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CC chemokine receptor 2 (CCR2) is a part of the chemokine recep-
tor family, an important class of therapeutic targets. These class A
G-protein coupled receptors (GPCRs) are involved in mammalian
signaling pathways and control cell migration toward endoge-
nous CC chemokine ligands, named for the adjacent cysteine
motif on their N terminus. Chemokine receptors and their asso-
ciated ligands are involved in a wide range of diseases and
thus have become important drug targets. CCR2, in particular,
promotes the metastasis of cancer cells and is also implicated
in autoimmunity-driven type-1 diabetes, diabetic nephropathy,
multiple sclerosis, asthma, atherosclerosis, neuropathic pain, and
rheumatoid arthritis. Although promising, CCR2 antagonists have
been largely unsuccessful to date. Here, we investigate the effect
of an orthosteric and an allosteric antagonist on CCR2 dynam-
ics by coupling long-timescale molecular dynamics simulations
with Markov-state model theory. We find that the antagonists
shift CCR2 into several stable inactive conformations that are
distinct from the crystal structure conformation and disrupt a
continuous internal water and sodium ion pathway, preventing
transitions to an active-like state. Several metastable conforma-
tions present a cryptic drug-binding pocket near the allosteric
site that may be amenable to targeting with small molecules.
Without antagonists, the apo dynamics reveal intermediate con-
formations along the activation pathway that provide insight into
the basal dynamics of CCR2 and may also be useful for future
drug design.

CC chemokine receptor 2 | CCR2 | GPCR | Markov-state model |
molecular dynamics simulations

The signaling axis of CC chemokine receptor 2 (CCR2) and
its endogenous ligand, CCL2, is a notable therapeutic target

due to its association with numerous diseases, including can-
cer, autoimmunity-driven type-1 diabetes, diabetic nephropathy,
multiple sclerosis, asthma, atherosclerosis, neuropathic pain, and
rheumatoid arthritis (1–3). Despite much effort that has been
devoted to clinical and preclinical trials, a successful antago-
nist has yet to be developed (4–7). Before a full-length crystal
structure of CCR2, several studies used homology modeling
and docking to gain insights into the structure and dynam-
ics of the protein and its associated ligands or small molecule
drugs (8–10). However, recently CCR2 was crystallized for the
first time (11), opening up new opportunities for rational drug
design.

As with most G-protein coupled receptors (GPCRs), che-
mokine receptors transmit signals across cell membranes by
means of extracellular ligand and intracellular G-protein bind-
ing. Distinct conformational states of the receptor are neces-
sary for chemokine/ligand binding, G-protein binding, activation,
inactivation, and signal transmission (12–14). GPCRs are no
longer considered to be simple on/off molecular switches—
instead, they assume a wide range of conformational states,
including ligand-specific states, intermediate states, and states
that allow for basal (apo) signaling without ligands bound (13,
15–21). Ligands and small molecule drugs may shift the equilib-
rium of the receptor’s conformational states toward particular

states. Effective small molecule antagonists that inhibit CCR2
signaling, potentially by shifting the receptor equilibrium toward
inactive conformational states, are desired for treatment of dis-
eases that involve the CCR2/CCL2 axis. Key challenges are to
characterize the basal dynamics of CCR2 and to understand
how current antagonistic small molecule drugs modulate these
dynamics. While crystal structures provide valuable snapshots of
proteins and protein complexes, they lack the ability to reveal
dynamics at the atomic level. Starting with the newly resolved
crystal structure of CCR2 [Protein Data Bank (PDB) ID:
5T1A], we performed multimicrosecond all-atom explicitly sol-
vated molecular dynamics (MD) simulations of the receptor in a
lipid bilayer in unbound (apo) and dual-antagonist–bound (holo)
states (Fig. 1). The two antagonists were cocrystallized with
CCR2: the orthosteric antagonist, BMS-681, and the allosteric
antagonist, CCR2-RA-[R]. Each system was simulated in tripli-
cate on Anton 2 (22) for a total of 260 µs (SI Appendix, Table S1
and Fig. S1).

While long-timescale (tens of microseconds) simulations are
useful for analyzing sequential conformational changes, simula-
tions are generally unable to directly probe timescales of biolog-
ical interest (milliseconds to seconds) (23). One way to bridge
this timescale gap is to couple MD simulations with Markov-
state model (MSM) theory (24–32) (described in SI Appendix,
Methods). Integrating MD simulations with MSMs allowed us to
extend the reach of simulated timescales and identify key dif-
ferences in the conformational ensembles and dominant slow
motions of apo and holo CCR2 (Fig. 1). We find that the
antagonists disrupt a continuous internal water and sodium
ion pathway, preventing transitions to an active-like state, and
shift CCR2 into several stable states that are distinct from the
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Fig. 1. MD simulations of CCR2 in a lipid bilayer were performed in apo and holo CCR2. (A) Sets of residue pairs surrounding the two ligand-binding pockets
were used with TICA (SI Appendix). The protein is shown in a white cartoon. Lipids are teal, red, and blue. The orthosteric and allosteric ligands are shown
in blue and orange, respectively, with interresidue pair distances denoted by similarly colored lines. (B and C) The free-energy and maximum-likelihood
HMMs of (B) apo and (C) holo CCR2, projected onto the first two TICA components. Coarse-grained states are labeled and colored. Transition rates between
macrostates are represented by arrows reported in units of ms−1.

crystal structure conformation, three of which present a cryptic
druggable pocket. Without antagonists, intermediate conforma-
tions with active-state conformational signatures shed light on
the apo dynamics of CCR2 and may also be useful for future
drug design.

Results and Discussion
To compare the conformational landscapes of apo and holo
CCR2 we ran all-atom MD simulations totaling 260 µs on
Anton 2 (22, 33). For one MD replicate of the holo system,
we observed the orthosteric drug dissociate from the protein.
Analyzing the conformations before and after ligand dissocia-
tion yields a first glimpse of the allosteric effect of the remaining
antagonist on the protein dynamics and provides a starting point
for future rounds of adaptive sampling to obtain robust dis-
sociation statistics (not pursued here). To extend the analysis
beyond a dissociation event and connect to longer-timescale phe-
nomena, MSMs were constructed from the trajectories (Fig. 1
B and C). The variational approach for conformation dynamics
(34), specifically time-structure–based independent component
analysis (TICA) (35, 36), was used to perform dimensionality
reduction for the MSMs and identify the features and collec-
tive variables [time-structure–based independent components
(TICs)] that best represent the dominant slow motions. The
MSMs create human-interpretable models that we use to inter-
rogate the conformational and kinetic differences between the
two ensembles to derive understandings about the mechanisms
underlying the effects of CCR2 antagonism. Further method-
ological details are provided in Materials and Methods and SI
Appendix.

Comparison of the CCR2 Conformational Ensemble with Other Class A
GPCRs. We compare representative states from the apo and holo
conformational ensemble with other class A GPCRs to establish
similarities within the class. We find that the states of apo CCR2
have conformational signatures found in the active or interme-
diately active states of GPCRs, suggesting that these states are
on a pathway toward activation. Holo CCR2 diverges from the
crystal structure to form distinct states that expose putative drug-
binding pockets and reveal the effect of antagonists on receptor
dynamics. The most populated holo macrostate, J, is not repre-
sentative of the crystal structure as it deviates 10.8 Å from the
crystal structure conformation (Fig. 1C).

We evaluate the metastable states by comparing helical con-
formational signatures and conserved groups of structurally
neighboring amino acids called “microswitches.” These include

NPxxY (Tyr- 3057.53), DRY (Arg- 1383.50), Tyr- 2225.58, sets of
residues in the orthesteric and allosteric binding sites, and the
chemokine and G-protein binding pockets to the inactive crys-
tal structure of CCR2 that we used in this study (PDB ID:
5T1A); an intermediately active crystal structure of a class A
GPCR, A2AAR [PDB ID: 2YDO (37); 25% sequence identity
to CCR2]; the active crystal structure of a class A GPCR, US28
[PDB ID: 4XT3 (38); 30% sequence identity to CCR2]; and
three other chemokine receptors, CCR5 [PDB ID: 4MBS (39)],
CCR9 [PDB ID: 5LWE (40)], and CXCR4 [PDB ID: 4RWS
(41)]. Signatures of an active GPCR state include (i) the inward
shift of the intracellular part of helix VII toward the helical
bundle, (ii) the outward shift of the intracellular part of helix
VI in concert with helix V, (iii) the upward shift and lateral
movement of helix III, and (iv) the rearrangements of conserved
microswitches (15). According to these metrics, the starting crys-
tal structure of CCR2 is in an inactive conformation (11), the
crystal structure of A2AAR is in an intermediately active con-
formation, and the crystal structure of US28 is in an active
conformation.
Apo macrostates show an active-like inward shift of the intracel-
lular part of helix VII toward the helical bundle. All of the apo
macrostates exhibit an active-state hallmark (Fig. 2A): The intra-
cellular end of helix VII tilts slightly inward toward the center
of the helical bundle. More prominently, the extracellular end
of helix VII tilts outward, resembling the active conformation of
US28. The holo macrostates show the opposite: The intracellu-
lar end of helix VII tilts slightly outward and the extracellular
end of helix VII tilts inward, remaining in the crystal structure
conformation.
Holo macrostates, not apo, show an active-like outward shift of
the intracellular part of helix VI in concert with helix V. Helices
V and VI in the apo macrostates are not in an active con-
formation. Instead, it is the holo macrostates that have the
intracellular end of helices V and VI tilting outward to resemble
the active conformation (Fig. 2 C and D), suggesting that nei-
ther apo nor holo macrostates are in an exclusively inactive or
active conformational state, despite starting from a particularly
inactive crystal structure. Due to this outward motion of helix
VI, holo macrostates K and L exhibit a more open G-protein
binding site compared with holo macrostate G which is more
closed (Fig. 1 B and C). The root mean square fluctuation of
the allosteric ligand is larger in macrostates K and L, indicating
that the inactive (inward) conformation of helix VI may play a
critical role in stabilization of the allosteric ligand (SI Appendix,
Fig. S2).
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Fig. 2. Apo and holo macrostates are compared with the active crystal
structure of US28 (green, PDB ID 4XT3) or the active crystal structure of
A2AAR (yellow, PDB ID 2YDO) and the inactive crystal structure of CCR2
(gray, PDB ID 5T1A). (A) Helix VII of apo macrostates resembles the active
conformation of US28; holo macrostates resemble the CCR2 crystal struc-
ture. (B) The conformation of helix III in apo macrostates subtly resembles
active A2AAR; holo macrostates are tilted away from the center of the heli-
cal bundle. (C and D) Helices V and VI of apo macrostates straighten or tilt
in toward the center of the protein, similar to the active conformation of
US28 and the inactive CCR2 crystal structure; helices V and VI of several holo
macrostates tilt away from the binding sites, accessing more active-like con-
formations than the apo macrostates or even the active state of US28. (E)
Helix II in the apo macrostates shifts inward; in the holo macrostates it shifts
outward. (F) In licorice are conserved motifs TYR- 3057.53 and TYR- 2225.58.
All six apo metastable states assume a new conformation for TYR- 3057.53,
pointing intracellulary and in a similar conformation to active A2AAR. Six
of the seven holo metastable states have TYR- 3057.53 in the same con-
formation as the equilibrated crystal structure. Postligand-dissociation holo
state L assumes a new position of TYR- 3057.53, more similar to the domi-
nant apo conformation. Apo metastable states sample a narrower range of
conformations for TYR- 2225.58 than holo.

Apo macrostates show an active-like upward shift and lateral
movement of helix III. Apo macrostates also resemble the active
conformation by the slight upward shift of helix III, unlike holo
macrostates, which remain in a position similar to the inactive
crystal structure (Fig. 2B).
The rearrangements of conserved microswitches suggest that
apo macrostates resemble active states, and holo macrostates
resemble inactive states.

NPxxY motif (Tyr- 3057.53). In the inactive conformation of
GPCRs, Tyr- 3057.53 points toward helix I, II, or VIII (in CCR2,
it points toward II), and in the active state Tyr- 3057.53 points
toward the middle axis of the helical bundle (15). Each apo
macrostate shows Tyr- 3057.53 pointing downward into the intra-
cellular (G-protein) binding pocket (Fig. 2F). This positioning
of Tyr- 3057.53 matches the intermediately active conformation
of A2AAR, which also points down. It does not match the active
conformation in US28 that points up and is also distinct from
the inactive crystal structure of CCR2. In six of the seven holo
macrostates, Tyr- 3057.53 is stabilized in the inactive state and
matches the inactive CCR2 crystal structure conformation as well
as the inactive chemokine receptor crystal structures of CCR5
and CCR9.

The holo macrostate in which Tyr- 3057.53 is not stabilized in
the inactive conformation is accessed after the orthosteric lig-
and dissociates (state L, Figs. 1C and 2F); the allosteric pocket
residues rearrange and Tyr- 3057.53 assumes a downward confor-

mation similar to the apo states and CXCR4. These concerted
events may indicate allosteric cross-talk between the chemokine
binding site and the G-protein binding site.

The microswitch residue Trp- 2566.48 and the interaction of
the DRY motif (Arg- 1383.50) with Tyr- 2225.58. Apo and holo
macrostates both maintain the same chi angle of the conserved
microswitch residue Trp- 2566.48 which describes an active GPCR
when it switches from gauche to trans conformation and facil-
itates the interaction of Tyr- 2225.58 and Tyr- 3057.53. In the
CCR2 crystal structure and the crystal structures of chemokine
receptors CCR5 and CXCR4, Trp- 2566.48 points upward and
extends into the helical core. Each apo macrostate shows Trp-
2566.48 in a single conformation pointing toward helix III (SI
Appendix, Fig. S3). In the holo macrostates, Trp- 2566.48 accesses
three distinct conformations: one resembling the crystal struc-
ture but with the helix shifted slightly outward from the heli-
cal core, another one that laterally twists toward helix V, and
another conformation that points down into the helical core
toward the G-protein binding site (SI Appendix, Fig. S3). This
third conformation, in which the orthosteric ligand has disso-
ciated, represented by the holo macrostate L, further suggests
cross-talk between the chemokine binding site and the rest of
the protein.

The interaction of these two tyrosines and Arg- 1383.50 also
characterizes an active-state GPCR (42). In the inactive crys-
tal structure of CCR2, Tyr- 2225.58 points toward lipids, steri-
cally blocked by Phe- 2466.38 from interaction with Arg- 1383.50

and Tyr- 3057.53 (11). In apo macrostates, Tyr- 2225.58 remains
pointed toward the lipids, never swiveling around to interact
with Arg- 1383.50 or Tyr- 3057.53 as occurs in activated GPCR
states (Fig. 2F). Holo macrostates actually show increased range
of motion of Tyr- 2225.58, diverging from the crystal structure
and stabilizing in unique intermediate conformations. The steric
obstruction from Phe- 2466.38 is alleviated in both apo and holo
macrostates, as Phe- 2466.38 swings outward and points toward
the lipids. The conformations of these microswitch residues indi-
cate that both apo and holo macrostates are sampling different
conformations.
Formation of continuous water pathway suggests movement
of apo toward activation. Internal water molecules, which may
influence conformational changes in GPCRs by interfering with
hydrogen-bonding networks of the receptor’s backbone and side
chains, are postulated to be an integral part of receptor activa-
tion in GPCRs (43–46). Work in other GPCRs has additionally
shown that activation can allow water and sodium ions to flow
through the GPCR core (47). Furthermore, it has been shown
that the activation of GPCRs is voltage sensitive (48). Our sim-
ulations enable the direct visualization of water and sodium ion
density in both CCR2 ensembles.

A continuous internal water pathway forms in apo CCR2
(Fig. 3A). The antagonists disrupt this water pathway, slowing
the rate of water entry into and egress out of the protein core
(Fig. 3A). An analysis of the water occupancy per residue (SI
Appendix, Fig. S4A) indicates that several of the high water occu-
pancy residues (e.g., Asp- 361.26, Ser- 501.40, Glu- 2356.27, Lys-
2366.28, Glu- 3108.48, and Lys- 3118.49) may be exposed to more
water in the apo simulations than in the holo simulations simply
because the ligands have been removed and the water has access
to the binding pockets. The other residues (e.g., Asp- 782.40, Tyr-
802.42, Asp- 882.50, Leu- 922.54, Ile- 932.55, Gly- 1273.39, Ile- 1283.40,
Glu- 2917.39, and Phe- 3128.50) reside in the protein core, along
the continuous pathway (Fig. 3A).

Class A GPCRs possess a conserved sodium binding site at
Asp2.50 corresponding to Asp- 88 in CCR2 (49). The role of
sodium is thought to contribute to the mechanism of receptor

Taylor et al. PNAS | April 23, 2019 | vol. 116 | no. 17 | 8133

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814131116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814131116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814131116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814131116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814131116/-/DCSupplemental


Fig. 3. Ligands disrupt a continuous internal water and sodium ion path-
way. (A and B) Average water density over a 50-µs simulation of (A) apo
(teal) and (B) holo (red). The orthosteric ligand is shown in blue and the
allosteric ligand is shown in orange. (C and D) Total average sodium ion
density in (C) apo and (D) holo. Highest-occupancy residues are depicted in
cyan licorice and plotted in SI Appendix, Fig. S4.

activation (50–52). In particular, dynamics of activation were
previously hypothesized to impinge upon the sodium binding
pocket, eventually leading to ion permeation from the sodium
binding site into the cytosol (51). A sodium ion occupancy
per residue analysis (Fig. 3C and SI Appendix, Fig. S4B) indi-
cates that, while no sodium permeation events into the cytosol
were observed in the apo trajectories, ions interact with sodium
binding-site residues Asp- 882.50, Glu- 2917.39, and His- 2977.45. In
holo CCR2, sodium does not interact with binding-site residues,
preventing the possibility of a permeation event (Fig. 3D and SI
Appendix, Fig. S4B).

Effects of Antagonist Binding on CCR2 Dynamics. Comparisons of
the apo and holo MSMs elucidate the effects of antagonists on
CCR2 dynamics. Notably, apo relaxation timescales are an order
of magnitude less than holo relaxation timescales (SI Appendix,
Table S2), indicating that the antagonists greatly perturb CCR2
dynamics. The motions described by apo and holo TIC 0 rep-
resent the most striking difference between the two systems’
dynamics. In the apo MSM, the interresidue distances most
closely correlated with apo TIC 0 are all a part of the allosteric
(G-protein) binding pocket, whereas in the holo MSM, the inter-
residue distances most closely correlated with holo TIC 0 are
all a part of the orthosteric (chemokine) binding pocket (SI
Appendix, Fig. S5).

Apo TIC 1 represents the flipping of Trp- 982.60 into the
orthosteric drug binding site (SI Appendix, Figs. S5C and S7 A
and B). In the crystal structure Trp- 982.60 packs with the trisub-
stituted cyclohexane of the orthosteric antagonist, BMS-681 (11).
Without the presence of this ligand, Trp- 982.60 assumes three dis-
tinct positions. The Trp- 982.60 conformation in the cluster at the
neutral TIC (boxed in yellow; SI Appendix, Fig. S7 A and B) most
closely resembles the conformation of Trp- 982.60 in the active
GPCR US28, which is shifted slightly up and in toward the heli-
cal core in comparison with the CCR2 crystal structure. The two
other conformations are found at the extreme ends of apo TIC
1 in densely populated free-energy wells. Of these two confor-
mations, state F assumes the most dramatic conformation and
protrudes into the chemokine binding site (SI Appendix, Fig. S6).
In the holo macrostates there is markedly less intrusion into the
binding pocket due to the presence of the ligand.

Holo TIC 1 represents the concerted movement of five pairs of
residues in the orthosteric ligand binding site during orthosteric
ligand dissociation (SI Appendix, Figs. S5D and S7 C and D). The
separation projected in the first two TICs (SI Appendix, Fig. S7D)
is divided into clusters of frames that occur before (white clus-
ters), during (gray), and after (black) dissociation. The residue
pairs identified by TICA that contribute to holo TIC 1 and this
ligand dissociation (SI Appendix, Fig. S5D) were confirmed by
analyzing the original simulation data. The key changes are the

change in distance between Tyr- 491.39–Thr- 2927.40, Trp- 982.60–
Tyr- 1203.32, and Ser- 501.40–Tyr- 2596.51 and in the chi angle of
Glu- 2917.39. Notably, four of these residues (Tyr- 491.39, Trp-
982.60, Tyr- 1203.32, and Thr- 2927.40) not only are involved in bind-
ing to the cocrystallized orthosteric antagonist BMS-681 and/or
CCL2 binding, but also are critical for GPCR activation (53, 54).

The positioning of the orthosteric ligand and the conforma-
tion of Trp- 982.60 are closely linked (SI Appendix, Figs. S7C and
S8). After ligand dissociation, in holo states K and L (purple
and white, respectively; SI Appendix, Figs. S7C and S8), Trp-
982.60 turns toward helix III, bending slightly inward toward the
chemokine binding site. Before ligand dissociation, Trp- 982.60

has two distinct conformations. In the first conformation (states
I and G, yellow and black; SI Appendix, Figs. S7C and S8), the
ligand positions itself between helices I and VII, in the same
conformation as the crystal structure. Trp- 982.60 is constrained
in a downward position, pointing intracellularly, also resembling
the CCR2 crystal structure conformation and the crystal struc-
ture of chemokine receptor CCR5. In the second conformation
(states H and J, cyan and gray; SI Appendix, Figs. S7C and S8),
Trp- 982.60 flips up and out of the binding pocket, pointing extra-
cellularly, and the ligand moves between helices I and II. This
conformation of Trp- 982.60 more closely resembles CCR9 (SI
Appendix, Fig. S9). The third conformation of Trp- 982.60 is found
in state M (red; SI Appendix, Figs. S7C and S8) and is the most
prominent position of the residue as it extends deeper into the
chemokine binding site toward helix III. In this case, the ligand
interacts with helices II, IV, and V, and there are no transitions
from this state to a dissociated state.

As in the apo MSM, the absence of the orthosteric ligand
causes a shift in the position of Trp- 982.60. In the holo simula-
tions shown in SI Appendix, Fig. S10, the dissociation event is
preceded by a doubling of the distance between Trp- 982.60 and
Tyr- 1203.32, and 3 µs after dissociation the distance returns to its
previous 0.4 nm. This increase in distance may be required for
the ligand to begin the process of dissociating. Another drastic
change during the dissociation event is the switch of Glu- 2917.39

from a constrained chi angle of −50◦ to −100◦ to an uncon-
strained chi angle (SI Appendix, Fig. S11). After dissociation, this
angle more closely resembles the conformation in all apo simu-
lations. Glu- 2917.39 is a key mediator of many CCR2 antagonists
(55), but there is no direct interaction between Glu- 2917.39 and
the orthosteric antagonist in the CCR2 crystal structure (41).
That the conformation of Glu- 2917.39 switches after dissocia-
tion suggests that Glu- 2917.39 is involved in ligand stabilization
despite not directly interacting with the ligand.

In the CCR2 crystal structure, there is a hydrogen bond
between Tyr- 491.39 and Thr- 2927.40. The gamma-lactam sec-
ondary exocyclic amine of the orthosteric ligand forms a hydro-
gen bond with the hydroxyl of Thr- 2927.40, and the carbonyl
oxygen of the gamma-lactam forms a hydrogen bond with Tyr-
491.39. During simulation, the distance between Tyr- 491.39 and
Thr- 2927.40 remains stable until 3 µs after the ligand dis-
sociates, when it begins fluctuating (SI Appendix, Fig. S12).
This suggests that the orthosteric ligand dissociation breaks the
hydrogen bond between these key ligand binding residues. This
motion is captured in the holo MSM: The separation of the two
residues is exemplified between states H (predissociation) and L
(postdissociation) in SI Appendix, Fig. S12.

Finally, the faster dominant motions (TICs 2, 3, and 4) in
the holo MSM consist of rearrangements in the allosteric lig-
and binding site, suggesting that an allosteric rearrangement
must first happen for the orthosteric ligand to dissociate. Further
evidence for this is the observed correlated motion of the down-
ward flip of the conserved residue Tyr- 3057.53 in the G-protein
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Fig. 4. A putative allosteric drug binding pocket is revealed by three holo
macrostates. (A) A comparison of the CCR2 crystal structure (white cartoon)
with helices V, VI, and VII (red new cartoon) of one holo macrostate. The
pocket is shown in red surface. (B) A closer view of the pocket from the
other side of the protein, between helices III and V. (C) Small organic probes
used for computational fragment mapping are multicolored.

binding site with the dissociation of the orthosteric ligand from
the chemokine binding site.

Overall, holo macrostates show more helical tilting and
binding-site expansion, which increases the solvent-accessible
surface area (SASA) compared to that in the crystal structure
and the apo macrostates. However, the apo simulations overall
have greater residue fluctuation, suggesting that the antagonist
ligands dampen CCR2 dynamics (SI Appendix, Fig. S13).

Opening of a Cryptic Druggable Pocket. A dramatic expansion of
the extracellular (chemokine) binding site is exhibited in the holo
macrostates. The expansion is caused by a pronounced outward
tilting of helix VI and slight outward tilting of helix II in the
holo macrostates, whereas the apo macrostates show the oppo-
site, with a slight inward tilting of both helices VI and II (Fig. 2 C
and E). The intracellular (G-protein) binding site also enlarges
in the holo macrostates due to the outward shift of the intra-
cellular ends of helices V and VI, but remains obstructed in
all apo and holo states. In the crystal structure, this obstruc-
tion occurs by the interaction of Arg- 1383.50 with Asp- 1373.49

and with Thr- 772.39 (11), which are maintained throughout all
of the simulations. The outward movement of the intracellular
end of helix VI and the movement of helix V toward helix VI
in states L, J, and H in the holo MSM create a putative site
for allosteric antagonists; this pocket also transiently appears
in the apo simulations (Fig. 4). Computational solvent mapping
(56) of this site indicates that the pocket presents surfaces that
are amenable to ligand binding due to its ability to bind clus-
ters of multiple different drug-like probes (Fig. 4C). The pocket

can be accessed through the lipid bilayer between helices IV
and V, or from the G-protein binding site, as a deeper exten-
sion of the current allosteric binding site of CCR2-RA-[R], and
may be useful for rational drug design or modification of current
antagonists.

Conclusions
To characterize the basal dynamics of CCR2 and understand
how small molecule antagonists modulate these dynamics, we
coupled long-timescale atomic simulations and MSM theory to
compare the metastable states accessed by apo and holo CCR2 in
its native membrane-embedded form.

Antagonists perturb CCR2 dynamics and kinetics and are
associated with distinct residue rearrangement and key motions.
Several intermediate states reveal a cryptic binding site that
could be targeted with small molecule inhibitors. In a pre-
vious study (57), cryptic pockets predicted with MSM theory
were experimentally confirmed and the results suggest that this
methodology can successfully be used to guide drug discovery
efforts.

Without antagonists, CCR2 is able to access other distinct
metastable states that are likely sampling along an activation
pathway. These intermediate states inform on the basal dynam-
ics of CCR2 and may be useful for modification of previously
unsuccessful drugs.

Materials and Methods
See SI Appendix, Methods for full description of materials and methods. MD
trajectories and MSM construction scripts are available for download (33).

System Preparation and Molecular Dynamics Simulations. Two systems were
simulated for a total of 260 µs: CCR2 holo, with both cocrystallized antag-
onist ligands bound, and CCR2 apo, without ligands bound. CCR2-RA-[R]
and BMS 681 (11) were removed to build the apo system. Each all-atom
system is embedded in a 1-palmitoyl-2-oleoylphosphatidylcholine (POPC)
bilayer, explicitly solvated with transferrable intermolecular potential with
3 points (TIP3P) and simulated with 150 mM NaCl, at pH 7.4, at 310 K
and 1 bar. The initial coordinates were taken from the experimental crystal
structure (11).

Building the MSMs. The MSMs were built with PyEMMA version 2.5.4 (58),
selected based on implied timescale plots (SI Appendix, Fig. S14) and
Chapman–Kolmogorov tests (SI Appendix, Figs. S15 and S16), and coarse
grained with hidden Markov models (HMMs). Representative structures
were selected from each macrostate by taking the centroid of the most
populated microstate (SI Appendix, Figs. S17–S19).
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30. Noé F, Horenko I, Schütte C, Smith JC (2007) Hierarchical analysis of conformational
dynamics in biomolecules: Transition networks of metastable states. J Chem Phys
126:155102.

31. Prinz JH, et al. (2011) Markov models of molecular kinetics: Generation and
validation. J Chem Phys 134:174105.
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