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FMO has been applied to various systems

¢ Protein-ligand interactions (FM O-RHF, FM O-M P2)

¢ Geometry optimizations of small proteins (FMO-RHF)

¢ Relative stabilities of polypeptide conformationsin solution (FMO/PCM)

¢ Analysis of transition state stabilization of enzymatic reactions (FMO-MP2,
FMO-DFT)

¢ NMR chemical shift of small proteins (FMO-RHF level)

¢ Molecular dynamics simulations of chemical reactionsin solvent (FMO-
RHF)

¢ Excitation energy calculations of proteins (FMO-CIS, FMO-CIS(D), FMO-
TDDFT)

¢ Adsorption of molecules on zeolite surface (FM O-RHF with adoptive frozen
orbitals at fractioned bonds)

See references

1) Fedorov et al., JPCA, 111, 6904 (2007)

2) Fedorov et al, eds, “ The Fragment Molecular Orbital Method: Practical
Applications to Large Molecular Systems’, CRC press, 2009.
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FMO has interfaced various wavefunctions and
solvent models and implemented in GAMESS
GAMESS: http://www.msg.ameslab.gov/ GAMESS/GAMESS.html|

FMO2,3-RHF : Kitaura et al., CPL,313,701(1999), Fedorov et al., JCP,120, 6832 (2004)

FMO2,3-DFT: Density functional theory, Fedorov et al., CPL,389, 129(2004).

FMO2,3-MP2 : 2nd order Mgller-Plesset perturbation theory, Fedorov et al., JCP, 121, 2483
(2004), Mochizuki et al.,CPL,396, 473(2004)

FMO2-MCSCF: FMO-based MCSCF, Fedorov et al.,JCP,122,54108(2005).

FMO2,3-CC: Coupled cluster theory, Fedorov et al., JCP, 123, 134103 (2005)

FMO1-CIS and CIS(D) : Configuration interaction singles, Mochizuki et al., CPL, 406, 283
(2005).

FMO1,2-TDDFT : Time dependent DFT, Chiba et al., JCP, 127, 104108 (2007).
MFMO : FMO-based multilayer method, Fedorov et al., JPCA,109,2638 (2005).

FMO/PCM : Combined with polarizable continuum model (PCM), Fedorov et al., JCC, 27,
976 (2006).

FMO/EFP: Combined with effective fragment potential method, Nagata et al., JCP, 131,
024101 (2009). Nagata et al., JCP, 131, 024101 (2009).

FMO/MM: Integrated FMO and MM (FMO version of IMOMM) , Asada et al., to be subnaitted



Parallelization Scheme for FMO in GAMESS

Generalized Distributed Data Interface (GDDI)
Fedorov et al., JCC 25, 872 (2004)
¢ DDI

master slave slave slave slave slave

€ GDDI : Two-level hierarchical parallelization scheme

group 0 group Ng:-1
A A
ﬁ e ﬂ
L] I " -ew
master slave slave master slave slave

(grand master)

Figure 1. Comparison of notation for DDI and GDDI. Individual
nodes are denoted by rectangular boxes, marked below as master and
slaves.
€ Similar two-level hierarchical parallelization scheme was developed using MPI

and implemented in ABINIT-MP program.
(Sato et al., IPSJ Transaction on High Performance Computing Systems

2000, 41 No. SIG5, 104 (in Japanese)). 7



Initial guess

Monomer SCF

Dimer SCF

Parallelization of FMO in GAMESS

Flow of FMO calculations

Data exchange (density matrix)

Data exchange(density matrix)

Figure 3. lhe diagram lor the GDDI parallehzatuon of the FMO
method. “init” stands for initialization, YLBn is the n-th level load
balancing of ¥ = I initial guess, ¥ = M monomer SCF, ¥ = D dimer
single point runs, n = | (intergroup) and 2 (intragroup). For all n =
2 parts the diagram is simplified not showing loops occurring during
those steps (such as, e.g.. SCF iterations). "W™ is some work per-
forme ] raction of integrals). YXn 15 first
= ita exchange. “conv.” stands for
the test of convergence of the monomer SCF. “prop.” stand for
roperties, currently computed (redundantly) by all group masters. The
e total load that is divided




Dynamic Load Balancing in FMO calculations
Fedorov et al., JCC 25, 872 (2004)

¢ Example: Sequential and Parallel execution on two CPU groups
» Wall clock time

sequential (1) T2 5 lal 5 s -

Sgtgl:lelization @ |12 1° ! execution sequence is

P 2 [4] & fixed

dynamic 7[5 [a o

parallelization e R I give priority to larger fragment

¢ Parallel efficiency (FMO-RHF)

1
| A:(H20)256, 768atoms,HF/6-31G*,

1 |
09 %& .. B:(H20)1024, 3072atoms,HF/STO-3G,
08 =8 C:lysozyme,236atoms, HF/STO-3G

%.. ] =
T = e
) i =% For all the cases,
05 B ) ; -
o dynamic load balancing
0 8 16 24 32 40 43 56 64 72 performs better. 9

number of CPUs



Parallel Efficiency of GAMESS-FMO
on 10,000 cores (relative to 3,000 cores)

T2K supercomputer at Center for Computational Sciences, Tsukuba Univ.

The cluster computer consists of 648 nodes (Opteron Barcelona 10368 CPU
cores) connected fat-tree network with Infiniband (total 147 Tera Flops)

Parallel environment: ARMCI+ mvapichl+GDDI ( Umeda et al., introduced thred
parallelization)

Test system: protein trimer consisting of about 23,460 atoms (1,445 fragments)

Computational method: FMO-RIMP2/6-31G* (RIMP2: resolution-of-identity MP2,
Katohda et al., Ther.Chem.Acc.130,449(2011)

3.0
s=fes [TIONOMEr
=@ SCF dimer

g 25 ES dimer

© -0 Totalno|/O 0O .

= b Tk Improved by suppressing 1/0O

=3

5 20

5

) o Due to load imbalance

' (fragment size is different)
1.0

| 3,000 5,000 7,000 9,000
number of cores

10
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Calculation of Binding Energy Between

Influenza Virus Hemagglutinin and Sialoside
Sawada et al., JPCB, 114, 15700 (2010), JACS 132, 16862 (2010)

Motivation:

¢ Influenza virus has two kinds
of surface proteins,
hemagglutinin (HA) and
neuraminidase (NA), immersed
In the lipid bilayer.

¢ For the first step of infection,
HA bind to a sugar chain sialic
acid on the host cell surface.

¢ Revealing the detailed binding
mechanism may be helpful for
the development of anti-influenza
drug.

Influenza Virus

’*,_.iw A Neuraminidase(NA)

Lipid bilayer

Hemagglutinin

(HA) C@

Virus
binding

Sialoside

Host cell

Modified from
http://www.gak.co.jp/FCCA/glycoword/GL J.html




Calculated HA protein and model sialoside

23,480 atoms

Structure of HAtrimer-  HA monomer-

sialoside complex sialoside
(PDB ID].HGG) Comp|ex

The real ligand in the complex (Neu5Aca2-
3Galp1-4Glc) was replaced with a

disaccharide (Neu5Aca2-6Galf3, N-
acetylneuraminic acid)
©

OH c'oo
| OH

oL
C? , ___Ci."'-
D.—o—""—' ﬁ.o!r‘@ -i-? GH‘.DS
5 3 HO-\_& P_oH
HO - =

Neu5Ac Gal ©H
NeuSAcu2-6Galp




Calculated Four Model Complexes

avian HA
monomer

7
avian type sialoside

human HA
monomer

N
human type sialoside




Structure Modeling of HA-Sialoside Complex

1) Starting from crystal structure (PDB:1HGG),Neu5Aca2-6Galp was
docked into the binding site of the protein.

2) The prepared complex was geometry-optimized by utilizing the class
Il force field and generalized Born implicit solvent model implemented
In the Discovery Studio program package (Discovery Studio 1.5.1,
Accelrys; SanDiego, CA, USA).

3) Constant NPT(296K, 1atm) MD simulation was performed for 200 ps
by using NAMD2.6 with PARM99 (protein), GLYCAMGe (sialoside),
and TIP3P (water molecule) parameters.

4) During the simulation, the structure
deviation was small (RMSD:0.24),
suggesting the prepared energy-minimized , \ U
structure was reasonable. XA A ,

gy -
AR 7 | serz2s
euSAcC i " LI

: — F '-I;'.'.:\. 3 .'|.

!’TT

5) The modeled complex structure was used
In FMO calculations.




Fragmentation of Molecules for FMO Calculations

Ligand CCG
__,--":-‘-,_ e
(charge -1) \MJ S N
HO
MeuSAc
NeubAcu2-6Galfi
HA . RJ 0 Rg L]
rotein H . | . H | . ®
p rfl's\cu,-—“ --?"\NJJ.\-& _N ."EHNNJJ.\'";: ',NH
(charge +1) \|'|/ H T O
Fh O ) O R
H J-I\ '-)'L /c{l'\.
AR o
O R 0 R

¢ Total number of atoms and fragments are, respectively 8,260
and 480 for HA monomer complex.
¢ FMO input data were generated using Facio (Suenaga,
http.//www1.bbiqg.|p/zzzfelis/Facio_Jp.html)
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FMO combined with Polarizable Continuum Model (FMO/PCM)

¢+ PCM solvation free energy;

GPCM = Ginternal + Ges + C-:'rep + G + Gcav

disp

Gintema © internal energy change of solute

Gy : solute-solvent electrostatic interaction energy
G - solute-solvent exchange-repulsion energy
Gue ©  solute-solvent dispersion interaction energy

G, @  cavitation energy
J. Tomasi, B. Mennucci, R. Cammi, Chem. Rev., 105
(2005) 2999.

¢ In FMO/PCM, internal energy change of
solute G, ..s and solute-solvent electrostatic
interaction energy G, is calculated using
FMO many-body expansion.

cavitaion (cav)

a's

(

Q //\j

solute-solvent int
(es + rep + disp)




Binding free energy in solution

¢ Binding energy of protein-ligand complex (PL) in solution

@ — + -

AGbsoI

complex protein ligand
AGY =GY -G¥ -G™
Gy =G"™ + G+ G +GY* +G® (X =PL,P,L)

¢ 1) FMO-MP2/PCM[1(2)]/6-31G*
2) conductor-like PCM in GAMESS
3) cavity was created with the simplified united atomic
radii, H:0.01A, C:1.77A, N:1.68A, 0:1.59A, and S:2.10A

4) 60 tesserae per sphere.
18



Binging energy AG,, 4 and its components
FMO2/PCMJ[1(2)]/6-31G(d) level

Davian- @avian- ®human- @human-

avian human avian human

antry comoenents of AG,,, avian H¥'avian ¢2-3  avian H3'uman @24 avian H3 Gin22éLewhuman q2-6 human H3'fuman 24
l Al —231.] —226.0) — 2146 —730.3
2 A, =345 =284 -213 -28.2
3 Al =271.0 =254 4 -2419 -258.5
4 AG. 2107 199.7 191 4 2003
5 AG" -5 =0, =1 ~31
O AGqup 0.1 474 41.7 33.5
7 Alryg — 124 12.3 — 126 — 135
h .\f}mlmJ’ 2084 2.3 94,1 208.0
) Aoy — 87 — 257 — 205 —21.3
1) A S L. T T 70
1 Al yind” —03 5.3 —03 — 4.3

T . 1 - . . . " . y = d . 2 h
“ 1.0 atm, 298 K. ¥ Sum of cntrics 2 and 4=7. © Sum of cntrics | and 8 (entry 8 1s the sum of entrics 3=7). “ Sum of entries 9 and 10,

The order of calculated binding affinity @>1~@> @
IS In agreement with experiment



Difference between HA and sialoside interactions

bold: ~10kcal/mol

f disfavor  normal:2-10 kcal/mol
""" thin: < 2 kcal/mol

avian HA - avian sialoside human HA - human sialoside
relative to avian HA-human sialoside || relative to avian HA-human sialoside
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bulk amine acid residues

mutated residues: Q226L(GIn226Leu),S137N(Serl37Asn), N145S(Asnl145Ser)
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F&H: FMO in drug design

Salt bridge
gl ] (LYSER)

-~ Analysis of intermolecular interactions by
FMO/PIE, PIEDA

¢ hydrogen-bond, CH/r, CH/O, halogen/r,
Ve w | m/r and other weak non-bonding interactions

—
(bulky residuwes) (ILE1T4) {TRP1TE)
=35 kcalimol =10 kcalimol =18 kcallmol

H bond
(VAL118)
=11 keal/mol SR

Geometry optimization of protein-ligand
complexes by FMO/MM

¢ refinement of low resolution experimental
structure and predicted docking structure

complex protein  [igand _ _
ges-phese (@ AGE ¢ - Sol_ver_lt effects on bmdm_g energy by FMO/PCM
¢ Binding energy in solution and solute-solvent
& e e

| Interaction energy
“er@ %) (2
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Three approximation levels in FMO/PCM

Fedorov et al., JCC, 27, 976 (2006).

¢ Solute electrostatic field V on
cavity surface is calculated from
many-body series expansion;

N N
V=DV ) (P v e
1=1

[>J
Ve =Tr(D*wi )+ ¥ e
. 1 aeX Ra_R|
WIW:<#“r—R V), uvex

¢ Several apprioximation levels are
possible depending on V and electron
density (DX) expansion:

(1) FMO/PCM|[1] uses one-body V and
one-body density

(2) FMO[2] uses two-body V and two-
body density

(3) FMO[1(2)] uses two-body V and two-
body density (without self-consistent)

FMO/PCMJ[1(2)] was used in this work

Compute FMO-PCM[ 1]
calculating V" for cach dimer

.i

compute V = i\” +i(\f” = 7L \”)
i 1>

and g, solve Cq=g, find q.
|

i
for /=1 to N ,compute W' and F'
solve monomer equations
F .II("-Il = ql’(‘-—ff: !
obtain D', compute V'

”“

Yes

for I=2 to N, J=1 to I-1, compute W Uand FY,
solve F“CY =8“C"¢"
obtain D", compute V"

~___  Econverged? -

No

flowchart of FMO/PCM[2]




