: one to
the neighboring AsplIIl:25 (3.49) and one to a glutamic acid

" The recipient of a Ph.D. stipend from the Health and Medical Sciences fac-
ulty at University of Copenhagen.

2To whom correspondence should be addressed. Laboratory for Molecular
Pharmacology, Panum Institute, University of Copenhagen, Blegdamsvej
3, Copenhagen DK-2200, Denmark. Tel.: 45-2262-2225; Fax: 45-3532-7610;
E-mail: tws@sund.ku.dk.

SEPTEMBER 14, 2012+VOLUME 287+-NUMBER 38

3 The abbreviations used are: TM, transmembrane; 7TM, 7-transmembrane;
B2AR, B2-adrenergic receptor; BRET, bioluminescence resonance energy
transfer; MD, molecular dynamics.
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based on the actual location of the residues in each transmembrane helix,
is used throughout the article (12).
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residue in position VI:-06 (6.30) located a couple of helical turns
before TM-VI enters the lipid bilayer (see Fig. 1B). ArglIl:26
and its proposed ionic interaction partners have been subject to
mutational analysis in a number of receptors over the years as
reviewed by Rovati et al. (14). In a majority of receptors,
ArgllI:26 is essential for receptor activation. However, there are
receptors where this is not the case. Similarly, mutational anal-
ysis of the neighboring Asp or Glu in position III:25 and the
proposed interhelical salt-bridge partner GluVI:-06 has some-
what different effects on constitutive activity and agonist-in-
duced signaling in different receptors (14).

When the first structure of a presumed active conformation
of a 7TM receptor, i.e. opsin in complex with the C-terminal
peptide fragment of G, was published by Scheerer et al. (6) in
2008, it demonstrated that the salt-bridge interactions of
Arglll:26, as expected, were broken and that ArglIl:26 directly
interacted with the backbone of the G protein (see Fig. 1C).
Interestingly, this structure also revealed an unexpected inter-
action between a conserved tyrosine residue in TM-V, TyrV:24
(5.58) and Arglll:26, indicating that TyrV:24 was involved in
stabilizing the active conformation of ArglIl:26 and thereby the
active conformation of the receptor as such (see Fig. 1C).

The x-ray structures of the B2-adrenergic receptor (B2AR) in
its inactive conformation bound to the inverse agonist carazolol
confirmed the formation of a salt bridge between ArglIl:26 and
the neighboring Asplll:25. However, in contrast to what was
found in rhodopsin, no interaction between ArglIl:26 and the
proposed “ionic lock” partner GluVL:-06 in TM-VI was
observed (3, 8) (see Fig. 1D). In fact, this interhelical salt bridge
has not been observed in any 7TM receptor crystal structure
besides rhodopsin. Recently, the two active structures of
the B2AR both revealed a broken AsplIl:25-ArglIl:26 salt
bridge but did not demonstrate any direct interaction between
ArgllI:26 and the G protein or between ArglIl:26 and TyrV:24
(see Fig. 1E)(4,5). Thus, the various x-ray structures do not clar-
ify the role of Arglll:26 of the DRY motif and its proposed
interaction partners in the active and inactive conformations.
Due to the unclear picture concerning the micro-switch residue
Arglll:26 and its proposed interaction partners despite the
presence of multiple both active and inactive high resolution
x-ray structures, we subjected these residues in the B2AR
receptor to mutational analysis and studied them in parallel for
their ability to signal through the G, protein, recruit B-arrestin,
and undergo internalization.

EXPERIMENTAL PROCEDURES

Materials—Pindolol and isoproterenol were purchased from
Bachem.

Molecular Biology—Receptor cDNAs were cloned into the
eukaryotic expression vector pCMV-Tag(2B) (Stratagene).
Mutations were constructed by PCR using the QuikChange
method. All PCR experiments were performed using Pfu
polymerase (Stratagene) according to the instructions from the
manufacturer. All mutations were verified by DNA sequence
analysis by MWG-Biotech AG (Ebersberg, Germany). For
the bioluminescence resonance energy transfer (BRET) assay,
the B2AR was tagged C-terminally with Renilla luciferase and
cloned into the pcDNA3.1+ vector. B-arrestin2 was cloned
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into pcDNA3.1+ vector and tagged N-terminally with green
fluorescent protein (GFP) as described previously (15, 16).

Tissue Culture and Transfections—CQOS-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 ug/ml streptomycin. Cells were transfected
using the calcium phosphate precipitation method with chlo-
roquine addition as described previously (17). The amount of
cDNA resulting in maximal basal signaling (20 pg/75 cm?) was
used for the dose-response curves. Transfection for the BRET
assay was performed using a 1:3 ratio B2AR: B-arrestin2 using a
total of 20 ug of DNA/75-cm? flask. CHO-K1 cells were main-
tained in HAM F12 medium supplemented with 10% fetal calf
serum, 100 units/ml penicillin, and 100 pg/ml streptomycin.
CHO-K1 cells were transfected using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol.

Cell Surface Expression (ELISA)—Cells transfected and
seeded for cAMP were in parallel seeded for ELISA. The cells
were washed twice with PBS, fixed for 10 min with formalde-
hyde, and incubated in blocking solution (3% dry milk in phos-
phate-buffered saline (PBS)) for 30 min at room temperature.
Subsequently, the cells were incubated 1 h at room temperature
with anti-FLAG (M2) (Sigma) antibody diluted 1:1000 with
PBS, 3% milk. The cells were washed three times with PBS and
incubated 1 h at room temperature with anti-mouse horserad-
ish peroxidase-conjugated antibody (Sigma) diluted 1:1250 in
PBS, 3% milk. After three additional washing steps with PBS,
immunoreactivity was discovered by the addition of horserad-
ish peroxidase, and after 5 min, the reaction was stopped by the
addition of H,SO,. The absorbance was read on the TopCount
(PerkinElmer Life Sciences).

cAMP Assay—1 day after transfection, COS-7 cells were
plated into poly-D-lysine-coated white 96-well plates (20.00
cells/well). The following day, a cCAMP assay was performed
using the DiscoveRx HitHunter™ cAMP XS+ kit (Freemont,
CA) according to the manufacturer’s protocol. For transfected
CHO-K1 cells, the cAMP assay was performed as described
previously (18).

BRET—The protocol for BRET measurements was devel-
oped for the Mithras LB 940 plate reader (Berthold Technolo-
gies) as described previously (15, 16). Briefly, 48 h after trans-
fection, the cells were harvested and washed twice in PBS. After
counting, the cells were resuspended in PBS (added 1 mg/ml
glucose and 36 mg/liter pyruvate) to a density of 1 million cells/
ml. After 1 h of recovery, 180 ul of cell suspension/well was
added to white 96-well plates. 10 ul of the ligand isoproterenol
was added to each well and incubated for 15 min while shaking
at room temperature. 10 ul of the substrate coelenterazine
(Biotium) was added to each well by the Mithras injector 1, and
readings were collected 2 s after the injection. The signals
detected at 395 and 515 nm were measured sequentially, and
the 515/395 ratios were calculated and expressed as a milli-
BRET level (BRET ratio X 1000).

Calculations—EC,, values were determined by nonlinear
regression using the Prism 3.0 software (GraphPad Software,
San Diego). The basal constitutive activity is expressed as per-
centage of the ligand-induced activation for each mutant con-
struct of the receptors.
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Internalization—B2AR constructs were fused to an N-termi-
nal SNAP-tag (New England Biolabs) and inserted into the
pcDNA3.1+ vector for expression as stable mixed populations
in HEK293 cells. These cells were seeded into poly-p-lysine-
coated 96-well imaging plates (Greiner Bio-One Ltd.), and 24 h
later, they were labeled with membrane-impermeable SNAP-
surface AF488 (0.1 uM in DMEM, New England Biolabs) for 30
min at 37 °C to identify B2ARs initially at the cell surface. Unre-
acted fluorophore was removed by washing before isoprotere-
nol treatment at 37 °C (30 min) in Hanks’ balanced salt solution
containing 0.1% BSA and 5 ug/ml Alexa Fluor 633-conjugated
transferrin (Invitrogen). Incubations were terminated by fixa-
tion (3% paraformaldehyde), and cell nuclei were also labeled
(H33342, 2 ug/ml in phosphate-buffered saline). Images at four
sites/well were then acquired using the IX Ultra confocal plate
reader (Molecular Devices Inc.; 40X ELWD objective), with
appropriate excitation and emission filters for nuclei labeling
(405 nm excitation), SNAP-surface Alexa Fluor 488-labeled
B2ARs (488 nm), and transferrin (633 nm).

Automated translocation analysis of plate reader images
(MetaXpress 2.0, Molecular Devices) quantified the fluores-
cence intensity of labeled B2AR receptors within 3-um-diam-
eter internal compartments identified by transferrin labeling.
For each mutant receptor, individual concentration-response
curves performed in duplicate were normalized with respect to
the -fold increase over the basal SNAP-B2AR intensity in trans-
ferrin compartments. Pooled data were used to obtain EC,,
values with GraphPad Prism (sigmoidal fit, 7,;0.9-1.0).

Molecular Dynamics Simulation—The inactive x-ray struc-
ture of B2AR (2RH1) (8, 19) was used as a starting structure in
these simulations where the T4 lysozyme part of the structure
was truncated and the intracellular parts of TM-V and TM-VI
were covalently connected. Because the structure contained
coordinates for residues 29 -230 and 263—-342, only these resi-
dues were considered in the simulation. As it has been seen in
the x-ray structure, Cys-341 was also palmitoylated in the sim-
ulations. Hydrogens were added using the HBUILD facility in
CHARMM (20), and protonation states according to pH = 7
were used for all aspartic acids, except AspIl:10 (2.50). The gen-
eral setup for the molecular dynamics (MD) simulation was as
described previously (21).

RESULTS

Molecular Dynamics Simulations of Arglll:26 Interactions in
B2AR—In the x-ray structure of the B2AR fused to T4 lysozyme
(T4L) in complex with the inverse agonist carazolol, ArglIl:26
forms a salt-bridge interaction with the neighboring AsplIII:25
(8) (Fig. 1D). However, GluVI:-06 forms a salt bridge with an
arginine residue, Arg-8, in T4L and is consequently held at a
distance from ArglIl:26. To study the potential, free interaction
between Arglll:25 and GluVI:-06, we removed T4L from the
structure (see “Experimental Procedures” for details) and sub-
jected this structure to MD simulations. The carboxylic acid
group of GluVI:-06 started out being ~13 A away from the
guanidine group of ArglIl:26 (Fig. 2, green structures); however,
during the MD simulations, a salt bridge was nevertheless
formed between these two groups. The conformational
changes leading to this occurred in a two-step fashion. Initially,
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i.e. during the first 0.5 ns, the backbone structure around
GluVL-06 folded into a perfect helical conformation as an
extension of the TM-VI (Fig. 24). Consequently, the distance
between the a-carbon of GluVL-06 and the «-carbon of
ArglIl:26 decreased from ~5 to ~10 A (Fig. 2B). Thereby the
Ca distance became similar to the distance between the Ca of
ArglIl:26 and GluVI:-06 in rhodopsin (Fig. 2B, red dotted line).
During the continued MD simulation, the side chain of
GluVI:-06 probed different conformations in space, and after
~2 ns, it formed a salt bridge with the guanidine group of
Arglll:26, and this distance is very similar to the distance
observed in rhodopsin (Fig. 2, B and C, red lines). Throughout
the MD simulations, Arglll:26 was relatively immobile, con-
ceivably due to its salt-bridge interaction with the neighboring
AsplII:25.

The fact that a salt bridge is formed between ArglIl:26 and
GluVI:-06 in B2AR when the T4L fusion partner is removed
indicates that this is a preferred interaction in the inactive con-
formation of the B2AR, where Arglll:26 in addition makes a
similar salt bridge with the neighboring AsplII:25 in TM-IIL
These two acidic residues could therefore be considered to
be “locks for the inactive conformation” of the Arglll:26
micro-switch.

In the active conformation of B2AR in complex with G, the
two salt bridges between ArglIl:26 and AsplIl:25 and GluVI:-
06, respectively, are both broken, and the guanidino group of
the ArglIl:26 side chain points toward TM-V and is relatively
close to TyrV:24 (5). Although the residues are not close
enough to form a strong hydrogen bond in the currently avail-
able x-ray structure, we still believe that TyrV:24 could function
as a “lock for the active conformation” of the ArglIl:26 micro-
switch as it appears to do in the active conformation of rhodop-
sin/opsin (6, 22).

Effect of Alanine Substitution of Arglll:26 and Its Potential
Interaction Partners on G, Signaling—The functional impor-
tance of the Arglll:26 micro-switch and its three potential
interaction partners was studied by mutating the respective res-
idues and expressing them in COS-7 cells. Introduction of ala-
nine in the respective positions did not affect the surface
expression as compared with WT receptor, as judged by ELISA
(Fig. 3, A-D, insets).

Alanine substitution of AsplIl:25, one of the two potential
locks for the inactive conformation of ArglIl:26, led to a 5-fold
increase in basal cCAMP levels and a 2-fold increase in the E_
for pindolol without affecting its potency, i.e. the EC,, value
(Fig. 3A). Similarly, alanine substitution of GluVI:-06, which we
propose also interacts with ArglIl:26 in the inactive conforma-
tion of the receptor, led to a similar 5-fold increase in basal
cAMP signaling and a 3-fold increase in E, . (Fig. 3B). The
potency of the agonist was not affected by the receptor
mutagenesis.

Alanine substitution of TyrV:24, which in contrast is sug-
gested to be a lock for the active conformation of ArglII:26,
eliminated the constitutive activity and totally abolished pin-
dolol-induced activation of G, (Fig. 3C). Importantly, the
TyrV:24 mutant form of the receptor was expressed at the sur-
face of the cells as efficiently as the WT receptor (Fig. 3C, inset).
Surprisingly, alanine substitution of the proposed micro-switch
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FIGURE 1. The DRY motif with interaction partners in rhodopsin/opsin and the B2AR. A, serpentine model of the B2AR. The interaction partners for the
Arglll:26 micro-switch for the inactive structure, Asplll:25 and GluVI:-06, and active structure, TyrVI:24, are marked in red. B, inactive structure of rhodopsin
(Protein Data Bank (PDB): 1F88) displaying the ionic lock as viewed from TM-VII. Only key residues are indicated in sticks. C, active structure of opsin (PDB: 3DQB)
displaying the breakage of the ionic lock and the interaction of the TyrV:24 residue to the Arglll:26 and again from the Arglll.26 to the Ga-peptide. D, inactive
structure of the B2AR (PDB: 2RH1). E, active structure of B2AR with G, protein (PDB: 3SN6).

itself, ArglIl:26, did not affect either the basal cAMP signaling
or the pindolol-induced signaling of the B2AR (Fig. 3D).
Pindolol was chosen as agonist for the B2AR as COS-7 cells
express an endogenous adrenergic receptor that is activated by
isoproterenol but not by pindolol, which consequently provides
a clean picture of the effect on the transfected receptors. Nev-
ertheless, due to impressive loss of function upon Ala substitu-
tion of TyrV:24 and the surprising lack of effect of Ala substi-
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tution of ArglIl:26, we also decided to probe these mutants in
CHO-K1 cells, which do not express isoproterenol-sensitive
adrenergic receptors. As presented in Fig. 3E, the cAMP
response to the full agonist isoproterenol was not totally elim-
inated by the TyrV:24 to Ala mutation in the CHO-K1 cells, but
the dose-response curve was still shifted 2—3 orders of magni-
tude to the right and displayed a lower Hill coefficient than
observed on the wild-type receptor.

A=V ON
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FIGURE 3. Functional consequence on G, signaling in the B2AR of Ala substitutions of the Arglll:26/3.50 micro-switch and its potential interaction
partners. A-D, basal and agonist (pindolol)-induced cAMP production in COS-7 cells transiently transfected with either WT 32-AR (dotted line) or mutant forms
of the following: Asplll:25Ala (A), GluVI:-06Ala (B), TyrV:24Ala (C), and Arglll:26Ala (D). % of max., percentage of maximum. E and F, isoproterenol-induced cAMP
production in CHO-K1 cells transiently transfected with either WT (dotted line) or mutant forms of the B2-AR: TyrV:24Ala (E) and Arglll:26Ala (F). Cell surface
receptor expression, measured by enzyme-linked immunosorbent assay, is shown in the inserted column diagrams in each panel. Error bars indicate S.E.

Importantly, as observed for pindolol in the COS cells, Ala sub-
stitution of ArglIl:26 did not have any effect on either potency or

This notion was probed by combining the mutants. As shown in
Fig. 4A, Ala substitution of AsplIL:25 could in fact partly rescue the

efficacy for isoproterenol with respect to stimulating cAMP pro-
duction in CHO-K1 cells (Fig. 3F). Thus, although no apparent
effect was observed on G signaling upon alanine substitution of
ArgllIl:26 itself, mutation of either of the proposed locks for the
inactive conformation of ArglII:26 led to both increased basal sig-
naling and increased agonist-induced signaling, whereas substitu-
tion of the proposed lock for the active conformation of ArglIIl:26
eliminated both basal and agonist-induced signaling.

These results would indicate that in the B2AR, the locks for the
inactive conformation and the lock for the active conformation are
balancing against each other with respect to stabilizing ArglII:26.

SEPTEMBER 14, 2012+VOLUME 287+-NUMBER 38

otherwise total elimination of agonist-induced signaling observed
in the TyrV:24 to Ala mutant. The double mutant displayed an
E, ... for pindolol corresponding to 32% of the E, ., observed in the
wild-type receptor. Similarly, Ala substitution of GluVIL:-06 also
partly rescued the TyrV:24 to Ala mutant as this double mutant
displayed an E, _, for pindolol corresponding to 36% of the E, .
observed in the wild-type receptor.

Analysis on B-Arrestin Mobilization in the Receptor Mutants
Measured by BRET—The ability of the B2AR receptor mutants
to mobilize B-arrestin2 was determined by energy transfer
between the two fusion proteins: B2AR C-terminally tagged

JOURNAL OF BIOLOGICAL CHEMISTRY 31977
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in B2AR. Basal and agonist (pindolol)-induced cAMP production in COS-7
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of max., percentage of maximum. B, GluVI:-06Ala (dotted line), TyrV:24Ala (dot-
ted line), and GluVI:-06Ala+TyrV:24Ala as compared with WT (solid line). Cell
surface receptor expression of the double mutants, measured by enzyme-
linked immunosorbent assay, is shown in the inserted column diagrams in
each panel. Error bars indicate S.D.

with Renilla luciferase and B-arrestin2 N-terminally tagged
with GFP, measured as BRET (see “Experimental Procedures”).
Alanine substitution of AsplII:25 resulted in an improved abil-
ity to mobilize B-arrestin2 as compared with WT receptor (Fig.
5A). However, as opposed to what was observed for cAMP
accumulation, no increase in maximal efficacy was observed for
agonist-induced B-arrestin2 mobilization for AsplIll:25Ala, but
instead, the dose-response curve was shifted an order of mag-
nitude to the left as compared with WT. A similar, but only
2-fold, shift in the dose-response curve for the agonist was
observed for the GluVL-06 to Ala mutant(Fig. 5B). These
results are in agreement with the notion that both AsplII:25 and
GluVI:-06 are proposed to stabilize ArglIl:26 and the receptor
in the inactive state.

Mutating TyrV:24 to alanine led to an increased basal level of
recruitment of B-arrestin2 (Fig. 5C). Importantly, the agonist-
induced mobilization of B-arrestin2 was totally eliminated in
this mutant. The results are in agreement with the proposed
stabilizing role of TyrV:24 for the active conformation of the
receptor. When ArglIl:26 itself was substituted by alanine, the
ability of the receptor mutant to recruit B-arrestin2 was
reduced as compared with WT receptor (Fig. 5D); i.e. although
the EC,, value was not significantly affected, the E,,, was only
~30% of that observed in WT receptor.
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Internalization of the Receptor Mutants in the B2AR—To
study receptor internalization, cell surface-expressed SNAP-
tagged B2ARs were labeled with a membrane-impermeable
fluorophore that specifically reacts with the SNAP enzyme, and
the agonist-induced internalization was measured in HEK293
cells by automated confocal microscopy. Automated analysis
quantified internal receptor immunofluorescence in transfer-
rin-positive cellular compartments as a measure of wild-type
and mutant receptor endocytosis.

All of the mutants were expressed on the cell surface under
basal conditions, with little or no constitutive internalization
(Fig. 6). Isoproterenol was 2.5 times more potent in stimulating
internalization of the AspIIl:25Ala mutant as compared with
the WT receptor (Fig. 6A). Similarly, alanine substitution of
GluVI:-06 increased the potency of isoproterenol-stimulated
internalization by 8.8-fold (Fig. 6B); thus, these results are sim-
ilar to the results concerning both G protein signaling and 3-ar-
restin2 recruitment, all indicating that AspIll:25 and GluVI:-06
are stabilizing the inactive receptor conformation.

As observed for G, signaling and for B-arrestin2 mobiliza-
tion, receptor internalization was totally abolished in the
TyrV:24 to Ala mutant (Fig. 6C), indicating that this residue is
important for stabilizing the active receptor conformation. The
substitution of ArglIl:26 had no effect on receptor internaliza-
tion, similar to what we observed for the G, signaling (Fig. 6D).

DISCUSSION

For many years, the highly conserved Arglll:26 of the DRY
motif has been suspected to play a major role in 7TM receptor
activation. It has also been the generally accepted dogma that
the neighboring AspIll:25 and especially the ionic lock residue,
GluVI:-06 located across in TM-VI, would be stabilizing the
inactive conformation of the ArglIl:26 micro-switch (14). How-
ever, several of the recently published x-ray structures intro-
duced a new player in the game, i.e. TyrV:24, which appears to
have a role in stabilizing the active receptor conformation (6,
12). When all of these residues surrounding Arglll:26 were
addressed in parallel in the B2AR, the functional results were in
total agreement with their indicated roles in stabilizing either
the active or the inactive conformation of the receptor. How-
ever, surprisingly, removal of the side chain of the Arglll:26
micro-switch itself had almost no effect. This could fit a picture
where ArglIl:26 is equally important for stabilizing the inactive
and the active conformation, at least with respect to G, signal-
ing, but where the residue in itself is not essential for the actual
G protein activation.

AsplIl:25 Restrains the B2AR in the Inactive Conforma-
tion—An acidic residue has been conserved at position I11:25 in
close to 90% of the rhodopsin-like 7TM receptors (Asp 67%/
Glu 20%) (13). Our results show that alanine substitution of
AsplII:25 led to both increased basal activity and an increase in
ligand-induced signaling. This is in accordance with previous
studies in the B2AR where Rasmussen and co-workers (23, 24)
found that mutating AsplII:25 into either Asn or Ala led to an
increase in the level of both basal and ligand-induced signaling
without affecting the binding affinity of pindolol.

The highly conserved acidic residues in position III:25 have
been mutated in a large number of different 7TM receptors
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FIGURE 5. Functional consequence on $-arrestin2 mobilization measured by BRET of Ala substitution of the Arglll:26/3.50 micro-switch and potential
interaction partners. A-D, agonist (isoproterenol)-induced BRET production in COS-7 cells transiently transfected using a 1:3 ratio of either WT B2AR (dotted
line)/mutant forms of the receptor and B-arrestin2. The panels show Asplll:25Ala (A), GluVI:-06Ala (B), TyrV:24Ala (C), and Arglll:26Ala (D). Error bars indicate S.D.
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FIGURE 6. Functional consequence on isoproterenol-induced internalization of Ala substitution of the Arglll:26/3.50 micro-switch and potential
interaction partners. A-D, agonist (isoproterenol)-induced internalization in HEK293 cells stably expressing either N-terminal SNAP-tagged WT B2AR (dotted
line) or mutant forms of the receptor. The panels show Asplll:25Ala (A), GluVI:-06Ala (B), TyrV:24Ala (C), and Arglll:26Ala (D). Error bars indicate S.D.

over the years, as reviewed by Rovati et al. (14). They concluded
that in a major class of receptors, including the B2AR, removal
of the acidic side chain led to increased constitutive activity,
whereas this was not observed in other receptors, which never-
theless often displayed other evidence of increased activation
properties such as increased E, . (14). In rhodopsin, protona-
tion of AsplII:25 is a key determining factor for activation, and
it was recently shown that this protonation results in a com-
plete shift in the equilibrium toward the active Meta-II state
(25). Thus, the acidic Asp or Glu residue of the DRY motif
appears to be generally involved in holding 7TM receptors in
their inactive state conceivably by forming a salt bridge to the
neighboring ArglIl:26 residue.

The TM-III to TM-VI Ionic Lock—The x-ray structure of rho-
dopsin clearly displayed the expected ionic lock salt bridge
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between ArglIl:26 of the DRY motif in TM-III and GluVI:-06 at
the intracellular extension of TM-VI (Fig. 1B). The lack of this
interaction in the B2AR structures was therefore a mystery,
especially since the tools and changes employed to stabilize the
B2AR structure such as the insertion of T4L in ICL3 were
shown not to interfere with ligand binding or with the confor-
mational changes that occur upon receptor activation (19). In
the present study, we find that during MD simulations, the
ionic lock is indeed formed in the B2AR, which subsequently
rather closely resembles the inactive structure of rhodopsin
(Fig. 2). This formation of the interhelical salt bridge has also
been observed by Dror et al. (26) using very long timescale MD
simulations. Our mutational analysis of GluVI:-06 gave very
similar results as observed for AsplIl:25 with both increased
basal G, signaling and increased agonist-induced G signaling,
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improved arrestin mobilization, and improved internalization
all supporting the notion that GluVI:-06 is important in
restraining the inactive state of the B2AR. Similar results, with
respect to G, signaling, have been previously reported for the
B2AR (23). However, studies in rhodopsin indicate that the
salt bridge between ArglIl:26 and GluVI:-06 is much more eas-
ily broken than the comparable intrahelical salt bridge in TM-
III between ArglIl:26 and AsplIl:25, implying that the breakage
of the ionic lock between TM-III and TM-VTI is less crucial for
activation of rhodopsin (25).

In the majority (75%) of 7TM receptors, the ionic lock
between TM-IIl and TM-VIis not present as there are no acidic
residues at the corresponding positions in TM-VI (13). When
an ionic lock was engineered into, for example, the human H4
receptor by introducing a Glu residue at position VI:-06, this
only decreased the basal activity of this highly constitutively
active receptor to a minor degree (27). Nevertheless, although
GluVI:-06 is only found in 25% of the receptors, it is apparently
involved in stabilizing the inactive conformation of these recep-
tors, conceivably through formation of a salt bridge to ArglII:26
(14).

TyrV:24 as a Lock for the Active Receptor Conformation—
TyrV:24, which is conserved in 77% of the rhodopsin-like recep-
tors, first caught the attention in the supposedly active opsin
structure with the bound Ga peptide fragment. Here, a surpris-
ing interaction between TyrV:24 and Arglll:26 was observed
that appeared to stabilize the interaction of Arglll:26 with the
backbone of the Ga peptide (Fig. 1C). This was not at all
expected from the previous x-ray structures of the inactive
form of rhodopsin, where TyrV:24 was pointing almost out-
ward toward the lipid bilayer (Fig. 1B). However, this direct
interaction between TyrV:24 and ArglII:26 was not observed in
the recently published active structure of the B2AR in complex
with G, (Fig. 1E) nor in the A,, receptor in complex with an
agonist (5, 7). Nevertheless, in the present study, we find that
alanine substitution of TyrV:24 eliminates G, signaling, arrestin
mobilization, and internalization of the B2AR, which strongly
supports an important role for TyrV:24 in receptor activation.

As opposed to the other residues in this micro-switch region,
TyrV:24 has hardly previously been subjected to mutagenesis.
However, in the NK1 receptor, Huang et al. (28) found almost
20 years ago that Ala or Glu substitution of TyrV:24 eliminated
G, signaling but did not affect the high affinity binding of Sub-
stance P. Furthermore, in rhodopsin, it was recently demon-
strated that a TyrV:24 to Ala mutation results in very low sig-
naling activity (22). By use of Fourier transform infrared
spectroscopy, it was shown that the TyrV:24 mutation did not
change the Meta-I/II ratio and therefore was capable of gener-
ating the active Meta-II state. Moreover, these results also indi-
cated that the tyrosine residue was not essential for inducing
the breakage of the ionic lock and the subsequent outward
movement of TM-VIL. However, when TyrV:24 was mutated to
Phe, the decay of the Meta-II state of rhodopsin to opsin was
increased, confirming a stabilizing role of this residue for the
active receptor state. Furthermore, this study revealed that the
TyrV:24 mutant was associated with a structural change in
ECL2, thereby connecting the extracellular region to the asso-
ciation with the G protein (29). The special, long timescale
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molecular dynamics simulations showed that although no
interaction was observed in the x-ray structures of the active
form of B2AR, TyrV:24 can rotate inward to be located between
TM-III and TM-VI, which is where it is found in the active
opsin structure in complex with the Ga peptide, upon breakage
of the TM-III to TM-VIionic lock (26). Thus, TyrV:24 is appar-
ently involved in stabilizing the active conformation of 7TM
receptors as shown in very different receptors such as NK1,
B2AR, and rhodopsin.

Arglll:26 as a Crucial but Balancing Micro-switch—Despite
the fact that mutations of its proposed locks for inactive and
active conformations all had the expected effects as discussed
above, we surprisingly found that mutation of ArglII:26 itself in
the B2AR had no effect on G, signaling and internalization and
only partly reduced B-arrestin2 mobilization. In fact, Arglll:26
of the B2AR apparently has only been subject to mutagenesis in
one previous publication where Seibold et al. (30) found that it
could be substituted with multiple amino acids with no effect
on G, coupling.

One explanation could be that ArglIl:26 functions as a bal-
ancing micro-switch, which in the B2AR contributes equally as
much to the stabilization of the overall, large-scale inactive
receptor conformation, through interactions with AsplIl:25
and GIuVI:-06, as it contributes to the stabilization of the over-
all, large-scale active conformation, through interactions with
TyrV:24. In such a scenario, removal of Arglll:26 would not
shift the balance between the two receptor conformations,
which are stabilized by a number of other micro-switch resi-
dues such as, for example, TyrVII:20. However, an important
part of this explanation would be that ArglIl:26 is not directly
involved in the G protein activation process because if that was
the case, then we would observe a loss of function upon Ala
substitution of ArglIl:26. The notion that ArglII:26 is a balanc-
ing micro-switch is supported by the double mutants where Ala
substitution of either AsplIl:25 or GluVI:-06 both partly res-
cues the loss of function observed in the TyrV:24 mutant. The
fact that only a partial rescue is observed in both cases is prob-
ably a reflection of the fact that the two acidic residues both
contribute to the stabilization of the inactive state and one of
them is still left in each of the two double mutants.

Rovarti et al. (14) concluded that in a large group of 7TM
receptors, mutation of Arglll:26 seriously affects receptor sig-
naling, whereas this was not the case in other receptors, and
that this to some degree was coupled to the effect of mutating
the neighboring acidic residues. Although ArglIl:26 is one
of the most conserved residues in 7TM receptors, there are
receptors that lack this residue. For example, in the highly con-
stitutively active, virally encoded ORF74 receptor, a DTW
motif is found instead of a DRY motif. When this motif was
modified into a DRY sequence, the constitutive activity of the
receptor was significantly decreased, which suggested that the
(re)introduced ArglIl:26 residues primarily were involved in
stabilization of the inactive conformation in the mutated recep-
tor (31, 32).

Altered B-Arrestin Recruitment Could Potentially Affect G,
Coupling—Several regions in the B2AR have been shown to
interact with B-arrestin, including both the C-terminal phos-
phorylated tail of the receptor and, for example, a stretch of
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amino acids in ICL2 (33, 34). In principle, mutations that either
increase or decrease G, coupling could do so “indirectly” by
having the opposite effect on arrestin recruitment and receptor
internalization. This was observed in the a-1b adrenergic
receptor where an Asplll:25 to Ala mutant was found to be
highly constitutively active with respect to G protein signaling
but unable to recruit B-arrestin and internalize, which was
interpreted as being the basis for the high constitutive G, activ-
ity of the mutant receptor (35). In the present study, we found
that the AsplIIl:25 to Ala and GluVI:-06 to Ala mutants of the
B2AR, which both display increased constitutive G, activity and
increased agonist-induced signaling, had normal or in fact
improved ability to recruit arrestin and internalize. These find-
ings are similar to observations in the gonadotropin AsplIIl:25
to Asn or Glu receptor mutants, which displayed increased G
protein signaling along with increased internalization (36).
Also, in the case of the TyrV:24 to Ala mutant, we found a
parallel effect on G, signaling, arrestin mobilization, and inter-
nalization, i.e. in this case, an elimination of all three functions.
However, the ArglIL:26 to alanine mutation of B2AR resulted in
a 30% reduced capability to mobilize B-arrestin2 as compared
with the WT receptor but did not affect internalization. It could
be speculated that the reduced mobilization of B-arrestin2 at
least partly could be responsible for the WT-like phenotype
observed in the G, signaling.

In conclusion, we show that residues of the DRY motif along
with the identified interaction partners in TM-V and -VI make
important contributions to the structural integrity of the B2AR
being important for both the inactive as well as the active recep-
tor conformation. This conserved micro-switch region is
important not only for signaling through the G protein but
more or less in parallel also for arrestin mobilization and inter-
nalization. As some of the interactions, which the mutational
analysis indicates are functionally very important, are not
observed clearly in the presently available x-ray structures of
the B2AR, but for example in the rhodopsin structures, our
study underlines the well known fact that even high resolution
x-ray analysis needs to be complemented by biochemical, bio-
physical, and other types of studies.
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