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Benchmark: DHFR

e N ows, e Z st .0 . System:DHFR in explicit solvent
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Benchmark: DHFR

NVE ensemble (FEf&* EL R ILX—5H)
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70
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* GROMACS is single precision



Benchmark: ApoAl
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System: ApoAl in explicit solvent

Size: 92,224 atoms

CPU: Intel Xeon E5-2630 x 2 (12 cores)
GPU: NVIDIA GeForce GTX680

CUDA: CUDA Toolkit 4.2, driver 304.54
OS: Linux kernel 3.0.0-27 (Ubuntu 11.10)
Ensemble: NVE and NPT

time step At = 2 fs with SHAKE
Electrostatic: PME, cutoff = 9A
Programs: pmemd.cuda_SPFP module
AMBER 12 (bugfix 18 applied), NAMD
nightly build (2013-06-16)

Input files: benchmark file provided by
NAMD group was converted to AMBER
format by using chamber module of
AmberTools.



Benchmark: ApoAl

NVE ensemble (Ef& - EILRILF—5H)

“GPU
“ CPU

ns/day
NPT ensemble (FEIE - EiRFH)

“GPU
“ CPU
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— memtestG80 %° cuda_memtest Z{#
memtestG80 https://github.com/ihaque/memtestG80
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AMBER® ZE 2L : SPFP precision model

Numerical Stability
Single Precision Fixed Precision (SPFP)(&. AMBER®
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Le Grand, S., Gotz, A. W. and Walker, R. C. “SPFP: Speed without compromise
—A mixed precision model for GPU accelerated molecular dynamics
simulations.” Computer Physics Communications 184, 374-380 (2013).



Folding of villin headpiece (implicit solvent)

Previous work by Duan et al.

~

\f__

Ca—RMSD of segment B (A)

segment A

NMR structure (PDB ID: 1YRF)

2 4 6 8 10
Cu—RMSD of segment A (A)

g_yst.er:é;/llltm he?.dpl(?cgt(?ﬁl res[co)lues) 20 replicas were used for Replica Exchange simulation.
1€ atoms {Implicit solven 200 ns for each REMD replica. Sander module of

AMBER 8 was used
Lei, H., Wu, C., Liu, H. and Duan, Y. Folding free-energy

landscape of villin headpiece subdomain from molecular
dynamics simulations. PNAS 104, 4925-4930 (2007).



Folding of villin headpiece (implicit solvent)

Simulation with GPU (GTX680): Throughput 509ns/day
(CPU: Throughput = 77 ns/day)

Free energy surface  kcal/mol
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Ca-RMSD of segment A [A]

GPU: 24 days for 12 ps long
(CPU: 156 days)



Functionally relevant motion of
LAO-binding protein (explicit solvent)

Simulation with GPU (GTX680): Throughput = 25 ns/day
(CPU: Throughput = 4 ns/day)

RMSD from open ]
RMSD from closed |

‘Mmlmlmm M"
kbl ddll

3 4

1 3 =
time [us)

GPU: 156 days for 4 us long
(CPU: 957 days)

System: LAO-binding protein (238 residues)
Size: 40,978 atoms including TIP3P waters and ions



Functionally relevant motion of
LAO-binding protein (explicit solvent)

B < DR Simulation with GPU

50 T

2nd principal component
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Previous work by Silva et al.
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64 molecular dynamics simulations, each 200 ns long.
GROMACS 4.0.5 was used.

Silva, D.-A., Bowman, G. R., Sosa-Peinado, A. and Huang, X. “A Role for Both
Conformational Selection and Induced Fit in Ligand Binding by the LAO
Protein.” PLoS Comput. Biol. 7, €1002054 (2011).
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MDE FHETE # Anton@D. E. Shaw Research Folding simulations by Anton
Chignolin 106 ys  Trp-cage 208 us BBA 325pus  Villin 125 ps

cn025 1.0A 06pus 2JOF 14A 14ps 1FME 1.6A 18pus  2F4K 1.3A 28ps

WW domain 1137 us NTL9 2936 ps BBL 429 uys  ProteinB 104 us
2F21 12A 21ps 2HBA 0.5A 29us 2WXC 48A 29us 1PRB 3.3A 39us

= F

Homeodomain 327 ys Protein G 1154 us 707 us A-repressor 643 us
2P6J 3.6 A 3.1us IMIO 1.2 A 65pus 2A3D 31A 27us 1LMB 1.8 A 49 us

Lindorff-Larsen, K., Piana, S., Dror, R. O. Shaw, D. E.
“How Fast-Folding Proteins Fold.” Science 334, 517 (2011).

©RIKEN

BB - RBENLT I AL —ar M aREICE>TETULVS,
TNEELITOZAL—2av BT BN -T—3XA=T DLEENKELALGYIEILHTINVS

REREEEN L BHBFE > T —FHBHNLHHR

ORFIEROFESATHA(IVAEIF—



KRBT —2DHFI1: ZHIBEH S AR—F—AcrBD ZEFHIHE H @52

D > - -
Nl L Rt N ‘et v, » RO
‘l!.\..-'.‘. '2.‘ ....:.. ..""... o .'\". ." ‘..‘ -,..\. ...- R ... ,::‘. - :.-. : 0..‘ > B ‘..-
Kt B i IR ALY S S A L L VRO, Pl S T TR R S LI Y P PR sl S e
= - " ..'...'I~ R ..".d' * A v 4 '. L " L A * oo , h .
b o ot ™ < -. - P - 2% _« ’ s 28Iy on N { ", -
. .'.... ..‘ s ..l,‘ . .b :... v ,‘-. -~ Ry ' - ™ .0 v ® g .‘....,' " .-.. <"
“.'."- -‘.... ...l. " o L .\ '..' ’ o ot § < » . A ar 9, L4 s = ..’: . " ‘,
e AR Yeny 2 “ - { - AL S L WP g e
’ '.‘.~“0 . Ve :....' ah. P a ‘q.. s N 5 ".“0..."‘ g AT N oo B
. \ !  SOL A Jd. - . x . ", 0 » -
w_o'n Ao g & ] 5 » e *s a0 P S .
‘.'¢..... .’~ ".’\.' " B o & P © .~. s ..‘... "'..O.'o'.‘ S .. -»
L ‘... -" S T ,‘. ‘0‘,' T A > - ) ot e L P ot v et » 5,
od 228,78 .."'ft“.O - .3 o C oot "Ne, 0 L, "t % o8 X A
' .‘ . . ..‘ . e g 0' .'~ ~. e o ’..‘ 2% 9 . .. ’:f
' TS LA L " ’ - o e\ S E IS L o e
VLN B AT . - . : 5. o." L "‘-f » -
?0'0.50 .°o"," . ;-".;o P .’09. ' 7 o . o ®a Mot 2 p "’..'..U
hal oh -.“.oo. Y e ".:Q. 0 N : " o u™ TR L A 'o"o‘: ‘
y ‘a.. s, S “~ . ‘o . . L' ‘0".- o ° ~‘...., ..o ,.l‘...
’ ..' ’ e -" 4 '.O.~ o nd ) pes : P et ‘: ” e “
S 4 - 1) ‘ p : . - ® !~\ b N ".’ .
- *2%," P S 2. P Tar. - > TN 4 09 2 008 AT gt e e
“"'c - »* oS s . » - . ' " ¢ A a " e 0..’1. . l\’li
Ly L o st o T R N N ®q
STl s LA Mg AP IRLI R STy
- » o *ra £ .2 g »
?‘ o0 : 7, - LA e - 4 A o an H S s ..‘ e & v < ~%" |
B Lt R L T ‘ : B DT
. ’ . L i > ™ » . - - - r - - 2 N
:-o 4 LT . F ‘.Q a's Py L »
» S o — - ) . 4 » .
a " . .'.‘..' o » » .. N 25 - : " . . ..'.
- ’ s *® - o~ . ' ' 5 - s
L S TP TP SRS T . et b L
p-. " -k, o™ atle Pl -' at . 5 ! » 2’ e
- ™ g -’y . ) $r- o ..’.-".‘ .
- . . .
» » »
- .-, : -

o " 5. ‘S? E ‘0.-\: i 2 ’ » 3 E 3 - L A
’ » N . o o .I.. . ,‘ .. o .‘ - . - ‘.‘ S . > . e " : A e ".. » > . a» - . - -
- " - . ” - A - 2 s > )
~'..- AN 4 e ..' ? . . s. .. g 3 - 4 » 4 ot - .:" v, . ‘.,.. v'

- 4 < o 0.. - - » ¥ S - - - ' hp M - K} » 2T .« ’
\ - N =P - .59 - o 87 w3 " 8% % ‘o, - e a VAN et
= e N » - - » B a b g N .. ’." - # LK W " ~.‘ . “



KIFET—2DHF2: FiFIT4ILRZL D15 FFRETT—4

FRETEHE: B FIR2EDEBZEDFEDITT, BAHXKIBIRIL
X —RRENNE(FRET)Z AT S LT EE 0 FRID IS

BRIV ab A
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laser pulse

photon
emission

Sisamakis, E., Valeri, A., Kalinin, S., Rothwell, P. J. &
Seidel, C. A. M. Meth. Enzymol. 475, 455-514 (2010).
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A. Doucet, N. De Freitas, N. Gordon, "Sequential Monte Carlo
methods in practice", Springer Verlag (2001).
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MDToolbox: https://github.com/ymatsunaga/mdtoolbox

MATLABIZCUDAT AT S35
AT a TRt EN S Parallel Computing Toolbox %13 A

% 1T ZERK

>> A1 = rand(3000, 3000); Host

% GPUNIEIE

>> A2 = gpuArray(A])’ GPUNE(E GPUMN B [E]YR
gpuArray gather

% fftZGPULTZEIT (BEIRIICCUDADFFtAIEIEND)

>> B2 = fft(A2);

% GPUDND A AT~ BN
>> B2 = gather(B2);
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Weighted Histogram Analysis Method (WHAM)
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WHAM: Kumar, S., Bouzida, D., Swendsen, R. H., Kollman, P. A.
and Rosenberg, J. M., J Comput Chem 13, 1011-1021 (1992).
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