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Background: The N111G and N111W mutations make the AT, receptor constitutively active and inactivable, respectively.
Results: The orientation and interactions of D74>*° are influenced by the residue at position 111%°,

Conclusion: H-bond formation between D74>°° and N46'*° is critical for AT, receptor activation.

Significance: This novel molecular switch could be involved in the GPCR activation mechanism as it involves highly conserved

residues D> and N,

G protein-coupled receptors contain selectively important
residues that play central roles in the conformational changes
that occur during receptor activation. Asparagine 111
(N11133%) is such a residue within the angiotensin II type 1
(AT,) receptor. Substitution of N111>3® for glycine leads to a
constitutively active receptor, whereas substitution for trypto-
phan leads to an inactivable receptor. Here, we analyzed the AT,
receptor and two mutants (N111G and N111W) by molecular
dynamics simulations, which revealed a novel molecular switch
involving the strictly conserved residue D74**°. Indeed, D74>>°
forms a stable hydrogen bond (H-bond) with the residue in posi-
tion 1113 in the wild-type and the inactivable receptor. However,
in the constitutively active mutant N111G-AT), receptor, residue
D74 is reoriented to form a new H-bond with another strictly con-
served residue, N46'°°, When expressed in HEK293 cells, the
mutant N46G-AT, receptor was poorly activable, although it
retained a high binding affinity. Interestingly, the mutant N46G/
N111G-AT, receptor was also inactivable. Molecular dynamics
simulations also revealed the presence of a cluster of hydrophobic
residues from transmembrane domains 2, 3, and 7 that appears to
stabilize the inactive form of the receptor. Whereas this hydropho-
bic cluster and the H-bond between D74**° and W111%3° are more
stable in the inactivable N111W-AT, receptor, the mutant
N111W/F77A-AT, receptor, designed to weaken the hydrophobic
core, showed significant agonist-induced signaling. These results
support the potential for the formation of an H-bond between res-
idues D74>°° and N46"*° in the activation of the AT, receptor.

In recent years, a growing number of crystal structures of
various family A G protein-coupled receptors (GPCRs)® in
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complex with either agonists or antagonists have been resolved
(1-5). Although the sequence similarity of these receptors is
rather low (6), there are a few highly conserved residues in every
transmembrane domain (TMD), and the three-dimensional
arrangement of the TMDs is highly similar in all available crys-
tal structures. These characteristics coupled with results from
studies on conformational changes that occur during activation
of different family A GPCRs suggest that they may share com-
mon activation mechanisms (7-9).

The angiotensin II type 1 (AT,) receptor and its cognate
ligand, the octapeptide hormone angiotensin II (Angll), are
part of the renin-angiotensin-aldosterone system responsible
for controlling blood pressure and water retention via smooth
muscle contraction and ion transport, respectively. The AT,
receptor signaling can also induce steroidogenesis in the adre-
nal gland, neurosecretion, neuronal activation, cell growth, and
proliferation (10).

Structure-activity studies on the AT, receptor have shown
that substituting the asparagine residue in position 111%?” (see
“Experimental Procedures” for details on the residue number-
ing scheme) for glycine produces a constitutively active mutant
receptor, whereas an inactivable mutant is produced when the
asparagine is substituted for tryptophan (11). Asparagine 111
(N1113%°) is highly, but not strictly, conserved among the fam-
ily A GPCRs. Homology models of the AT, receptor that we
generated in previous studies (12, 13) suggested that N1113°is
in close proximity to D74*°°, which is strictly conserved, as well
as N2957#¢, An interaction between the residues correspond-
ing to N11133° and D74*°° is notably present in the crystal
structures of the human CXC chemokine receptor type 4
(CXCR4) and the mouse - and 8- and human k- and nocicep-
tin/orphanin FQ opioid receptors (25, 14), whereas an inter-
action between the residues corresponding to D74>°° and
N29574¢ is featured in the crystal structures of the four opioid
receptors mentioned above. Key mutations have stressed the
importance of some residues in AT, receptor activation.
Among them, mutation of D74>*° for asparagine or for gluta-
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mate abolished the activity (15), whereas mutation of N295”4¢
for serine conferred pseudo-constitutive activity to the AT,
receptor (16). The constitutively active N111G-AT, receptor
has been used to study the mechanism of activation of the AT,
receptor using a variety of approaches (12, 13, 17-23, 25-35).
These methods have highlighted differences between the AT,
receptor and the N111G-AT), receptor regarding the solvent-
accessible residues delimiting the binding pocket and the ligand
contact points. Unlike the AT, receptor, the constitutively
active N111G-AT, receptor maintains a high affinity confor-
mation despite being uncoupled from its cognate G protein
Gg/11@ whereas the non-activable N111W-AT), receptor does
not couple to G, (11). These results clearly suggest that
residue 111 significantly influences the conformational states of
the AT, receptor, but its role at the molecular level is unclear.
We hypothesized that residue N111 is part of an interaction
network including residues D74%°° and N295**° that stabilizes
an inactive state of the AT, receptor. To investigate this
hypothesis, we used molecular dynamics (MD) simulations of
the AT, receptor (WT,N111G, and N111W) in a solvated lipid
bilayer. The simulations revealed H-bond networks that appear
specific to the inactive and the active states of the receptor, and
they suggest conformational changes required for receptor
activation. These simulations have been validated by mutagen-
esis and in cellulo functional assays. The results highlight the
importance of the H-bond formed between residues D74*°
and N46'°° in the activation process of the AT, receptor.

EXPERIMENTAL PROCEDURES

Materials—The two computers used to run the simulations
have an Intel Core-i7 quad core processor at 2.67 and 2.93 GHz
with 12 and 8 GB of RAM, respectively. All reagents were from
Sigma-Aldrich unless otherwise indicated. Culture media, tryp-
sin, FBS, penicillin, and streptomycin were from Wisent (St-
Bruno, Quebec, Canada). Opti-MEM was from Invitrogen.
Polyethyleneimine was from Polysciences (Warrington, PA).
The cDNA clone for the human AT, receptor was kindly pro-
vided by Dr. Sylvain Meloche (University of Montréal). **°I-
[Sar',lle®] Angll (specific radioactivity, ~1000 Ci/mmol) was
prepared with Iodo-GEN® (Perbio Science, Erembodegem,
Belgium) as reported previously (36).

Residue Numbering Scheme—Residues of the AT, receptor
are given two numbering schemes. First, residues are numbered
according to their positions in the AT, receptor sequence. Sec-
ond, residues are also indexed according to their position rela-
tive to the most conserved residue in the TMD in which they are
located. By definition, the most conserved residue is assigned
the position index “50”; e.g. in TMD2, D74 is the most con-
served residue and was designated D74>°°, whereas the
upstream residue is designated A73*>*°, and the downstream
residue is designated L75>>". This indexing simplifies the iden-
tification of aligned residues in different GPCRs (37).

Homology Modeling—We used the I-TASSER server to gen-
erate multiple template homology structures of the AT, recep-
tor. The primary structure of the AT, receptor used for the
modeling can be seen in Fig. 1. The resulting five best structures
provided in the output had near identical orientations of the
side chains of the H-bond network. We selected the only struc-
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ture that featured both known disulfides bonds, which had a
high confidence score of 0.99 (38, 39). The backbone of the
model is very similar to the crystal structure of the CXCR4
receptor (Protein Data Bank code 30DU) with a root-mean-
square deviation distance of 0.900 A between the positions of
Coa atoms. Superposition of the two structures is shown in Fig.
2, and sequence alignment between AT, and CXCR4 is
shown in Table 1. The homology model was also analyzed with
PROCHECK (40), and the Ramachandran plot indicated that over
97% of the residues were in the “most favored” and “additional
allowed” regions. The rest of the stereochemistry was also of high
quality. The unstructured N-terminal and C-terminal portions of
the model were truncated by removing residues 1-14-and 319 -
359, respectively, to keep the simulation box as small as possi-
ble. This enables better performances for the MD simulations.
Models of the N111G-AT), receptor and N111W-AT] receptor
were generated by replacing residue N111 by the corresponding
residue using the mutagenesis feature in PyMOL.

Molecular Dynamics Simulations—The GROMACS soft-
ware suite (41-44) was used to prepare and run the simula-
tions. The AT, receptor, N111G-AT, receptor, and N111W-
AT, receptor models were inserted in a lipid bilayer consisting
of 128 molecules of dioleoylphosphatidylcholine using the
InflateGRO approach (45). Simulation parameters were based
on previous work (46-48). The membrane-receptor system
was solvated with the simple point charge water model (49).
Counterions were added at random positions, replacing water
molecules, to keep the net charge of the system at 0. The ffg53a6
force field, modified to use the Berger lipid parameter (50), was
used for the calculations. Parameters for the dioleoylphosphati-
dylcholine molecules and the Protein Data Bank file of the
bilayer, developed by Tieleman and co-workers (51-53), were
obtained from Peter Tieleman. Equilibration of the system in
conditions of constant number of atoms, volume and tempera-
ture was performed for 100 ps to reach the desired 310 K tem-
perature. This was followed by equilibration in conditions of
constant number of atoms, pressure and temperature for 15 ns
with the pressure set at 1 bar. Such long equilibration is neces-
sary for proper equilibration of the lipids after embedding a
protein in the membrane (54). We monitored the size of the
system in the x, y, and z axes to confirm the stabilization on the
dioleoylphosphatidylcholine bilayer. The position of all heavy
atoms of the receptor was restrained during equilibration. Sys-
tem size after equilibration in conditions of constant number of
atoms, pressure and temperature was ~72 X 71 X 79 A, ensur-
ing that the AT, receptor molecule could not interact with its
periodic image. Unrestrained MD simulations were run for 84
ns in 2-fs steps. The 84-ns simulation length was deemed long
enough for our study, which aimed to analyze side chain reori-
entation in the core of the AT, receptor and, to a certain extent,
local backbone rearrangements caused by mutations. These
motions occur on the nanosecond time scale (55). The simula-
tions were run in periodic boundary conditions at constant
temperature (310 K) and pressure (1 bar) using the Nose-Hoo-
ver thermostat (56, 57) with 7,, = 0.2 ps and the Parrinello-
Rahman barostat with 7, = 5 ps, respectively. Simulation data
were saved every 2 ps for a total 0of 41,001 frames. Stability of the
systems was assessed by calculating the root-mean-square devi-
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TABLE 1
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Sequence alignment of the AT, receptor, CXCR4 receptor, k-opioid receptor, and nociceptin/orphanin FQ receptor

Sequence alignment was performed by the I-TASSER server. Residues in red represent the most conserved residues within each transmembrane domain. Residues in blue
represent other important residues discussed in the text. Numbers represent the Ballestcros numbering of the residue aligned under the last number. Sequences for the
CXCR4, k-opioid receptor (KOR), and nociceptin/orphanin FQ (N/OFQ) receptors are truncated and represent the actual sequences found in the crystal structures of those

receptors.
1.50 2.50
AT1 | MILNSSTEDGIKRIQDDCPKAGRHNYIFVMIPTLYSIIEFVVGIFGNSLVVIVIYFYMKLKTVASVFLLNLALADLCFLLTLP
EXCRY | s=urssses s PCFREENANENKIFLPTIYSIIFLTGIVGNGLVILVMGYQKKLRSMTDKYRLHLSVADLLEFVITLP
KOR || =~ i SPAIPVIITAVYSVVEVVGLVGNSLVMFVIIRYTKMKTATNIYIFNLALADALVTTTMP
N/OFQ | ———=——————————————————— PLGLKVTIVGLYLAVCVGGLLGNCLVMYVILRHTKMKTATNIYIFNLALADTLVLLTLP
3.35 3.50 4.50
AT1 LWAVYTAMEYRWPEFGNYLCKIASASVSEFNLYASVFLLTCLSIDRYLAIVHPMKSRLRRTMLVAKVTCITIIWLLAGLASLPAT
CXCR4 FWAVDAVA--NWYFGNFLCKAVHVIYTVNLYSSVWILAFISLDRYLATIVHATNSQRPRKLLAEKVVYVGVWIPALLLTIPDF
KOR | FOSTVYLMN-SWPFGDVLCKIVLSIDYYNMFTSIFTLTMMSVDRYIAVCHPVKALDFRTPLKAKIINICIWLLSSSVGISAT
N/OFQ | FOGTDILLG-FWPFGNALCKTVIAIDYYNMFTSTFTLTAMSVDRYVAICHPTSSK-—-——--- AQAVNVAIWALASVVGVPVA
5.50
AT1 IHRNVFFIENTNITVCAFHYESONSTLPIGLGLTKNILGFLFPFLIILTSYTLIWKALKKAYEIQKNKPRNDDIFKIIMATIV
CXCR4 IFANVSEAD--DRYICDREYPN--DLWVVVFQFQHIMVGLILPGIVILSCYCIIISKLSHSGSNISKGHQKRKALKTTVILI
KOR | VLGGTKVREDVDVIECSLQFPDDDSWWDLFMKICVFIFAFVIPVLIIIVCYTLMILRLKSVRLLSD--RNLRRITRLVLVVV
N/OFQ IMGSAQVEDEEIE--CLVEIPTPODYWGPVFAICIFLEFSFIVPVLVISVCYSLMIRRLRGVRLLSGSDRNLRRITRLVLVVV
6.50 7.50
AT1 LFFFFSWIPHQIFTFLDVLIQLGIIRDCRIADIVDTAMPITICIAYFNNCLNPLFYGFLGKKFKRYFLOLLKYIPPKAKSHS
CXCR4 LAFFACWLPYYIGISIDSFILLEIIQGCEFENTVHKWISITEALAFFHCCLNPILYAFLGAKFKTSAQHALTSGRPLEVLEQ
KOR | AVEVVCWTPIHIFILVEALG--—-——————-———-— ALSSYYFCIALGYTNSSLNPILYAFLDENFKRCFRDFCFP-————---—--—
N/OFQ | AVEVGCWTPVQVEFVLAQGLG-——--—-- VOPSSETAVAILRFCTALGYVNSCLNPILYAFLDENFKACFR-——--—-———————-——
AT1 NLSTKMSTLSYRPSDNVSSSTKKPAPCFEVE
CXCR4 | —=====————————————mmmmm
KOR | —————mmrememm s s s m s e
N/OFQ | ——====——— =

ation distance between the positions of Ca atoms of the TMDs
during the simulations. In all three instances, the root-mean-
square deviations converged to a similar and stable value, close
to 2.54, indicating that equilibrium was reached before initiat-
ing the MD simulation of all three systems.

Trajectory Analysis—MD trajectories output from GROMACS
were converted to Protein Data Bank files with 211 frames (one
for every 200 saved) for visual inspection with PyMOL (58) and
to compressed .xtc trajectory files with 2101 frames (one for
every 20 saved) for other analyses. Evaluation of the presence of
H-bonds during the simulations was performed with the
g_hbond tool in GROMACS using the default cutoff angle value
of 30° and a cutoff radius of 0.35 nm. Data regarding distances,
dihedral angles, water occupancy, and water molecule count
were performed with the g dist, g_angle, g spatial, and
g mindist tools, respectively, within GROMACS. Statistical
analyses were performed using Student’s ¢ test. Results were
considered statistically significant when p < 0.01 (*).

Oligodeoxynucleotide Site-directed Mutagenesis—Site-di-
rected mutagenesis was performed on the AT, receptor or rel-
evant mutants using the QuikChange II XL mutagenesis kit
(Stratagene, La Jolla, CA) as recommended by the manufac-
turer. Briefly, forward and reverse oligonucleotides were con-
structed to introduce the N46G mutation in the AT, receptor
orinthe N111G-AT), receptor background and the F77A muta-
tion in the AT receptor or in the N111W-AT, receptor back-
ground. Site-directed mutations were then confirmed by auto-
mated DNA sequencing by aligning the AT, receptor sequence
with multiAlin (59).
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Cell Culture and Transfection—HEK293 cells were main-
tained in DMEM supplemented with 10% FBS, 100 IU/ml pen-
icillin, and 100 ug/ml streptomycin at 37 °C in a humidified 5%
CO, atmosphere. The day prior to transfection, cultured cells
were washed with phosphate-buffered saline (PBS) at room
temperature, trypsinized, and seeded at 150,000 cells/well in a
6-well plate. For transfection, 2 ug of the DNA construct con-
taining the appropriate AT, receptor construct was added to
100 pl of Opti-MEM containing 6 ug of polyethyleneimine, and
the mixture was incubated for 20 min before being added to the
cultured cells as described previously (60).

Inositol Phosphate Production—Inositol phosphate (IP,) pro-
duction was determined using the IP-One assay (Cisbio Bio-
assays, Bedford, MA). Necessary dilutions of the agonist
Angll were prepared in stimulation buffer (10 mm Hepes, 1
mm CaCl,, 0.5 mm MgCl,, 4.2 mm KCl, 146 mm NaCl, 5.5 mm
glucose, 50 mm LiCl, pH 7.4). 48 h after transfection, the cells
were washed with PBS at room temperature. The cells were
trypsinized and distributed at 20,000 cells/well (7 ul) in a
white 384-well plate in stimulation buffer. Cells were stimu-
lated at 37 °C for 30 min with increasing concentrations of
Angll. Cells were then lysed with 3 ul of IP; coupled to the
dye d2. After addition of 3 ul of anti-IP; cryptate terbium
conjugate, cells were incubated for 1 h at room temperature
under agitation. FRET signal was measured with a Tecan
M1000 plate reader.

Binding Experiments—HEK293 cells were grown for 36 h
after transfection in 100-mm culture dishes and subjected to
one freeze-thaw cycle. Broken cells were then gently scraped
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FIGURE 1. Two-dimensional schematic representation of the primary amino acid structure of the AT, receptor. The dashed rectangle represents the lipid
bilayer where the seven TMD are located. Residues in red correspond to the most conserved residue in each TMD that are notably important for sequence
alignment during homology modeling procedures. Labeled residues in red and residues in blue represent important residues discussed in this study.

into washing buffer (25 mm Tris-HCI, pH 7.4, 100 mMm NaCl, 5
mMm MgCl,), centrifuged at 2500 X g for 15 min at 4 °C, and
resuspended in binding buffer (25 mm Tris-HCI, pH 7.4, 100
mM NaCl, 5 mm MgCl,, 0.1% bovine serum albumin, 0.01%
bacitracin, 0.01% soybean trypsin inhibitor). Saturation binding
experiments were done by incubating broken cells (20-40 ug
of protein) for 1 h at room temperature with increasing concen-
trations of '*°I-[Sar’,Ile®]AngIl in a final volume of 500 ul.
Nonspecific binding was determined in the presence of 1 um
unlabeled [Sar?,Ile®]Angll. Bound radioactivity was separated
from free ligand by filtration through GF/C filters presoaked for
atleast 3 h in binding buffer. Receptor-bound radioactivity was
evaluated by y counting. Results are presented as means = S.D.
Binding data (B, and K,) were analyzed with Prism version
5.0 for Windows (GraphPad Software, San Diego, CA) using a
one-site binding hyperbola nonlinear regression analysis. Dose
displacement experiments were done by incubating broken
cells (20 — 40 pg of protein) for 1 h at room temperature with 0.8
nM *?°I-[Sar?,Ile®] Angll as tracer and increasing concentrations
of Angll. The K, values in the displacement studies were deter-
mined from the IC,, values using the Cheng-Prusoff equation
(61).
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FIGURE 2. The I-TASSER server was used to produce ahomology model of the AT, receptor. A, the backbone of the AT, receptor homology model (colored)
closely matches the backbone of the crystal structure of the CXCR4 receptor (gray). The side chains of residues N46'-°°, D74%°%, N1113, and N2957*¢ of the AT,
receptor are shown as sticks visible through the semitransparent backbone representation. B, view from the top (from the extracellular side looking toward the
intracellular side) of the superposition of the AT, receptor homology model (colored) and the CXCR4 receptor (gray). C, zoomed-in view showing the H-bonds
(vellow dashes) formed between N11133%, D742°°, and N295”*¢ in the AT, receptor homology model. Hydrogen, nitrogen, and oxygen atoms are shown in
white, blue, and red, respectively. Carbon atoms are colored according to the TMD in which they are located.

RESULTS

Rearrangement of the N111-D74-N295 H-bond Network
Caused by the N111G Mutation—An updated version of the
homology model of the AT, receptor (Fig. 1) that includes
the latest structural knowledge has been generated using the
I-TASSER server (38, 39) (Fig. 2, A and B). The backbone struc-
ture of the homology model closely matches that of the CXCR4
crystal structure (Protein Data Bank code 30DU) with a root-
mean-square deviation of 0.900 A between the Ca atoms. In
this model, a network of H-bonds involving residues D74,
N111%%°, and N2957*¢ is revealed (Fig. 2C). This network dis-
played a high stability throughout the 84-ns MD simulation of
the AT, receptor (Fig. 34). More precisely, analysis of the MD
simulation indicated that an H-bond was present between the
side chain of N111 and those of D74 and N295 64.6 and 56.4% of
the time, respectively (data not shown). In addition, an H-bond
between the side chains of D74 and N295 was present 98.0% of
the time. On the other hand, an H-bond formed 1.4% of the
time between the side chains of D74 and N46. Interestingly, the
MD simulation showed that within the constitutively active
N111G-AT, receptor the side chain of residue D74*°° reorients
toward TMD1 within 1 ns to form an H-bond with the side
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FIGURE 3. The orientation of D74%°° and the N111-D74-N295 H-bond network are affected by the residue at position 11133, A, snapshot of the 84-ns
MD simulation of the AT, receptor showing the N111-D74-N295 H-bond network. Band C, snapshots of the 84-ns MD simulations showing the N46-D74-N295
network in the N111G-AT, receptor (B) and the W111-D74-N295 network in the N111W-AT, receptor (C). H-bonds are shown as yellow dashed lines. Hydrogen,
nitrogen, and oxygen atoms are shown in white, blue, and red, respectively. Carbon atoms are colored according to the TMD in which they are located.
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FIGURE 4. Analysis of the x, and x, angles (x and y axes, respectively) of the side chain of residue D74%*° (A) and N46'->° (B) from 2100 frames of the
84-ns MD simulation of the AT, receptor (blue), N111G-AT, receptor (red) and N111W-AT, receptor (green). Colored squares represent the average x,

and x, values in each simulation.

chain of N46"° (Fig. 3B). Indeed, analysis of the MD trajectory
using g_hbond indicated that the H-bond between the side
chains of N46'°° and D74>°° was present 34.1% of the time in
the N111G-AT, receptor. As to the H-bond between the side
chains of D74%°° and N2957-*, the analysis revealed that it was
present 88% of the time in the N111G-AT) receptor. Analysis of
the rotamers of residue D74*°° revealed that y, maintains a
gauche (—) conformation 99.5% of the time throughout the
simulation of the AT, receptor, whereas in the N111G-AT,
receptor, it explored a trans conformation 35.6% of the time
(Fig. 4A). These results suggest that the N111-D74-N295
H-bond network rearranges to form the new N46-D74-N295
H-bond network in the context of receptor constitutive activity.

Structural Changes Induced by the N111G Mutation—The
most important conformational change observed in the back-
bone of the N111G-AT, receptor mutant was located in TMD?7.
Indeed, the a-helical geometry is distorted in the portion of
TMD?7 encompassing residues 12907*! to F293”** during the
MD simulation (Fig. 54). The Ramachandran plots for these
residues clearly show that the backbone explored conforma-
tions in the B-strand quadrant for A2917** and Y2927*? (data
not shown). The associated increase in pitch for this portion of
TMD?7 was assessed by measuring the distance between the
a-carbon atoms of residues C289”*° and N2947*°, On average,
the distance between these two atoms was 9.1 + 0.5 A for the
AT, receptor and 13.2 + 0.8 A for the N111G-AT1 receptor
(Fig. 5, Band C).

To identify additional structural differences between the
AT, receptor and the N111G-AT; receptor, we measured
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FIGURE 5. The helicity of TMD7 is disturbed in the N111G-AT, receptor.
A, the final frame of the 84-ns MD simulations of the N111G-AT, receptor
(colored) shows that the helicity of TMD7 (red) is locally disturbed between
residues 1290 and F293 (pink section shown within circled area). The final
frame of the 84-ns simulation of the AT, receptor (gray) is superimposed for
comparison. B, the zoomed-in view of the circled area of TMD7 shows the
increased distance between the Ca atoms of C28974° and N29474° (shown as
spheres). The blue and yellow dashed lines represent the measured distances
between residues C2897° and N2947° in the AT, receptor and N111G-AT,
receptor, respectively. C, distance between the a-carbon of residues C2897°
and N29474> Data are the mean * S.D. (error bars) of 2100 frames from each
84-ns MD trajectory. *, significantly different (p < 0.01).

the distance between Ca atoms of the residues involved in the
H-bond networks described above. Over the course of the MD
simulations, the average distance between the Ca atoms of res-
idues 111%3° and N29574¢ increased by 1.7 A from 9.4 A in the
AT, receptor to 11.1 A in the N111G-AT, receptor (Fig. 6).
Interestingly, the average distance between the Ca atoms of
residues N46'-°° and N29574° decreased by 1.7 A from 10.1 A in
the AT, receptor to 8.4 A in the N111G-AT, receptor (Fig. 6).
Although significant (due to the large number of data), a very
minor decrease in the distance between the Ca atoms of
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D74%%° and N2957%° was observed (6.9 A in the AT, receptor
and 6.8 A in the N111G-AT, receptor) (Fig. 6).

These results suggest that during the process of activation
the reorientation of D74>°° is accompanied with a concerted
movement of N295”*¢ away from TMD3 and toward TMD1
that causes a local conformational change of TMD7. We pro-
pose that this movement is facilitated by the apparent stability
of the H-bond between the side chains of D74>°° and N295”°.

To evaluate the impact of the side chain rearrangement and
movement of TMD7 on the water accessibility within the
receptor, we used the spatial density function (62) of GRO-
MACS to calculate the water occupancy in the molecular
dynamics trajectories of the AT, receptor and the N111G-AT,
receptor (Fig. 7). A difference was observed in the upper por-
tions of TMD3 and TMD?7 (toward the extracellular side)
roughly up to two helical turns above N2957*¢, This area was
much more accessible to water molecules within the constitu-
tively active N111G-AT, receptor (Fig. 7B) than within the AT,
receptor (Fig. 7A). Interestingly, this area includes the portion
of TMD7 that experiences conformational changes in the
N111G-AT, receptor. This area contains a cluster of hydropho-
bic residues consisting of residues V108333, 1.1123¢, 128872,
A29172,Y2927*3, and F77*73, The MD simulations suggested
that, within the AT, receptor, these residues form a tight
hydrophobic core (Fig. 7A), which is disrupted within the
N111G-AT, receptor (Fig. 7B). To support the information
obtained from the spatial density function, we evaluated the
number of water molecules within a 5-A distance of the cluster
of hydrophobic residues. Analysis of the MD trajectories using
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FIGURE 6. Conformational changes between the AT, receptor and
N111G-AT, receptors revealed by the analysis of the MD trajectories.
Histograms of the average distance between the Caatoms of residues 11133°
and N29574¢ N46'°° and N2957¢, and D74%°° and N295”*¢ are shown. Data
are the mean = S.D. (error bars) of 2100 frames from each 84-ns MD trajectory.
*, significantly different from AT, receptor (p < 0.01).

, s A =
FIGURE 7. Snapshots of the 84-ns MD simulations showing the water molecules (red and white sticks; molecular surface in mesh) in the area near the
hydrophobic cluster between TMD2 (light blue), TMD3 (green), and TMD? (red). The hydrophobic residues F77%°3 (light blue), V108332 (green), L11233¢
(green), 128873° (red), A2917? (red), and Y2927*3 (red) are displayed in spheres. Water molecules are shown in the AT, receptor (A), the N111G-AT, receptor (B),
and the N111W-AT, receptor.

2598 JOURNAL OF BIOLOGICAL CHEMISTRY

the GROMACS tool g_mindist revealed that, on average, 16
water molecules were within 5 A of the hydrophobic cluster in
the AT, receptor, whereas 26 water molecules were within 5 A
of the hydrophobic cluster in the N111G-AT), receptor (Fig. 8).
Interestingly MD trajectories indicate that in the N111G-AT),
receptor water molecules form H-bonds with the backbone car-
bonyl of 1288 and A291, two residues located in the region of
TMD?7 that has lost its helicity (Fig. 9). This gain in water acces-
sibility within the N111G-AT, receptor was accompanied by a
3-A increase in the average distance between TMD3 and
TMD?7 in the portion of helices containing residues V108> to
L11233° and 1288737 to Y2927*? (Fig. 10).

Interestingly, the hydrophobic cluster is adjacent to
W253°%% a conserved tryptophan residue that is part of the
CWXP motif in TMD6 and commonly known as the “rotamer
toggle switch” (63, 64). The MD trajectories of the AT, receptor
suggested that W253°*® maintains its hydrophobic indole moi-
ety in an orientation allowing a direct contact with the hydro-
phobic core, more precisely with residues A2917** and 1.11233¢
(Fig. 11A). Conversely, the MD trajectories of the N111G-AT,
receptor revealed that the indole moiety of W253°® is oriented
away from the hydrophobic cluster toward TMD5 (Fig. 11B).
These results suggest that the N111G mutation disrupts the
hydrophobic cluster and increases the solvent accessibility in
that area of the receptor, apparently influencing the orientation
of the side chain of W253°%,

Conserved Residue N46'°° Is Important for AT, Receptor
Activation—MD simulations suggested that a highly stable
N111-D74-N295 H-bond network within the AT, receptor
rearranges to form a new N46-D74-N295 H-bond network
within the constitutively active N111G-AT, receptor. The
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FIGURE 8. Number of water molecules in the area near the hydrophobic
cluster of the AT, receptor, the N111G-AT, receptor, and the N111W-AT,
receptor. Analyses of the 84 ns MD trajectories shows the average number of
water molecules within 5A of residues V108333, L11233°,128873°, A291742,
Y29274% and F77%°3. Data are the mean = S.D. (error bars) of 2100 frames from
each 84 ns MD trajectory. *, significantly different from AT, receptor (p <
0.01).
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FIGURE 9. Snapshot of the 84-ns MD trajectory of the N111G-AT, receptor
showing water molecules interacting with backbone atoms of TMD7.
Water molecules and backbone atoms are shown as sticks. Side chain atoms
are shown as thin lines. Hydrogen, nitrogen, and oxygen atoms are shown in
white, blue, and red, respectively. Carbon atoms are green or as specified.
Yellow dashes represent intrabackbone H-bonds. Light blue dashes represent
H-bonds involving water. One water molecule interacts with the backbone
carbonyl of 12887-*° (magenta), and one water molecule interacts with the
backbone carbonyl of A2917? (orange) and with the side chain of N29574¢,
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FIGURE 10. Histograms showing the average distance between the por-
tions of helices (center of mass) containing residues V1083 33 to L1123-2¢
on TMD3 and 1288739 to 29273 on TMD7. Data are the mean = S.D. (error
bars) of 2100 frames from each 84-ns MD trajectory.*, significantly different
from AT, receptor (p < 0.01).

H-bond between D74*°° and N46'*° thus appears to play an
important role in receptor activation. To support this possibil-
ity, we evaluated the functional properties of mutant receptors
in which N46 was substituted for a glycine (N46G-AT, receptor
and N111G/N46G-AT, receptor) and compared them with the
AT, receptor and the N111G-AT), receptor. Table 2 shows that
all the constructs were efficiently expressed and exhibited high
binding affinities. The functional properties of the wild-type
and mutant AT, receptors were evaluated by assessing the basal
and Angll-induced production of IP; in transiently transfected
HEK293 cells (Table 3). Fig. 124 shows that the basal level of IP;
in cells expressing the constitutively active N111G-AT, recep-
tor was significantly higher (75.9 * 4.4 nm) than the basal level
of IP; in cells expressing the AT, receptor (27.2 = 8.0 nm).
Upon stimulation with increasing concentrations of Angll, the
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constitutively active receptor increased the IP, to a maximal
level (224.3 = 5.6 nMm) that was not significantly different from
that obtained with the AT, receptor (235.4 * 7.3 nm). The basal
level of IP, in cells expressing the N111G/N46G-AT), receptor
(9.2 = 0.7 nm) was not significantly different from the level of
IP, in mock-transfected cells (7.1 = 0.7 nM). Furthermore,
Angll-induced IP; production in cells expressing the N111G/
N46G-AT, receptor was completely blunted. Fig. 124 also
shows that the basal level of IP; in cells expressing the N46G-
AT, receptor was very low (8.2 = 1.1 nm) and that this level
marginally increased (57.5 = 1.6 nM) upon stimulation with a
maximal concentration of Angll. These results indicate that
residue N46'°° plays an important role in agonist-induced acti-
vation of the AT, receptor, and it also stabilizes an active state
of the AT, receptor in the absence of any agonist. At the molec-
ular level, the N111G mutation appears to disrupt the interac-
tion between N111°%° and D74>*° that reorients toward
N46"°°, thus inducing a conformational change responsible for
the constitutive activity.

We also verified whether the inactivable D74N-AT, receptor
could be rescued by the N111G mutation. Fig. 12B shows that
the basal level of IP; in cells expressing the D74N-AT, receptor
was low (27.8 = 4.7 nm) and barely increased upon stimulation
with Angll (41.6 = 4.9 nm). In cells expressing the D74N/
N111G-AT, receptor, the basal level was slightly lower com-
pared with cells expressing the N111G-AT, receptor (45.1 =
3.8 nMm). Stimulation of this mutant receptor with AnglI pro-
duced only a weak increase in IP; level (85.8 = 6.6 nm). The
presence of an aspartate at position 74*°° appears to be crucial
to the mechanism of activation as substitution of residue
D74>*° for an asparagine significantly hampered constitutive
and agonist-induced activity of the receptor.

The H-bond between Residues 111°%° and D74>°° Is Stabi-
lized by the N111W Mutation—The MD trajectories of the
N111W-AT, receptor showed that an H-bond network involv-
ing the side chains of residues W1113%®, D74*%°, and N295”4¢
was very stable (Fig. 3C). Analysis of the trajectory revealed that
an H-bond between the side chains of W111*?> and D74*°° was
present 83.6% of the time in this inactivable receptor. The
higher apparent stability of this interaction within the N111W-
AT, receptor is likely due to the fact that the H-bond donor of
the tryptophan is in the € position and therefore closer to
D74*° than the H-bond donor of the asparagine (which is in &
position), hence leading to a stronger H-bond. To test this
assumption, we evaluated the distribution of the length of the
H-bonds formed between the side chains of residues W111*3°
and D74>%° throughout the simulation. Compared with the
H-bond formed between N111%° and D74%°°, the average dis-
tance of the H-bond between W111>2° and D74*°° is smaller
by 0.04 A (2.93 versus 2.97 A). More strikingly, this H-bond is
shorter than 2.8 A 27.7% of the time for the N111W-AT, recep-
tor compared with 16.1% for the AT, receptor (data not
shown). In addition, we observed that an H-bond between the
side chains of D74>° and N295”* was persistent (95.9% of the
time), whereas the side chains of W11133° and N295”*° made
an H-bond only 0.3% of the time. However, the side chains of
D74>°° and N46"'>° were engaged in an H-bond 18.9% of the
time. It is interesting to note that the x, angle of D74>°
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FIGURE 11. A stable hydrophobic core involving W253%“2 is observed in the inactivable N111W-AT, receptor. Snapshots of the 84-ns MD simulations
show the orientation of the highly conserved W253%“2 (orange spheres). A, in the AT, receptor, the indole group of W2535“is oriented toward the hydrophobic
core (L112 in green spheres; A291 in red spheres). B, in the N111G-AT, receptor, the indole group of W253%%¢ is oriented toward TMD5 (yellow helix). C, in the
N111W-AT, receptor, the indole group of W253°48 is oriented toward the hydrophobic core (N111W?33° and L1123¢in green spheres; A2917*? in red spheres).

A /I B

TABLE 2
Binding properties of '2°I-[Sar’,lle®]Angll to AT, receptor mutants

Cells expressing the indicated receptor were assayed for their binding properties as described under “Experimental Procedures.” Binding affinities (K,) and maximal binding
capacities (B,,,,,) were obtained in saturation binding experiments using '*°I-[Sar*,lle®]AnglI. In dose displacement experiments, the tracer ***I-[Sar',Ile*]Angll competed
with increasing concentrations of Angll, and the IC,, values were converted to K, values using the Cheng-Prusoff equation. All values are expressed as the means = S.D.

of values obtained in # independent experiments performed in duplicate.

K,
Receptor mutant 125][Sar’,Ile®]AnglI Angll B, n
nm pmol/mg
AT, 1.9£0.7 3.8*03 1.5£0.2 8
N111G-AT, 2.7*0.1 1.5+ 0.4 0.9 *0.1 5
NI111W-AT, 7.7 *23 57+ 15 0.7 = 0.1 4
N46G-AT, 6.4 £0.9 9.6 + 2.8 1.1 £0.1 4
N111G/N46G-AT, 6.9 £25 6.8 1.5 0.7+ 0.1 4
D74N-AT, 41*1.2 45*13 0.4 = 0.03 3
N111G/D74N-AT, 4.4+ 1.0 64 *1.1 0.2 = 0.02 3
F77A-AT, 4.3 * 1.4 32*+1.1 1.7 £04 5
N111W/F77A-AT, 3.1%0.6 22*08 1.5+0.2 5

TABLE 3

Functional properties of mutant AT, receptors

HEK?293 cells expressing mutant AT, receptors were assayed for their IP; produc-
tion as described under “Experimental Procedures.” EC,, values are expressed as the
means * S.D. of values obtained in # independent experiments performed in dupli-
cate. ND, no detectable response.

EC,, n
nm

AT, 24+15 12
N111G-AT, 33*11 6
N111W-AT, ND 7
N46G-AT, 35.8 + 13.5 6
N111G/N46G-AT, ND 6
D74N-AT, ND 5
N111G/D74N-AT, ND 5
F77A-AT, 21*11 7
NI111W/F77A-AT, 37*18 7

remained in a gauche (—) conformation (Fig. 4A4). This interac-
tion can be explained by the fact that in the N111W-AT), recep-
tor, the x, angle of residue N46'°° adopted a gauche (+) orien-
tation 51.7% of the time during the MD simulation (Fig. 4B),
which brings the N§2 atom close to the carboxylate of D74'-°.
Thus, it appears that the mutation of residue N111%3° to a tryp-
tophan stabilizes its interaction with the side chain of residue
D74>%° while at the same time allowing the side chain of
D74>%° to interact more frequently with the side chain of
N46'°° while keeping its x, angle in a gauche (—)
conformation.

The NI111W Mutation Stabilizes the Hydrophobic Core
between TMD3 and TMD7—MD simulations revealed that
both the AT, receptor and the N111W-AT, receptor display a
similar binding pocket with the hydrophobic core stabilized in a
“closed,” packed state (Fig. 7C). Indeed, the number of water
molecules in the vicinity of the hydrophobic core (Fig. 8) and
the distance between TMD3 and TMD?7 (Fig. 10) in the
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N111W-AT, receptor are comparable with those observed in
the AT, receptor. In addition, the highly conserved W253°4%,
known as the tryptophan toggle switch, adopts a very similar
conformation in both the AT, receptor and the N111W-AT,
receptor. However, in contrast to the AT, receptor, the intro-
duced aromatic tryptophan residue at position 111°3° of the
N111W-AT, receptor provides additional hydrophobic inter-
action to the hydrophobic core. Notably, the MD trajectories
suggest that residue W111*3® forms m-stacking interactions
with residue F77%°%, which is also involved in aromatic interac-
tions with Y2927*3 (Fig. 13). The indole moiety of W111 appar-
ently stabilizes the hydrophobic cluster involving L1122,
A2917*2, and W253°“® at the bottom of the hydrophobic core
(Fig. 11C). Consequently, the substitution of the asparagine at
position 111 for a tryptophan stabilizes the interaction with
residue D74%°° and adds favorable hydrophobic interaction to
the hydrophobic core. Both effects are consistent with a stabi-
lization of an inactive state.

The Hydrophobic Core Stabilizes the Inactive Conformation
of the Receptor—To evaluate the contribution of F77%>° to the
stability of the hydrophobic core, it was substituted for an ala-
nine, and the functional properties of mutant receptors were
evaluated (Table 3). Binding experiments revealed that the
mutant receptors were efficiently expressed and exhibited high
binding affinities (Table 2). Fig. 12C shows that the N111W-
AT receptor was very poorly activated, producing a maximal
level of IP, (36.5 = 2.4 nm) severalfold lower than that of the
AT, receptor. The double mutant F77A/N111W-AT), receptor
was much more efficient with a maximal IP; production of
118.3 = 5.9 nM, corresponding to 50% of that of the AT recep-
tor. Moreover, the basal (45.9 * 6.6 nM) and Angll-induced
(281.6 * 8.4 nm) activities of the single mutant F77A-AT,
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FIGURE 12. Dose-response curve of IP, production for AT, receptor
mutants. HEK293 cells were transfected with the indicated receptor, and
their IP, production was assayed as described under “Experimental Proce-
dures.” Each point represents the mean of duplicate determinations of a typ-
ical experiment, which is representative of at least three independent exper-
iments. Error bars represent S.D.
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FIGURE 13.Snapshot of the 84-ns MD simulation of the N111W-AT, recep-
tor showing the aromatic residues within the hydrophobic core. Residues
N111W33 (green), F77%>3 (blue),Y2927** (red), and W253%*® (orange) are
shown.

receptor were both slightly higher than that of the AT, recep-
tor. These results suggest that weakening the hydrophobic core
partially rescues the functional properties of a receptor harbor-
ing the N111W mutation. More generally, the results highlight
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the importance of the hydrophobic core for the stabilization of
the inactive state of the AT, receptor.

DISCUSSION

Using an approach combining MD simulations and struc-
ture-function relationships, we have unveiled a molecular
mechanism that could explain the constitutive activity of the
N111G-AT, receptor and the inactivity of the N111W-AT,
receptor. MD simulations suggested that the N111G mutation
leads to the disruption of an H-bond network observed in the
homology model of the AT, receptor, presumably in its inactive
form. This H-bond network involves the stabilization of the
D742°° side chain by the side chains of residues N111*>° and
N29574¢ (the N111-D74-N295 network). On the other hand,
the N111G mutation leads to the formation of a new H-bond
network where the side chain of D74*° interacts with the side
chains of N29574¢ and N46'-°° (the N46-D74-N295 network).
These results suggest that the reorientation of D74*°° from
N111%3° to N46'°° is a molecular switch involved in the con-
stitutive activation of the receptor. The substitution of N46 for
a glycine abolished the constitutive activity and strongly
reduced the agonist-induced activation, supporting the impor-
tance of N46'*° in the constitutive and agonist-induced activity
of the AT, receptor. A MD simulation approach using bacteri-
orhodopsin as template previously proposed that in the inactive
conformation of AT, receptor the residue N11132° forms an
H-bond with residue Y2927*? (65). In our model using CXCR4
receptor as template, this interaction was never observed.
Indeed, our model suggests that Y2927** and N111%?° are too
distant to form an H-bond. In our MD simulations, residue
Y292743 points upward toward the extracellular side as y; is
maintained in a gauche (—) conformation in all three simula-
tions. With y; in a trans or gauche (+) conformation, the side
chain of Y2927** would clash with the backbone of TMD1 or
TMD?7, respectively, except in the N111G-AT), receptor where
TMD?7 is locally distorted. In that case, Y2927** could poten-
tially interact with D74>°° if it were to adopt a trans
conformation.

MD simulations of the N111W-AT) receptor suggested that
tryptophanl11 stabilizes the W111-D74-N295 network and the
hydrophobic core involving residues F77, V108, L112, W253,
1288, A291, and F292. We propose that these are the basis for
stabilizing the inactive state of the N111W-AT), receptor. In
support of this assertion, the substitution of residue F77*°3 for
an alanine provided some agonist-induced activity to the dou-
ble mutant F77A-N111W-AT, receptor, thus partially rescuing
the inactivity conferred by the N111W mutation. Interestingly,
this hydrophobic cluster is unstable and opened during the MD
simulation of the constitutively active N111G-AT, receptor.
These results suggest that the N111>?°-D74>°°-N29574¢
H-bond network and the hydrophobic core act in concert to
stabilize the inactive state of the AT, receptor. The results
reported here were obtained from a limited simulation time (84
ns) and in that regard furnish information exclusively on the
local effects of the mutations. Much longer simulations are
needed to evaluate the consequences of the changes in the
H-bond network and hydrophobic core on the transmission of
the information across the whole receptor and to the cytosolic
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domains engaging the interaction with the G protein and other
effectors.

The results obtained with the MD simulations are consistent
with the results obtained in previous experiments using the
substituted cysteine accessibility method to probe for differ-
ences in the solvent accessibility of residues delimiting the
binding pocket of the AT, that have shown that residue
A2917*2 becomes more accessible to the solvent (18). Further-
more, photolabeling experiments have shown that position 77
was more accessible to a photoreactive Angll analog in the
N111G-AT), receptor than in the wild type AT, receptor (12,
13). These experiments also showed that TMD?7 in both the
AT, receptor and the N111G-AT), receptor could be photola-
beled by the antagonist [Sar',Bpa®]Angll from residues 2937
through 2977*%, This supports our results from the MD simu-
lation of the N111G-AT), receptor suggesting that TMD7 can
be locally distorted. Moreover, the N111G-AT, receptor is
more permissive than the AT, receptor to accommodate AnglI
analogs with bulky modifications (66). These results suggest
that the region of the receptor encompassing the hydrophobic
core is opened and becomes part of the ligand binding pocket
when the hydrophobic core is disrupted. Oliveira et al. (67)
proposed a similar mechanism involving the expansion of the
seven-transmembrane bundle upon activation of bovine rho-
dopsin and the AT, receptor. Our results suggest that this
expansion through the disruption of the hydrophobic core has
an impact on the orientation of residue W253°*%, The reorien-
tation of the conserved W253%*®, known as the “tryptophan
toggle switch” has been suggested to be a crucial part of the
activation mechanism of several GPCRs (7, 8, 64, 68, 69). How-
ever, recent crystal structures of the 3, -adrenergic receptor and
B,-adrenergic receptor with a bound agonist as well as of a
photoactivated constitutively active mutant of rhodopsin fea-
ture this tryptophan side chain in the same rotamer as their
“inactive” counterpart (70 —73). This indicates that the confor-
mation of this side chain is not the sole determinant for activa-
tion. In accordance, we observed in our simulations with the
AT, receptor that the indole moiety of W®*® packed between
small hydrophobic residues at position 7.42 (A2917**) and 3.36
(L11233°). Hence, the reorientation appeared to be the result of
an increased hydration of the ligand binding pocket caused by
the N111G mutation, resulting in an unfavorable environment
for the hydrophobic portion of the indole moiety. A similar
event could occur in other GPCRs and promote a movement of
W®*® while not causing it to be stabilized in a different rotamer.
We therefore suggest that the disruption of the hydrophobic
core within the N111G-AT] receptor influences the conforma-
tion and the mobility of the tryptophan toggle switch. Notably,
arecent study suggests that W°*® in the human CXCRI1 recep-
tor may adopt many different configurations (74).

The mechanisms of stabilization of the inactive state
unveiled here might shed light on previous studies performed
onthe AT, receptor. Notably, it was suggested that only the size
of residue N111%3° was responsible for its role as a conforma-
tional switch, not its polarity or potential to form H-bonds (26).
Our results actually suggest that both properties can have an
impact on the stabilization of the inactive state as position
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11132° can stabilize the inactive state either via its polar inter-
action with D74>*° or by contacting the hydrophobic core.

Interestingly, an interaction between residues N> and D**°
is present in the crystal structures of the CXCR4 (14) and the
opioid receptors (2—5). Moreover, the crystal structures of the
opioid receptors show an interaction between D>*° and S
As such, the three residues corresponding to the N111%3°-
D74*%°-N2957*¢ network within the AT, receptor form a sim-
ilar H-bond network in the crystal structures of the opioid
receptors. Whether this H-bond network is involved in the acti-
vation of opioid receptors is still an open question. However,
considering that the w-, k-, and 8-opioid receptors possess
some constitutive activity (75) and knowing that the substitu-
tion of residue N295”*¢ for a serine produces a pseudo-consti-
tutively active AT, receptor (16, 76), it is tempting to suggest
that it is. Moreover, the recently released structure of the
CXCR1 receptor suggests that in its active state an H-bond is
formed between the side chains of residues N57'*° and D85>>°
(74). This H-bond is analogous to the N46'*°-D74>>° H-bond
observed in the N111G-AT), receptor.

Previous work by Balmforth et al. (76) proposed that the side
chains of N111%3° and N295”*¢ would form an H-bond in the
inactive conformation of the AT, receptor and that it would be
broken during activation, which are coherent with the results
from our simulations. Furthermore, Perlman et al. (77) sug-
gested that the formation of an H-bond between the side chains
of D71>*° and N43"'°° was necessary for the activation of the
thyrotropin-releasing hormone receptor. MD simulations
of this receptor featured a local perturbation of the helicity of
TMD?7 as observed in MD simulation of the N111G-AT), recep-
tor. Interestingly, mutation N43A considerably hampered the
activation of the thyrotropin-releasing hormone receptor,
implying a similar role for residue N'*° in both the AT, recep-
tor and the thyrotropin-releasing hormone receptor. However,
the role played by this highly conserved N'*° in the activation
mechanism of the AT, receptor appears to be different from its
role in the activation mechanism of the 3,-adrenergic receptor.
Indeed, the loss of the polar side chain decreased the constitu-
tive and the agonist-induced activity of the AT, receptor,
whereas it did the opposite to the B,-adrenergic receptor (24).
Furthermore, the MD simulations suggested direct side chain-
side chain interactions between residues D74*°°-N295”*¢ and
D74*°°-N46'°° in the AT, receptor, whereas the correspond-
ing interactions are water-mediated in the 3,-adrenergic recep-
tor (24). Thus, depending on the receptor, the conserved polar
residues forming the H-bond networks can act in different ways
and through different means.

In conclusion, MD simulations using homology models and
structure-function relationships revealed key interactions asso-
ciated with the activation of the AT, receptor and with the
stabilization of its inactive state. The H-bond network involving
N11133°, D74*°°, and N29574¢ is associated with the inactive
state, whereas the H-bond network involving D74>°°, N46'*°,
and N295”#¢ is associated with the activation of the AT, recep-
tor. Furthermore, the stabilization of a hydrophobic cluster
above the N111-D74-N295 H-bond network is associated with
the stabilization of the inactive state of the receptor. These
results highlight the importance of the formation of an H-bond
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between residues D74 and N46 in the activation process of the
AT, receptor.
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