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ABSTRACT: Opioid receptors, a kind of G protein-coupled receptors (GPCRs),
mainly mediate an analgesic response via allosterically transducing the signal of
endogenous ligand binding in the extracellular domain to couple to effector
proteins in the intracellular domain. The δ opioid receptor (DOP) is associated
with emotional control besides pain control, which makes it an attractive
therapeutic target. However, its allosteric mechanism and key residues responsible
for the structural stability and signal communication are not completely clear. Here
we utilize the Gaussian network model (GNM) and amino acid network (AAN)
combined with perturbation methods to explore the issues. The constructed
fcfGNMMD, where the force constants are optimized with the inverse covariance
estimation based on the correlated fluctuations from the available DOP molecular
dynamics (MD) ensemble, shows a better performance than traditional GNM in
reproducing residue fluctuations and cross-correlations and in capturing function-
ally low-frequency modes. Additionally, fcfGNMMD can consider implicitly the
environmental effects to some extent. The lowest mode can well divide DOP
segments and identify the two sodium ion (important allosteric regulator) binding
coordination shells, and from the fastest modes, the key residues important for
structure stabilization are identified. Using fcfGNMMD combined with a dynamic perturbation-response method, we explore the key
residues related to the sodium ion binding. Interestingly, we identify not only the key residues in sodium ion binding shells but also
the ones far away from the perturbation sites, which are involved in binding with DOP ligands, suggesting the possible long-range
allosteric modulation of sodium binding for the ligand binding to DOP. Furthermore, utilizing the weighted AAN combined with
attack perturbations, we identify the key residues for allosteric communication. This work helps strengthen the understanding of the
allosteric communication mechanism in δ opioid receptor and can provide valuable information for drug design.

■ INTRODUCTION
G protein-coupled receptors (GPCRs), the largest membrane
protein family, mediate signaling pathways involved in many
physiological processes such as behavior, cognition, and
immune response.1 Their central role in modulating human
physiology makes them key pharmacological targets.2 Opioid
receptors, a kind of class-A GPCRs, including μ (MOP), δ
(DOP), κ (KOP), and orphanin-FQ (OFQ) members3 are
associated with pain control. Among them, the DOP is also
associated with emotional control, and therefore, the drugs
acting on it show additional anxiolytic and antidepressant-like
effects.4 Thus, the structure and allosteric dynamics of DOP
attract extensive attentions.
In 2014, Fenalti et al. crystallized the structure of human

DOP in complex with the subtype-selective antagonist
naltrindole7 at 1.8 Å resolution.5 Similar to other GPCRs,
DOP has an extracellular N-terminus, 7 transmembrane (TM)
helices (TM1−7), 3 intracellular loops (ICL1−3), 3
extracellular loops (ECL1−3) and an intracellular C-terminus.

The N-terminus and ECLs are responsible for the recognition
of a wide variety of ligands, while the C-terminus and ICLs can
interact with G protein and GPCR kinase (GRK) effectors,
which is essential for signal transduction.6 There exist some
highly conserved components in TM helices including the
D(E)RY motif [Asp1453.49-Arg1463.50-Tyr1473.51] at the
bottom of TM3, important for stabilizing the inactive
conformation,4 the CWxP motif [Cys2736.47-Trp2746.48-
Ala2756.49-Pro2766.50] within TM6, usually impairing the
activity of GPCR, and the NPxxY motif [Asn3147.49-
Pro3157.50-(x)2-Tyr3187.53-(x)6-Phe3258.50] within TM7 im-
portant for stabilizing GPCR via forming a conserved polar
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network.7,8 Additionally, experiments have found that sodium
ions play a critical role in mediating the allosteric control of
GPCRs. The distinctive DOP’s sodium ion coordination shells
located in a polar network in TM bundle core form two
coordination shells, with the first one formed by Asp952.50,
Asn1313.35, Ser1353.39, and two conserved water molecules, and
the second one by Trp2746.48, Asn3107.45, Asn3147.49, and two
additional water molecules in contact with the waters in the
first shell.5,9 The sodium ions have a role of stabilizing GPCR
in the inhibited state, revealing their important roles in
allosteric modulation.5

It is difficult for experimental methods to explore the
allosteric mechanism in DOP. In 2012, using the X-ray
diffraction method, Granier et al. explored the conserved
segments involved in opioid ligand recognition, revealing their
structural features for ligand subtype selectivity.10 In 2019,
Claff et al. investigated the atomic-scale agonist binding to
DOP and identified the key determinants for agonist
recognition and selectivity, and receptor activation.4 On the
theoretical side, Shang et al. used a metadynamics-based
strategy to sample the binding process of a positive allosteric
modulator BMS-986187 with DOP in the presence of
orthosteric ligand SNC-80, revealing two alternative ligand
binding poses at the allosteric site delineated by TM1, TM2,
TM6, and TM7.11 Utilizing a multiscale simulation strategy,
Wang et al. studied the MOP-DOP dimerization and the
cooperative mechanism involved in their activation.12 Addi-
tionally, for the important allosteric modulator sodium ions,
Yuan et al. simulated their binding process with MOP,
indicating that sodium ions enter from the extracellular side
and residue Asp952.50 is a possible coordination shell residue.13

Similar binding pathways of sodium ions with MOP, KOP, and
DOP were observed by Shang et al. using all-atom molecular
dynamics (MD) simulations, and they also found that the
binding reduces the level of binding of subtype-specific
agonists in the three receptors.9 Notably, combining long-
time scale MD simulations and experiments, Sun et al.
explored the allosteric modulation mechanism of sodium
ions in DOP, revealing that the sodium ion exploits a distinct
conformation of residue Trp2746.48 to propagate its modu-
lation to TM5 and TM6, restraining their positions in the
intracellular side and inhibiting DOP activation.14 Currently
for the study on allosteric modulation of sodium ions, the
mainly adopted scheme is to monitor the ion concentration via
MD simulations, and the dynamic responses of DOP molecule
system caused by sodium ion binding are not well investigated.
MD simulation is a time-consuming method, especially for

large-size systems. Thus, some coarse-grained models have
been proposed. Among them, the elastic network model
(ENM) is a particularly effective one for investigating the
intrinsic dynamics and function-related collective motions in
proteins.15 The Gaussian network model (GNM)16−18 and
anisotropic network model (ANM)19 are the two most widely
used ENMs. Generally, the low-frequency motion modes
obtained by ENM represent the large-scale collective motions
relevant to protein functions, while the high-frequency modes
reflect the geometric irregularity in protein structure.17 The
ENM model has been successfully used to explore the dynamic
characteristics of protein family members,20,21 RNA flexibil-
ity,22,23 RNA/protein folding/unfolding processes24,25 and
allosteric dynamics of protein-RNA interactions.26 Originally,
Tirion et al. proposed the conventional ENM where a protein
structure is modeled as an elastic network of Cα atoms in

which the residue pairs within a given cutoff distance are
considered to have interactions and are connected by a set of
Hookean springs with a uniform force constant.15 Later,
several improved ENMs have been developed including
parameter-free ENM (pfENM)27 with the long-range effect
of interactions taken into account, RpfGNM method28 based
on pfENM with the relative solvent accessibility introduced,
sscGNM proposed by us29 with secondary structure
considered, and multiscale ENM (mENM) proposed by Xia
et al.30 and the modified ewmENM by us31 with inter-residue
multiscale interactions taken into account. However, there is
still much room for the improvement of ENMs. Recently in
2020, Zhang et al. proposed a force constant fitted ENM
(fcfENM) where the force constants are directly computed
from the inverse covariance matrix using a ridge-type operator
for the precision matrix estimation (ROPE) on protein’s
nuclear magnetic resonance (NMR) ensemble.32 The method
obtains an outstanding improvement in residue flexibility
reproduction when compared with traditional ENMs. Due to
the limited number of NMR data, this method cannot be
widely applied. If MD ensemble is available, the method can be
applied to a wide variety of biomolecules.
Due to the high effectiveness of ENM, combined with it,

some perturbation-response methods have been developed to
study protein allostery. In 2009, Atilgan et al. proposed the
perturbation-response scanning (PRS) analysis33 to obtain
protein allosteric properties.21,34 As the exerted static
perturbation force does not allow for the analysis of dynamic
effects in allosteric communication, in 2021 Erman et al.
developed a dynamic perturbation-response model where a
periodic perturbation is exerted based on the solution of the
Langevin equation in the presence of solvent, noise and
perturbation.35 The method successfully identifies the key
residues involved in the allosteric modulation in bovine
rhodopsin and nanobody proteins.35

In addition, the complex network model also called amino
acid network (AAN) model combined with dynamics methods
has been used to study protein allosteric communications.36,37

The characteristic path length (CPL) provides an estimation of
the effect of node connectivity on communication pathways in
a protein. Del Sol et al. found that the residues that greatly
affect CPL value upon removal are usually critical to allosteric
signal transmission.38 Some studies, including ours, have tried
to utilize the attack perturbation to identify the key residues
involved in allosteric communication in proteins.39

In this work, we construct a force constant fitted GNM
based on MD ensemble (fcfGNMMD) for the δ opioid receptor
(DOP). From the lowest and fastest motion modes, we
identify the key residues for sodium ion binding and structural
stabilization. Utilizing fcfGNMMD combined with the dynamic
perturbation-response method, we perturb sodium binding
residues and explore the importance of the responding
residues. Furthermore, combined with CPL analysis, the
AAN with edge weighted by cross-correlation from fcfGNMMD
is used to explore the key residues in the allosteric
communication.

■ MATERIALS AND METHODS
Human δ Opioid Receptor and Its MD Ensemble

Data. Human δ opioid receptor (DOP) was downloaded from
Protein Data Bank (PDB) with PDB ID 4N6H, whose
structure is shown in Figure S1. The DOP with 303 residues
contains N-terminal region (residues 36−38), TM helices 1−7

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://doi.org/10.1021/acs.jcim.2c00513
J. Chem. Inf. Model. 2022, 62, 6727−6738

6728

https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.2c00513/suppl_file/ci2c00513_si_001.pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.2c00513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(residues 39−77, 82−112, 117−152, 161−187, 205−243,
249−287, and 293−321, respectively), three ICLs (residues
78−81, 153−160, and 244−248), three ECLs (residues 113−
116,188−204, and 288−292), a helical region H8 (residues
322−335), and a C-terminal region (residues 336−338).
The MD simulation trajectories of the structure (ID 73) are

available in the GPCRmd database (http://gpcrmd.org/),40,41

and there are three 500 ns trajectories with IDs 10713, 10714,
and 10715. Figure S2 gives the time evolutions of root-mean-
square deviation (RMSD) of backbone atoms of DOP during
the three simulations. The equilibriums are reached after 220,
100, and 120 ns respectively, and the equilibrium trajectories
are used for constructing the fcfGNMMD model of DOP.

Force Constant Fitted GNM Based on the MD
Ensemble (fcfGNMMD). Zhang et al. proposed a force
constant fitted GNM (fcfGNM) where the force constants
are directly calculated from the inverse covariance matrix from
NMR ensemble.32 Motivated by the method, we constructed
the fcfGNM based on MD ensemble (fcfGNMMD). In
fcfGNMMD, the network potential V can be written as follows:

V k R R R R1
2

( )
1
2i j

ij ij ij
i j

ij i j
0 2

,

= = ·
< (1)

Here Rij and Rij0 are the instantaneous and equilibrium vectors
connecting the ith and jth nodes, respectively, kij is the force
constant of the spring connecting the two nodes, the column
vectors ΔRi and ΔRj represent their fluctuations and the

Kirchhoff matrix

l
m
oooo
n
oooo

k i j
k i j

if
ifij

ij

j i
ij= = . In GNM, the residue

fluctuations are isotropic, and thus the predicted correlated
fluctuation between residue i and j is ⟨ΔRi·ΔRj⟩ = (Γ−1)ij, i.e.,
C = Γ−1, which is the well-known relationship between
covariances and residue−residue interactions. Lezon and Bahar
utilized the entropy maximization method42 to find the same
relationship between covariances and pair interactions: K=C−1,
where K = (Kij) is called the interaction matrix with Kij = −kij
(i ≠ j) for off-diagonal elements, and covariance matrix C is
calculated from the MD ensemble.
The direct computation of the inverse covariance matrix

(often called the precision matrix) to obtain the interaction
matrix is not appropriate as it is typically a high-dimensional
estimation problem. Here, we utilize a ridge-type operator for
the precision matrix estimation (ROPE for short).43 The
method is of an explicit closed-form representation for the
precision matrix as follows:

F K C tr KC K K

C UMU M diag m m m

K U U diag

m m i N

( , , ) ( ) log

, ( , , ..., )

, ( , , ..., )

2/( 8 ), 1, 2, ...,

F

T
N

T
N

i i i

1 2

1 2

2

= | | +

= =

= =

= + + = (2)

where N is the number of residues in the protein, ∥K∥F = ∑ij
Kij2 is the Frobenius norm, and ρ > 0 is a tuning parameter.
The procedure to estimate the interaction matrix K from the
covariance matrix C can be simply described as follows: Step 1:
Perform eigenvalue decomposition of the covariance matrix C
of residue fluctuations and obtain all eigenvalues (m1, m2, ...,
m N ) a n d e i g e n v e c t o r s U . S t e p 2 : L e t

m m i N2/( 8 ), 1, 2, ...,i i i
2= + + = for a given tuning

parameter ρ. Calculate the interaction matrix K according to eq
2. Step 3: Finally, the force constant between residues i and j is
estimated as kij = −Kij (i ≠ j). It should be pointed out that a
reasonable turning parameter ρ needs to be chosen. Here for a
given ρ, if the distance of a residue pair (i, j) is larger than a
cutoff distance rc or the calculated force constant of this residue
pair is negative, then let kij = 0; otherwise, kij = −Kij. The
optimization of the parameters ρ and rc is described in the
following section: Performance Measures of GNMs.
The mean square fluctuation (MSF) of the ith node and

fluctuation cross-correlation (i.e., correlated fluctuation, CoF)
between the ith and jth nodes can be described as ⟨ΔRi·ΔRi⟩ =
(Γ−1)ii and ⟨ΔRi·ΔRj⟩ = (Γ−1)ij. The normalized dynamic
cross-correlation between residue fluctuations can be calcu-
lated as

DCC
R R

R Rij
i j

i j
2 2 1/2=

·
[ · ] (3)

The values range from −1 to +1. The positive values depict
that the residues move along the same direction, and the
negative ones depict that they move along the opposite
directions. The higher the absolute value is, the more the two
residues are correlated. The zero value means that the motions
of residues are completely uncorrelated.

Performance Measures of GNMs. We use the Pearson’s
correlation coefficient (PCC) between the theoretical value
(x) from GNMs and experimental value (y)44 to evaluate the
performance of GNMs, which is defined as

PCC
x x y y

x x y y

( )( )

( ) ( )

i
N

i i

i
N

i i
N

i

1

1
2

1
2

= =

= = (4)

where N is the sample size. PCC ranges from −1 to +1 with +1
representing a perfect positive correlation, 0 no correlation,
and −1 a complete anticorrelation.
The optimized parameters are obtained to construct the

fcfGNMMD through maximizing the PCCAVE which is defined
as

PCC
PCC PCC

2AVE
MSF CoF=

+
(5)

where PCCMSF and PCCCoF indicate the PCC values between
the predicted residue MSFs and CoFs by fcfGNMMD and the
corresponding values from the MD ensemble, respectively.
During the optimization, the tuning parameter ρ and cutoff
value rc are systematically searched in the range of {10−7, 10−6,
..., 10−1} and {6 Å, 7 Å, ..., 15 Å}, respectively.

Dynamic Perturbation-Response Method Based on
GNM. The dynamic perturbation-response method was
proposed by Erman et al.,35 where a residue is perturbed at
a given frequency, and the responses of the remaining residues
are predicted. The motions of residues in a protein obey the
following Langevin equation:

M R R R F+ + = (6)

Here ζ is the friction coefficient, F is the external force acting
on a chosen residue, ΔR is the residue displacement, Γ is the
Kirchhoff matrix from GNM, and M is a diagonal N × N
matrix whose entries equate to the residue masses. Since the
masses are several orders of magnitude smaller than friction
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forces, the first term is omitted and the equation of motion is
as follows:

R R F+ = (7)

We consider a particular force of the form F = Fp cos(ωt)
acting on the pth residue, with Fp denoting the amplitude of
the force. The solution of this equation leads to the residue
fluctuation ΔR(t) as35

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ É

Ö

ÑÑÑÑÑÑÑÑÑÑ

R t F u u t

t

( ) cos( )

sin( )

i
k

p pk ik
k

k

k

2 2 2

2 2 2

=
+

+
+ (8)

where a time-decay term is omitted on the right-hand side,
ΔRi(t) refers to the displacement of the ith residue, μpk and μik
are the pth and ith components of the eigenvector μk, and λk is
the kth eigenvalue.
The work of the perturbation can be defined as

W F R F
R

t
td d

d

d
dp p p

p= · = ·
(9)

where Fp is the perturbing force vector whose magnitude is Fp
cos(ωt). In one cycle, the work done is

W F u(one cycle) p
k

pk
k

2 2
2 2 2=

+ (10)

where the work (denoted as dissipated work) is a function of
residue p, frequency, and friction coefficient. The bigger the
dissipated work is, the larger the effect the perturbed residue
has on the protein. In other words, the dissipated work
provides an evaluation of the residues’ perturbability, which
can be used to identify the probable protein allosteric sites.
Application of a time-dependent perturbation F = Fp

cos(ωt) on protein residue p generates a perturbation
frequency-dependent correlation among residue pairs. If the
correlation between the fluctuations of two residues is
observed at a time lag of τ, the time-delayed correlation of
residue fluctuations will be written as

A R t R t( , ) ( ) ( )ij i j
T

t= + (11)

where Aij(ω, τ) is the time-delayed correlation of fluctuations
between residues i and j, in which the jth residue is observed a
time τ after the ith residue is observed. Substituting the
displacement given by eq 8 into eq 11, and averaging eq 11
over time t, we obtain

A p A p A p( , , ) ( , , ) ( , , )ij ij sync ij async, ,= + (12)

where

A p F k m u u u

u

( , , ) ( , , ) cos( )ij sync p
k m

pk pm ik

jm

,
2=

(13a)

A p F k m u u

u u

( , , ) ( , , ) sin( )ij async p
k m

pk pm

ik jm

,
2=

(13b)

in which

k m( , , )
2( )( )

k m

k m

2 2

2 2 2 2 2 2=
+

+ + (14)

k m( , , )
( )

2( )( )
k m

k m
2 2 2 2 2 2=

+ + (15)

Equations 13a and 13b show the synchronous and
asynchronous components of induced correlations, respec-
tively. The synchronous one Aij, sync(p, ω, τ) (in phase with the
perturbation) contains both elastic and dissipative compo-
nents, and the asynchronous one Aij, async(p, ω, τ) (out of phase
with the perturbation) is purely dissipative because it vanishes
as friction forces go to zero.

Characteristic Path Length (CPL) Analysis Based on
AAN Model. Protein structure and function rely on the
complex network of inter-residue interactions.45 Here a
weighted amino acid model (AAN) is adopted where each
residue is represented as a node (Cα atom), and the node pairs
within a cutoff distance (rc = 13 Å) are connected by edges
which are weighted based on the fluctuation cross-correlation
(DCCij) between residues obtained from fcfGNMMD. The
weight wij of the edge between nodes i and j is calculated as wij
= −log (|DCCij |).
For a network, the characteristic path length (CPL) is

defined as the average length of the shortest paths between all
pairs of nodes:

CPL
N

d1

P j i

N

ij=
> (16)

where N and Np are the numbers of nodes and node pairs,
respectively, and dij is the shortest path length between nodes i
and j. The contribution of a node k to the information
communication within a network is measured with the change
of the CPL (ΔCPLk) after removing node k from the
network.46 A Z-score is used to measure the relative change in
CPL:

Z score
CPL CPL

k
k k=

(17)

where ΔCPLk is the change of CPL after removal of node k,
CPLk is the change ΔCPLk averaged over all the nodes, and

σ is the standard deviation.

■ RESULTS AND DISCUSSION
Comparison between fcfGNMMD and Traditional

GNM. For the structure of DOP, we constructed fcfGNM
(denoted as fcfGNMMD) model based on its MD trajectory
which can be available from GPCRmd database (http://
gpcrmd.org/). To estimate reasonably the performance of
fcfGNMMD, three DOP fcfGNMMD models were constructed
from three equilibrium MD trajectories (MD ensembles)
respectively (see Materials and Methods). As a comparison,
the three traditional GNM models were also constructed with
the cutoff distance optimized with the same method max-
imizing the average value PCCAVE (eq 5) of the two PCCs
(PCCMSF and PCCCoF). Table S1 shows the corresponding
results from fcfGNMMD and GNM, as well as the optimized
parameters. From Table S1, under the optimized parameters,
fcfGNMMD model achieves a PCCAVE value of 0.80 ± 0.04,
much higher than the corresponding value of 0.70 ± 0.03 from
the traditional GNM. In the following, we will compare the
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performances of fcfGNMMD and traditional GNM models in
terms of reproducing residue MSFs and dynamic cross-
correlation maps (DCCMs), as well as capturing motion
modes.

Comparison in Reproducing Residue Mean Square
Fluctuations (MSFs). The residue mean square fluctuation
(MSF) can well describe residue flexibility. Its accurate
prediction provides an effective starting point to understand
the dynamics of biomolecules. From Table S1, fcfGNMMD
obtains a PCCMSF value of 0.90 ± 0.03, much higher than the
corresponding value of 0.82 ± 0.02 from the traditional GNM.
Figure 1a displays the residue MSF profiles obtained from the
two models and MD ensembles, respectively. From Figure 1a,
compared with the MSF profile from traditional GNM, the one
from fcfGNMMD is more like that from the MD ensembles,
regardless of the loosely packed segments such as ECLs and
ICLs, and the tightly folded regions such as TM helices. We
think the main reason lies in that the traditional GNM adopts a
uniform force constant, which is insufficient to restrict the
loosely packed segments, while exerts an overstrong restriction
on the tightly folded regions, resulting in their overhigh and
overlow flexibility, respectively. In contrast, the force constants
adopted by fcfGNMMD are fitted by the inter-residue cross-
correlations from MD ensembles, which contributes to the
much higher PCCMSF. The fcfGNMMD model can consider
implicitly the environmental effects to some extent. In
addition, the lowest fluctuations lie in the TM regions, while
the highest ones appear in ECLs and ICLs, consistent with the

experimental results that TM regions are relatively stable, while
ECLs and ICLs are of a relatively high mobility.47

Comparison in Reproducing Residue Correlated
Fluctuations (CoFs). The residue correlated fluctuation
(CoF) can well illuminate the inter-residue motional coupling,
helping understand the functional movements of proteins.
Table S1 shows that fcfGNMMD achieves a PCCCoF value of
0.71 ± 0.05, significantly higher than the corresponding value
of 0.57 ± 0.03 from traditional GNM. The normalized CoFs
can be represented as the dynamic cross-correlation map
(DCCM). Figure 1b shows the change of PCC between the
DCCMs (PCCDCCM) obtained from MD ensembles and
fcfGNMMD along with the number of motion modes
considered in fcfGNMMD, with the corresponding result for
the traditional GNM also shown for comparison. Obviously
from Figure 1b, the two curves tend to be steady after a rapid
rise, suggesting that a small number of the lowest frequency
modes can well describe the motional correlations with the
maximum PCCDCCM values of 0.75 ± 0.03 and 0.71 ± 0.02 for
the two models. Figure S3 compares the distributions of cross-
correlations concerning the inter-residue distance obtained
from the two models at the best PCCDCCM values. From Figure
S3, for both distribution patterns, the largest positive and
negative correlations occur between the residues with the
smallest distances apart and half of the maximum distances
apart, respectively, consistent with our previous results on six
proteins.31 The main difference between the two patterns is
that quite a few positive correlations are captured by

Figure 1. Comparison between fcfGNMMD and traditional GNM models constructed based on three MD ensembles. (a) Residue MSF profiles
obtained by fcfGNMMD, traditional GNM and MD ensembles. (b) Change of PCC between DCCMs (PCCDCCM) obtained from MD ensembles
and fcfGNMMD along with the number of motion modes adopted in fcfGNMMD, with the corresponding result for the traditional GNM also shown
for comparison. (c) Cumulative contributions of PCs/modes from MD ensembles/fcfGNMMD and traditional GNM to the total variance. (d)
Fractions of variance captured by the first 13 PCs/modes from MD ensembles/fcfGNMMD and traditional GNM, respectively. The average values
and their standard deviations (vertical bar) are shown in each figure.
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fcfGNMMD for the residue pairs beyond half of the maximum
distances apart, whose correlations, however, are a little
negative in the pattern from the traditional GNM, which
implies that fcfGNMMD is capable of capturing long-range
positive correlations to some extent.

Comparison in Capturing Motion Modes. To evaluate
the capability of GNMs in capturing the collective motion
modes, we used two indexes: the percentage of the total
variance captured by a certain mode (k) 1/λk/∑2

n1/λi and the
cumulative contribution of the first m modes ∑2

m1/λk/∑2
n1/λi,

where n is the number of nodes. Figure 1c reports the results
for fcfGNMMD and traditional GNM, with the corresponding
results from MD ensembles obtained by principal component
analysis also shown for comparison. From the cumulative
contribution (Figure 1c), the curve from fcfGNMMD rises
faster than that from traditional GNM and is closer to that
from the MD ensembles with averagely the first 16 fcfGNMMD
(21 traditional GNM) modes contributing more than half of
the total variance. From the individual contribution (Figure
1d), the ability of fcfGNMMD to capture the collective motion
modes is better than that of traditional GNM, which can be
evidently seen from the contribution rate of the first 2 modes.
To sum up, the above results indicate that fcfGNMMD has a

more powerful performance in reproducing residue flexibilities
and fluctuation cross-correlations, and in capturing the
collective motion modes for DOP molecule than the
traditional GNM. Thus, we used fcfGNMMD to explore the

dynamics of DOP based on the trajectory 10714 (the most
stable from Figure S2) in the following study.

Fluctuation Profile from the Lowest-Frequency Mode
in DOP. As we know, the global slow modes represent the
large-scale collective motions, which are usually relevant to the
functions of biomolecular systems.17 Previous studies including
ours have shown that the most constrained residues in these
modes play critical roles, such as hinge and catalytic roles.21,48

Adopting the fcfGNMMD model constructed based on the MD
trajectory 10714, we calculated the residue MSF profile from
the first slowest mode of the DOP structure, with the results
shown in Figure 2, parts a and b. From Figure 2a, the seven
local minimums correspond to TM1−TM7, respectively, and
the fluctuation peaks correspond to ECL and ICL regions,
implying the DOP regions are well recognized by fcfGNMMD.
Interestingly, we found that there are two regions whose
mobilities are constrained severely with fluctuations nearly
zero. The first region (residues 83−100) located in TM2 is of
certain evolutionary conservation, of which Asp952.50 is a key
sodium coordination shell residue, and its mutation has been
experimentally found to abolish the “sodium effect”.5 The
second region (residues 305−311) located in TM7 plays an
important role in sodium ion transport, where residues
Asn3107.45 and Asn3117.46 form the second coordination shell
of sodium ions.5

Fluctuation Profile from High-Frequency Modes in
DOP. The fast motion mode corresponds to the irregularity of
the local structure of a protein, which is accompanied by a

Figure 2. Residue MSF profiles from the slowest mode (a) and from the 16 fastest modes (c) obtained by fcfGNMMD, with the results mapped on
DOP structure shown in parts b and d, respectively. The regions with minimum mobilities in part a are labeled with 1 and 2, and the active residues
in part c are shown in the structure in part d. In the color bar on the right, blue and red indicate low and high values of MSF, respectively.
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large increase in entropy compared with the slow mode.49

Previous studies have found that the residues active in the fast
mode are generally the hot spots, very important for stabilizing
the protein structure.50 Parts c and d of Figure 2 show the
residue MSFs calculated from the 16 fastest modes of DOP
structure. Evidently, the 10 peak centers correspond to
Ile501.33, Ala1072.62, Val2125.37, Ala2215.46, Leu1065.60,
Lys2526.26, Arg2576.31, Phe2806.54, Ala2987.33, and Asn3107.45.
In the following, we will discuss the functions of the identified
key residues based on the available experimental and

theoretical data. The first cluster centered on Ile501.33 includes
residues 47−55 (hydrophobic ones except for Thr53) in TM1,
which constitute the interface hydrophobic core in I−I dimer
of DOP,12 strengthening the intermolecular interactions.
Docking study found that Lys1082.63 (in the second cluster)
well embedded in a binding pocket forms cation−π and π−σ
interactions as a hotspot with BW373U86.51 Lys2145.39 (in the
third cluster) located in the hydrophobic pocket lined by
Val2816.55, Trp2846.58 (both in the eighth cluster), and
Leu3007.35 (in the ninth cluster) forms cation−π interactions

Figure 3. Residue correlations caused by the periodic perturbations on residues Asp95 (a), Asn131 (c), and Asn310 (e), and DOP structures color-
coded by the corresponding synchronous components shown in parts b, d, and f, respectively. The residues evidently coupled to the perturbed
residues are highlighted by the spheres colored according to the correlation level with the sodium ion shown as a purple sphere.
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as a hotspot with a designed ligand (1R, 2R)-6j compound,
where the specific packing interactions can well explain why
the compound is a selective allosteric ligand to DOP.52

Residue Arg2576.31 (center of the seventh cluster) forms a
hydrogen-bonding network with Leu2405.67, Arg244ICL3, and
Val243ICL3 and a salt bridge with Asp2536.27 (in the sixth
cluster), which tethers the intracellular ends of TM5 and TM6,
stabilizing DOP in an inactive state.5 The pocket residues
Phe2806.54 (center of the eighth cluster) and Leu3007.35 (in the
ninth cluster) form multiple hydrophobic contacts with the
DPI-287,4 contributing a high affinity to the binding. As for the
10th cluster, the center residue Asn3107.45 together with
Trp2746.48 and Asn3147.49 construct the second coordination
shell of sodium ions in DOP.5 Finally, for the fourth and fifth
clusters centered on Ala2215.46 and Leu2355.60 respectively, we
have not yet found the reports on their importance for protein
stability. They are located at TM5, which displays a large
outward movement in the agonist-bound DOP structure,4

indicating that they possibly facilitate the stabilization of DOP
in an active state.
Furthermore, in order to detect whether fcfGNMMD can

consider implicitly the environmental effects to some extent,
we performed the similar analyses on DOP complex with
naltrindole using fcfGNMMD model constructed based on the
complex’s 50−400 ns MD trajectory (from GPCRmd database,
with time evolution of RMSD of backbone atoms displayed in
Figure S4), with the results shown in Figure S5. From Figure
S5a, besides the sodium binding pockets, the ligand binding
sites (such as Met1323.36, Ile2776.51, and Tyr3087.43) have the
most constrained mobilities, and from Figure S5b, several
ligand binding residues such as Glu1122.67 and Asp2937.28 are
active in fast modes. These results indicate that the inter-
residue interaction differences from MD simulation can be well
reflected in the force constants of fcfGNMMD, and fcfGNMMD
can consider implicitly the environmental effects to some
extent.

Analysis of Dissipated Work Produced by Periodic
Perturbations on DOP. A dynamic perturbation-response
model based on the traditional GNM was developed by Erman
et al. in 2021, where a residue is perturbed periodically and the
dynamic responses of other residues are determined.35 In the
method, the conception of the dissipated work was proposed,
which can be used to evaluate residues’ perturbability based on
which the probable allosteric sites can be identified. Here,
combined the dynamic perturbation with fcfGNMMD, we
calculated the dissipated work via eq 10 by perturbing each
residue, one by one, with a periodic force with ξω = λ2 (the
second eigenvalue from fcfGNMMD corresponding to the
lowest frequency),35 with the result shown in Figure S6. All the
peaks correspond to the loop or turn regions in DOP
respectively, implying that perturbing these residues produces
a big effect on DOP dynamics. The pronounced peaks
correspond to Thr78ICL1, Glu1122.67, Trp114ECL1, Val154ICL2,
Asp193ECL2, Ser204ECL2, Arg244ICL3, Gly248ICL3, Ile289ECL3,
and Arg291ECL3, respectively. Residue Glu1122.67 forms
hydrophobic interactions with the allosteric modulator BMS-
986187.11 The pocket residues Trp114ECL1, Ile289ECL3, and
Arg291ECL3 form π−π, hydrophobic, and cation−π interactions
with KGCHM07, respectively, stabilizing the activated state of
DOP.4 Residue Arg244ICL3 plays a key role in stabilizing ICL3
by forming an extensive hydrogen-bonding network with other
residues from TM6 and TM7, stabilizing DOP in an inactive
state.5 For other residues, we have not yet found the reports on

their importance for DOP allostery, and they are worthy of
further exploration.

Analysis of Dynamic Correlations upon Sodium Ion
Coordination Shell Residues Perturbed. The sodium ions
have been the study hotspot due to their important allosteric
modulation to opioid receptors involved in ligand binding and
signal transduction.5 The sodium coordination shell residues
are similar in some inactive GPCR structures,53 most
mutations of which can affect the sodium’s allosteric
modulation role.14 To explore the dynamic correlations related
to sodium ion binding, we perturbed the sodium ion
coordination shell residues including Asp952.50, Asn1313.35,
Asn3107.45, Asn3147.49, and Asp1283.32 and calculated other
residues’ responses based on eqs 13a and 13b, with the results
shown in Figure 3 and Figure S7. Among the perturbed sites,
the first two and subsequent two are in the first and second
coordination shells, respectively,5,9 and the last one was found
by MD simulation to be the first stop of sodium ions before
proceeding to the allosteric sodium coordination shell residue
Asp952.50.9 From Figure 3 and Figure S7, the synchronous and
asynchronous components of pair correlations are similar, but
the amplitudes are different.
Parts a and b of Figure 3 display the response results when

Asp952.50 was perturbed. There are 5 residues Asn671.50,
Asn1313.35, Asn3107.45, Ser3117.46, and Asn3147.49 which are
coupled positively to Asp952.50. Asn1313.35 is in the first
coordination shell of sodium ions, and Asn3107.45 and
Asn3147.49 are in the second one.5,9 The highly conserved
residue Asn671.50 is a binding hotspot in the I−I dimer of
DOP.12 In addition to the positively correlated residues,
residues Cys1513.36, Ser204ECL2, Arg244ICL3, and Trp2846.58
show evidently negative correlations with Asp952.50. These
negatively correlated residues are far away from the
perturbation point, which shows that perturbation carries
information to the far points away from the perturbation point.
MD simulation revealed that Cys1513.36 is critical for the
recognition and interaction of the opioid receptor with
fentanyl.54 Arg244ICL3 stabilizes DOP in the inactive state to
some extent.5 Trp2846.58 forms hydrophobic interactions with
SNC-80 and its mutation to Lys affects significantly the ligand
binding to DOP.11

Parts c and d of Figure 3 display the response results when
Asn1313.35 was perturbed. Similar results are obtained when
perturbing Asp1283.32, as shown in Figure S7, parts a and b,
which is partially because of their adjacency in space. In the
following, we only describe the results caused by the
perturbation on Asn1313.35. From parts c and d of Figure 3,
there are 5 residues Asp952.25, Asp1283.32, Ile1834.60,
Cys198ECL2, and Pro2255.50 which are positively coupled to
Asn1313.35. Asp952.25 is in the first coordination shell of sodium
ions.5,9 Asp1283.32 is the first stop of sodium ions before
proceeding to the sodium coordination shell residue
Asp952.50 9. Cys198ECL2 located in a partially hydrophobic
pocket participates in the interaction with peptide
KGCHM07.4 The highly conserved residue Pro2255.50 is
located in the P−I−F motif, and its inward movement upon
DOP activation causes the P−I−F motif’s coupling with the
rearrangement in the NP7.50xxY motif, which collapses the
sodium binding pocket.4 In addition, residues Cys1513.36,
Arg244ICL3, and Arg291ECL3 (far away from the perturbation
point) are evidently coupled negatively to Asn1313.35, which
are involved in binding with ligands or stabilizing DOP in
functional states, as mentioned above.
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Parts e and f of Figure 3 display the corresponding results
when Asn3107.45 perturbed. Similar results when Asn3147.49
(adjacent to Asn3107.45) perturbed are observed, as shown in
Figure S7, parts c and d. In the following, we only describe the
results caused by the perturbation on Asn3107.45. From parts e
and f of Figure 3, there are 3 residues, Asn671.50, Asp952.50, and
Trp2746.48, which are positively coupled to Asn3107.45.
Asn671.50 is a binding hotspot in the I−I dimer of DOP.12

Asp952.50 and Trp2746.48 are in the first and second
coordination shells of sodium ions, respectively.5,9 Addition-
ally, there are 4 residues, Trp114ECL1, Cys1513.55, Arg244ICL3,
and Asp193ECL2, which are coupled negatively to Asn3107.45.
The first three are involved in binding with ligands or
stabilizing DOP in functional states, as mentioned above.
It should be pointed out that for the above identified

residues Asp193ECL2, Ser204ECL2, Ile1834.60, and Ser3117.46, we
did not find the experimental data to validate their importance.
Since ECL2 is of β-strand fold, typical of all opioid receptor
subtypes,6 responsible for the recognition of a wide variety of
ligands, Asp193ECL2 and Ser204ECL2 may participate in binding
with ligands. Asn3107.45 is an allosteric site in the second
coordination shell of sodium ions,5 which makes us believe its
adjacent residue Ser3117.46 may play an important role in
sodium binding.
From the above analyses, the residue dynamic correlations

caused by the perturbations on the sodium ion coordination
shell residues suggest that the sodium ion binding is critical to
the allosteric modulation to the dimerization of DOP, sodium
ion transfer and ligands binding.

Key Residues Identified by CPL Analysis for Allosteric
Communication. To identify the key residues of DOP
involved in the allosteric communication, we calculated the Z-
score of the change in characteristic path length (CPL) when
one node is removed from the network, as shown in Figure 4.
From Figure 4a, there are 15 key residue clusters that have
higher Z-score values (Z-score >1), centered on Gly631.46,
Ile862.41, Asp952.50, Thr1012.56, Thr113ECL1, Arg1463.50,
Thr1614.38, Gln201ECL2, Val2435.68, Leu246ICL3, Trp2746.48,
Val2876.61, Asp2937.28, Ser3117.46, and Asp3228.47, which are
mapped on the DOP structure (Figure 4b). According to their
positions, the residues can be classified into two groups located
at the ECLs/ICLs and adjacent regions and at the TM core
region, respectively. In the following, we will discuss the

functions of these residues based on the existing experimental
and theoretical data.
For the group of residues located at ECLs/ICLs and

adjacent regions, their center residues are Thr113ECL1,
Thr1614.38, Gln201ECL2, Val2435.68, Leu246ICL3, Val2876.61,
Asp2937.28, and Asp3228.47. Residue Trp114ECL1 located in a
partially hydrophobic pocket contributes largely to the
interactions with KGCHM07.4 Thr1614.38 is required for the
formation of DOP-MOP heterodimers, and Xie et al. found
out that the T1614.38A mutant of DOP attenuates morphine
antinociceptive tolerance in rats, suggesting Thr161’s im-
portant role in allosteric signal transmission.55 Leu200ECL2
located in an active site forms specific interactions with
BW373U86.51 Val2435.68 stabilizes ICL3 through an extensive
hydrogen bonding network, helping keep DOP in an inactive
state.5 Leu246ICL3 is in the dileucine motif (Leu245ICL3-
Leu246ICL3) and Wang et al. found that the deletion of the
motif or the mutation of Leu245ICL3 slows the lysosomal
targeting of the DOP, modifying the receptor trafficking.56

Arg291ECL3 constrains a distinct loop conformation between
TM6 and TM7 through forming hydrogen bonding networks
with Val287ECL3 and Trp2846.58, which is critical to the
selectivity determinant for classical peptide binding to opioid
receptors.5 MD simulations found Asp293ECL3 and Asp288ECL3
may be related to the sodium ion binding due to the high
sodium densities around the two coordination shells,9 and
additionally Ile3227.39 from MOP plays a key role in the
interaction with fentanyl.54

For the group of residues located at the TM core region, the
cluster center residues are Gly631.46, Ile862.41, Asp952.50,
Thr1012.56, Arg1463.50, Trp2746.48, and Ser3117.46. Asp952.50,
Trp2746.48, and Asn3107.45 make up the first and second
coordination shells of the sodium ion in DOP, respectively,
and residue Asp952.50 mutation can abolish the “sodium
effect”.5 Gly631.46 is an interface residue in the I−I dimer of
DOP.12 Thr1012.56 forms specific hydrogen bonds with both
Tyr3087.43 and Gln1052.60, critical to DOP interaction with
DPI-287.4 MD simulations found that Asp1473.32 establishes a
salt bridge with the piperidine nitrogen of fentanyl.54 Finally,
for the cluster center residue Ile862.41, we have not yet found
the report on its importance for allosteric communications,
which needs to be explored in future study.
Based on the analyses above, the key residues identified by

the CPL analysis play important roles in DOP’s dimerization,

Figure 4. Identified key residues (Z-score >1) by the CPL analysis (a) and DOP structure color-coded by the Z-score value with the key residues
highlighted by spheres (b).
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function state stabilization, and interactions with allosteric
ligands such as sodium ion, antagonists, and agonists, which
are all involved in the allosteric modulation of the DOP.

■ CONCLUSIONS
Opioid receptors, a kind of G protein-coupled receptors
(GPCRs), are the attractive targets for the safe treatment of
chronic pain, and in particular, the δ opioid receptor (DOP)
has been taken as the molecular targets of anxiolytic and
antidepressant due to its additional role in regulating
emotional responses. Illuminating the allosteric communica-
tion and the key residues involved in DOP’s allosteric
modulation is critical for understanding the allosteric
mechanism and for the associated drug design.
In this work, we construct the Gaussian network model with

the force constants from the MD ensemble (fcfGNMMD) and
combine it with a dynamic perturbation-response model to
explore the dynamics of the DOP and dynamic correlations
involved in sodium ion (important allosteric modulator)
binding. Additionally, using the weighted amino acid network
(AAN) model, we identify the key residues involved in the
allosteric communication.
For the fcfGNMMD model, we systemically compare its

performance with that of traditional GNM in terms of
reproducing residue mean square fluctuation (MSF) and
correlated fluctuation (CoF), and capturing functional motion
modes. The fcfGNMMD model shows a much better perform-
ance in the first two terms with PCCMSF and PCCCoF being
0.90 ± 0.03 and 0.71 ± 0.05, much higher than the
corresponding values 0.82 ± 0.02 and 0.57 ± 0.03 from the
traditional GNM. Additionally, compared with the traditional
GNM, fcfGNMMD has a more powerful ability to capture
collective motion modes and long-range correlations. The
improvements are attributed to the fitted force constants in
fcfGNMMD based on the MD ensemble.
Next, from the residue fluctuation profile from the slowest

mode, the DOP regions including 7 TM helixes, 3 ICLs, and 3
ECLs are well recognized. And it is found that the two sodium
ion coordination shells have a minimum motility in the DOP
structure, which is helpful for the sodium ion binding and
further allosteric modulation. Additionally, from the fluctuation
profile from the fastest modes, the residues active in the modes
are mainly distributed in TM5−7 which play an important role
in stabilizing DOP structure or its complex structure with
allosteric ligands. Based on the dynamic perturbation-response
model, the dissipated work profile obtained through exerting a
periodic force on each residue shows that the perturbations on
ECL and ICL regions have a larger effect on DOP, and
generally, the residues corresponding to the peaks are involved
in binding with the allosteric ligands. Additionally, we perform
periodic perturbations on sodium ion coordination shell
residues to explore the allosteric responses related to the
sodium binding. The result reveals that the residues located in
the two sodium ion coordination shells have a mutual
influence. In addition, the identified other residues with an
evident response including Asn671.50, Trp114ECL1, Cys1513.36,
Cys198ECL2, Pro2255.50, Arg244ICL3, Trp2846.58, and Ar-
g291ECL3 have been found experimentally or theoretically to
participate directly in the DOP’s dimerization and binding with
ligand or peptides, suggesting that the sodium ion binding
allosterically modulates the dimerization of DOP, sodium ion
transfer and ligand binding. Interestingly, the key residues
negatively coupled with the perturbed residues are far away

from the perturbation points, which are involved in the ligand
binding and stabilization of DOP functional states, suggesting
the possible long-range allosteric modulation of sodium ion
binding for DOP. Finally, by removing one node one time
from the weighted dynamic AAN model, we simulate the
attack on the network to identify the key residues for allosteric
communication. The identified key residue clusters centered
on Asp952.50, Thr1012.56, Thr113ECL1, Arg1463.50, Thr1614.38,
Gln201ECL2, Val2435.68, Leu246ICL3, Trp2746.48, Val2876.61,
Asp2937.28, Ser3117.46, and Asp3228.47, are vital either for
structural stability or for interactions with ligands, which are all
related to the allosteric modulation of DOP molecule.
Additionally, some identified key residues (such as
Ala2215.46, Leu2355.60 Asp193ECL2, Ser204ECL2, Ile1834.60,
Ser3117.46, and Ile862.41) have not yet been verified by
experiments. These residues are worthy of further exploration.
These identified key residues for binding with allosteric ligands
or propagating allosteric signal in this work can be taken as
target sites for the design of allosteric effectors (to activate or
inactivate DOP molecule) or allosteric modulators (to enhance
or weaken the signal propagation).
It should be pointed out that some identified key residues

are of high conservation, such as Asn671.50, Ala1072.62, and
Val2435.68 important for protein structure stabilization, as well
as Thr78ICL1, Ile862.41, Asp1283.32, and Thr1614.38 critical for
allosteric signal transmission, which indicates that these highly
conserved residue sites probably have individually similar
functions in GPCR protein family. In fact, the residue sites
Asn1.50 and Asp3.32 do play an important role in mediating
linkage among helices and interactions with ligands in some
GPCRs.8

As for fcfGNMMD, a kind of ENM methods, although it can
consider the effects of membrane, solvent and ion to some
extent, and could have a good robustness in the study of
protein large-scale collaborative allostery, it still lacks the
ability of analyzing specific inter-residue interactions. In the
future, the all-atom MD simulations need to be combined with
the coarse-grained methods to explore efficiently the allosteric
dynamics of opioid receptors. Currently, the structures of δ
opioid receptor in different states (active and inactive) have
been resolved by X-ray crystallography. We can further study
the allosteric characteristics of DOP protein in different states
for providing important information to experimental biologists.
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