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Treating flexibility in protein-protein docking presents 
several challenges, the most obvious being the 
computational complexity involved1,2. In order to make 
calculations more tractable, current docking 
algorithms typically treat proteins as rigid bodies and 
employ soft scoring functions that allow for a limited 
amount of flexibility. Alternatively, cross docking of 
ensembles generated from molecular dynamics (MD) 
may be performed3,4. However, this produces 
thousands or possibly millions of docking solutions and 
therefore, fast scoring and refinement techniques are 
desirable. In order to accelerate the calculations, we 
use Graphics Processing Units (GPUs). 
Here, we present a novel normal mode analysis (NMA) 
based approach that avoids the need for  
combinatorial cross docking. Rigid body docking 
orientations output by HEX5 are perturbed by stepping 
along the NMA eigenvectors. The NMA-perturbed 
structures are then further refined by an evolutionary 
Monte Carlo (MC) method which locally optimises each 
putative solution using fast van der Waals and 
pairwise desolvation terms. The utility of the approach 
is demonstrated using docking searches performed on 
selected examples from the protein docking 
Benchmark 2.06. Preliminary results indicate 
improvement in quality of the initial rigid body 
orientations. 
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docking using GPUs
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Use Particle Swarms Optimization (PSO) 
to identify suitable perturbed solutions

Sharp Rigid Body 
MC Minimization

Output ranked list

1000 Top ranking HEX 
predictions in
20s/complex

50 MC Iterations 
0.25s/complex

Eigenvectors calculated 
for a  sparse Hessian 

matrix 
100-180s/complex

PSO of top 4000 
orientations 

12s/complex

MC minimization of 
top 20+1 orientations 

4s/complex
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1CGI

HEX - 1 7 3.23

MCHEX - 2 4 2.22 2.11

EIGENHEX - 1 4 2.19

1HIA

HEX - - 10 3.15

MCHEX - - 9 3.31 1.74

EIGENHEX - - 7 3.42

1PPE

HEX 1 12 33 0.86

MCHEX 2 13 30 0.98 0.81

EIGENHEX 3 13 24 0.90

7CEI

HEX - 3 7 4.25

MCHEX - 2 7 4.05 2.00

EIGENHEX - 2 6 4.06

Table 1. This table shows the overall results using HEX, Monte 
Carlo refinement (MCHEX) and NMA-based optimization 
(EIGENHEX) for the four test cases. The solutions are classified 
according to the number of high (H), medium (M) and acceptable 
(A) accuracy models based on the CAPRI7  criteria. The lowest all-
atom RMSDs achieved by the respective algorithms are compared 
with the minimum value calculated for the superposed unbound 
complex (theoretical RMSD).
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Overall time 
2-4m/complex 

1CGI 1HIA 1PPE 7CEI

Figure 5. This figure shows the superpositions of the unbound (blue) and the lowest all-atom RMSD complex output by EIGENHEX 
(green) for four Benchmark 2.0 cases. The bound structure is shown in red. 

Figure 4. This figure shows the number of clashes (pairs of atoms at the interface that are closer than 3Å) before and after the 
normal mode based minimization. The PSO routine steps through different combinations of eigenvectors (top 20) selecting at each 
stage the set of amplitudes that minimizes the clash count. This provides a fast and effective way to identifying putative “eigen-
solutions” and obviates the need for expensive energy calculations.

We have developed a computationally efficient 
approach to incorporate a moderate degree of 
flexibility into the docking process for a given 
starting orientation. Our results show that the 
use of soft rigid body Monte Carlo minimization 
increases the number of near-native docking 
solutions for most of the cases. The inclusion of 
soft normal modes leads to a three-fold increase 
in the number of high quality models for 1PPE, 
and significant improvements in the all-atom 
RMSDs are observed for the others.

Performance improvements can be achieved by 
implementing more of the calculations on GPUs. 
This would facilitate a finer-grained sampling 
that could further improve the quality of the 
solutions.

Figure 2. Ligand RMSD vs energy plots for the 1000 top ranking structures sampled by HEX. Energies are calculated using a 
combination of van der Waals (values truncated to a maximum of 1.0 kcal/mol), electrostatics and pairwise desolvation terms. 

Figure 3. Ligand RMSD vs energy plots for the NMA-perturbed structures. Energies calculated as above. 

Figure 1. Schematic flowchart illustrating the flexible refinement 
process.

Figures 2-5 show the refinement results obtained for four Benchmark 2.0 cases. Table 1 summarises 
the performance of the NMA-based optimization.  
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