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a b s t r a c t
The G-protein coupled receptors (GPCRs) share a conserved heptahelical fold in the transmembrane (TM)
region, but the exact arrangements of the seven TM helices vary with receptors and their activation
states. The differences or the changes have been observed in the experimentally solved structures, but
have not been systematically and quantitatively investigated due to lack of suitable methods. In this
work, we describe a novel method, called 7  7 RMSD matrix that is proposed specifically for comparing
the characteristic 7TM bundle structures of GPCRs. Compared to the commonly used overall TM bundle
RMSD as a single parameter, a 7  7 RMSD matrix contains 49 parameters, which reveal changes of the
relative orientations of the seven TMs. We demonstrate the novelty and advantages of this method by
tackling two problems that are challenging for the existing methods. With this method, we are able to
identify and quantify the helix movements in the activated receptor structures and reveal structural conservation and divergence as well as the structural relationships of different GPCRs in terms of the relative
orientations of the seven TMs.
Ó 2017 Elsevier Inc. All rights reserved.

1. Introduction
The G-protein coupled receptors (GPCRs) comprise the largest
membrane protein family in the human genome with over 800
members (Fredriksson et al., 2003). As signaling molecules that
transduce extracellular signals into cells, the GPCR superfamily
controls a wide variety of biological processes including metabolism, development and aging, and has served as targets of about
40% drugs on the market. Despite the large diversity of functions
and low sequence identities (<25%) across families (Lagerstrom
and Schioth, 2008), GPCRs are believed to share a common heptahelical fold in the transmembrane (TM) region (Kobilka, 2007;
Lagerstrom and Schioth, 2008). This hypothesis is supported by
the fact that the GPCR structures solved to date all demonstrate a
7TM bundle as the core structure. Nevertheless, structural differences in the 7TM cores have been observed in the experimentally
solved structures of different GPCRs, which are often qualitatively
described as helix shifts and tilts. In addition, rigid-body helix
movements have been observed in the agonist-bound activated
structures, which have been considered as the major conforma-
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tional changes during receptor activation. The typical arrangement
of the seven TMs in a GPCR structure is shown in Fig. S1.
The method conventionally used for structural comparison is to
superpose the structures and calculate the root-mean-squaredeviation (RMSD). For GPCRs, calculation of RMSDs typically generates a value in the range of 2–3 Å for the 7TM bundles. Even for the
recently solved non-class A receptors, the overall 7TM RMSD is less
than 4 Å (Hollenstein et al., 2013). Such a small single parameter is
unable to interpret the structural differences of diverse families
and functions. In the case of receptor activation, the RMSDs of
the 7TM bundles between fully activated and the corresponding
inactive structures are also as small as 2 Å (Huang et al., 2015;
Rasmussen et al., 2011; Scheerer et al., 2008). Other measures
include individual RMSD for each TM (Hollenstein et al., 2013)
and the distances between the tips of TMs (Siu et al., 2013). There
are also a few studies that specifically analyzed the 7TM structures
of the GPCRs available at the time. Dalton and coworkers (Dalton
et al., 2015) investigated inter-helical angles and distances in 25
GPCR structures and computed their changes in the inactive and
active structures for five GPCRs. Tehan and coworkers (Tehan
et al., 2014) described TM movements in the active structures of
rhodopsin and b2-adrenoceptor (b2AR) by superposing on the
inactive structures. Kinoshita and Okada (Kinoshita and Okada,
2015) investigated structural conservation of the 7TM bundles
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among 19 receptors by computing intramolecular Ca-Ca distances.
However, those measures or analysis methods are not able to identify helix movements that change the relative orientations of the
seven TMs. Moreover, GPCR structures are being solved in an
unprecedented speed nowadays, with more than 5 structures
appearing in a year. There needs a simple and efficient method
for GPCR structural comparison.
In this work, we present a novel method, called 7  7 RMSD
matrix, which is proposed specifically for comparing the 7TM bundle structures of GPCRs. We demonstrate the application of 7  7
RMSD matrix as a metric of helix movements and a 49parameter structural similarity index. We applied this method to
the analysis of the GPCR structures solved to date and addressed
two problems that have been difficult for the existing methods.
The first problem is how to identify and measure helix movements
in the activated GPCR structures, which is important for understanding receptor activation mechanisms. The second problem is
structural comparison and clustering of different GPCR receptors
by the relative orientations of seven TMs. We at first present a systematic view of the structural conservation and divergence of the
7TM cores and then reveal the structural relationships of different
GPCRs by their 7TM core structures.
2. Material and methods
2.1. Definition of the 7  7 RMSD matrix
As the 7TM bundle is confined in the membrane environment
and tethered by inter-helical loops, large translation of a whole
helix is unlikely, which is evident in the small RMSDs of superposing different GPCR structures; instead, rotations of TMs and
local conformational distortions are more likely to happen. Such
movements are not reflected in the overall RMSD of the 7TM bundle. We propose a 7  7 RMSD matrix that is calculated by successive fitting corresponding TMs of two structures and
recording the RMSD for each of all seven TM pairs. A 7  7 RMSD
matrix contains seven rows and seven columns, thus 7  7 = 49
RMSDs. Specifically, the seven elements in the i-th row are the
RMSDs calculated for TM1 through TM7 when fitting only the ith TM. If the i-th TM transforms relative to the reference structure, especially by rotation, large RMSDs may appear for other
TMs. A schematic view explaining how rotating one TM results
in large positional displacements of other TMs, therefore large
RMSDs, is shown in Fig. S2. Compared to a single parameter of
the overall RMSD, the 7  7 RMSD matrix decomposes and magnifies the structural differences between the reference and target
structures into 49 parameters. Two types of important information can be obtained from the matrix: 1) the seven diagonal elements serve as an indicator of conformational changes or
conservations within the helices themselves; 2) the off-diagonal
elements at each row reveal whether the corresponding TM
moves from the reference structure relatively to the other TMs,
thus changing its orientation in the 7TM bundle.
2.2. Structures of seven GPCR receptors in inactive and active states
To demonstrate the ability of the 7  7 RMSD matrix quantifying helix movements in the active receptor structures, we analyze
a set of seven GPCR receptors whose crystal structures have been
solved in both inactive and active states. These receptors are the
bovine light receptor rhodopsin, the human b2-adrenoceptor
(b2AR), the human M2 muscarinic receptor (M2), the murine m–
opioid receptor (mOR) and, the turkey b1-adrenoceptor (b1AR),
the human A2A adenosine receptor (A2A). Rhodopsin has been
crystallized to capture several different activated states with and

without G-protein binding, and thus nine intermediate and active
structures are used (PDB ids: 1U19(Okada et al., 2004), 2G87
(Nakamichi and Okada, 2006a), 3PQR (Choe et al., 2011), 3PXO
(Choe et al., 2011), 3DQB (Scheerer et al., 2008), 3CAP (Park
et al., 2008), 4PXF (Szczepek et al., 2014), 4ZWJ (Kang et al.,
2015) and 4X1H (Blankenship et al., 2015)). Other non-rhodopsin
receptors are co-crystallized in complexes with different agonists
and with or without G-protein binding, and thus several active
and active-like structures are used (PDB ids of b2AR: 2RH1
(Cherezov et al., 2007), 3SN6(Rasmussen et al., 2011), 3PDS
(Rosenbaum et al., 2011) and 4LDE (Ring et al., 2013); PDB ids of
M2: 3UON (Haga et al., 2012), 4MQS (Kruse et al., 2013) and
4MQT (Kruse et al., 2013); PDB ids of mOR: 4DKL (Manglik et al.,
2012) and 5C1M (Huang et al., 2015); PDB ids of b1AR: 2VT4
(Warne et al., 2008a), 2Y00(Warne et al., 2011) and 2Y02(Warne
et al., 2011); PDB ids of A2A: 3EML (Jaakola et al., 2008), 3QAK
(Xu et al., 2011), 2YDO (Lebon et al., 2011), and 2YDV). In addition,
we include the rat neurotensin type 1 receptor (NTS1), for which,
two agonist-bound structures have been solved (PDB ids: 4BUO
(Egloff et al., 2014) and 4GRV (White et al., 2012)) and the thermostabilized mutant structure (PDB id 4BUO (Egloff et al., 2014))
is treated as inactive. The details of this set of structures are listed
in Table 1.
2.3. Structures of 33 unique GPCR receptors
To demonstrate the ability of the 7  7 RMSD matrix quantifying structural differences of the 7TM cores among different GPCR
receptors, we analyze the structures of the GPCR receptors whose
structures are available to date. The GPCRdb database (Isberg
et al., 2014, 2016) contains a complete list of the receptors whose
crystal structures have been solved. We study all of them excluding
the viral chemokine receptor U28, in total 33 receptors. In this
analysis, we focus on the inactive states of the receptors and use
one inactive structure for each receptor. In case that several crystal
structures are available, we choose the one with the highest resolution. The A2A receptor is an exception. The structure with the
highest resolution (PDBid: 4EIY) is not chosen because TM5 and
TM6 are significantly straightened and extended in that structure,
which is the result of formation of a chimeric protein. The receptors and the corresponding crystal structures are listed in Table 2
and Table S1. There are 28 receptors in class A, 2 in class B, 2 in
class C, and 1 in class F. These receptors represent 21 families
and subfamilies, including rhodopsin (RHO: 1U19 (Okada et al.,
2004)), adrenoceptor (b1AR: 2VT4 (Warne et al., 2008b) and
b2AR: 2RH1 (Cherezov et al., 2007)), muscarinic (M1: 5CXV (Thal
et al., 2016), M2: 3UON (Haga et al., 2012), M3: 4U15 (Thorsen
et al., 2014) and M4: 5DSG (Thal et al., 2016)), dopamine (D3:
3PBL (Chien et al., 2010)), histaminine (H1: 3RZE (Shimamura
et al., 2011)), 5-hydroxytryptamine(5-HT) (5-HT1B: 4IAR (Wang
et al., 2013b) and 5-HT2B: 4IB4 (Wacker et al., 2013)), adenosine
(A2A: 3EML (Jaakola et al., 2008)), purinoreceptor (P2Y1: 4XNV
(Zhang et al., 2015a) and P2Y12: 4NTJ (Zhang et al., 2014)), neurotensin (NTS1: 4BUO (Egloff et al., 2014)), angiotensin (AT1:
4YAY (Zhang et al., 2015b)), opioid (NOP: 4EA3 (Thompson et al.,
2012), dOR: 4N6H (Fenalti et al., 2014), jOR: 4DJH (Wu et al.,
2012) and mOR: 4DKL (Manglik et al., 2012)), chemokine (CXCR4:
3ODU (Wu et al., 2010) and CCR5: 4MBS (Tan et al., 2013)), orexin
(OX1: 4ZJ8 (Yin et al., 2016) and OX2: 4S0V (Yin et al., 2015)), free
fatty acid (FFR1: 4PHU (Srivastava et al., 2014)), proteinaseactivated (PAR1: 3VW7 (Zhang et al., 2012)), lysophosphatidic acid
(LPA1: 4Z35 (Chrencik et al., 2015)), sphingosine 1-phosphate
(S1P1: 3V2Y (Hanson et al., 2012)), cortincotropin-releasing factor
(CRF1: 4K5Y (Hollenstein et al., 2013)), glugacon (glucagon: 4L6R
(Siu et al., 2013)), metabotropic glutamate (mGlu1: 4OR2 (Wu
et al., 2014) and mGlu5: 5CGD (Christopher et al., 2015)) and
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Table 1
Structures of seven GPCR receptors in inactive and active states.
Receptora

a
b

Inactive Structure
b

Rhodopsin

PDB id
1U19

b2AR

2RH1

2.4

M2

3UON

3.0

mOR
b1AR

4DKL
2VT4

2.8
2.7

A2A

3EML

2.6

NTS1

4BUO

2.75

Resolution (Å)
2.2

Active Structure
PDB idb
2G87
2HPY
3PQR
3PXO
3DQB
3CAP
4PXF
4ZWJ
4X1H
3SN6
3PDS
4LDE
4MQS
4MQT
5C1M
2Y00
2Y02
3QAK
2YDO
2YDV
4GRV

Resolution (Å)
2.6
2.8
2.85
3.0
3.2
2.9
2.75
3.3
2.3
3.2
3.5
2.8
3.5
3.7
2.1
2.5
2.6
2.7
3.0
2.6
2.8

Extracellular ligand
Retinal
Retinal
Retinal
Retinal
No
No
b-D-octylglucoside
No
Nonyl-glucoside
Agonist BI-167107
Covalent agonist FAUC50
Agonist BI-167107
Agonist iperoxo
Agonist iperoxo & Allosteric modulator LY2119620
Agonist BU72
Partial agonist dobutamine
Agonist carmoterol
Agonist UK-432097
Agonist adenosine
Agonist NECA
Agonist neurotensin C-terminal

Intracellular binding partner
No
No
GaCT
No
GaCT
No
Arrestin fingerloop
Arrestin
GaCT
Gs protein
No
Nanobody 6B9
Nanobody 8–9
Nanobody 8–9
Nanobody 39
No
No
No
No
No
No

Abbreviations of receptor names.
Due to space limit in table, references of the structures are only provided in the text.

Table 2
Structures of 33 unique GPCR receptors, including sequence identities and overall 7TM RMSDs against the bovine rhodopsin structure (1U19).
Receptor

Abba

Class

Species

PDB idb

Seq.%c

7TM RMSDd (Å)

Rhodopsin
Adrenoceptor b1
Adrenoceptor b2
Muscarinic receptor M1
Muscarinic receptor M2
Muscarinic receptor M3
Muscarinic receptor M4
Dopamine receptor D3
Histamine receptor H1
5-Hydroxytryptamine receptor 1B
5-Hydroxytryptamine receptor 2B
Adenosine receptor A2A
P2Y purinoreceptor 1
P2Y purinoreceptor 12
Neurotensin receptor 1
Angiotensin receptor 1
Nociception/orphan FQ receptor
d-opioid receptor
j-opioid receptor
l-opioid receptor
C-X-C chemokine receptor 4
C–C chemokine receptor 5
Orexin receptor 1
Orexin receptor 2
Free fatty acid receptor 1
Proteinase-activated receptor 1
Lysophosphatidic acid receptor 1
Sphingosine 1-phosphate receptor 1
Cortincotropin-releasing factor receptor 1
Glucagon receptor
Metabotropic glutamate receptor 1
Metabotropic glutamate receptor 5
Smoothened receptor

RHO
b1AR
b2AR
M1
M2
M3
M4
D3
H1
5HT1B
5HT2B
A2A
P2Y1
P2Y12
NTS1
AT1
NOP
dOR
jOR
lOR
CXCR4
CCR5
OX1
OX2
FFR1
PAR1
LPA1
S1P1
CRF1
Glucagon
Mglu1
Mglu5
SMO

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
B
B
C
C
F

bovine
turkey
human
human
human
rat
human
human
human
human
human
human
human
human
rat
human
human
human
human
mouse
human
human
human
human
human
human
human
human
human
human
human
human
human

1U19
2VT4
2RH1
5CXV
3UON
4U15
5DSG
3PBL
3RZE
4IAR
4IB4
3EML
4XNV
4NTJ
4BUO
4YAY
4EA3
4N6H
4DJH
4DKL
3ODU
4MBS
4ZJ8
4S0V
4PHU
3VW7
4Z35
3V2Y
4K5Y
4L6R
4OR2
5CGD
4JKV

100.0
25.3
25.3
23.3
28.1
24.0
24.0
31.5
20.5
25.3
24.7
27.4
24.0
22.6
26.0
23.3
26.0
26.7
24.7
28.8
28.1
28.1
22.6
23.3
21.9
21.2
24.0
25.3
12.3
13.0
11.0
11.6
11.0

0.0
1.72
1.70
1.90
1.93
1.90
1.97
1.57
1.78
1.81
1.94
1.94
1.92
2.51
1.97
1.79
1.68
1.92
2.14
1.79
1.98
1.98
1.96
1.90
2.58
2.21
2.08
2.07
3.15
2.55
2.99
3.06
2.79

a: Abbreviations of receptor names.
b: Due to space limit in table, references of the structures are provided only in the text.
c,d: 7TM sequence identity compared to rhodopsin 1U19 and backbone RMSDs were calculated for the core TM region. The 7TM residues are defined by Ballesteros-Weinstein
numbers 1.36–1.57, 2.40–2.60, 3.23–3.52, 4.45–4.58, 5.40–5.61, 6.34–6.51 and 7.35–7.53. See Fig. S5 for sequence alignment of the core TM residues.

smoothened (SMO: 4JKV (Wang et al., 2013a)). Several families
have two or more subtypes solved. The opioid receptors and the
muscarinic receptors are the most comprehensively covered subfamilies, each having four subtype structures.

Our selection of the structures is focused on the inactive
states of the receptors. In the majority of the structures, the
receptors are co-crystallized in complexes with antagonists,
inverse agonists or negative allosteric modulators. A few
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receptors are bound with agonists, which are the neruotensin
receptor (PDB id 4BUO), the free fatty acid receptor (PDB id
4PHU) and two 5-HT receptors (PDB ids 4IAR and 4IB4). The
former two are believed to be in the inactive states due to a
number of thermostabilization mutations (Egloff et al., 2014;
Srivastava et al., 2014). The two 5-HT receptors are thought
to exhibit some active features (Wacker et al., 2013; Wang
et al., 2013b).
2.4. Structural preparation
For each crystal structure, only the GPCR protein part is used for
analysis. Other parts are discarded such as ligands, water molecules, fusion proteins, intracellular binding partners and solvent
molecules. In case that multiple copies of GPCR molecules are present, chain A is used except the b1AR structure (PDB id:2VT4), in
which TM1 of chain A is sharply bended and thus chain B is used
instead.
The Ballesteros-Weinstein (BW) numbers (Ballesteros and
Weinstein, 1995) of class A GPCRs are assigned using the GPCRdb
(Isberg et al., 2014, 2016) web service (http://gpcrdb.org). For the
five structures of classes B, C and F, we follow the references
(Christopher et al., 2015; Hollenstein et al., 2013; Siu et al., 2013;
Wang et al., 2013a; Wu et al., 2014) that originally reported the
X-ray structures, in which the authors obtained the BW numbers
based on structural superposition with class A GPCRs. To determine the start and stop residues of each TM in the crystal structures, we perform visual inspection on each structure with the
VMD software (Humphrey et al., 1996). Table S1 lists the BW
0.50 residues, the start and stop residues of each TM of the crystal
structures of 33 receptors.
The class A GPCRs share the conserved BW 0.50 residues,
N1.50, D2.50, R3.50, W4.50, P5.50, P6.50 and P7.50, with a
few exceptions being L167 at position 1.50 in 4BUO, N201 at
position 5.50 in 4NTJ, L213 at position 5.50 in 3V2Y, V319 at
position 6.50 in 4S0V. The non-class A GPCRs have completely
different BW X0.50 residues. The lengths of TMs vary with
receptors and the maximal common TM residues that are
solved and present in all 33 crystal structures are 1.36–1.57,
2.40–2.60, 3.23–3.52, 4.45–4.58, 5.40–5.61, 6.34–6.51 and
7.35–7.53 as defined by the BW numbers. These 146 residues
thus comprise the core of the TM region with the BW numbers
common to all structures. The sequence alignment of the TM1TM7 residues is shown in Fig. S5.
For the analysis of the inactive-active structural pairs, the common core TM residues of each structural pair are defined as the TM
residues that are present in both structures (Table S2).
2.5. 7  7 RMSD matrix calculations
Structural superposition and RMSD calculations are performed
with the VMD software (Humphrey et al., 1996). The RMSD values are calculated for the backbone atoms of each TM, i.e. the
CA, C, O, N atoms. A 7  7 RMSD matrix is obtained by successively fitting one of the seven TMs and recording RMSDs for all
seven TMs. For the comparison between inactive and active structures, there are 21 active or active-like structures and thus 21
matrices are generated for the 21 inactive-active structural pairs.
For all-against-all structural comparison of the 33 receptors, each
of the 33 receptor structures serves as a reference structure to
compute the 7  7 RMSD matrices of all 33 receptors, resulted
in 33  33 = 1089 7  7 RMSD matrices. As the RMSD of structure
A against structure B is identical to that of structure B against
structure A, there are actually 33  (33 + 1)/2 = 561 different
7  7 RMSD matrices.

2.6. Rotational angle calculations
Rotations of the TMs are defined as around the principal axes of
the reference structure. It is worth noting that the principal axes of
the reference structure are not the helical axis of any TM. To compute the rotational angles, we first need to align the reference and
target structures into a homologous coordinate system. For
inactive-active structural comparison, each inactive structure
serves as the reference structure and the active structures as the
target structures. For the comparison of 33 receptors against the
rhodopsin structure, the rhodopsin structure 1U19 serves as the
reference structure and the remaining 32 receptors as the target
structures.
The alignment is done in two steps: 1) the coordinates of the
reference structure are reset by aligning the principal axes of the
molecule in the X, Y, and Z-directions. As a result, the Z-axis is
proximately perpendicular to the membrane, pointing from the
intracellular to extracellular side; 2) the coordinates of the target
structure are reset by being superposed onto the re-oriented inactive structure using all TMs. Fig. S3 shows the principal axes of rhodopsin structure 1U19 and b2AR structure 2RH1, as examples.
After the reference and target structures are aligned into a
homologous coordinate system, structural superposition is performed for each of the reference-target structural pair using one
of the seven TMs at a time. The VMD software (Humphrey et al.,
1996) automatically generated a 4  4 transformation matrix for
each structural superposition. A python script has been written
to convert the transformation matrix into rotational angles of the
corresponding TM. Fig. S4 shows two sample transformation
matrices: superposing rhodopsin inactive and active pair 1U193CAP using TM6 and superposing 1U19 and 2RH1 using TM4.
2.7. Clustering analysis
We perform all-against-all structural comparison for the 7TM
core structures in the 33 receptors. Four different structural similarity indices are used, which are the 7  7 RMSD matrix we propose here, overall 7TM bundle RMSD, Dali Z-score (Holm and
Laakso, 2016) and TM-align score (Zhang and Skolnick, 2005).
For the all-against-all structural comparion using the 7  7
RMSD matrix, each of the 33 receptors serves as a reference structure to compute the 7  7 RMSD matrices of all 33 receptors, which
generates a similarity matrix that has a dimension of 33 rows and
33  49 = 1617 columns. The 33  1617 matrix of pairwise similarities is then input into the R program (R-Core-Team, 2014) to perform an average linkage clustering by calling the hclust function.
For the all-against-all analysis of using the overall 7TM bundle
RMSD, we compute the pairwise overall 7TM RMSD values using
the VMD software (Humphrey et al., 1996). For the all-against-all
structural comparison of using the Dali Z-score, we obtain a
33  33 matrix of pairwise similarities by using the Dali web server
(Holm and Laakso, 2016) at http://ekhidna2.biocenter.helsinki.
fi/dali. For the all-against-all structural comparison of using the
TM-align score (Zhang and Skolnick, 2005), we compute the pairwise TM-align scores by using the stand alone version of the TMalign program (downloaded from http://zhanglab.ccmb.med.
umich.edu/TM-align/). Because overall 7TM RMSD, Dali Z-score
and TM-align score all are single-parameter indices, the resulted
pairwise similarity matrices all have a dimension of 33 rows and
33 columns.
It is important to note that same as in the 7  7 RMSD matrix
calculations, only the 7TM core structures are used as input for
similarity calculations, including here the calculations of overall
7TM RMSDs, Dali Z-scores, and TM-align scores. It is also important
to note that the same average linkage clustering algorithm is used
for clustering the pairwise similarity matrices generated by all four
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similarity indices, i.e. calling the hclust function in the R program
(R-Core-Team, 2014).
3. Results
We have described the 7  7 RMSD matrix in the Material and
Methods section and here we apply the method to analysis of the
GPCR structures available to date to address two problems: quantitative description of helix movements in activated GPCR structures and structural comparison and clustering of the 7TM cores
in different GPCR receptors.
3.1. Helix movements in active structures
3.1.1. 7  7 RMSD matrices of active structures
As described in the Material and Methods section, we analyze a
set of seven GPCR receptors whose crystal structures are available
in both inactive and active states. The bovine rhodopsin is the best
characterized GPCR and more than 30 crystal structurers have been
solved presenting the receptor in various states and conditions. We
choose the dark-state structure 1U19 (Okada et al., 2004) as the
inactive structure for analysis because of its high resolution of
2.2 Å. For the active structures, we select nine structures, 2G87
(Nakamichi and Okada, 2006b), 2HPY (Nakamichi and Okada,
2006a), 3PQR (Choe et al., 2011), 3PXO (Choe et al., 2011), 3DQB
(Scheerer et al., 2008), 3CAP (Park et al., 2008), 4PXF (Szczepek
et al., 2014), 4ZWJ (Kang et al., 2015), 4X1H (Blankenship et al.,
2015), which represent the intermediate states of the lightactivation cycle of rhodopsin as well as the activated states with
different binding partners at the extracellular and intracellular
sides. 2G87 represents the earliest intermediate state, the bathorhodopsin state, in which the retinal chromophore has isomerized
from 11-cis to all-trans (Nakamichi and Okada, 2006b). 2HPY represents the lumirhodopsin state, in which the highly distorted retinal in bathorhodopsin has changed to a more relaxed conformation
(Nakamichi and Okada, 2006a). 3PQR and 3PXO represent the
metarhodopsin-II state with and without peptide GaCT binding
at the intracellular side, respectively (Choe et al., 2011). In 3DQB,
3CAP, 4PXF, 4ZWJ and 4X1H, rhodopsin is in the retinal-free, i.e.
the active Ops⁄ state. The major differences among these structures
are the intracellular binding partners, which are GaCT in 3DQB,
nothing in 3CAP, the finger loop of arrestin (ArrFL) and the full
length arrestin in 4ZWJ. 4X1H is essentially same as 3DQB but
solved with pretty high resolution (2.3 Å). (See Table 1 for the
details)
In Fig. 1 and Fig. S6, we show the 7  7 RMSD matrices of the
nine rhodopsin active structures. All RMSDs are close to zero in
the 2G87 bathorhodopsin state, and start to increase, but still smaller than 1.0 Å in the 2HPY lumirhodopsin state, which indicate that
global motions of the helices have not started in these early intermediate states.
Large RMSDs with a maximum approaching 14.0 Å appear in
the meta-II structures 3PQR and 3PXO, as well as the retinal-free
Ops⁄ structures 3DQB, 3CAP, 4PXF, 4ZWJ and 4X1H. The rows
labeled by ‘‘S-TM6” show the red-like color most and brightest,
indicating that when fitting structures using TM6, all TMs (except
TM6 itself) move far from their inactive positions. However, the
RMSD at position of row 6 and column 6 is smaller than 1.0 Å, indicating negligible conformational change within the TM6 itself. The
small RMSDs at other diagonal elements also indicate no significant conformational changes within individual TMs, which ensure
the conservation of the 7TM fold. Here, it is worth to point out that
TM5 is rather short in the inactive (1U19), bathorhodopsin (2G87)
and lumirhodopsin (2HPY) structures with the last helical turn
ending at residue Gly224. In the active structures, the helical struc-
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ture of TM5 ends at Gln236, i.e. 12 more residues in TM5. Those 12
residues are not included in the 7  7 RMSD matrix calculations
and the matrices therefore do not reflect the movements of the
extended segment of TM5.
In addition to the large RMSDs in row ‘‘S-TM6”, yellow and
orange colors appear in four columns at rows labeled by ‘‘STM1”, ‘‘S-TM3” ‘‘S-TM4” ‘‘S-TM7” in the matrices of the fully activated structures, indicating notable movements of those TMs.
The very similar RMSDs in those matrices also suggest that absence
or presence of the intracellular binding partners does not make
much difference in terms of rigid-body helix movements. However,
there are minor differences in rows ‘‘S-TM3” and ‘‘S-TM4” between
the matrices of the GaCT-bound structure 4X1H and the arrestinbound structure 4ZWJ.
In Fig. 2 and Fig. S6, we show the 7  7 RMSD matrices of the
non-rhodopsin GPCRs. Despite that agonists are bound with the
receptors, only those bound with a G-protein or a nanobody at
the intracellular side show large RMSDs in the matrices. Among
these structures, the Gs protein-bound structure of b2AR (3SN6)
shows the largest RMSD of 14.2 Å at row ‘‘S-TM6”. In contrast to
the results of rhodopsin, the absence or presence of an extracellular binding partner does make notable differences for the nonrhodopsin structures in terms of helix movements. As experiments
and molecular dynamics simulations have demonstrated that agonists alone cannot fully stabilize receptors in active conformations
(Dror et al., 2011; Manglik et al., 2015; Nygaard et al., 2013). In the
case of b2AR, while the Gs protein-bound structure (3SN6) shows
the largest RMSD of 14.2 Å, the structure with covalently bound
agonist (3PDS) in the absence of any extracellular binding partner
shows RMSDs mostly smaller than 1.0 Å, indicating the latter
structure essentially remains in the inactive state.
The similar heat maps presented by the matrices of the fully
activated structures of rhodopsin, b2AR, M2, and mOR indicates a
similar pattern of helix movements in those structures. The minor
differences in individual RMSDs may reflect minor receptorspecific conformational differences. It is possible that the minor
structural differences may determine the specificity of intracellular
signaling pathways of the receptors (Rose et al., 2014).
The matrices of receptors NTS1, b1AR and A2A show patterns of
helix movements different from those of the fully active structures.
These structures are agonist-bound but without G-protein binding.
The matrix of the NTS1 receptor reveals moderate movements of
TM6 and TM7. As both inactive and active structures of this receptor contain a number of mutations (10 in 4GRV and 11 in 4BUO) at
different positions, the 7  7 RMSD matrix may also reveal 7TM
rearrangements resulted from the large number of mutations.
The three A2A structures contain different mutations (two in
3QAK and five in 3YDO and 2YDV) and different agonists and have
been solved in two laboratories, but all show notable movements
at TM5 and TM7, which may be considered as activation features
of this receptor. There are 36 mutations in the b1AR structures
(2Y00 and 2Y02), which essentially lock the receptor in the inactive
state and result in rather small RMSDs.
3.1.2. Rotations of TMs in the active structures
The origin of the large RMSDs shown in the 7  7 RMSD matrices is the rotation of TMs. As described in the Material and Methods section, rotations of TMs are defined as around the principal
axes of the inactive reference structure. The inactive structure is
re-oriented so that its three principal axes are aligned along the
X, Y, and Z directions. For all structures, the Z-axis is proximately
perpendicular to the membrane, pointing from the intracellular
to the extracellular side. The directions of the X and Y-axes vary
more with structures. For instance, the X-axis points toward the
cleft between TM6 and TM7 and the Y-axis points toward the cleft
between TM1 and TM2 in the inactive rhodopsin structure 1U19.

Please cite this article in press as: Wang, T., et al. 7  7 RMSD matrix: A new method for quantitative comparison of the transmembrane domain structures
in the G-protein coupled receptors. J. Struct. Biol. (2017), http://dx.doi.org/10.1016/j.jsb.2017.02.005

6

T. Wang et al. / Journal of Structural Biology xxx (2017) xxx–xxx

Fig. 1. 7  7 RMSD matrices of bovine rhodopsin active structures against the inactive structure (1U19). Each matrix is labeled by the PDB id of the active structure, the
activated state, and the intracellular binding partner, if present in the X-ray structure. Also see Fig. S6.
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Fig. 2. 7  7 RMSD matrices of non-rhodopsin GPCR active structures including receptors b2AR, M2, mOR, b1AR, A2A and NTS1. Each matrix is labeled by the receptor name,
the PDB id of the inactive structure, the PDB id of the active structure, and the intracellular binding partner, if present in the X-ray structure. Also see Fig. S6.
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The two axes point toward the clefts between TM2 and TM4 and
between TM3 and TM5, respectively, in the b2AR inactive structure
2RH1 (Fig. S3). In Fig. 3, we show the rotational angles of TMs
around the principal axes for the 21 inactive-active structure pairs
in the X, Y and Z-directions.
As shown in Fig. 3, TM6 rotates by almost same amount of 30
degrees around the Z-axis in the fully activated rhodopsin structures (3PQR, 3PXO, 3DQB, 3CAP, 4PXF, 4ZWJ and 4X1H), with an
overall of 50 degrees rotation around three axes. Such large scale

rotations of TM6 change the distances and angles between TM6
and other TMs. One of the significant consequences is that TM6
looks like tilting outwards at the intracellular side, as has been
often mentioned (Choe et al., 2011; Park et al., 2008; Scheerer
et al., 2008), that creates a crevice for a G-protein to bind there.
The rotational angles of TM1, TM3, TM4, and TM7 are also notable,
while those of TM2 and TM5 are negligible. The concerted rotations of these TMs might contribute to creating the two interhelical openings between TM1 and TM7 and between TM5 and

Fig. 3. Rotational angles of TM1–TM7 computed for the 21 inactive-active structure pairs around the principal axes in the X, Y, and Z-directions. Z-axis is approximately
perpendicular to the membrane.
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TM6 that have been suggested to serve as the retinal uptake and
release gates (Piechnick et al., 2012; Wang and Duan, 2007, 2011).
In the five fully active non-rhodopsin structures (b2AR: 2RH13SN6, b2AR: 2RH1-4LDE, M2: 3UON-4MQS, M2: 3UON-4MQT,
mOR: 4DKL-5C1 M), TM6 also shows the largest rotations. Same
as in rhodopsin, the large scale rotations of TM6 lead to the
often-mentioned observation that TM6 looks like tilting outwards
at the intracellular side. In addition, TM5 rotated notably in four
out of the five fully active structures (except in mOR: 4DKL5C1 M). In line of this, the backbone motion of TM5 in active
b1AR receptor was recently detected in an NMR experiment
(Isogai et al., 2016). These results may suggest that receptor activation involves large scale rotations of both TM6 and TM5. In contrast
to the fully active structures, the three semi-active structures of
the A2A receptor (3EML-3QAK, 3EML-2YDO and 3EML-2YDV)
show negligible rotations at TM6. Instead, TM3, TM4, TM5 and
TM7 all show rotational angles up to 20 degrees. Moderate rotations of these TMs might be an activation feature of this receptor.
Altogether, as shown in Figs. 1–3, using 7  7 RMSD matrix, we
are able to quantitatively describe helix movements so that we are
able to identify a pattern of helix movements in an active structure
such as which TMs move significantly and which not and how
much TM-TM RMSDs the movements result in. The fully active
structures exhibit a highly similar pattern of helix movements,
whereas the semi-active structures show distinct features. Helix
movements are characterized by rotations of TMs around the principal axes of the molecules, which are more complex conformational changes than simple tilt. These results suggest that helix
movements induced by receptor activation are not as simple and
direct as has often been suggested.
3.2. Structural comparison of the 7TM cores in 33 receptors
3.2.1. 7  7 RMSD matrices of 32 receptors against the rhodopsin
structure
We analyze the crystal structures of 33 unique GPCR receptors
(Table 2). As described in section Material and Methods, the start
and stop residues of each TM in every structure has been carefully
examined and the 7TM core residues that are present in all crystal
structures are determined and defined as 1.36–1.57, 2.40–2.60,
3.23–3.52, 4.45–4.58, 5.40–5.61, 6.34–6.51 and 7.35–7.53 by the
Ballesteros-Weinstein numbers (Ballesteros and Weinstein, 1995).
As rhodopsin is the precursor of GPCR evolution and the prototype of GPCR structures (Ernst et al., 2014; Wolf and Grünewald,
2015), we use it as a reference structure to probe the structural
variations among the rest 32 receptor structures. In Table 2, we
show the overall 7TM RMSDs of 32 structures against the rhodopsin structure 1U19. Most of class A structures show less than 2.0 Å
RMSDs and the five non-class A structures have larger RMSDs of
between 2.55 Å to 3.15 Å. Superposition of the 7TM cores of the
33 structures is shown in Fig. 4. We can see that although the
7TM bundles can superpose well (Fig. 4a), when only one TM is
used for superposing, the rest six TMs cannot fit well, which generate fuzzy images (Fig. 4b–h). This observation indicates that
although the overall topology of the 7TM core is well conserved,
the relative orientations of the TMs are rather different in different
receptors, implying rigid-body TM movements.
We then quantify the TM movements by computing the 7  7
RMSD matrices for the 32 receptors, as described in section Material and Methods. Fig. 5 shows the matrix of the b2-adrenoceptor
structure (2RH1) as an example. We can see that the RMSD values
at the diagonal positions are small between 0.4 Å to 1.0 Å, indicating that the helical conformations of the TMs are well conserved
between rhodopsin and b2AR. However, the off-diagonal RMSDs
are much larger, reaching 10 Å in the rows labeled by ‘‘S-TM4”
and ‘‘S-TM5”, indicating that fitting TM4 or TM5 alone lead to large

Fig. 4. Superposition of the 7TM cores of 33 GPCR structures using the rhodopsin
structure (green) 1U19 as a reference. a) All 7 TMs are fitted; b) only TM1 is fitted;
c) only TM2 is fitted; d) only TM3 is fitted; e) only TM4 is fitted; f) only TM5 is
fitted; g) only TM6 is fitted; h) only TM7 is fitted. The class A receptors are shown in
grey and non-class A in orange.

displacements of other TMs. This matrix thus reveals that TM4 and
TM5 in b2-adrenoceptor moved notably relative to those in rhodopsin. The structural consequence of such movements is that
inter-helical angles and distances involving TM4 and TM5 are significantly different from those in rhodopsin.
In Fig. 6, we show the matrices of 32 receptors against the rhodopsin structure. To facilitate comparison of all matrices, we place
the seven rows of each matrix into one line for one receptor and
align the 32 lines together. We then obtain a systematic view on
structural divergence and conservation within the 7TM cores. As
shown in Fig. 6, the RMSDs in the blocks labeled by ‘‘SuperposeTM1”, ‘‘Superpose-TM4”, ‘‘Superpose-TM5”, ‘‘Superpose-TM6” and
‘‘Superpose-TM7” are significantly larger than in the blocks labeled
by ‘‘Superpose-TM2” and ‘‘Superpose-TM3”. This indicates that TM
movements mainly occur on TM1, TM4, TM5, TM and TM7 while
TM2 and TM3 are conserved as in rhodopsin. Within class A,
TM1 and TM7 are also relatively well conserved.
Contrast to the small range of the overall 7TM RMSDs (1.57 Å to
3.15 Å in Table 2), the maximal RMSDs approach 28 Å in the 7  7
RMSD matrices (Fig. 6). In addition, distributions of large RMSDs
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Fig. 5. 7  7 RMSD matrix of b2-adrenoceptor (b2AR) structure 2RH1 against the rhodopsin structure 1U19. Structural superposition is shown for the row of fitting TM4
(labeled by ‘‘S-TM4”). TMs of rhodopsin are in green and those of b2AR in silver.

Fig. 6. 7  7 RMSD matrices of 32 GPCR structures against the rhodopsin structure 1U19. For easy comparison of all matrices, the seven rows of each matrix are placed into
one line for each receptor.
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and small RMSDs significantly vary with receptors, indicating various patterns of TM movements. For instances, TM4, TM5 and TM6
show large movements in purinoreceptors P2Y1 and P2Y12; TM4
and TM5 (not TM6) move significantly in the adenosine receptor
A2A, adrenoceptors b1 and b2, and muscarinic receptors M1-M4.
There is no significant movement in the dopamine receptor D3
(maximal RMSD is only 5.6 Å), indicating that its 7TM core structure is highly similar to rhodopsin.
As helix movements result in changes in inter-helical angles
and distances and TMs constitute orthosteric and allosteric ligand
binding sites for most receptors, the diversity of the helix
movements revealed here suggest that even considering only the
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backbones of the TMs, the ligand binding pockets are rather
diverse in shape and size among different GPCRs.
3.2.2. Rotations of TMs in 32 receptors
The RMSDs of fitting two structures come from two components of transformation: translation and rotation. As the overall
7TM RMSDs are rather small (Table 2), the translation of each
TM should be minor. The major contributor of the large RMSDs
in the 7  7 RMSD matrices is rotation of the TMs. In Fig. 7, we
show the rotational angles of TMs around the principal axes of
the rhodopsin structure. As described in section Material and
Methods, the rhodopsin structure is re-oriented so that its three

Fig. 7. Rotational angles of each TM in 32 receptors relative to the rhodopsin structure 1U19. Rotations are computed around the X, Y and Z-directions, which are aligned
along the principal axes of the rhodopsin structure 1U19. The Z-axis is proximately perpendicular to the membrane, pointing from the intracellular to extracellular side.
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principal axes are aligned in the X, Y, and Z directions. The Z-axis is
proximately perpendicular to the membrane, pointing from the
intracellular to extracellular side (Fig. S3).
Comparing Figs. 7 and 6, we can see that the TMs exhibiting
large rotational angles correspond to the rows with large RMSD
values, confirming that TM movements revealed in the 7  7 RMSD
matrices are indeed due to rotations of the TMs. In addition, Fig. 7
reveals that rotations are mainly around the Z-axis, with minor
rotations around X-axis or Y-axis. Also, the signs of the rotational
angles indicate the rotational directions. Viewing from the extracellular to intracellular side, an angle with a positive sign means

counter-clockwise rotation around the Z-axis. Thus, Rotation of
TM4 is mainly clockwise whereas TM5 is counter-clockwise. In
the five non-class A receptor structures rotations of TM1 and
TM7 are also through the opposite directions (counter-clockwise
and clockwise, respectively) around the Z-axis. TM6 rotates
counter-clockwise in P2Y1, P2Y12, FFR1, PAR1 but clockwise in
SMO, mGlu1, mGlu2 and glucagon.
3.2.3. Clustering of 7TM core structures in 33 receptors
In addition to a measure of helix movements, a 7  7 RMSD
matrix can be used as a 49-parameter structural similarity index

Fig. 8. Clustering of 7TM core structures in 33 receptors. A) by 7  7 RMSD matrix; B) by overall 7TM RMSD; C) by Dali Z-score; D) by TM-align score. See Fig. S7 for sequencebased clustering result.
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for multiple structural comparison. This is so-called all-against-all
comparison. In Fig. 8, we show clustering of the 33 receptors by
7  7 RMSD matrix, compared with three other structural similarity indices, which are overall 7TM bundle RMSD, Dali Z-score
(Holm and Laakso, 2016) and TM-align score (Zhang and
Skolnick, 2005) (see Material and Methods). The sequence-based
clustering of the 33 receptors is shown in Fig. S7.
Dali and TM-align are two often-used structural comparison
tools, which in principle can be applied to compare structures of
any fold and any size. Here, we apply them to compare only the
7TM core structures with the same fold and same number of residues. In these two methods similarity scores are measured by computing intra-molecular residue-residue distances and finally
summed up to a single parameter called Dali Z-score and TMalign score, respectively. So, same as using overall 7TM RMSD, each
structural pair is represented by a single-parameter similarity
index in Dali and TM-align. The pairwise similarity matrices computed with all four methods are provided in Supplemental Material
(Tables S3, S4, S5 and S6).
Fig. 8A shows the dendrogram derived by using 7  7 RMSD
matrix as similarity index. We can see that the class F receptor
SMO stands out and forms a single cluster, indicating that this
receptor has no close relationship with any of other receptors in
terms of 7TM arrangements. The rest of the receptors are grouped
into two major clusters. One cluster contains all class A receptors
except two lipid receptors S1P1 and LPA1. The other cluster contains non-class A receptors including the two class B receptors
(CRF1 and Glugacon), two class C receptors (Mglu1 and Mglu5)
and two class A lipid receptors S1P1 and LPA1. It thus appears that
the 7TM domains of S1P1 and LPA1 are arranged in a manner dissimilar to other class A receptors. This is likely due to two features
in the structures. One is that they do not have the highly conserved
proline residue at position 5.50 (Fig. S5) and thus do not have a
proline-induced kink in TM5. The other feature is that the extracellular segment of TM1 is more towards outside compared to other
class A receptors (Chrencik et al., 2015; Hanson et al., 2012), especially in S1P1, forming an opening between TM1 and TM7 (Hanson
et al., 2012). Indeed, fitting TM1 and TM5 against rhodopsin
resulted in large RMSDs (Fig. 6).
The class A receptors are classified into several sub-clusters. The
muscarinic receptors (M1, M2, M3 and M4), the adrenoceptors (b1
and b2), and the adenosine receptor (A2A) are close relatives
despite involving three different species (human, rat, and turkey),
implying their similar 7TM structures. Compared to the adrenoceptors (b1 and b2), the dopamine receptor D3 and histamine receptor
H1 are closer to rhodopsin. The free fatty acid receptor FFR1 and
peptide receptor PAR1 are grouped into a same clade, which is consistent with sequence-based clustering (Fig. S7) as well as with the
structural analysis by Okada and colleagues (Srivastava et al.,
2014). These two receptors are the closest relatives of the purinoreceptors P2Y1 and P2Y12.
For almost all receptors, their subtypes are the closest relatives,
indicating conservation of TM arrangements within a same subfamily. Exceptions are the 5HT1B and 5HT2B subtypes of the 5HT receptor, which are placed far from each other. However, this
is consistent with the fact that both structures are bound with an
agonist and they are in different activation states (Wacker et al.,
2013; Wang et al., 2013b).
The major differences between clustering by 7  7 RMSD matrix
and clustering by the three other methods (Fig. 8B–D) are on the
placements of class F receptor SMO, class A lipid receptors S1P1
and LPA1, and subtypes 5HT1B and 5HT2B. SMO is placed close
to Class B receptor Glugacon; S1P1 and LPA1 are grouped with
the adenosine receptor A2A; subtypes 5HT1B and 5HT2B are
placed in a same clade. In addition, the histamine receptor H1 is
placed close to the muscarinic receptors (M1, M2, M3 and M4)
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and the dopamine receptor D3 close to the adrenoceptors (b1
and b2) (Fig. 8B–D). These results are similar to sequence-based
clustering (Fig. S7). The differences of the clustering results
between 7  7 RMSD matrix and other methods indicate that
7  7 RMSD matrix is more sensitive to variations in the 7TM
arrangements than other methods as it explicitly measures the orientation of each TM pair. On the other hand, if two receptors are
placed into a same clade by 7  7 RMSD matrix, it indicates that
the two receptors share highly similar 7TM arrangements. Such
cases are common for subtypes. A non-subtype case revealed in
Fig. 8A is the dopamine receptor D3 and the 5HT1B receptor. As
shown in the 7  7 RMSD matrix of these two receptors (Fig. S8),
they differ only in TM6 with a maximal RMSD of 5.9 Å.

4. Discussion
The transmembrane domain of a GPCR plays important roles in
both structure and function. At the extracellular side, it constitutes
the orthosteric endogenous ligand binding sites for class A receptors, part of the orthosteric ligand binding sites for class B receptors, and allosteric binding sites for class C and class F receptors.
At the intracellular side, it couples with the G-proteins. Given the
large variety of ligands and low sequence identities across families,
structural variations in the TM regions are expected and have been
observed in the experimentally solved structures. However, the
highly similar heptahelical fold presents a challenge for the existing methods to quantify the structural differences. In this work
we demonstrate that our 7  7 RMSD matrix provides a simple
and efficient measure of the structural differences in the 7TM
domains. With this measure, movements of all seven TMs or
changes in 7TM arrangements can be quantitatively identified
and visualized in one picture. It can be used to compare any structural pair to reveal detailed structural differences; the matrix itself
can be used as a structural similarity index for multiple-structure
comparison to reveal structural relationships.
We have compared 21 inactive-active structural pairs of seven
GPCR receptors. Their 7  7 RMSD matrices reveal a highly similar
pattern of helix movements in fully active structures but distinct
features in semi-active structures. Rather than simply tilting, as
has often been suggested, the helix movements are characterized
by rotations of TMs around the principal axes of the molecules in
the X, Y, and Z-directions. We have also compared each of 32
receptors of known structure with the rhodopsin structure. The
results reveal high conservation of the orientations of TM2 and
TM3 across four major classes while TM1, TM4, TM5, TM6 and
TM7 exhibit various patterns of movements relative to the rhodopsin structure. Such information is useful for evaluating homology
models constructed for a receptor of unknown structure and predicting conformational changes in an activation state.
We have also used 7  7 RMSD matrix as a structural similarity
index to classify 33 unique receptors, which reveals family-specific
arrangements of the 7TM structures. Moreover, it highlights several structural relationships that are not identified by other methods, including the unique 7TM structure in SMO, separation of lipid
receptors (LAP1 and S1P1) from other class A receptors, and the
different 7TM arrangements in agonist-bound subtypes 5HT1B
and 5HT2B. These results provide valuable insights into relations
between 7TM structures, receptor functions, and receptor activation states. To obtain a complete classification of the 7TM core
structures, more structures would be needed. According to Stevens
and colleagues (Katritch et al., 2013), at least 100 representative
receptor structures are needed to cover the GPCR superfamily with
a cutoff of 35% sequence identity.
In the structural comparison and classification of 33 receptors,
we used one structure for one receptor. Certainly, a 7  7 RMSD
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matrix could be different if another structure was used. But, the
conformational differences in multiple inactive-state structures
of a same receptor have been found to be minor and negligible
especially in the 7TM domains (Katritch et al., 2013). As a test,
we add another structure of receptor CXCR4 into the all-againstall comparison data set, in which receptor CXCR4 is bound with a
cyclic peptide antagonist (PDB id: 3OE0 (Wu et al., 2010)). As
shown in Figs. S9 and S10, the two structures (3ODU and 3OE0)
are rather similar, and adding 3OE0 into the data set does not
change the structural clustering at all and the two CXCR4 structures are placed as the closest relatives.
Although we develop and demonstrate here the 7  7 RMSD
matrix for structural comparison of GPCRs, the method is directly
applicable to other 7TM proteins such as the microbial rhodopsin
family. Moreover, the idea used in developing the 7  7 RMSD
matrix may be adopted to derive similar methods for structural
comparison of other protein families with conserved folds.
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