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ABSTRACT: The very recently published first X-ray structure
of the 52 adrenergic receptor in its active state hosting a small
molecule (PDB ID: 3P0G) reveals a lot of information about
the G-protein-coupled receptor (GPCR) activation process
from a structural point of view. When compared to the inactive
state crystal structure of 32, large differences are seen in the

GPCR helical structure at the cytoplasmatic side, whereas very

subtle changes occur at the ligand binding site. The observation

that there are hardly any differences in the binding site of
agonists and inverse agonists implies that in silico predictions of

the efficacy of ligands will be very hard. This is illustrated by the

modeled
“inactive
agonist

agonist

=/

example of an already published binding mode of a 32 agonist, which has been modeled into the inactive state X-ray structure of the
P2 receptor. When comparing the modeled structure to the new activated X-ray structure, quantitative agreement of the binding
mode is found, implying that the subtle changes between agonist binding to the activated state and inverse agonist binding to the
inactive state can currently not be captured by standard in silico modeling methods.

S tructural information for G-protein-coupled receptors (GPCRs)
is still limited. Starting with the X-ray structure of dark state
bovine rhodopsin in 2000," the modeling community had a
template at atomic resolution at hand, which was used for
modeling all GPCRs. Only few approaches have been developed,
which did not directly rely on this structure.” It took another 7
years until the first crystal structure of a GPCR of larger
pharmaceutical interest was solved; the 32 adrenergic receptor
bound to the inverse agonist carazolol, crystallized with either an
antibody® or as a T4-lysozyme fusion.* Although the sequence
identity of 42 and rhodopsin is below 20%, the 3D structure of
the transmembrane (TM) regions was shown to be quite similar.
Large structural differences are found in the loop regions, where
the location and the secondary structure strongly deviate. The
largest difference close to the ligand binding site is found in the
extracellular loop 2 (EL2). The EL2 forms a 2-stranded /3-sheet
in rhodopsin and dips down into the binding site of retinal,
whereas a short t-helix far above the ligand binding site is found
in 2.

The next receptor from a different family of class A GPCRs
was solved in 2008, when a X-ray structure of the A,, adenosine
receptor (A;4AR) T4-lysozyme fusion in its inactive state was
published.® Again, the TM regions are structurally similar to
rhodopsin and 32 although the sequence similarity is very low.
The Cot RMSD of the TM regions of A;,AR to 32 and
rhodopsin was found to be smaller than 2 A, indicating a high
structural homology.

The big difference to the already known structures has again
been found in the loop regions, which are strongly involved in
ligand binding in A,5AR, which is in sharp contrast to 32, where
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only F193 on EL2 is interacting with the ligand. Before the
release of the Aj4AR structure, a competition was held for
research groups involved in GPCR modeling. In this so-called
“GPCR Dock 2008” event,’ the GPCR modeling community was
asked to propose a receptor model for the A, 5A receptor and the
binding mode for a given inverse agonist. In July 2010, the next
event has been scheduled to predict the CXCR4 chemokine
receptor and dopamine D3 receptor structures. Both structures
have been released very recently.”® The structures are in their
inactive state, and the EL2 regions strongly deviate from all EL2
structures known so far. Nonetheless, the TM regions are again
similar to the known folds. The results of the 2008 competition
clearly showed that the prediction of the helical parts of the
receptor was not the major problem, as most models were found
within 3 A Cot RMSD to the crystal structure, when only regarding
the TM regions. However, loop structure and ligand binding
mode predictions proved to be very challenging. Especially, the
correct loop structure was only predicted at a Cot RMSD of about
4 A by one participant, and all other predictions were above 7 A in
RMSD, thus far away from the actual structure.’ The detailed
results of the “GPCR Dock 2010” assessment will be published in
due course, and the assessment of the in silico models confirms
the observations from the 2008 contest. The prediction of the
TM regions works quite well, especially for the D3 receptor,
where close templates for homology modeling are available.
However, in the prediction of EL2 geometries, there is still much
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Figure 1. Left: Recently published binding mode of compound 6m from ref 13 (yellow) in comparison to carazolol (magenta) in the inactive state
P2 crystal structure (2RH1). Right: Ligand interactions as predicted in ref 13. Reprinted with permission from the supporting material of ref 13.

Copyright 2009 Elsevier.

room for improvement (personal communication with Prof.
Raymond Stevens).

These competitions realistically reflect the current state of the
art in GPCR modeling, as TM regions of class A receptors can
apparently be predicted in a satisfying way. However, this holds
only true for receptors in the inactive state because all reported
ligand bound X-ray structures, which are used as modeling
templates, are crystallized in an inactive state so far. A retinal-
free structure of opsin with a small polypeptide, which mimics the
G-protein, has been reported,” but this structure is not the fully
activated all-trans retinal bound state of rhodopsin.

Thus, no reliable template for direct homology modeling of
the active state has been available. Various modes of activation
have been suggested, and the modeling problem was solved
either by starting at the inactive state and subsequent modifica-
tion according to an activation hypothesis'® or automated ligand
induced helical movement."" In many cases, it was decided to
stick to the inactive state structure, because there is no validated
“method” to activate a receptor in silico. Therefore, there was
strong need for the first crystal structure of a fully activated ligand
bound GPCR.

The very recently elucidated crystal structure of 52 bound to
the long acting 52 agonist (LABA) BI-167107 from the benzox-
azinone class of compounds is now the first example of such an
activated ligand—receptor complex.'” The G-protein is substi-
tuted by a camelid nanobody and fluorescence spectroscopy, and
agonist binding affinity experiments indicate that the nanobody
stabilizes a conformation in wild type 52 that is very similar to
that stabilized by the corresponding G-protein. Therefore, the
authors suggest that the structure resembles an agonist-bound
GPCR in its active state.'> Quite surprisingly, the ligand binding
site and the EL2 are very similar to the inactive structure. Only at
the cytoplasmatic face of the receptor, large helical movements
are seen (for a detailed structural discussion, the reader is asked
to refer to the original paper'”). Unfortunately, no competition
as in the case of A;,AR was held; thus, it is not clear how well
modeling would have had predicted the structure in advance.

A vyear before the active state X-ray structure was solved, a
modeled binding mode of a related benzoxazinone (compound
6m in ref 13) in 32 has been published."® Lacking active state
GPCR templates at that point, the modeled binding mode
(Figure 1) relied on the inactive carazolol bound 52 structure.
For comparison, Figure 2 shows the binding mode in the
activated agonist bound X-ray structure of 32.">

An overlay of the actual crystal structure and the modeled
binding mode (Figure 3) shows that the predicted binding mode
of compound 6m quantitatively overlaps with the crystal struc-
ture for the identical parts of the ligands (heavy atoms RMSD
0.5 A). The receptor model itself shows an overall Cat RMSD of
2.0 A to the crystal structure. However, when only considering
residues within the binding site (<4.5 A distance to the ligand,
also including loop residues), the Co. RMSD and the all atom
RMSD account to 0.7 and 0.9 A, respectively. This again emphasizes
the small variability in the binding site upon (32 activation.

The implication of this good prospective prediction is mani-
fold. First, one may propose that the known inactive structures of
GPCRs are sufficiently good templates also for activated state
modeling. This proposition will be subject to debate as this
structure is the first ligand-bound activated state structure
published so far. It will need the elucidation of some more
activated GPCR structures to see if the small movements in the
binding site upon activation are typical for 32 (or even just for
this selected agonist) only or if small changes in the binding site
are a general feature upon activation. The latter hypothesis is
supported by several very recently solved crystal structures of 1
and (32 in their inactive state with bound agonists.”’15 The
structures lack a G-protein mimicking entity and thus do not
possess the cytosolic cavity between TM3 and TM6 as seen in
the activated GPCR structures of 32'% and opsin.'® Although the
structures are bound to an agonist, they are in an inactive state,
which corresponds to a low affinity agonist bound state.'”
Trapping the structures in the low affinity state could only be
achieved by either covalently linking the ligand to the receptor'®
or by stabilizing receptor mutants constraining the receptor to its
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Figure 2. Left: Binding mode of the agonist BI-167107 in the active state 32 crystal structure (3POG, yellow structure and brown backbone) in
comparison to carazolol in the inactive state 32 crystal structure (2RH1, magenta sticks and red backbone). Right: Ligand interactions of BI-167107 in

3P0G.

Figure 3. Superposition of the modeled binding mode of compound
6m from ref 13 (green) and the activated 52 crystal structure bound to
BI-167107 (yellow)."

inactive state."* However, for all agonist-bound structures (inactive
or activated), the ligand binding site is very similar to the inverse
agonist bound cavity, supporting the hypothesis that agonist
binding and activation by agonists do not induce large changes in
the ligand binding site. Comparison of the side chain positions of
the activated and inactive receptors revealed a strong movement of
F28264 (superscripts indicate Weinstein—Ballesteros nomen-
claturels) in 32, a residue that is one turn below W2866‘48, which
is known as the “toggle switch”. The toggling (i.e., changing the
rotameric position) of W6.48 is postulated to be the first step in the
GPCR activation process,'® but the rotamer of W6.48 is found to be
the same in all ligand-bound structures (activated and inactive) as

well as in opsin. Therefore, the molecular switch seems to be one
turn below W2866'48, where an apolar network of 112134
P211°*°, and F282%** exists in 32, which changes its interactions
upon activation.'” It will have to be shown if this mechanism is
conserved in all GPCRs, but for the various 32 structures, it
seems to be very plausible. The inactive agonist bound j32
structure'® does not show any significant displacement of the
mentioned side chains, but the activated 52 structure does. This
implies a function of the network in the GPCR activation
procedure, and this information might be used for modeling
the active state of GPCRs, starting from inactive structures. The
movement of F6.44 is also observed in the activation of rho-
dopsin, as both retinal-free opsin structures”'® possess a cavity
for transducin at the cytoplasmatic receptor surface and a
different location of F6.44 as compared to dark state rhodopsin."

Very recently, also an agonist-bound structure of A;,AR was
reported19 (PDB ID: 3QAK), and although no G-protein mi-
micking pepdide was used for crystallization, an outward move-
ment of TM6 at the cytosolic face is seen. In addition to that, a
sliding movement of TM3 along its axis and a rotameric switch of
tyrosin in the NPxxY motif are observed. These structural
changes are in line with the changes taking place upon activation
from rhodopsin to opsin. Therefore, it is likely that this new
structure of A,y AR is in an (at least partially) activated state. The
structural changes in the binding site as compared to the inactive
A, AAR are relatively small, given the large structural differences
of the ligands present in the inactive and active state X-ray
structures. Comparison of the receptor regions directly below the
binding site reveals a si§niﬁcant movement of F242°* and a
rotameric switch of 192>*°. This observation confirms the hypo-
thesis mentioned above, as the hydrophobic network consisting
of residues 3.40, 5.50, and 6.44 changes its interaction upon
activation.

Also for AjsAR, the question arises if the agonist-bound
structure would have been predicted by in silico methods. A
study by Ivanov et al.*® shows that by the use of the inactive
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crystal structure, very reasonable binding modes for agonists can
be predicted. Especially the location of the ribose ring and the
adenine core correspond quite well to the observations of the
agonist-bound A;,AR crystal structure.

The second implication of the good prospective prediction of
agonist binding modes based on inactive receptor structures
might be very worrying for the GPCR modeling community.
Because of the high similarity of binding sites, the in silico discri-
mination between agonists and inverse agonists in receptor
models will be very difficult, if not impossible. In the present
case, a LABA has been modeled into an inactive receptor
structure, and the binding mode from the crystal structure of
the active state has been captured very well. This, in turn, means
that the ligand fits both, activated and inactivated receptor
structures. Therefore, modeling of binding modes will work well,
if any more or less reliable structure (activated or inactive) of the
GPCR s available. The major drawback of this implication is that
from a modeling point of view, agonists and inverse agonists fit
the same pocket, and the ligand efficacy cannot be predicted in
silico by target-based methods. As a consequence, this also applies to
the inability to predict any ligand-biased signaling by conventional
modeling, which requires even more subtle differentiation than
between agonists and inverse agonists.

This finding, however, emphasizes the large importance of the
first activated agonist-bound GPCR crystal structure to the model-
ing community. In addition, these reported observations stress the
need for the elucidation of additional new structures of various
(different) activated GPCRs to obtain a basis for a systematic in
silico modeling of active GPCRs. Agonist-bound inactive GPCR
structures are extremely useful to get a deeper understanding of the
GPCR activation process, however, for homology modeling struc-
tures of fully activated GPCRs will be the preferred templates. The
additional need for new computational approaches for the predic-
tion of the activity of GPCR ligands is also strongly emphasized by
the new agonist-bound X-ray structures. Conventional modeling
methods are having a hard time to predict the efficacy of a small
molecule GPCR ligand—if it is an agonist or an inverse agonist. It
will be even more difficult to predict partial (inverse) agonists as
well as positive or negative allosteric modulators to GPCRs.

From the recent agonist-bound structures, it is implicated that
amolecular switch in the center of the GPCR one turn below the
postulated W6.48 “toggle switch” might be necessary for activa-
tion. This knowledge might help modelers to enable the transi-
tion from inactive to active state structures in silico. The future
will show if methods are sufficiently sensitive to predict ligand
action correctly.
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