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Abstract

The dynamic interactions between G protein-coupled receptors (GPCRs) and their cognate

protein partners are central to several cell signaling pathways. For example, the association

of CXC chemokine receptor 1 (CXCR1) with its cognate chemokine, interleukin-8 (IL8 or

CXCL8) initiates pathways leading to neutrophil-mediated immune responses. The N-termi-

nal domain of chemokine receptors confers ligand selectivity, but unfortunately the confor-

mational dynamics of this intrinsically disordered region remains unresolved. In this work,

we have explored the interaction of CXCR1 with IL8 by microsecond time scale coarse-

grain simulations, complemented by atomistic models and NMR chemical shift predictions.

We show that the conformational plasticity of the apo-receptor N-terminal domain is

restricted upon ligand binding, driving it to an open C-shaped conformation. Importantly, we

corroborated the dynamic complex sampled in our simulations against chemical shift pertur-

bations reported by previous NMR studies and show that the trends are similar. Our results

indicate that chemical shift perturbation is often not a reporter of residue contacts in such

dynamic associations. We believe our results represent a step forward in devising a strategy

to understand intrinsically disordered regions in GPCRs and how they acquire functionally

important conformational ensembles in dynamic protein-protein interfaces.

Author summary

How cells communicate with the outside environment is intricately controlled and regu-

lated by a large family of receptors on the cell membrane (G protein-coupled receptors or

GPCRs) that respond to external signals (termed ligands). Chemokine receptors belong to

this GPCR family and regulate immune responses. We analyze here the first step of bind-

ing of a representative chemokine receptor (CXCR1) with its natural ligand, interleukin-8

(IL8) by an extensive set of molecular dynamics simulations. Our work complements pre-

vious mutational and NMR experiments which lack molecular-level resolution. We show

that in the inactive state, one of the extracellular domains of the CXCR1 receptor, namely
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the N-terminal domain, is highly flexible and like a "shape-shifter" can exist in multiple

conformational states. However, when IL8 binds, the N-terminal domain undergoes a

conformational freezing, and acquires a C-shaped "claw-like" structure. The complex

between the receptor and IL8 is still quite dynamic as this C-shaped N-terminal domain

forms an extensive but slippery interface with the ligand. We further corroborated these

results by quantitative comparison with NMR and mutagenesis studies. Our work helps

clarify the inherent disorder in N-terminal domains of chemokine receptors and demon-

strates how this domain can acquire functionally important conformational states in

dynamic protein-protein interfaces.

Introduction

G protein-coupled receptors (GPCRs) are an important class of membrane-embedded receptors

that respond to a diverse range of stimuli [1,2]. These receptors play a central role in several cellu-

lar signaling pathways, and consequently are targeted by a large number of drugs [3,4]. Recent

advances in GPCR structural biology have helped to resolve the structure of transmembrane

domains of several GPCRs. However, the interconnecting loops and the N- and C-terminal extra-

membranous regions remain largely unresolved [5,6]. The high flexibility of these loop regions

makes it challenging to resolve their conformational states, but at the same time gives them a

functional significance [6,7]. Both direct interaction (e.g., between intracellular loop 3 (ICL3) and

effectors [8]) and allosteric modulation by extramembranous loops (such as extracellular loops 2

and 3 (ECL2, ECL3) [6,9,10]) have been reported in various GPCRs. The N-terminal region,

known to interact with ligands [11] in GPCRs such as chemokine receptors [12–14], is of special

interest in this context. In addition, N-terminal population variants of several GPCRs have been

reported to alter drug response by allosteric modulation of ligand binding [15–17]. Interestingly,

lipid specificity and conformational sensitivity of extramembranous regions in GPCRs have

recently been reported [18–20]. In spite of their functional role, extramembranous regions in

GPCRs remain largely uncharacterized in terms of their structure and dynamics.

Chemokine receptors are members of the GPCR superfamily that bind chemokine secre-

tory proteins and play a fundamental role in innate immunity and host defense [21,22]. These

receptors highlight the functional importance of the N-terminal region since it represents the

first site of ligand binding and confers selectivity to these receptors [23]. A common two-site/

two-step model has been proposed for chemokine binding that suggests interactions between

receptor N-terminal domain and chemokine core (chemokine recognition site-I, CRS1) and

between the chemokine N-terminus and receptor extracellular regions or transmembrane resi-

dues (site-II) [23–25]. In addition, recent reports confirm that the stoichiometry of binding is

1:1, although both the receptor and chemokines have been shown to dimerize in the cellular

milieu [24–26]. Early attempts to structurally characterize these complexes focused on site-I

interactions and solution nuclear magnetic resonance (NMR) approaches were successful in

resolving the interactions between chemokines and short receptor fragments without the con-

text of the full-length receptor or membrane environment [27,28]. More recently, crystal struc-

tures have resolved site-II interactions, but only a partial site-I engagement [29,30]. However,

a superposition of structures with respect to the bound chemokine indicates that the placement

of the receptor N-terminus could be receptor-specific [31]. Although the two-site model served

as the initial framework of functionally relevant interactions leading to chemokine-receptor

binding, growing literature suggests a need for more complex models accounting for the

dynamic mechanism of receptor-ligand binding [32].
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The CXC chemokine receptor-1 (CXCR1) is a representative chemokine receptor that con-

trols the migration of neutrophils to infected tissues [33]. The three-dimensional structure of

CXCR1 (residues 29–324) has been elucidated by solid state NMR [34] and follows a typical

GPCR fold, with seven transmembrane α-helices interconnected by three intracellular and

three extracellular loops. The two flanking domains, the extracellular N-terminal and intracel-

lular C-terminal regions, were not resolved in this structure. CXCR1 binds the CXC ligand,

CXCL8, commonly termed interleukin-8 (IL8). There are several reported structures of IL8 in

monomeric and dimeric forms, although none bound to CXCR1 [27,28,35]. Several studies

have highlighted a crucial role of the N-terminal region of CXCR1 in ligand binding affinity

and selectivity [36]. The interactions of IL8 were assessed using NMR with CXCR1 constructs

of varying length, clearly indicating that IL8 could not bind to CXCR1 when the receptor N-

terminal was truncated [37]. In addition, IL8 was shown to bind with higher affinity to the

CXCR1 N-terminal region in a lipid environment relative to that in solution [36], in agree-

ment with our previous work using fluorescence and molecular dynamics (MD) simulations

which show membrane interaction of the CXCR1 N-terminal region [38–40].

In this work, we have examined chemokine-receptor interaction focusing on the N-termi-

nal region of CXCR1 and its role in chemokine binding. An overview of the receptor embed-

ded in the membrane and its structural domains is shown in Figs 1 and S1, respectively. We

performed simulations of apo-CXCR1 as well as CXCR1 coupled with IL8 at coarse-grain and

atomistic resolutions to monitor differential dynamics of the N-terminal region. We show that

the N-terminal region is the first site of chemokine binding which restricts its conformational

dynamics. The receptor-chemokine (CXCR1-IL8) complex consists of an extensive dynamic

interface and we map the interactions both within the receptor and with the ligand. These

results were further validated by comparison with chemical shift calculations reported in ear-

lier NMR studies. Our results offer molecular insight into the interactions between CXCR1

and IL8, and would be useful in gaining a fundamental understanding of the initial events in

chemokine-receptor interactions at site-I (CRS1).

Results

The N-terminal region of the chemokine receptor CXCR1 remains structurally unresolved in

experiments due to its inherent flexibility [34]. The importance of this region is reflected in

reports that implicate it in the binding of the cognate chemokine (IL8) [36,37], similar to all

members of the chemokine receptor family [14]. To explore the underlying molecular interac-

tions, we have performed coarse-grain molecular dynamics simulations of CXCR1 and corrob-

orated them against atomistic models. An overview of the N-terminal region and the other

structural domains of CXCR1 and IL8 is provided in S1 Fig. We report here the functional

dynamics of the N-terminal region of CXCR1 in the apo- and IL8-bound forms.

Conformational plasticity of the N-terminal region of apo-CXCR1

Coarse-grain simulations of the apo-CXCR1 receptor were performed starting from the

extended N-terminal conformer (Fig 1A). In total, twenty simulations were performed totaling

to 200 μs. During the simulations, the N-terminal region diverged from the initial structure

and appeared to be quite dynamic. The N-terminal region sampled several orientations and

was found to interact at different time points with the membrane bilayer and the transmem-

brane domains. The two main orientations observed (membrane-bound and receptor-con-

tacted conformers) are shown in Fig 1B and 1C. These can be distinguished by the distance of

distal residues 1–10 of the N-terminal region from the membrane (see Fig 1D). In the initial

placement, the N-terminal region is far from the membrane (yellow stretches in the plot), and
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relaxes in a nanosecond timescale to interact with the membrane (blue stretches). Several close

interactions with the membrane (blue stretches) and multiple association-dissociation events

were observed (see Fig 1D). When the N-terminal region dissociated from the membrane, it

was located on top of the receptor, interacting with the transmembrane helices. In this orienta-

tional state, it appeared to be more compact, as reflected in the radius of gyration (see Fig 1E).

Overall, the orientation and position of the N-terminal region in the apo-receptor was highly

dynamic.

To test the conformational landscape sampled in the coarse-grain simulations, we per-

formed all-atom simulations of CXCR1 embedded in the membrane bilayer (see S2 Fig). The

N-terminal region of CXCR1 adopted multiple conformations, and no stable secondary struc-

ture was observed over time (S2B Fig). For a direct comparison, the intra-protein contacts

were computed from both coarse-grain and atomistic simulations. Several off-diagonal ele-

ments were observed in both cases representing close interactions between residues which are

sequentially apart (S2A Fig). The off-diagonal contacts in the middle of the N-terminal region

(around residues 20–25) indicate a compact conformation. Interestingly, we observed similar

Fig 1. Representative snapshots of CXCR1 embedded in a lipid bilayer and membrane interaction of its N-terminal

region. A visual representation of (A) the starting conformation with an extended N-terminal region, (B) the membrane-

embedded N-terminal conformer and (C) the receptor-contacted N-terminal conformer. The receptor is depicted in

magenta, the N-terminal region in orange, and the lipid headgroups and tails in yellow and gray, respectively. Water and

ions are not displayed for clarity. The residue W10 of the N-terminal region, which interacts with the lipid bilayer is

shown as cyan colored beads. (D) The minimum distance between the lipid bilayer and the distal part of the N-terminal

region (residues 1–10) is plotted for 20 simulations of apo-CXCR1 as a function of time. The color bar denotes minimum

distance in nm. A distance of ~0.4 nm (dark blue patches) indicates the binding of the N-terminal region to the lipid

bilayer. (E) The radius of gyration of the N-terminal region is plotted for apo-CXCR1 as a function of time. The color bar

denotes radius of gyration in nm. See Methods for more details.

https://doi.org/10.1371/journal.pcbi.1008593.g001
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patterns in the contact maps (S2 Fig), indicating that the coarse-grain simulations were able to

capture the overall conformational dynamics of this highly flexible region.

The N-terminal region is the first site of ligand binding

We carried out coarse-grain simulations of CXCR1 with IL8 to examine the effect of ligand

binding upon the structural dynamics of the N-terminal region of CXCR1. Overall, forty simu-

lations were performed with two conformations of CXCR1 N-terminal region (membrane-

bound and receptor-contacted) and two placements of IL8 (N-domain of the ligand facing the

receptor and away from it). During the course of the simulations, IL8 diffused randomly in

water and was observed to bind to the membrane-embedded CXCR1 within microseconds. A

representative snapshot of the CXCR1-IL8 complex is shown in Fig 2A. The binding events

were quantified from the minimum distance between IL8 and the receptor (Figs 2B and S3).

The distance around 0.5 nm (blue stretches in the plot) indicate close interactions between the

two proteins. A few binding-unbinding events were observed before the CRS1 bound complex

was formed and no further unbinding was observed during the course of the simulations.

To understand the mechanism of binding, we characterized the interaction between the

receptor domains and IL8 from the time of binding (Fig 2C). The time point corresponding to

the binding event (time of binding t = 0) is considered to be the time frame where the CRS1

bound complex is formed (taken from Fig 2B). For clarity, the receptor domains considered

were the N-terminal region, the three extracellular loops (ECL1-3) and the lumen defined as

the residues from the transmembrane helices lining the top of the receptor lumen. The mini-

mum distance (distance of closest contact) between these domains and IL8 was calculated

from the time of binding and averaged over all simulations. Interestingly, the N-terminal

region was observed to be the first site involved in binding of IL8 (Fig 2C). Subsequently, IL8

was observed to interact with ECL3 followed by ECL2 and the lumen, and ECL1 does not

appear to make any contacts. These contacts are maintained till the end of the simulations

(10 μs after the initial binding) and the interactions with the N-terminal region appear quite

stable. No interactions were observed with ECL1 consistent with the initial binding mode. We

observed that the interactions with ECL3 reduced and that with ECL2 and the top of the

lumen increased with time. We were unable to discern a deeper binding of the N-domain of

IL8 in the receptor lumen. Overall, we observed that the N-terminal region of CXCR1 is the

first site of binding for IL8 and this contact is maintained throughout the course of the simula-

tions along with additional contact with sites on ECL2, ECL3 and the lumen.

Conformational restriction in the N-terminal region upon ligand binding

To analyze the effect of ligand binding on conformational dynamics of the N-terminal domain,

we computed intra-protein contact maps of the N-terminal region in the ligand-bound com-

plex. These contact maps represent pair-wise probabilities of interaction for each residue pair

within the N-terminal region, averaged over simulation time and all simulation sets. A com-

posite contact probability map displaying direct comparison of residue-wise contacts within

the N-terminal region from apo-CXCR1 (upper diagonal) and CXCR1-IL8 complex (lower

diagonal) is shown in Fig 3. Interestingly, several intra-protein contacts observed in the apo-

receptor appear to be lost in the ligand-receptor complex and the N-terminal region appears

to be more open in the ligand-receptor complex. A few intra-protein contacts were observed

in the distal region of the N-terminal region in the ligand-bound complex, but appear to be rel-

atively weak. We identified a few representative inter-residue contacts that dynamically form

in the apo-receptor, but are completely absent in the ligand-bound simulations (S4 Fig). These
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interactions include electrostatic interaction (Met1-Asp26), putative hydrogen bonding

(Thr5-Thr18, Ser2-Thr18) and aromatic ring stacking (Phe17-Tyr27).

Fig 2. Interactions between the extracellular domains of CXCR1 and IL8. (A) A representative snapshot of IL8

bound to CXCR1. The receptor is shown in magenta, IL8 in green, and lipid headgroups and tails in yellow and gray,

respectively. The N-terminal region of the receptor is highlighted in orange. Water molecules and ions are not shown

for clarity. (B) The minimum distance (closest approach) between IL8 and CXCR1 plotted for the first 1.5 μs in forty

simulations. The white stretches represent the unbound regime and the blue stretches represent the ligand-bound

regime. Time of binding (t = 0) is defined as the time of first contact in the binding regime (0.5 nm distance cutoff)

which remains undissociated till the end of the simulation. (C) The minimum distance between IL8 and various

domains of the receptor as a function of time, considering the time of binding as t = 0. The values are averaged over all

sets from the time of binding and plotted for the first 100 ns (left panel) and the last 100 ns (right panel). The color bar

denotes minimum distance between IL8 and CXCR1 domains. See Methods for more details.

https://doi.org/10.1371/journal.pcbi.1008593.g002
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A more detailed characterization of the conformational dynamics was carried out by pro-

jecting the simulation trajectories onto a two-dimensional phase space. The two collective vari-

ables considered for the projection were the backbone RMSD of the N-terminal region and the

distance distribution of an inter-residue contact Met1-Asp26 (Fig 4). The backbone RMSD

describes an overall structural deviation with respect to a reference structure corresponding to

the highest population cluster. The second reaction coordinate, i.e., the distance between N-

terminal residues Met1 and Asp26, reports on the end-to-end distance of the N-terminal

region. We then calculated the normalized population of the N-terminal region by projecting

the phase space along these reaction coordinates. Fig 4 represents the relative populations sam-

pled in all the apo- and IL8-bound CXCR1 simulations (binned and averaged over all simula-

tion sets). Multiple clusters were observed in the conformational landscape of the apo-receptor

(marked I-III in Fig 4A), but only a single broad cluster (I) was observed in the ligand-bound

receptor. The major cluster (cluster I in Fig 4B) in the IL8-bound simulations consists of con-

formers with a high end-to-end distance but low RMSD. The main cluster (cluster II in Fig

4A) in the apo-receptor exhibits a high RMSD. Interestingly, cluster I in the apo-receptor

appears to overlap with a part of the conformational space sampled in the ligand-bound

Fig 3. Conformational dynamics of the N-terminal region of CXCR1. Intra-protein contact maps of the N-terminal

region of CXCR1 in presence (lower matrix) and absence (upper matrix) of the ligand. Residue-wise contact

probabilities of the N-terminal region in apo- and IL8-bound CXCR1 are plotted in the top and bottom diagonal of the

matrix, respectively. The amino acid sequence of the N-terminal region is displayed on the top and right. The values of

contact probabilities (0.5 nm distance cutoff) are denoted in the color bar. See Methods for more details.

https://doi.org/10.1371/journal.pcbi.1008593.g003
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complex. The main representative structures of these clusters are shown in Figs 4 and S5 and

highlight the variable dynamics of the N-terminal region in the apo- and IL8-bound receptor.

The single cluster in the ligand-bound complex (Fig 4B) appears to be in contrast to the

lack of intra-protein contacts observed in the receptor-ligand simulations (see Fig 3). A visual

inspection revealed that the ligand-bound structures adopt a C-shape in the N-terminal region

(Fig 4B). Such a conformation allows a more extensive protein-protein interface when the

ligand is bound to the receptor, but at the same time results in the loss of intra-protein con-

tacts. To characterize this C-shaped state, we calculated the contact maps of the interactions

between the N-terminal region and the extracellular loops (S6 Fig). Interestingly, we observed

large differences in the interactions in the apo- and IL8-bound N-terminal region. The N-ter-

minal region of the apo-receptor samples several interaction sites on the extracellular loops

and we could not discern a consensus pattern of interacting residues, confirming the presence

of diverse conformational states. In contrast, specific regions of the N-terminal region were

found to interact with each of the extracellular loops in case of IL8-bound receptor, giving rise

to a C-like shape.

Fig 4. Conformational landscape of the N-terminal region of CXCR1. Population density map of the conformations

sampled by the N-terminal region plotted as a function of backbone RMSD of the N-terminal region and the distance

between side chains of two representative residues (Met1 and Asp26) for (A) apo-CXCR1 and (B) IL8-bound CXCR1.

The most populated conformations are shown below the plots. The N-terminal region is shown in cyan and rest of the

receptor is in pink. See Methods for more details.

https://doi.org/10.1371/journal.pcbi.1008593.g004
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Mapping the N-terminal region interactions: Corroboration by NMR

chemical shift perturbations

We analyzed the molecular interactions of the N-terminal region by calculating the contact

probabilities with the IL8 chemokine (see Fig 5A). We observed an extensive contact surface

between the ligand and the N-terminal region, and a large number of flexible contacts were

observed along the length of the N-terminal region. The contact map is consistent with the C-

shaped N-terminal region described above with maximal contact probabilities at the center of

the region. In particular, a high contact probability is observed at residues 20–25. The residues

predicted to have a high contact probability match well with previous mutagenesis data. In

particular, residues Pro21 and Tyr27 have been previously shown by mutational studies to be

critical for ligand binding [41].

One of the few experimental approaches that are able to report conformational dynamics of

this region is NMR using chemical shifts of the backbone amides that are closely related to

their conformations. Chemical shift perturbations between the apo- and IL8-bound CXCR1

receptor from NMR studies in lipid environments have previously been reported [37,42]. To

compare this data with simulations reported here, we chose representative structures from

each of the coarse-grain simulation sets and mapped them to their atomistic representation.

Subsequently, we computed the predicted chemical shifts in the backbone amides of N-termi-

nal region using Eq (1). The resultant chemical shift perturbations plotted as a function of resi-

due number are shown in Fig 5B. We observe that the central segment of the N-terminal

region (residues 10–19) shows a higher chemical shift perturbation. Residues at the distal and

proximal end (residues 1–5 and 33–37) exhibit relatively lower perturbation. These perturba-

tions arise both due to direct contacts with the ligand as well as conformational changes occur-

ring in the N-terminal region upon ligand binding. Overall, we found a good agreement

between the residues predicted in this work from simulations to have a large chemical shift

perturbation and those reported earlier using NMR (see S7 Fig). These residues are pictorially

depicted in Fig 5C. The residues highlighted in cyan were predicted by simulations to have a

large chemical shift and residues in orange and yellow have been identified in previous experi-

ments [37,42]. We observe a considerable overlap in these residues, although many more resi-

dues were predicted to have a large chemical shift perturbation from our simulations relative

to those identified using NMR. Nonetheless, a remarkable consistency is observed in the

chemical shift perturbations predicted from coarse-grain simulations and those determined

from NMR studies.

Interestingly, the chemical shift perturbations do not exactly match the interactions identi-

fied between the CXCR1 N-terminal region and the ligand from our simulations. In particular,

a comparison of Fig 5A and 5B shows that residues 20–25 have a high contact probability, but

low chemical shift perturbations. Similarly, residues 17–20 exhibit higher chemical shift differ-

ence relative to the corresponding contact probability. It is apparent that these chemical shift

perturbations include environment effects due to altered conformational dynamics of the N-

terminal region, particularly due to the C-shaped conformer adopted in the ligand-bound

form. Since chemical shift perturbations are often used as a direct reporter of protein-protein

contacts, we propose that caution should be exercised while interpreting such data, especially

for intrinsically disordered regions. We believe that a combined approach integrating NMR

and MD simulation approaches could provide novel insight into functional GPCR-ligand

dynamics.
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Dynamic protein interactions define the chemokine N-domain and

receptor interface

The dynamic interactions reflected in the contact probabilities at the CXCR1 N-terminal

region (see Fig 5A) were observed in the ligand as well. We clustered the conformers corre-

sponding to the different binding modes of IL8 with the CXCR1 N-terminal region. The five

clusters that were observed to be most populated are shown schematically in Figs 6A and S8.

Overall, it appears that the receptor N-terminal wraps around the ligand (IL8) and explores

several binding modes. The main binding mode (~40% population) indicates that maximal

interactions are localized with the N-domain and α-helix of IL8. The second and third binding

mode additionally involves β1 and β3 strands, respectively. Residues involved in maximal con-

tact of IL8 with the N-terminal region of CXCR1 were identified and mapped onto the struc-

ture, along with residues reported from NMR [37,42] and mutagenesis experiments [43–47]

(Fig 6B). As expected, residues from the N-domain and α-helix were found to be involved,

together with residues from the β1 and β3 strands, in IL8-CXCR1 N-terminal domain interac-

tion. Importantly, we found an overlap between the regions in IL8 predicted to interact with

the receptor and those reported previously. However, the N-terminal residues predicted to be

important from mutagenesis studies [43–47] were not observed in our simulations or NMR

studies [37,42]. The conformational plasticity of CXCR1 N-terminal region and dynamic

interfaces sampled in the protein-protein complex appear to be a hallmark of chemokine-

receptor binding.

Discussion

The chemokine family of receptors are an important class of GPCRs that bind to the chemo-

kine signaling proteins via their extracellular domains with a partial involvement of the trans-

membrane helices [23]. A molecular resolution of CXCR1-IL8 interactions would open up

avenues for therapeutic design and an overall understanding of immune signaling. In this

work, we have addressed the molecular details underlying chemokine-receptor interactions

focusing on the representative pair, CXCR1-IL8. In particular, we have analyzed the structural

dynamics of the N-terminal region of CXCR1 in both apo- and ligand-bound forms. In the

apo-receptor, the N-terminal region is highly dynamic, consistent with the absence of resolu-

tion by NMR [34] and in agreement with its intrinsically disordered nature [38,39]. Upon

ligand binding, the N-terminus adopts a dynamic C-shaped conformation that facilitates

ligand binding via an extensive and dynamic surface. Our results are in overall agreement with

chemical shift differences reported from NMR studies. Taken together, our results represent

an important step toward understanding chemokine-receptor interactions, especially with

respect to the first site of binding.

An important finding from our work is the inherent conformational dynamics of the N-ter-

minal region and the binding interface. The identification and prediction of molecular details

underlying such protein-protein interfaces is challenging in the context of GPCR-ligand inter-

actions. In mechanistic terms, the main challenges are (i) resolving distinct temporal/spatial

interactions (two-site/two-step model), (ii) accounting for the dynamics of the intrinsically

Fig 5. Residue-wise interactions of the N-terminal region of CXCR1 with IL8. (A) Residue-wise contact

probabilities of the N-terminal region interacting with IL8. (B) Predicted chemical shift changes in the N-terminal

region between the apo- and ligand-bound state. (C) The N-terminal residues with chemical shift perturbations above

a cutoff (dotted lines in panel (B)) mapped onto the receptor structure. The cyan transparent spheres represent

residues from the predictions. The orange and yellow spheres represent residues showing significant chemical shift

changes as reported from NMR measurements [37,42]. See Methods and text for more details.

https://doi.org/10.1371/journal.pcbi.1008593.g005
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disordered N-terminal region, and (iii) inherent technical difficulties in resolving the struc-

tural dynamics of membrane receptors. We observed differential conformational dynamics

sampled by the N-terminal region in the presence and absence of the ligand. Interestingly, the

apo-receptor samples a sub-space overlapping with the IL8-bound N-terminal region dynam-

ics (Fig 4), suggesting a conformational selection by the ligand in the apo-receptor. Counterin-

tuitively, the larger dynamics in the apo-receptor is associated with increased intra-protein

contacts, whereas the C-shaped ligand-bound complex exhibits reduced intra-protein con-

tacts. These loss of contacts within the N-terminal region in the IL8-bound complex are

replaced by ligand contacts in the dynamic ligand-receptor interface. The dynamic protein-

protein interface observed here represents an important aspect in the emerging understanding

of plasticity in GPCR complexes [48].

We observe that the N-terminal region is the first site of ligand binding in the CXCR1

receptor, consistent with models based on previous fluorescence and NMR studies [36,37]. In

the simulations reported here, the chemokine adopts a peripheral arrangement and a deeper

binding of N-domain in the receptor lumen was not observed. This mode of binding differs

from crystal structures of other chemokine receptors, but is consistent with CXCR1 NMR data

[37]. In addition, a recent cryo-electron microscopy (cryo-EM) structure of a ternary complex

of CXCR2, IL8 and G-protein reports that IL8 displayed a shallow binding mode compared to

the other co-crystal structures of chemokines and their receptors [49]. The extensive contact

surface between the ligand and the receptor N-terminal region are consistent with recent

hypothesis from experimental approaches in related receptors [50]. In this work, we have com-

pared chemical shift perturbations predicted from our simulations with results from NMR

studies. Although the overall trends match quite well, we believe that the differences in the

quantitative values could arise from the differential ensemble averages of experiments and sim-

ulations (due to different time scales associated with these approaches), peptide constructs

used in experiments, and inaccuracies in prediction tools. Interestingly, our results indicate

that the residues with maximum interactions do not necessarily exhibit the highest chemical

shift perturbation. In the case of intrinsically disordered regions, there may not be a direct cor-

relation between residues with high chemical shift perturbations and those at the interface of

Fig 6. Binding modes of IL8 characterizing its interactions with the N-terminal region of CXCR1. (A) The most

populated binding modes of IL8 characterized by the contacts formed by each of its structural element with the N-

terminal region of CXCR1. The structural elements are denoted as I: N-domain, II: β1-strand, III: β2-strand, IV:

β3-strand, and V: α-helix. The binding modes are numbered 1 to 5, in decreasing order of population. The green and

red boxes represent interacting and non-interacting regions, respectively. (B) IL8 residues involved in binding to

CXCR1 mapped on the cartoon representation of IL8. The cyan spheres represent interacting residues identified from

our simulations. The orange and violet spheres represent interacting residues determined from previous NMR [37,42]

and mutagenesis [43–47] studies, respectively. See Methods and text for more details.

https://doi.org/10.1371/journal.pcbi.1008593.g006
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the receptor-ligand contacts [51]. Instead, altered conformational dynamics of receptor N-ter-

minal region (as reported here) could influence the observed chemical shift perturbations.

Computational studies, in close link with experimental approaches, have attempted to over-

come some of the resolution problems associated with structure-based experiments. Several

studies have combined docking followed by short MD simulations [52,53] and have been able

to capture important interactions, such as electrostatic interactions at site-I. Computational

design of chemokine binding proteins, such as receptor-derived peptide capture agents from

the extracellular domains of CXCR1 [53] has also been reported. Similar approaches combin-

ing docking with free energy calculations were used to design IL8-based peptide inhibitors to

inhibit binding of CXCR1 [54]. To circumvent the problem of limited sampling, coarse-grain

simulations coupled with replica exchange have been successfully used for predicting confor-

mational ensembles associated with the binding of a cyclic peptide antagonist to CXCR4 [55].

Coarse-grain simulations, in particular, appear to be well suited to predict protein-protein

interactions within the membrane, such as in single transmembrane helical receptors [56,57]

and GPCRs [58–61].

An emerging theme from the current work is its general relevance to intrinsically disor-

dered domains, especially in the context of therapeutic design. Restriction of conformational

flexibility upon protein binding by a "coupled folding and binding" model has been suggested

to be a common mechanism [62], although specific examples are limited. For a more detailed

understanding of the conformational space available in the presence and absence of protein

partners, a Markov state model based analysis would be needed for rigorously identifying and

estimating stationary populations of key macrostates, binding constants, (on and off) rate con-

stants and the pathways of association. Although this has been previously reported for soluble

protein-ligand complexes [63], it remains challenging for protein-protein complexes involving

intrinsically disordered domains. An important point to consider would be the dimerization

of the receptor and the ligand, which could alter ligand binding. However, the 1:1 stoichiome-

try (1 receptor:1 ligand) has been reported to probably be the predominant signaling form

[24–26]. Another limitation of the current work is the simple membrane model considered.

However, several of the experimental studies (fluorescence, NMR) have been performed in

model membranes or even detergent micelles. The main salient features of the interaction are

not suggested to differ, although the binding would be modulated overall.

In conclusion, we have used a combined atomistic and coarse-grain simulation approach to

analyze the mechanism of binding of the chemokine IL8 to its cognate receptor CXCR1. We

were able to observe the dynamic interfaces formed during the binding of CXCR1 and IL8. In

addition, our results show that a conformational restriction of the flexible N-terminal region

of the receptor induced by the ligand governs chemokine binding. These results suggest a con-

formational selection by the chemokine during the binding. The complementarity in shape

and dynamic protein-protein interface appears to drive chemokine recognition by the recep-

tor. We believe that our results represent an important step toward robust analysis of complex

GPCR-ligand interactions and in designing improved therapeutics.

Methods

System setup and simulation parameters

The sequence of human CXCR1 N-terminal region (residues 1–37) was taken from the Uni-

ProtKB database (ID: P25024) and the structure was modeled in an extended conformation

using Discovery Studio 3.5 (Accelrys Software Inc., Release 3.5, San Diego, CA). The apo-

CXCR1 structure considered in this study was built by coupling the modeled structure of N-

terminal domain to the NMR structure of CXCR1 (PDB ID 2LNL: residues 38–324). The
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energy of this modeled structure was minimized (50,000 steps) using the steepest descent

method. The structure was then mapped to its coarse-grain representation using parameters

from the Martini v2.1 force field [64,65]. The receptor was embedded in a pre-equilibrated

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer (284 lipids) using insane.

py script [66] and then solvated. Twenty replicate simulations of 10 μs each were carried out

for apo-CXCR1. The conformations of the N-terminal region sampled during these simula-

tions were clustered, and two distinct receptor conformations were chosen, one with the

N-terminal region coiled on the top of the receptor (receptor-contacted) and other with the

N-terminal region interacting with the membrane bilayer (membrane-bound). For the ligand

binding simulations of the two conformers (receptor-contacted and membrane-bound), IL8

was inserted at a distance of ~3 nm from the receptor to avoid potential bias arising from pre-

placement. We considered two different orientations of IL8 while building these setups, result-

ing in four unique starting configurations of the CXCR1-IL8 simulations. The coarse-grain

representation of IL8 was obtained by mapping from the atomistic three-dimensional struc-

ture (PDB ID: 1ILQ). Forty simulations of 10 μs each were run from these starting structures,

both with and without elastic potential functions to fix the structural domains in IL8 [67]. The

remaining parameters and setup were same as that of the CXCR1-IL8 system. The total simula-

tion time was 400 μs, corresponding to 1.6 ms of atomistic sampling time.

All simulations were performed using the GROMACS-4.5.5 package [68,69]. For coarse-

grain simulations, Martini force field (versions 2.0 and 2.2) [64,65] was used to represent lipids

and proteins, respectively. Standard parameters corresponding to the coarse-grain Martini

simulations were used. Non-bonded interactions were modeled using a cutoff of 1.2 nm. Elec-

trostatic interactions were shifted to zero in the range 0 to 1.2, whereas Lennard-Jones poten-

tial was shifted to zero in the range of 0.9 to 1.2. Temperature was coupled to a thermostat at

300 K with a coupling constant of 0.1 ps using the v-rescale thermostat [70]. Pressure was cou-

pled at 1 bar with a coupling constant of 0.5 ps using the semi-isotropic Berendsen algorithm

[71] independently in the plane of the bilayer and perpendicular to the bilayer. Production

runs were performed with a time step of 20 fs. Initial velocities for the systems were randomly

chosen from a Maxwell distribution at 300 K.

The atomistic model of apo-CXCR1 was used as a starting structure for the all-atom MD

simulations with CHARMM36 force-field parameters [72,73]. The receptor was inserted in a

pre-equilibrated POPC bilayer using the CHARMM-GUI module [74]. Water and chloride

ions were added to solvate and neutralize the charge on the system. Energy minimization was

performed to remove steric clashes. The system was equilibrated under NVT conditions for

100 ps, followed by NPT ensemble for 1 ns, with position restraints on the receptor backbone.

Atomistic simulations (1 long simulation of 1 μs and 6 sets of 100 ns each from different con-

formers) totaling to 1.6 μs were carried out as a control set. In the atomistic simulations, tem-

perature coupling was applied with the v-rescale thermostat [70] to maintain temperature at

300 K. Semi-isotropic pressure coupling was applied to maintain a pressure of 1 bar along the

direction of bilayer plane and perpendicular, using a Parrinello-Rahman barostat [75]. The

long-range electrostatic interactions were treated with the particle mesh Ewald (PME) algo-

rithm. The short-range electrostatic interactions and Lennard-Jones interactions were cutoff at

1.2 nm. A time step of 2 fs was considered for atomistic simulations.

Analysis

Simulations were analyzed using in-house scripts, VMD [76] and GROMACS utilities. The

residue-wise contacts were calculated using the g_distMat tool (https://github.com/rjdkmr/g_
distMat). For a given pair of residues, a contact was defined if the minimum distance between
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the residues (distance of closest approach) was within the cutoff (0.6 nm). The contact proba-

bility was calculated for each residue pair as the time for which they were in contact, normal-

ized over the simulation length and averaged across all the simulation replicates.

A reference structure was identified from clustering the conformations by pooling all simu-

lation sets in order to project the entire phase space sampled with respect to the RMSD to this

reference structure. The clustering was performed using the GROMACS utility gmx cluster

using the original GROMOS algorithm implemented in it [77]. The RMSD of the N-terminal

region was used to cluster the conformers. The reference structure corresponds to the average

structure of highest population cluster I. To analyze the conformational landscape, we pro-

jected the population densities along two vectors: RMSD to this reference structure and the

distance between residues 1–26. The populations projected on the 2D surface were binned (0.1

nm) and averaged.

To calculate chemical shift changes in the CXCR1 N-terminal region upon IL8 binding, we

considered the main structures sampled and a single conformer from each set was chosen

from the highest population cluster. These conformers were transformed to the atomistic

description (CHARMM36 force field) using Martini analysis tools [78]. The mapped struc-

tures were further equilibrated through energy minimization and short molecular dynamics

simulation runs. These structures were provided as an input to the SHIFTX2 program [79]

which predicts chemical shifts of backbone amides. The chemical shift values were averaged

over replicates and chemical shift changes were calculated using the equation:

Dd ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðDdHÞ
2
þ

DdN
5

� �2

2

s

ð1Þ

where ΔδH is the change in the backbone amide proton chemical shift and ΔδN is the change

in the backbone amide nitrogen chemical shift.

Supporting information

S1 Fig. Snapshots of three-dimensional structures of CXCR1 and IL8. NMR structure of

(A) CXCR1 (PDB ID: 2LNL) with unresolved region of the N-terminus highlighted as a gray

tube and (B) interleukin-8 (PDB ID: 1IL8). Extracellular domains of CXCR1 viz. ECL1, ECL2,

ECL3 and N-terminus are colored as green, light blue, pink and red, respectively. IL8 is shown

in cyan, with each region labeled.

(TIF)

S2 Fig. Conformational dynamics of the N-terminal region of CXCR1 from all-atom and

coarse-grain simulations. (A) Residue-wise contact probabilities of the N-terminal region are

plotted for apo-CXCR1 in coarse-grain simulations (upper diagonal) and atomistic simula-

tions (lower diagonal), averaged over all simulation sets. The color bar displays probability of

interactions between each residue-pair. (B) A plot of secondary structures of the N-terminal

residues along the atomistic simulation trajectory. The secondary structure was calculated

according to the DSSP algorithm [1]. White, red, yellow, black, green, blue and gray stretches

represent coil, β-sheet, turn, β-bridge, bend, α-helix and 310-helix, respectively.

(PDF)

S3 Fig. Binding of IL8 to CXCR1 monitored over time. Minimum distances between IL8

and CXCR1 are plotted as a function of time for forty simulations. The white and blue

stretches represent unbound and ligand-bound regimes, respectively.

(TIF)
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S4 Fig. Key residue-residue interactions within the N-terminal region of CXCR1. Normal-

ized population histograms of distances between center of masses of side chains of residue

pairs (A) Met1(yellow)-Asp26(red), (B) Thr5(green)-Thr18(magenta), (C) Phe17(gray)-Tyr27

(blue), (D) Ser2(violet)-Thr18(magenta), (E) Phe12(pink)-Pro29(maroon) and (F) Met1(yel-

low)-Asp13(orange). The black lines represent apo-CXCR1 and red lines represent

CXCR1-IL8 simulations. Representative top-view snapshots from apo-CXCR1 (left) and

IL8-bound (right) CXCR1 N-termini are displayed on top of each histogram. The N-terminal

region is shown in cyan and the rest of the CXCR1 receptor is in pink.

(TIF)

S5 Fig. Representative conformers of the N-terminal region of CXCR1. The most populated

conformations (side view) are shown for the apo- (left) and ligand-bound (right) forms of the

receptor. The N-terminal region is shown in cyan and the rest of the receptor is in pink. The

phospholipid headgroups are represented as yellow beads and acyl chains are in gray.

(TIF)

S6 Fig. Interactions of the N-terminal region with the receptor. Contact maps of the N-ter-

minal region in the C-shaped conformation interacting with the extracellular domains of the

receptor for (A) apo-CXCR1 and (B) IL8-bound CXCR1.

(TIF)

S7 Fig. Chemical shift perturbations induced in the N-terminal region interacting with

IL8. (A) Predicted and (B) experimental chemical shift changes in the N-terminal region

between the apo- and ligand-bound states. (C) Chemical shift differences plotted as a line

graph for experimental (black) and predicted (red) values.

(TIF)

S8 Fig. Binding modes of CXCR1-IL8 interactions. The five dominant binding modes (1–5)

are shown. The receptor is shown in pink, the N-terminal region is shown in blue, and the IL8

is represented in green.

(TIF)

S1 Data. Details of system setup and input files for apo- and ligand-bound CXCR1 confor-

mations.

(ZIP)

S2 Data. Coordinates of CXCR1-IL8 binding modes.

(ZIP)
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