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Abstract

The adenosine receptor subfamily includes four subtypes: the A, A , A,

and A, receptors, which all belong to the superfamily of G protein-coupled
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receptors (GPCRs). The adenosine A, receptor is the least investigated of the
adenosine receptors, and the molecular mechanisms of its activation have
hardly been explored. We used a single-GPCR-one-G protein yeast screening
method in combination with mutagenesis studies, molecular modeling and bio-
informatics to investigate the importance of the different amino acid residues of
the NPxxY(x),F motif and helix 8 in the human adenosine A, receptor (hA,R)
activation. A scanning mutagenesis protocol was employed, yielding 11 single
mutations and one double mutation of the NPxxY(x),F motif and 16 single
mutations of helix 8. The amino acid residues P2877°, Y29075, R2937%¢ and 1304%>”
were found to be essential, since mutation of these amino acid residues to alanine
led to a complete loss of function. Western blot analysis showed that mutant
receptor R2937°A was not expressed, whereas the other proteins were. Amino
acid residues that are also important in receptor activation are: N2867*°, V28972,
Y2927%5, N294847, F2978%°, R298%!, H302%*° and R307%%. The mutation Y2907>°F
lost 50% of efficacy, while F297**A behaved similar to wild-type receptor. The
double mutation, Y2907°F/F2978°Y, lost around 70% of efficacy and displayed
a lower potency for the reference agonist 5-(N-ethylcarboxamido)adenosine
(NECA). This study provides new insight into the molecular interplay and impact
of TM7 and helix 8 for hA,, receptor activation, which may be extrapolated to
other adenosine receptors and possibly to other GPCRs.



Chapter 4

Introduction

The G protein-coupled receptors (GPCRs) form a membrane-bound
protein superfamily of seven transmembrane (TM) receptors that transmit
extracellular signaling to the intracellular environment!l. All GPCRs have
seven transmembrane spanning a-helices, an intracellular C-terminus with
an additional a-helix (‘helix 8'), an extracellular N-terminus, and 3 intra- and
3 extracellular loops. When a GPCR is activated by an extracellular stimulus
(e.g., a hormone/neurotransmitter or a synthetic agonist), a change in receptor
conformation is induced, leading to subsequent activation of a heterotrimeric G
proteinf?l,

The NPxxY(x),F stretch of amino acids plays an important role in G
protein activation®, which includes the highly conserved NPxxY motif in TM7
across the class A (rhodopsin-like) GPCR family, that is linked to the intracellular
helix 8, especially the residue phenylalanine (F) therein (5 or 6 residues after
the NPxxY motif)*. Helix 8 located at the start of the carboxyl (C)-terminus of
GPCRs is gaining recognition for its importance in GPCR function. Previous
research has shown that key residues of helix 8 play a vital role in receptor
activation, such as in the M1 muscarinic acetylcholine receptor®, leukotriene B4
receptor!®, cannabinoid receptor 17}, the type 1 angiotensin receptor’® and the
human 3,-adrenergic receptor””. However, there has been no study focusing on
this helix 8 in the context of activation of adenosine receptors. All four adenosine

receptors (A, A,,, A, and A)) are ubiquitously expressed in the human body!""!

2A7
and can target different intracellular signaling pathways by responding to the
same endogenous ligand adenosine. The A, receptor has the lowest affinity
for adenosine!' and has been less investigated than the other adenosine
receptors. Several studies have shown that blocking A, receptor signaling
reduces experimental autoimmune encephalomyelitis!*?! and inhibits growth of
prostate cancer cells!™, breast tumors™! and bladder tumors!"> '.. On the other
hand, activation of the A, receptor protects against trauma-hemorrhagic shock-

induced lung injury!”, CHX-induced apoptosis!™® and also vascular injury™®.

Thus, understanding the molecular mechanisms of hA ; receptor activation is of
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considerable relevance for drug design and disease prevention. In this context
it would be of substantial interest to determine whether the same tyrosine (Y”*°
of TM7)-phenylalanine (F**) interaction exists in the hA ; receptor, as e.g.,
apparent in the angiotensin II type 1 receptor®, and also to find which key
residues of helix 8 are involved in hA ; receptor activation.

In this study, a single-GPCR-one-G protein system in Saccharomyces
cerevisiae!™* was examined. It has been used for studying GPCR activation, such
as for the adenosine A receptor® and the adenosine A, receptor by ourselves*,
and, recently, for the glucagon-like peptide-1 receptor® among many other
GPCRs. To investigate the importance of the different amino acid residues of the
NPxxY(x),F motif and helix 8 in hA , receptor activation, an alanine-scanning
mutagenesis approach was applied to each residue of the NPxxY(x),F motif and
of helix 8 (Fig. 1). We identified the function of each residue of the NPxxY(x)F
motif and whole helix 8 in G protein coupling and receptor activation, which

may be extrapolated to other adenosine receptors and GPCRs.

Materials and methods

Materials

The S. cerevisiae expression vectors, the pDT-PGK and pDT-PGK_hA,, receptor
plasmids and the MMY24 strain were kindly provided by Dr. Simon Dowell
(GSK, Stevenage, UK). Six mutations, N2867*A, N2867#Q, N2867*R, Y290”>°F,
Y2907%*N and N294%#1 had been generated before at Leiden University, The
Netherlands. The QuikChange® II Site-Directed Mutagenesis Kit was purchased
from Stratagene (Amsterdam, the Netherlands). The QIAprep midi plasmid
purification kits were purchased from QIAGEN (Amsterdam, the Netherlands).
NECA and 3-Amino-[1,2,4]-triazole (3-AT) were both purchased from Sigma-—
Aldrich (Zwijndrecht, the Netherlands). The Hybond-ECL membranes
and the ECL Western blotting analysis system were purchased from GE
Healthcare (Eindhoven, the Netherlands). The antibody used was directed
against the C-terminal region of the hA ; receptor and was kindly provided by
Dr. L. Feoktistov (Vanderbilt University, Nashville, TN, USA) and goat anti-
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rabbit IgG was purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA, USA). Rat anti-yeast a-tubulin monoclonal antibody was used as
a reference protein (GTX76511, GeneTex, Irvine, CA, USA) with goat anti-rat
IgG-HRP antibody (sc-2032, Santa Cruz Biotechnology, Heidelberg, Germany)
as the second antibody. Adenosine deaminase was purchased from Roche
(Almere, The Netherlands). Polyethylenimine (PEI) was purchased from Sigma
(Zwijndrecht, the Netherlands).

Generation of point mutations

To investigate the importance of different amino acid residues of the NPxxY(x) F
motif and of helix 8 (Fig. 1) in hA ; receptor activation, a scanning mutagenesis
was performed, yielding 11 single mutations and one double mutation of
the NPxxY(x),F motif and 16 single mutations of helix 8. The DNA primers
of the mutations of the hA,, receptor (uniprot: P29275) were designed by the
QuikChange Primer Design Program of Agilent Technologies (Santa Clara, CA,
USA) and contained a single substitution resulting in a codon change for the
desired amino acid substitution. The reverse primer sequence of each mutation
was the reverse complement of the forward primer. These primers and their
complements were synthesized (Eurogentec, Maastricht, the Netherlands) and
then used to generate mutation plasmids according to the QuikChange method
from Stratagene/Agilent Technologies. The mutagenic reaction contained 45 ng
of the constructed pDT-PGK_hA,; plasmid as dsDNA template, 10 uM of each
primer, 1 ul of ANTP mix, 2.5 ul of 10 x reaction buffer and 2.5 U Pfullltra HF
DNA polymerase. The following thermal cycling parameters were used in the
PCR apparatus (T100™ Thermal Cycler, Bio-Rad, Hercules, CA, USA): 95 °C for
30 s, 55 °C for 1 min, and 68 °C for 10 min. The number of mutagenic PCR cycles
was set to 22. Methylated or hemimethylated non-mutated plasmid DNA was
removed by adding 5 U Dpn I restriction enzyme for 2 h at 37 °C. The mutated
DNA products were transformed into XL-1 Blue supercompetent cells and
other details were according to the manual of the QuikChange® II Site-Directed
Mutagenesis Kit. The mutations were confirmed by DNA sequencing (LGTC,
Leiden, the Netherlands).
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Transformation in a S. cerevisiae strain (MMY24)

Each mutation plasmid was transformed according to the Lithium-Acetate
procedure®® into an engineered S. cerevisiae yeast strain, MMY24, expressing
one specific Gpalp/G_, chimeric G protein. The yeast strain was derived from
the MMY11 strain and further adapted to communicate with mammalian
GPCRs. Hereto the last five amino acid residues of C-terminus of Gpalp/G_,,
chimera had been replaced with the same-length sequence from mammalian G,
protein™. The genotype of the MMY24 strain is: MATa his3 leu2 trpl ura3 canl
gpal_::G_i3 farl ::ura3 sst2_::ura3 Fus1::FUS1-HIS3 LEU2::FUS1-lacZ ste2_::G418R
and the sequence of these last 5 C-terminal amino acid residues of Gpalp/G_,,

chimera is ECGLY®CCH,

Yeast solid growth assay

To characterize the activation of the mutated receptors, concentration—growth
curves were generated with a solid growth assay. To measure the signaling of
GPCRs, the pheromone signaling pathway of these strains was coupled via the
FUS1 promoter to HIS3 (imidazoleglycerol-phosphate dehydratase), an enzyme
catalyzing the sixth step in histidine biosynthesis to produce histidine. 3-AT, a
competitive inhibitor of imidazoleglycerol-phosphate dehydratase, was added
to the assay to reduce background activity caused by endogenous histidine and
constitutive activity®l. The degree of receptor activation induced by an agonist
of the GPCR was measured by the growth rate of the yeast on a histidine-
deficient medium. The solid assay was performed with yeast cells from an
overnight culture in YNB-UL (YNB + adenine + tryptophan + histidine, lacking
uracil and leucine). These yeast cells were diluted to around 600,000 cells/ml
(OD,,, = 0.02), and droplets of 1.5 ul (= 900 cells) were spotted on selection agar
plates, YNB-ULH (YNB + adenine + tryptophan lacking uracil, leucine and
histidine), containing 7 mM 3-AT and the adenosine receptor agonist NECA
(concentrations ranging from 10° to 10* M). After incubation at 30 °C for 50
h, the plates were scanned and receptor activation-mediated yeast growth
was quantified with Quantity One imaging software of a GS-800 Calibrated
Densitometer from Bio-Rad (Hercules, CA, USA).
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Preparation of yeast protein extractions and immunoblotting

Protein extractions were performed with trichloroacetic acid (TCA) according to
the Clontech Yeast Protocols Handbook 2001. Yeast transformants were grown in
3 ml YAPD medium and were harvested in mid-exponential phase (adjust OD,
= 6, in total 1.2 x 10%cells per sample). The yeast cells were collected and washed
with cold water. Subsequently the yeast cells were broken by vigorous vortexing
with 200 ul of 20% TCA and 200 ul glass beads. A small hole was burnt in the
bottom of the 2 ml eppendorf tubes with a needle and these tubes were placed in
1.5 ml eppendorf tubes. This double layer of tubes was centrifuged at 3,000 rpm
for 2 min allowing the TCA with the broken cells, but not the glass beads, to pass
through the hole from the top eppendorf tube into the bottom one. The glass
beads were washed twice with 200 ul 5% TCA and spun both times at 3,000 rpm
for 2 min. The tubes containing the glass beads were discarded and the tubes
containing the broken cells were spun at 6,000 rpm for 2 min. The supernatant
was removed as much as possible. The pellets were resuspended with 55 ul 10%
SDS loading buffer (100 mM EDTA, 1 M Tris, 10% SDS, 0.5% Bromophenol blue;
pH=8) and 35 ul 1 M Tris (pH = 8.0) was added to neutralize all remaining TCA.
The samples were incubated for 30 min at 37 °C and centrifuged again at 2,000
rpm for 10 min.

Each sample of 4 ul (= 24 ug protein) was loaded on 12.5% SDS/PAGE gel
and then blotted on Hybond-ECL membranes (GE Healthcare, Eindhoven, The
Netherlands) using a semi-automated electrophoresis technique (PhastSystem™,
Amersham Pharmacia Biotech, Piscataway, NJ, USA). The Hybond-ECL
membranes were blocked with TBS containing 5% milk powder for 1 h and
washed three times with TBST (0.05% Tween 20, TBS pH 7.6). The membranes
were incubated with 1:1,250 diluted rabbit anti-human A, receptor antibody
for 1 h. After thorough removal of unbound antibody from the membranes by
washing three times with TBST, the membranes were incubated with 1:2,500
diluted HRP-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) for 1 h. The membranes were washed
twice with TBST and once with TBS. The specific signal of the hA_, receptor was
probed according to the ECL Western blotting analysis system (GE Healthcare,
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Eindhoven, The Netherlands) using enhanced chemiluminescence (ChemiDox
XRS, Bio-Rad, Hercules, CA, USA). Tubulin as the reference household protein
was analyzed simultaneously using rat anti-yeast a-tubulin monoclonal
antibody at 1 pg/mL and then using goat anti-rat IgG-HRP antibody at 0.16 ug/

mL as the second antibody.

Whole cell radioligand binding experiments

The whole cell radioligand binding experiments were performed as described by
us beforel® %1, Yeast cells from an overnight culture expressing the wild-type or
mutated hA, R were harvested from rich 3.5 ml YAPD medium by centrifuging
at 2,000 x g for 5 min. The pellet of cells was washed once with 0.9% NaCl. The
cells were centrifuged again using the same speed and diluted in the assay buffer
(50 mM Tris-HCI pH 7.4 + 1 mM EDTA) to OD, ,, =40 (OD,, =1 = 2.5 x 10 cells/
ml) with 0.4 IU adenosine deaminase. Binding experiments were performed
with 1.4 nM of the A, receptor selective antagonist [’H]PSB-603, and a final cell
concentration of 25 x 107 cells/ml in a total volume of 100 pl. Nonspecific binding
(NSB) was determined by additionally adding NECA at a final concentration of
1 mM. Samples were incubated for 1 h at 25 °C keeping the cells in suspension
by shaking vigorously. 1 ml of ice-cold assay buffer was added to samples to
terminate incubation and the samples were harvested on a Millipore manifold
with GF/B filters pre-incubated in 0.1% polyethylenimine (PEI) at a pressure of
200 mbar, to separate free from receptor-bound radioligand by washing twice
with 2 ml buffer (50 mM Tris—-HCl pH 7.4 + 1 mM EDTA + 0.1% BSA). The filters
were transferred into mini-vials, 3.5 ml of PerkinElmer Emulsifier Safe was added,
and were subsequently incubated for at least 2 h. Filter-bound radioactivity was
determined as counts per minute (CPM) by scintillation spectrometry (Tri-Carb
2900TR; PerkinElmer Life and Analytical Sciences). Results were obtained from

at least three independent experiments, performed in duplicate.
Data analysis

After incubation at 30 °C for 50 h, the plates of the solid growth assay were

scanned and receptor mediated yeast growth was quantified with Quantity
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One imaging software of the GS-800 Calibrated Densitometer from Bio-Rad
(Hercules, CA, USA). After correction for the local background, the amount of
yeast growth was calculated as the density (in OD/mm?) of each spot. Results
were obtained from four independent experiments, performed in triplicate. EC,
values and Emax values of the solid assay were calculated using the nonlinear
regression package available in Prism 5.0 software (GraphPad Software Inc., San
Diego, CA, USA). Differences in EC, values were examined for significance by
a two-tailed homoscedastic Student’s t-test, yielding p-values. Fold EC, is the
EC,, value on the mutant receptor divided by the EC, value on the wild-type
(WT) hA_; receptor.

Expression of the receptors was quantified using Quantity One imaging
software from Bio-Rad after correction for the background; it was calculated
as density (OD/mm?). The a-tubulin, at approx. 130 kDa, was used as loading
control and the specific hA ; receptor protein bands were at 34 kDa and 55
kDa. The ratio was determined between the density of the specific bands and
the density of loading control band. MMY24, carrying the wild-type hA
receptor, was set at 100% and MMY24, carrying the empty vector pDT-PGK
without receptor, was set at 0%. Results were obtained from three independent
experiments and all expression levels of mutant receptors were normalized by a

wild-type receptor sample on the same blot.

Bio-informatics

Amino acid conservation was obtained for the NPxxY(x), F motif and helix 8.
Amino acid sequences of the adenosine receptors, nucleotide-like subfamily and
class A (rthodopsin-like) family of GPCRs were collected from GPCRDB (http://
www.gpcr.org/7tm/)¥’. Frequency plots displaying conservation were created
using Weblogo (http://weblogo.berkeley.edu/logo.cgi)l.

A chimera/homology model of the adenosine hA , receptor was
constructed using the homology modeling tool within Maestro®2. The model
was based on both the 3, adrenergic receptor/G_ complex crystal structure (PDB:
3SN6) and the crystal structure of the adenosine A,, receptor co-crystallized
with the agonist NECA (PDB: 2YDV). A chimera model was constructed to
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ensure that the intracellular part of the homology model was in the G_ bound
conformation. The model was primarily based on the adenosine A,, crystal
structure except for the following sequence regions which were based on the f3,
adrenergic receptor crystal structure: A31-N43, V99-1126, 1203-1.213, E229-G241
and V289-Y299. Moreover, residues 214-228 in ICL2 were deleted since they
were (partly) missing in the crystal structures and not of interest in this study.
The resulting homology model was merged with the G_ protein part of the 3,
adrenergic receptor-G_ complex crystal structure and energy-minimized. To
further optimize the A ,—~G_complex the side chains of the sequence regions that
were based on the 3, adrenergic receptor were re-predicted using Prime®*?; this

was done using Monte Carlo sampling.

Results

We set out to investigate the importance of the different amino acid residues of
the NPxxY(x),F motif and helix 8 in the activation of the human adenosine A,
receptor. To that end we employed a scanning mutagenesis approach, yielding
11 single mutations and one double mutation of the NPxxY(x)F motif and
16 single mutations of helix 8. The amino acids in this scan have been color-
coded in a so-called snake plot of the receptor (Fig. 1). We expressed the yeast
plasmid pDT-PGK_hA, R and mutations in a yeast S. cerevisiae strain, MMY24.
This particular strain was preferred over others (data not shown) as the receptor
showed high affinity and efficacy of the reference agonist NECA, while it
displayed low constitutive activity yielding a good window between control and
agonist-stimulated receptor. When the expressed hA ; receptor or mutations are
activated by an agonist, the yeast pheromone signaling pathway is activated
through the chimeric yeast-mammalian G protein, leading to transcription of
the HIS3 reporter gene and consequently histidine production®!. Subsequent
growth of the yeast cells on a histidine-deficient agar plate was determined
by measuring the absorption at a wavelength of 595 nm, which reflects the
activation of the expressed receptor by the adenosine receptor agonist NECA.

NECA concentration-response curves from the solid growth assay of the wild-
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type and mutant receptors are shown in Fig. 2A-C and the values of Emax EC,|
and fold EC, shift are listed in Table 1. All mutant receptors displayed negligible

constitutive activity, similar to or lower than the WT receptor (data not shown).
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Fig. 1. Snake plot the human adenosine hA ; receptor. The template was obtained from
GPCRDB (http://www.gpcr.org/7tm/)*. Mutants were made in the NPxxY(x), ;F motif and
helix 8, shown as white bold letters. Four important amino acids have been labeled: P2877%,
Y2907%, R2937% and 1304%%. Highly conserved residues are highlighted to indicate the
Ballesteros—Weinstein numbering: N3, D250, R3%0, W#50 PS50 P6:50 and P7-500541,
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Fig. 2. Concentration—growth curves from solid assay experiments are shown for the hA
wild-type receptor and the NPxxY(x) F mutations (A) and the hA,; wild type receptor and the
helix 8 mutations (B and C) responding to the adenosine receptor agonist NECA. The assay

was performed on YNB-ULH agar plates. A representative experiment of a total of 4 for WT
and each responsive mutation is shown.
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Characterization of the function of the NPxxY(x), F motif in receptor
activation

The NPxxY(x),,F motif is a conserved stretch of amino acids among many
subfamilies of GPCRs (Fig. 3A-C).
N28674P2877012887'V28972Y2907*(x) F2975 is the motif present in the

adenosine hA ; receptor.
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Fig. 3. Frequency plots of multiple sequence alignments for the NPxxY motif (7.49-7.56) and
helix 8 (8.47-8.60) obtained from GPCRDB®!.. The size of the letters (one letter amino acid
notation) corresponds to the degree of conservation across the alignment in question, with
the largest letter (thus the highest degree of conservation) at the top. (A) Frequency plot of
the conservation of the amino acids that were mutated in this research across the adenosine
receptors; A, A,,, A, and A . (B) Frequency plot of the conservation of the amino acids across
the nucleotide-like subfamily (in total 32 receptors). (C) Frequency plot of the conservation of
the amino acids across the class A (rhodopsin-like) family (in total 292 receptors). Gaps in the
multiple sequence alignment are indicated with an X. (D) The alignment of these regions in
the A, receptor between different species.
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Residues of NPxxY(x) F mutated to alanine

In contrast with the wild-type hA_; receptor (NECA: Emax =100%; EC, =141+79
nM), the two most conserved residues, P2877°° and Y2907, showed a complete
loss of function upon mutation to alanine; no curves could be generated in the
solid growth assay, a feature similar to the empty plasmid pDT-PGK (Table 1).
The efficacy values of the following three mutations, N286"*°A, V2897%?A and
F2978%A were decreased to approx. 50% of the Emax value of the wild-type
hA ; receptor; the potency of NECA of these three mutations was significantly
decreased (p < 0.001), although to a different extent: 160-fold, 2.7-fold and 5.7-
fold, respectively (Table 1 and Fig. 2A). Only the mutation 12887°'A did not show
significant changes in both efficacy and potency of NECA, similar to the wild-
type receptor (Table 1 and Fig. 2A).

Various other specific mutations

N2867* was also mutated to glutamine (Q) and arginine (R) (Table 1). N286"4Q
showed a complete loss of function and the efficacy of N286”*R was decreased
with 42% and the potency of NECA by 5.6-fold (Fig. 2A). Y2907 **was also mutated
to phenylalanine (F) and asparagine (N) (Table 1). The efficacy of Y2907*°F was
63% and the potency of NECA on this mutant decreased by 30-fold (Fig. 2A).
Y290”N showed a complete loss of function. F297%* was mutated to tyrosine
(Y) and this mutation showed similar values of both efficacy and potency of
NECA as the wild-type receptor. Besides these single mutations, one double
mutation was made by swapping Y2907** with F297%%, coined Y2907>°F/F2975"Y
(Table 1, Fig. 2A). This double mutation showed a 61% decreased efficacy and
low potency of NECA, with a 129-fold reduction in EC,, value. The potency of
NECA for the double mutation was decreased much more than expected from

each single mutation.

Characterization of the function of helix 8 in receptor activation
The intracellular helix 8, close to the C-terminus of the GPCR, is increasingly
recognized for its importance in G protein coupling and activation® °. To

investigate the importance of the amino acid residues in this helix of the
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adenosine hAZB receptor, all residues were mutated one by one to alanine.
Furthermore, N294*%” was also mutated to isoleucine (Fig. 3A), which is present
in the other three adenosine receptors. F297%* is part of helix 8 as well, but this
residue was already discussed above, as it is often referred to in the context of
the NPxxY motif.

Mutations showing a complete loss of function
R2937*°A (Table 1), and 1304*>’A (Table 1) showed a complete loss of function; no

curves were observed, similar to the empty plasmid pDT-PGK.

Mutations showing a slight increase in potency

The potency of D296%*A, Y299%2A and F301***A was increased approx. 2-fold
(EC,, from 51 nM to 87 nM), which was not significant. Y299***A and F301%>*A
had partial decreases in efficacy of approx. 25% (Table 1, Fig. 2B and C), but
D296%#A did not show a significant decrease, with 6% only, in efficacy (Table 1
and Fig. 2B).

Mutations showing a partial loss of function

There were 4 mutations of helix 8, Y2927 A, N29434 A, S306%*°A and R307%A
that resulted in a partial loss of function when stimulated with NECA. Their
efficacies were all decreased by more than 20%, up to 37% (R307%%°A). These four
mutations also showed a significant decrease of potency, although to a different
extent: Y2927*°A with 4.8-fold (p < 0.001), N294*“A with 3.2-fold (p < 0.001),
5306°* A with 2-fold (p =0.015) and R307%°A with 21-fold (p <0.001). The specific
mutation of N294%#I did not affect either efficacy or potency of NECA (Table 1,
Fig. 2B and C).

Three other mutations of helix 8, R298% A, H302%% A, and I305%A, were
slightly less affected, showing a partial loss of function when stimulated with
NECA. The efficacies of these three mutations were slightly lower than wild-
type, between 10% and 20% (R298*>'A and H302%A with a decrease of 19%,
1305%%°A with 13%). However, the potency of the agonist NECA was significantly
reduced: R298*'A showed an 11-fold decrease of potency (p < 0.001), and
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H302%*A had a 5.4-fold decrease of potency (p < 0.001); however, I305%*A only
showed a 2.1-fold decrease of potency (p = 0.015) (Table 1, Fig. 2B and C).

The mutation K303%*A showed a significant decrease of potency of the
agonist NECA (2.9-fold, p = 0.002), however, no significant decrease of efficacy
(with 5% only) was observed (Table 1 and Fig. 2C).

Mutations with no or a slight decrease of receptor activation
Two mutations, R295%#A (Table 1 and Fig. 2B) and T300%*°A (Table 1 and Fig. 2C)
were more like the wild-type receptor. They showed only a 1.5-fold decrease of

potency with concomitant slight decreases of efficacy around 15%.

Expression levels of wild-type receptor and all mutants

We performed a Western blot analysis to assess the expression levels of the wild-
type hA , receptor, the NPxxY(x),F mutations (Fig. 4A) and the helix 8 mutations
(Fig. 4B). A yeast reference protein, a-tubulin (top panel), was used as loading
control, which is located at approx. 130 kDa and also appeared at the pDT-PGK
MMY24 strain without receptor. The hA ; receptor antibody recognized two
bands (bottom panel) at 55 kDa and 34 kDa. The percentage expression level of
all mutants was determined from the densities of the two specific bands and the
loading control (n = 3, Table 1). MMY24 carrying wild-type receptor was set as
100% and MMY24 carrying the empty vector pDT-PGK without receptor was set
as 0%. It should be mentioned here that these experiments reveal total receptor
expression, and do not specify the location of the receptor, i.e. membrane-bound
and/or intracellular.

The R2937>°A mutant was not expressed at all, while N286”*A was only
marginally expressed, to 15% of control. N2867R,Y292”*°A and Y299%*A also
had significantly decreased expression levels, approx. 50% of wild-type receptor.
Many mutants had expression levels not significantly different from wild-type
receptor (N2867+Q, P2877°A, 12887 A, Y29075°A, Y2907>°F, Y2907°N, N294%+A,
N294547], R295%%A, D29654A, F2975°A, F2978°Y, R298%>'A, T300%*A, F301%>A,
H3025A, K303%*A, 1304*7A, 1305%A, S306%°A and R307%%A). V2897**A and
Y29072°F/F2975°°Y showed significantly higher expression of the receptor.
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[*H]PSB-603 antagonist binding to wild-type receptor and all mutants

In Table 1 the percentage of specific [’H]PSB-603 binding to every single mutant
receptor is compared to the wild-type receptor (100%). Five mutants, N2867+Q,
P2877°A, R2937%°A, 1304%A and I305%%A lost antagonist binding completely.
Four mutants, N286”#A, Y2927%°A, T300%°A and F301%3A, showed slightly
but not significantly higher antagonist binding than wild-type. Two mutants,
R295%%A and Y299%*?A, showed similar antagonist binding compared to wild-
type. A majority of mutants showed significant decreases in antagonist binding,
below 50% compared to wild-type receptor. They are 12887°'A, V2897%A,
Y2907 A, Y2907F, Y2907**N, F2975°A, Y2907°F/F2975°Y, N294%* A, N2943+7],
D296%4A, R298%5TA, K303%°A, S306%°°A and R307%%°A. Three other mutants,
N2867#R, F297%*Y and H302%%A, also showed lower antagonist binding

compared to wild-type, but without significant differences.
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Table 1 Characterization of the NPxxY(x),F motif and helix 8 mutations of the adenosine hA,;
receptor in the strain MMY24 (G ,). Parameters of the NECA concentration-effect curves
generated from four independent solid growth assays (n = 4), each performed in triplicate.

Radioligand bind-
ing assay

Fold  %[°H]PSB-603

Yeast solid assay Western blot

Emax (%) EC,, (nM) EC,, binding % expression
WT_A,, 100 141 +79 100 + 11 100+5
pDT-PGK - - - 0 0
NPxxY(x) F
N28679A 58 +15 22557 +15293*** 160 120+ 14 15 + 3***
N28674Q - - - 0 110+ 23
N2867+R 58 +13 789 + 671* 5.6 79+16 68 + 10*
P2877%0A - - - 0 143+ 17
128871A 93+6 193 +93 14 23 + 9** 127+ 10
V289752 A 44 +8 376 +239* 2.7 17 £ 7% 144 + 15*
Y2907 A - - - 17 + 4** 93+ 7
Y2907%°F 6312 4197 + 3760** 30 14 £ 9** 102+ 9
Y29075N - - - 16 £10** 83+ 14
F29785°A 46 +9 803 + 188*** 5.7 19 + 8** 111+5
F29780Y 90 + 10 392 + 81*** 2.8 88 +22 97 +1
Y29075F/F2975850Y 39+16 18170 + 16357** 129 15 + 10** 173 + 12*
Helix 8
Y2927 A 75+13 679 +201*** 48 122+7 46 + 14*
R2937%A - - - 0 0
N294547 A 78 +4 449 + 179%** 3.2 24 +11** 122 +32
N294847] 94 +11 251+125 1.8 49 +15* 165 + 30
R2955%45A 86 +23 236 + 151 1.7 100 £ 12 197 + 54
D2965%A 94 +10 60 31 0.4 44 +10** 116 +17
R298551A 81+17 1573 + 765*** 11 34 +12%* 48+18
Y299852A 78 +11 87+8 0.6 104 +19 54 +10*
T300%53A 83+11 216 + 63 1.5 122+5 65+ 26
F3018A 73+13 51+8 0.4 144 + 32 101 £15
H3025%A 81+5 761 £ 321%** 5.4 62+13 77 £29
K303%%A 95+7 403 + 162** 29 45 +12% 99 +29
130455 A - - - 0 171+ 36
13058 A 87 +11 293 +106* 2.1 0 134 + 31
S3065A 74+ 11 281 + 82* 2 49 +14* 98 +27
R3078°A 63+13 2932 + 1776*** 21 21 + 7** 108 + 46

Percentage maximal activity (% Emax) compared to the wild-type hA,; receptor represents the intrinsic activity of the
receptor. EC, is the potency of the agonist NECA. The fold EC, was calculated by dividing the EC, of the mutant receptor
by the EC, of the wild-type receptor. “ - : Emax <5%, EC, and fold EC, could notbe determined. % [*H]PSB-603 binding
represents specific [PH]PSB-603 binding to all mutants compared to the wild-type receptor (100%, n=3 or 4). % expression
level of all mutants was determined from the density of the two specific bands and that of the loading control (wild-type =
100%, n=3). P-values were calculated by a two-tailed homoscedastic Student’s t-test; significance is indicated as follows: *:
p<0.05,**:p<0.01, ***: p<0.001. The superscript numbers of residues are according to Ballesteros-Weinstein numbering!>!.
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A

Fig. 4. Western blot analysis of the hA,, wild-type receptor, pDT-PGK without any receptor,
the NPxxY(x) F mutations (A) and the helix 8 mutations (B). Yeast reference protein a-tubulin
(top panel) was used as loading control, which is located at approx. 130 kDa and also appeared
at pDT-PGK without receptor. The hA_; receptor specific bands (bottom panel) are at 55 kDa
and 34 kDa. All bands shown from a representative experiment. % expression level of all
mutants in the bar graphs was determined between the density of the two specific bands and
the loading control (1 = 3). MMY24 carrying wild-type receptor was set as 100% and MMY24
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carrying the empty vector pDT-PGK without receptor was set as 0%.
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Discussion

Our previous research has shown that the single-GPCR-one-G protein yeast
screening system is very well suited to study a G protein-coupled receptor and
its G protein preferencel®*. The adenosine hA ;receptor and its mutations were
expressed and activated in a panel of eight yeast S. cerevisiae strains, covering the
four major classes (corresponding to the replaced last five C-terminal residues
G

have identified the function of each residue of the NPxxY motif and the whole

of the mammalian G subunit): G G,,and G, .. In the current study we

ai’ T as’

helix 8 in human A, receptor activation, as derived from the concentration—
response curves of the reference agonist NECA on all mutations in a functional
yeast growth assay. Firstly, our data confirmed this single-GPCR-one-G protein
system is well suitable for studying GPCR activation with many advantageous
features; it is cheap, fast, stable, robust and cell handling is easy. Most important,
however, is that there is no (other) GPCR background and that the yeast strain
has a specifically designed G protein pathway. Secondly, we found four key
residues, P2877%, Y2907, R2937*¢ and 1304%*" that are essential in receptor
activation. Thirdly, other amino acid residues were identified as quite crucial
too: N28674%, V289722, Y2927, N294547, F2978, R298%!, H302%>> and R3073%. In
the following paragraphs we will discuss the mechanisms of receptor activation
in more detail using several sources with bio-informatics information and
compare our findings with previous research. The conservation of each residue
of the NPxxY motif and the whole helix 8 was compared across all adenosine
receptors (Figure 3A), the nucleotide-like subfamily (Fig. 3B), and the entire
class A (rhodopsin-like) family of GPCRs (Fig. 3C) and also compared within
the A, receptor between different species (Fig. 3D).
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NPxxY motif

The five amino acids NPxxY constitute a highly conserved motif across the
rhodopsin-like GPCRs and are generally acknowledged as vital for G protein
activation; the sequence motif N2867+P2877[2887°'V2897°2Y2907** is present
in the human adenosine hA2B receptor (Fig. 3C). N2867#, P2877%", and Y2907
are all 100% conserved in the adenosine receptors. There are two key residues,
P2877% and Y2907, since mutations at these positions showed a complete loss
of function. N2867* seems to be important too, but not as crucial as the two
key residues P2877>° and Y2907, as mutation N286’*A only showed a partial
loss of function in both NECA efficacy and potency. However, 12887>' Aacted as
the wild-type hA ; receptor and V289”**A only showed a significant decrease
in efficacy with a slight decrease in potency. These two mutants were well

expressed, but showed lowered antagonist binding.

N2867* and P2877°

When N2867#° was conservatively mutated to glutamine (Q), receptor activation
was completely abolished. A recovery of function was observed when the
asparagine was mutated to the positively charged arginine (R), which mutation
showed 50% efficacy only and a 5.6-fold decrease in potency in comparison
to the activity of the wild-type receptor (Table 1). The mutation to glutamine
caused a complete loss of radiolabeled antagonist binding. It should be
mentioned that a modest reduction in radioligand affinity may already lead to
negligible binding in this assay. A receptor homology model based on the A,
receptor crystal structure suggests that N’* makes a stabilizing interaction with
N7#41%]l The mutation N7*A in the human NK2 and CCR5 receptors showed a
decrease of receptor activation as well®® 1. This might be explained by a possible
interaction of N”# with a conserved aspartate in helix 2, D52*%; Sealfon et al.
found that swapping these two residues, D**’N/N’#D in the serotonin 5-HT,,
receptor restored receptor function while the D>*’N mutation alone eliminated
activation®!. From our own results we hypothesize N286”*R would also be
able to have this interaction with D>, whereas N2867+Q would not keep this

interaction anymore.
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Fig. 5. The chimera/homology model of the adenosine A, receptor based on both the 3,
adrenergic receptor/G_complex crystal structure (PDB: 3SN6) and the crystal structure of the
adenosine A,, receptor co-crystallized with the agonist NECA (PDB: 2YDV). (A) Residues
within 4 A of P2877%°, Y2907% and R2937%¢ are visualized. Possible interactions of residues
are shown; R103°*% is interacting (m-cation interaction) withY391 (G )/Y2907%, R2937% is
interacting with E392 (G) and the backbone of Q390 (G ), and N294%* interacts with Q390
(G,). (B) The interactions of loss-of-activation residue 1304*>” and neighboring residue 1305**
are shown. 1304%%” seems to be “hydrophobically locked” between residues L27"% and A31'*,
while I305%% is more exposed.
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The very high degree of conservation of amino acid P2877*" implies that
it could be essential for GPCR activation, since the P2877°°A mutation showed
a complete loss of function, accompanied by a loss of antagonist binding, while
receptor expression was unaffected (Table 1). Indeed, mutation of this amino
acid to alanine not only abolished receptor activation in our research but also
in the rat M3 muscarinic receptor®!. However, Barak et al. found that mutation
P7A only reduced but not abolished agonist-mediated phosphorylation in
the human 3, adrenergic receptor; instead, they found that mutation of N"*A
abrogated receptor phosphorylation*!. In the rat type 1 angiotensin II receptor
this was also the case: the mutation N”*A severely impaired receptor function,
whereas P”*°A only reduced receptor function*!l. These findings indicate that
it is receptor specific whether N7* or P7* is essential for receptor activation;

however, both seem to be important and working in close control of each other.

Y2907 and F297%

From Table 1 it follows that the mutations Y290"*A and Y290"*N both
completely abolished activation of the receptor. The mutant Y2907*°F showed a
partial loss of function. All three mutants displayed normal receptor expression
and reduced antagonist binding. This suggests that an aromatic side chain as
in tyrosine and phenylalanine at this position is essential for activation. It also
indicates that the hydroxyl group in tyrosine is very important in hA ; receptor
activation. The homology model suggests that Y290”* is interacting with the
conserved R103%*% of the DRY motif (Fig. 5A). Y”** has been investigated and
mutated in numerous GPCRs. The mutation Y***A abolished agonist-mediated
internalization, but did not influence its ability to maximally stimulate adenylyl
cyclase in the human B, adrenergic receptor, Y*°F only slightly reduced this
ability!*>*1. In the human type 1 angiotensin II receptor mutation of this amino
acid to either alanine or phenylalanine led to comparably and heavily impaired
signaling!*!l. Le Gouill et al. found that the Y”**A mutation in the human platelet-
activating factor receptor abolished G protein coupling but not internalization,
whereas the Y7*°F mutation did not have a significant effect on either process!*!.

In the murine GnRH receptor, the mutation Y”*°A led to abrogation of inositol
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phosphate production, substitution with phenylalanine resulted in normal G
protein activation!*l.

The mutation F297%°A showed a partial loss of function while the
mutation F297%°Y behaved similarly to wild-type receptor. It has been postulated
that an aromatic interaction, or pi/pi stacking, occurs between the Y290”>° and
F2978% residues, stabilizing the receptor in an inactive state!””). However, this
cannot be the only reason in view of our finding that the double mutation,
Y29075°F/F2975*Y, showed a greater combined loss of function than both single
mutations. Fritze et al. reported on the same double mutation in rhodopsin.
The interaction between the two residues played an important role during the

change from inactive to active state!*”.

Key residues of helix 8: R29375¢ and 13045

Helix 8 is increasingly recognized as having a large role in assisting the receptor
in G protein coupling!*. In this study all amino acids of helix 8 in the adenosine
A, receptor were mutated one by one to alanine to investigate their role in G
protein activation. Two residues, R2937*° and 1304%”, showed a complete loss
of receptor activation. However, similar key residues had different locations
in other receptors, such as in the M1 muscarinic acetylcholine receptor, where
F425%0, R426%°", T428%% and L432%% were found important for G protein binding
and signaling®; in the cannabinoid receptor 1 these were hydrophobic residues
L404%%, F408%>, F412%%; in the {8, adrenergic receptor these were D382%* and
R384%! within a hydrophilic interface, possibly serving as a tethering site for the
G protein!}; in the type 1 angiotensin receptor Y3125, F313%>* and L314%* were

identified as such!®l.

R293736

The mutation R2937°A showed a complete loss of function (Table 1), accompanied
by a similar lack of receptor expression and antagonist binding. This makes it
difficult to draw unambiguous conclusions. From the homology model provided
(Fig. 5A) it is apparent that R2937°° has an interaction with the C terminal tail

(QYELL®°") of the G subunit, involved in activation of the adenosine hA
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receptor. However, the homology model is based on the 3,-adrenergic receptor—
G, complex crystal structure; the MMY24 cell line expresses the G_,, subunit
which has a different C terminal tail (ECGLY“°°"). The glutamic acid (E), with
which R2937%¢ interacts, is present in both tails although at a different position,
which might make this residue essential for G protein coupling. R7* is highly
conserved across the adenosine receptor family; the only other amino acid
present is lysine, which is a large, basic, charged hydrophilic residue as well.
The conservation of this amino acid across the nucleotide-like subfamily (Fig.
3B) and class A (rhodopsin-like) family (Fig. 3C) is rather low, however. This
sequence element is the connection between TM7 and helix 8, which apparently
is quite flexible, because it is missing in many receptors whereas some have an
extra residue here (Fig. 3C). R is also highly conserved in the A, receptor
across different species (Fig. 3D). However, these results and explanations imply
that the involvement of this amino acid residue R/K2937¢ in G protein coupling

may be quite specific for the adenosine receptors.

1304%%" and 13055

The mutation 1304*7A showed a complete loss of function, had no antagonist
binding, but was very well expressed (Table 1). This 1304* is present in all
adenosine receptors. It has the highest rate of conservation across the nucleotide-
like receptor subfamily and comes second in the entire class A (rhodopsin-like)
family (Fig. 3). In contrast, mutation of L**’A in the human {3, adrenergic receptor
had no influence on expression, ligand binding, G protein coupling or adenylyl
cyclase activity; only agonist-mediated receptor sequestration was markedly
impaired!. Our homology model predicts that 1304**” is hydrophobically
locked between residues L27'>* and A31'** (Fig. 5B). This hydrophobic lock
might stabilize the position of helix 8 resulting in a loss of function when
this lock is broken. It is remarkable that mutation I305%%%A, which is in close
proximity of 1304%, showed no severe loss of function (Table 1). The reason for
this might be that I305%°® is more exposed to the cytoplasm as opposed to 1304,
This isoleucineis less conserved (50%) in adenosine receptors than 1304*>” (100%)

and also less conserved in the nucleotide-like receptor subfamily and class A
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(rhodopsin-like) family. The most conserved residue at both positions is leucine;
however, there is a higher degree of conservation at position 8.58 (40%) than
at position 8.57 (26%) (Fig. 3). This finding implies hydrophobic residues at
position 8.57 and 8.58 are very common in many GPCRs, in which 1304%*is a

key residue for hA,; receptor activation.

Other residues

Five residues, Y2927, N294847, R298%5 H3028% and R3073% were also shown to
be of high importance in receptor activation, while showing substantial receptor
expression and antagonist binding. The substitution of these residues for alanine
caused a significant decrease of NECA’s potency (p < 0.001) and a reduction of
its efficacy.

R298%' and R307%% significantly influenced the potency of NECA (EC,,
fold > 10-fold upon mutation). R*' is the second most conserved residue, next
to the most conserved residue F**" of helix 8 across the class A (rhodopsin-like)
receptor family (Fig. 3C). However, R307%is not that conserved; this position
shows different residues across the adenosine receptors, even more so across
the nucleotide-like receptor subfamily and class A (rhodopsin-like) receptor
family. This position is at the end of helix 8, and it appears to have very different
functions in different receptors. In the adenosine A, , receptor a serine is present
at position 8.60; mutation S*®A in the canine adenosine A,, receptor showed a
decrease of potency but not efficacy of adenylyl cyclase stimulation*’l. In the
human dopamine D1 receptor mutation C**A had no effect on the stimulation
of adenylyl cyclase®. Mutation Y**®A in the rat type 1 angiotensin II receptor
resulted in a reduction in internalization rate®!l.

The neighboring residues of key amino acids R2937°¢ and 1304* are very
important as well, such as Y2927%° and N294%%" (neighbors of R2937*°). Residue
Y2927 is highly conserved across the adenosine receptors, the other residue
being the closely related phenylalanine (Fig. 3A). The tyrosine is not very
conserved, but a phenylalanine is across the nucleotide-like receptor subfamily
(Fig. 3B) and the class A rhodopsin-like receptor family (Fig. 3C). This may

imply that an aromatic group at this position is important. Since this residue is
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located in the linking sequence segment that connects TM7 and helix 8, it might
be that an aromatic ring at this position is essential for a correct arrangement
of these two helices with respect to each other. Secondly, it may team up with
key residue R2937*° in receptor activation. The adenosine A, receptor carries
an asparagine (N) at the 8.47 position and is unique with respect to the other
adenosine receptors, which all have an isoleucine (I) at this position. Across
the nucleotide-like receptor subfamily (Fig. 3B) and the class A rhodopsin-
like receptor family (Fig. 3C) N*¥ is more conserved than I*¥ (Fig. 3B and C).
However, the N*¥I mutation did not cause significant decreases in both efficacy
and potency of the agonist NECA compared to the wild-type receptor, less so
than the N*¥A mutation. These results imply that there is no apparent difference
between N294%% at the A, receptor or 1294%* in other receptors. Mutation of this
amino acid in bovine rhodopsin had no effect on the GDP/GTP exchange within
the G protein/®.,

The conservation of H302%% is low across the adenosine receptors
(25%), the nucleotide-like receptor subfamily (3%) and the class A rhodopsin-
like receptor family (2%). However, conservation of another basic amino acid,
arginine, is the highest across the nucleotide-like receptor subfamily and the
second highest across the entire Class A receptor family, in which lysine is
the highest. So a charged, basic residue is common at this position. Leucine
is often found as well; it is the third most conserved residue across all Class
A GPCRs and accounts for half of the adenosine receptor family (Fig. 3). Sano
et al. reported that L314%*A, together with Y3125 and F313***in the cytosolic
carboxyl-terminal region of the rat type 1 angiotensin II receptor is essential for
coupling and activation, since mutations on these three positions resulted in a
marked reduction in GTPYS effects on Ang Il binding and inositol trisphosphate
production!.

In conclusion, the alanine scan of the NPxxY motif and the adjacent helix
8 of the adenosine A, receptor we performed in the present study identified a
number of positions vital for receptor activation, some of which unknown at
other receptors. In some instances we provided additional data by substituting

alanine for other amino acids, mostly triggered by their presence in other
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GPCRs. The latter approach could be brought further by, e.g., analyzing more
conservative mutations in which the physicochemical nature of the substituted
amino acid is taken into account. Homology modeling of the receptor and
visualizing the likely interactions between amino acids in G protein and receptor
provided insight into the putative molecular mechanisms for the deterioration

of receptor activation.
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