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Abstract G-protein-coupled receptors (GPCRs) are currently
one of the largest families of drug targets. The constitutive
activation induced by mutation of key GPCR residues is
associated closely with various diseases. However, the struc-
tural basis underlying such activation and its role in drug
binding has remained unclear. Herein, we used all-atom mo-
lecular dynamics simulations and free energy calculations to
study the effects of a D130N mutation on the structure of β2
adrenergic receptor (β2AR) and its binding of the agonist
salbutamol. The results indicate that the mutation caused
significant changes in some key helices. In particular, the
mutation leads to the departure of transmembrane 3 (TM3)
from transmembrane 6 (TM6) and marked changes in the
NPxxY region as well as the complete disruption of a key
ionic lock, all of which contribute to the observed constitutive
activation. In addition, the D130N mutation weakens some
important H-bonds, leading to structural changes in these
regions. Binding free energy calculations indicate that van
der Waals and electrostatic interactions are the main driving
forces in binding salbutamol; however, binding strength in the
mutant β2AR is significantly enhanced mainly through mod-
ifying electrostatic interactions. Further analysis revealed that
the increase in binding energy upon mutation stems mainly
from the H-bonds formed between the hydroxyl group of
salbutamol and the serine residues of TM5. This observation

suggests that modifications of the H-bond groups of this drug
could significantly influence drug efficacy in the treatment of
diseases associated with this mutation.

Keywords G-protein-coupled receptor . Mutation .

Molecular dynamics simulation . Agonist

Introduction

The superfamily of G-protein coupled receptors (GPCRs) is
the largest known family of membrane proteins and is char-
acterized by the presence of seven transmembrane (TM) heli-
cal segments [1, 2]. Based on sequence similarity, GPCRs can
be classified into six subfamilies: A, B, C, D, E, F. GPCRs
have become the largest family of drug targets, being targeted
by around 30% of currently marketed drugs [3]. Activation of
GPCRs is considered the most important mode of regulating
signal transduction via interaction with both membrane- and
G-proteins.

The binding of particular drugs to native GPCRs can lead
to receptor activation [4]; however, it was found that GPCRs
are also activated by some mutations even without agonist
binding. In other words, they can become constitutively ac-
tive. Such mutation-induced constitutive activation is associ-
ated closely with various disease states (e.g., oncogenesis) [5,
6]. A point mutation of a highly conserved proline to histidine
in rhodopsin, causing the disease retinitis pigmentosa, was
first reported in 1990 [7]. Mutations at Gly90 and Lys296 of
rhodopsin were observed to be associated with congenital
night blindness [8] and retinitis pigmentosa [9], respectively.
The constitutive activation of luteinizing hormone receptor
induced bymutations located mainly in the TM6 region and in
the C-terminal part of the 3rd extracellular loop (ECL) was
considered responsible for familial male precocious puberty
[10]. Other examples include familial non-autoimmune
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hyperthyroidism and hyperfunctional thyroid nodules, which
were reported to be associated with somatic and germline
mutations of the thyrotropin receptor (such as I486F, T632I
and C672Y etc.) [11].

Given the above, in the field of drug design it is very
important to understand the activation mechanism induced
by both drugs and receptor mutations. Although significant
progress has been made in understanding the structural basis
of drug-induced activation during the past few years, mainly
from comparison of active and inactive receptor structures that
have been solved experimentally, detailed mechanisms of
activation are yet to be explained clearly, in particular activa-
tion associated with mutation. The experimental difficulty of
determining GPCR structure means that it is still challenging
to explore the activation mechanism for this large receptor
family. To date, only very few GPCR structures have been
solved successfully [12–15], which significantly limits
structure-based GPCR drug discovery strategies. Taking an
alternative approach, computational modeling has become an
effective way to provide valuable insights into the structure
and function of GPCRs in the absence of experimental struc-
tural data.

Among reported GPCR mutations, mutations of key resi-
dues located in the highly conserved DRY motif of β2 adren-
ergic receptor (β2AR)—the first human GPCR structure to be
solved—were revealed to play an extremely important role in
breaking its inactive state [16, 17]. The DRYmotif ofβ2AR is
composed of Asp1303.49, Arg1313.50 and Tyr141ICL2. Muta-
tion of conserved Asp1303.49 to Asn (viz., D130N mutation)
(see Fig. 1) in the DRY motif was found to result in the
constitutive activation of β2AR, significantly influencing its
binding with agonist drugs [16]. However, because no crystal
structure is available for the mutated structure, our under-
standing of the basis of the D130N mutation-induced activa-
tion mechanism and changes in drug binding remains very
limited [16].

Molecular dynamics (MD) simulations have been used
successfully to study the structure and function of proteins to
obtain microscopic information at the molecular level and to
supplement experimental investigations [18–22], including
study of GPCRs [23, 24]. Previous MD studies on GPCRs
have focused largely on the effects of ligand binding. But MD
simulations of GPCR mutants have been lacking so far, de-
spite the fact that such information is also of particular impor-
tance for understanding the structure and function of wild type
GPCRs.

Therefore, in the present work, we employed MD simula-
tion to study how the D130N mutation in inactive β2AR
induces its activation. In addition, we performed binding free
energy calculations to gain insights into the effect of the
mutation on drug binding. A β2AR-specific agonist
(salbutamol) was selected as a representative drug due to the
experimental findings that the D130Nmutation could enhance

binding of this agonist. The observations from this work will
provide valuable information for understanding mutation-
induced constitutive activation mechanisms and related drug
design.

Materials and methods

Structure preparation

The X-ray crystal structure of human β2AR (Protein Data
Bank ID code 2RH1) bound to carazolol was used in this work
to construct the initial coordinates for the inactive β2AR
structure [viz., the wild type (WT)]. Because carazolol is an
inverse agonist, 2RH1 could represent a nearly inactive state
of the β2AR receptor. The crystal structure contains one
β2AR receptor and certain small molecules. It was reported
that these small molecules have no obvious effect on β2AR
structure and function [25]. Thus, we removed them to sim-
plify the simulation. In addition, the T4 lysozyme protein in
the crystal structure was also removed since its rigidity may
affect the structure and dynamic behavior of β2AR [25].
Thus, only 276 residues were used to model WT β2AR.
The D130N mutation structure was constructed using Swiss-
Pdbviewer [26] software, based on the WT model above. The
prepared protein was then inserted into a well prepared phos-
pholipid bilayer: palmitoyl oleoyl phosphatidyl choline
(POPC) [27]. Chloride ions were introduced to neutralize the
protein charge using columbic potential terms. Water

Fig. 1 Illustration of β2 adrenergic receptor (β2AR) structure. Ball
model Mutated Asp1303.49 residue
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molecules were added using the Xleap utility. The rectangle
periodic box was set up so that any solute atomwas at least 10
Å from any box edges. As a result, the systems contain 34,711
water molecules for the WT and 32,115 for the mutant
receptor.

Molecular dynamics simulation

The AMBER03 [28] force field was used for the receptor, and
water was represented by the TIP3P [29] model. The GAFF
[30] force field was utilized for POPC. MD simulations were
performed using the Sander module of the AMBER12.0
package.

To remove bad contacts in the initial geometries of the two
systems, four energy minimizations were performed using the
same procedure: 20,000 steps for the solvent molecules
followed by 20,000 steps for the POPC, and 20,000 steps
for the receptor, finally, 20,000 steps for the whole system.
After the minimizations, the systems were heated from 0 to
300 K within 120ps. Then, 5 ns MD simulations were carried
out with periodic boundary conditions in the NVTensemble at
300 K using Berendsen temperature coupling [31]. Finally,
105 ns NPT simulations (T = 300 K and P = 1 atm) were
performed in the canonical ensemble. The SHAKE algorithm
[32] was applied to constrain all bonds involving a hydrogen
atom with a tolerance of 1.0×10−5 Å. Nonbond interactions
were handled with a 10 Å atom-based cutoff. The particle-
mesh-Ewald (PME)method [33, 34] was applied to treat long-
range electrostatic interactions. For analysis, the trajectories
were saved at an interval of 2 ps in the MD simulations. All
the MD results were analyzed using the analysis module of
AMBER 12.0 and VMD [35] as well as some other specifi-
cally developed trajectory analysis software.

Binding free energy calculation

Using Autodock 4.2 [36] software, the agonist salbutamol was
docked into theMD equilibrium structures ofWTandmutated
β2AR, respectively; 20 ns MD simulations were further car-
ried out for the docked complex. The GAFF force field was
utilized for the agonist, which was allocated using the
AMTECHAMBER module [37]. For the energy analysis,
some snapshots without water molecules and chloride ions
were extracted from the MD trajectory. The molecular me-
chanics generalized Born surface area (MM/GBSA) [38] ap-
proach integrated in AMBER 12 was applied to these snap-
shots to obtain the binding free energy, using Eq. (1).

ΔGbinding ¼ Gcomplex− Greceptor þ Gligand

� � ð1Þ

Where Gcomplex, Greceptor and Gligand denote the free ener-
gies of the complex, β2AR, and the ligand, respectively. The

free energies were estimated as the sum of the four terms in
Eq. (2).

G ¼ Egas−TS þ Gpsolv þ Gnpsolv ð2Þ

Where Egas is the molecular mechanical gas phase energy,
calculated as the sum of electrostatic energy (ΔEele) and the
van derWaals interactions (ΔEvdw).Gpsolv represents the polar
contribution to the solvation energy, while Gnpsolv is the non-
polar contribution to the solvation energy of the molecular. T
is the absolute temperature and S is the molecular entropy.
Similar to many other studies, the change in solute entropy
was not considered in the calculation of the free energies since
we were focused on the relative order of binding free energy
[39, 40].

The polar contribution to the solvation energy of the mo-
lecular was calculated by the GB model (IGB = 2) and the
nonpolar contribution was determined on the basis of solvent-
accessible surface area (SASA) using the LCPO method [see
Eq. (3)].

ΔGnpsolv ¼ 0:072 ΔSASA ð3Þ

The constants of interior dielectric and the solvent were set
to 1 and 80, respectively.

Results and discussion

Overall structures of WT and mutated β2AR

Root mean square deviations (RMSDs) from the inactive
crystal structure were calculated for the backbone atoms
(Cα) of WT and mutated β2AR (Fig. 2), and served as one
indicator to describe the mutation effect on the overall struc-
ture. As can be seen from Fig. 2, the RMSD value of the
mutant is larger than that of the WT over the last 30 ns of the
simulation time, as confirmed by Student’s t-test (P<0.05).
Student’s t-test is a statistical method commonly used for
examining if there is significant difference between two sets
of data in terms of a comparison of the calculated P-value with
the cutoff value (0.05). The observation indicates that the
mutation of the conserved Asp1303.49 to Asn would decrease
the stability of the inactive β2AR, consistent with experimen-
tal findings reported by Rasmussen in 1999 [16].

In addition, the radius of gyration (Rg) for the Cα atoms of
eachβ2AR were calculated and are shown in Fig. 2. It is clear
that the Rg values in the WT and mutant systems are very
similar. This observation suggests that the mutation of the
highly conserved aspartic acid residue in the inactive β2AR
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to the neutral asparagine acid residue plays a negligible role in
governing the compactness of the overall structure of the
receptor. The caculated SASA (see Fig. 2) shows no apparent
difference between the WT and the D130N mutant, similar to
the radius of gyration and further confirming the negligible
effects of the mutation on the compactness of the receptor.

Structural changes in local regions

To gain insight into the effects of the mutation on local
structures within β2AR, we also calculated the RMSD value
of each residue in terms of the last 10 ns trajectories. As shown
in Fig. 3, the RMSD values of most residues were larger in the
mutant system than those in the WT, in accordance with the
change trend of the total RMSD values above.

The GPCR structure is known to be composed of seven
TM helical segments connected by intracellular (ICL) and
extracellular (ECL) loops. Inspection of Fig. 3 shows that
the RMSD values of most residues located in the five helixes
(viz., TM2, TM3, TM5, TM6 and TM7) are larger in the
mutant system than those in the WT, suggesting that the
mutation induces significant deviations from the inactive
crystal structure and destabilizes the structure of the five
helixes. In contrast, the mutation leads to smaller RMSD
values for most residues located in the TM1 and TM4 regions,
to some extent stabilizing the structure of the two regions.

As revealed by Fig. 3, residues with high RMSD values,
and the large differences in the RMSD values between the

mutant and WTsystems are located mainly in the TM2, TM3,
TM5 and TM7 regions. For example, the residues at the ends
of TM2, TM3 and TM5 exhibit much higher RMSD values
and larger RMSD deviations than the other parts of the recep-
tor in the mutant system. The mutated Asp1303.49 residue is
located at the terminus of TM3. Thus, this region exhibits
significant structural changes. Interestingly, the RMSD values
of all TM7 residues in the mutant β2AR exhibited much
larger deviations from the WT system than those of the other
helices. The G-protein-binding-site is located in the ICL of
β2AR, adjacent to the NPxxY region (Asn3227.49–
Tyr3267.53) [41]. An inspection of Fig. 3 and the P value
calculated by Student’s t-test (P<0.05) indicate that the
RMSD values of the NPxxY region are significantly higher
in the mutant than in the WT. The NPxxY motif is highly
conserved in the subfamily of GPCR, and is thought to be
closely related with the process of G protein binding and
important for maintaining the structures of the inactive state
[3]. Thereby, the high RMSD values in this region suggest that
the mutation may trigger instability of the highly conserved
NPxxY region in TM7, which would contribute to the consti-
tutive activation observed with the single point mutation. In
addition, Fig. 3 clearly shows that the highest RMSD devia-
tions between the two systems are located in residues
Ser137ICL2–Thr146ICL2, which are not included in the seven
helices but belong to the ICL2 region. ICL2 is located in the
region adjacent to the mutated Asp130 residue, thus leading to
significant changes in structure. As revealed by Fig. 3, the
conformations of TM2, TM6 and TM7 also incur significant
changes, although they are located far from the Asp1303.49

mutation site. This observation indicates that the particular
mutation not only induces conformational changes not only of
adjacent regions, but also regions relatively far from the
mutated residue.

Ionic lock

The ionic lock formed between the charged residues
Arg1313.50 (located in the DRY motif) and Glu2686.30, has

Fig. 2 Changes in a root mean square deviations (RMSD; in Å) values of
backbone atoms and b the radius of gyration (Rg, in Å) as well as c the
solvent-accessible surface area (SASA, in Å2) as functions of simulation
times for wild type (WT) and mutant (D130N) β2AR. The RMSD value
represents deviation from the inactive crystal structure

Fig. 3 A comparison of average RMSD values (in Å) per residue
between WT and mutant β2AR (D130N) over the last 10 ns trajectories.
Residues corresponding to the seven transmembrane helices (TM1–TM7)
are highlighted in gray. The RMSD value is for deviation from the active
crystal structure
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been considered to be important to maintain rhodopsin [9],
alpha(1b) adrenergic receptor [42], and the delta opioid recep-
tors of б and μ [43, 44] in their inactive states. Switching of
GPCRs from an inactive to an active state may involve break-
ing of this critical ionic lock.

Indeed, the ionic lock is found in the crystal structure of
inactive rhodopsin [45]. A value of 9.0–9.5 Å, which is close
to the distance of the ionic lock in the inactive rhodopsin
structure (see Table 1), is often taken as a reference to evaluate
the existence of the ionic lock in other GPCRs [46]. However,
using this reference value, the reported ionic lock cannot be
found in the crystal structure of the inactive β2AR (Table 1).
However, it is unreasonable to conclude that the inactive
β2AR has no the ionic lock only in terms of information from
the crystal structure. Clearly, the crystal structure represents
only a static snapshot while the protein is a dynamic structure.

We next inspected the dynamic behavior of the reported
ionic lock in WT β2AR and its changes upon the mutation
(see Fig. 4). As can be seen from Fig. 4, the ionic lock in WT
β2AR exists intermittently within the simulation time. Some-
times it is formed and sometimes it is broken, displaying to
some extent an equilibrium between conformations with ionic

lock formed or broken. This observation indicates that it is not
essential for WT β2AR to possess a stable ionic lock in its
inactive state, consistent with findings from some non-
rhodopsin GPCRs [47]. The P value calculated by Student’s
t-test (P<0.05) further confirms that the distance between
Arg1313.50 and Glu2686.30 is significantly increased in the
mutated β2AR relative to the WT system. The distance
reaches a value of almost 12 Å over the whole simulation
time, as shown in Fig. 4b. This result suggests that the ionic
lock is broken completely due to the mutation.

In addition, we also examined the change in distance
between the two helices associated with the ionic lock (viz.,
TM3 and TM6) since their conformational changes have been
suggested to be critical for GPCR activation [48, 49]. As can
be seen from Fig. 5, the D130N mutation leads to a significant
increase in the distance between the two helices and the P
value calculated by Student’s t-test (P<0.05) further confirms
that the increase is significant. Figure 4b also clearly displays
the moving apart of the ends of TM3 and TM6 in the mutated
receptor. This observation provides further support for the
experimental finding that disruption of the special ionic lock
can be characterized by the separation of TM3 and TM6 [50].
Since experimental investigations have revealed that activa-
tion of GPCRs involves breaking of the critical ionic lock, the
D130N mutation should favor β2AR approaching the active
state and would lead to constitutive activity.

H-bonding

Since H-bonds play an important role in maintaining the
structure and function of proteins, we analyzed H-bonding
in the WT and mutant systems. Table 2 lists some representa-
tive H-bonds between the seven helices with a lifetime above
30% of the simulation time (see supporting information
Table S1 for more H-bonds). In the WT system, the total
number of H-bonds was calculated to be 20, with 18 in the

Table 1 Comparison of ionic lock conformations in some G-protein-
coupled receptor (GPCR) crystal structures

PDB ID Protein Cα–Cα(Å)
a Noteb

2RH1 β2AR 11.2 T4L fusion

3D4S β2AR 11.0 T4L fusion

1U19 Rhodopsin 9.1 Inactive

1GZM Rhodopsin 8.7 Inactive

a The Cα–Cα distances (between the Cα atom of Arg3.50 and Glu6.30 ) in
the inactive crystal β2 adrenergic receptor (β2AR) structures are greater
than those in inactive rhodopsin receptors
b Theβ2ARswere determined with bound inverse agonists or antagonists
(carazolol for 2RH1 and timolol for 3D4S)

Fig. 4 a Time-dependent changes in the salt bridge distances (Å) formed
between Arg1313.50 and Glu2686.30 residues for WT and mutant β2AR
(D130N). b Superimposition of two representative conformations from
WT (gray) and mutant (yellow) β2AR. The ionic lock residues

(Arg1313.50 and Glu2686.30) for WT are colored according to atom type:
cyan C, red O, white H, blue N, green two residues in D130N. Green
dotted line H-bonding
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mutant system. Although the number of H-bonds displays
minor difference between the two systems, the residues in-
volved in H-bonding are significantly different, as can be seen
from Table 2. This difference further confirms the structural
changes induced by the mutation.

Inspection of Table 2 reveals two very stable H-bonds
between Asp1303.49 and Arg1313.50 residues in the WT sys-
tem, with 100% lifetime. The mutation weakens the H-
bonding to some extent because the lifetime drops to 87–
92% in the mutant form. Furthermore, the two H-bonds are
formed between OD2@ Asp1303.49 atom and the Arg1313.50

residue in the WT, while it is the OD1@ Asp1303.49 atom
rather than OD2@Asp1303.49 that forms the two H-bonds
with the Arg1313.50 residue in the mutant system, as shown
in Table 2. These observations provide further support for the
structural changes in the DRY region induced by the mutation.
Interestingly, there are nearly no stable H-bonds between TM3
and TM6 in the WT, in which the highest lifetime is observed
to be about 24% for the H-bond between Glu2686.30 and
Arg1313.50 residues (viz., the ionic lock residues). Further-
more, the unstable H-bond disappears completely in the mu-
tant system, consistent with disruption of the ionic lock
formed between the two residues, as observed above.

As shown, H-bonding between TM2 and TM7 is crucial in
stabilizing the inactive structure of β2AR [51]. Some H-bond
interactions involving highly conserved residues, including
Asn511.50, Asp792.50, Ser3197.46 Asn3227.49 and Tyr3267.53,
were reported in mutagenesis [52–55] and some limited MD
studies [56] to be important for receptor activation. The data in
Table 2 show that the mutation reduces the number of H-
bonds between TM7 and TM2. The stable hydrogen bonds at
Asp792.50–Ser3197.46, Asp792.5–Asn3227.49 and Asp792.50–
Tyr3267.53 are almost destroyed upon the conformational
change induced by the D130N mutation. Although an addi-
tional H-bond between OD1@Asp792.50 and OG@Ser3197.46

is formed over 70% simulation time in the mutant system, the
mutation-weakened H-bonding between TM2 and TM7
would lead to significant structural changes in the two regions.
As evidenced by Fig. 6, TM7 migrates distinctly in the pres-
ence of themutation. As a result, most residues in TM7 exhibit
high RMSD values, in particular the NPxxY region involved
in H-bonding.

Fig. 5 Time-dependent changes
in the distance between helices
TM3 and TM6 for WT and
mutant β2AR (D130N), as
represented by the distance
between Cα atoms of Arg1313.50

and Leu2726.34 residues

Table 2 Average distances of some representative hydrogen bonds (Å)
formed between the seven helices and their percentage occupation (%) for
the WT and mutated β2AR (D130N) over the last 10 ns trajectories

System WT (%/Å) D130N (%/Å)

OD2@Asp792.50⋅⋅⋅OG@ Ser 3197.46 100/2.69 73/2.74

OD1@ Asp792.50 ⋅⋅⋅ND2@ Asn 3227.49 99/2.94 0%

OD1@ Asp792.50 ⋅⋅⋅OH@ Tyr 3267.53 99/2.78 0%

OD2@ Asp792.50⋅⋅⋅ND2@Asn 3227.49 81/3.16 0%

OD1@ A Asp792.50⋅⋅⋅OG@ Ser 3197.46 0% 70/2.97

OD2@ Asn1303.49⋅⋅⋅NH2@ Arg1313.50 100/2.78 0%

OD2@ Asn1303.49⋅⋅⋅NE@ Arg1313.50 99/2.93 0%

OD1@ Asn1303.49⋅⋅⋅NH2@ Arg1313.50 0% 92/2.90

OD1@ Asn1303.49⋅⋅⋅NE@ Arg1313.50 0% 87/3.09

OE2@ Glu2686.30⋅⋅⋅NH1@ Arg1313.50 24% 0%

Fig. 6 Structural superimposition of representative conformations ofWT
(gray) and mutant (yellow) β2AR. Crucial residues Asp792.50, Ser3197.46

Asn3227.49 and Tyr3267.53 for WT β2AR are colored according to atom
type: cyan C, red O, white H, blue N, green four residues in the mutated
β2AR. The blue and green dotted lines denote H-bonding for theWTand
mutant systems, respectively
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On the whole, the differences in H-bond interactions be-
tween the WTand mutant systems provide further support for
transformation of helix structures upon the mutation, for ex-
ample, the departure of TM3 from TM6 as well as TM7 from
TM2. These changes upon mutation are consistent with some
experimental observations from the D130N mutation [16].

MM/GBSA binding free energy calculation

To gain insight into the effect of the D130N mutation on the
interaction between the β2AR receptor and cognate drugs, we
selected salbutamol (a specific agonist of β2AR) to study its
interaction with WTand mutated β2ARs. Salbutamol (Fig. 7)
is an effective drug used to treat conditions such as primary
bronchial asthma [57] and cardiovascular disease [58], etc.
Salbutamol was docked into the MD equilibrium structures of
WT and mutated β2AR, respectively. Then, 20 ns classical
MD simulations were carried out for the two complex sys-
tems. For the energy analysis, 100 snapshots without water
and chloride ions were extracted from the last 10 ns trajectory
at 100 ps interval. Binding free energies were calculated using
the molecular mechanics generalized Born/surface area (MM/
GBSA) method.

Table 3 lists the binding free energy and its components.
Negative energy term values denote spontaneous interactions
favoring binding while positive values have the opposite
meaning. Thus, negative ΔGbinding values indicate that bind-
ing between the agonist and the receptor occurs in both the
WT and mutant systems. Table 3 clearly shows that the
mutation alters the total binding free energies from −35.42
to −45.23 kcal mol−1, significantly enhancing the interaction
of β2AR with salbutamol and providing further support for
the experimental finding that the D130N mutation increases
agonist affinity [16, 59].

To reveal the driving force for the binding free energy, the
contribution of each energy component was also analyzed
here. The data in Table 3 indicate that non-bonded electrostat-
ic interactions (ΔEele) and van derWaals interactions (ΔEvdw)
are the main driving forces underlying binding strength in the
two systems. However, the electrostatic interactions are large-
ly offset by the unfavorable electrostatic solvation free energy
(ΔGpsolv), as observed from Table 3. This is not unexpected,
since the electrostatic interaction is generally anti-correlated
with the electrostatic solvation free energy [60]. The non-

bonded electrostatic interaction ΔEele in the wild type was
calculated to be −21.89 kcal mol−1, becoming −43.10 kcal
mol−1 in the mutated form, indicating that the mutation sig-
nificantly enhances the interaction. However, the van der
Waals interactions are almost equal in the two systems (about
~ −50 kcal mol−1). This observation reveals that the mutation
significantly increases the binding strength mainly through
electrostatic interactions.

Important residues contributing to the binding of salbutamol

In order to further identify the important residues contributing
to the binding of salbutamol, the binding energy per-residue
was also estimated in terms of Eq. (4).

ΔGi−binding ¼ Gi−complex−Gi−receptor ð4Þ

Where ΔGi-binding represents the binding energy of the ith
residue, whileGi-receptor andGi-complex denote the energy of the
ith residue in the free and the complexedβ2ARs, respectively.
The energy of residue i can be estimated from Eq. (5):

Gi−A ¼ Gi−gas þ Gi−solv ð5Þ

In Eq. (5), Gi-A denotes the Gi-receptor or Gi-complex men-
tioned above.Gi-gas represents the gas phase internal energy of
residue i calculated by the AMBER force field. Gi-solv is the
solvation energy of the ith residue, including contributionsFig. 7 Chemical structure of the agonist salbutamol

Table 3 Energetic analysis (kcal mol−1) of the complexes of salbutamol
with WT and mutant β2AR (D130N), based on the last 10 ns trajectories

System WT D130N

ΔEele
a −21.89±2.68 −43.10±2.58

ΔEvdw
b −49.63±4.83 −50.10±4.01

ΔEgas
c −71.52±5.54 −93.20±5.36

ΔGnpsolv
d −4.93±0.10 −4.80±0.14

ΔGpsolv
e 41.03±2.43 52.76±2.15

ΔGsolv
f 36.10±1.92 47.96±1.16

ΔGele
g 19.14±1.36 9.66±1.02

ΔGbinding
h −35.42±3.40 −45.23±4.07

a Non-bonded electrostatic energy contribution estimated by the MM
force field
b Non-bonded Van der Waals energy calculated through the MM force
field
c Total free energy in the gas phase
dNonpolar contribution to the solvent free energy
e Polar contribution to the solvent free energy
f Solvent free energy
gAbsolute electrostatic energy contribution to the binding free energy
h Total binding free energy

ΔEgas ¼ ΔEele þΔEvdw ΔGsolv ¼ ΔGpsolv þΔGnpsolv

ΔGele ¼ ΔEele þΔGpsolvΔGbinding ¼ ΔEgas þΔGsolv
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from the polar (Gi-polar) and nonpolar (Gi-nonpolar) terms. The
polar contribution is estimated by the GB model and the
nonpolar contribution is calculated by Eq. (3) above. Similar
to the binding free energy calculation, snapshots without the
water molecules and chloride ions were extracted from the last
10 ns MD trajectories at 100 ps intervals for the calculation of
binding energy decomposition on a per-residue basis. On the
basis of calculatedΔGi-binding, we could identify residues with
significant impact on β2AR-agonist binding (see Fig. 8 and
supporting information Tables S2–S3).

In the WT system, eight residues were observed to contrib-
ute significantly to the binding of salbutamol with more than
0.5 kcal mol−1 free energy contribution (Fig. 8, Table S2).
These include three residues in TM3 (Trp1093.28, Thr1103.29

and Val1143.33), three residues in ECL2 (Cys191ECL2,
Asp192ECL2 and Phe193ECL2), one residue (Phe2896.51) in
TM6 and residue Asn3127.39 in TM7. These residues corre-
spond to the amino acids involved in the binding site revealed
by crystal structures of β2AR with diverse ligands bound
[61]. Data in Fig. 9 and Table S2 further reveal that these
residues contribute to the affinity mainly through van der
Waals interactions. For example, the aromatic residue
Phe193ECL2 is able to interact with the aromatic ring of

salbutamol through hydrophobic interactions, which could
contribute favorable van der Waals interaction energy by
−2.41 kcal mol−1 in the WT system, as seen in Fig. 10 and
Table S2. Inspection of Fig. 8 clearly shows that there are 11
residues in the mutant system that significantly favor binding,
i.e., 3 more than in the WT. Most of the residues (viz.,
Trp1093.28, Thr1103.29,Val1143.33, Phe193ECL2, Phe2896.51

and Asn3127.39), observed to favor binding of salbutamol in
the WT still retain favorable contribution to the binding, but
with differences in the extent of their contributions (Fig. 8,
Tables S2–S3). For example, the mutation weakens the con-
tributions of Trp1093.28 and Phe193ECL2 to binding, but in-
crease contributions from Thr1103.29, Val1143.33 and
Phe2896.51 and Asn3127.39 residues. In addition, residues
Ser2035.42, Ser2045.43 and Ser2075.46 in TM5 are not ob-
served to provide any contribution to binding in the WT
system within the scale of 110 ns simulation since their
binding energies are calculated to be close to 0.0 kcal mol−1.
However, they contribute favorable binding energy by
−2.13 kcal mol−1, −0.75 kcal mol−1 and −3.27 kcal mol−1,
respectively, in the mutated system (see Fig. 8 and Table S2).
The three serine residues have been considered to be impor-
tant for agonist binding and activation of β2AR [62, 63].

Fig. 8 Per-residue binding
energy ofΔGi-binding (kcal mol−1)
for salbutamol agonist binding
WT and mutant β2AR (D130N).
Only high energy residues (|ΔGi-

binding|≥ 0.5 kcal mol−1) are shown

Fig. 9 Energy decomposition (in
kcal mol−1) into contribution from
Van der Waals energy (vdw), the
sum of non-bonded electrostatic
energy and the polar contribution
of solvation energy (ele+psolv)
and the nonpolar term of
solvation energy (npsolv) for
residues whose absolute value of
binding energy is larger than
0.5 kcal mol−1 for WTand mutant
β2AR (D130N)
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Some previous MD studies also reported the interaction of
these three residues with some agonists and showed that the
interaction of Ser2075.46 with the agonist is strongest [23, 50].
In addition, mutation experiments showed that Ser2075.46 has
a larger impact on norepinephrine (a β2AR agonist) binding
compared to Ser2045.43 [64]. The observations derived from
our study on the mutated β2AR further confirm that
Ser2075.46 plays a dominant role in binding the salbutamol
agonist. Figure 9 and Table S3 further reveal that residues
Ser2035.42 and Ser2075.46 in TM5 contribute to the binding
energy mainly via electrostatic interaction by −3.13 kcal
mol−1 and −4.06 kcal mol−1, respectively. As revealed by
Fig. 10, the mutation could favor TM5 to shift inward, en-
abling residues Ser2035.42 and Ser2075.46 to form a H-bond
with the salbutamol agonist. It is the H-bonding induced by
the mutation that contributes to the significant increase in the
direct electrostatic interaction in themutant form, thus enhanc-
ing binding strength. Observations from β2AR–Nb80 active
crystal structures indicated that the greatest difference be-
tween the inactive and active structures in the ligand-binding
site is an inward bulge of TM5 centered around Ser2075.46

[12]. Also, some MD studies on β2AR-agonist complexes
have reported that agonist binding would induce a conforma-
tional change of TM5 to allow the experimentally postulated
interactions with residues Ser2045.43 and Ser2075.46 [23, 65].

Although residue Asp1133.32 also forms a H-bond with the
agonist in the mutant, which makes a large contribution
(−12.73 kcal mol−1) to the binding of salbutamol, the favor-
able contribution of the residue Asp1133.32 resulting from the
H-bond is completely offset by the unfavorable polar solva-
tion energy (14.14 kcal mol−1), as shown in Table S3. In
addition, the favorable van der Waals contribution from
Phe193 residue is weakened significantly by the mutation
since the distance between the aromatic rings between
Phe193ECL2 and the agonist is observed to become larger upon
the conformation change of ECL2 caused by the mutation (see
Fig. 10). However, the ECL2 conformational change brings
the aromatic ring of Phe193ECL2 into close contact with the

tertiary butyl group of the agonist (Fig. 10), which should
contribute to a favorable hydrophobic interaction between the
two groups and thus to binding.

In common with some previous MD studies on the inter-
action between β2AR and some agonists [23], we did not
observe any significant contribution from Asn2936.55 to bind-
ing in either WT or mutated β2AR, since its contributions to
the binding energies were calculated to be −0.13 kcal mol−1

and −0.22 kcal mol−1 in the WTand mutated systems, respec-
tively. Asn2936.55 has been proposed to establish interactions
withβ-hydroxyl group agonists like norepinephrine [66]. But,
some mutation studies have reported that non-catecholamine
agonists do not interact strongly with Asn2936.55 [67], in line
with our results.

Conclusions

Using all-atom MD simulations and MM/GBSA free energy
calculations, we studied the D130N mutation-induced activa-
tion of an inactive β2AR structure, and the role played by the
D130N mutation in influencing drug binding. The results
indicate that the mutation plays a negligible role in determin-
ing the compactness of the overall structure of β2AR, al-
though it reduces stability to some extent. However, signifi-
cant changes induced by the mutation were observed for some
local but important regions, including regions near the muta-
tion site, such as TM3, and regions far away from themutation
site, such as TM2 and TM7. In particular, the NPxxY region
exhibited marked changes due to the mutation, which will
contribute to the observed constitutive activation. The impor-
tant ionic lock between Arg1313.50 and Glu2686.30 was ob-
served to be dynamic in WT β2AR and seems not to play an
essential role in stabilizing the inactive state of β2AR as it
does in rhodopsin. However, the mutation completely disrupts
the ionic lock, leading to the departure of TM3 from TM6.
Thus, it is reasonable to assume that the active state of β2AR

Fig. 10 Representative
interactions between the agonist
salbutamol and some high energy
residues (|GBTOT|≥ 0.5 kcal
mol−1) of WT and mutant β2AR
(D130N). Sticks denote
salbutamol (in green) and some
representatively high energy
residues of β2AR. Green dotted
lines H-bonding
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can be characterized by the complete disruption of the ionic
lock. The MD results also show that the mutation reduces the
number of H-bonds and weakens the strength of some H-
bonds. Accordingly, it gives rise to structural changes of
regions involved in H-bonding, for example, the departure
of TM7 from TM2. These observations show that the mutant
already presents some structural features activated within the
scale of the 110-ns simulation time, providing a structural
basis for understanding the constitutive activity induced by
the D130N mutation.

In addition, we used MM/GBSA calculations to study the
interaction between the two β2AR types and the salbutamol
agonist. The results indicated that residues making a signifi-
cant contribution to binding come mainly from TM3, TM6,
TM7 and ECL2 for the wild system within the scale of the
110-ns simulation time. However, the conformational changes
induced by the mutation make TM5 significantly favor ago-
nist binding, in contrast to WT β2AR. The main driving
forces for binding in both systems are van der Waals and
non-bonded electrostatic interactions. In particular, van der
Waals interactions play a dominant role in drug binding for
WT β2AR. However, the mutation significantly enhances the
binding strength ofβ2ARwith the salbutamol agonist, mainly
through increasing electrostatic interactions rather than van
der Waals interaction. The enhanced electrostatic interactions
in the mutant type stem mainly from additional H-bonds
formed between the agonist and residues Ser2035.42 and
Ser2075.46 since the D130N mutation shifts TM5 inward to
contact the agonist more closely. This observation suggests
that modifications to polar (or H-bond) groups of drug ligands
could play a significant role in influencing the efficacy of
drugs used to treat diseases associated with the D130N
mutation.
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