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ABSTRACT 

This article describes the construction and validation of a three-dimensional model of the human 
CCR5 receptor using a homology-based approach starting from the X-ray structure of the bovine 
rhodopsin receptor. The reliability of the model is assessed through molecular dynamics and 
docking simulations using both natural agonists and a synthetic antagonist. Some important 
structural and functional features of the receptor cavity and the extracellular loops are identified, 
in agreement with data available from site directed mutagenesis. The results of this study help to 
explain the structural basis for the recognition, activation, and inhibition processes of CCR5, and 
may provide fresh insights for the design of HIV-1 entry-blockers.
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INTRODUCTION 

Acquired immune deficiency syndrome (AIDS) has become a deadly global disease. Current 

therapies, based on the combined use of viral protease and reverse transcriptase inhibitors, can 

reduce mortality rates in infected people but are still not able to eliminate the virus from the 

organism and hence prevent the progression and associated debilitating aspects of the disease. 

Therefore, there is an on-going need for novel therapeutics which can prevent the entry of human 

immunodeficiency virus (HIV-1) into its target cells. 

HIV viral entry is mediated by specific interactions between the gp120 viral envelope 

glycoprotein and plasmatic membrane receptors of the target cell.1 These cause conformational 

changes in both the glycoprotein and in the membrane receptors which in turn leads to virus-cell 

fusion. Several previous studies have elucidated the role of CD4, whose interaction with gp120 is 

essential but not sufficient for the disease to become established.2,3 Besides CD4, some 

chemokine receptors (CCRs), members of the G-protein coupled receptor superfamily (GPCRs), 

have recently been identified as co-targets necessary for viral entry into the cell.4 CCRs and their 

natural chemokine ligands, RANTES, MIP-1α, MIP-1β, and MCP2 regulate signalling amongst 

immune cells and hence represent potential target systems for preventing virus-cell fusion. 

Different CCRs have previously been identified and characterised.5 The involvement of one of 

them depends on the viral strain involved, but the majority of strains (the R5 isolates) are 

sexually transmitted and act on CCR5 during the entire course of the disease.6 Conversely, the 

variant strains (the X4 and R5X4 isolates) which act on CXCR4, or on both CXCR4 and CCR5, 

cause a loss of T-cells during the progression of the disease but are less involved initially.7 

Besides this, other evidence8 shows that the transition from the R5 to X4 strains is also 

suppressed in vivo. The importance of CCR5 in the transmission of HIV-1 can also be 

appreciated from further experimental evidence,9 whereby individuals who are homozygous for 
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the ∆32 CCR5 allele which causes an inoperative CCR5 are resistant to HIV infection but are 

otherwise generally healthy. This suggests that functional inhibition of CCR5 could help protect 

against infection without provoking damage to patients and, therefore, that blocking viral entry 

using small-molecule antagonists selective for this receptor might provide a new and more 

effective type of anti-HIV drug. 

Unfortunately, no experimentally determined three-dimensional (3D) CCR structure is currently 

available. Therefore, the main ways to investigate the properties of CCR5 and its interaction with 

chemokines are currently based on site-directed mutagenesis (SDM) and/or molecular modelling 

techniques, as reported in previous studies on CCR/chemokine interactions10-12 and other GPCR 

systems.13 Although homology-modelling of CCR5 has been described previously,14-17 we 

decided to consolidate the information available from this earlier work into a comprehensive and 

up-to-date model by incorporating extensive molecular dynamics simulations (MD), flexible 

docking of a synthetic antagonist TAK779, and soft protein-protein docking with the large 

(~70KD) natural agonists RANTES and MIP-1β using a novel docking protocol. We validated 

our homology-built CCR5 structural model through exhaustive conformational sampling, and we 

assessed its quality and reliability by analysing four low energy conformations with respect to the 

available SDM data and by considering the side chain interactions that occur at important regions 

of the receptor throughout the MD trajectory. Docking calculations using these conformations 

give predicted binding modes which are consistent with the experimental SDM data in each case. 

The results of this study help to explain the structural basis for the recognition, activation, and 

inhibition processes of CCR5, and may provide fresh insights for the design of HIV-1 entry-

blockers. 

MATERIAL AND METHODS 
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CCR5 model building 

Our model of human CCR5 was built using the first crystal structure of bovine rhodopsin to 

become available. This 2.8Å resolution structure, solved by Palczewski et al.,18 consists of a 

transmembrane (TM) domain of seven α-helices connected by three extracellular loops (ECLs) 

and three intracellular loops (ICLs). Despite the low sequence identity between the two proteins 

(<20%), bovine rhodopsin is currently the best available template for homology-modelling 

CCR5. However, the sequence identity increases to ~30% when considering only the TMHs, and  

several of the amino acid residues essential for maintaining CCR5’s architecture and receptor 

function are highly conserved (for a full review see ref. 19). Hence, the structure of Palczewski et 

al. provides a feasible and indeed appropriate template for modelling GPCRs.  

Here, residues are numbered according to their positions in the human CCR5 sequence retrieved 

from the SwissProt database (CKR5_HUMAN).20 The transmem annotation of this sequence file 

was used when defining the residues of the seven TM helices (TMHs). Applying the PHD-htm21 

secondary structure prediction algorithm to the sequence gave the same secondary structure 

elements as the bovine rhodopsin X-ray structure in all seven α-helices, and also in ECL2 which 

contains a small anti-parallel β-sheet. In this extended loop, the sequence homology between 

CCR5 and the template is somewhat higher (12 residues out of 31) than in the remaining non-

conserved structural regions. Figure 1 shows the disposition of these secondary structure 

elements with respect to the cell membrane, and Figure 2 shows the CLUSTALW22 sequence 

alignment of CCR5 and the rhodopsin template.  

The CCR5 sequence contains four cysteines which form two disulfide links, Cys20-Cys269 and 

Cys101-Cys178, the latter being highly conserved in all GPCRs and in the rhodopsin template as 

well. Because the Cys101-Cys178 disulfide bridge also involves the β-sheet of ECL2, we decided 

to build that loop by homology from the template structure. MODELLER23 6.2 was used to 
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assemble the initial CCR5 framework for residues 1 to 320. The final 32 C-terminal residues 

were not modelled as these were absent in the template. The Cα Cartesian coordinates of the 

seven ΤΜΗs and ECL2 were copied from the corresponding template atoms (PDB code 1F88, 

chain A) according to the sequence alignment shown in Figure 2, while the N-terminal domain 

and the remaining loops were built de-novo using MODELLER’s loop subroutine. Side chain 

atom coordinates were added from MODELLER’s standard residues library.  

Figure 1 about here 

Figure 2 about here 

In order to construct a preliminary input structure, a set of 500 3D conformations were 

generated using MODELLER’s refine_2 fast simulated annealing procedure. To ensure full 

coverage of possible CCR5 conformations in this step, all side chain rotamers were fully 

randomised. However, the loop search included a spatial restraint in order to maintain the second 

disulfide bridge between Cys20 (N-terminal) and Cys269 (ECL3), which is known to be 

necessary for chemokine binding.24 All generated conformations were then checked using 

PROCHECK.25 The best conformation according to the fraction of residues in the core region of 

the Ramachandran plot was selected and re-modelled, this time using the loop subroutine for the 

N-terminal fragment and the three ECLs. This gave 100 new conformations, of which the best 

PROCHECK conformation was selected as input structure for molecular dynamics (MD) 

refinement. 

MD loop refinement 

To find reliable low energy CCR5 conformations, MD was performed on the above starting 

structure using a previously validated protocol.26 All MD calculations used the all-atom force 

field of Weiner et al.,27 as implemented in AMBER 6.0, using a distance cut-off for all non-

bonded interactions of 10Å and a distance-dependent dielectric factor of 4r. Our MD protocol 
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repeatedly applies alternate cycles of low (300 K) and high (600 K) temperature trajectories until 

no new low energy conformations are found. Here, the initial structure was step-wise minimised 

using 5000 cycles of steepest descent followed by 5000 cycles of conjugate gradient using a force 

constant of 100 Kcal/molÅ2 on all Cα atoms. This was followed by four minimisation steps each 

of 2500 cycles of conjugate gradient in which the force constant was set to 50, 25, 10, and 5 

Kcal/molÅ2, respectively. The N- and C-terminal domains and all loops were then relaxed using a 

final round of conjugate gradient minimisation until the RMS slope fell below 0.001 Kcal/molÅ. 

During this last step, all TMH core residues were restrained by a 5 Kcal/molÅ2 force constant, 

except in the first and the last turns of each helix in which the restraint was set to 3 Kcal/molÅ2. 

The resulting structure showed the same helix kinks around proline and glycine residues as 

observed in the template structure. Although the above procedure might seem unusual, it has 

been shown that the use of a simple membrane mimic during GPCR modelling is not sufficient to 

explore the receptor movements during the activation process.28,29 The specific constraints used 

here take into account more explicitly the TM location of our receptor. Moreover it has been 

proved that the in vacuo approach gives comparable results with similar computations using the 

more expensive IMM1 implicit membrane/water model.30 

In order to explore more fully the conformational space accessible to the minimised structure 

obtained above, we then applied the SHAKE algorithm31 to all bonds in a 2000 ps MD simulation 

at 300 K, updating the non-bonded interaction list every 25 fs. Snapshots of the MD trajectory 

were taken and minimised every 2 fs to give an initial set of 1000 sample conformations.  These 

were then filtered by rejecting any conformation more than 25 Kcal/mol above the global 

minimum and clustered by first superimposing all TMH Cα atoms and then clustering the ECL 

Cα coordinates using NMRCLUST.32 No pre-defined RMS threshold was used during this 

procedure. The lowest energy conformation from each of nine structurally different clusters were 



 6

then selected and submitted to a 100 ps MD simulation at 600 K in which conformations were 

sampled and minimised every 1 fs. This produced a second set of 9x100 new conformations, and 

the above clustering procedure was repeated on the combined set. No new low energy minima 

were found, presumably due to the presence of the two disulphide bridges which limit the 

flexibility of the extracellular domain. 

To enhance the quality of the 3D models achieved thus far and to explore the feasibility of 

favourable side chain interactions occurring between residues identified from SDM as essential 

for receptor activity, the minimum energy conformation was submitted to a 3000 ps MD run at 

300 K. This time, the core of each TMH (residues 35-54 for TMH1, 73-85 for TMH2, 107-120 

for TMH3, 146-162 for TMH4, 203-214 for TMH5, 240-256 for TMH6 and 282-297 for TMH7, 

respectively) was gently constrained by applying a force constant of 0.1 Kcal/molÅ2 while the 

rest of the protein was allowed to move. Conformations were sampled and minimised every 10 fs 

after a 400 ps equilibration period. The resulting 260 conformations were then clustered into 11 

groups. Considering an energy threshold of 5 Kcal/mol above the global minima, four low energy 

conformations were identified. Three of these (Models 1, 2, and 4) were part of a 22 member 

cluster including the lowest energy structure. The fourth (Model-3) was part of a different cluster 

of 32 members. All other conformations were discarded due to their high energies (>20 

Kcal/mol) above the global minimum. Because the energy differences between the selected four 

conformations are small (∆Emax = 3.39 Kcal/mol), we consider them to be equally plausible and 

energetically accessible conformations. As can be seen in Figure 3, the main secondary structure 

features as assessed by STRIDE33 are essentially conserved in the four models, not only in the 

TMHs, as might have been expected, but also in the loop regions. Ramachandran plots of these 

models show that very few residues (< 1.0%) have disallowed backbone conformations and 

almost 80% of residues fall within the allowed dihedral angle ranges.  

Figure 3 about here 
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Molecular docking 

Once a theoretical model has been built, one of the most appropriate methods to explore its 

predicted structural features is through docking simulations with selected ligands. Unfortunately, 

this task is not always easy, especially when the receptor has more than one binding site or when 

the molecules to be docked are large. Previously, we succeeded in docking small endogenous 

ligands to the binding sites of other GPCRs.26,34 However, the current case was somewhat more 

challenging, particularly for docking the large agonists, and therefore two different approaches 

were used. Although previous docking experiments with the small synthetic antagonist TAK779 

have been described,14 we decided to perform a similar flexible ligand binding calculation here 

using our more exhaustively sampled CCR5 MD structures.  

The 3D structure of TAK779 was built using QXP35 using standard bond lengths and valences. 

A 3000 step Monte Carlo simulation followed by a Polak-Ribiere conjugate gradient 

minimisation using the mixed AMBER/MM2 force field was carried out in order to select a low 

energy starting conformation for the docking run. The ligand was initially placed in the receptor 

binding site as determined by alanine-scanning mutagenesis,36 located near the CCR5 

extracellular surface in the TM cavity formed from residues Tyr37 (TMH1), Thr82, Trp86 

(THM2), Tyr108 (TMH3), and Glu283 (TMH7). TAK779 was then docked to the binding site 

using QXP’s DYNDOCK module using 500 steps of flexible dynamic docking with the CCR5 

Cα trace held fixed, and using a single distance constraint between the phenoxy hydrogen of 

Tyr37 and pyrane oxygen of TAK779. 

For chemokine docking, we used a modified version of Hex37 called GridHex38 to soft-dock the 

natural protein agonists. The GridHex scoring function aims to identify favourable chemical 

interactions between pairs of protein surfaces by correlating molecular interaction fields (MIFs) 

from GRID,39 without requiring that the proteins fit together perfectly. This approach was used 

recently in rounds 4, 5 and 7 of the CAPRI blind docking experiment.40,41 However, because 
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there is no direct way to determine which of the several types of MIF provide the driving force 

for binding in any particular complex, we use a principal component analysis (PCA) technique to 

select the most significant MIFs to use for each specific complex, as described below. In the 

current study, we started from the NMR average structures taken from the Protein Data Bank 

(PDB) 42: RANTES − PDB code 1RTO, chain A43; MIP-1β − PDB code 1HUM, chain A.44 These 

structures were first minimised in AMBER using 5000 steps of steepest descent, followed by 

5000 steps of conjugate gradient with the Cα trace kept fixed with a 1000 kcal/mol force 

constant. This was followed by full minimization until the RMS slope fell below 0.001 

Kcal/molÅ.  

Prior to docking, GRID MIFs were calculated on a 0.8Å grid for each protein using each of the 

10 probe moieties listed in Table 1. These probes represent the main types of physicochemical 

(i.e. steric, electrostatic, hydrophobic and hydrogen bond) interaction that occur in protein 

complexes. The MIF arrays were then imported into GOLPE45 and pre-treated by truncating any 

positive potentials to zero in order to ignore repulsive interactions. To focus the analysis on the 

chemokine binding site, all CCR5 data beyond a radius of 18Å from Lys171 (taken as the centre 

of mass of the ECLs) was discarded, as was any data having only one value (i.e. presenting a 

skewed distribution). GOLPE’s PCA facility was then used to decompose the MIF data into two 

small matrices of “loadings” and “scores.” The loadings give the weights of the original variables 

in the analysis, and the scores give the contribution each probe makes to the new uncorrelated 

variables, or principal components (PCs). Plotting the probe scores against the PCs allows those 

probes that explain most of the variance to be identified.  

Figure 4 shows the score plots for the first two principle components for each protein. These 

plots show that the probes may be grouped into essentially three main types: the positively 

charged hydrogen bond donating group, the negatively charged hydrogen bond accepting group, 

and the hydrophobic group. It is well known in PCA that the greater the difference in the scores, 
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the better is the ability to discriminate the properties of the objects under study. In the current 

case, the PCA shows that the N3+, O::, and DRY probes are the most discriminating. Hence the 

MIFs corresponding to these three probes were selected and used in the GridHex docking 

correlation. The chemical contribution to the correlation energy is calculated as: 

 

 

where the functions φA and φB represent the above MIFs, and where τA and τB represent the 

steric density functions of the receptor and ligand, respectively.   

In the docking step, RANTES and MIPS-1β were docked onto each of the four low energy 

CCR5 conformations using a six-dimensional rotational-translational search with one angular 

constraint (receptor β1 ≤ 45°) which allows the ligand to spin freely while loosely constraining it 

to remain near the receptor binding site. The calculated MIF energy and basic Hex shape scores 

were combined in the ratio of 25:75 to give an overall pseudo-energy for each pose. 

All energy minimisations, MD simulations, and GridHex dockings were run on a Pentium IV 

2.56 GHz computer, whereas the QXP dockings were run on a SGI Origin300 R14000 server. 

Table 1 about here 

Figure 4 about here 

RESULTS AND DISCUSSION 

Following the exhaustive conformational sampling of our homology-built CCR5 model 

structure, we assessed its quality and reliability by analysing the generated 3D structures with 

respect to the available SDM data listed in Table 2, and by examining side chain interactions 

during the MD trajectory and in the ligand binding sites.  

Analysis of low energy MD conformations 
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Some important common structural features were observed in the low energy CCR5 

conformations. For example, all four structures exhibit similar hydrogen bonding patterns in the 

TM cavity close to Tyr108, Glu283 and Tyr251. As previously reported,36 these residues are 

essential to confer CCR5 its biological role of HIV co-receptor. In our Model-1, the phenoxy 

group of Tyr108 is hydrogen-bonded to the Glu283 carboxy group, and also interacts in a face-to-

face π-stacking arrangement with the aromatic ring of Tyr251. Simultaneously, the Glu283 

carboxy group hydrogen-bonds the side chains of Thr177 and Ser179 in ECL2. It has been shown 

previously46 that this loop contains some of the residues required for efficient binding to the 

natural agonists. It has also been suggested that Ser179 might face a negatively charged residue,47 

as observed here. 

Further important structural aspects of the TM cavity can be inferred by considering the 

combined mechanism by which hydrogen bonds are made and broken on going between our low 

energy conformations. For example, the hydrogen bond between Glu283 and Tyr108 is easily 

broken in Model-1 and, after an appropriate side chain flip (see Models 2 and 3 in Figure 5), only 

the interactions between Glu283 and the ECL2 residues Thr177 and Ser179 are retained. We 

hypothesise this conformation of ECL2 might correspond to an early activated state during ligand 

binding. Similar transitions leading to signal transduction across the intracellular domain have 

been described in other GPCR models.26,48 From these observations, the importance of Glu283 in 

stabilising the receptor into a low energy conformation by tightly packing TMH3, TMH6, TMH7, 

and ECL2 seems overwhelming. On the other hand, Glu283 has also been identified as a hot spot 

residue in the binding of positively charged antagonists.36 In order to explore this further, we 

mapped our model of this binding site using a charged sp3 nitrogen GRID probe. This produced a 

favourable energy profile around Glu283 which supports the charge stabilisation hypothesis (data 

not shown).  

Figure 5 about here 
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Beside the above positively charged TM cavity, an inner cavity can be identified comprising the 

polar and hydrophobic residues Tyr37 (TMH1), Thr82, Val83, Pro84, Trp86, Tyr89 (TMH2), 

Leu104 (TMH3), and Thr284 and Met287 (TMH7). Amongst these residues, Thr82, Val83 and 

Pro84 resemble the typical TXP motif which is highly conserved within the CCR family. The 

role of this motif seems to be to induce a strong deformation of the TMH2 helical axis which is 

kinked towards TMH1. It is known that the P84A mutation causes decreased binding affinity for 

chemokines and nearly abolishes the functional response of the receptor.49 In our model, this 

cavity is lined with the polar/hydrophobic residues Try37, Thr82, Val83, and Pro84. Hence any 

mutation of Pro84 would dramatically alter the shape of this cavity and thus explain the loss of 

affinity mentioned above. 

Just below the inner cavity is an aromatic pocket formed from the highly conserved residues 

Phe109, Phe112 and Phe113 (TMH3), as well as Trp248 (TMH6). These residues have been 

previously suggested50 to be part of an aromatic cluster governing the mechanism of action in 

CCRs. Our model suggests this cluster might be activated by small structural modifications to 

e.g. the hydrogen bonding pattern described above, or by the binding of a small lipophilic 

molecule, for example.  

Table 2 about here 

Analysis of key SDM residues 

One challenging aspect of the current work was building the extracellular regions of CCR5 

sufficiently well to model its interaction with the natural chemokine ligands. For example, the 

role of the N-terminal domain of CCR5 as a primary, perhaps non-specific, binding site has been 

demonstrated previously for several agonists, and mutating to alanine any of the key residues 

Asp11, Tyr15, Glu18, Lys22 or Lys26 is known to hamper or eliminate chemokine binding 

(especially RANTES and MIP-1α).51-56 Significantly, in all our low energy MD conformations, 

the charged or polar functional groups of these residues are exposed to solvent and are involved 
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in a hydrogen bond network or π-cation interactions (see Figure 6). It can be postulated that the 

above hydrogen bonding network is essential for maintaining this part of the receptor in a stable 

structural motif and for substrate recognition.  

Other notable interactions are also observed in the modelled ECLs, e.g. the Asp95-Lys171 salt 

bridge, and the hydrogen bonds between His181, Lys191 and Gln186, as well as between 

Glu172, Tyr184 and Asn273. Because the ECLs, especially ECL2, are important and specific 

chemokine recognition sites, these residues are crucial for characterising the shape and potential 

of the extracellular surface. In our models, the ECL residues seem to be arranged in such a way to 

account for the available SDM evidence. From the solvent accessibility data shown in Table 3, it 

can be seen that some polar residues of ECL2, primarily Thr177 and Ser179, are completely 

buried in the entry channel of the TM cavity. As discussed above, these residues form part of an 

important hydrogen bonding network. It therefore seems reasonable to suppose that binding of 

CCR5 antagonists within the TM domain could disrupt key ECL2 interactions and hence explain 

how some antagonists can allosterically prevent chomokine binding, as in the case of TAK779. 

Figure 6 about here 

Table 3 about here 

MD trajectory population analysis 

During the 3000 ps MD run, side chain movements were monitored along the trajectory and the 

time evolution of the positions of structurally essential residues was analysed. Firstly, we 

considered the making and breaking of hydrogen bonds between those residues buried within the 

α-helical bundle that define the positively charged TM binding site. From the hydrogen bond 

population occupancies listed in Table 4, it can be seen that Glu283 is almost permanently 

trapped in polar interactions with nearby residues. In our low energy models, the two Glu283 

carboxy oxygens interact mainly with the TMH channel hydroxyl groups of Thr177, Ser179, and 



 13

Tyr251, but also to a lesser extent with that of Tyr108. Tyr108 also binds to the Glu283 backbone 

carbonyl and interacts with Tyr251 largely through edge-to-face or face-to-face π-stacking 

arrangements (not shown). In agreement with the work of Dragic et al.,36 this supports the 

evidence to suggest that Tyr108, which is located just between the positively charged binding site 

and the aromatic cluster identified above, is a key residue for CCR5 receptor function.  

A significant interaction is also seen between the indole ring of Trp86 and the Asp95 backbone 

atoms. In the 3000 ps MD run, the triptophan NH group is hydrogen-bonded to the aspartate 

carbonyl group for around half of the simulation time. It might be postulated that this polar 

interaction is needed to maintain the structural motif of the ECL2 and the overall 3D shape of the 

antagonist binding site. Experimental support for this hypothesis is given by the W86A mutant, 

which is know to permit HIV-1 entry but is almost insensitive to TAK779 inhibition.36 Hydrogen-

bonds also occur at the CCR5 extracellular surface between the side chains of Asp11 and Lys26, 

and Glu18 and Lys22. These pairs of residues are exposed to solvent and are separated by the 

Tyr15 phenoxy group, which also hydrogen-bonds Lys26 (see Figure 6). As discussed further 

below, these residues might represent a first anchoring point for the endogenous agonists. 

Table 4 about here 

Other putative chemokine binding sites can also be identified around some charged or aromatic 

residues of the extracellular loops. For example, the 3000 ps MD trajectory shows that Asp95 and 

Lys171 form a permanent salt bridge which might eventually be disrupted once the mostly basic 

chemokine epitope residues bind to the receptor. Similarly, hydrogen-bonding interactions can be 

seen between His181 and Lys191, and Glu172 and Tyr184. This polar network might be essential 

for stabilizing the ECLs in their bioactive conformation. Indeed, mutations here generally disrupt 

chemokine binding,57 probably due to the consequent mis-folding of this part of the receptor 

surface. 

Figure 7 about here 
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Antagonist docking  

TAK779, synthesised by Takeda,58 is the first known antagonist with a specific and high 

affinity for CCR5 (Ki = 10 nm). It has been shown that this molecule inhibits HIV-1 replication 

by blocking the binding of viral gp120 to CCR5, thus preventing virus-cell fusion. TAK779 also 

inhibits natural ligand binding. Binding studies of TAK779 to CCR5 mutants have shown it binds 

within the CCR5 TM helices.36 Using QXP, we successfully docked TAK779 into this TM 

binding site, as shown in Figure 8. Significantly, TAK779 adopts an L-like shape in the global 

minimum energy conformation, and binds to CCR5 largely through polar and hydrophobic 

interactions. The lipohilic methylphenylbenzocycloheptenyl part of the ligand is deeply buried in 

the TM barrel and makes extensive van der Waals contacts with Phe109, Phe112, Phe113 

(TMH3), Ile198 (TMH5), and Trp248 (TMH6). The polar ammonium and pyran ring groups of 

the ligand stabilise binding through a salt bridge with the Glu283 carboxy group and a charge-

reinforced hydrogen bond with the Tyr37 hydroxyl group, respectively. As a consequence of this 

binding mode, the TAK779 anilido benzene ring makes a face-to-face aromatic stacking contact 

with the Tyr108 phenoxy group. These interactions all contribute favourably to our calculated 

binding energy of -28.71 Kcal/mol. A similar binding mode was also achieved using the 

AUTOGROUP module of the GRID software (data not shown). 

Figure 8 about here 

Agonist docking  

If identifying a consistent binding mode is difficult for small ligands, a stronger effort has to be 

made when docking macromolecules due to the complexity of the protein-protein interaction 

process and the generally greater approximations used in current algorithms. In order to help 

avoid making false-positive predictions we once again used experimental evidence to guide the 

calculations. For example, previous SDM binding studies using monoclonal antibodies suggest 
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that CCR5 interacts with chemokines through an exposed extracellular structural motif 

comprising part of the N-terminal domain and ECL2.59 In particular, it has been shown for human 

CCR5 that the negatively charged hydrophobic residues Asp11, Glu18, and Asp95 are critical in 

chemokine binding.52-53,60 For example, alanine scanning of the amino-terminal domain shows 

that binding of RANTES is completely blocked if Asp11 and Glu18 are mutated.51 Other charged 

residues such as Asp95 (ECL1), Arg168, Lys171, and Lys191 (ECL2) are also implicated in 

chemokine binding. Indeed, Arg168 is important for binding all agonists except RANTES. 

Further SDM results show that chemokines also interact with CCR5 through the basic and 

hydrophobic residues Phe12, Arg17, Arg44, and Lys45 (and also Arg47 in the case of RANTES). 

Hence we expected to find that mapping the CCR5 and chemokine surfaces with appropriate 

GRID probes would show complementary arrangements of MIFs in the binding orientation. Our 

PCA score plots (Figure 4) tend to confirm that both electrostatic and hydrophobic interactions 

are discriminating in these interactions.  

Although docking calculations cannot reproduce the precise physical interaction between a 

receptor and its ligand, we still expected to find macromolecular complexes which exhibit at least 

some of the favourable interactions mentioned above. Furthermore, because chemokines block 

HIV-1 entry by antagonising the binding of viral gp120 to CCR5, we also expected to find 

binding modes in which the agonists block a considerable region of the CCR5 extracellular 

surface. Considering the many millions of orientations enumerated and evaluated by GridHex, 

and bearing in mind the inevitable inaccuracies in our models, it was thus pleasing to find that 

docking solutions satisfying the above criteria were found at the relatively low cluster rank 

(cluster 11) for docking RANTES to receptor Model-2, and at the somewhat higher rank (cluster 

73) for docking MIP-1β to receptor Model-4. This suggests that docking model-built protein 

structures is indeed feasible if SDM information is available to help eliminate false-positive 

dockings. 
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In these SDM-compatible binding modes, the buried solvent accessible interface areas were 

calculated to be 1850.7Å2 and 1721.2Å2 for RANTES and MIP-1β, respectively, indicating that 

the two proteins make extensive contacts compared to similar known complexes (~1100Å2). 

Given the high sequence similarity (70%) between RANTES and MIP-1β,  we expected to find 

similar calculated binding modes. This was indeed the case, with both RANTES and MIP-

1β binding to CCR5 with their antiparallel β-sheets facing ECL1 and ECL2, and with their C-

terminal α-helices fully exposed to solvent, as shown in Figure 9. This figure also illustrates how 

CCR5/RANTES binding is stabilised by the salt bridges between Asp11 and Lys45, Asp95 and 

Arg47, and Glu18 and Arg17. The interaction between the charged nitrogen of Lys191 with the 

aromatic ring of Phe12 provides additional π-cation stabilisation. Similar interactions are seen in 

the CCR5/MIP-1β complex. In this case, Glu18 still hydrogen-bonds Arg18 (Arg17 in 

RANTES), but the corresponding Asp11 hydrogen bond seems to take place over a larger 

distance. This seems plausible, considering that mutating Asp11 affects RANTES binding but not 

the binding of other chemokines.51 Additionally, RANTES Phe13 now contributes to a charge 

transfer complex with the CCR5 guanidinium group of Arg168 which is known to be important, 

especially for binding RANTES,57 and binding is further stabilised by the hydrogen-bond 

between Ser47 and Asp95. In both docking models, Tyr184 does not interact with the 

chemokines, which can probably be explained by its low exposure to solvent. The previously 

reported importance of this residue might then be more related to structural rather than functional 

aspects. For example, it could still be important in stabilising the bioactive conformation of ECL2 

necessary for agonist binding. 

Figure 9 about here 

CONCLUSIONS 
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A 3D model of the human CCR5 was homology-built from the bovine rhodopsin X-ray 

structure. The resulting model, consisting of the TMHs and all ECLs and ICLs, was validated by 

MD conformational analysis which showed it to be consistent with the currently available SDM 

data. To fully exploit this model, and to give further insights into the molecular basis of the 

initiation and development of HIV-1 infection, we docked one antagonist and two agonists to 

four low energy CCR5 conformations using a novel docking protocol. These docked complexes 

are also compatible with the available SDM evidence and hence provide a consistent structural 

model for agonist and antagonist binding. The results of our combined modelling, dynamics, and 

docking study provide new structural insights into CCR5/chemokine interactions, which may be 

useful in the rational design of HIV-1 entry-blockers.
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Figure 1 Illustration of the human CCR5 sequence (N-terminal: extracellular; C-terminal: 
intracellular) showing the disposition of secondary structure features with respect to the cell 
membrane (grey). Black filled circles correspond to key residues mentioned in the text.  

 



 

 

Figure 2 Pair-wise alignment of the bovine rhodopsin and human CCR5 sequences, calculated 
using the PAM350 matrix in CLUSTALW with a gap-open penalty of 10.0, and a gap-extension 
penalty of 0.1; secondary structure gap penalties were also applied. 

 



 

 

Figure 3 Secondary structure motifs as calculated by STRIDE for the four lowest energy CCR5 
conformations. 
 



 
Table 1 GRID Probe types used in the PCA analysis 

GRID Probes Atom Type 
  

C3 methyl CH3 group  
C1= sp2 CH aromatic or vinyl
N3+ sp3 amine NH3 cation 
N1 neutral flat NH 
N:= sp2 N with lone pair  
O:: sp2 carboxy oxygen atom
O1 alkyl hydroxy OH group
O sp2 carbonyl oxygen 
S1 neutral SH group  
DRY hydrophobic probe 
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Figure 4 GRID probe PCA plots using the probe types listed in Table 1 for CCR5 (top, diamonds), 
RANTES (middle, triangles), and MIP-1β (bottom, circles). 
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Figure 5 Side chain conformations in the TM binding site of the four calculated low energy CCR5 
conformations (Model-1: top left; Model-2: top right; Model-3: bottom left; Model-4: bottom right. 

 



 
Table 2 Summary of SDM data relating to human CCR5(a) 

Residue Location Effect of mutation 
   

Asp11  Strong reduction in functional response; no binding of RANTES and MIP-1α 
Tyr15 

 Reduced binding of MIP-1α 
Glu18  Strong reduction in chemokine binding and of functional response 
Lys22 
Lys26 

N-terminal 

 Reduced binding of MIP-1α 

   Reduced binding of MIP-1α 
   

Tyr37 TMH1  Strong reduction in binding of receptor antagonists 
  
 Reduced functional response; moderate reduction in antagonist binding  Pro84 

Trp86 

 
TMH2  Strong lowering of the binding of receptor antagonists 

Trp86   
   

Asp95 ECL1  Regulation of the binding of MIP-1α 
  

Leu104  Essential for receptor activation 
Tyr108 
Phe109 

 
TMH3  Strong reduction in binding of receptor antagonists 

 Essential for receptor activation 
Phe112   Essential for receptor activation 

  
Arg168  Reduction in binding of MIP-1α but not RANTES 
Lys171  No binding to mAB 2D7 
Glu172  Reduction in binding of MIP-1α but not RANTES; no binding to mAB 2D7 
Ser179  Altered co-receptor function; no virus-cell fusion; no infection 
His181  No binding of RANTES and MIP-1α 
Tyr184  No binding of RANTES and MIP-1α; no co-receptor function 
Lys191  Strong reduction in binding of RANTES and MIP-1α 
Thr195 

 
ECL2 

 No co-receptor function 
Ile198   Moderate reduction in binding of receptor antagonists 

   
Tyr251 TMH6  Moderate reduction in binding of receptor antagonists 

  
Glu283 

 
TMH7  Moderate reduction in binding of receptor antagonists 

Met287   Essential for the binding of MIP-1β 
   
  (a) See main text for references  
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Figure 6 ECL side chain conformations in the four calculated low CCR5 energy conformations. 
Model-1: top left; Model-2: top right; Model-3: bottom left; Model-4: bottom right. 



 
 Table 3 Average solvent accessibilities(a) (%) of the N-terminal and ECL residues 

Nter Abs.(b) Rel.(c) ECL1 Abs.(b) Rel.(c) ECL2 Abs.(b) Rel.(c) ECL3 Abs.(b) Rel.(c)

            
Met1 140.13 72.20 Ala90 0.00 0.00 Thr167 0.00 0.00 Gln261 15.44 8.65
Asp2 73.37 52.25 Ala91 32.90 30.50 Arg168 83.41 34.95 Glu262 2.70 1.58
Tyr3 5.06 2.40 Ala92 18.66 17.30 Ser169 12.25 10.50 Phe263 114.75 57.55
Gln4 133.68 74.93 Gln93 0.00 0.00 Gln170 73.48 41.15 Phe264 138.4 69.40
Val5 145.88 96.33 Trp94 95.77 38.40 Lys171 8.52 4.28 Gly265 14.42 18.00
Ser6 13.22 11.35 Asp95 32.44 23.13 Glu172 0.00 0.00 Leu266 68.15 38.15
Ser7 7.17 6.13 Phe96 38.28 19.20 Gly173 0.00 0.00 Asn267 89.54 62.23
Pro8 68.29 50.18 Gly97 30.78 38.43 Leu174 0.00 0.00 Asn268 52.92 36.75
Ile9 112.02 63.98 Asn98 65.93 45.80 Hid175 0.00 0.00 Cys269 6.32 4.73

Tyr10 25.63 12.05 Thr99 132.23 94.95 Tyr176 0.00 0.00 Ser270 24.31 20.85
Asp11 35.49 25.25 Met100 75.88 39.08 Thr177 0.00 0.00 Ser271 64.51 55.4
Ile12 59.79 34.13 Cys101 0.00 0.00 Cys178 0.00 0.00 Ser272 16.98 14.58

Asn13 81.28 56.45 Gln102 19.93 11.15 Ser179 0.24 0.20 Asn273 0.00 0.00
Tyr14 85.27 40.08    Ser180 0.29 0.25 Arg274 1.78 0.75
Tyr15 72.37 34.00    Hid181 4.23 2.33 Leu275 73.68 41.25
Thr16 99.19 71.20    Phe182 0.80 0.40 Asp276 94.39 67.23
Ser17 100.45 86.25    Pro183 0.00 0.00 Gln277 60.27 33.78
Glu18 41.18 23.93    Tyr184 1.47 0.70    
Pro19 89.46 65.70    Ser185 0.00 0.00    
Cys20 13.45 10.00    Gln186 45.53 25.50    
Gln21 72.80 40.78    Tyr187 114.03 53.63    
Lys22 70.92 35.30    Gln188 125.47 70.30    
Ile23 7.13 4.05    Phe189 144.36 72.38    

Asn24 11.03 7.68    Trp190 136.41 54.73    
Val25 11.52 7.60    Lys191 11.81 5.88    
Lys26 26.30 13.13    Asn192 6.68 4.65    
Gln27 32.10 17.98    Phe193 81.21 40.70    
Ile28 123.79 70.70    Gln194 35.50 19.88    
Ala29 45.46 42.10    Thr195 0.00 0.00    
Ala30 0.00 0.00    Leu196 47.84 26.78    
Arg31 1.59 0.65    Lys197 26.43 13.15    

      Ile198 2.01 1.15    
            

(a) Calculated by NACCESS1 using a probe radius of 1.4Å. 
(b) Absolute solvent accessibility in Å2 . 
(c) Relative solvent accessibility, calculated relative to the accessibility of the corresponding 

residue when placed in an extended ALA-X-ALA tri-peptide. 

 



 
 Table 4 Hydrogen bond population occupancy (%) in the 3000 ps MD simulation 

  Lys22 Lys26 Tyr37 Trp86 Tyr108 Lys171 
  Hζ1 Hζ2 Hζ3 Hζ1 Hζ2 Hζ3 Hη Hε1 Hη Hζ1 Hζ2 Hζ3 
             
Asp11 Oδ1       20.67 18.33 32.53             
Asp11 Oδ2       5.33 17.13 3.47             
Tyr15 Oη 0.60 0.53 0.80 17.20 24.07 14.73             
Glu18 Oδ1 21.73 19.53 23.87                   
Glu18 Oδ2 22.33 19.27 23.60                   
Tyr37 OH                         
Asp95 Oδ1               5.07   14.20 11.20 9.80 
Asp95 Oδ2                   24.07 25.27 23.13 
Tyr108 Oη                         
Glu172 Oε1                         
Glu172 Oε2                         
Thr177 Oγ1                 0.13       
Ser179 Oγ                 0.80       
His181 Nε2                         
Tyr184 Oη                         
Tyr251 OH                 4.47       
Ser270 Oγ                         
Gln273 Oδ1                         
Glu283 Oε1             0.07   8.53       
Glu283 Oε2                 11.87       
Thr284 Oγ1             30.60           
             
 Thr177 Ser179 Tyr184 Lys191 Tyr251 Ser270 Gln273 Thr284
 Hγ1 Hγ Hη Hζ1 Hζ2 Hζ3 Hη Hγ Hδ1 Hδ2 Hγ1 
             
Asp11 Oδ1            
Asp11 Oδ2            
Tyr15 OH            
Glu18 Oδ1            
Glu18 Oδ2            
Tyr37 Oη           29.40 
Asp95 Oδ1            
Asp95 Oδ2            
Tyr108 Oη 0.27 0.60     6.60     
Glu172 Oε1   20.00     15.47  32.67  
Glu172 Oε2   5.87     19.67  19.53  
Thr177 Oγ1  8.47          
Ser179 Oγ 19.60      14.87     
His181 Nε2    23.80 29.33 20.67      
Tyr184 Oη         2.80   
Tyr251 Oη  7.80          
Ser270 Oγ            
Gln273 Oδ1   6.73         
Glu283 Oε1 59.80 46.67     32.33     
Glu283 Oε2 60.40 46.60     28.33     
Thr284 Oγ1            
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Figure 7 Chemical structure of TAK779. 
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Figure 8 TAK779 (yellow) docked into the CCR5 TM binding site (mauve ribbon). Key CCR5 
residues (cyan) are annotated. 
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Figure 9 Docked CCR5/chemokine complexes. Top: CCR5 in blue, RANTES in yellow, MIP-1β in 
red; middle: CCR5/RANTES complex with key chemokine annotated in italics; bottom: 
CCR5/MIP-1β. 


