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Abstract 

Macrophage migration inhibitory factor (MIF) is a multi-functional protein that acts 

as a cytokine and enzyme. Recently, MIF was identified as a non-canonical ligand of 

G protein-coupled chemokine receptor CXCR2 with low nanomolar affinity in 

leukocyte arrest and chemotaxis, but the precise knowledge of the molecular 

determinants of the MIF-CXCR2 interface has remained unknown. Therefore, we 

employed homology modeling, protein-protein docking, molecular dynamics (MD) 

simulations, Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) 

binding free energy calculations and MM/GBSA binding free energy decomposition 

to obtain insights into the molecular recognition of MIF with CXCR2. The predicted 

binding pattern of MIF-CXCR2 is in good agreement with the experimental data and 

sheds light on the functional role of important MIF-CXCR2 interface residues in 

association with binding and signaling. According to our predictions, the R11A/D44A 

double mutations of MIF exhibit a pronounced defect in the binding affinity of MIF to 

CXCR2, resulting in large conformational changes. The potential two-site binding 

model for the MIF-CXCR2 recognition was proposed: initialized primarily by the 

non-polar interactions including the van der Waals and hydrophobic interactions, the 

N-terminal region of CXCR2 contacts with the N-like loop and β-sheet of MIF (site 

1), and then the ECL2 and ECL3 regions of CXCR2 form strong interactions with the 

pseudo-(E)LR motif and C-terminus of MIF, which induces the molecular 

thermodynamic motion of TMs for signal transduction (site 2). This study will extend 

our understanding to the binding mechanisms of MIF to CXCR2 and provide useful 

information for the rational design of potent inhibitors selectively targeting the 

MIF-CXCR2 interactions. 
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Introduction 

Macrophage migration inhibitory factor (MIF) is a proinflammatory cytokine that 

regulates both the innate and adaptive immune responses.1 MIF can also activate the 

mitogen-activated protein kinase (MAPK) cascade and counter-act the inhibitory 

effects of glucocorticoids within the immune system.2 Growing evidences have 

highlighted the importance of MIF in tumor growth, such as control of cell 

proliferation and promotion of angiogenesis.3 In addition to its physiological and 

pathological activities, MIF is regarded as a D-dopachrome tautomerase,4 a 

phenylpyruvate tautomerase5 and a thol-protein oxidoreductase.6 Accordingly, MIF is 

recognized as an important therapeutic target for inflammatory diseases and tumors. 

Cytokines usually activate signal-transduction pathways, gene transcription and 

the expression of downstream effector molecules by binding to cognate receptors. By 

binding to the extracellular domain of CD74, MIF activates the extracellular-regulated 

mitogen-activated protein (ERK-MAP) kinase and is associated into a signaling 

complex with CD44 and Src-tyrosine kinases.7, 8 Bernhagen et al. reported that MIF is 

a noncognage ligand of the CXC chemokine receptors CXCR2 and CXCR4, and is 

instrumental in inflammatory leukocyte recruitment in atherosclerosis, targeting 

monocytes and neutrophils through CXCR2 and T cells through CXCR4. MIF can 

bind to CXCR2 with low nanomolar affinity and induce CXCR2-mediated leukocyte 

arrest and chemotaxis.9,10 Chemokine receptors belong to the rhodopsin-like family of 

G-protein-coupled receptors (GPCRs) and are termed on the basis of the 

corresponding binding chemokines, such as CR, CCR, CXCR and CX3CR.11 There 

are two subgroups of the CXC chemokines, termed as the ELR+ and ELR- 

chemokines. Mutagenesis or alanine scanning experiments demonstrated that 

substitution of the ELR residues at the N terminus of the ELR+ CXC chemokines, 

such as CXCL18, leads to a dramatic loss of CXCR2 binding affinity.12 Recently the 

emerging group of 'chemokine-like function' (CLF) includes chemotactic 

polypeptides such as human β-defensin (HBD), which cannot be classified into 
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known chemokine subfamilies owing to the lack of the prototypical N-terminal 

cysteine motif but exhibit structural or functional features and can signal through 

chemokine receptors, for instance, CCR6.13, 14 

MIF belongs to the class of CLF chemokines, and plays a key role in the 

progression of atherosclerosis, including leukocyte recruitment and arrest.15 In 2008, 

Weber et al. revealed that MIF harbored a pseudo-(E)LR motif (Asp-44-X-Arg-11) 

constituted by non-adjacent residues in neighboring loops with identical parallel 

spacing of the canonical ELR motif.16 Although MIF does not share any significant 

sequence homology with CXCL8, the 3D structure of the MIF monomer exhibits 

structural homology with the CXCL8 dimer. In 2011, Kraemer et al. identified an 

N-like loop (sequence stretch 46-55) of MIF, which appears to mirror the N loop of 

CXCL8 (Figure 1), by applying a variety of biochemical, biophysical and functional 

assays associated with atherosclerotic leukocyte recruitment processes.17 

Although the emerging importance of the MIF-CXCR2 interactions in the 

inflammatory pathogenesis of atherosclerosis has attracted extensive attention, the 

molecular details of the protein-protein interaction interface between MIF and 

CXCR2 have remained unknown. Based on the above experimental data, we 

employed a comprehensive set of computational tools to explore the MIF-CXCR2 

interaction in the current study. First, homology modeling was carried out to construct 

the 3D model of CXCR2 based on the crystal structure of CXCR4.18 Then, the 

ZDOCK approach was employed to predict the potential binding modes of the MIF 

monomer in complex with CXCR2. The best complex structure in each cluster and the 

R11A/D44A-MIF double mutant were submitted to 20 ns MD simulations and the 

binding affinity between MIF and CXCR2 was estimated by the Molecular 

Mechanics/Generalized Born Surface Area (MM/GBSA) approach. At last, 

MM/GBSA binding energy decomposition analysis was employed to highlight the key 

residues responsible for the MIF-CXCR2 interactions. We expect that this study can 

provide useful information in tackling the binding mechanisms of MIF to CXCR2 
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Materials and Methods 

Homology modeling 

The 3D model of the human CXCR2 was constructed based on the structure of 

CXCR4 by using the modeller method19 implemented in Discovery Studio (DS) 

molecular simulation package (version 2.5).20 The N-terminal 26 residues (PDB entry: 

3ODU) of the CXCR4 crystal structure do not have interpretable density and are 

presumed to be disordered.18 So we modeled the missing N-terminal part of CXCR4 

based on the NMR data of the CXCR4 N-terminus in complex with CXCL12 (PDB 

entry: 2K04)21 using DS 2.5 as we did in our recent study to model the structure of 

CXCR4 in complex with CXCL12.22 The amino acid sequence of human CXCR2 was 

retrieved from the Uniprot database (accession number: P25025), and the sequences 

were aligned (Figure S1) based on the sequence analysis of chemokine receptor 

families.23, 24 Then, the homology model of CXCR2 was constructed based on the 3D 

structure of CXCR4 by using modeller in DS 2.5.20 The conformations of N-terminus 

and extracellular loops (ECLs) were constrained by two disulfide bonds, one linking 

Cys39 at the N-terminal part with Cys286, and the other connecting Cys119 with 

Cys196 of ECL2, as indicated in the recent crystal structures of chemokine 

receptors.18, 25 The final model was minimized by 10000 cycles with the CHARMM 

force field and implicit solvent model (generalized Born model with molecular 

volume) in DS 2.5.20 

 

Protein-protein docking 

The crystal structure of MIF was retrieved from the protein data bank (PDB 

entry:1LJT26), and chain A was kept and the other two chains were eliminated. The 

ZDOCK approach27 implemented in DS 2.5 was employed to predict the structure of 

the MIF monomer in complex with CXCR2. ZDOCK shows good performance in the 

CAPRI challenge in the prediction of protein-protein complexes,27 by adopting 

pairwise shape complementarity, desolvation and electrostatics as scoring functions 
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optimized by fast Fourier transform.28 ZDOCK can exhaustively search all rotational 

and translational space for a ligand protein with respect to its receptor protein.29 Here, 

five important residues (Arg11, Asp44 and Leu46 for MIF, and Tyr23 and Glu198 for 

CXCR2) were constrained to be inside the binding interface according to the 

experimental data,16, 17 and all the atoms of these residues are within the distance 

cutoff of 10 Å to any atom of the other protein. The ZRANK re-ranking method was 

then employed to re-evaluate the docked poses predicted by the ZDOCK 

calculations.30 RDOCK was used to optimize and score the docked poses based on the 

CHARMM force field.29 At last, 148 docked poses were structurally classified into 

three clusters, and the representative structure of each cluster was chosen for the 

following MD simulations. 

 

Molecular dynamics (MD) simulations 

For the best complex predicted by ZDOCK, the residues R11 and D44 of MIF were 

mutated to Ala in DS 2.5.20 Then, four complexes, including three representative 

structures chosen from three clusters and one mutant were submitted to the MD 

simulations (Figure 2). Each complex was embedded in a periodic structure of 

1-palmytoyl-2-oleoylsn-glycero-3-phosphatidylcholine (POPC), and the lipid molecules 

within 5 Å of the complex were eliminated in VMD.31 Each system was then inserted 

into a water box (TIP3 water model)32 and the waters within 5 Å of the lipid and protein 

were removed. Two Cl- were placed in the grids with the strongest positive coulombic 

potentials in order to neutralize the system. The whole system includes the MIF 

monomer, CXCR2, lipid molecules, water molecules and counterions, with 125121, 

124886, 124985 and 125105 atoms per periodic cell for four models, respectively 

(Figure S2), and the box size is ~110Å×110Å×110Å. The Amber ff99SB force field was 

employed for the complex.33 The lipid parameters were established by Lipidbook,34 a 

public database of force field parameters with special emphasis on lipid based on the 

general AMBER force field (gaff).35 The particle mesh Ewald (PME) algorithm was 
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employed to handle the long-rang electrostatics.36 The whole system was first 

equilibrated for 1 ns with the protein fixed under constant temperature (310 K) and 

constant pressure (1 atm). Then, another 1 ns equilibration was carried out without any 

restrain. Starting from the last frame of the equilibration, 20 ns simulations were carried 

out. The MD simulations were performed by using the NAMD 2.9.37 The SHAKE 

procedure was employed to constrain all bonds involving hydrogen atoms,38 and the 

time step was set to 2 fs. Coordinate trajectories were saved every 10 ps in the process 

of MD runs. 

 

MM/GBSA binding free energy calculations 

To determine the most stable MIF-CXCR2 complex predicted by protein-protein 

docking, the binding free energy (∆Gbind) for each complex was estimated by the 

MM/GBSA methodology based on the snapshots retrieved from the single MD 

trajectory of each complex, which is much faster and requires less sampling in 

comparison with separte-trajectory protocol.39-45 In MM/GBSA, ∆Gbind was evaluated 

through the following equation:46 

STGGE

STGH

GGGG

SAGBMM

solvation

ligandproteincomplexbind

∆−∆+∆+∆=

∆−∆+∆=

−−=∆

 (1) 

where ∆EMM is the gas-phase interaction energy between MIF and CXCR2, including 

the electrostatic and van der Waals energies; ∆GGB and ∆GSA are the polar and 

non-polar contributions of the desolvation free energy, respectively; −T∆S is the 

change of the conformational entropy upon ligand binding47, which was calculated by 

the normal-mode analysis (NMA) based on the 20 snapshots evenly extracted from 

the last 10 ns of each MD trajectory. The modified GB model (igb = 2) developed by 

Onufriev and coworkers was employed to estimate the electrostatic desolvation 

energy.48 The exterior and solute dielectric constants were set to 80 and 4, respectively. 
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The nonpolar part of desolvation was estimated by the solvent accessible surface area 

(SASA) with the Laboratoire de Chimie des Polymres Organiques (LCPO) model:49 

∆GSA = 0.0072 × ∆SASA. In total, 1000 snapshots extracted from the last 10 ns MD 

trajectory were used to calculate all energy terms.  

 

MM/GBSA binding energy decomposition 

In order to obtain the contribution of each residue to the binding free energy, 

MM/GBSA was employed to decompose the total binding free energy into the four 

contributions from individual residue-residue pairs,50-53 including the van der Waals 

contribution (∆Evdw), the electrostatic contribution (∆Eele), the polar desolvation 

contribution (∆GGB) and the non-polar desolvation contribution (∆GSA), as shown in 

equation (2): 

SAGBelevdw

solvationelevdwresidueresidue

GGGG

GGGG

∆+∆+∆+∆=

∆+∆+∆=∆
−

 (2) 

The GB model with the GB parameters developed by Onufriev et al.48 was used to 

calculate the electrostatic desolvatin energy (∆GGB). The exterior dielectric and solute 

dielectric constants were set to 80 and 4, respectively. The non-polar component of 

desolvation (∆GSA) was estimated by SASA through the ICOSA technique.53 The 

1000 snapshots extracted from the last 10 ns MD trajectory were used to estimate the 

energy terms shown in Equation 2. 

 

Dynamic cross-correlation map (DCCM) 

In order to evaluate the dynamic correlations between different protein domains, 

DCCM analysis was employed to compare the correlation differences for CXCR2.20, 

54 The correlation matrix was evaluated across all Cα atoms of Model 1 and its 

R11A/D44A-double mutant. The correlation coefficient Sij between two atoms i and  

j over the course of the simulation trajectory is defined as: 
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i j

ij

i i j j

r r
S

r r r r

∆ ⋅∆
=

∆ ⋅∆ ∆ ⋅∆
(3) 

where displacement vectors ∆ri or ∆rj are the instantaneous fluctuation of the position 

of ith or jth atom with respect to its mean position, and the <...> represents trajectory 

averages. Postively correlated residues move in the same direction, i.e. Sij = 1, while 

anticorrelated residues move in the opposite direction, i.e. Sij = -1. 

 

Results and Discussion 

Construction of the 3D structural model of CXCR2 

The structures of chemokine receptors have a few peculiarities that need careful 

considerations in comparison with most other GPCRs. For example, chemokine 

receptors have an unorthodox T2.56xP2.58 sequence motif for which a unique 

conformation is anticipated. The 3D structure of CXCR2 was constructed based on 

the recently elucidated crystal structure of its family member, CXCR4, in complex 

with a small molecule (PDB entry: 3ODU18). The sequence identity and similarity 

between CXCR2 and CXCR4 are 32.7% and 55.9%, respectively. Among the ten 

models generated by modeller, the model with the lowest probability density function 

(PDF) was chosen and further refined by energy minimization. The quality of the 

refined model was then assessed with respect to the conformation of the peptide 

backbone and the packing environment. Ramachandran plot suggests that the Phi/Psi 

angles of most residues are within the allowed ranges, and the percentage of the 

residues with Phi/Psi angles in the most favorable ranges is around 90%, similar to 

that of the template structure (Figure S3). In short, the quality of the Ramachandran 

plot was satisfactory for the model, and our model is reliable for further docking and 

MD simulations. 

 

MIF-CXCR2 complex structures predicted by protein-protein docking.  

Although MIF does not share sequence homology with CXCL8, they exhibit apparent 
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similar architectural homology. The residues Arg11 and Asp44 of MIF are located in 

neighboring loops in a parallel and adjacent position in 3D space to form a 

pseudo-(E)LR motif, similar to the classical ELR+ motif of CXCL8. The N-like loop, 

which is positioned between the β2 and β3 strands of MIF and spans the residues 

47-56, also resembles the N loop of CXCL8. The sequence lengths of the N-like loop 

of MIF and the N loop of CXCL8 are identical (10 aa), and they share leucine (or 

isoleucine) and proline residues at the start and end, respectively, but their sequences 

only show limited similarity. Similar to CXCL8, MIF also contains several polarized 

or charged residues in the interface, though the MIF N-like loop does not possess any 

basic residues. In overall, the distribution of the electrostatic potentials of the 

supposed receptor binding interface of MIF is somewhat similar to that of CXCL8. 

Surface topology analysis of the MIF trimer structure exhibits that the N-like loop is 

readily solvent exposed and therefore associated with the receptor interactions of the 

trimeric MIF. In fact, the N-like loop regions of the trimeric MIF seem to form radius 

arm-like extensions around an adhesive center composed of the pseudo-(E)LR motif 

and they may be responsible for the elaborated potential interactions with a receptor 

(Figure 1). 

Three representative binding structures chosen from the three clusters predicted 

by protein-protein docking are shown in Figure 2. Model I chosen from cluster 1 has a 

docking score of -29.16, while Model II and Model III have the scores of 1.73 and 

-0.17, respectively. Mutant is the R11A/D44A-MIF double mutant of Model I. 

Electrostatic potential (EP) surface analysis was employed to investigate electrostatic 

complementarity for the binding interface of a MIF-CXCR2 complex. The EPs were 

predicted by Delphi. Based on the results of the EP surface analysis, the N-terminal 

residues and extracellular loops of CXCR2 show strongly negative potentials, 

primarily contributed from Glu2, Asp3, Glu7, Asp9, Glu12, Asp13, Glu18, Asp19, 

Asp35, Glu198, Asp199, Asp274, Glu284, Glu287 and Asp293, while MIF shows 

obviously positive potentials, mainly contributed from the positively charged side 
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chains of several basic residues (Arg11, Lys32, His40, His62 and Lys66). Therefore, 

the electrostatic complementarity of the MIF surface-exposed residues and the 

CXCR2 N terminus and extracellular loops are important for the interaction of 

MIF-CXCR2, though may not be as crucial as CXCR2 with its canonical ligand 

CXCL8 with more basic residues. 

 

MD simulations and MM/GBSA calculations. 

Three different binding structures predicted by protein-protein docking, as well as the 

R11A/D44A-MIF double mutant of Model I, were submitted for the further MD 

simulations in explicit aqueous solution to identify the potential near-native structure 

of MIF with CXCR2. The RMSD values for the Cα atoms of MIF with CXCR2 during 

the production phase relative to the starting structures are shown in Figure 3. The 

averaged Cα RMSDs for four models are 4.15, 6.04, 4.80 and 6.32 Å, respectively. 

Model I exhibits less fluctuation in comparison with Model II and Model III, and 

reaches equilibrium after ~10 ns. However, the conformation of mutant changes 

dramatically with respect to the initial structure, indicating that the substitution of 

these residues has much unfavorable impact on the binding of MIF to CXCR2, which 

is in agreement with the experimental evidences.16 A detailed analysis of the main 

chain root mean square fluctuation (RMSF) versus the residue number of CXCR2 is 

shown in Figure 4. The RMSF plot indicates that TM3, ECL2 and ECL3 show 

relatively smaller fluctuations due to the major interaction with MIF, whereas TM5 

and TM6 show relatively larger fluctuations. The region around the residues Val187 

and Gln280 are more rigid due to the direct interaction with MIF. 

The MM/GBSA method was employed to estimate the absolute binding free 

energies for the four models. As shown in Table 1, Model I, with the lowest energy 

(∆Gpred = -210.44 kcal/mol), is more stable than the others. Compared with Model I, 

mutant shows a much higher energy (∆Gpred = -136.48 kcal/mol), suggesting that the 

R11A/D44A double mutations severely impair the binding of MIF to CXCR2. 
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According to the data shown in Table 1, the rank of the binding free energies for 

Model I, Model II and Model III is consistent with that of the protein-protein docking 

scores. Table 1 shows that the van der Waals and electrostatic terms are the primary 

favorable components to the MIF-CXCR2 interaction, especially the former. The 

non-polar solvation term, which corresponds to the burial of SASA upon binding, 

contribute slightly favorably, whereas the polar solvation term obviously opposes the 

binding. 

 

Conformational change of MIF-CXCR2 during MD simulations. 

According to the conformational change of the MIF-CXCR2 complex shown in 

Figure 5, CXCR2 has a higher fluctuation due to the higher dynamic feature of the 

CXCR2 N-terminus. The average Cα RMSDs for MIF, CXCR2, complex and the 

CXCR2 N-terminal region are 3.91, 5.96, 5.00, and 9.68 Å, respectively. As shown in 

Figure 6, compared with the other TMs, TM1, TM4 and TM5 exhibit more 

fluctuations. The intracellular part of TM1 moves to TM7 for ~6 Å. TM4 undergoes a 

clockwise rotation, and its intracellular part moves inward ~5 Å. The intracellular part 

of TM5 moves to TM6 for ~5 Å (Figure S4). The averaged Cα RMSDs for TM1, TM4 

and TM5 are 4.0, 3.8 and 3.5 Å, respectively. TM2, TM3, TM6 and TM7 can also 

undergo movement, and the average Cα RMSDs of them are 2.3, 2.9, 1.8 and 2.8 Å, 

respectively. 

Then the averaged conformation of Model I generated from the last 10 ns MD 

trajectory was analyzed. According to the energy components of the binding free 

energies in Table 1, the electrostatic interaction is important for the binding of MIF 

with CXCR2. Thus, the important hydrogen-bonding interactions with the key 

residues on the binding interface of MIF-CXCR2 over the MD simulations are 

illustrated in Table 2. Asp44 in the pseudo-(E)LR motif of MIF forms a H-bond with 

Gln280 of the CXCR2 ECL3 domain (15.11% occupancy). The side chain of Gln45 

forms a stable H-bond with Glu284 (32.63% occupancy). Leu46 in the N-like loop of 
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MIF can also form a stable H-bond with Gln283 of the CXCR2 ECL2 domain 

(50.32% occupancy), which are in good agreement with the previous mutational 

analyses.16, 17 Cys39, which is located in the CXCR2 N-terminus and forms a disulfide 

bond with Cys286 at the tip of the helix VII, forms a stable H-bond with Asn6 

(31.05% occupancy). The acidic residues Asn105 and Asn110 of the C-terminal 

region of MIF, which was demonstrated to be important in modulating the 

stabilization of the tertiary structure and the enzymatic activity of MIF,55 can form 

H-bond interactions with Asn191 and Val187 of ECL2 (16.89% and 21.00% 

occupancies). Compared with the polar interactions between MIF and CXCR2, the 

nonpolar components, especially the van der Waals term, determine the differences of 

the binding affinities of the three models. The favorable nonpolar MIF-CXCR2 

interactions can be explained by the structural feature of the hydrophobic residues on 

the protein-protein interaction interface. The lipophilicity distribution of the averaged 

structure for the MIF monomer with CXCR2 is shown in Figure S5. Some 

hydrophobic residues of the CXCR2 N-terminal region, such as Leu29, Pro30, Pro31, 

Phe32, Leu33, Leu34, Ala36, Ala37 and Pro38, expose outside to interact with the 

hydrophobic region of the N-like loop and β4 strand of the MIF monomer (Leu46, 

Met47, Ala48, Phe49, Pro55, Pro91, Val94 and Ile96). The Leu46 hydrophobic pocket 

constituted by the residues Arg11, Val14, Phe18, Leu19, Val39, His40, Val41, Val42 

and Pro43 has been demonstrated to be important in stabilizing the conformation of 

MIF in solution, and the substitution of Leu46 can perturb the secondary and tertiary 

structure of the protein but do not influence the oligomerization state of MIF.56 In 

addition, the hydrophobic residues of the CXCR2 ECL2 region, such as Val187 and 

Val192, can form favorable van der Waals interactions with the highly conserved 

(>95%) C-terminal region of MIF across different species,55 such as Met101, Ala103, 

Ala104, Val106, Gly107 and Trp108. 

 

Identification of the 'hot spot' residues responsible for MIF-CXCR2 interactions 
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and their plausible binding mode. 

The interaction spectra for MIF with CXCR2 were gained and the numerical data are 

illustrated in Tables S1 and S2. The plausible binding mode of the MIF-CXCR2 

complex was obtained over the last 10 ns MD trajectory (Figure 7). According to the 

interaction spectra (Figure 8), the residues Thr28, Leu33, Pro38, Cys39, Tyr188 and 

Gln283, which are located in the N-terminus, ECl2 and ECl3 of CXCR2, show the 

largest contributions to the binding free energy, suggesting that these residues are 

important for the MIF binding. These computational results are consistent with the 

experimental findings that the N domain and ECLs of CXCR2, especially ECL2 and 

ECL3 form strong interaction with MIF.17 The energy contribution of Leu33 is -7.08 

kcal/mol, which is primarily coming from the van der Waals term (-6.44 kcal/mol). 

Leu33 can form favorable van der Waals interaction with some hydrophobic residues, 

including Ala48 and Phe49 of the MIF N-like loop.17 As shown in Table S2, the 

energy contribution of Phe49 is -6.42 kcal/mol, primarily contributed from the van der 

Waals component (-6.20 kcal/mol).  

According to Table 2, the acidic residue Glu40 of the CXCR2 N-terminus forms a 

stable H-bond with Ser60, and a salt-bridge with His62. The energy contribution of 

Glu40 is -3.26 kcal/mol, which is primarily coming from the electrostatic term (-14.88 

kcal/mol), though it can be tremendously counteracted by the polar desolvation term. 

As shown in Table 2, the backbone of Val187 of ECL2 forms a H-bond with Asn110. 

The electrostatic term of the Val187 is -1.64 kcal/mol, and the energy contribution of 

Asn110 is -16.4 kcal/mol, which is primarily contributed from the electrostatic term 

(-39.58 kcal/mol). Figure 7 shows that Tyr188 of ECL2 can form aryl-aryl interaction 

with Trp108 in a T-shaped geometry. The energy contribution of Tyr188 is -10.14 

kcal/mol, which is mainly coming from the van der Waals term (-9.82 kcal/mol). 

Table 2 shows that the acid residue Gln280 in ECL3 can form a H-bond with Asp44 

of the MIF pseudo-(E)LR motif, which is critical for the MIF binding to ECL2 and 

ECL3 based on the peptide array analysis.17 The energy contribution of Gln280 is 
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-2.74 kcal/mol, which is mainly contributed from the electrostatic term (-2.3 kcal/mol), 

while the energy contribution of Asp44 is -2.6 kcal/mol, primarily coming from the 

electrostatic term (-4.38 kcal/mol) as well. The backbone of Gln283 also forms a 

stable H-bond with Leu46 of the MIF N-like loop. The energy contribution of Gln283 

is -6.48 kcal/mol, and the electrostatic term is -2.94 kcal/mol. In addition, the side 

chain of Gln283 can form hydrophobic interactions with Val42, Pro43 and Leu46, and 

its van der Waals contribution is -5.55 kcal/mol. 

The Leu46 hydrophobic pocket plays a key role in stabilizing the conformation of 

MIF, and Arg11 is an important component of the Leu46 hydrophobic site and forms a 

sort of a "cap" to the pocket.56 The energy contribution of Leu46 is -8.58 kcal/mol, 

which is mainly coming from the nonpolar interaction energy term (-8.74 kcal/mol). 

The backbone of Gln284 forms a stable H-bond with Gln45, and the electrostatic 

energy term of Gln284 is -3.66 kcal/ mol. 

 

Comparison of the structures of CXCR2 with wild-type MIF and 

R11A/D44A-MIF double mutant 

To gain insights into the conformational changes caused by the R11A/D44A-MIF 

double mutations, dynamic cross-correlation maps analysis was performed, and the 

correlation coefficients of the different regions of CXCR2 are shown in Figure 9. 

Apparently, there are conformational couplings between ECLs and TMs, including 

ECL2 with TM6 and TM7, and ECL3 with TM3 and TM4. Compared with the 

wide-type (WT) complex, the mutant shows a general increase in residue-residue 

correlations (Figure 9b). Moreover, it seems that the mutations affect the correlation 

of those residues that are spatially apart. In the case of WT, small values are found 

around the residues 100-140 (TM3 and ECL1) and residues 250-320 (TM6, TM7 and 

ECL3). Howerver, these couplings are obviously increased when Arg11 and Asp44 

are substituted to Ala. The increased residue-residue correlations suggest that the 

flexibility resulted from the mutations around the mutated sites are coupled with other 
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motions in the structure. Besides, the correlated motions of the mutations around the 

residues 160-190 (TM4 and ECL2) and 250-320 revealed a rapid increase of the 

correlations in comparison with WT, indicating that the R11A/D44A-MIF double 

mutations impair the binding affinity of MIF to CXCR2 and lead to relatively high 

correlations of CXCR2. 

In order to further explore the effect of the mutations, the averaged structure of 

CXCR2 with the R11A/D44A-MIF double mutant over the last 10 ns MD trajectory 

was compared with that of the WT model (Model I). Mutant shows more fluctuation 

with the average Cα RMSD value of 6.32 Å, in comparison with Model I (4.15 Å) 

(Figure 3). The absolute binding free energies predicted by MM/GBSA also 

demonstrate that mutant is much less stable than Model I, suggesting that the 

substitutions of Arg11 and Asp44 by Ala severely impact the binding affinity between 

MIF and CXCR2, which is in good agreement with the experimental data.16 Then the 

averaged structure of mutant was fitted into the averaged structure of Model I to 

analyze the important conformational changes on the MIF-CXCR2 binding interface. 

As shown in Figure 10, the key conformational changes within the binding interface 

include the pseudo-(E)LR motif and the C-terminal region of MIF with the CXCR2 

ECL2 domain. In the WT model, the basic residue Arg11 can form polar interaction 

with the negative center of ECL2 composed of Asn202, Asn203 and Asn206. The 

distance between the geometric center of Arg11/Ala11 and Asn 203 was calculated 

during the 20 ns MD simulations to monitor the binding of MIF-CXCR2. In the WT 

model, the distance between Arg11 and Asn203 is gradually shortened during the 

stimulations, suggesting that Arg11 may form a tighter binding with the ECL2 region, 

while that between Ala11 and Asn203 is gradually lengthened, showing a looser 

binding. In addition, Trp108 of the C-terminus of MIF can form aryl-aryl interaction 

with Tyr188 in the WT model, which is absent in CXCR2 with the R11A/D44A-MIF 

double mutant, and the distance between the nitrogen atom of the indole moiety of 

Trp108 and the oxygen atom of the phenol group of Tyr188 changes from 5.83 to 
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25.20 Å.  

Then, the binding free energy decomposition analyses were performed to 

compare which residues have significant contribution differences between MIF and 

CXCR2 for the WT and mutant (Figure 11). The differences of the MIF-CXCR2 

residue energies were evaluated (∆∆E = ∆ER11A/D44A - ∆EWT), and a positive ∆∆E 

shows a weaker binding affinity in the mutated model, while a negative ∆∆E indicates 

a stronger binding affinity. As shown in Figures 11 and S6, the R11A/D44A mutations 

obviously weaken the interaction between MIF and CXCR2 in comparison with the 

WT model. The energy contribution of Tyr188 is -10.14 kcal/mol, mainly coming 

from the non-polar interaction energy term (-11.02 kcal/mol) in the WT model, which 

can form strong aryl-aryl interaction with Trp108 and hydrophobic interaction with 

Val106 of the MIF C-terminus, whereas the energy contribution of Tyr188 is reduced 

to -0.82 kcal/mol in the mutant (Table S3). The energy contribution of Ser189 is -5.58 

kcal/mol in the WT model, which is primarily from the non-polar interaction energy 

term (-6.14 kcal/mol), and it can form hydrophobic interaction with Trp108, whereas 

the energy contribution of Ser189 is reduced to -0.92 kcal/mol in the mutant. 

 

Binding mechanism of MIF with CXCR2. 

Although the chemokine receptor can be activated by various chemokine ligands with 

a range of specificities and affinities, a general two-site mechanism of the 

ligand-receptor interaction has been recognized, including the interactions between 

the receptor N-domain and the ligand N-terminal loop residues (site I), and between 

the receptor extracellular loop and the ligand N-terminal residues (site II). The site 1 

binding motif is proposed to contribute differently to binding affinity and receptor 

selectivity, while site 2 is responsible to control binding affinity and receptor 

activation. The interaction between CXCR2 and CXCL8 is also involved in the 

two-site binding mechanism, including the N-terminus and N loop, extracellular loop 

and N-terminus, respectively, especially the ELR motif.  
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As represented in the dynamic and energetic analyses mentioned above, the 

putative binding mechanism of MIF with CXCR2 was proposed at molecular level: 

primarily initialized by the non-polar interactions including the van der Waals and 

hydrophobic interactions, the N-terminal region of CXCR2 makes the first contact 

with the N-like loop and β-sheet of MIF (site 1); owing to the steric complementarity 

and electrostatic attraction, the ECL2 and ECL3 regions of CXCR2 form strong 

interaction with the pseudo-(E)LR motif and C-terminus of MIF, which induces the 

molecular thermodynamic motion of TMs for signal transduction (site 2). Some 

hydrophobic residues of the CXCR2 N-terminal region, including Leu29, Pro30, 

Pro31, Phe32, Leu33, Leu34, Ala36, Ala37 and Pro38, can form strong interactions 

with the hydrophobic region of the N-like loop and β4 strand of MIF (Leu46, Met47, 

Ala48, Phe49, Pro55, Pro91, Val94 and Ile96). The acidic residues of the CXCR2 

N-terminus, including Asp19 and Glu40, can also form polar interaction with Lys77, 

Ser60 and His62 over the MD simulations. All these interactions result in the 

movement of MIF towards CXCR2, triggering the 2nd step interaction among the 

protein-protein binding interface. The hydrophobic residues of ECL2, such as Val187, 

Tyr188 and Val192, can form favorable van der Waals interactions with the C-terminal 

region of MIF, such as Met101, Ala103, Ala104, Val106 and Trp108. The basic 

residue Arg11 of the MIF pseudo-(E)LR motif can form strong polar interaction with 

the negative center of ECL2 composed of Asn202, Asn203 and Asn206. Tyr188 can 

form strong aryl-aryl interaction with Trp108 and hydrophobic interaction with 

Val106 of the MIF C-terminus. The acidic residue Asp44 can form a stable H-bond 

with Gln280 of ECL3. The conformational change of the CXCR2 extracellular region 

induces the molecular thermodynamic motion of TMs, especially TM5 and TM6.  

 

Conclusion 

In the present study, a comprehensive set of computational tools, including homology 

modeling, protein-protein docking, MD simulations, MM/GBSA binding free energy 
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calculations and MM/GBSA binding free energy decomposition, were employed to 

obtain insights into the molecular recognition of MIF with CXCR2. The plausible 

near-native structure of MIF-CXCR2 was obtained and the 'hot-spot' residues 

important within the protein-protein binding interface were highlighted, which is in 

good agreement with the experimental data. Dynamic and energetic analyses 

demonstrated that the mutation of the pseudo-(E)LR motif of MIF severely comprise 

its binding to CXCR2. Moreover, the potential binding mechanism between MIF and 

CXCR2 was proposed, and these structural determinants may pave the way for the 

rational design of potent agents to target the proinflammatory MIF-CXCR2 

interaction selectively by pinpointing the 'hot-spot' residues within the binding 

interface. 

 

Supporting Materials 

Table S1. Binding free energy contributions of the key binding-site residues of 

CXCR2 predicted by the binding energy decomposition (kcal/mol). Table S2. 

Binding free energy contributions of the key binding-site residues of MIF predicted 

by the binding energy decomposition (kcal/mol). Table S3. Binding free energy 

contributions of the key binding-site residues of CXCR2 in the mutated complex 

predicted by the binding energy decomposition (kcal/mol). Figure S1. Sequence 

alignment of CXCR2 (residues 1-339) and CXCR4 (PDB ID: 3ODU) used for 

homology modeling. Figure S2. MD simulation box of the MIF-CXCR2 complex, 

the lipid and water molecules. There are 125121 atoms in the simulation box (Model I 

was chosen to represent). Figure S3. Ramachandran plot of CXCR2 constructed by 

homology modeling. Figure S4. Comparison of the complex structure predicted by 

the protein-protein docking (ribbon colored in gray) and the conformation after the 

last 20 ns MD trajectory (ribbon colored in green). The arrow indicates the movement 

of TM1, TM4 and TM5. Figure S5. Schematic depiction of the major interactions of 

the averaged structure of MIF-CXCR2 over the last 10 ns MD trajectory (generated 
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by the LIGPLOT program). (a) and (b) represent residues 1 to 57 and 58 to 114 of 

MIF respectively. Figure S6. Schematic depiction of the major interactions of the 

averaged structure of the R11A/D44A mutant of MIF with CXCR2 over the last 10 ns 

MD trajectory (generated by the LIGPLOT program). (a) and (b) represent residues 1 

to 57 and 58 to 114 of MIF respectively. 
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Legend of the figures 

 

Figure 1. Structure and surface models of CXCL8 and MIF monomer. (a) the ELR 

motif located in the N-terminus and N-loop (orange) of CXCL8; (b) the electrostatic 

potential map of CXCL8 calculated by Delphi; (c) the pseudo-(E)LR motif and N-like 

loop (green) of MIF monomer; (d) the electrostatic potential map of MIF monomer. 

The equipotential contours at -1 kTe-1 and +1 kTe-1 are shown. Red indicates -1 kT/e 

and blue +1 kT/e; (e) Trimeric structure of MIF shown in surface mode. N-like loop 

reigions and pseudo-(E)LR motifs of the three monomers are shown in purple and 

blue respectively. 

Figure 2. Structural view of the representative MIF-CXCR2 complexes predicted by 

protein-protein docking chosen from the three best binding models in three clusters 

and the R11A/D44A double mutant of Model I. The top view in each column shows 

the complex structure (MIF is colored in green and CXCR2 in red). The bottom view 

is the electrostatic potential maps calculated by Delphi. The equipotential contours at 

-1 kT/e and +1 kT/e are shown. Red indicates -1 kT/e and blue +1 kT/e. 

Figure 3. RMSD of the backbone Cα atoms of the three representative models and 

R11A/D44A double mutant of Model I with respect to the first snapshot as a function 

of time. 

Figure 4. RMSF of backbone atoms versus residue number of CXCR2. 

Figure 5. RMSD of the backbone Cα atoms of the ligand (MIF), receptor (CXCR2), 

complex (MIF-CXCR2) and the N-terminus of CXCR2 with respect to the first 

snapshot as a function of time (Model I is chosen to represent). 

Figure 6. RMSD of the backbone Cα atoms of CXCR2 TMs with respect to the first 

snapshot as a function of time. 

Figure 7. The typical binding site of the averaged structure of the MIF-CXCR2 

complex over the last 10 ns MD trajectory. Carbon atoms are colored in yellow and 

ribbon in purple for MIF, and carbon atoms are colored in green and ribbon in cyan 

for CXCR2.  
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Figure 8. Residue-residue interaction spectra for (a) CXCR2, (b) MIF, (c) the 

polarenergy (∆Eele + ∆GGB) for CXCR2, (d) the polar energy (∆Eele + ∆GGB) for MIF, 

(e) the non-polar energy (∆Evdw + ∆GSA) for CXCR2, and (f) the non-polar energy 

(∆Evdw + ∆GSA) for MIF. 

Figure 9. Dynamic cross-correlation map (DCCM) analyses of CXCR2, for the (a) 

WT and (b) mutant. The color scale is shown on the right changing from red (highly 

positive correlations) to blue (highly negative correlations). 

Figure 10. Comparison the difference between the WT (Model I) and R11A/D44A 

double mutant of Model I. (a) the distance between the Arg11/Ala11 of MIF and 

Gln203 of the CXCR2 ECL2 region during the MD simulations; (b) the 

superimposition of the averaged structures of Moldel I and R11A/D44A mutant of 

Model I. Carbon atoms and ribbon of MIF are colored in green in WT and cyan in 

mutant; Carbon atoms and ribbon of CXCR2 are colored in purple and green in WT,  

and carbon atoms and ribbon of CXCR2 are colored in yellow and cyan in mutant. 

Figure 11. Differences in the contribution of the residues to the binding free energy 

between the WT (Model I) and R11A/D44A double mutant of Model I (∆∆E = 

∆ER11A/D44A − ∆EWT). A positive ∆∆E represents a weaker binding affinity in the 

mutated protein, while a negative ∆∆E represents a stronger binding affinity. 
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Table 1. The predicted binding free energies and the individual energy components 

for the studied systems (kcal/mol). 

System ∆Evdw
a 

∆Eele
b 

∆GSA
c 

∆GGB
d -T∆S

e ∆Eenthalpy
f ∆Gpred

g,h 

Model I -142.62±0.12h -80.75±0.52 -21.4±0.07 96.55±0.38 -62.40±0.79 -148.04±0.35 -210.44±0.35 

Model II -89.56±1.54 -46.53±2.38 -13.391.33 58.11±1.34 -54.82±3.04 -91.37±3.76 -146.19±3.76 

Model III -113.34±1.07 -138.74±3.14 -20.38±0.47 147.2±1.88 -56.27±2.88 -125.22±4.26 -181.49±4.26 

Mutant -88.62±2.05 -47.39±5.01 -14.47±1.54 58.86±3.79 -44.86±6.92 -91.62±4.08 -136.48±4.08 
a van der Waals energy 
b Electrostatic energy 
c Electrostatic contribution to solvation. 
d Non-polar contribution to solvation. 
e Entropic contribution. 
f Binding free energy in the absence of entropic contribution. 
g Binding free energy. 
h Standard deviations based on two blocks (block 1: 10-15 ns, block 2: 16-20 ns). 

 

Table 2. Hydrogen-Bond analysis based on the MD trajectories. Donor and acceptor 

pairs satisfy the criteria for the hydrogen bond over 15% are listed during the MD 

simulations. Residues of MIF are colored in red.  

Donor Acceptor  

Residue Group Residue Group Occupancy 

Cys39 NH Asn6 OD1 31.05% 

Gln280 NH2 Asp44 O 15.11% 

Gln45 NH2 Glu284 O 32.63% 

Leu46 NH1 Gln283 O 50.32% 

Ser60 OH Glu40 OE1 70.32% 

His62 NH2 Glu40 OE1 36.84% 

Lys77 NH1 Asp19 OD2 20.63% 

Tyr25 OH Asp92 OD1 20.00% 

Asn191 NH Asn105 O 16.89% 

Asn110 NH val187 O 21.00% 
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Figure 9 

 

 

 

 

Figure 10 
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Figure 11 
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