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Abstract

The adenosine class of G protein-coupled receptors mediates the important role of extracellular
adenosine in many physiological processes and is antagonized by caffeine. We have determined the
crystal structure of the human Aj, adenosine receptor in complex with a high affinity subtype-
selective antagonist, ZM241385, to 2.6 A resolution. Four disulfide bridges in the extracellular
domain combined with a subtle repacking of the transmembrane helices relative to the adrenergic
and rhodopsin receptor structures defines a pocket distinct from that of other structurally determined
GPCRs. The arrangement allows for the binding of the antagonist in an extended conformation
perpendicular to the membrane plane. The binding site highlights an integral role for the extracellular
loops, together with the helical core in ligand recognition by this class of GPCRs, and suggests a role
for ZM241385 in restricting the movement of a tryptophan residue important in the activation
mechanism of the class A receptors.

Introduction

Extracellular adenosine plays an important role in physiology and initiates most of its effects
through the activation of four guanine nucleotide binding protein (G protein) coupled receptor
(GPCR) subtypes, A, Ara, Aog and Aj (1,2). Each of these four receptors plays an essential
role in responding to adenosine in the central nervous system (3,4) regulating pain (5), cerebral
blood flow (6), basal ganglia functions (7), respiration (8) and sleep (9). These receptor
subtypes are primarily coupled to the cAMP second messenger system and each has its own
unique pharmacological profile. The A, adenosine subtype is linked to G and G¢ proteins
and upon receptor activation, the intracellular levels of cAMP increase. At least three of the
four adenosine receptor subtypes (A, Ara and Ajp) are blocked by naturally occurring
methylxanthines, such as caffeine, with modest affinity. Interestingly, strong epidemiological
evidence suggests that coffee drinkers have a lower risk of Parkinson’s disease (10). This effect
has been linked to caffeine’s interaction with the A, adenosine receptor, which controls
locomotor behavior in basal ganglia together with dopamine D, and metabotropic glutamate
mGluR receptors (11,12). Development of more selective compounds for adenosine receptor
subtypes could provide a class of therapeutics for treating numerous human maladies, such as
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One sentence summary: The structure of a human adenosine receptor adds to the repertoire of GPCR structural information and shows
that the ligand binding pocket can vary position and orientation among receptors.
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pain (5), Parkinson’s disease (7,13), Huntington disease (14), asthma (15), seizures (16) and
many other neurological disorders (14,17).

We have determined the crystal structure of the human A, 4 adenosine receptor in complex
with the subtype selective high affinity antagonist (4-(2-[7-amino-2-(2-furyl)-[1,2,4]triazolo-
[2,3-a][1,3,5]triazin-5-ylamino] ethyl)-phenol (ZM241385) (18,19). The basis for this
compound’s selectivity over the adenosine A and Aj receptors can now be analyzed in the
context of its molecular interactions with the A, receptor along with previously reported
mutagenesis data. With an additional human GPCR structure, it is now possible to extend the
analysis of structural differences as they pertain to receptor pharmacology, ligand recognition
and receptor activation across the members of the class A receptor family.

Structure determination

GPCRs possess numerous thermodynamic conformations (20,21), implying an inherent
structural flexibility (22-24). This flexibility manifests itself as thermal instability upon
detergent extraction from lipid membranes and is one of the primary challenges in generating
crystals of GPCRs (25,26). In order to overcome this obstacle with the human Ay, adenosine
receptor, we applied the T4L fusion strategy (24,27,28), where most of the third cytoplasmic
loop (Leu209°-70 - Ala221623) was replaced with lysozyme from T4 bacteriophage and the
carboxyl-terminal tail (Ala317 - Ser412) was deleted to improve the likelihood of
crystallization. The resulting recombinant construct (Aya-T4L-AC) was further stabilized
during purification with (i) sodium chloride, which has a beneficial effect on adenosine receptor
stability, (ii) a saturating concentration of the nonspecific adenosine receptor antagonist
theophylline (ZM241385 was exchanged from theophylline in the last purification step) and
(iii) including cholesteryl hemisuccinate throughout the purification. Purified Ays-T4L-AC
bound to ZM241385 was crystallized using the in meso crystallization methodology where the
lipid phase consisted of a mixture of monoolein and cholesterol (29).

Diffraction data from thirteen of the best crystals were combined to yield a 2.6 A dataset (Table
1). Phases were obtained by molecular replacement using the coordinates of the fy-adrenergic
receptor (BpAR) fused to T4-lysozyme (PDB accession number, 2RH1). The final refined
model includes residues Ile3 to GIn310 of the human A, adenosine receptor, residues 2 to
161 of T4-lysozyme, five lipid hydrocarbon chains modeled as stearic acid, eight sulfate ions
and the antagonist ZM?241385 bound in the ligand binding cavity (Figure 1). The experimental
electron density for the amino (Metl - Pro2) and carboxyl (Glu311 - Ala316) termini did not
support modeling of these regions. In addition, the tip of second extracellular loop (GIn148 -
Ser156) was not modeled due to weak experimental electron density. Although cholesterol
does have a significant stabilizing effect on the A, adenosine receptor and was included in
the crystallization trials, in contrast to the By-adrenergic receptor structure which has
cholesterol bound in a pocket referred to as the cholesterol consensus motif (30), the App
adenosine receptor structure has phospholipid bound in the same area.

Biochemical characterization of A;5-T4L-AC

We have verified the functionality of Aya-T4L-AC by comparing its binding properties to
Aoa-T4 and App-WT (31). The App-TAL-AC, Axa-T4 and App-WT constructs expressed in
Sf9 cells bind [*H]ZM241385 with similar affinity as the same constructs transiently expressed
in HEK?293 as judged by radioligand saturation experiments. This finding was corroborated in
competition binding assays, as the two Aya-T4L constructs had ICsq values similar to Aja-
WT for ZM241385 (Figure 2;Figure 25 and Table 2S in SOM). However, Aya-T4L and

Ay a-T4L-AC displayed significantly higher affinity for the subtype-selective agonist
CGS21680 as compared to the Ayo-WT construct, possibly indicating a shift toward the
activated state induced by the incorporation of the T4L moiety. A comparable construct of the
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B2AR behaved in a similar fashion (24); however, unlike B, AR, the Ay A-WT has no associated
basal activity (G protein signalling in the absence of agonist). The inclusion of a high
concentration of sodium chloride in the assay medium induced a substantial decrease in the
agonist affinity for all of the tested constructs (Figure 2b) but did not appreciably affect
antagonist affinity. Interestingly, pK; values for the agonist in the presence of sodium chloride
were virtually identical for all constructs tested (Table 2S in SOM) suggesting that sodium
chloride induced a shift in receptor equilibrium to an inactive state (32). In addition, sodium
chloride induced a 10 °C increase in thermal stability for A,-T4L-AC solubilized in n-
Dodecyl-B-D-maltoside (Figure 3S in SOM). Thus, radioligand binding experiments support
the conclusion that the construct used for crystallization is a functional receptor with an
increased affinity for agonist, and wild-type affinity for antagonist.

Architecture of the human A,, adenosine receptor

The residues constituting the transmembrane a-helices are: Gly5!-31-Trp321-58 (helix I);
Thr41239-Ser6723 (helix I1); His75323-Arg1073-> (helix III); Thr119*40-Leu140%6! (helix
IV); Asn175%-36-A1a2045-05 (helix V); Arg2226-24-Phe2586-60 (helix VI); Leu2697-34-
Arg2917-5% (helix VII) (33). A small non-transmembrane helix is located at the membrane-
cytoplasm interface and comprises Arg2968-47-Leu3088-? (helix VIII). The A, adenosine
receptor does not contain the canonical palmitoylation site(s) found in the majority of GPCRs;
instead, helix VIII is stabilized by interactions with helix I (34). The residues defining
intracellular and extracellular loops (ICLs and ECLs) are: Leu331-9-Val402-38 (ICL1);
Ie1083-0-Gly 118439 (ICL2); Leu2083-9%-Ala2216-23 (ICL3); Thr682-%6-Cys743-22 (ECL1);
Leul41492-Met174535 (ECL2); Cys2595-61-Trp2687-33 (ECL3). In our structure ICL3 has
been replaced by 160 residues from T4L lysozyme (see Supplementary Figure S1).
Additionally, The N-linked glycan associated with Asn154*73 has been removed
enzymatically to improve crystallization.

Our crystallographic model of A 5-T4L-AC bound to ZM?241385 reveals three features distinct
from the previously reported GPCR structures. First, the organization of the extracellular loops
is markedly different from AR, f,AR and bovine/squid rhodopsins (23,24,30,35-37).
Secondly, ZM?241385 binds in an extended conformation perpendicular to the plane of the
membrane and co-linear with transmembrane helix VII interacting with both ECL2 and ECL3.
This is somewhat incongruous with earlier molecular modeling studies based on B,AR and
rhodopsin homology models where ZM?241385 and other antagonists were docked into a
binding site emulating that of f,AR and rhodopsin (for examples see (38,39), and references
therein). Finally, a subtle divergence in the helical positions and orientations relative to
rhodopsin and , AR redefines the antagonist binding cavity so that it is located closer to helices
VI and VII and allowing only limited interactions with helices III and V.

Helical position and binding pocket diversity

Among the class A GPCRs, the sequence identity is highest within the a-helical transmembrane
regions and ranges from 20-50% (40,41). Not surprisingly, the helical arrangement is similar
among the human B,AR, turkey B;AR and squid/bovine rhodopsins structures determined to
date. However, shifts in the relative positions of the various helices results in a root mean square
deviation (RMSDs) between 2.0 to 2.5 A (depending on how the alignment is carried out and
which structures are being compared) that has structural, and biochemical implications. Most
of the structural divergence arises in the extracellular portions of helices I, II, IIT and V, where
the variation in the positions of helices II, Il and V appears to redefine the location of the

ligand binding pocket (42). However, comparisons between ground-state rhodopsin bound to
retinal and B, AR bound to carazolol show minimal differences as the relative helical shifts are
smaller (Figure 3a and 3b) (27). The position of the retinal and carazolol binding pocket is very
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similar and making most contact with helices III, V, VI (Figure 3a and Figure 4). The binding
pocket of the Ay adenosine receptors is shifted closer to helices VI and VII which contribute
the majority of the binding interactions associated with helical regions, as judged by occluded
surface area calculations (43,44) (Figure 3b and Figure 4). A concomitant shift of helices II
and V (7 A and 3 A, respectively) toward the binding pocket, and a lateral shift of helix III
toward helix V by 3 A, compensates for the absence of ligand interactions in this region by
increasing protein packing interactions (Figure 3a and 3b).

Conformational equilibrium and receptor activation

A common feature of the class A GPCRs is the presence of a tryptophan residue (at position
6.48) on helix VI whose rotameric position is thought to control the equilibrium between the
active and inactive states of each receptor (45). Based on the position of retinal in the rhodopsin
structure it was proposed that ligand interactions with this key residue could modulate receptor
equilibrium (46). Interestingly, the contact area between ligand and the “toggle switch”
tryptophan residue at position 6.48 varies considerably among the solved receptor structures.
For instance, rhodopsin and B>AR have a similar binding mode as noted; however, retinal in
rhodopsin has a contact area of 36 A2, whereas carazolol bound to B>AR lacks any direct contact
with Trp286°-48 (27). Ground-state rhodopsin has virtually no basal activity, whereas p,AR
has a relatively high basal activity which is suppressed somewhat by carazolol as an inverse
agonist (23,47). The observed increase in contact area may have direct implications for inverse
agonist efficacy or suppressed basal activity by limiting the range of motion of the “toggle
switch” tryptophan. The competitive antagonist ZM241385 has a 14 A2 contact area with
Trp246°-48 despite an altered binding mode relative to rhodopsin (Figure 4c). Although it
remains to be established biochemically, this finding is suggestive of the ability of this ligand
to stabilize the A adenosine receptor in an inactive state.

Interactions between the cytoplasmic end of helix III (conserved D/ERY (Asp34? Arg3-30
Tyr3-! sequence motif) and helix VI (Glu®3%) have been proposed to constitute an “ionic-
lock” that may play a role in restraining the fully inactive conformation of rhodopsin and other
class A receptors (36,48,49). Of particular note is that with the exception of the rhodopsins,
none of the GPCR structures solved to date have the ionic lock interaction, including the

A, A adenosine receptor. Instead, as in B AR and f,AR, the D/ERY motif in the A, adenosine
receptor participates in interactions that restrain the conformation of ICL2. In the Az
adenosine receptor, Asp1013-49 forms a hydrogen bond with Tyr1123-60 in ICL2 and
Thr412-39 at the base of helix II (Figure 5a). Similar hydrogen bonding interactions were
reported in the turkey B; AR structure (37), but not in any of the AR structures where
Asp130349 forms a hydrogen bond with Ser1433-62 although there is a tyrosine at the 3.60
position (Figure 5b and 5c) (23,24,30). This discrepancy is caused by a short helical section in
the ICL2 loop of both ;AR and the A, adenosine receptor that is not present in any of the
BoAR structures (Figure 5). It has been proposed that ICL2 serves as a control switch facilitating
G protein activation through a select set of interactions (50). Interestingly the basal activity
profile among the B;AR, B>AR and the Ay, adenosine receptors correlates with the presence
of this short helix in ICL2 and the presence of hydrogen bonding interactions between tyrosine
at position 3.60 in ICL2 and Asp at position 3.49. In $;AR and A; adenosine receptor, both
of which have low basal activity, this interaction is present (51,52). In contrast, By AR exhibits
high basal activity and lacks helical structure within its ICL2 resulting in altered interactions
with the DRY motif (51). Instead of participating in an “ionic lock’ as in thodopsin, the arginine
residue in the D/ERY motif may play a role in stabilizing the deprotonated state of the adjacent
aspartate or glutamate residue, which would strengthen the polar interactions between the D/
ERY motif and both ICL2, and helix II. This set of interactions may have direct implications
in G protein activation (48).
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Extracellular loops: mediation of ligand entry and binding

The extracellular surface properties of the Ay, adenosine receptor is largely dictated by its
second extracellular loop (ECL2), which is considerably different from that of B;AR, AR
and rhodopsin (Figure 1 and Figure 4). The ECL2 of the A, adenosine receptor lacks the
prominent secondary structural elements, such as -sheet and a-helix, which were observed in
the rhodopsin and B-adrenergic receptors, respectively. Instead, the ECL2 of the A, o adenosine
receptor is mainly a spatially constrained random coil possessing three disulfide linkages with
ECL1 (Figure 4C). Two of the three disulfide bonds (Cys7129 - Cys1593-20 and Cys743-22 -
Cys146%67) are unique to the A adenosine receptor while the third (Cys7732 -
Cys166°-27) is conserved among many class A GPCRs. In addition, a fourth intraloop disulfide
bond is formed in ECL3 between Cys2590-6! and Cys2620-%4 with the sequence CPDC which
creates a kink in the loop that constrains the position of ECL3 and orients His264%-0 at the top
of the ligand binding site. Importantly, the extensive disulfide bond network forms a rigid,
open structure exposing the ligand binding cavity to solvent, possibly allowing free access for
small molecule ligands. In addition, the family conserved disulfide bridge (Cys773-% -
Cys166°-27) is adjacent to a short helical segment that presents two crucial residues for ligand
binding interactions (Phe168°2° and Glu169°-3%). The missing tip of the loop (GIn148 -
Ser156) is spatially distinct from the ligand binding site, and probably does not directly interact
with the binding cavity. Mutation of Cys262%-64 to Gly did not affect binding to radioligand
agonist or antagonist indicating that the kink in ECL3 may not be a prerequisite for receptor
function or that the other disulfide bonds are sufficient to constrain extracellular loop
architecture (53). Mutational studies on the A adenosine receptor indicate that these cysteine
residues (Cys803-2% - Cys1693-27 in the A receptor) (see Figure 1S in SOM) are critical for
expression due to a complete loss of radiolabeled antagonist binding in the absence of this
disulfide bond.

Analysis of the ligand binding cavity

To date, structural and biophysical data on the class A GPCRs with diffusible ligands has been
dominated by the biogenic amine receptors, such as the adrenergic, dopamine, and serotonin
families. These amine ligands are all positively charged at physiologic pH and are known to
interact with a key negatively charged aspartate residue (Asp>-2) on helix III. Indeed, in all
three of the available B-adrenergic structures, each co-crystallized ligand interacts with this
residue and binds in a pocket quite similar to that of retinal in thodopsin. Analysis of the binding
sites of the three available GPCR structures indicates two possibilities for the other members
of the class A family: i) other ligands will bind in a spatially similar binding site, with the
ligand specificity dictated by sequence differences within the binding pocket, or ii) ligands for
other receptors may bind in a completely different fashion interacting with other positions on
the receptor. In contrast to the B-adrenergic ligands and retinal, ZM241385 occupies a
significantly different position in the transmembrane network (Figure 4) where its orientation
is almost perpendicular to the membrane plane (Figures 4c and 6). The bicyclic triazolotriazine
core of ZM241385 is anchored by an aromatic stacking interaction with Phe 168°-2%, an aliphatic
hydrophobic interaction with Ile2747-3% and a hydrogen bonding interaction with Asn2530-3
(Figure 6). Adjacent to Phe168>-2? a polar residue (Glu169°-39) interacts with the exocyclic
amino group (N15 atom) linked to the bicyclic core of ZM241385 (Figure 6b). Mutation of
Glu169°-39 to alanine reduces the affinity for both antagonists and agonists and causes a 1000-
fold reduction in agonist efficacy (54). However, mutating this position to glutamine did not
have a substantial impact on antagonist binding affinity, suggesting hydrogen bonding as the
predominant means of interacting with N15 of ZM241385 as opposed to Coulombic
interactions (Figure 6b). Early studies indicate that mutation of Asn253%- to alanine, which
would disrupt an important polar contact with the exocyclic N15 atom of ZM?241385, results
in a complete loss of both agonist and antagonist binding (55). The structure also shows that
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Ie2747-39 forms a hydrophobic contact with the C12 atom of ZM241385; accordingly mutation
of 11e2747-39 to alanine results in negligible antagonist binding and a 30-fold reduction in
agonist potency (55). No mutagenesis data is available for Phe 168322 or Leu249 both of which
anchor the bicyclic ring of ZM241385 through & stacking and hydrophobic interactions
respectively although their involvement in ligand binding has been proposed (56). The phenolic
hydroxyl group extending from the ethylamine chain of ZM241385 forms a hydrogen bond
with an ordered water molecule. The phenyl ring forms hydrophobic interactions with
Leu2677-32 and Met2707-33 that would suggest hydrophobicity rather than aromaticity as means
of interaction with the phenolic substituent. Indeed, a ZM?241385 derivative, with a cycloalkyl
substituent (LUF5477) instead of phenylmethylene, also has high affinity for the Ajp
adenosine receptor. In a recent study on new antagonists for the A, adenosine receptor it was
demonstrated that tremendous substituent flexibility exists in this area of the pharmacophore
(57). This observation correlates well with the directionality of the phenylethylamine
substituent in ZM?241385 as it is directed towards the more solvent exposed extracellular region
(ECL2 and ECL3) rather than towards the transmembrane domain of the receptor as was
previously proposed (38,39). The other substituent in ZM241385 is the furan ring, a feature
that occurs in many A, adenosine receptor antagonists. This moiety is located deep in the
ligand binding cavity and directed towards helices V and VII, where it hydrogen bonds to
Asn2536-35 and forms a water-mediated interaction with His250%-92 (Figure 6A). Hydrophobic
interactions of the furan ring system include His250%-52 with C23 and Leu249%-3! with the C22
and C21 atoms of ZM241385. Mutation of His250°-2 to alanine completely abolishes ligand
binding, whereas mutation to phenylalanine or tyrosine residues modestly affects agonist
binding but not antagonist binding (55,58); replacement with an asparagine slightly increases
ligand affinity (58). The furan ring is approximately 3 A away from the highly conserved
Trp246%48 an important residue in receptor activation as discussed above (59). We speculate
that the hydrophobic interactions between ZM241385’s furan ring and this residue will hinder
the structural rearrangements necessary for activation, constraining the receptor in an inactive
state.

The A4 adenosine ligand bound structure suggests that there is no general, family conserved
receptor binding pocket in which selectivity is achieved through different amino acid side
chains. Rather, the pocket itself can vary in position and orientation, yielding more opportunity
for receptor diversity and ligand selectivity. Perhaps as a result of this shift the empirically
determined positions of the substituents (phenyl/furanyl) extending from the aromatic core of
7ZM?241385 deviate significantly from what was suggested in molecular modeling studies in
which the ligand binding site of retinal and/or beta-blockers was used as the starting point
(38,39). The position of these substituents can be seen as the rationale for Apa receptor
selectivity and this may help in the design of new chemical entities with increased selectivity
for this important drug target.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Crystal structure of Apa-T4L-AC. A. Overall topology of Aya-T4L-AC. The transmembrane
part of Ay A-AC structure is colored brown (helices I - VIII) and the T4L is in cyan. The structure
is viewed perpendicular to the plasma membrane. ZM24138S5 is colored light blue and the four
lipid molecules bound to the receptor are colored as red. The four disulfide bonds are yellow.
The sulfate ions are omitted. The extracellular loops (ECL1-3) are colored as green and the
intracellular loops are colored as blue. The membrane boundaries are adapted from the OPM
database (http://opm.phar.umich.edu/) using BoAR-T4L (2RH1) as a model. B. Rotated 180°
around the x-axis. The images were created with PyMOL.
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Figure 2.

Ligand binding characteristics of Apa-WT, A2A-T4L and AyA-T4L-AC. A. Saturation binding
isotherm for the binding of [FH]ZM241385 to different App-WT, Apa-T4L or Apa-T4L-AC
receptors confined in membranes of Sf9 cells. The indicated preparations of Ay receptors
were incubated with different concentrations of [FH]ZM241385 in the absence (filled shapes
and solid lines) and presence (open shapes and dashed lines) of 1 M NaCl as described in SOM.
The figure shown represents data combined from two separate experiments performed in
triplicate. The equilibrium constant (Kq) values of [H]ZM241385 in the absence and the
presence of 1 M NaCl were 2.1 £0.7 nM, 1.3 £ 0.2 nM for A2A-WT; 2.0 +0.3 nM, 0.9 £0.1
nM for A2A-T4L and 1.8 £0.2nM, 1.0 + 0.1 nM for A2A-T4L-DC, respectively. B. One point
binding assay demonstrating the binding of [?H]ZM241385 to membranes (5 pg / assay point)
of HEK 293T cells transfected with Ayo-WT, Ayo-T4L or Aya-TAL-AC. [FH]ZM241385 was
used at a concentration equivalent to the previously observed equilibrium constant (Kg). Lower
panels - the ability of increasing concentrations of C. the agonist CGS21680 or D. the antagonist
ZM241385 to compete with [FH]ZM241385 binding at Apa-WT (circles), Ayp-T4L
(triangles), Apa-T4L-AC (squares) constructs in HEK293T cells was tested in the absence
(filled shapes and solid lines) or presence (open shapes and dashed lines) of 1 M NaCl. The
figure shown represents data combined from three separate experiments performed in
duplicate.
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Figure 3.

Slight changes in helical positions alter the orientation of the ligand binding pocket. A. A
surface rendering of the binding pocket for ZM241385 in the A, adenosine receptor. Helical
positions for Ay adenosine (tan), fpAR (pdbid: 2RH1) (blue) and rhodopsin (pdbid: 1U19)
(green) are shown after alignment with the FatCat server (38). Ligands for each receptor are
shown to illustrate the differences in binding orientation and the differences in the adenosine
Aja binding pocket. B. A top view of the helical bundle illustrating the maximal helical
positional shifts of Ay relative to BAR.
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Figure 4.

Normalized occluded surface (NOS) area changes due to ligand binding. Increases in occluded
surface area are represented as thickened red areas of the protein backbone chain (38). A.
Rhodopsin (pdbid: 1U19) with retinal (orange) is shown along with the position of ZM241385
(green) for comparison. Retinal makes extensive contact with helices III, V, VI and VII deep
in the binding pocket. B. ;AR bound to carazolol (orange) (pdbid: 2RH1) is shown along with
the position of ZM241385 (green) for comparison. Carazolol also makes extensive contacts
with helices II, V, VI and VII deep in the binding pocket but is responsible for minimal changes
in NOS of Trp 286948 the canonical “toggle switch”. C. Ay, adenosine receptor bound to
7ZM?241385 (orange carbon) has a very different binding orientation relative to thodopsin and
B>AR having minimal interaction with helices Il and V, but extensive interactions with helices
VIand VII as well as residues in a ECL2 and ECL3. ZM241385 also forms significant contacts
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with Trp246°-48. All interacting positions on the receptor are displayed as thick red areas and
labeled by their corresponding Ballesteros-Weinstein designation (33).
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Figure 5.

A Comparison of interactions between helix III (E/DRY motif) and ICL2 for human Aj-T4L-
AC, human f,AR-T4L (pdbid: 2RH1) and turkey B;AR (pdbid 2VT4). A. Apa-T4L-AC
interactions. The DRY motif does not participate in any stabilizing ionic interactions similar
to PoAR and B;AR. Instead Arg1023-9 may play a role in shifting the pKa of the adjacent
Asp101349 allowing this residue to make stronger hydrogen bonding interactions with helix
IT and ICL2. B. Turkey B AR participates in similar interactions as Ayp-T4L-AC without the
hydrogen bond to helix II. C. f,AR does not contain a helical segment in ICL2 and has a
modified set of interactions. D. The canonical “ionic lock™ in rthodopsin.
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Figure 6.

Ligand binding cavity of Ays-T4L-AC with ZM241385 bound. A. Residues within 5 A of the
7ZM?241385 are shown in stick representation. Nitrogen atoms are colored blue, oxygen atoms
are colored red, and sulfur atoms are colored yellow. Only the interacting helices, ECL3 and
the interacting part of ECL2 are shown. The two disulfide bridges in close proximity to the
binding cavity are shown as orange sticks. ZM?241385 is positioned co-linear with respect to
the transmembrane helices V, VI and VII, and the binding cavity is elongated to the ECL3 and
helical ends of TM VI and VII. For comparison to retinal chromophore or beta-blockers binding
site, see figure 3 for details. The Phe1683-2% from ECL2 forms various aromatic stacking
interactions with the bicyclic core of ZM241385. Trp246°48 associated with stabilizing the
antagonist structure is at 3 A distance from the furan ring of ZM241385. The binding cavity
includes four ordered water molecules shown as light blue dots. B. Schematic representation
of the interactions between Ay 5-T4L-AC and ZM?241385 at the ligand binding cavity combined
with mutation analysis for adenosine agonist/antagonists interactions. Mutations that are
reported to disrupt antagonist and/or agonist binding are within blue squares: Glu1693-30,
His2500-23, Asn253%33 and 11e2747-3.
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Ay\-T4L-AC
Data collection (APS GM/CA CAT ID-B, 10 pm beam)
Space group P2,
Cell dimensions
a b, c(A) 47.7,76.9, 86.6
©) 101.3
No. of reflections processed 64,526 (8165)

No. unique reflections
Resolution (A)

Rsym

Mean I/o(I)

Completeness (%)
Multiplicity

Refinement

Resolution (A)

No. reflections (reference set)
Rcrys / Rl'ree

No. atoms

Protein

Ions, lipids, ligand and other
Water oxygen

B-values (Az)

All atoms

Protein

Ligand

Lipid

R.m.s deviations from ideality
Bond lengths (A)

Bond angles (°)

Ramachandran plot statistics (%) (excl. Gly, Pro):

Most favored regions
Additionally allowed regions
Generously allowed regions
Disallowed regions

18,465 (356)
20.0-2.6 (2.8 -2.6)
9.8 (38.9)
7.0(2.3)

96.8 (93.9)
3.5(2.3)

20.0-2.6
18,461 (937)
19.6/23.1
3769
3521
165
83

70.6
69.4
66.7
94.4

0.002
0.78

92.8
72
0.0
0.0

Rgym = 100 =p (51 [T - {])/Zn (S 1j)

Rerys = 100 Zhkl [Fobs - Fcalc| Zhkl Fobs-

Rfree = test set 5%.

*

Highest resolution shell is shown in parenthesis.
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