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Detailed and systematic examination of high-resolution structural data is a rational strategy for
understanding the function of biological macromolecules. G protein-coupled receptors (GPCRs) are an
exceptionally valuable superfamily of proteins for such analysis. The most intriguing question is how a
variety of extracellular stimuli evoke structural changes in the intracellular surface of the receptors. The
recent active-like crystal structures of GPCRs provide information for uncovering common and distinct
mechanisms of light-induced and ligand-induced activation. Based on systematic structural alignment, we
have analyzed 3 receptors (rhodopsin, b2 adrenergic receptor, adenosine A2A receptor) and demonstrate that
the extracellular movement of helix VI is significantly different between rhodopsin and the other 2
receptors, and that the extracellular side of helix III exhibits distinct features in the 3 receptors. These
findings not only emphasize the specialization of rhodopsin as a photoreceptor but also provide insights into
the mechanism leading to rearrangement of helix VI.

M
ost of the external stimuli for eukaryotic cells, such as chemical substances, photons, neurotransmitters,
and hormones are captured by G protein-coupled receptors (GPCRs), which are defined by a heptahelical
transmembrane core domain. A majority of proteins in the GPCR superfamily belong to the so-called

rhodopsin family, which share several key residues in their transmembrane helices. Their activity at the intracellular
surface to catalyze the GDP/GTP exchange on the a-subunit of heterotrimeric G proteins is primarily determined
by the type of ligand bound to the extracellular side of the transmembrane region. Even without ligand binding,
GPCRs exhibit some basal activity, which is then enhanced or attenuated by binding of an agonist or inverse-
agonist, respectively1. Antagonists are another category of ligands that maintain GPCRs in their low activity state.

Recent crystallographic studies on GPCRs have validated previous spectroscopic studies2, demonstrating that
the key intramolecular event during activation is the displacement of transmembrane helix VI at the intracellular
side3–5. However, the manner in which this change is regulated by various ligands acting on the extracellular side is
not well understood. While there are many crystallographic models of GPCRs that describe a variety of structural
states of activity in the presence of different bound ligands (agonist, antagonist, and inverse agonist), systematic
comparison of data obtained for different receptors has not been reported quantitatively.

Each of the crystallographic models inevitably suffers from various sources of artifacts and/or errors, as has
been documented for another class of heptahelical membrane proteins, bacteriorhodopsins, whose proton
pumping movement has been extensively studied using crystallographic techniques6. Nonetheless, statistically
significant features should become apparent by averaging as many datasets as possible.

Of the more than 15 receptors of known structure, agonist-bound forms are available only for bovine rho-
dopsin7–9, b1

10 and b2 adrenergic receptors4,11, the A2A adenosine receptor5,12, the NTSR1 neurotensin receptor13,
the 5-HT1B and 5-HT2B serotonin receptors25,26. Unfortunately, the agonist-bound and inactive-like states are
quite similar to each other in the case of the b1 receptor. Furthermore, the structure of the NTSR1, 5-HT1B and
5-HT2B receptors has not yet been obtained in the inactive-like state. As a result, detailed analysis on its activation
is currently feasible only for the remaining 3 receptors.

While several previous reviews on the structure of GPCRs provide a number of insights into their mechanism
of activation14–16, systematic quantitative analysis is yet to be performed. We have recently reported a rational
procedure for analyzing the experimental transmembrane structures of GPCRs, based on the defined selection
and superimposition of heptahelical bundles consisting of 200 residues17. By extending this approach, we identify
previously undiscovered structural changes accompanying the activation of these receptors. The findings and the
methodology will be valuable for understanding the action of ligands on other receptors of unknown structure.
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Results
Of all the heptahelical bundles of GPCRs archived on our website
(www.gses.jp/7tmsp), we used 18 sets of coordinates in the present
study (Table 1), consisting of 9 inactive (2 of rhodopsin, 4 of b2

receptor, and 3 of A2A receptor) and 9 active-like (4 of rhodopsin,
2 of b2 receptor, and 3 of A2A receptor) states. All of these structures
contain the same sequence ranges of the transmembrane domains
superimposed onto the same reference coordinates—the inactive
state of b2 receptor (2RH1)—by secondary structure matching18.
The aligned structures are shown in Fig. S1. The structural differ-
ences between the inactive and active-like states were then analyzed
using 8 pairs for rhodopsin, 8 pairs for b2 receptor, and 9 pairs for
A2A receptor. Accordingly, we anticipated that the degree of aver-
aging would be comparable for these 3 receptors. The details of the
criteria for the selection of the coordinates are described in the
Methods.

Fig. 1 shows the averaged calculated Ca displacement of 200 trans-
membrane residues between the inactive and active-like states of the
3 receptors. The most prominent feature commonly observed was an
oscillating pattern at the cytoplasmic side of helix VI (residue no. 145
, 160). Although the magnitude of displacement in this region
differs significantly among the receptors, which is most likely due
to the current limitation of available crystallization conditions for
stabilizing the fully active state for each receptor, the positions of the
peaks match well with each other, indicating that similar rotational

movement occurs around the axis of this helix upon activation. It is
also noteworthy that, at the extracellular side of helix VI (residue no.
160 , 176), a significantly larger change occurs in rhodopsin than in
b2 receptor and A2A receptor.

The cytoplasmic side of helix III (residue no. 75 , 89) is another
region where these receptors exhibit substantial displacement of 1.5
, 2 Å, which has been attributed in part to the translational shift
toward the extracellular side5.

By averaging the values for the 3 receptors, structurally conserved
residue positions were obtained, as listed in Table S1. Overall, resi-
dues around the highly conserved sequence positions (*.50 in
Ballesteros-Weinstein [BW] numbering19, where * is the serial num-
ber of helix) in helices I, II, IV, and VI appear to be fixed during
activation. In particular, of the most structurally conserved 21 resi-
dues, 14 residues are in helix I (1.47, 1.48, and 1.50 , 1.54) and II
(2.48 and 2.50 , 2.55). This finding is consistent with the notion that
the so-called N-D pair (side chain interaction between 1.50 and 2.50)
in these helices plays an important role as an intramolecular scaffold
during activation.

To gain additional insight into the structural changes shown in
Fig. 1, we analyzed the axis of each helix III and VI by helanal20 (Figs
S2 and S3). Examples of the inactive states are shown in Fig. 2. Each
axis consists of a series of points penetrating about the center of a
helix, with the number of points obtained for each axis equal to the
number of residues minus 2. Thus, for convenience, we consider that
both the N- and C-terminal residues lack the corresponding points
(Fig. 2 and 3). As previously described, helix III of inactive rhodopsin
is buried more deeply into the core of the heptahelical bundle from
the center to the extracellular side than not only in the b2 and A2A

receptors shown here, but also in other receptors of a known struc-
ture17. It is also noticeable that the extracellular part of this helix in
the A2A receptor is significantly distorted in the inactive-like state.

We first examined the traces of all axes and confirmed that assign-
ment of the inactive and active-like states was reasonable for the
Protein DataBank (PDB) entries shown in Table 1. The distances
of the axis points were then calculated for all possible inactive/active-
like pairs of a receptor. The average values are shown in Fig. 3. In the
case of helix VI, the pattern of distance plots is consistent with the 3
receptors (Fig. 3, lower). Reflecting the kinked shape in the inactive
state and rotational movement around an axis upon activation, a
roughly linear increase of displacement occurs toward the cytoplas-
mic side of this helix in rhodopsin and the b2 receptor. In contrast,

Table 1 | PDB entries used for this study

PDB ID

receptor Inactive-like Active-like

rhodopsin 1GZM-A 2X72
1U19-A 3PQR

3PXO
4A4M

b2 receptor 2RH1 3P0G
3D4S 3SN6
3NY8
3NY9

A2A receptor 3EML 2YDO
3VG9 2YDV
4EIY 3QAK

Figure 1 | Averaged displacement (Å) between the inactive and active-
like states of the Ca atoms of 200 residues of the 3 receptors. Red:

rhodopsin, blue: b2 receptor, green: A2A receptor. The borders between the

adjacent helices are shown with gray bars at the top of the panel, while the

positions of seven *.50 residues are shown with short black bars near the

zero line of the graph.

Figure 2 | Projection view of the axis points of helices III and VI in the
inactive state from the cytoplasmic side. Magenta: rhodopsin (1U19-A),

cyan: b2 receptor (2RH1), light green: A2A receptor (3VG9). Ca trace of b2

receptor is also shown in gray. Ballesteros-Weinstein numbers

corresponding to the endpoints of the axes are also shown.
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the magnitude of displacement does not change significantly toward
the extracellular side. The A2A receptor exhibits a similar pattern of
changes, although the increase in the cytoplasmic side is smaller and
not linear. Remarkably, the change in the extracellular side of this
helix is significantly larger in rhodopsin than in the other 2 receptors,
and the point of minimum displacement appears to be shifted from
6.48 , Pro6.50 in the b2 and A2A receptors to 6.44 , 6.46 in rho-
dopsin. As shown in Fig. 2, the inactive backbone of helix III in
rhodopsin deviates from the other receptors from , 3.40 to the
remainder of the extracellular region. Importantly, 3.40 is the posi-
tion directly in contact with 6.44. These observations suggest that the
more buried inactive orientation of helix III and the larger movement
in the extracellular side of helix VI are distinct features of rhodopsin,
and that while interpreting these, the large differences of the retinal
ligand shape and position before and after activation must be con-
sidered (see Discussion below).

We also found that the inactive state orientation of helix VI of b2

receptor is much closer to the active-like helix VI of rhodopsin in the
extracellular region than to that of the inactive rhodopsin. This is
consistent with the finding that the degree of axis movement in the
extracellular side of helix VI upon activation is larger in rhodopsin
than in the b2 receptor.

It has been noted that the activation of GPCRs involves a trans-
lational shift of helix III toward the extracellular side5,12,14. If the
movement of this helix is only translational, the displacement of axis

points would not exhibit a significant change depending on the posi-
tion in the helix. Fig. 3 (upper panel) shows that the fairly flat pattern
observed in the intracellular side is consistent with such a mech-
anism. However, the change in the pattern of displacement consid-
erably differed among the 3 receptors in the extracellular side. The
larger movement observed in rhodopsin is consistent with its distinct
arrangement of this helix in the inactive state. On the other hand, an
apparently irregular pattern was found in the extracellular side of this
helix in the A2A receptor, suggesting that some localized deformation
occurred in this region.

To clarify the differences observed between these receptors, rep-
resentative axes of inactive and active-like helix III are shown in
Fig. 4. It is obvious that the translational shift of this helix toward
extracellular side appears to be, at least in part, a result of twisting
around the long axis. The degree of translation in the cytoplasmic
side is likely to be determined by the pattern of twisting, and it varies
substantially among the receptors. In the A2A receptor, the pattern of
twisting in the cytoplasmic side is distinct from that in the extracel-
lular side (Fig. 4, bottom). In fact, a simple superimposition calcula-
tion fails to fit the inactive and active-like axes with each other,
suggesting that helix III of the A2A receptor would not behave as a
rigid-body during activation.

In order to analyze the rearrangement of helix III in more detail,
dihedral angles (Phi, Psi) of each residue were obtained with DSSP21

(Fig. S4) and then averaged separately for the inactive and active-like
helices (Fig. 5). In the A2A receptor, significant changes in the dihed-
ral angles occur at 3.30 , 3.31, depending upon the type of the bound
ligand. For comparison, the results of a similar calculation for helix
VI are shown in Fig. 6. As anticipated from the kinked shape, devi-
ation from the ideal values was observed around 6.48 in the 3 recep-
tors. The angle, however, does not change significantly, regardless of
the type of the bound ligand, indicating that this helix behaves almost
as a rigid-body in these receptors, as suggested previously8.

Discussion
The present study is based on the comparison of a similar number of
structures (8 , 9) for each of the 3 receptors. Although the quality of
each structure varies substantially in terms of the claimed resolu-
tions, from 1.8 (4EIY) to 3.5 Å (3P0G), it is unlikely that the findings
reported here are affected significantly by such differences, given that
we focus only on the backbone rearrangement of the receptors.
The possibility that our procedure of fitting of all the inactive and

Figure 3 | Averaged difference distance (Å) plot between inactive and
active-like states of 3 receptors. Upper: helix III, lower: helix VI. The

horizontal axis (BW number) in the upper panel is reversed so that the

cytoplasmic side is in the left side of both panels. The borders between the 5

sections stacked along the normal of the membrane plane17 are shown with

gray bars at the top of the panel.

Figure 4 | Changes in the axis points of helix III during the activation of
the 3 receptors. Top: rhodopsin. Magenta: inactive (1U19-A),

red: active-like (3PXO). Middle: b2 receptor. Cyan: inactive (2RH1),

blue: active-like (3P0G). Bottom: A2A receptor. light green: inactive

(3VG9), green: active-like (3QAK). Corresponding axis points in the

inactive and active-like states are connected by light green bars.
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active-like structures to the inactive b2 receptor might be inappro-
priate is also unlikely because we observed the same degree of move-
ments and/or shifts of helices III and VI as those documented in
previous crystallographic studies on the activation of the 3 receptors.
In addition, the results of fitting independent statistics, such as
Phi/Psi angle changes, further validate our procedure of model
manipulation.

Given the emerging consensus view that a given GPCR can assume
multiple conformational states1,22, averaging available crystal struc-
ture models into 2 states, inactive and active-like, might be valid only
for identifying substantial rearrangements of the helices. None-
theless, our findings suggest that quantitative analyses based on such
a 2 state approximation provide detailed information on not only

common mechanisms but also receptor-specific mechanisms of
activation.

The activity of rhodopsin changes dramatically upon photon
absorption, and it is accompanied by the isomerization from 11-cis
to all-trans of a covalently bound retinal ligand. 11-cis-retinal is
known to act as a strong inverse-agonist, and the differences between
the 2 forms of retinal with regard to the shape and position in the
binding pocket of opsin are remarkably large compared with ligands
bound to other receptors. Therefore, the magnitude of overall
rearrangement of the helices in rhodopsin may be larger than the
other receptors. This finding is in line with the findings that the
displacement in the extracellular side of the helical bundle is larger
(Fig. 1), especially in helices III and VI (Fig. 3). Although the plots in

Figure 5 | Phi/Psi (6) plot of helix III. Top: rhodopsin, middle: b2 receptor, bottom: A2A receptor. Left: averaged Phi/Psi angles; pink: Phi angles of

inactive-like states, red: Phi angles of active-like states, cyan: Psi angles of inactive-like states, blue: Psi angles of active-like states. Right: differences

between averaged Phi (red), Psi (blue) angles of active-like and inactive-like states.

www.nature.com/scientificreports
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Figures 1 and 3 may be influenced by the manner of fitting the
multiple structures, the increase in the distance between the 2 helices
of rhodopsin at the extracellular side was confirmed by measuring
the interhelical Ca distances, which is independent of how active-like
structures were fit onto the inactive ones (Fig. S5). We speculate that
an extension of such an analysis would be useful for obtaining further
insights into the relative positional changes among the 7 helices.

The outstanding local twist of helix III observed in the activation of
the A2A receptor is likely to be related to its curved shape in the
inactive state, the degree of which is slightly different in the 2 states,
namely, with (3VG9) or without (3EML and 4EIY) an inactivating
antibody bound at the cytoplasmic side. Therefore, it is likely that the
backbone rearrangement upon agonist binding at the extracellular

side of this helix would directly affect the interaction with helix VI
from the middle to the intracellular side of the membrane.

The Phi/Psi angles of 3.30 , 3.31 in the A2A receptor change to a
remarkable extent depending on the type of the bound ligand (Fig. 5).
The side chains of these 2 residues in the 3 receptors do not point
toward the interior of the helical bundle and do not appear to be
directly involved in ligand binding. It should be noted that deviations
in Phi/Psi angles at these residues from the canonical values are larger
in the receptor with an inactivating antibody bound to an intracel-
lular surface than that without it. This observation is in agreement
with the finding that the overall twist at the extracellular side of helix
III is significantly enhanced in the antibody-bound A2A receptor
(Fig. S2). Upon agonist binding, the overall shape of this helix

Figure 6 | Phi/Psi (6) plot of helix VI. Top: rhodopsin, middle: b2 receptor, bottom: A2A receptor. Left: averaged Phi/Psi angles; pink: Phi angles of

inactive-like states, red: Phi angles of active-like states, cyan: Psi angles of inactive-like states, blue: Psi angles of active-like states. Right: differences

between averaged Phi (red), Psi (blue) angles of active-like and inactive-like states.

www.nature.com/scientificreports
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becomes more like a regular a-helical structure that exhibits little
bending. It is likely that there are many other receptors of unknown
structure that contain a kink at the extracellular side of helix III in the
inactive structure. In such cases, a localized twisting motion would be
possible depending on the type of a bound ligand, leading to
rearrangement of the short segment in the helix.

In summary, the present study highlights the importance of
quantitative analysis of the experimentally available structures to
identify common and distinct rearrangement of transmembrane
helices induced upon the activation of the 3 members of rhodop-
sin-like GPCRs. In particular, rearrangement of helix III was found
to be a function of the type of receptor. While it has been well
recognized that the interaction between this helix and helix VI is a
key event in the regulation of the GPCR activity, the mechanism
should be considered taking into account the non-rigid-body-like
nature of the polypeptide backbone.

Methods
Selection and structural alignment of heptahelical transmembrane bundles were
carried out as previously described17. Briefly, all the polypeptides from PDB entries
were superimposed onto the inactive-like state of b2 receptor (2RH1) by secondary
structure matching18, and 7 helices consisting of 200 residues were isolated based on
unambiguous sequence alignment.

The active-like structures of rhodopsin can be classified into 2 groups, a ligand-free
opsin form and an all-trans-retinal agonist-bound form. Because the backbone
coordinates of these structures are quite similar to each other, we chose only agonist-
bound structures for this study. Among the alternatives of inactive structures of the b2

and A2A receptors, the coordinates listed in Table 1 were selected by taking higher-
resolution structures. Of the 3 agonist-bound structures of b2 receptor reported to
date, 3PDS was not used because of its negligible backbone deviation from the
inactive-like structure.

DSSP analysis showed that all of the helices III and VI assume regular a-helical
secondary structure throughout the entire lengths, with the exception of the cyto-
plasmic terminals of 3NY8, 3NY9, and 3.30 , 3.31 of 3VG9. Therefore, all helices III
and VI were analyzed by helanal to determine the axes of the a-helices. Consequently,
an axis point corresponding to 3.30 of 3VG9 appeared to be slightly displaced from
the expected position within the helix. Although this error does not affect the findings
described in this paper, we replaced the coordinate of the point by the averaged values
of the preceding and the following points.

Several of the PDB entries contain 2 alternative coordinates for each of a few
residues. Because deviations between the 2 Ca positions were negligibly small, we
chose conformer A for all cases. Distances between the inactive and active-like axis
points were obtained with Chimera23 and CCP4MG24 while that of entire heptahelical
bundles were calculated by inserting the coordinates in a conventional equation. Phi/
Psi angles were obtained by DSSP.

For interhelical Ca distance analysis, the coordinates in the inactive and active-like
structures were first averaged separately for each of the 3 receptors, and the intra-
molecular Ca distances were calculated for all possible pairs in helices III and VI of the
averaged inactive and active-like structures. The differences of the distances at each
pairs of positions were then obtained between the inactive and active-like structures.

All graphs were prepared with IgorPro (WaveMetrics), and the remaining figures
were prepared with CCP4MG24 and Discovery Studio Visualizer (Accelrys).
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