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In this work, accelerated molecular dynamics (aMD) simulations were used to study different effects of
G286F and R126 mutations on the activity of CCR5. Potential of Mean Force (PMF) results indicate that
there are stable inactive-like states and active-like ones existing in the conformation space of the wild
type (WT), confirming that CCR5 could possess to some extent constitutive activity. But the R126N
mutation could constrain CCR5 in the inactive state through influencing the TXP motif and limiting the
movements of TM5 and TM6. In contrast, the G286F mutation promotes the activity of the receptor by
increasing the distance of TM2-TM6 and the flexibility of the intracellular part of TM5 and changing the
H-bonding in the TXP motif. The observations from the cross correlation analysis further show that the
R126N mutation dramatically reduces the motion correlations between TMs, which should partly
contribute to the deactivation of CCR5. Compared with the WT system, TM6 and TM7 in the G286F
mutant are loosely correlated with other regions, which should be conducive to drive the movement of
TM6 and TM7 toward the active conformation. In addition, the result from the protein structure network
(PSN) analysis reveals that the shortest pathways connecting the extracellular and the intracellular
domains are highly conserved in the three systems despite the different mutations, in which the
hydrogen bond plays a pivotal role. However, the G286F mutation shortens the lifetime of the pathway
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1 Introduction

Chemokines are small cytokines, which mediate cell migration
during immune surveillance, inflammation and development.*
Chemokines and their receptors are divided into four families
(C, CC, CXC and CX3C) in terms of the pattern of cysteine
residues in the chemokines. Chemokine receptors are also
members of G protein-coupled receptor (GPCR) superfamily,
and are closely associated with the pathogenesis of many
human diseases.>* C-C chemokine receptor type 5 (CCR5) is the
receptor of RANTES, macrophage inflammatory protein 1 alpha
(MIP-12) and macrophage inflammatory protein 1 beta (MIP-
1B), meanwhile acting as a coreceptor for macrophage tropic
strains (M-tropic) of HIV-1. Naturally occurring polymorphisms
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of the CCR5 gene can provide resistance to the HIV-1 infection,
clearly showing the importance of CCR5.® The implication of
CCRS5 in cancer progression and metastasis has already been
proved by many researches.*”® Therefore, CCR5 is an excellent
target for drug design and the treatment of related diseases.
Similar to the other A-class GPCRs, CCR5 first undergoes
conformational changes from the inactive state to the active
one, and then transmits signals. It was implicated that the
activation of CCR5 shares some common features with the
other A-class GPCRs, but still has its specific characteristics. For
instance, similar to some other A-class GPCRs, CCR5 also has
high conserved DRY domain in the transmembrane (TM) helix 3
(TM3).* However, the “ionic lock”**** between TM3 and TM6,
which could stabilize the inactive state, is not presented in
CCR5. But, what similarity and difference between CCR5 and
the other A-class of GPCRs haven't been well elucidated. In
addition, mutation experiments of CCR5 found that replace-
ment of the residue Gly286”-*> in TM7 with Phe could increase
its constitutive activity,'* whereas changing Arg126>°° in TM3
by Asn would result in a drop in the constitutive activity." But,
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the reason why the two mutations could drive CCR5 to different
states has not been clear, which should be to large extent
attributed to the absence of their structures, in particular for the
active state. In 2013, the crystal structure of CCR5 was first
resolved in an inactive state with an antagonist Maraviroc
bound.” There have been only two crystal structures available
for CCR5 so far, which are both in the inactive state. Some
experimental works already studied interactions between CCR5
and ligands, for example, the binding of TAK-779 to CCR5 and
the resistance of TAK-779 to HIV-1 infection,'® the binding site
of AVC to CCRS5 (ref. 17) and the inhibition mechanism of two
CCR5 antagonists SCH-351125 and SCH-350581."® However, the
information about the structure and function mechanism of
CCR5 has been still very limited on experiments. Alternatively,
computational studies, in particular for molecular dynamics
simulation, have devoted great contributions to help experi-
ments understand the issues. For example, the interactions of
CCR5 with agonist and antagonist were studied using molecular
dynamic (MD) simulations.'” Some potential antagonists were
revealed by the molecular dynamic simulation combining
virtual screening.”® The inhibition mechanism of Maraviroc to
CCR5 was studied through the MD simulation.* In addition,
the interaction pattern of CCR5 with CCL5 was predicted by the
MD simulation and free energy calculations.” However, the
previous MD works most focused on the interactions between
CCR5 and ligands, and less concerned the activation of CCR5.
As known, activation of GPCR generally occurs on millisecond
timescales*® on experiments. It is difficult for conventional
molecular dynamics (cMD) simulations to achieve the time
scale. Accelerated molecular dynamics (aMD)**?* simulation is
capable of sampling millisecond time scale events within
nanosecond time scale. By raising energy minima that are below
a certain threshold level and keeping the areas above this
threshold unaltered, aMD could modify the potential energy
landscape without any prior knowledge about the location of
either potential energy wells or barriers. The method has been
successfully applied to study a number of systems including
GPCRs like M2 muscarinic receptor*” and M3 receptor.?®

Based on all the considerations above, we, in the work,
utilized aMD coupled with potential of mean force (PMF)
method to study the wild type (WT) of CCR5 and its two
mutation systems (G286F and R126N) in order to capture
important events in the state transition. With the aid of prin-
cipal component analysis (PCA) and correlation analysis, we
explored the origin of the change in the activity of CCR5 upon
the two mutations. In addition, protein structure network (PSN)
analysis was used to identify crucial pathways for the allosteric
regulation. The observations from the work could advance our
understanding of the mutation induced-changes in the activity
of GPCRs.

2 Materials and methods

2.1 System preparation

X-ray crystal structure of CCR5 (PDB ID: 4MBS) was taken for
this study but removing rubredoxin and ligands. The CCR5
structure is comprised of the segment Prol9 to GIn313.
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Following some previous calculation works of GPCRs,***' N-
termini and C-termini were capped by the acetyl and N-meth-
ylamide groups. Missing residues in loop ICL3 were modeled
using Modeller 9.16.** Disulfide bonds in the crystal structure
were retained. The wild type (WT), R126N and G286F mutants
were constructed in terms of the X-ray crystal structure. Each
receptor system was inserted into a POPC lipid bilayer along the
Z-axis, and then solvated with TIP3P water molecules and
0.15 M NaCl. Each of the resulting systems contains about
50 000 atoms. These operations above were carried out via
CHARMM-GUL.*

2.2 Molecular dynamics simulations

All-atom molecular dynamics simulations were carried out
using Amber 14,** including the conventional MD (cMD) and
accelerated MD (aMD) methods. The ff14SB force-field*® was
used for the receptor. The SHAKE algorithm?®® was applied to
constrain all hydrogen-containing bonds. The cutoff for non-
bonded interactions was set to be 10 A and the electrostatic
interactions were calculated via the particle mesh Ewald (PME)
method.*” To remove bad contacts, 20 000-step energy mini-
mization was performed. Then, the system was heated from 0 K
to 310 K within 250 ps and further pre-equilibrated using NVT
run at 1 bar and 310 K for 5 ns. After that, a 150 ns ¢cMD
simulation was performed at 1 atm pressure and 310 K for each
system in order to collect the potential statistics, through which
the acceleration parameters were calculated for the subsequent
aMD simulation. In addition, the final structure from the cMD
simulation was served as starting structure for the aMD
simulation.

Dual-boost aMD*** was chosen to enhance sampling
conformational space. In the dual-boost aMD, a dihedral
potential and a total boost potential were added to all the atoms
in the systems. The dihedral and total boost acceleration
parameters are defined in terms of eqn (1) and (2):

Egined = Vdihed_ave T A X Viined_avg» Qdihed
=Ax Vdihcd_avg/5 [1)

Etolal = Vtotal_avg +0.2 x Natoms’ Uiotal = 0.2 x Natoms (2)

where N,toms is the total number of atoms, and Vgineq_avg and
Viotal_avg are the average dihedral and total potential energies
calculated from 150 ns ¢cMD simulations. 4 is an adjustable
acceleration parameter and A = 0.3 was found to work best for
GPCRs.””* The 500 ns aMD simulation was performed for the
WT, R126N and G286F systems, respectively.

2.3 Free energy calculation

The potential of mean force (PMF) derived from the free energy
landscape portrays the change of the free energy as a function of
some specific reaction coordinates in a system. The TM2-TM6
distance on the cytoplasmic side of CCR5 and root-mean-square
deviation (RMSD) values of the TXP domain with respect to the
crystal structure in the inactive state were used as two reaction
coordinates in the PMF calculation. The free energy landscape

n
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was calculated for the aMD simulation trajectory, using the
following equation (eqn (3)):

A(C3,8) = —kpT In(p(£3,50) (3)

where {; and {; are reaction coordinates, kg is the Boltzmann
constant, T is the temperature, and p is the probability of the
protein located at bin i, j. Theoretically, the free energy land-
scape of the aMD simulations can be reweighted but overflow
errors may arise in calculating the weights due to the large size
of the system.*’ In addition, large energetic noise was encoun-
tered in aMD simulations on M2 muscarinic receptor when
attempting to reweight, which caused large fluctuations in the
calculation of the free energy. Consequently, it was found that
the unweighted PMF profiles from the aMD simulations match
well to PMF profiles of cMD simulations.*® Therefore, we used
the unweighted free energy landscapes in the work.

2.4 Cross correlation analysis

The cross correlation analysis could reveal how atomic
displacements are coupled and provide information for the
impact of mutations on the protein dynamics. We employed
a linear mutual information (LMI) algorithm*"** to calculate the
cross correlations between the residues. LMI values were
computed according to the following equation (eqn (4)):

1
Ilin(XhXZ) = 5 (11'1|C1| + 1n|CJ} - lIl|ij|) (4)

where i and j are atoms or residues, Cj; is the covariance matrix
of i and j, LMI values vary from 0 to 1, which represent
a completely uncorrelated displacement and a completely
correlated one, respectively.

2.5 Principal component analysis

Principal component analysis (PCA) is able to separate large
amplitude motions along aMD trajectory. The obtained trajec-
tory data could be utilized to generate a covariance matrix
between Ca atoms of i and j residues, which is defined by the
following equation (eqn (5)):

Cj = ((xi = () — () (i j = 1,2, 3,--.3N) (5)
where x; and x; are Cartesian coordinates of the ith and jth Ca
atoms, respectively, N is the number of the Ca atoms consid-
ered, and (x;) and (x; represent the time average over all the
configurations obtained from the molecular dynamics simula-
tion. In this approach, a set of eigenvectors and corresponding
eigenvalues was obtained by diagonalizing the covariance
matrix of atomic fluctuations with respect to the average
structure, which show the axes of maximal variance in the
protein motion.

2.6 Protein structure network

The protein structure network (PSN) analysis*® has been
successfully applied to gain insight into the holistic properties
of protein structures since it could provide information for

This journal is © The Royal Society of Chemistry 2018
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intra-molecular and inter-molecular communications, which
are pivotal for proteins to execute their biological functions. In
PSN, the residues are taken as the nodes of the network. The
edge of the two nodes is defined if the percentage of the inter-
action (see eqn (6)) between them is greater than or equal to
a given interaction strength cutoff.

nj
VNE,
where [j; is the interaction percentage between nodes i and j, n;
presents the pair number of side-chain atoms within a given
distance cutoff. N; and N denote the normalization factors for
residues i and j, respectively.

The percentage of interaction of a hub node is calculated in
terms of eqn (7):

I = 100 (6)

nj
I = N 100 (7)
where I; is the hub interaction percentage of node i, n; is the
number of side-chain atom pairs within a given distance cutoff
and N; is the normalization factor of residue i. The shortest non-
covalently connected pathways between residues in trajectories
were identified by combining PSN node inter-connectivities and
residue correlated motions.

Cross correlation analysis and PSN as well as PCA were
performed using Wordom** software. All images visualizing the
receptor were produced by Pymol.** The other MD analyses were
carried out using the Ptraj module of Amber 14.

3 Results and discussions

3.1 Stable states in conformation space

For the WT, R126N, and G286F systems, the potential of mean
force (PMF) was calculated to capture stable states in the
process of conformation transitions. As accepted, the cyto-
plasmic displacement of TM6 is an important requisite for the
activation of GPCRs.*® Unfortunately, there has not been the
crystal structure of CCR5 in the active state resolved so far,
leading to the unknown value about the TM6 deviation from the
inactive state to the active one. However, several crystal struc-
tures of class A GPCRs in the active state were available, for
example US28 (PDB ID: 4XT1, 4XT3)"” and p-OR (PDB ID:
5C1M).” The values of TM2-TM6 distance in the active states
were about 20.0 A for US28 (PDB ID: 4XT1, 4XT3) and 24.1 A for
pw-OR (PDB ID: 5C1M), which share 28% and 58% homology
with CCR5, respectively. For p-OR, the distance is about 15.6 A
in its inactive crystal-structure (PDB ID: 4DKL).*> The compari-
sons clearly show that the TM2-TM6 distance could reflect the
outward displacement of TM6 in the activation process, which
is probably in the range of 20.0-24.1 A in the active state. In fact,
Alexander already used the TM2-TM6 distance to characterize
the outward movement of TM6 in B2AR.** Highly conserved TXP
motif is consisted of threonine (Thr at the position 82>°°),
a variable hydrophobic residue (X at the position 83*°7) and
proline (Pro at the position 84>°%), which is found only in the
chemokine receptors and a few related peptide receptors. It was
revealed that the TXP motif governs the conformation of the
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Table 1 The distances of TM2-TM6 and the RMSD values of the TXP
motif in eight stable states

The distance The RMSD values

States of TM2-TM6 (A) of the TXP motif (A)
State I 18.3 0.35
State II 22.4 0.35
State III 21.3 0.85
State IV 17.1 0.85
State V 15.2 0.31
State VI 15.3 0.81
State VII 22.3 0.37
State VIII 22.4 0.90

extracellular part of TM2, which is closely associated with the
chemokine receptor activation.**** Thus, the distance of TM2-
TM6 in the cytoplasmic side and the RMSD value of the
conserved TXP domain with respect to the inactive crystal-
structure were chosen as two-dimension reaction coordinates.
Table 1 lists the distance of TM2-TM6 and RMSDs of the TXP
motif with respect to the crystal structure of CCR5 in the inac-
tive state.

The PMF of WT exhibits four stable states, as reflected by
Fig. 1. In state I, the TM2-TM6 distance is 18.3 A and the RMSD
value of TXP is 0.35 A while they are 22.4 A and 0.35 A in state II,
respectively. The TM2-TM6 distance and the RMSD value are
21.3 A and 0.85 A in state III, respectively. The state IV shows
17.1 A TM2-TM6 distance versus the 0.85 A RMSD value. Judged
from the criterion of TM2-TM6 distance, the states II and III are
already in the range of the active state. But the TXP domain of
state II is closer to the inactive state than the state III, judged
from its smaller RMSD value. The TM2-TM6 distances of the
state I and the state IV are close to the inactive state. The TXP
domain of the state I is closer to the inactive state than the state
IV, as reflected by the smaller RMSD value in the state I. The
distance of TM2-TM6 of the four states varies from 17.1 A to
22.4 A, suggesting that the WT type of CCR5 could adopt diverse
conformations and achieve to some extent constitutive
activity. The constitutive activity was also observed for some

[
=

N
N

14
N

20

TM2-TM6 distance(A)

01 02 03 04 05 06 07 08 09 10 1.1
RMSD of TXP(A)

Fig. 1 Free energy landscape of WT. Four stable energy wells are
shown: state | to IV.
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Fig. 2 Structural comparisons of CCR5 crystal structure (blue) and
representative conformations of state | (pink) and state Ill (purple) for
the WT system, which are viewed from the intracellular side. The
proteins are shown in cartoon, in which the TXP motif is highlighted in
stick. The arrow represents the direction of the TM movement.

other A-class GPCRs.*® Fig. 2 shows the overlap of the repre-
sentative conformations from the inactive-like state (state I), the
active-like state (state III) and the crystal structure in the inac-
tive state. It is clear that TM6 of the state III moves outward with
respect to the inactive crystal-structure while TM5 moves
inward, presenting typical activation-features found from some
class A GPCRs.**® In contrast, the state I shows a slightly
outward displacement for TM5 and TM6 with respect to the
inactive crystal-structure, thus close to the inactive conforma-
tion rather than the active one.

The PMF of R126N exhibits two stable states (Fig. 3): state V
and state VI. The TM2-TM6 distance of the two states are about
15.3 A (vide Table 1), close to the inactive crystal-structure. The
TXP domain of the state V is closer to the inactive state than the
state VI, judged from the RMSD values. The two stable states of
R126N do not present the active features like the large outward
movement of TM6 and small inward movement of TM5, as
evidenced by Fig. 4. For the G286F system, the PMF result (vide
Fig. 5) exhibits two stable states (state VII with 22.3 A distance

TM2-TM6 distance(A)

0.2 0.4 0.6 0.8 1.0
RMSD of TXP(A)

Fig. 3 Free energy landscape of R126N. Two stable energy wells are
shown: state V and state VI.
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Fig. 4 Structural comparisons of CCR5 crystal structure (blue) and
representative conformations of state V (pink) and state VI (purple) for
the R126N system, which are viewed from the intracellular side. The
proteins are shown in cartoon, in which the TXP motif is highlighted in
stick. The arrow represents the direction of the TM movement.

versus 0.37 A RMSD value, and state VIII with 22.4 A distance
versus 0.90 A RMSD value). It can be seen from Fig. 6 that the
two states of the G286F mutant all present active features
involved in TM5 and TM6 so that the TM2-TM6 distance is
increased to be larger than 22 A, suggesting that the mutation
promotes the receptor to the active state.

The TXP motif is consisted of threonine-x-proline, which is
found only in the chemokine receptors and a few related
peptide receptors. The region was revealed to be important in
the chemokine-induced activation.®® In order to observe the
structural change of the TXP motif, we monitored its RMSD
value (vide Fig. 7). In addition, Fig. 2, 4 and 6 also show their
conformations. It can be seen from Fig. 7 that G286F has more
conformations located in the region with high RMSD values
than the other systems, presenting relatively significant differ-
ence from the inactive state. Fig. 6 also shows the change trend.
In order to gain insight into the conformation change of TXP,
we further analyzed interactions between the TXP residues, as
depicted in Table 2. It can be observed that Thr82>>® and
Trp86>°° form a stable hydrogen bond in all the three systems.

N
>
1 "

TM2-TM6 distance (A)
M
1

—
o

—
a

0.2 04 0.6 0.8 1.0
RMSD of TXP (&)

Fig. 5 Free energy landscape of G286F. Two stable energy wells are
shown: state VIl and state VIII.
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Fig. 6 Structural comparisons of CCR5 crystal structure (blue) and
representative conformations of state VIl (purple) and state VI (yellow)
for the G286F system, which are viewed from the intracellular side. The
proteins are shown in cartoon, in which the TXP motif is highlighted in
stick. The arrow represents the direction of the TM movement.

R126N has the highest lifetime for the hydrogen bond. As
revealed, Trp86>°° is one residue located in the ligand binding
site of CCR5. The stable H-bonding of Thr82*°°-Trp8e>*°
indicates that one correlation exists between the TXP motif and
the ligand binding pocket. Similar to the H-bond of Thr82>>°~
Trp86>°°, the H-bonding between Val83*°” and Ala87*°" also
exists in all the three systems and presents higher stability. The
two steady hydrogen bonds (Val83*°’-Alag87>®" and Thrg2>>¢-
Trp86>°) should stabilize the conformation of the TXP motif
and restrain its structure change, for example, small RMSDs
observed above. It can be seen from Table 2, the mutation of
R126N enhances the two H-bonds with respect to the WT
system, which would restrain the movement of the TXP motif to
the active conformation. H-bond between Pro84>>® and
His88%°* is presented in both the R126N and WT systems, but
disappears in the G286F system. Alternatively, the H-bond of

—— G286F —— WT ——RI26N

I G286F
I wr
I R126N

RMSD/A

0 100 200 300 400 0 5

L L L L L L
10 15 20 25 30 35

Time/ns Popularity/%

Fig. 7 Changes in the RMSD values of the TXP motif along with the
500 ns aMD simulation time (left) and distributions of the RMSD values
(right) at the interval of 0.05 A from the smallest RMSD value to the
maximum one. The RMSD values were calculated with respect to the
initial structure.

Table 2 H-bonds in the TXP motif and their lifetimes characterized by
percentages

H-bonds R126N WT G286F
Thr82>°*~Trp86>*° 42% 41% 31%
Thrg2*°°-phe79%°* — — 44%
Valg3?°7-Alag7>°? 68% 52% 59%
Pro84>>%-Hisgg>*> 38% 34% —

RSC Adv., 2018, 8, 37855-37865 | 37859
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Fig. 8 Conformations of Argl40'“"? and Asp125>“° in representative
conformations from the stable states of the WT, R126N and G286F
systems ((A) state | in WT, (B) state lll in WT, (C) state V in R126N, (D)
state VIII in G286F). The proteins are shown in ribbon, in which
Arg140'“t? and Asp125%4° are highlighted in stick.

Thr82>°°-Phe79%"® is formed for the G286F mutant. The
significant change in the H-bonding in the TXP motif upon the
G286F mutation may be associated with the activation of the
receptor.

The DRY motif, which is consisted of aspartic acid, arginine
and tyrosine, is located at the boundary between TM3 and ICL2
of class A GPCRs. The highly conserved stretch plays a crucial
role in regulating the GPCR conformation state.*”*® It was found
from many reported class A GPCR structures (including all
chemokine receptors) that Asp*>*° in the DRY motif engages in
a polar interaction with an arginine residue in the ICL2,*” which
contributes to stabilize the inactive state.”® In contrast, the
active crystal-structures of US28 (ref. 47) do not present the
ionic interaction. For CCR5, its ICL2 has only one arginine
residue at the position of 140 (e.g., Arg140"“"?). Thus, we used
the RIN method to analyze the interaction between Asp125°°
in TM3 and Arg140'“"* in ICL2 for all the stable states obtained
from the PMF analysis. Since the ionic interaction is similar
between the state I and the state IV, between the state II and the
state III, between the state V and the state VI, and between the
state VII and the state VIII, Fig. 8 only representatively shows the
ionic interaction for the states I, III, V and VIII. As shown in
Fig. 8, for WT, Asp125°*° and Arg140'“"? form a stable ionic
lock in the states I and IV while it is broken in the states II and
111, further supporting that the states I and IV are close to the
inactive conformations and the states II and III approach to the
active ones. The two stable states (V and VI) in the R126N system
both present the ionic interaction between Asp125>*° and
Arg140'“"? which should be associated with the stabilization of
the R126N mutation on the inactive state. However, the inter-
action disappears in the two stable states of G286F, in which
Arg140"“"? exhibits a distinct outward, as shown in Fig. 8. The
observations also provide further support for the role of DRY in
regulating the CCR5 conformation states.

3.2 Principal component analysis of the dynamics behavior

To gain insight into effects of the two mutations on the main
dynamical behavior, we performed principle component anal-
ysis (PCA) for the Ca atoms of residues. PCA could characterize
the important dynamics features by reducing the dimension-
ality of the trajectory data. The PCA results show that the
eigenvalue contribution of the first four components could
capture about 60-70% of all the motions for the three systems,
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Fig. 9 The projection of the first four eigenvectors colored by the
length of the atomic component of the eigenvectors, representing the
mobility (red: large; green: intermediate; blue: small). (A) R126N, (B)
WT, (C) G286F. The receptor is oriented in the membrane along the Z-
axis.

representing main contributions. Thus, Fig. 9 shows the
projection of the first four eigenvectors on the subspace defined
by the coordinates of the atoms. Red to blue colors correspond
to movements from large to small. As can be seen from Fig. 9,
compared to the other two systems, there is no region pre-
senting significant movement for R126N. Whereas for the WT
system, the intracellular part of TM5 and ICL3 connecting TM5
and TM6 present a noticeable contribution to the receptor
movement. For G286F, TM5 exhibits significant movement, as
shown in Fig. 9. These observations also show the role of the
cytoplasmic part of TM5 in influencing CCR5 activation.
Besides TM5, ICL2 also considerably contributes to the overall
dynamics for G286F. It was reported that ICL2 takes part in the
interactions of GPCR with the G protein, arrestins and other
downstream effectors.*>®* Thus, we calculated the RMSD value
of ICL2, as depicted by Fig. 10. It can be seen that the fluctua-
tion of ICL2 in G286F is significant, which should favor the
receptor to adopt active conformations. However, ICL2 in
R126N does not present so obvious changes as G286F and WT.
In addition, we also calculated RMSD values of ICL3 (vide

8 G286F
= WT
3 'RI26N

— G286F —— WT ——RI126N

RMSD/A
w &,
|
|

»

500 2 4 6 8 10 12 14
Popularity/%

0 100 200 300 a0
Time/ns

Fig. 10 Changes in RMSD values of ICL2 along with the 500 ns aMD

simulation time (left) and distributions of the RMSD values (right) at the

interval of 0.1 A from the smallest RMSD value to the maximum one.

The RMSD values were calculated with respect to the initial structure.
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Fig. 11 Changes in RMSD values of ICL3 along with the 500 ns aMD
simulation time (left) and distributions of the RMSD values (right) at the
interval of 0.1 A from the smallest RMSD value to the maximum one.
The RMSD values were calculated with respect to the initial structure.

Fig. 11) to monitor its structural change because ICL3 was
considered to control the selectivity of GPCRs to different
downstream signaling proteins and functional regulations.®**
Although the RMSD value of ICL3 only presents slightly
different between the three systems, R126N still shows more
distributions at the region of low RMSD values, as shown by
Fig. 11, while there are more conformations presenting high
RMSD values in the G286F system than the other two systems.
Taken together, it may be assumed that the G286F mutation
induces the receptor to adopt active conformations through
increasing the cytoplasmic flexibility of TM5 and the fluctua-
tions of ICL2 and ICL3.

3.3 Analysis of correlated motions

The movement of disparate regions is not independent for the
conformation change of the receptor. To gain insight into the
correlation between the regions, we calculated the residue
cross-correlations for the R126N, WT and G286F systems, as
depicted in Fig. 12 and Table 3. It can be seen that there are
many highly related regions with cross-correlation values > 0.6
in the WT system, for example, TM6-TM3, TM7-TM3 and TM7-
TM5. In addition, ECL2 also exhibits strong correlation with

TVG TMT TMS TMI TMZ2 TMS TMA TMS TG TMI TMWTMI TMI TM3 TV TMS  TM6 TMT T

TMLTMZ TS T4 TS

Residue
50 100 150 200 250 300

P it T e 33 [
! _ TMZTM | :ﬂﬁg

S0 100150 200 250 300
RI126N

50 100 150 200 250 300
G286F

Fig. 12 Correlated motions between residues shown by a dynamic
map of color-coded residue cross-correlations for the three systems.

Table 3 Regions involved in highly correlated residue motions with
the value of correlations > 0.6

Systems Regions

WT TM2-TM6 T™5-TM7 T™3-TM7
TM3-TM6 TM6-TM7 ECL2-TM3

G286F TM2-TM3 TM2-TM4 TM1-TM7

This journal is © The Royal Society of Chemistry 2018
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TM3 due to the disulfide bond formed by Cys178"“"? and
Cys101°>*°. Whereas for the R126N system, there is nearly no
high correlation regions, as evidenced by Fig. 12. Miao used
molecular simulation to study activation of the M2 muscarinic
receptor and indicated that the inactive receptor bound by the
antagonist QNB presents poor correlation with nearly all cross-
correlation values < 0.6. In contrast, the apo receptor exhibit
significantly higher correlations and transitions between the
inactive, intermediate and active conformation states.”” These
observations are in line with our R126N and WT systems. In
addition, we also calculated the H-bonding for the three
systems under study, based on their 500 ns aMD trajectories. It
was found that the number of the H-bonds with frequencies
higher than 50% are in the order of R126N (70) < G286F (81) <
WT (93), which is consistent with the change trend of the
correlation. It indicates that the H-bonding play a role in the
correlation. Taken together, it may be assumed that the reduced
correlations upon the R126N mutation should be conducive to
stabilize the receptor in the inactive state while the high
correlation in WT would facilitate the receptor to conduct
synergic movements of these functional regions to achieve the
multiple states (the inactive-like state and active-like one), as
observed above. Compared to WT, the number of the highly
related regions are significantly declined upon the G286F
mutation but still presents a few highly correlated regions. For
example, the highly correlations between TM6, TM7 and some
helixes (e.g., TM6-TM7, TM3-TM6, TM3-TM7 and TM5-TM?7)
existing in WT disappears upon the G286F mutation, which
would lessen the restriction on the movement of TM6 and TM7,
in turn facilitating the increase in the distance of TM2-TM6.

3.4 Structural communication pathways

To gain insight into the impact of the two mutations on the
allosteric communication pathways,” we utilized the PSN
analysis tool to search for the shortest pathway from extracel-
lular (EC) domains to intracellular (IC) ones for the three
systems. We selected not only all the extracellular residues, but
also some residues located in the extracellular side of TMs and
closest to ECLs as the starting point. Similarly, all the intracel-
lular residues and some residues in the cytoplasmic side of TMs
closest to ICLs were served as the ending point. These residues
of TMs closest to ECLs and ICLs were reported to also belong to
the extracellular and the intercellular domains in some other
class A GPCRs.**"®” Unexpectedly, the pathways connecting the
extracellular (EC) domains and the intracellular (IC) ones with
the highest frequency are same for the R126N, WT, and G286F
systems, as shown in Fig. 13. This pathway is consisted of
Tyr89%°%, Trp86>°°, Thr82>>¢, Leu107°3?, Phe78%°%, Trp153*°°,
Phe118**?) Tyr68>*> and Met64>%, involving in three trans-
membrane helices (e.g., TM2, TM3, and TM4). Both Tyrg9>°?
and Trp86>°° are key residues for CCR5 to bind Maraviroc.'®
Thr822°° is one residue in the TXP conserved motif, which was
reported to play an important role in controlling the confor-
mation change of the extracellular part of TM2 and to be
associated with the CCR5 activation.”> The participation of
Thr82>° in the allosteric pathway from EC to IC indicates the
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Fig. 13 The pathways with the highest frequency communicating the
extracellular (EC) domains and the intracellular (IC) ones for the three
systems. The receptor is oriented in the membrane along the Z-axis.

role of TXP in the allosteric pathway associated with the acti-
vation of CCR5. The structural communication is transferred to
TM3 via Leu107°>". The analysis of hydrogen bonds shows that
Leu107°*" forms two pairs of stable H-bonds with Gly111°**
and Leu103*?%’, respectively (vide Table 4) and the two H-bonds
exist in all the three systems with relatively long lifetime. The
two pairs of H-bonds involved in Leu107' connect the extra-
cellular part of TM3 and the interior of TM3, and simulta-
neously link TM2 and TM3. Consequently, it can be inferred
that Leu107%*" is crucial to executive the important function of
TM3. Phe78>°* forms H-bond with 1le74**% in all the three
systems with lifetime over 60%, indicating that the shortest
pathway could influence the conformation of the receptor
through the H-bonds between Phe78>°” and the other residues.
Then, the structural signal transmits to TM4 through the highly
conserved residue Trp153*°°. Studies on some A-class GPCRs
revealed that Trp153*°° interacts with TM3 by means of non-
covalent interactions either for inactive or active structures.*®
The appearance of Trp153*°® in the pathway further confirms
its importance in stabilizing the receptor. The pathway goes
down from Trp153*°° to Phe118*** in TM3 while Phe118**
interacts with Ser114®3® and Leu122®“® through hydrogen
bonds. Studies on some other A-class GPCRs also showed that
residues at 3.38 position make conserved connections with 4.50

Table 4 H-bonds involved in residues of the EC-IC pathway and their
lifetimes characterized by percentages

H-bonds R126N WT G286F
Leu107°*'-Gly111>% 53% 62% 73%
Leu107*3'-Leu10332’ 52% 69% 73%
Phe78*°%-Tle74*® 61% 78% 61%
Phe118%***-Ser114°-38 79% 69% 58%
Phe118***-Leu12234® 71% 62% 43%
Tyr68***~-Met64>3* 68% 69% 63%
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position through no-covalent interactions to communicate TM3
and TM4.>* In addition, the no-covalent interaction between
residues at 3.46 and 2.42 positions connecting TM2 and TM3 is
highly conserved in various A-class GPCRs.”® The structural
signal passes from Phe118*** to Tyr68>** with the aid of these
H-bond interactions, and finally come to Met64>3%. Further-
more, there is also H-bonding between Tyr68>*> and Met64>®
(vide Table 4). The observations indicate the important role of
the hydrogen bonds in the signaling pathway from the extra-
cellular domains to the intracellular ones for CCR5. In spite of
the same composition of this pathway for the three systems,
their frequencies are different, which are 47% for R126N, 46%
for WT and 39% for G286F. It should be reasonable to assume
that the mutations could alter the stability of this pathway, in
turn changing the conformation state of the receptor.

Since the GPCR activation is generally initiated by various
agonists, we further analyzed the propagation of the structural
signal from the ligand binding site to the G-protein-coupling
pocket. Fig. 14 shows the pathway with the highest frequency
in the three systems. The pathway in R126N is consisted of
Glu2837*°, Tyr251%°!, Trp248°*%, His289"*°, Asn293”*,
11e240%*°, Tyr297”>* and Leu236°¢. Among the eight residues,
Glu2837*°, Tyr251%°" and Trp248°*® were demonstrated to be
key residues in binding ligands including Maraviroc for
CCR5."%7° Topologically equivalent residues at position 6.48
take part in interactions with various ligands and act as
‘transmission switch’ for the A-class GPCRs.**”* The appearance
of Trp248°%*® in the pathways of the three systems further shows
its importance for the function of CCR5. It is found that the
interaction between residues at positions 6.51 and 6.48 is
maintained in most A-class GPCR structures.® The interaction
between Tyr251%°" and Trp248°*® appears in the R126N and
G286F systems, indicating its high conservation. Compared the
pathway between the three systems, it was found that the
connection of Trp248%*®-His289”*>-Asn293”*° is also highly
conserved. The interaction between the residue at position 7.45
and one at 6.47 position regulates the relative location of TM6
and TM7.% In addition, Asn293”*° is one residue of the NPxxY
domain and was considered to associate with the activation of
CCR5.7»7 Hence, it can be assumed that the ‘transmission
switch’ residue and the NPxxY domain are important for the
signaling from the ligand binding site to the G protein pocket.

£7 mOREey
f ’1"2?5' N3 J
(3T, Fl;gr
00—
o Vo
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" RI26N

Fig. 14 The communication pathways with the highest frequency
from the ligand binding site to the G-protein coupling pocket. The
receptor is oriented in the membrane along the Z-axis.
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In the R126N and WT systems, the pathway transmits from
Asn2937*° to 11e240%*° at TM6. However, G286F presents the
transmission from Asn293”*° to Tyr297”>* in the NPxxY
domain, rather than 11e240%"°. In R126N, the pathway goes back
to TM7 via Tyr297”->* and eventually ends at Leu236°>° in TMe.
In WT, the pathway comes to Leu236°%3° directly from 11e240%°,
In G286F, it goes to the residue Leu236°3® in the G protein
pocket through the NPxxY domain. These observations indicate
that TM6 tightly connects with TM7 in the R126N system, thus
constraining the outward movement of TM6 and disfavoring
the G protein pocket opening, finally restricting the activation of
CCR5. Whereas the G286F mutation arouses more residues in
the NPxxY domain to participate in the allosteric regulation,
thus favoring its movement to the active state.

4 Conclusions

In this work, we used accelerated molecular dynamics (aMD)
simulations to study the effect of the R126N and G286F muta-
tions on the structure, the dynamics behavior and the allosteric
pathway for CCR5. Our results indicate that the wild type of
CCR5 could adopt multiple conformations like the inactive-like
and the active-like states, providing a further support for the
existence of the constitutive activity even if there is no any
external stimulus to GPCRs. The R126N mutation restricts the
receptor in the inactive state by stabilizing the intracellular part
of TM5, restricting the outward displacement of TM2 and TMS6,
and enhancing the stability of TXP motif. In contrast, the G286F
mutation could stabilize the receptor in the active state through
enhancing the flexibility of the intracellular part of TM5 and
increasing the distance between TM2 and TM6. In addition, the
G286F mutation changes the H-bond interactions in the TXP
motif and moves the motif to the active conformation. The
results from the correlation analysis indicates that the correla-
tions between some functional regions are important for the
change in the conformation transitions. The absence of the
high correlations in the R126N system would disfavor its
synergic movement to the multiple states including the active
state. Although the G286F mutation also decreases the corre-
lations compared to the WT system, there are still a few high
correlations existing in some regions. In addition, G286F
reduces connections between TM6/TM7 and the other parts, in
turn weakening the restriction on the movements of TM6 and
TM7, accordingly facilitating their shifts to the active confor-
mations. With the aid of the protein structure network method,
it is revealed that the shortest pathways connecting the extra-
cellular domains and the intracellular ones are highly
conserved in the three systems despite the different mutations,
in which the hydrogen bonds play a pivotal role. However, the
mutations could alter the frequency of this pathway, which
should contribute to the difference in the activity change
between the three systems. The analysis of the pathway
communicating the ligand binding site and the G protein
pocket suggests that the R126N mutation reinforces the struc-
tural connections between TM6 and TM7, which could
constrain the receptor in the inactive conformations while the
G286F mutation induces more residues of NPxxY to attend in
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the pathway, in turn promoting the activation of the G protein
binding site. In addition, the results from the PSN-pathway
indicate that no matter what state the receptor takes, the
‘transmission switch’ residue (Trp248°“%) is a requisite for the
regulation of conformations. In summary, the observations
from the work could provide molecular information for eluci-
dating the mechanism of the mutation-caused activation and
deactivation for CCR5, thus helping us better understanding of
the structure and function of GPCRs at the molecular level.
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