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Challenge
ÂIntroduction to Influenza virus

ÂChallenge 1: Construction of static structure

ÂChallenge 2:MD simulation
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Adamantanes

Zanamivir/Oseltamivir

ÂKills half a million people per year

ÂParticle level V.S. molecular level

Â80-200nm in diameter

ÂMostly round

Â8 strands of RNA surrounded by NP

ÂMatrix: M1

ÂMembrane: embedded with HA,NA 

and M2

Influenza virus: background
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Lifecycle of flu virus:

1. Enter cell membrane

2. Reproduce genetic material

3. Release new virus

Â80-200nm in diameter

ÂMostly round

ÂLots of spikes on the surface

Â8 RNAs inside

Experimental understanding:

Influenza virus: particle level
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STM Virus

17 nm

RNA+capsid, ~1 million atoms

NAMD, Charmm force field, TIP3P water

128(256) Altix nodes at National Center for 

Supercomputing, 0.7 (1.1) ns/day

Structure, 2006(14): 437 Biophys. J., 2009(97): 2061

35 nm

HB Virus

Influenza virus: particle level

Capsid, 3600 beads for virus

NAMD, 1 CG bead/150 protein atoms
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HA NA M1M2

dppc

membrane

embedded in membrane envelope

RNA sequence NP
RNP complex

Influenza virus: molecular level
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Drug development

Protein unfolding at high temperature Zanamivir binding to NA 

Fundamental research

Influenza virus: molecular level
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Can we study the dynamic structure of the 

whole virus particle at atomic level?

ÅOther factors affecting its life cycle

ÅNew potential target for drug

Åé
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Challenge1 How to build a static H1N1 particle?

ÂAppend trans-membrane part of HA/NAé

ÂConstruct helical structure of RNAs

ÂCoat RNAs with NPs

ÂAssemble all the components into a delicate virion 
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PDB: 386 residue

NCBI: sequence of 449 residues

Trans-membrane structure 

prediction 

Molecular 

model of NA

MD simulation in solution

to get a relaxed structure

Virus 

particle

Influenza virus: construction
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NCBI: sequence of RNA1

2366 necleotides
Linear structure

NP

MD simulation

to relax

Virus 

particle

RNP1

J. Mol. Biol.2007(374): 910ï916

NP

Influenza virus: construction 
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142 nm

Pack 8 RNPs closely to form the interior of the virus

Embed trans-membrane proteins into membrane

matrix

membrane
Coat RNPs with a sphere of M1 matrix

Coat M1 matrix with a sphere of membrane
NHA/NNAå4

HA and NA in cluster

M2 randomly distributed

NA

HA

M2

Fill the rest space with water and ions  

Box size=148.5 nm

Influenza virus: construction



13box size=148.5 nm

Influenza virus: construction
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Challenge2 How to simulate such a large system?

ÂWhich software to use?

ÂParameter preparation for the simulation 

ÂOptimization of parallelization 
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maF

trvrr

trarvrv

ttt

ttt

1

1

Periodic boundary

Intergration

Newtonian equation

Neighbor search

Influenza virus: simulation
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Mole-8.5 
2.0 Petaflops(single precision)

GPGPU supercomputer, Tesla C2050

No. 21 on 38th Top500 list No. 9 on Green500 list

Huge gap between MD simulation 

and experiments 

Influenza virus: simulation
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Gromacs (Netherlands)

ÂGMX -4.5(Sept. 2010)

ÂUse OpenMM library

ÂOnly for single GPU

ÂCannot simulate millions of 
atoms

NAMD (U.S)

ÂOnly use GPU for nonbonded force

ÂOther parts are performed on CPU.

HOOMD (U.S)

ÂCurrent version: Dihedral and PPPM on GPU

ÂNo force field for biomolecules.

ÂNot MPI enabled, only run on single node. 

ACEMD (Acellera Ltd , commercial)

Can run on multiple nodes.  

Influenza virus: simulation
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GPU Solution
ÂMD implemented on single GPU 

ÂMD implemented on multiple GPUs

ÂVirus simulation using 1728 GPUs
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Xu, J., Ren, Y., Ge, W., Yu, X., Yang, X. & Li, J. Molecular Simulation, 2010, 36(14):1131 

MD on Single GPU

ÂMD procedure fully implemented 

on GPU 

ÂPME Electrostatics

ÂConstraints: LINCS, SETTLE  

ÂVirtual site  
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Xu, J., Ren, Y., Ge, W., Yu, X., Yang, X. & Li, J. Molecular Simulation, 2010, 36(14):1131-1140. 
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bond:

Contents of index and bond arrays in t_bond 

ÂSimilar implementations for bond/angle/dihedral 

ÂCopy to global GPU memory during initialization 

ÂA thread computes all the bonds of the home atom

Molecular model 

ÂAssign one atom to one thread 

Â2D array in global GPU memory to 

store the neighbor list for each atom

ÂNeighbor search: one thread block 

corresponds to one bin, and one thread 

corresponds to one atom in the bin. 

Neighbor list generation Bonded interactions

MD on Single GPU
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Xu, J., Ge, W., Ren, Y.,  Li, J. Chinese Journal of Computational Physics, 2010, 27(4):548-554. 

1. Set parameters for PME. 

2. Distribute charged atoms onto FFT grids

3. FFT transformation of FFT grids

4. Solve the equation of energy

5. Inverse FFT 

6. Calculate electro-force
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MD on Single GPU: PME
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Xu, J., Ge, W., Ren, Y.,  Li, J. Chinese Journal of Computational Physics, 2010, 27(4):548-554. 

ÂFrequent data access to memory

ÂDependence of  data among GPU threads

MD on Single GPU: PME
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T=1000 K 

1200PE

300 beads per chain

T=600 K 

1.57ns/day on 1 GPU

CrystallizationEntanglement

Lower T

Xu, J., Ren, Y., Ge, W., Yu, X., Yang, X. & Li, J. Molecular Simulation, 2010, 36(14):1134-1140.

Speedup ratio of GPU_MD-1.0.5 over GROMACS-4.0.5 on CPU(s) and HOOMD-0.9.0 on GPU

MD on Single GPU: performance



24

ÂNormal method: 

1. Communicate position forward

2. Communicate force backward 

ÂTo reduce the memory copy times between GPU 

and CPU, one domain needs the positions of 

particles in neighboring domains, and can 

compute the interaction of the particles.

ÂNo need to communicate force backward. 

Left -Right

Back-Front

Bottom-Top

GPU MD parallelization: domain decomposition
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Â A huge 1D array to store the memory 

position of particles.

Â Advantage: Fast

Â Disadvantage: use more memory. System 

is too large, i.e. 0.3 billion particles ð

more than 1 GB, can not use it.

GPU MD parallelization: bonded list

Â Search the neighbor particles to 

generate the bond list

Â Advantage: no use of memory

Â Disadvantage: Slow

Set Search
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DPPC in water

Case 1 2 3 4 5 6 7

DPPC 256 864 2048 4000 6912 10976 16384

All(106) 0.08 0.26 0.62 1.22 2.11 3.35 5.00

Case 1 2 3 4 5 6 7 8 9 10

DPPC(103) 0.56 1.89 4.48 8.75 15.12 24.01 35.84 71.68 143.36 286.72

All(106) 0.06 0.20 0.48 0.94 1.62 2.57 3.84 7.68 15.36 30.7

No. GPUs 8 8 8 8 8 8 8 16 32 64

Group1         8 GPUs, NDPPC :NSPC = 1:85           

Group2 8-64 GPUs, NDPPC :NSPC = 1:19

GPU MD parallelization: performance
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GPU MD parallelization: performance

Speed up ratio of bond list generation set/search

If possible, we propose set method to build the bonded list.

Test environment
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Group1 Set

GPU MD parallelization: performance

Force calculation and communication

As system goes larger, the time-demanding part shifts from communication to force 

calculation. 



29Total speedup v.s. Gromcas-4.5.5

No. of GPU(CPU) Process: 8, 16, 32, 64

GPU MD parallelization: performance

No. of GPU(CPU) Process: 8

Our package runs even better for large systems, more GPUs.



Xu J, Wang X, He X, Ren Y,  Ge W & Li J. China Science Bulletin, 2011,66(19):4426-4458.

Virion simulation

Â~300 million atoms, (148.5 nm)^3

ÂGROMOS 53a6 force field, SPC water 

ÂNVT, T=300K

ÂCoulomb interaction with reaction field

Â3D domain decomposition:12^3=1728 

Â288 nodes with 1,728 C2050 GPUs

Â0.77 ns/day with dt=1fs. 
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Radius of the membrane 

Potential energy 

Solvation energy 

Starting from the predefined structure, the virus 

experiences a significant change to obtain a stable structure. 

Virion simulation
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Conclusion and Prospect
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ÂA high-efficient MD package implemented on GPUs

ÂThe first to produce a high-resolution picture of the complete 

influenza virus in solution.

ÂThe most complicated biological system, with the largest 

number of atoms simulated at atomic level. 

ÂGPU is a promising alternative for traditional CPU MD 

calculations.

Conclusion
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Prospect

ÂOptimization of software:

GPU parallel implementation of PME

More force field inclusion

Better implementation, faster speed

ÂHelp to look for potential treatment targets

ÂCan be applied to polymer/emulsioné
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Thanks for Your Attention!

EMMS Group: www.ipe.ac.cn/csms


