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Peptide– and protein–protein dockings were carried out on β2-adrenergic receptor (β2AR) to confirm the presence of
transmembrane helix 6 (TM6) at the interface region between two β2AR monomers, thereby its possible role in dimeriza-
tion as suggested in numerous experimental and computational studies. Initially, a portion of TM6 was modeled as a
peptide consisting of 23 residues and blindly docked to β2AR monomer using a rigid body approach. Interestingly, all
highest score conformations preferred to be near TM5 and TM6 regions of the receptor. Furthermore, longer peptides
generated from a whole TM region were blindly docked to β2AR using the same rigid body approach. This yielded a
total of seven docked peptides, each derived from one TM helix. Most interestingly, for each peptide, TM6 was among
the most preferred binding site region in the receptor. Besides the peptide dockings, two β2AR monomers were blindly
docked to each other using a full rigid-body search of docking orientations, which yielded a total of 16,000 dimer con-
formations. Each dimer was then filtered according to a fitness value based on the membrane topology. Among 149
complexes that met the topology requirements, 102 conformers were composed of two monomers oriented in opposite
directions, whereas in the remaining 47, the monomers were arranged in parallel. Lastly, all 149 conformers were clus-
tered based on a root mean-squared distance value of 6 Å. In agreement with the peptide results, the clustering yielded
the largest population of conformers with the highest Z-score value having TM6 at the interface region.

Keywords: β2-adrenergic receptor; transmembrane helix 6; protein–protein docking; homodimer; peptide–protein
docking; interface; β2AR dimer

1. Introduction

β2-Adrenergic receptor (β2AR) is a G-protein coupled
receptor (GPCR), which is the member of the largest
family of seven-transmembrane-helix receptors that are
responsible for transmitting a wide variety of signals
such as odorants, photons, hormones, and neurotransmit-
ters (Strader, Fong, Tota, Underwood, & Dixon, 1994).
A well-known feature of any GPCR-mediated signaling
is that it is initiated by the formation of a ternary com-
plex consisting of the active GPCR, the G protein, and
the signaling molecule (Fung, Hurley, & Stryer, 1981).
In this ternary model, β2AR is monomeric while activat-
ing G proteins (Whorton et al., 2007). However, there
exist several experimental observations, which show
β2AR forming dimeric and even oligomeric associations
to perform certain functions (Angers et al., 2000;
Bouvier, 2001; Hebert et al., 1996; Milligan, 2007).

In this respect, using differential epitope tagging and
co-immunoprecipitation, Hebert and his coworkers
(1996) demonstrated that β2ARs formed homodimers,
and that the receptor was found in a dynamic equilib-
rium between monomeric and dimeric forms under basal

conditions. While the addition of an agonist stabilized
the β2AR dimer, the presence of an inverse agonist
shifted the equilibrium toward the monomer formation.
Furthermore, a peptide derived from the transmembrane
domain 6 (TM6) inhibited the dimerization to different
extents depending on the ratio of dimer to monomer in
the system. This finding suggested that TM6 may repre-
sent part of an interface or may play a role in receptor
dimerization. Their study also supported the functional
importance of dimerization since the peptide that inhib-
ited dimerization also inhibited β-adrenergic agonist-
promoted stimulation of adenylyl cyclase activity.

Following the peptide experiments that provided a
direct biochemical evidence for the existence of β2AR
homodimers, Angers and his coworkers demonstrated the
constitutive homodimerization of human β2AR in living
cells using a biophysical approach; bioluminescence reso-
nance energy transfer (BRET) (Angers et al., 2000). A few
years later, the same group carried out BRET experiments
to study β1 and β2AR homo- and heterodimerization
(Lavoie et al., 2002; Mercier, Salahpour, Angers, Breit, &
Bouvier, 2002). The potential heterodimerization was
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investigated due to their high level of sequence identity.
Their results clearly showed a similar propensity of β1 and
β2AR to form homo- and heterodimers, and a relatively
high proportion of constitutive dimeric receptors. On a
functional level, the adenylyl cyclase activity was not
affected by heterodimerization. However, the agonist-pro-
moted internalization of the β2AR and its ability to activate
the ERK1/2 MAPK signaling pathway was inhibited by
the presence of β1AR and β1AR/β2AR heterodimerization.
The same group also exposed the functional significance
of β2AR dimerization as being a prerequisite for cell sur-
face targeting (Salahpour et al., 2004). Inhibition of the
dimerization motif 276GXXXGXXXL284 on TM6 pre-
vented transport of the receptor to the plasma membrane.

The oligomerization of β2AR was first suggested by
fluorescence recovery after photobleaching studies
(Dorsch, Klotz, Engelhardt, Lohse, & Bünemann, 2009)
conducted on β2AR, which revealed extensive and stable
oligomers (probably 4–5 receptors) both in HEK 293T
cells and in cardiac myocytes. In the same year, Fung and
his coworkers conducted fluorescence resonance energy
transfer (FRET) and suggested that β2AR is capable of
forming tetrameric assemblies in a lipid bilayer and that
the binding of inverse agonists promotes the oligomeriza-
tion by reducing conformational fluctuations in individual
protomers (Fung et al., 2009).

Despite the growing amount of experimental evidence
about the existence of dimerization/oligomerization, the
information about the interface region is still lacking.
Hebert and his coworkers suggested TM6 as the most
plausible interface region, however with no direct confir-
mation (Hebert et al., 1996). Computer simulations con-
ducted by Gouldson and his coworkers on 5,6-domain
swapped dimers where the dimer interface lies between
TM5 and TM6, proposed them as the active, high affinity
form induced by agonists (Gouldson, Snell, Bywater,
Higgs, & Reynolds, 1998). In the same study, the corre-
lated mutation analysis identified the mutations mainly
amongst the external residues found at the TM5-TM6
region. The presence of correlated mutations is known to
indicate a functionally important interface region, also
supported by a large amount of computational studies
(Gouldson, Bywater, & Reynolds, 1997; Gouldson &
Reynolds, 1997; Gouldson et al., 2001; Nilsson et al.,
1999; Oliveira, Paiva, & Vriend, 1993; Pazos, Helmer-
Citterich, Ausiello, & Valencia, 1997).

One computational study based on spatial distribution
of highly conserved residues on the surface of the recep-
tor, predicted TM6 as the most plausible interface region
in agreement with Hebert et al.’s experimental result
(Nemoto & Toh, 2005). A sequence alignment study con-
ducted on 700 aligned GPCR sequences using a
data-mining approach (Livingstone & Barton, 1993)
determined the external faces of TM5 and TM6 with
significant levels of conservation and thus suggested them

as potential functional sites for each family of recep-
tors (Dean et al., 2001; Gkoutos, Higgs, Bywater,
Gouldson, & Reynolds, 1999). Immunological studies
conducted on A1 adenosine receptor (Ciruela et al., 1995),
suggested that intracellular loop 3 (ICL3) connecting
TM5 to TM6 becomes less exposed in the dimer, suggest-
ing that TM5 and TM6 might play a role in dimerization.

In a review study by Filizola and Weinstein (2005),
it is noted that some TM segments appeared more often
than others in the prediction studies of rhodopsin-like
GPCR interfaces. By collecting the results of different
studies conducted so far, the authors showed that most
of the lipid-exposed residues predicted most frequently
were within TM4, TM5, and TM6 regions. Among the
residues identified within each of these three helices,
4.58, 5.48, and 6.42 had the greatest number of occur-
rences. Especially, 6.42 had almost the same number of
occurrence as 6.30, which is located at the boundary
between TM6 and the cytoplasmic loop ICL3. This was
explained by a possible involvement of ICL3 in dimer-
ization/oligomerization, also suggested by the atomic
force microscopy studies (Liang et al., 2003) conducted
on rhodopsin indicating that ICL3 facilitates the forma-
tion of rows of dimers.

Considering both experimental and computational
findings regarding the location of the interface region, the
computational docking study presented here used short
and long peptides derived from different TM regions of
β2AR that were rigidly and blindly docked to the mono-
meric form of the receptor. Our computational approach
for peptide docking was fully inspired by the peptide
experiments of Hebert and his coworkers (Hebert et al.,
1996). The goal here was to determine the TM regions of
the receptor for which the docked peptide would have the
highest affinity and consequently suggest a plausible
interface region. In the second part of our study, we used
a protein–protein blind docking approach using two
exactly similar β2AR monomers to propose a dimeric
form of the receptor and consequently its corresponding
interface. The receptor conformation that was used as a
target structure in all docking runs represents an inactive
state with a relatively wrapped up ICL3 that blocks the
intracellular G-protein binding site. Such an ICL3 align-
ment is selected, since it would interfere the least in any
kind of dimeric or oligomeric association. Also, an inac-
tive state presents a relatively constrained structure with
fewer conformational fluctuations, which favors the closer
packing of dimeric/oligomeric associations, as suggested
by FRET experiments (Fung et al., 1981).

2. Methods

2.1. System preparation for AutoDock

The peptide molecule to be docked to β2AR monomer
was derived from a part of TM6 region consisting of
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residues from 276 to 296, GIIMGTFTLCWLPFFIV-
NIVH, as it is used in the activity measurements con-
ducted by Hebert and his group (Hebert et al., 1996). By
adopting the same conformation as in the receptor, the
peptide was blindly docked using a rigid body approach
via AutoDock v4.0 software tool (Morris et al., 2009).
Docked conformations were then reevaluated with a
knowledge-based scoring function called DSXonline v0.88
(Neudert & Klebe, 2011). The selection of a rigid body
approach was adopted since the flexibility of the whole
peptide would be computationally too demanding and
partial flexibility would only bias the docking results.
Furthermore, a rigid peptide would better represent the
stable helical segment that preserves its secondary struc-
ture, especially when embedded in the transmembrane
region.

As the docking tool, AutoDock was especially
selected based on the satisfactory accuracy rates reported
on membrane proteins previously (Liu, Perez Aguilar,
Liang, & Saven, 2012; Jois & Siahaan, 2003; Song
et al., 2009). Especially, its robust and efficient algorithm
was shown in the blind docking study of peptides con-
ducted by Hetenyi and his coworkers (Hetenyi & Spoel,
2002). Regarding the membrane environment, the pro-
posed dimer structure has been predicted based on the
fact that homodimerization is constitutive (hormone
independent) and that it occurs in the endoplasmic reticu-
lum prior to being transported to the cell membrane
(Salahpour et al., 2004). Since the lipid contribution to
dimerization is not required at all times, its effect was
simply discarded from our docking runs.

The monomeric conformation of β2AR was selected
among 5608 snapshots obtained from four independent
molecular dynamics simulation trajectories (one 1 μs
long MD and three 100 ns long MD runs) (Ozcan, Uyar,

Doruker, & Akten, 2013). These simulations were car-
ried out to understand the effect of the long ICL3 on the
intrinsic dynamics of β2AR and yielded a ‘very inactive’
conformation of the receptor, which was characterized
by the close packing of ICL3 underneath the membrane
(See Figure S1).

The starting crystal structure for the MD study was
the inactive state of β2AR (PDB id:2RH1), which was
the first reported crystal structure in 2007 by Cherezov
and his coworkers (Cherezov et al., 2007). The ICL3
region was removed from the receptor and replaced by
an anchor protein T4-lysozyme to facilitate crystalliza-
tion. Prior to our MD study, T4-lysozyme was removed
and the missing ICL3 region was generated as an
unstructured loop of 32-residues length via MODELLER
homology tool (Narayanan et al., 2003). The simulated
system consisted of a protein embedded into a POPC
membrane and surrounded by water molecules. The
preparation of the system prior to MD consisted of three
stages; melting of lipids, protein under restraints, and
finally protein released. Each of these preparation steps
consisted of 1000 steps of energy minimization followed
by .5 ns MD runs. The equilibrated system was then sub-
jected to a total of 1000 ns MD run and three separate
100 ns MD runs, which produced a total of 5608 differ-
ent snapshots.

In the end, all 5608 conformers were clustered based
on the root mean-squared distance value of ICL3 using
k-clust algorithm of MMTSB toolset (Feig, Karanicolas,
& Brooks, 2001). Next, a conformer incorporating an
ICL3 well packed underneath the receptor was selected
considering the fact that an ICL3 with such an
orientation would interfere the least with the dimerization
(See Figure 1(a)). The conformational variation in the
transmembrane region, which is the target site of blind

Figure 1. β2AR monomer inside (a) a single box with .45 Å grid spacing and 56.25 × 56.25 × 42.3 Å dimensions, (b) four smaller
boxes each with .375 Å grid spacing and 46.88 × 46.88 × 46.88 Å dimensions. The transmembrane helix VI is colored in red and
the ICL3 is colored in green.
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docking in our study, was below 2 Å among the snap-
shots, thus using one single conformer of the receptor
was sufficient.

A pre-calculated three-dimensional energy grid of
equally spaced discrete points was generated before
docking for a rapid energy evaluation using the program
AutoGrid (Morris et al., 2009). In the first docking
experiment, a grid box that is large enough to cover the
receptor yet excluding the extracellular loops was built
using a grid spacing of .45 Å (See Figure 1(a)). This is
simply a ‘blind docking’ experiment where the peptide is
free to move in a conformational space covering all
transmembrane regions of the receptor. In the second
docking, four distinct grid boxes with a smaller grid
spacing of .375 Å were generated such that each box
only covers approximately one quarter of the receptor’s
transmembrane region (See Figure 1(b)). For each five
docking experiment, a total of 200 docking runs were
employed using the Lamarckian genetic algorithm
(Morris et al., 1998) as the conformational search.
Finally, all 200 docked poses were clustered based on a
root mean square distance (RMSD) value of 2 Å.

Additional blind dockings were performed on
β2AR monomer, using a longer peptide generated from
the whole helical region of each TM helix. Here, the
goal was to reveal the pair of TM helices with the
highest binding affinity that might also indicate a
likely interface region. For seven TM helices, seven
independent blind docking experiments with 200 runs
each, were performed using a single box with a .45 Å
grid spacing which covers the entire transmembrane
region as in the blind docking experiments of the
short peptide.

For both short and long peptide dockings, a total of
2.5 × 106 energy evaluations and 27,000 generations
were assigned to each run, which makes a total of
5 × 108 energy evaluations for one peptide only. In addi-
tion, population size, mutation, and crossover rates were
set to 150, .02, and .8, respectively. The energy conver-
gence was reached early in the run, after about 1.0 × 106

energy evaluations. Each docking run takes an average
of 3.5–4 h for short peptides and 4–6 h for long
peptides, on a 2.67 GHz/8 MB IntelR Xeon processor.

2.2. System preparation and evaluation steps for
ZDOCK

The protein–protein docking tool ZDOCK v2.3 (Chen,
Li & Weng, 2003) was used to estimate the dimer struc-
ture of β2AR. The docking program, which is based on a
Fast Fourier Transform, takes two exactly similar β2AR
monomers and searches all possible binding modes in
the translational and rotational space. Moreover, it takes
into account surface complementarity, electrostatics, and
desolvation to find the optimal fit between two proteins.

The input parameters were provided via a web-based
interface. Default parameters cannot be modified, how-
ever, one can select certain residues that are not likely to
appear in the protein–protein interface (in our system, all
intracellular and extracellular loop regions) and these res-
idues will simply be blocked from the conformational
search space. For the default parameters, cutoff values
for RMSD and Interface were defined as 6.0 and 9.0,
respectively. Also, the maximum number of clusters was
set to 60 as a default. The computing time scales as
1/Δ3, where Δ is the rotational sampling interval. For
our run, a value of 6° was used since it provides more
accurate predictions by sampling 54,000 poses. The
average computing time with a 6° rotational sampling
interval and a 128 × 128 × 128 grid is 30 min on a
16-processor IBM SP3.

By default, the program can generate up to 2000
complexes. To obtain a large variety of dimer structures,
two different conformations of the receptor, one with
ICL3 and one without ICL3, were used as the initial
conformation. Furthermore, certain residues such as
intra- and extracellular loop regions were blocked from
being in the binding site during conformational search to
sample only biologically relevant dimer association.
Table 1 summarizes eight different layouts used in pro-
tein–protein docking experiments, each generating 2000
complexes, which amounts to a total of 16,000 conform-
ers to be analyzed.

All 16,000 complexes were filtered based on their
‘membrane topology’ feature consisting of the tilt angle
about the z-axis that is perpendicular to the surface of
the membrane and the z-offset taken as the displacement
of the geometrical center of the monomer along the
z-axis. The tilt angle is calculated as the angle between
the first principle coordinate axis of the receptor and the
z-axis. .4 radians and 6 Å were employed as maximum
allowable values for tilt angle and z-offset, respectively.
The complexes conforming to the topological require-
ments were clustered based on an RMSD value of 6 Å,

Table 1. Set of docking experiments with different conformers
and blocked residues.

Set
#

Presence of
ICL3 Blocked residues

# of
complexes

1 Yes NONE 2000
2 Yes ECL2 and ICL3 on one

monomer
2000

3 Yes All loops on one monomer 2000
4 Yes All loops on both

monomers
2000

5 No NONE 2000
6 No ECL2 and ICL3 on one

monomer
2000

7 No All loops on one monomer 2000
8 No All loops on both

monomers
2000
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using k-means clustering algorithm (Feig, Karanicolas, &
Brooks, 2001). Two conformations representing the most
populated clusters for parallel and antiparallel dimers
were selected and further analyzed for the presence of
TM6 at the interface region. Finally, all complexes with
an acceptable membrane topology were reevaluated
using a ZRANK scoring function, which consists of
detailed electrostatics, van der Waals, and desolvation
terms (Pierce & Weng, 2007). The complexes with the
highest ZRANK score values were proposed as the most
plausible conformations and similarly inspected for the
presence of TM6 at the interface region. The whole pro-
cedure described so far was summarized in a flowchart
as illustrated in Figure 2.

To determine the interface region between two mono-
mers in a dimer, a quantitative approach was used. First,
a representative complex from each cluster was selected
as being the closest conformer to the cluster’s average

structure (or cluster’s centroid). Next, the two monomers
in the complex were set apart without being subject to
any local conformational change, leaving them com-
pletely disconnected. Finally, the amount of change in
solvent accessible surface area (SASA) of each residue
i upon complex formation was determined using the
following equation,

dSASAi ¼ SASAu;i � SASAc;i

SASAu;i

where SASAu,i and SASAc,i are the SASA values of resi-
due i in the monomer before and after complex forma-
tion, respectively. The value of dSASA varies between 0
(apart from the interface) and 1 (completely buried at the
interface). If a residue is not located at the interface, its
dSASA is expected to be zero since no change in its
SASA value is observed upon dimerization, whereas, if a
residue i is completely buried at the interface, the change

Figure 2. The flowchart that describes the procedure for determining the most plausible dimer conformation among the docked
poses generated by ZDOCK (Chen et al., 2003).
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in SASA value is expected to be close to one. All SASA
calculations were conducted in VMD using the measure
SASA module with a probe radius of 1.4 Å larger than
the van der Waals radius (Humphrey, Dalke, & Schulten,
1996).

3. Results and discussion

3.1. Docking results for the short peptide extracted
from TM6 region

Docking results for the peptide consisting of residues
of TM6 from 276 to 296 in one single large box and
four smaller boxes are listed in Table 2. For each run,
the transmembrane regions of the target receptor that
are confined in the specified grid box are provided in
the second column. Docking results are listed for the
first cluster corresponding to the cluster with the high-
est negative AutoDock (AD) score and the most-popu-
lated cluster that holds the highest number of docked
conformers designated by the cluster’s size. Alongside
the AD score, the corresponding DSX/CSD (derived
from Cambridge Structural Database, (Allen, 2002)),
DSX/PDB (derived from Protein Data Bank, (Berman,
2002)), and X-Score (Wang, Lai, & Wang, 2002)
values are provided as well.

As listed in the first row of Table 2, the peptide pre-
ferred to bind near TM5 and TM6 regions in 66 out of
200 docked conformers in blind docking experiments for
which a large box covering all TM regions was used.
Furthermore, four scoring functions ranked in the top

three in all 8 clusters (5 first and 3 most-populated) are
typed in bold and underlined in Table 2. Accordingly,
the blind docking using all TM helices (first row)
yielded a peptide pose with all four score values ranked
in the top three. The same pose was also illustrated in
Figure 3(a), where the peptide nicely fits alongside TM5
and TM6 (colored in red) making interactions through
residues shown on the interaction profile in Figure 3(b).
Additionally, a representative pose taken from the
most-populated cluster with 84 elements shows that the
peptide was oriented towards TM1 and TM7, but also
making interactions with the intracellular part of TM5
and TM6 (See Figure 3(c) and (d)). Likewise, the
peptide was found to be oriented upside down.

The highest number of conformers observed in a
cluster was achieved in docking experiments confined to
selected regions which included a significant portion of
TM6, as in boxes #2 and #3 with 199 and 197 poses in
the first cluster, respectively (See Table 2). Besides, their
corresponding DSX/CSD, DSX/PDB, and X-score values
were considerably higher than those of the two docking
runs conducted in boxes #1 and #4 that exclude TM6.

Overall, considering the score values and the number
of docked poses in the first cluster, the preference of
TM6 over the other regions is noticeable in all peptide
dockings. The representative snapshots of the peptide’s
pose in the first and most-populated clusters for other
short peptide dockings listed in Table 2 are provided
alongside their interaction profiles as supplementary
materials (See Figure S2).

Table 2. Docking results for the short peptide consisting of residues from 276 to 296 in TM6.

Run Type

Box #/
(Covered

TM
Regions)

First cluster Most-populated cluster

Sizea
TM

positionb
AD
scorec

DSX/
CSD
scored

DSX/
PDB
scoree

X-
Scoref Sizea

TM
positionb

AD
scorec

DSX/
CSD
scored

DSX/
PDB
scored

X-
Scoref

Blind
docking

All TM
helices

66 V, VI −10.5 −102.6 −114.2 −7.92 84 I, V, VI,
VII

−10.2 −97.7 −115.9 −7.89

Docking
with
selected
binding
sites

1/(2–5) 38 II, III,
IV

−10.6 −89.9 −100.2 −7.76 109 III, IV,
V

−9.1 −77.1 −98.1 −6.89

2/(3, 5–7) 199 V, VI −10.6 −101.0 −111.5 −7.81 – – – – –
3/(1, 5–8) 197 I, V, VI,

VII
−10.4 −93.3 −112.3 −7.90 – – – – –

4/(1–4, 7,
8)

43 II, III,
IV

−10.6 −88.2 −98.4 −7.76 73 I, II, III,
IV

−10.6 −114.2 −127.9 −8.92

Notes: Four scoring functions ranked in the top three in all 8 clusters (5 first and 3 most-populated), were typed in bold and underlined.
aNumber of docked poses in the cluster.
bTransmembrane region to which the docked pose is within a distance of 5 Å at most.
cHighest negative AutoDock score in the first cluster (kcal/mol).
dDSX/CSD score of the best pose of AutoDock (unitless).
eDSX/PDB score of the best pose of AutoDock (unitless).
fX-Score’s predicted binding energy for the best pose of AutoDock (kcal/mol).
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Figure 3. Snapshots of the short peptide’s pose in blind docking runs from the (a) first cluster (green) and the (c) most-populated
cluster (magenta), and their corresponding profiles of the neighboring residues within a radius of 5 Å in (b) and (d), respectively.
Snapshots of the (e) TM1-derived and (g) TM6-derived peptide’s poses from the first cluster (green) and, their corresponding profiles
of the neighboring residues within a radius of 5 Å in (f) and (h), respectively. The dots on the peptide correspond to amino terminal
end. TM6 region of the receptor is illustrated in red.
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3.2. Docking results for the long peptides generated
from each TM helices

Each docking experiment corresponds to a peptide gener-
ated from the whole region of one of the seven TM
helices, blindly docked to β2AR monomer. Surprisingly,
for all seven docking runs, the best pose in the first clus-
ter and the pose in the most-populated cluster were per-
sistently located near TM5, TM6, and TM7 regions (See
Table 3). The score values ranked in the top three for all
10 clusters (7 first and 3 most-populated) are typed in
bold and underlined as in Table 2. Accordingly, the
TM1-, TM2-, and TM6-derived peptides were found to
dock with three high score values, which are all ranked
in the top three and their best poses are located near
TMV, TMVI, and TMVII regions of the receptor. Similar
to short-peptide docking results, there is a strong accor-
dance between DSX and X-Score values. Moreover, in
the first four dockings (TM1 through TM4), the first
cluster is observed to be the most-populated cluster with
a number of peptide conformations varying between 104
and 178, and additionally, their corresponding best pose
has a high negative AutoDock score value varying
between −10.6 and −9.5 kcal/mol.

As listed in Table 3, the highest negative AutoDock
score value of −10.64 belongs to TM3-derived peptide
that was bound to the monomer near TM5, TM6, and
TM7 regions. Moreover, the highest negative DSX/CSD
score value of −103.6 belongs to TM2-derived peptide,
whereas the highest negative DSX/PDB score value of
−121.5 belongs to TM6-derived peptide. Figure 3(e) and
(g) illustrate the position of the best pose of TM1- and
TM6-derived peptides interacting with the monomer’s
TM6 region, as well as an interaction profile showing all
the residues, which are found within a radius of 5 Å of the

best pose (See Figure 3(f) and (h)). Similar snapshots
alongside an interaction profile for the other six
TM-derived peptides are provided as supplementary
material (See Figure S3). These results suggest that in all
possible interface regions in a dimer formation, either
TMV-TMVI, or TMV-TMVI-TMVII, or TMVI-TMVII
helices of one monomer would be observed with any
region of a second monomer. This persistent binding of
all seven helices might also indicate that TM5-TM6-
TM7 presents an energetically more favorable binding
cavity for any kind of helical structure than any other
site in the receptor.

3.3. Protein–Protein docking results indicates TM6
region as the most plausible site for an interface

Out of 16,000 homodimeric complexes generated from
ZDOCK, 149 conformers have passed the membrane
topology filtering. Further evaluation of these complexes
revealed that 47 of these conformers had their monomers
oriented in a parallel arrangement, while the remaining
102 conformers had their monomers with an antiparallel
orientation. Although the antiparallel association is
considered as a rare and nonphysiological state, it is
observed in several crystal packing of GPCRs (Hanson
et al., 2008; Li, Edwards, Burghammer, Villa, &
Schertler, 2004; Palczewski et al., 2000; Warne et al.,
2008, 2011). Next, 149 complexes were separated into
two groups based on their orientations, either parallel or
antiparallel. Each group was further clustered based on
an RMSD value of 6 Å, which produced 20 and 56
clusters for parallel and antiparallel dimers, respectively.
As a quantitative assessment for the existence of TM6 at
the interface region, dSASAi values were calculated for

Table 3. Docking results for the long peptide that consists of the whole part of one transmembrane helix.

Docked
Peptide

First cluster Most-populated cluster

Sizea
TM

locationb
AD

Scorec
DSX/CSD
scored

DSX/PDB
scoree

X-
Scoref Sizea

TM
locationb

AD
Scorec

DSX/CSD
scored

DSX/PDB
scoree

X-
Scoref

TM1 104 V, VI −9.5 −95.7 −115.2 −6.61 – – – – –
TM2 178 V, VI,

VII
−9.8 −103.6 −71.8 −7.42 – – – – –

TM3 136 V, VI,
VII

−10.6 −86.3 −106.7 −5.83 – – – – –

TM4 162 V, VI,
VII

−9.8 −82.0 −99.2 −6.06 – – – – –

TM5 14 I, V, VI,
VII

−8.3 −79.7 −95.8 −4.70 52 V, VI,
VII

−7.9 −100.3 −114.7 −5.48

TM6 62 VI, VII −9.1 −101.6 −121.5 −6.30 73 V, VI,
VII

−8.8 −90.7 −111.0 −5.79

TM7 9 VI, VII −9.2 −78.2 −77.9 −5.85 58 V, VI,
VII

−8.8 −97.4 −110.2 −6.01

Notes: Four scoring functions ranked in the top three in all 10 clusters (7 first and 3 most-populated), were typed in bold and underlined. See footnotes
in Table 2.
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all residues in every representative complex structure that
was selected for each 76 clusters. Figure 4(b) and (d)
illustrate two of these dSASAi profiles that represent the
most-populated clusters obtained for parallel and antipar-
allel dimers, respectively. Accordingly, a TM region was
considered to be at the interface, if any one of its residue’s
dSASAi was greater than 0. For parallel dimers, both
monomers have their TM6 at the interface, whereas, only
one of the monomer’s TM6 region exists at the interface
for antiparallel dimers, in their most-populated cluster.

Furthermore, based on the presence of TM6 at the
interface evaluated by dSASAi values, each cluster was
assigned to one of three states colored by red, green, or
blue, as illustrated in Figure 5(a) and (b) where each ver-
tical bar indicates the existence of TM6 at the interface
as well as the number of elements in that cluster.
According to the color code, the green clusters would
indicate a dimer formation where TM6 regions of both

monomers are found at the interface, whereas in the blue
clusters, only one of the monomer’s TM6 would be
present at the interface. Finally, the red clusters would
suggest that no TM6 is located at the interface.

In parallel associations, the most-populated cluster
with 7 dimers corresponded to the ‘green state’ where
both TM6 were detected at the interface. Furthermore, in
11 out of 20 clusters, TM6 was not observed at the inter-
face. On the other hand, the total number of conformers
in the remaining 9 clusters in which at least one TM6 is
present is 26, which is greater than the total number of
conformers in 11 clusters, which is determined as 21.

In antiparallel associations, the most-populated clus-
ter had 8 dimers and was colored in blue suggesting the
presence of one of the monomer’s TM6 at the interface.
There exist a total of 26 clusters with 48 dimers in
which one TM6 exist at the interface. About 18 dimers
found in 9 clusters have both TM6 at the interface,

Figure 4. Representative snapshots of the most-populated cluster for (a) parallel and (c) antiparallel dimers and their dSASAi pro-
files illustrated in (b) and (d), respectively.
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whereas 21 clusters with 36 dimers did not have a TM6
region at the interface. Overall, the number of dimers
with at least one TM6 at the interface is greater than the
number of dimers with no TM6, in both parallel and
antiparallel associations.

Finally, each 47 parallel and 102 antiparallel dimer
conformations were reevaluated using their Z-rank score
value, which is a positive number for plausible protein–
protein associations. As illustrated in Figure 5(c) and (d),
each conformer’s Z-rank score is designated with a verti-
cal bar colored based on the presence of TM6 at the
interface as in Figure 5(a) and (b). It is noteworthy that
for parallel dimers, the conformers having two TM6
regions at the interface (green cluster) also had signifi-
cantly high score values on the average. For parallel
dimers, the average Z-rank score values for the green,
blue, and red clusters are determined as 69.3 ± 20.1,
43.3 ± 18.9, and 39.5 ± 9.7, respectively. On the other
hand, the average Z-rank values for antiparallel dimers
are calculated as 51.8 ± 19.5, 54.8 ± 21.4, and
55.7 ± 14.9 for the green, blue, and red clusters, respec-
tively. Clearly, all three values are found to be close to
each other and near 50. Thus, the antiparallel dimers are
not as distinguishable as parallel dimers with respect to
their score values.

4. Conclusions

Extensive computational and experimental studies have
been conducted to reveal the interface region in β2AR
dimers and oligomers (Gouldson et al., 1997, 2001;
Gouldson & Reynolds, 1997; Nilsson et al., 1999;
Oliveira et al., 1993; Pazos et al., 1997). The majority of
these studies suggest TM6 as the most plausible interface
region. However, there is still no direct evidence to sup-
port this implication. Inspired by the peptide experiments
conducted by Hebert and his coworkers (Hebert et al.,
1996), we carried out docking calculations using pep-
tides that were generated from different portions of the
transmembrane region in the receptor. First, the very
same peptide of 23 residues in length used in Hebert
et al.’s peptide experiments was docked to β2AR mono-
mer using a blind docking approach. Here, the peptide
was free to bind anywhere in the transmembrane region,
except the intracellular and extracellular loop regions. In
agreement with the previous findings, the results of 200
distinct docking runs showed that the peptide preferred
to bind to TM5 and TM6 regions with considerably high
AD, DSX/CSD, DSX/PDB, and X-Score score values in
both the first and the most-populated clusters.

Furthermore, the same peptide was docked 200 times
while it was confined to various transmembrane regions

Figure 5. Cluster profile and Z-rank score values for (a), (c) parallel and (b), (d) antiparallel dimers colored based on the presence
of TM6. Green: both monomers’ TM6 at the interface, Blue: one of the monomer’s TM6 at the interface, Red: no TM6 at the
interface.
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of the receptor. Especially, when the grid box was cover-
ing the TM6 region, almost 99% of all docked poses
preferred to bind to TM5 and TM6 regions with rela-
tively high score values. Interestingly, when the grid box
did not incorporate TM6, then all the score values and
the number of conformations in the first cluster reduced
significantly. Overall, the peptide strongly preferred TM6
region almost all the time when TM6 was inside the grid
box, and interacted with other TM sites with less affinity
and less frequently when TM6 was left outside the grid
box.

Along with the short peptide docking experiments,
each TM helix was turned into a single peptide (rela-
tively longer than the previous peptide), and was docked
to β2AR monomer using the same blind docking
approach. In agreement with the previous docking
results, all seven TM-derived peptides preferred TM6
regions persistently with relatively high score values.
Especially, it is noteworthy that the best pose of TM6-
derived peptide interacted specifically with TM6 and
TM7, and with a DSX/PDB score value of −121.5,
which was the highest negative one observed in all pep-
tide docking experiments. Overall, TM6 region was the
most preferred site in all peptide dockings, and this
might indicate TM6 as a possible contact point when
another β2AR monomer was nearby.

In the second part of our study, we focused on protein–
protein dockings where two copies of β2AR monomer
were rigidly docked to each other. Exceptionally, the anal-
ysis of 16,000 different dimer structures provided by these
docking runs revealed TM6 at the interface region of the
dimer conformations having the highest Z-rank score val-
ues and in the most populated clusters. In addition, both
parallel and antiparallel orientations have been observed in
these dimer structures where TM6 was persistently seen at
the interface. The average Z-rank score for parallel dimer
conformations was calculated as 69.3 ± 20.1, which was
the highest average value observed in our docking results
and remarkably, in these conformers, the TM6 region of
one monomer was found to be near the TM6 of the second
monomer at the interface.

From another perspective, the TM6 in β2AR is
known to play a key role in the receptor activation,
which is characterized by an outward shift of the intra-
cellular end of helix 6. Therefore, this outward motion
might also be involved in the dimerization by acting as a
reaching branch to the partner monomer. Consequently,
the potential involvement of TM6 in dimerization might
increase the likelihood of having TM6 at the interface
region, appearing at least in one monomer. Our protein–
protein docking results strongly support the presence of
at least one TM6 at the interface. In the near future, the
predicted model of β2AR dimer which has the highest
Z-rank score and the two TM6 at the interface obtained
from our study will be used as a starting conformation to

investigate the intrinsic dynamics of the dimer structure
via molecular dynamics simulation.

Supplementary material

The supplementary material for this paper is available
online at http://dx.doi.10.1080/07391102.2014.962094.
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