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The publication of the crystal structure of the �2-adrenergic receptor (�2-AR) proved that G protein-coupled
receptors (GPCRs) share a structurally conserved rhodopsin-like 7TM core. Here, to probe to which extent
realistic GPCR structures can be recreated through modeling, carazolol was docked at two rhodopsin-based
homology models of the human �2-AR. The first featured a rhodopsin-like second extracellular loop, which
interfered with ligand docking and with the orientation of several residues in the binding pocket. The second
featured a second extracellular loop built completely de novo, which afforded a more accurate model of the
binding pocket and a better docking of the ligand. Furthermore, incorporating available biochemical and
computational data to the model by correcting the conformation of a single residue lining the binding pocket
—Phe290(6.52)—, resulted in significantly improved docking poses. These results support the applicability
of GPCR modeling to the design of site-directed mutagenesis experiments and to drug discovery.

Introduction

For many years, rhodopsin has been the only G protein-
coupled receptor (GPCRa) with crystallographic structural
information available.1–4 In this context, structural studies of
other GPCRs heavily relied on mutagenesis experiments com-
bined with sequence comparison and homology modeling.5–20

The latter technique is based on the general assumption that
evolutionary related proteins, i.e homologous proteins, conserved
more of their three-dimensional (3D) structure than their amino
acid sequence. This allows inferring protein models even from
significantly distant templates.21 The first rhodopsin-related
GPCR models were based on Shertler’s low resolution projec-
tion map obtained by electron crystallography and on the
associated Baldwin’s rhodopsin 3D molecular model published
in 1993.2,22 More recently, GPCR modeling has been based on
the 3D crystal structure of bovine rhodopsin published for the
first time by Palczewski and co-workers in 2000.1

The first evidence of a general structure shared by the family
of receptors that were later identified under the label of GPCRs
came during the eighties, with the report of a significant amino
acid homology between rhodopsin and the �2-adrenergic recep-
tor (�2-AR).23–25 In subsequent years, it became clear that, just
like rhodopsin, GPCRs are formed by a single polypeptide chain
that crosses the cell membrane seven times with seven R-helical
transmembrane domains (7TMs) bundled together in a very
similar manner.26 Supporting the idea of a common folding of
the 7TMs, sequence comparison revealed specific amino acid
patterns characteristic of each TM and highly conserved in the
great majority of Class A GPCRs.27–29 These conserved residues
constitute the basis for the identification of the 7TMs within
GPCR amino acid sequences. They are also the foundation of
the GPCR residue indexing system introduced by Ballesteros

and Weinstein, which is used throughout this paper to facilitate
the comparison among receptors.28 Briefly, the most conserved
residue in a given TM is assigned the index X.50, where X is
the TM number, and the remaining residues are numbered
relatively to this position.

Homology models of GPCRs, especially those supported by
experimental data, and molecular docking experiments have
been widely used in computational medicinal chemistry to guide
site-directed mutagenesis and for drug discovery purposes,
pursued also through virtual screenings and through the genera-
tion of docking-based quantitative structure–activity relationship
(QSAR) models.30–39 Encouraging results led to a general
acceptance of these models, which, however, although cor-
roborated by indirect experimental evidence, could not be
ultimately validated. The recent publication of the crystal
structure of the human �2-AR proved conclusively that GPCRs
indeed share a very structurally conserved 7TM core, strongly
supporting the body of literature and the hypotheses that were
built on the basis of homology modeling and molecular
docking.40–43

To probe to which extent molecular modeling of GPCRs can
recreate realistic structures potentially applicable to computer-
aided drug discovery, here I compare molecular docking of
carazolol at two different rhodopsin-based homology models
of the �2-AR with the corresponding high resolution crystal
structure (pdb ID: 2rh1).42,43 The two homology models differ
in the way the second extracellular loop (EL2) was constructed:
in the first model (model 1) it was partially built by homology
to rhodopsin, while in the second model (model 2) it was built
completely de novo.

Results and Discussion

Homology Models of the �2-AR. The alignment of the amino
acid sequences, which is provided in the Supporting Information,
was performed following a facile and straightforward procedure
generally applicable to all Class A GPCRs. The 7TMs have
been aligned by identification of the conserved amino acid
patterns.27 The termini were not modeled. Loops of comparable
lengths have been aligned introducing, when necessary, short
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gaps in positions where an insertion or deletion is compatible
with the 3D structure of rhodopsin. Loops of significantly
different lengths were modeled de novo without aligning them
with those of rhodopsin. Due to the amount of experimental
evidence suggesting a role of EL2 in ligand recognition and
receptor activation,8,31,44–48 two different models of the �2-AR
were built: model 1 was built aligning the conserved Cys in
EL2 and the four adjacent residues that in rhodopsin form a
�-strand with the corresponding residues in the �2-AR; model
2 was built completely de novo, without any alignment between
the sequences of rhodopsin and the �2-AR. The models were
built with Modeler,49,50 using as a template the crystal structure
of rhodopsin published by Schertler and co-workers in 2004
(1gzm) that, among the published rhodopsin structures, is
thought to provide a better conformation for the cytoplasmic
ends of TM5 and TM6.4 Retinal – the inverse agonist covalently
bound to rhodopsin – was included in the structural template
in the model building process. Four Cys residues are present in
the �2-AR EL2. It is well-known that two of them (Cys184 and
Cys190) form a disulfide bridge internal to EL2, while the other
(Cys191) forms a disulfide bridge, virtually conserved in all
GPCRs, with a Cys located in the extracellular side of TM3.51

In the construction of the models, the formation of both disulfide
bridges was enforced. The models were processed with the
protein preparation tool of the Schrödinger package to add
hydrogens and optimize the protonation state of the His residues,
the orientation of the hydroxyl groups, and that of the Asn and
Gln residues.

As expected, in the structurally conserved regions both �2-
AR models showed a high degree of similarity with bovine
rhodopsin, with a root-mean-square deviation (RMSD) of the

backbone atoms of the TMs of 0.32 Å for model 1 and 0.34 Å
for model 2; in the remainder of the manuscript, RMSD values
will always refer to backbone atoms, unless specified.

Due to the high structural similarity shared by the �2-AR and
rhodopsin, the models effectively approximate the crystal
structure in the structurally conserved regions, with an RMSD
about the TMs of 2.04 Å for both models, where the RMSD
between the TMs of the crystal structures of the �2-AR (2rh1)
and rhodopsin (1gzm) is 2.07 Å. A superimposition between
the models and the crystal structure of the �2-AR is presented
in Figure 1. Also the loops without gaps in the alignment, that
is, IL1 and EL1, are well approximated by the models, while
the loops with insertions or deletions were not predicted with
accuracy. The RMSD of individual TMs and loops of model 1

Figure 1. Superimposition of the crystal structure (2rh1) and the two homology models of the �2-AR schematically represented as ribbons. The
homology models approximate well the structure of the receptor with an RMSD of the backbone of the TMs comparable to that observed between
the crystal structure of the �2-AR and rhodopsin. Model 1 is in panel a, while model 2 is in panel b. The crystal structure is in white, while the
models are depicted with the colors of the rainbow going from the N-terminus to the C-terminus (TM1, orange; TM2, yellow; TM3, green; TM4,
green/blue; TM5, cyan; TM6, blue; TM7, violet). The docked ligand is colored according to the CPK scheme with cyan carbons.

Table 1. RMSD of the Backbone of Individual TMs and Loops of the
Rhodopsin-Based �2-AR Homology Models with Respect to the �2-AR
Crystal Structure (2rh1)a

model 1 model 2

TM1 2.77 2.71
TM2 1.89 1.87
TM3 1.89 1.88
TM4 2.09 2.07
TM5 2.08 2.14
TM6 1.46 1.56
TM7 1.78 1.81
IL1 2.20 2.41
IL2 6.09 7.17
EL1 1.91 1.98
EL2 8.82 11.13
EL3 4.10 3.78

a No comparison of IL3 was possible due to the fact that, in the
crystallized �2-AR receptor, this region is replaced by the T4 lysozyme.
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and model 2 with respect to the crystal structure are reported
in Table 1. No comparison of IL3 was possible due to the fact
that, in the crystallized �2-AR, this region is replaced by the
T4 lysozyme.

Model 1, just like most rhodopsin-based GPCR models,
features a rhodopsin-like EL2 laying flat over the opening of
the receptor cavity. The crystal structure of the �2-AR revealed
that the buried �-hairpin conformation of EL2 featured by
rhodopsin is not shared by all GPCRs. In the �2-AR, EL2
appears to be more solvent exposed, resulting in a more open
configuration of the binding pocket (Figure 2). This character-
istic is captured by model 2, which features an EL2 even more
solvent exposed than what is revealed by the crystal structure
(Figure 2). Although the overall RMSD of the modeled and
the experimentally determined EL2 remains high, the RMSD
of the residues that face the binding pocket (Cys190-Thr195)
is reduced from 5.86 to 3.84 Å, going from model 1 to model
2. As I will demonstrate, the conformation of EL2 significantly
affects molecular docking.

Docking Carazolol at the �2-AR Homology Models. After
the construction of the two �2-AR homology models, I docked
the inverse agonist carazolol at them by means of the InducedFit
procedure implemented in the Schrödinger package.52,53 Briefly,
the procedure is intended to explore the flexibility of both ligand
and receptor in the course of the docking process and is
composed of three sequential steps: (1) docking of the ligand
at the receptor; (2) optimization of the side chains of the residues
in the binding pocket; (3) final docking of the ligand at the
optimized receptor. The docking region was defined as a box
with a side of 26 Å and centered on Val114(3.33), a residue
which is located in a central position within the 7TM helical

bundle. A figure representing the box is available in the
Supporting Information, while further details on the docking
procedure are given in the Experimental Section.

With model 1, the docking procedure yielded 13 poses, 11
of which, ranked first through 10th and 12th, were consistent
with each other and with the crystal structure. The same
procedure, when applied to model 2, which is characterized by
a more open configuration of the binding pocket, produced 14
poses, 7 of which, ranked first through fifth, eighth, and ninth
were consistent with each other and with the crystal structure.
Four of these poses, ranked second, third, fifth, and ninth, feature
the tricyclic carbazol moiety rotated about 180° and pointing
toward the center of the receptor. In the following paragraphs,
I will always describe the top scoring poses.

A comparison of the modeled and experimentally elucidated
ligand binding pockets is provided in Figure 3. As in the crystal
structures, in the two models, the ligand docks in the cavity
formed by TM3, TM5, TM6, and TM7, with the aromatic
carbazol moiety pointing toward TM5, specifically toward
Ser203(5.42), Ser204(5.43), and Ser207(5.46), and the positively
charged amino group pointing toward TM3 and TM7, specif-
ically toward Asp113(3.32) and Asn312(7.39).

The complex of carazolol with model 1 shows RMSDs about
the heavy atoms of the ligands and the residues lining the pocket
of 3.69 and 3.28 Å, respectively, while the complex with model
2 shows RMSDs about the heavy atoms of the ligands and the
residues lining the pocket of 2.90 and 2.84 Å, respectively.
The interactions between carazolol and the binding pocket of
the �2-AR are exhaustively described by Rosenbaum and co-
workers. In the following paragraphs, I want to describe the
main differences between the models and the crystal structure.

Figure 2. Model 1 (panel a) features a rhodopsin-like EL2 that is buried more deeply than in the crystal structure and interferes with ligand
docking, causing an unnaturally deep pose. Model 2 (panel b) features a solvent exposed EL2, which allows a better placement of the positively
charged tail of the ligand. The tricyclic moiety still docks deeper than in the crystal structure, due to the incorrect orientation of Phe290(6.52) in
the model. The receptor models are represented in yellow/green going from the N-terminus to the C-terminus, with the docked ligand colored
according to the CPK scheme with cyan carbons. The crystal structure (2rh1) is represented in white.
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In particular, I want to highlight the major impact of the
conformation of EL2 on the docking pose of the ligand and on
the orientation of the side chains that line the binding pocket.

Both homology models placed Phe193(EL2) in the vicinity
of the carbazol moiety of the ligand, in line with the crystal
structure. However, due to the rhodopsin-like conformation of
its EL2, model 1 erroneously places also the adjacent
Asp192(EL2) in close proximity to the ligand, interacting with
its positively charged amino group. As a consequence, the latter
lost its interaction with Asn312(7.39), although still conserving
the one with Asp113(3.32). Furthermore, due to the buried
conformation of EL2 (Figure 3, panels a and b), carazolol is
pushed into the binding pocket significantly more deeply than
what is indicated by the crystal structure. Conversely, model 2,

which features a more solvent exposed EL2, correctly placed
Asp192(EL2) far away from the ligand, with an orientation
consistent with the crystal structure, thus allowing an accurate
reproduction of the binding mode of the positively charged tail
of carazolol, coordinated by Asp113(3.32) and Asn312(7.39)
(Figure 3, panels c and d). The biological relevance of
Asp113(3.32) is well established.54 In analogy with carazolol
binding, Asp113(3.32) is thought to establish interactions with
the positively charged amino group of isoproterenol, epineph-
rine, and norepinephrine.55–57

Besides the orientation of Asp192(EL2), there are four other
notable differences between the binding pockets of the crystal
structure and model 1, namely, the orientations of Trp109(3.28),
Tyr199(5.38), Phe290(6.52), and Tyr316(7.43). Remarkably, the

Figure 3. Molecular docking of carazolol at model 1 (panels a and b) and model 2 (panels c and d). Model 1 features a rhodopsin-like EL2, which
pushes carazolol more deeply into the pocket compared to the crystal structure. Besides incorrectly predicting an interaction between the ligand and
Asp192(EL2), model 1 fails in predicting the orientation of four additional residues (indicated with red arrows). Model 2 correctly placed Asp192(EL2)
far away from the ligand, thus allowing an accurate reproduction of the binding mode of the positively charged tail of carazolol. The different
conformation of EL2 in model 2 also led to the accurate prediction of the orientation of all the side chains of the residues lining the binding pocket,
with the notable exception of Phe290(6.52). In model 2, the incorrect orientation of the latter is the only reason for the too deep docking of the
tricyclic moiety of carazolol. The carbon atoms are colored in green for the modeled receptor, in gray for the crystallized receptor, in cyan for the
modeled ligand, and in white for the crystallized ligand.
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different conformation of EL2 in model 2 not only caused the
correct placement of Asp192(EL2) but also led to accurate
predictions of all the side chains lining the binding pocket, with
the notable exception of Phe290(6.52). The latter has been
proposed to form with Trp286(6.48) a rotamer toggle switch
for the activation of the �2-AR. In particular, its trans conforma-
tion is maintained to be associated with the active state of the
receptor, while its gauche+ conformation is thought to be
associated with the inactive state.58,59 Furthermore, the corre-
sponding residue of the dopamine D2 receptor has been
proposed to be accessible in the binding site crevice and to
establish contact with antagonists on the basis of substituted-
cysteine accessibility studies.60 Consistently, in the crystal
structure with the inverse agonist carazolol (2rh1), Phe290(6.52)
adopts the gauche+ conformation and points toward the center
of the pocket, making it relatively shallow. This feature is not
captured by the two rhodopsin-based homology models, in
which Phe290(6.52) adopts the trans conformation and points
away from the pocket, thus making it deeper.

The gauche+ of Phe290(6.52) conformation is the only cause
of the excessively deep docking of the carbazol moiety of
carazolol in model 2. Homology modeling cannot contribute to
the prediction of its �1 angle, since rhodopsin features an Ala
at the 6.52 position. However, incorporating the available
biochemical and computational data to the homology model by
changing the conformation of the side chain of Phe290(6.52)
from trans to gauche+ in model 2 prior to docking remarkably
resulted in significantly improved docking poses. In particular,
the top scoring pose showed RMSDs about the heavy atoms of
the ligands and the residues lining the pocket of 1.70 and 2.67
Å, respectively (Figure 4). The carbazol moiety of the ligand
docked as shallowly as revealed by the crystal structure,
allowing the formation of a hydrogen bond between the aromatic
amine and Ser203(5.42). Conversely, this interaction, which is
evident in the crystal structure, could not be detected with the

docking experiments performed with Phe290(6.52) in the trans
conformation. The importance of this particular Ser, together
with two other Ser located in TM5 at positions 5.43 and 5.46,
in ligand recognition and activation is well established.61

Relatively to agonist binding, it has been hypothesized that the
three residues are in close proximity with the hydroxyl groups
of the catechol ring of norepinephrine.55

The other component of the rotamer toggle switch, that is,
Trp286(6.48), corresponding to Trp265(6.48) in rhodopsin,58,59

adopts the gauche+ conformation in the crystal structure and
in both rhodopsin-based homology models. This result is
consistent with the fact that the �2-AR and rhodopsin were both
crystallized in complex with inverse agonists.

To confirm the robustness of the InducedFit docking proce-
dure as implemented in the Schrödinger software package,
Carazolol was extracted from the crystal structure and docked
back following the same procedure utilized when docking at
the homology models. Also, in this case, the conformation of
carazolol was generated by means of a Monte Carlo confor-
mational search prior to docking. The docked complex ap-
proximates the crystal structure remarkably well, with RMSDs
about the heavy atoms of the ligands and the residues lining
the pocket of 0.67 and 0.41 Å, respectively (Figure 5).

Conclusions

The results reported in this paper suggest that, at least in some
instances, molecular docking at GPCR homology models can
produce 3D structures that approximate the real picture well,
amply supporting its widespread application. This is confirmed
at least in the case of the complex of the inverse agonist
carazolol and the �2-AR. The resolution of the models is not
high enough to detect all receptor–ligand interactions. However,
it is sufficient to (a) design site-directed mutagenesis experiments
intended to experimentally probe the interactions, which in turn

Figure 4. Molecular docking of carazolol at a modified model 2 featuring Phe290(6.52) in the gauche+ conformation resulted in significantly
improved docking poses (panels a and b). The carbon atoms are colored in green for the modeled receptor, in gray for the crystallized receptor, in
cyan for the modeled ligand, and in white for the crystallized ligand.
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can be incorporated into the models in an iterative manner; (b)
predict conformation and orientation of the ligands, which can
be applied to the construction of docking-based 3D-QSAR
models; and (c) design fuzzy receptor-based pharmacophores
to be applied in virtual screening experiments. It is worth noting
that retinal and carazolol are significantly similar in size and
shape and that the binding pockets of rhodopsin and of the �2-
AR largely overlap. Less accurate results may be obtained by
modeling receptors with ligands significantly different from
those bound to the templates or characterized by a high level
of flexibility. It is also worth noting that the results obtained
through docking at homology models based on templates in the
inactive conformation may be more accurate in the case of
inverse agonists, such as carazolol, and antagonists than in that
of agonists.

From the computational medicinal chemistry perspective,
modeling EL2 seems a crucial point to be addressed. In most
of the current rhodopsin-based homology models, EL2 is buried
in the 7TM pocket. The crystal structure of the �2-AR revealed
that this is not a general feature shared by all GPCRs. In
the case of the �2-AR homology models presented here, the
rhodopsin-like EL2 of model 1 not only interfered with the
docking of the ligand, suggesting wrong interactions and pushing
the ligand excessively toward the core of the receptor, but also
caused the incorrect modeling of many of the side chains of
the residues that line the binding pocket. Most of those problems
were solved when the model was generated without aligning
the residues of EL2 of the �2-AR and rhodopsin (model 2). We
have noticed interferences of EL2 in ligand docking in the past.
In the case of FFAR1, we addressed them by removing the loop
prior to docking and reinserting it only afterward.18 Due to the
inherent difficulties of modeling and validating the structures
of the loops, the development and testing of GPCR models built
without EL2 may prove a viable alternative.

The orientation of the side chains that line the binding pocket
is also of critical importance to obtain accurate docking poses.
The data shown here demonstrate that even a single residue
with the side chain in an incorrect orientation—in this case
Phe290(6.52)—can affect the pose of the ligand and cause the
loss of important interactions—in this case, between the ligand
and the crucial Ser203(5.42). Consequently, incorporating
available data on the conformation of a residue or on a specific
receptor–ligand interaction, gathered, for example, through
biochemical or biophysical experiments, significantly enhances
the quality of the models.

In any case, the newly published structure of the �2-AR
will afford the modeling community the opportunity to perfect
techniques and strategies, toward more reproducible and
reliable in silico predictions. First priority items on the agenda
of computational medicinal chemists will be the identification
of protocols to generate accurate GPCR models, to optimize
loops and side chain conformations, and to perform molecular
docking. The availability of the structure of a second GPCR,
in addition to validating and encouraging modeling studies,
will provide the long awaited benchmark to perform the
necessary optimization and calibration procedures.

Experimental Section

Homology Modeling. On the basis of two sequence alignments
differing in the EL2 region, two alternative homology models of
the human �2-AR were built with the program Modeler.49,50 In
both cases, the two disulfide bridges in the EL2 were manually
defined. For each alignment, three models were built, and each of
them was subjected to five loop refinements setting the optimization
level to high. The quality of the models was examined in terms of
residue-based probability density function and residue-based energy,
as calculated by Modeler. For each of the two alignments, the
soundest models were chosen for the subsequent docking experiments.

Protein and Ligand Preparation. Carazolol was sketched in
Maestro and subjected to a Monte Carlo Multiple Minimum

Figure 5. Redocking of carazolol at the crystal structure confirms the robustness of the InducedFit docking procedure. The carbon atoms are
colored in green for the modeled receptor, in gray for the crystallized receptor, in cyan for the modeled ligand, and in white for the crystallized
ligand.
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conformational search using the OPLS_2005 force field and water
as implicit solvent (Surface Generalized Born (SGB) model).62,63

The lowest energy conformation of the ligand was used as starting
point for the docking experiments. Model 1 and model 2 were
imported into the Maestro interface of the Schrödinger software
and subjected to the Protein Preparation Workflow to (1) add
hydrogens; (2) add N-acetyl and N-methyl amide capping groups
to the N-terminus and C-terminus, respectively; (3) optimize the
orientation of hydroxyl groups, Asn, and Gln, and the protonation
state of His; and (4) perform a constrained refinement with the
impref utility, setting the max RMSD of 0.30. The impref utility
consists of a cycle of energy minimizations based on the impact
molecular mechanics engine and on the OPLS_2001 force field.
The first minimization is performed constraining the heavy atoms
with the hydrogen torsion parameters turned off, to allow free
rotation of the hydrogens. Subsequently, up to five minimizations
are performed, gradually decreasing the constraints on the positions
of the heavy atoms. If, at the end of any minimization cycle, the
RMSD of the heavy atoms is greater than the max RMSD from
the original structure, the calculation terminates and returns the
structure resulting from the previous cycle.

The model with Phe290(6.52) in the gauche+ conformation was
built from model 2 after impref refinement by rotating the �1 angle
of the residue of 90°.

Induced Fit Docking. Molecular docking was performed with
the Induced Fit Docking procedure based on Glide 4.5 and Prime
1.6, as implemented in the Schrödinger package.52,53 The procedure
is composed by a Glide SP docking, followed by a Prime refinement
of the side chains of the residues in the binding pocket and then
by a final Glide XP docking of the ligand into the receptor in the
refined conformations.

The docking box was centered on Val114(3.33) and featured a
side of 26 Å (see figure in Supporting Information). In the initial
Glide SP docking (Glide 4.5), the vdW scaling was set to 0.5 for
nonpolar atoms of receptor and ligand, defined as the atoms with
partial charge lower than 0.25 for the receptor and lower than 0.15
for the ligand. For each obtained docking pose, a Prime refinement
(Prime 1.6) was performed on all the residues located within 5 Å
from the ligand. Brifely, the Prime refinement starts with the
optimization of the side chains of the selected residues performed
through randomization and subsequent exploration of various
combinations of rotamers; the optimization is followed by a
truncated-Newton minimization of the selected residues and the
ligand using the OPLS_2000 all-atom force field for the receptor
and OPLS_2001 for the ligand, treating solvation with the SGB
continuum solvation model. All the obtained complexes within an
energy range of 30 kcal/mol from the best were passed onto the
final step, in which the ligand was extracted and redocked with
Glide XP (Glide 4.5), with a vdW scaling factor of 0.8 for the non
polar atoms of the ligand only. The InducedFit docking procedure
was always preceded by an IMPREF refinement of the receptor
with a max RMSD of 0.18 Å.
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