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Deciphering collaborative
sidechain motions in proteins
during molecular dynamics
simulations

Bruck Taddese?, Antoine Garnier', Hervé Abdi2, Daniel Henrion® & Marie Chabbert'**

The dynamic structure of proteins is essential for their functions and may include large conformational
transitions which can be studied by molecular dynamics (MD) simulations. However, details of these
transitions are difficult to automatically track. To facilitate their analysis, we developed two scores of
correlation between sidechain dihedral angles. The CIRCULAR and OMES scores are computed from,
respectively, dihedral angle values and rotamer distributions. As a case study, we applied our methods
to an activation-like transition of the chemokine receptor CXCR4, observed during accelerated

MD simulations. The principal component analysis of the correlation matrices was consistent with

the networking structure of the top ranking pairs. Both scores identify a set of residues whose
“collaborative” sidechain rotamerization immediately preceded or accompanied the conformational
transition of CXCR4. Detailed analysis of the sequential order of these rotamerizations suggests that
an allosteric mechanism, involving the outward motion of an asparagine residue in transmembrane
helix 3, might be a prerequisite to the large scale conformational transition of CXCR4. This case study
provides the proof-of-concept that the correlation methods developed here are valuable exploratory
techniques to help decipher complex reactional pathways.

With more than 150,000 protein structures deposited in the Protein Data Bank (PDB) by the end of 2019,
structural biology has provided breakthrough advances in the functional mechanisms of numerous proteins
and in drug design'. The crystallographic structures deposited in the PDB give examples of the large amplitude
conformational changes that proteins can undergo under specific conditions. However, the crystal structures
provide static snapshots of protein structure in a specific conformation or in different conformations but do
not provide details about their intrinsic mobility or into the molecular mechanisms of conformational changes.

Proteins are inherently dynamic structures that undergo motions on a large range of both timescales and
amplitude?. Local motions include bond vibrations on the femtosecond timescale, sidechain rotamerization on
the picosecond to the microsecond timescale, loop motions on the nanosecond to the microsecond timescale.
Collective motions have larger amplitude and lead to larger domain motions that may occur on the microsecond
to second or larger timescale. The experimental techniques developed to access these motions can be comple-
mented by molecular dynamics (MD) simulations that provide a dynamic view of protein structures®”.

In recent years, the huge increase in computational power has made it possible to perform MD simulations
of hydrated or membrane inserted proteins with computational time up to the millisecond timescale using, for
example, the specially-designed supercomputer Anton®’, Google Exacycle'® or GPU-based MD simulations'>'2.
However, most classical MD simulations are run on the nanosecond to microsecond timescale. This timescale
allows reaching local flexibility but does not provide information on larger domain motions®.

To bridge the gap between computationally accessible and biologically relevant timescales, numerous molecu-
lar dynamics techniques aimed at accelerating simulations have been developed. These simulations include coarse
grained simulations, normal mode analysis and a variety of techniques aimed at reducing the energy barriers
between interconverting conformations*®. Among them, accelerated molecular dynamics (aMD) provides boosts
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of dihedral and potential energies, helping the system to overcome energy barriers'*'%. The main advantage of
aMD is to make no hypothesis on the final conformation that the system can reach.

G protein-coupled receptors (GPCRs) provide an example of large conformational transition upon activa-
tion by agonist binding. The crystallographic structures of different GPCRs in inactive and active states have
revealed a large outward motion of transmembrane helix 6 (TM6) upon activation. This motion opens the
receptor intracellular domain and allows subsequent effector binding!*18. The TM6 motion is accompanied by
a reorganization of the interactions stabilizing the receptor fold, including side chain rotamerization events to
yield stable structures'*22. GPCR activation happens on timescales longer than the millisecond and cannot be
presently observed by classical MD simulations?***. Observation of deactivation (transition from the “unstable”
active structure to the “stable” inactive structure) requires tenths of microseconds of classical simulations?,
whereas observation of activation is presently possible only with techniques aimed at increased sampling of the
conformational space, such as adaptive sampling'?, biased MD?® and accelerated MD*~? simulations.

In this study, we were interested in deciphering the molecular details of a spontaneous activation-like transi-
tion of CXCR4, a GPCR from the chemokine receptor family, upon aMD simulations. We had a special concern
for highlighting residues that undergo sidechain motion in relation with receptor transition. As sidechain motions
are best described in terms of internal coordinates by using dihedral angles®>*!, we developed an approach based
on the correlation of either dihedral angles or rotamer distributions (CIRCULAR and OMES scores, respectively),
and we applied it to our case study. Our approach highlights several sidechains whose quasi-simultaneous rota-
merization immediately preceded the conformational transition. Our results suggests that an allosteric mecha-
nism involving the outward motion of an asparagine residue in TM3 (N3.35 in Ballesteros'notation®?) may
facilitate the receptor activation.

Methods

Molecular dynamics simulations of CXCR4. In this study, we used a previously described®* model of
the CXCR4 receptor with a sodium ion bound to the sodium allosteric binding site. Briefly, the model was built
with MODELLER by homology with the crystal structure of human CXCR4 in an inactive state (PDB 30DU)*
and with the sodium binding site of the § opioid receptor (PDB 4N6])*, with reversion of the mutations/inser-
tion present in the crystallized CXCR4 receptor to the amino acids present in the human wild type receptor.
Then, the receptor model was embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid
bilayer and hydrated using the CHARMM-GUI interface®. The charges were neutralized by adding chloride
ions.

The molecular dynamics simulations were carried out with the NAMD v2.9 MD software®’, using the
CHARMM36 forcefield***, as previously described*, except that these simulations were run on the E-biothon
cloud platform*. The simulations were carried out at 310 K and 1 atm. After a 1 ns equilibration step with
progressive release of conformational constraints and increase in step length from 1 to 2 fs*, classical MD
simulations (cMD) were run for 120 ns. The last coordinates and velocities obtained by cMD were used to start
accelerated molecular dynamics simulations lasting for 180 ns. Accelerated MD works by adding non-negative
dihedral and potential boosts to the dihedral and potential energies of the system when they are above a thresh-
old. These thresholds were set to, respectively, the average dihedral and potential energies, Egiped_avg a0d Epor_avg>
computed from the cMD trajectory. The acceleration factors were calculated from Egjheq_avg> the average dihedral
energy, and N, the number of atoms in the system, according to:

Edihed_avg

(1)

Qdihed = M X

Apot = A XN (2)

where the acceleration parameter A was set to 0.3°*1. During both the cMD and aMD simulations, the length of
each step was 2 fs. Quantitative analyses were performed with the R package Bio3D*2. Graphical analysis of the
trajectory was carried out with the VMD program*’. Figures were prepared with the PyMOL Molecular Graphics
System, version 1.8 (Schrédinger, LLC). To facilitate comparison with other GPCRs, the position of each residue
is followed by a superscript indicating its Ballesteros’ numbering?>.

Correlation scores. The flow chart developed to compute correlation scores between sidechain dihedral
angles is displayed in Fig. 1. First, using the R package Bio3D*, the Cartesian coordinates of the heavy atoms
of the protein were transformed into dihedral angles to build the dihedral matrix which gives the chi dihedral
angles of each sidechain (except Gly and Ala) for each frame of the trajectory (488 dihedral angles for 1200
frames in the trajectory under scrutiny). Second, to obtain the rotamer matrix, the values of the dihedral angles
were converted into rotamers using the dynameomics library**.

We developed two functions to measure correlation scores between two dihedral angles. The first function,
CIRCULAR, relies on the dihedral angle values (circular continuous variables). It is based on a circular version
of the Pearson coefficient*>*, that is encoded in the R package circular* and computed as:

K _
> sin(ag — @) sin(Bx — B)
circular(X;, Xj) =

k=
- = (3)
\/Z sin?(ax — @) 4| S sin®(Bx — B)
k=1 k=1

SCIENTIFIC REPORTS |

(2020) 10:15901 | https://doi.org/10.1038/s41598-020-72766-1



www.nature.com/scientificreports/

Res 1 Res 2 Res n
Frame 1 Xyz Xyz Xyz
Frame 2 Xyz Xyz Xyz
Frame K Xyz Xyz Xyz
Bio3D CIRCULAR
y
X X Xi X; Xn
Frame 1 65 -170 -61 160 80
Frame 2 80 175 -85 178 170
Frame K 170 -65 80 68 165
Dynameomics OMES
» !
X X Xi X; Xn
Frame 1 g+ t g- t
Frame 2 g+ t g- t t
Frame K t g- g+ g+ t

Figure 1. Flow chart used to compute the correlation scores for sidechain dihedral angles. Starting from the
Cartesian coordinates of a protein in the K frames of a MD trajectory file, the Bio3D package calculates the
values of the sidechain dihedral angles at each frame of the trajectory. For each pair (X;, X;) of dihedral angles,
CIRCULAR measures the correlation between these values. Using the dynameomics library, the dihedral angles

are converted into rotamers, then OMES measures covariation between rotamers.

where X; and X; are two sidechain dihedral angles, a, and f are their angular values at frame k, @ and B are the
circular averages of o and f, and K is the number of frames. Because the sign of the score is irrelevant for our
purposes, we used the squared correlation score:

CIRCULAR(X;,X;) = circular(X;, X;). (4)

The second method relies on rotamer distributions (discrete variables). After conversion of the dihedral angle
values into rotamers*, the covariation between rotamer occurrences is calculated by the OMES method*®. The
OMES score of covariation (Observed Minus Expected Squared) was initially developed for the analysis of amino
acid covariation in sequence alignments®***-*°. The same formalism can be extended to rotamer covariation in
MD trajectories. In that case, the OMES score for two dihedral angles X; and X; is computed as:

1 b €xp 2
OMES(X;, X)) = - 2; (N2 (X5, X)) — Niy (X3, X)) 5)

where K is the number of frames, Nf};s (Xj, Xj) and ij;p (Xi, X;) are the number of frames for which the rotamer
pair (x, y) is observed and expected, respectively, for the dihedral angles X; and X;. Expectation is based on the
frequency of rotamers x and y for, respectively, the dihedral angles X; and X;.

Analysis of correlation scores. The OMES and CIRCULAR scores and the subsequent functions devel-
oped for data analysis were written in the R programing language and are available in the R package Bios2cor
(version 2.1) which can be found in the Comprehensive R Archive Network (cran.r-project.org).

The correlation/covariation scores between the dihedral angles were stored in squared matrices (here 488 x
448 matrices) whose all diagonal values were set to 0. Scores of correlation/covariation between dihedral angles
within the same sidechain (autocorrelation) were set to 0 (lowest score for both methods) because we were
interested in studying dihedral correlations between different sidechains. Thereafter, for clarity purpose, the term
“correlation” will be used for both scores.

SCIENTIFIC REPORTS |

(2020) 10:15901 | https://doi.org/10.1038/s41598-020-72766-1



www.nature.com/scientificreports/

For comparative purposes, the raw scores were normalized by computing Z-scores (i.e., a score is now rep-
resented by its number of standard deviations to the mean®'). This normalization effectively removes the scale
of measurement without making any hypothesis about the shapes of the distributions.

We performed two types of analysis. First, we focused on the top ranking pairs and we analyzed their net-
working structure. The visualization of the network between top ranking pairs of dihedral angles was carried
out with the Cytoscape software (version 3.7)*%. This analysis was limited to the top 25 pairs—a number that
represents about 5% of the angles. In these graphs, angles are represented as nodes and correlation scores as edges,
the node sizes are proportional to the number of links, and the edge sizes are proportional to the correlation
scores. Second, we carried out a principal component analysis (PCA)* of the correlation matrices (specifically
an eigen-decomposition after double-centering as described in previous work®). The positions of the dihedral
angles were plotted in the space formed by the first three dimensions of the PCA.

Collective variables. The observation of a set of n correlated dihedral angles X; prompted us to define the
collective variable COV1, to monitor the transition associated to these n observables as:

> axifxi(t)
Xi=1

n
> oxi

Xi=1

COV1,(t) = (6)

where ay; is the coordinate of the dihedral angle X; on the first component and f;(t) is a delta function of time ¢
which is equal to zero and to one when the rotameric state of X; at time ¢t corresponds, respectively, to the state
observed before and after its rotational transition.

We also defined the collective variable COV2 as the normalized distance between the Ca atoms of residues
at positions 3.50 in TM3 and 6.30 in TM6. Normalization was based on the average values of the TM3-TM6
distance before and after the opening motion of TM6. COV2 monitors the activation-like transition associated
with the opening motion of TM6.

Results

A large conformational change is observed in CXCR4 simulations. We have previously carried out
molecular dynamic simulations of sodium-bound CXCR4 embedded within a POPC membrane. In this previ-
ous work, CXCR4 was modelled in an inactive state and was very stable during more than 400 ns of classical MD
simulations®. In the present work, in order to expand the conformational space sampled by this receptor, we car-
ried out aMD simulations that reduce energy barriers between states and facilitate conformational transitions?.
During a 180 ns trajectory of aMD simulations, the RMSD of the receptor Ca atoms revealed two successive
steps of conformational changes (Fig. 2a).

The first step corresponded to an equilibration of the structure to the acceleration conditions, with a very
fast phase shorter than 1 ns, followed by a slower phase that reached a plateau after 20 ns. This step was accom-
panied by “breathing” of the receptor with water entrance and egress in the intracellular cavity (from 3 to 10
water molecules in the neighborhood of D2.50). At the beginning of the simulation and upon water egress (e.g.,
after 35 ns of simulation in Fig. 2b), the sodium ion was tightly bound to its canonical site*® that is formed by
one water molecule and four protein atoms: the O81 atom of D84>*, the 081 atom of N119°%*, the Oy atom of
$12333% and the Ne2 atom of H29474°. The sidechains of D84%°° and H2947#° form the “bottom” of the sodium
binding site, whereas N119%%° closes it as a tap.

The second step was initiated after 60 ns and reached a plateau about 100-120 ns after the beginning of the
acceleration. The characteristic outward motion of TMS, typical of an active-like transition, occurred during
this second phase after 90 ns of simulation (Fig. 2c). The motion of TM6, quantified by the increased distance
between TM3 and TM6 from 10 to 18 A, was accompanied by a reorganization of the NPXXY motif (Fig. 2d).
After 20 ns, this conformational change was followed by the egress of the sodium ion towards the extracellular
cavity of the receptor (Fig. 2a,c). It is worth noting that water entrance and backbone RMSD preceded the out-
ward motion of TM6.

CIRCULAR and OMES scores highlight a few correlated sidechain pairs. Correlation scores
between sidechain dihedral angles were computed with both the CIRCULAR function, based on dihedral values,
and the OMES function, based on rotamer distributions. Boxplots of the Z-scores revealed positively skewed
distributions, in agreement with the CIRCULAR and OMES formula, a bulk of close-to-zero scores and about 1%
of the pairs with Z-scores larger than 4. Both methods highlighted a few pairs with very large Z-scores, reaching
up to a value of 40 (Fig. 3a).

To assess the significance of these scores, we analyzed the relationship between the correlation scores and the
motility of the sidechains. The motility of a dihedral angle x was estimated by the “dynamic score” function, S(x),
which measures the number of rotameric interconversions during the trajectory, normalized by the number of
frames. The theoretical maximum value of the dynamic score is 0.66, when a dihedral angle randomly rotamer-
izes between the three possible rotameric states®. In the trajectory under investigation, 5% of the dihedral angles
did not rotamerize whereas the probability of rotamerization varied from less than 0.02 to more than 0.10 for
20% and 50% of the dihedral angles, respectively (Fig. 3b). We plotted the correlation scores as a function of
the dynamic scores of each angle in the pair (Fig. 3¢). Most angles involved in the top 25 pairs had low dynamic
scores, with average values of 0.027 and 0.044 for OMES and CIRCULAR, respectively. Nevertheless, a few angles
involved in top 25 pairs had dynamic scores of about 0.100 or higher with CIRCULAR. The dynamic scores of
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Figure 2. A large conformational change of CXCR4 occurs during a 180 ns aMD trajectory. (a) Time evolution
of (from top to bottom): the RMSD of all the Ca atoms of the receptor (black line) and of the transmembrane
domain only (grey lines); the distance between TM3 and TM6, measured as the distance between the Ca atoms
of residues R134350 and K234%3%; the RMSD of the sodium ion; the number of water molecules within 6 A of the
081 or 082 atoms of D84>%; (b) Zooming on the canonical sodium binding site of CXCR4, as observed after
35 ns of simulation. The sodium (yellow sphere) is coordinated to the sidechains of D84**°, N119%%, §1233%,
H29474 and to a water molecule (pink sphere); (c) Superposition of the CXCR4 backbone at the beginning
(grey ribbon) and at the end of the aMD simulation (purple). The sodium ion is shown as a sphere. The large
outward motion of TM6 characterizes an activation-like transition; (d) 2D plot of the RMSD of the NPXXY
motif in TM7 as a function of the distance between TM3 and TM6. The 180 ns trajectory is divided in six equal
slots (color code from time 0 to 180 ns: dark blue, indigo, purple, violet, magenta and red dots). The transition
frames from 85 to 90 ns are highlighted by triangles and correspond to the slate area in panel (a).

angles in bottom ranking pairs were variable with CIRCULAR and equal to 0 with OMES. For both methods,
the top pair with the highest score involved the chil angles of N119** and H2032,

A set of correlated sidechains rotamerize just before or during the transition. The eigen
decomposition of the double-centered correlation matrices was carried out according to a previously developed
procedure® and the dihedral angles were projected onto the principal components (Fig. 4a,c). This analysis
highlighted a few angles clearly separated along the first three principal components. In both cases, the dihedral
angles H203%#2.chil and N119°%.chil had the highest coordinates on the first component. This analysis was
consistent with the network representation of the top 25 pairs. Angles spread along the first component were
involved in the main network of correlated angles, while angles spread along the second and third components
were involved in secondary networks.

The network representation of the top pairs (Fig. 4b,d) revealed differences between the methods. CIRCULAR
displayed a main network, with a strong link between N119*%* and H203>#* (with 6 common contacts out of a
total of 9 and 7 contacts, respectively), but also a secondary network around the chil angle of W2524. OMES
favored an overwhelming, hub-like network with central H203>** (13 contacts), strongly linked to N119** (6
contacts, also linked to H203>#%). These representations agreed with the proportion of the variance explained
by the first component in OMES and CIRCULAR (25 and 15%, respectively).

The time evolution of all the highlighted angles is shown in Fig. 5a and in Supplementary Fig. S1. Briefly
speaking, most angles observed on the first component with OMES or CIRCULAR underwent a rotamerization
event around 80 ns, as exemplified by the ten consensus angles that are found in the top 25 pairs of both meth-
ods (Fig. 5). The CIRCULAR second component highlighted angles that rotamerized with W252%*¢ at the end
of the simulation and the third component highlighted a few angles with a double rotamerization. The second/
third components with OMES also highlighted angles with a double rotamerization. These results indicate that
independent rotational events are visualized on different principal components.

Focusing on the consensus angles from the first component, we can note that eight out of the ten angles
rotamerized within a short time window from 76 to 88 ns, immediately before or during the opening motion
of TM6. The only exceptions to this pattern were the dihedral angles of W195>*, whose rotation was delayed
by about 25 ns. As this residue is directed towards the outside without contact with the other residues, its high
scores appear as a fortuitous consequence of its low dynamic score (Fig. 5b) and it has been excluded from
subsequent analysis.
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Figure 3. Correlation scores highlight a few dihedral angle pairs. (a) Boxplots of the Z-scores obtained with the
CIRCULAR and OMES methods; (b) Histogram of the dynamic scores S of the sidechain dihedral angles. The
left bar indicates the ratio of dihedral angles with no rotamerization (S=0), then the following bars correspond
to increasing S by 0.02 range; (c) Dependence of the Z-scores on the dynamic scores S of the dihedral angles
(CIRCULAR: left, OMES: right). In (a) and (c), the top 25 pairs are dark blue, the next 250 pairs are light blue,
the 25 and 250 bottom pairs are, respectively, red and pink.

Within the 12 ns window, the sequential order of the events was as follows: (1) The rotamerization of L78*%,
chil was followed, after 3 ns, by the instability of H79*%.chil that underwent frequent interconversions between
the g— and the trans rotamers during 6 ns; (2) One ns after the beginning of the H79%**.chil instability, N119°%.
chil rotamerized; (3) This rotamerization was followed by the rotamerization of H203%*2.chil after 0.3 ns,
$122338 chil after 2 ns (with interconversions between the trans and g- rotamers up to the end of the TM6 open-
ing), and L1273*3.chil and .chi2 after 3 ns; (4) Finally, the rotamerization of 1126**2.chil occurred after 12 ns,
at the end of the TM6 outward motion.

Highlighted sidechains are involved in the mechanism of receptor activation. The position of
the seven residues undergoing these correlated rotamerizations can be visualized on the structure of the receptor
(Fig. 5b). The six residues located on TM2 (L78*#, H79*%*) and TM3 (N119>%, §1223%, 1126>#? and L127°%)
formed a cluster of neighbor residues. The seventh residue, H203°*?, pointed towards TM3 and TM6, before
and after the transition, respectively. L78*! was involved in packing with TM1 (160'** sidechain and G64"*® Ca
atom), while L127>* was involved in packing with TM5 and TM6. In particular, L127>% was tightly involved in
van der Waals interactions with 12454 and F278%%, before the transition, and with 1215>°* and F278%%, after
the transition. Reorganization of helix packing involving the residue at position 6.44 has been observed upon
receptor activation®..

To decipher the functional role of these residues, we analyzed their interactions throughout the activation
process. Three representative snapshots, just before the beginning of the rotamerization cascade (t="75 ns), just
before the beginning of the TM6 motion (=82 ns) and at the end of the TM6 motion (t=90 ns) are shown in
Fig. 6. During the first 75 ns, N119*% stably interacted with the sodium ion. However, in the aMD simulation,
receptor breathing led to water permeation within the receptor core (Fig. 2a). This altered the sodium binding
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Figure 4. Eigen decomposition separates independent events. (a,b) Projection of the dihedral angles onto the
principal components of the CIRCULAR (a) and OMES (b) correlation matrices; (c,d) Network representation
of the top 25 scores obtained with CIRCULAR (c) and OMES (d). The node size is proportional to the number
of links. The node color depends on the dynamic score S from light grey for S=0 to dark grey for $=0.16. The
edge size is proportional to the correlation score. The top PCA positions present and absent in the networks of
the top 25 pairs are indicated by, respectively, closed and open symbols (red circles for the largest network, green
triangles for the second largest one and cyan diamonds for the smallest one).

mode by substitution of H29474 coordination®® by water. Just before the rotamerization events (Fig. 6a), the
sodium ion interacted with D84*>°, N119*% and S123°%, and three water molecules. In addition, H203>** was
H-bonded to Y121**%".

The cascade of rotamerizations initiated with L78%#%. Rotation of L78>** and subsequent instability of H79***
led to water permeation in the cleft between TM2 and TM4, which suggests a destabilization of the TM2-TM3-
TM4 fold. In addition, just before the rotamerization of N119*%, a water molecule moved from the first sodium
shell to the outward face of TM3, in the vicinity of $122%3 (Supplementary Fig. S2). The presence of this water
molecule may have facilitated the subsequent outward rotamerization of N119%3> toward $1223*, The N119*%*
rotamerization was followed by water escape and then by the rotamerization of $122°% and L127°%%. The N119***
rotamerization strongly disrupted the canonical sodium binding site. The sodium moved by about 4 A (Fig. 2a)
towards a secondary binding site where it interacted with $123**° and with the highly conserved W252%% through
a water molecule or cation-mt interaction®. Concomitantly, H203° also rotamerized. This residue has also been
identified as important for signal transmission in a comprehensive library of CXCR4 mutants*®. Its new orienta-
tion towards TM6 was stabilized by an H-bond with Y256%°%. The reorganization of the H-bonding pattern of
H203>** from TM3 to TM6 might help the reorganization of the interactions between the helices. This cascade
of events was completed at t=82 ns (Fig. 6b) and preceded the wobbling motion of TM6 which occurred when
the sodium ion was located in the secondary site.

At the end of the transition (Fig. 6¢), the stabilization of H79** in the trans conformer and the rotameriza-
tion of 1126># led to a stable cluster involving H79%4°, W161*%, 112642, §122%3%, and N119>*. The sodium ion
remained in the vicinity of $123** for about 20 ns and subsequently escaped towards the extracellular cavity
of the receptor at time t=112 ns (Fig. 2). Egress of sodium is a characteristic feature of receptor activation and
might lock the receptor active state®=>’.

SCIENTIFIC REPORTS |

(2020) 10:15901 |

https://doi.org/10.1038/s41598-020-72766-1



www.nature.com/scientificreports/

a b

180.00 Tt S g e, o o e “w e sy 35 ns 140 ns
0.00 m‘ - . ) - "
-180.00 4 - 'mmﬂv‘w CORR o e te . \ . \
180.00 . B N R RIS e g ' ) \ y . s
-H79A hil v .

0.00 {M :‘m‘y{ o ; ‘ ( Y ¢ N ‘ e &MQS \)
-180.00 d e Aot sdn - - { < € = YN\
180.00 Trteams * wmy e sunSurmp g s n - b i <) & <

: ' N
i u

0.00 { N119.chil p ! : , Ni1d N119 %> a \H203
-180.00 . coibierer o “ ¢ 5122‘

e YT — ,s‘1zz‘g 160 £} n7o &P 5 @\F248

OO It i Ly 160 ) = 4 \2as

RCRAT PRSVREN § ) A
— e 7 BOPREE il
by e - H79 - L1127 1215 L78 1215

o $122.chil * = . W G64 7, ¢ y
-180.00 P B AL Mt . 4 P . < »

180.00 - Cem i mae e s+ S — b

e -mghwl WA ML L Ceib WD ey o
-180.00 - @ PR sw;\.mua
180.00 g L LR RIY - W195

S R 1

0.00 ) ) L
180,00 IvanER A LAt 83 0 I e TEIE by
180.00 NS e 1215

1126.chil )
om] i APV K ® cath . Hoaretopm %
-1ao.ooJ © ke AT, dporeihe 1126
1000 W195.chit TS —— 69 L127

1245 ~

J

wiss.chiz| WWW"!

0 50 100 150
Time (ns)

Figure 5. Consensus angles rotamerize just before or during the transition. (a) Time evolution of the top
correlated angles obtained with both CIRCULAR and OMES. The angles are sorted by their rotamerization time.
The slate areas indicate the TM6 outward motion (85-90 ns). (b) Positions of the residues with top correlated
angles in the 3D structure of the receptor before the transition (35 ns) and after the transition (140 ns). Top and
bottom panels are viewed from, respectively, the lateral and intracellular side. The residues are shown as spheres
with the following color code: L78**, purple; H79**, cyan, N119°%, green; $122°%, slate; 1125%%, orange;
L127°4, deep-teal; W195°*, yellow; H203°“?, magenta. The residues in TM1, TM5 and TM6 in contact with
L78%* and L127>* are also shown as spheres (160'** and G64'8, light grey; 1215, middle grey; 1245%4! and
F248%*, dark grey spheres).

Discussion

Large scale conformational changes are complex combinations of local and global changes. Local reorganization
of intramolecular interactions is a key step in the molecular processes yielding global changes. The increase in
computational power along with the development of methods aimed at accelerating MD simulations have made
it possible to observe conformational transitions during MD simulations. However, the interpretation of the MD
data in terms of molecular mechanisms is not straightforward, because of the very high number of variables,
and because it is hard to decipher the precise mechanistic details on how residues functionally cooperate. This
problem prompted the development of a variety of methods aimed at dimensionality reduction®®!. Among these
methods, PCA analysis® of the Cartesian coordinate covariance matrix has been widely used to determine col-
lective variables. Collective variables could also be obtained from internal coordinates such as backbone dihedral
angles or inter-residue distances®*®. The choice of the “best” coordinates for PCA analysis depends on the system
investigated and may require “manual” inspection of the raw data®.

Sidechain dihedral angles did not receive the same attention as backbone angles because they may undergo
numerous rotamerizations during a trajectory. Nevertheless, compared to inter-residues or contact distances,
these angles present an advantageous feature because their values depend not only upon direct van der Waals
contacts or H-bonds with other protein or ligand atoms but also upon indirect H-bond interactions through
water molecules or ions. Thus, the analysis of dihedral angles may usefully complement other approaches to
identify allosteric sites for drug binding or mechanisms of conformational transition.
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Figure 6. Rotamerization allows reorganization of the interactions. Three snapshots at 75 ns (a), 82 ns (b) and
90 ns (c) have been selected to show the reorganization of the interactions involving the consensus residues
during the activation-like transition. Top and bottom panels are viewed from the lateral and extracellular
sides, respectively. The top correlated residues are shown as sticks with the following color code: L7824,
purple; H79%%°, cyan, N119%%, green; $1223%, slate; 112642, orange; L127°#%, deep-teal; H203*#%, magenta.
Neighbor sidechains are shown as white sticks. The sodium ion is shown as a yellow sphere, water molecules
in coordination with the sodium ion or in the vicinity of H79** and W161** are shown as pink spheres. For
clarity purpose, a scale of 0.7 is used for the spheres.

In this paper, we developed a method aimed at determining (quasi-)simultaneous isomerization events of
sidechains in a MD trajectory to gain information on protein conformational transitions. When applied to a
transition from an inactive to an active-like state of CXCR4, this new method reveals several points of general use:

(1) The largest correlation scores observed with CIRCULAR correspond to rotamerization events and overlap
those observed with OMES. The consistency between CIRCULAR and OMES results indicates that the peri-
odic nature of the dihedral angles is correctly taken into account in the sinus space analyzed in Eq. (3)—an
effect that may be due to the presence of rotamers with well separated average sinus values.

(2) For each method, the network and the PCA approaches give similar results. PCA presents the advantage of
avoiding a user—defined parameter. Nevertheless, the choice of 25 top ranking pairs, representing about 5%
of the 480 dihedral angles analyzed, allows a fair consistency between network and PCA representations
of the data, with clusters corresponding to positions spread along the three principal components.

(3) Most angles in top ranking pairs have rare rotamerizations during the trajectory. However, some angles may
present instability during a part of the trajectory, transient changes to another rotameric state or secondary
transitions (see examples in Fig. 5a). Limiting the analysis to residues with a number of rotamerizations
below a cut-off value might prevent highlighting interesting “true” correlations.
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Figure 7. Collective variables highlight the delay between local and global changes. In (a), schematic
representation of the collective variables that describe local and global changes. The COV1 variables describe
the rotational motions of either the consensus eight angles (COV 1) or of the five angles that first rotamerize
(COV1s). The COV2 variable measures the distance between the Ca atoms of R134**° in TM3 (in blue) and
K234%%% in TM6 (in purple) in a ribbon representation of the seven TM bundle. In (b), time evolution of the
collective variables COV1; (purple), COV1; (blue) and COV2 (grey).

(4) The main differences between CIRCULAR and OMES are similar to those observed between the McBASC
and the OMES methods for sequence analysis®’. OMES favors a hub-like, overwhelming network, whereas
CIRCULAR is more successful in highlighting independent co-variations (see Supplementary Fig. S1). As a
matter of fact, the first principal component represents, respectively, for OMES and CIRCULAR, about 25%
and 15% of the data covariance. So, CIRCULAR might be the first choice for exploring a whole trajectory,
whereas OMES might lead to a wider coverage of correlated rotamerizations in link with a single transition
in (part of) a trajectory. Consensus results should shed light on important sidechain motions in complex
multistep transitions.

(5) More subtle differences are observed, mainly for the second or the third principal components. CIRCULAR
displays more variability in highlighted angles. For example, the 202.chil angle interconverted between the
(trans, g+) and (trans, g-) rotamers before and after the transition, respectively. By contrast, the 190.chil
angle remained in the same rotameric state, but its average values changed from - 80+ 11° to - 62+10°
upon the transition (Fig. S1).

Concerning the application of CIRCULAR and OMES to our case study (i.e., an activation-like transition of
CXCR4), the analyses highlighted eight dihedral angles that underwent a rotamerization within a 12 ns window
just before or during the conformational transition—a pattern that strongly suggests that these rotameriza-
tions might be important for the receptor conformational change. These rotamerizations were not stricto senso
“simultaneous,” but occurred in a sequential order that could be rationalized in terms of reorganization of the
interactions. Thus, these rotamerizations preceded (e.g. N119°3%) or accompanied (e.g. L126°*) the transition
from an inactive to an active-like conformation.

To further analyze these events, we defined the collective variables COV1z and COV1;in Eq. (6) to monitor
the rotational transitions associated with, respectively, the eight dihedral angles under scrutiny and the five dihe-
dral angles that first rotamerized. In Fig. 7, they were compared to COV2, the collective variable describing the
activation-like transition of CXCR4. The 8 ns delay between the first five rotamerizations and the activation-like
transition strongly suggests an allosteric mechanism in which the local changes monitored by COVI; facilitate
the subsequent global change measured by COV2.

Among the interconverting residues, the rotamerization of N119** appears to be a key step for receptor
activation—an effect consistent with functional and structural data. First, the mutation of N119%2° to Ser or Ala
confers constitutive activity to CXCR4%, supporting a role of negative modulator for N119**. Second, in the
inactive structures of CXCR4* and related receptors, such as the p opioid receptor?, the angiotensin II (AnglI)
receptor AT1% and the protease-activated receptor 1%, N3.35 is in the trans conformation. In this inward ori-
entation, it can participate in the coordination of the sodium ion and thus in the stabilization of the inactive
state®®%. By contrast, the g— rotamer of N3.35, directed outward, has been observed in the active conformation
of three CXCRA4 related receptors, the p opioid receptor’’, and the Angll receptors AT17! and AT27>7%. These
data suggest that the orientation of N3.35 may be an important feature of receptor activation. Finally, by exten-
sive MD simulations of diverse active forms of AT1, Lefkowitz and co-workers’ have shown evidence that the
orientation of N3.35 plays a major allosteric role in receptor function. The outward orientation of N3.35 favors
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the canonical active conformation of AT1 prone to G protein signaling whereas the inward orientation favors
an alternative active conformation prone to B-arrestin signaling. Taken together, these data strongly suggest that
the outward motion of N119*** that we observe during the CXCR4 simulation plays an important allosteric role
in the activation of this receptor.

It is important to note that water permeation within the transmembrane fold preceded these events and
played an important role in the subsequent steps. First, water entrance (Fig. 1a) modified the coordination
of the sodium ion with substitution of H2947° by water molecules, which is expected to weaken the sodium
binding site. Second, water could directly favor sidechain motion. As an example, Supplementary Fig. S2 shows
that the outward rotamerization of N119** occurred when a water molecule was located near S122%3 on the
outward face of TM3 and that the escape of the water molecule was followed by the rotamerization of $12233,
Water is an important element of GPCR activation? and, indeed, GPCR activation during aMD simulations can
be observed with the dual boost procedure which “accelerates” water molecules but not with the single boost
procedure which acts only on dihedral angles?.

It is also important to note that the rotamerization of N119°~° was immediately followed by the rotameriza-
tion of H203>*? (a residue involved in signal transmission®®) and then by a reorganization of H-bonding pattern
of this latter residue from TM3 to TM6—a reorganization modifying the interactions stabilizing the receptor
structure. Reorganization of packing interaction upon the transition was also observed for the packing of L78%%
with TM1 and of L127°* with TM5 and TM6 (Fig. 5). The role of L127>* in the transition pathway is consistent
with the constitutive activation of several receptors upon mutation of this position”.

The N119** rotational motion allowed the sodium ion (1) to escape its canonical binding site, strongly
altering the stability of the inactive structure and (2) to move to a secondary site in the vicinity of W252%4%, This
latter residue is an important molecular switch for receptor activation'®’¢. The observation of the conformational
transition when the sodium ion is in the vicinity of W252%4 suggests that the sodium ion might have a dual
role, acting, respectively, as negative and positive allosteric modulator, in the canonical and in secondary sites.
The dual effect of sodium on receptor activation has been observed for opioid receptors®7”7® and might be a
general feature of class A GPCRs®. Finally, the role of the N119°* rotamerization in the activation suggests that
the cleft between TM2 and TM4 might be an allosteric site, with ligands favoring the rotamerization of N119*%
toward the membrane acting as positive allosteric modulators. This effect is reminiscent of the agonist role of
pepducins that can activate CXCR4 receptor through an intracellular mechanism’®%.

In conclusion, applied to a spontaneous transition of CXCR4, observed during a 180 ns aMD simulation,
our method (1) highlights “collaborative” sidechain motions that immediately preceded the conformational
transition and (2) suggests an allosteric mechanism involving N3.35 that makes sense for a receptor with this
sequence motif. However, these results do not imply that there is a unique transition pathway for CXCR4 activa-
tion. Indeed, enhanced MD simulations of GPCR activation using adaptive sampling or biased MD simulations
suggest the existence of multiple transition pathways'>%. This pattern is consistent with the dynamic character
of protein structures and the flexibility of the interactions within a protein that may be best described using net-
work formalism®#2. In any case, the present analysis provides the proof-of-concept that the correlation method
developed here is a valuable exploratory technique that helps decipher complex reactional pathways.
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Data availability

All the data used for this article have been deposited at the Mendeley Data Repository (https://doi.org/10.17632
/5v7bmfctsz.1). The description of the deposited data is given in Supplementary File S1. The scripts developed
for this study have been integrated into the R package Bios2cor (version 2.1) that is available at the Compre-
hensive R Archive Network (https://cran.r-project.org/web/packages/Bios2cor/index.html).

Received: 11 February 2020; Accepted: 25 June 2020
Published online: 28 September 2020

References
1. Westbrook, J. D. & Burley, S. K. How structural biologists and the protein data bank contributed to recent FDA new drug approvals.
Structure https://doi.org/10.1016/j.str.2018.11.007 (2018).
2. Henzler-Wildman, K. & Kern, D. Dynamic personalities of proteins. Nature 450, 964-972. https://doi.org/10.1038/nature06522
(2007).
3. Arthanari, H., Takeuchi, K., Dubey, A. & Wagner, G. Emerging solution NMR methods to illuminate the structural and dynamic
properties of proteins. Curr. Opin. Struct. Biol. https://doi.org/10.1016/j.sbi.2019.06.005 (2019).
4. Harpole, T. J. & Delemotte, L. Conformational landscapes of membrane proteins delineated by enhanced sampling molecular
dynamics simulations. Biochim. Biophys. Acta 909-926, 2018. https://doi.org/10.1016/j.bbamem.2017.10.033 (1860).
5. Goossens, K. & De Winter, H. Molecular dynamics simulations of membrane proteins: an overview. J. Chem. Inf. Model. 58,
2193-2202. https://doi.org/10.1021/acs.jcim.8b00639 (2018).
6. Damgen, M. A. & Biggin, P. C. Computational methods to examine conformational changes and ligand-binding properties:
examples in neurobiology. Neurosci. Lett. https://doi.org/10.1016/j.neulet.2018.03.004 (2018).
7. Bonomi, M., Heller, G. T., Camilloni, C. & Vendruscolo, M. Principles of protein structural ensemble determination. Curr. Opin.
Struct. Biol. 42, 106-116. https://doi.org/10.1016/j.sbi.2016.12.004 (2017).
8. Lindorff-Larsen, K., Maragakis, P.,, Piana, S. & Shaw, D. E. Picosecond to millisecond structural dynamics in human ubiquitin. J.
Phys. Chem. B 120, 8313-8320. https://doi.org/10.1021/acs.jpcb.6b02024 (2016).
9. Shaw, D. E. et al. Atomic-level characterization of the structural dynamics of proteins. Science 330, 341-346. https://doi.org/10.1126/
science.1187409 (2010).
10. Kohlhoff, K. J. et al. Cloud-based simulations on google exacycle reveal ligand modulation of GPCR activation pathways. Nature
chemistry 6, 15-21. https://doi.org/10.1038/nchem.1821 (2014).
11. Martinez-Rosell, G., Giorgino, T., Harvey, M. J. & de Fabritiis, G. Drug discovery and molecular dynamics: methods, applications
and perspective beyond the second timescale. Curr. Top. Med. Chem. 17, 2617-2625. https://doi.org/10.2174/156802661766617
0414142549 (2017).

SCIENTIFIC REPORTS |

(2020) 10:15901 | https://doi.org/10.1038/s41598-020-72766-1


https://doi.org/10.17632/5v7bmfctsz.1
https://doi.org/10.17632/5v7bmfctsz.1
https://cran.r-project.org/web/packages/Bios2cor/index.html
https://doi.org/10.1016/j.str.2018.11.007
https://doi.org/10.1038/nature06522
https://doi.org/10.1016/j.sbi.2019.06.005
https://doi.org/10.1016/j.bbamem.2017.10.033
https://doi.org/10.1021/acs.jcim.8b00639
https://doi.org/10.1016/j.neulet.2018.03.004
https://doi.org/10.1016/j.sbi.2016.12.004
https://doi.org/10.1021/acs.jpcb.6b02024
https://doi.org/10.1126/science.1187409
https://doi.org/10.1126/science.1187409
https://doi.org/10.1038/nchem.1821
https://doi.org/10.2174/1568026617666170414142549
https://doi.org/10.2174/1568026617666170414142549

www.nature.com/scientificreports/

12.
13.

14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

38.

39.
40.
41.
42.

43.
44,

45.
46.
. Agostinelli, C. & Lund, U. R Package ’Circular’: Circular Statistics (version 0.4-93). (2017).
48.
49.
50.

51.
52.

53.

Kapoor, A., Martinez-Rosell, G., Provasi, D., de Fabritiis, G. & Filizola, M. Dynamic and kinetic elements of micro-opioid receptor
functional selectivity. Sci. Rep. 7, 11255. https://doi.org/10.1038/s41598-017-11483-8 (2017).

Doshi, U. & Hamelberg, D. Towards fast, rigorous and efficient conformational sampling of biomolecules: advances in accelerated
molecular dynamics. Biochem. Biophys. Acta. 878-888, 2015. https://doi.org/10.1016/j.bbagen.2014.08.003 (1850).

Gedeon, P. C., Thomas, J. R. & Madura, J. D. Accelerated molecular dynamics and protein conformational change: a theoretical
and practical guide using a membrane embedded model neurotransmitter transporter. Methods Mol. Biol. 1215, 253-287. https
://doi.org/10.1007/978-1-4939-1465-4_12 (2015).

Capper, M. J. & Wacker, D. How the ubiquitous GPCR receptor family selectively activates signalling pathways. Nature 558,
529-530. https://doi.org/10.1038/d41586-018-05503-4 (2018).

Zhou, X. E., Melcher, K. & Xu, H. E. Understanding the GPCR biased signaling through G protein and arrestin complex structures.
Curr. Opin. Struct. Biol. 45, 150-159. https://doi.org/10.1016/j.sbi.2017.05.004 (2017).

Kang, Y. et al. Crystal structure of rhodopsin bound to arrestin by femtosecond X-ray laser. Nature 523, 561-567. https://doi.
org/10.1038/nature14656 (2015).

Rasmussen, S. G. et al. Crystal structure of the beta2 adrenergic receptor-Gs protein complex. Nature 477, 549-555. https://doi.
org/10.1038/nature10361 (2011).

Nygaard, R., Frimurer, T. M., Holst, B., Rosenkilde, M. M. & Schwartz, T. W. Ligand binding and micro-switches in 7TM receptor
structures. Trends Pharmacol. Sci. 30, 249-259. https://doi.org/10.1016/j.tips.2009.02.006 (2009).

Venkatakrishnan, A. J. et al. Diverse activation pathways in class A GPCRs converge near the G-protein-coupling region. Nature
536, 484-487. https://doi.org/10.1038/nature19107 (2016).

Venkatakrishnan, A. J. et al. Molecular signatures of G-protein-coupled receptors. Nature 494, 185-194. https://doi.org/10.1038/
nature11896 (2013).

Venkatakrishnan, A. J. et al. Diverse GPCRs exhibit conserved water networks for stabilization and activation. Proc. Natl. Acad.
Sci. USA 116, 3288-3293. https://doi.org/10.1073/pnas.1809251116 (2019).

Latorraca, N. R., Venkatakrishnan, A. J. & Dror, R. O. GPCR dynamics: structures in motion. Chem. Rev. 117, 139-155. https://
doi.org/10.1021/acs.chemrev.6b00177 (2017).

Hilger, D., Masureel, M. & Kobilka, B. K. Structure and dynamics of GPCR signaling complexes. Nat. Struct. Mol. Biol. 25, 4-12.
https://doi.org/10.1038/s41594-017-0011-7 (2018).

Dror, R. O. et al. Activation mechanism of the beta2-adrenergic receptor. Proc. Natl. Acad. Sci. USA 108, 18684-18689. https://
doi.org/10.1073/pnas.1110499108 (2011).

Provasi, D. & Filizola, M. Putative active states of a prototypic g-protein-coupled receptor from biased molecular dynamics. Biophys.
J. 98, 2347-2355. https://doi.org/10.1016/.bpj.2010.01.047 (2010).

Miao, Y., Nichols, S. E., Gasper, P. M., Metzger, V. T. & McCammon, J. A. Activation and dynamic network of the M2 muscarinic
receptor. Proc. Natl. Acad. Sci. USA 110, 10982-10987. https://doi.org/10.1073/pnas.1309755110 (2013).

Miao, Y., Caliman, A. D. & McCammon, J. A. Allosteric effects of sodium ion binding on activation of the m3 muscarinic g-protein-
coupled receptor. Biophys. J. 108, 1796-1806. https://doi.org/10.1016/j.bp;j.2015.03.003 (2015).

Tikhonova, I. G., Selvam, B., Ivetac, A., Wereszczynski, J. & McCammon, J. A. Simulations of biased agonists in the beta(2) adr-
energic receptor with accelerated molecular dynamics. Biochemistry 52, 5593-5603. https://doi.org/10.1021/bi400499n (2013).
Killian, B. J. et al. Configurational entropy in protein-peptide binding: computational study of Tsg101 ubiquitin E2 variant domain
with an HIV-derived PTAP nonapeptide. J. Mol. Biol. 389, 315-335. https://doi.org/10.1016/j.jmb.2009.04.003 (2009).

Vaidehi, N. & Jain, A. Internal coordinate molecular dynamics: a foundation for multiscale dynamics. J. Phys. Chem. B 119,
1233-1242. https://doi.org/10.1021/jp509136y (2015).

Sealfon, S. C. et al. Related contribution of specific helix 2 and 7 residues to conformational activation of the serotonin 5-HT2A
receptor. J. Biol. Chem. 270, 16683-16688 (1995).

Taddese, B. et al. Evolution of chemokine receptors is driven by mutations in the sodium binding site. PLoS Comput. Biol. 14,
€1006209. https://doi.org/10.1371/journal.pcbi.1006209 (2018).

Wu, B. et al. Structures of the CXCR4 chemokine GPCR with small-molecule and cyclic peptide antagonists. Science 330, 1066—
1071. https://doi.org/10.1126/science.1194396 (2010).

Fenalti, G. et al. Molecular control of delta-opioid receptor signalling. Nature 506, 191-196. https://doi.org/10.1038/nature12944
(2014).

Jo, S. et al. CHARMM-GUI 10 years for biomolecular modeling and simulation. J. Comput. Chem. 38, 1114-1124. https://doi.
0rg/10.1002/jcc.24660 (2017).

Phillips, J. C. et al. Scalable molecular dynamics with NAMD. J. Comput. Chem. 26, 1781-1802. https://doi.org/10.1002/jcc.20289
(2005).

Best, R. B. et al. Optimization of the additive CHARMM all-atom protein force field targeting improved sampling of the backbone
phi, psi and side-chain chi(1) and chi(2) dihedral angles. J. Chem. Theory Comput. 8, 3257-3273. https://doi.org/10.1021/ct300
400x (2012).

Klauda, J. B. et al. Update of the CHARMM all-atom additive force field for lipids: validation on six lipid types. J. Phys. Chem. B
114, 7830-7843. https://doi.org/10.1021/jp101759q (2010).

Daydé, M. et al. E-Biothon: an experimental platform for Biolnformatics. In Proceedings of International Conference on Computer
Science and Information Technologies (2015 CSIT) 1-4 (IEEE, 2015).

Wang, Y., Harrison, C. B., Schulten, K. & McCammon, J. A. Implementation of accelerated molecular dynamics in NAMD. Comput.
Sci. Discov. https://doi.org/10.1088/1749-4699/4/1/015002 (2011).

Grant, B. J., Rodrigues, A. P, ElSawy, K. M., McCammon, J. A. & Caves, L. S. Bio3d: an R package for the comparative analysis of
protein structures. Bioinformatics 22, 2695-2696. https://doi.org/10.1093/bioinformatics/btl461 (2006).

Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. J. Mol. Graph. 14(33-38), 27-38 (1996).

Towse, C. L., Rysavy, S. J., Vulovic, I. M. & Daggett, V. New dynamic rotamer libraries: data-driven analysis of side-chain confor-
mational propensities. Structure 24, 187-199. https://doi.org/10.1016/j.5tr.2015.10.017 (2016).

Fisher, N. I. & Lee, A. J. A correlation-coefficient for circular data. Biometrika 70, 327-332. https://doi.org/10.1093/biomet/70.2.327
(1983).

Jammalamadaka, S. R. & SenGupta, A. Topics in Circular Statistics (World Scientific Co. Ltd., Singapore, 2001).

Fodor, A. A. & Aldrich, R. W. Influence of conservation on calculations of amino acid covariance in multiple sequence alignments.
Proteins 56, 211-221. https://doi.org/10.1002/prot.20098 (2004).

Fodor, A. A. & Aldrich, R. W. On evolutionary conservation of thermodynamic coupling in proteins. J. Biol. Chem. 279, 19046—
19050. https://doi.org/10.1074/jbc.M402560200 (2004).

Pele, J. et al. Comparative analysis of sequence covariation methods to mine evolutionary hubs: examples from selected GPCR
families. Proteins 82, 2141-2156. https://doi.org/10.1002/prot.24570 (2014).

Abdi, H. Z-scores. In Encyclopedia of Measurement and Statistics (ed N.J. Salkind) 1057-1058 (Sage, 2007).

Su, G., Morris, J. H., Demchak, B. & Bader, G. D. Biological network exploration with Cytoscape 3. Curr. Protoc. Bioinform. 47,
11-24. https://doi.org/10.1002/0471250953.bi0813s47 (2014).

Abdi, H. & Williams, L. J. Principal component analysis. Wiley Interdiscip. Rev. 2, 433-459 (2010).

SCIENTIFIC REPORTS |

(2020) 10:15901 | https://doi.org/10.1038/s41598-020-72766-1


https://doi.org/10.1038/s41598-017-11483-8
https://doi.org/10.1016/j.bbagen.2014.08.003
https://doi.org/10.1007/978-1-4939-1465-4_12
https://doi.org/10.1007/978-1-4939-1465-4_12
https://doi.org/10.1038/d41586-018-05503-4
https://doi.org/10.1016/j.sbi.2017.05.004
https://doi.org/10.1038/nature14656
https://doi.org/10.1038/nature14656
https://doi.org/10.1038/nature10361
https://doi.org/10.1038/nature10361
https://doi.org/10.1016/j.tips.2009.02.006
https://doi.org/10.1038/nature19107
https://doi.org/10.1038/nature11896
https://doi.org/10.1038/nature11896
https://doi.org/10.1073/pnas.1809251116
https://doi.org/10.1021/acs.chemrev.6b00177
https://doi.org/10.1021/acs.chemrev.6b00177
https://doi.org/10.1038/s41594-017-0011-7
https://doi.org/10.1073/pnas.1110499108
https://doi.org/10.1073/pnas.1110499108
https://doi.org/10.1016/j.bpj.2010.01.047
https://doi.org/10.1073/pnas.1309755110
https://doi.org/10.1016/j.bpj.2015.03.003
https://doi.org/10.1021/bi400499n
https://doi.org/10.1016/j.jmb.2009.04.003
https://doi.org/10.1021/jp509136y
https://doi.org/10.1371/journal.pcbi.1006209
https://doi.org/10.1126/science.1194396
https://doi.org/10.1038/nature12944
https://doi.org/10.1002/jcc.24660
https://doi.org/10.1002/jcc.24660
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1021/ct300400x
https://doi.org/10.1021/ct300400x
https://doi.org/10.1021/jp101759q
https://doi.org/10.1088/1749-4699/4/1/015002
https://doi.org/10.1093/bioinformatics/btl461
https://doi.org/10.1016/j.str.2015.10.017
https://doi.org/10.1093/biomet/70.2.327
https://doi.org/10.1002/prot.20098
https://doi.org/10.1074/jbc.M402560200
https://doi.org/10.1002/prot.24570
https://doi.org/10.1002/0471250953.bi0813s47

www.nature.com/scientificreports/

54.

Dunbrack, R. L. Jr. & Karplus, M. Conformational analysis of the backbone-dependent rotamer preferences of protein sidechains.
Nat. Struct. Biol. 1, 334-340 (1994).

55. Scherer, S. L., Stewart, A. L. & Fortenberry, R. C. Patterns of cation binding to the aromatic amino acid R groups in Trp, Tyr, and
Phe. Comput. Biol. Chem. 72, 11-15. https://doi.org/10.1016/j.compbiolchem.2017.12.009 (2018).

56. Wescott, M. P. et al. Signal transmission through the CXC chemokine receptor 4 (CXCR4) transmembrane helices. Proc. Natl.
Acad. Sci. USA 113, 9928-9933. https://doi.org/10.1073/pnas.1601278113 (2016).

57. Shang, Y. et al. Mechanistic insights into the allosteric modulation of opioid receptors by sodium ions. Biochemistry 53, 5140-5149.
https://doi.org/10.1021/bi5006915 (2014).

58. Vickery, O. N. et al. Intracellular transfer of Na(+) in an active-state G-protein-coupled receptor. Structure 26, 171-180. https://
doi.org/10.1016/j.str.2017.11.013 (2018).

59. Yuan, S., Vogel, H. & Filipek, S. The role of water and sodium ions in the activation of the mu-opioid receptor. Angew. Chem. 52,
10112-10115. https://doi.org/10.1002/anie.201302244 (2013).

60. Tribello, G. A. & Gasparotto, P. Using data-reduction techniques to analyze biomolecular trajectories. Methods Mol. Biol. 453-502,
2019. https://doi.org/10.1007/978-1-4939-9608-7_19 (2022).

61. Rohrdanz, M. A., Zheng, W. & Clementi, C. Discovering mountain passes via torchlight: methods for the definition of reaction
coordinates and pathways in complex macromolecular reactions. Annu. Rev. Phys. Chem. 64, 295-316. https://doi.org/10.1146/
annurev-physchem-040412-110006 (2013).

62. Ernst, M., Sittel, F. & Stock, G. Contact- and distance-based principal component analysis of protein dynamics. J. Chem. Phys. 143,
244114. https://doi.org/10.1063/1.4938249 (2015).

63. Sittel, E, Jain, A. & Stock, G. Principal component analysis of molecular dynamics: on the use of Cartesian vs. internal coordinates.
J. Chem. Phys. 141, 014111. https://doi.org/10.1063/1.4885338 (2014).

64. Sittel, E. & Stock, G. Perspective: Identification of collective variables and metastable states of protein dynamics. J. Chem. Phys.
149, 150901. https://doi.org/10.1063/1.5049637 (2018).

65. Zhang, W. B. et al. A point mutation that confers constitutive activity to CXCR4 reveals that T140 is an inverse agonist and that
AMD3100 and ALX40-4C are weak partial agonists. J. Biol. Chem. 277, 24515-24521. https://doi.org/10.1074/jbc.M200889200
(2002).

66. Zhang, H. et al. Structure of the Angiotensin receptor revealed by serial femtosecond crystallography. Cell 161, 833-844. https://
doi.org/10.1016/j.cell.2015.04.011 (2015).

67. Zhang, C. et al. High-resolution crystal structure of human protease-activated receptor 1. Nature 492, 387-392. https://doi.
org/10.1038/nature11701 (2012).

68. Katritch, V. et al. Allosteric sodium in class A GPCR signaling. Trends Biochem. Sci. 39, 233-244. https://doi.org/10.1016/].
tibs.2014.03.002 (2014).

69. Zarzycka, B., Zaidi, S. A., Roth, B. L. & Katritch, V. Harnessing Ion-Binding sites for GPCR pharmacology. Pharmacol. Rev. 71,
571-595. https://doi.org/10.1124/pr.119.017863 (2019).

70. Koehl, A. et al. Structure of the micro-opioid receptor-Gi protein complex. Nature 558, 547-552. https://doi.org/10.1038/s4158
6-018-0219-7 (2018).

71. Wingler, L. M. et al. Angiotensin and biased analogs induce structurally distinct active conformations within a GPCR. Science
367, 888-892. https://doi.org/10.1126/science.aay9813 (2020).

72. Asada, H. et al. Crystal structure of the human angiotensin II type 2 receptor bound to an angiotensin II analog. Nat. Struct. Mol.
Biol. 25, 570-576. https://doi.org/10.1038/s41594-018-0079-8 (2018).

73. Zhang, H. et al. Structural basis for selectivity and diversity in angiotensin II receptors. Nature 544, 327-332. https://doi.
org/10.1038/nature22035 (2017).

74. Suomivuori, C. M. et al. Molecular mechanism of biased signaling in a prototypical G protein-coupled receptor. Science 367,
881-887. https://doi.org/10.1126/science.aaz0326 (2020).

75. Tao, Y. X., Abell, A. N, Liu, X., Nakamura, K. & Segaloff, D. L. Constitutive activation of G protein-coupled receptors as a result
of selective substitution of a conserved leucine residue in transmembrane helix III. Mol. Endocrinol. 14, 1272-1282. https://doi.
org/10.1210/mend.14.8.0503 (2000).

76. Trzaskowski, B. et al. Action of molecular switches in GPCRs-theoretical and experimental studies. Curr. Med. Chem. 19, 1090-
1109. https://doi.org/10.2174/092986712799320556 (2012).

77. Costa, T., Lang, J., Gless, C. & Herz, A. Spontaneous association between opioid receptors and GTP-binding regulatory proteins
in native membranes: specific regulation by antagonists and sodium ions. Mol. Pharmacol. 37, 383-394 (1990).

78. Selley, D. E., Cao, C. C,, Liu, Q. & Childers, S. R. Effects of sodium on agonist efficacy for G-protein activation in mu-opioid
receptor-transfected CHO cells and rat thalamus. Br. J. Pharmacol. 130, 987-996. https://doi.org/10.1038/sj.bjp.0703382 (2000).

79. Janz, J. M. et al. Direct interaction between an allosteric agonist pepducin and the chemokine receptor CXCR4. J. Am. Chem. Soc.
133, 15878-15881. https://doi.org/10.1021/ja206661w (2011).

80. Quoyer, J. et al. Pepducin targeting the C-X-C chemokine receptor type 4 acts as a biased agonist favoring activation of the inhibi-
tory G protein. Proc. Natl. Acad. Sci. USA 110, E5088-5097. https://doi.org/10.1073/pnas.1312515110 (2013).

81. Papaleo, E. Integrating atomistic molecular dynamics simulations, experiments, and network analysis to study protein dynamics:
strength in unity. Front. Mol. Biosci. 2, 28. https://doi.org/10.3389/fmolb.2015.00028 (2015).

82. Vuillon, L. & Lesieur, C. From local to global changes in proteins: a network view. Curr. Opin. Struct. Biol. 31, 1-8. https://doi.
org/10.1016/j.sbi.2015.02.015 (2015).

Acknowledgements

This study was supported by the ChemoTX_ProG Grant from the French National Research Agency to MC
(ANR-11-BSV2-026), and by institutional grants from INSERM, CNRS and University of Angers. This work
was granted access to HPC resources of IDRIS (GENCI Grant 100567 and E-biothon access to MC). BT was
supported by a fellowship from ANR. MC is supported by CNRS.

Author contributions

Conceptualization (B.T., M.C.), Methodology (B.T., M.C., H.A.), Software (B.T., A.G., M.C.), Validation (B.T.,
M.C.), Formal Analysis (B.T., M.C.), Investigation (B.T., M.C.), Resources (D.H., M.C.), Data Curation (M.C.),
Writing—Original Draft (M.C.), Writing—Review & Editing (B.T., D.H., M.C., H.A.), Visualization (B.T., M.C.),
Project Administration (M.C.), Funding Acquisition (D.H., M.C.), Supervision (M.C.).

Competing interests
The authors declare no competing interests.

SCIENTIFICREPORTS|  (2020)10:15901 | https://doi.org/10.1038/s41598-020-72766-1


https://doi.org/10.1016/j.compbiolchem.2017.12.009
https://doi.org/10.1073/pnas.1601278113
https://doi.org/10.1021/bi5006915
https://doi.org/10.1016/j.str.2017.11.013
https://doi.org/10.1016/j.str.2017.11.013
https://doi.org/10.1002/anie.201302244
https://doi.org/10.1007/978-1-4939-9608-7_19
https://doi.org/10.1146/annurev-physchem-040412-110006
https://doi.org/10.1146/annurev-physchem-040412-110006
https://doi.org/10.1063/1.4938249
https://doi.org/10.1063/1.4885338
https://doi.org/10.1063/1.5049637
https://doi.org/10.1074/jbc.M200889200
https://doi.org/10.1016/j.cell.2015.04.011
https://doi.org/10.1016/j.cell.2015.04.011
https://doi.org/10.1038/nature11701
https://doi.org/10.1038/nature11701
https://doi.org/10.1016/j.tibs.2014.03.002
https://doi.org/10.1016/j.tibs.2014.03.002
https://doi.org/10.1124/pr.119.017863
https://doi.org/10.1038/s41586-018-0219-7
https://doi.org/10.1038/s41586-018-0219-7
https://doi.org/10.1126/science.aay9813
https://doi.org/10.1038/s41594-018-0079-8
https://doi.org/10.1038/nature22035
https://doi.org/10.1038/nature22035
https://doi.org/10.1126/science.aaz0326
https://doi.org/10.1210/mend.14.8.0503
https://doi.org/10.1210/mend.14.8.0503
https://doi.org/10.2174/092986712799320556
https://doi.org/10.1038/sj.bjp.0703382
https://doi.org/10.1021/ja206661w
https://doi.org/10.1073/pnas.1312515110
https://doi.org/10.3389/fmolb.2015.00028
https://doi.org/10.1016/j.sbi.2015.02.015
https://doi.org/10.1016/j.sbi.2015.02.015

www.nature.com/scientificreports/

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-72766-1.

Correspondence and requests for materials should be addressed to M.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020)10:15901 | https://doi.org/10.1038/s41598-020-72766-1


https://doi.org/10.1038/s41598-020-72766-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Deciphering collaborative sidechain motions in proteins during molecular dynamics simulations
	Methods
	Molecular dynamics simulations of CXCR4. 
	Correlation scores. 
	Analysis of correlation scores. 
	Collective variables. 

	Results
	A large conformational change is observed in CXCR4 simulations. 
	CIRCULAR and OMES scores highlight a few correlated sidechain pairs. 
	A set of correlated sidechains rotamerize just before or during the transition. 
	Highlighted sidechains are involved in the mechanism of receptor activation. 

	Discussion
	References
	Acknowledgements


