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Outline:
1) Importance of electron correlations in proteins 
2) Fragment MO(FMO) method at HF level
3) FMO at MP2 and CC levels 
4) Application to protein-ligand interactions
5) Summary



Correlation is essential
for proteins and protein-ligand bindings
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There are many weak interactions in proteins and protein-ligand, such as 
CH…X(X=O,N) and CH/π, and in these interactions dispersion 
interaction is essential. For instance, based-on the structural data 
Umezawa et al.(Biopolymer, 79, 248 (2005)) have shown the CH/ π
network in the complex of Acetylcholine esterase (AchE) and huperizine
B inhibitor (a drug for Alzheimer’s disease).

AchE/(-)-huperizine B complex 
(PDB code:1GPN)

CH/π network in the binding pocket.
Red sticks indicate CH/π interactions. 



The HF level of theory can not describe CH/π interactions

Shibasaki et al., J. Phys. Chem. A 2006,110,10583.
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Quantum Mechanical approaches to large molecules

•Truncated models have been used since early stage of quantum 
chemistry and they are still active.

• Quantum mechanical/molecular mechanical hybrid method (QM/MM)
become widespread since the middle of 1990s.
J. Gao, Reviews in Comp.Chem., Volume 7, 1996.

•For quantum mechanical methods for large systems have been 
developed since 1990s,

▪ linear scaling methods (mostly based on DFT),  
Christian Ochsenfeld, J  et al., Reviews in Comp. Chem., Volume 23, 2007.

▪ and fragment-based methods.
for a brief review, see D.G. Fedorov et al., J. Phys. Chem. A, 111, 6904-6914 (2007) .  

▪We are developing the fragment molecular orbital (FMO) method.
The goal of FMO is to be able to treat real size proteins.



Outline of FMO
FMO is a fragment-based MO method for large molecules

• A molecule is divided into N fragments 
and ab initio MO calculations on the 
fragments (monomers) and fragment  
pairs (dimers) are performed under 
electrostatic potential from other
monomers.

• The total energy of a molecule (E) is 
calculated using the energies of the 
monomer (EI) and dimer (EIJ);

E＝ΣEI+Σ(EIJ-EI-EJ)

Advantage of the method:
• reproduces ab initio properties with good accuracy,
• is efficient on massively parallel computers.



FMO at RHF level (FMO-RHF)
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Fock equation for fragment (monomer) and fragment pair (dimer)
(x=I for monomer and x=IJ for dimer)

Total energy of monomer and dimer,
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The monomers are solved self-consistently and the dimers are 
solved once in the monomer electrostatic environments.

Total energy of the whole molecule,
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Flowchart of FMO calculations



FMO includes higher body interactions
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Total energy of the whole molecule,

Note that the monomer and dimer energy include electrostatic 
interaction energy with the environment. By subtracting this 
energy, we obtain,
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where,                              is internal energy of 
monomer/dimer and ∆DIJ=DIJ-DI-DJ and VIJ are the 
difference densty and the environmental electrostatic 
potential, respectively.
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Thus, FMO is not a simple 2-body interaction model. 
It includes higher body interactions!



The basic idea of FMO comes from the energy 
decomposition analysis (EDA) for molecular 
interactions Kitaura and Morokuma, IJQC,10,325(1976)

The EDA scheme based on orbital interactions (at HF level).
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EDA scheme applied to many-body molecular 
interactions → FMO   D.G.Fedorov et al.,JCP,120,6832(2004) 

If the orbital interactions are pairwise additive, then the total energy 
can be decomposed into the following contributions.
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FMO includes many-body interaction energies 
with good accuracy

Many-body interaction energies (kcal/mol) of water clusters (RHF/6-31G)
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Addition of explicit 3-body contribution (FMO3) 
improves accuracy, although 2-body expansion 
FMO(FMO2) is already accurate

FMO3:

explicit 3-body termwhere,



Extension to covalent-bonded fragments

Divide and assignment of basis functions and nuclear charge 
of boundary atom (bond-detached atom, BDA)

C

R H

N

H

C

O

C

O

N

H

C

R H

N

H

C

O

C

O

N

H

C

R H

N

H

C

O

C

O

N

H

f: I                               f: I+1

f: I

f: I+1

sp3 hybrid orbitals+5

+1

nuclear charge

to keep the original 
fragment charge

to divide variational
space along the 
detached bond

electron pair of detached 
bond is assigned to f:I+1



The defect of the fragmentation is almost completely 
patched, by replacing the fractionated covalent-
bonded monomers with corresponding dimer
recovering short-ranged quantum effects (exchange-
repulsion and charge-transfer interactions). 
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Partition of biomolecules

・Split molecule at sp3 carbon atoms     
with several tens atoms per fragment.
・2res/1frg is a reasonable choice for  
polypeptides.

DNA/RNA
polypeptide and protein

S-S bonded
Cys dimer

1 nucleotide/frg



Approximations employed in FMO-RHF
Nakano et al.,CPL,318,614 (2000)
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♦Approximations for electrostatic potential
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1) Mulliken approximation to two-electron integrals

2) Point charge approximation to largely separated monomers

♦Electrostatic interaction approx. for largely separated dimers
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With these approximations, the computational time is reduced drastically.



Accuracy of FMO relative to regular ab initio MO
Geometry and total energy of polyalanine with two residues per fragment partition

extendedα-helix β-turn
Fedorov et al., J. Phys. Chem. A2007,111,2722

• RMSD is ~0.2Å and the error in the total energy is ~2 kcal/mol.
•The very small error of the extended conformer indicates that the fractionation itself 
does not cause large errors.



FMO is applicable to real size proteins
FMO-RHF/6-31G* calculation was performed on Photosynthetic reaction 
center protein complex of Rhodopseudomonas viridis

T.Ikegami et al., Proc. Supercomputing 2005, ACM and IEEE

・the complex has 20,581 atoms and 77,754 electrons.
・the number of basis functions is 164,442 (6-31G*).   
・the computational time was 3 days on dual Opteron 300 nodes 

(600CPU).
・GAMESS was used.



FMO at MP2 Level (FMO-MP2)
Fedorov et al., J.Chem.Phys., 121, 2483-2490 (2004)
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♦ Total correlation energy (in case of 2-body expansion)

♦ MP2 correlation energy of monomer (x=I) and dimer (x=IJ)

♦ Total Hamiltonian of monomer (x=I) and dimer (x=IJ)

This expansion is similar to that used in the incremental method proposed 
by Stoll et al.(Phys. Rev. B, 1992,46,6700). The difference is in zero-th
order state; our state is not HF!

♦ Total energy of molecule at correlated level
corrHF EEE +=

♦ Separated dimer approximation
contribution from far separated dimer (RIJ>Rcorsd) is neglected.



Error dependence of correlation energy on 
cutoff distance (Rcorsd)

Water clusters (H2O)n (n=16,32,and 64) used for calculations

Rcorsd=2.0 is reasonable choice. 
R (distance between closest contact atoms) is measured relative to the sum of 
their vdw radii. 

MP2/6-31G*

R
MP2/6-311+G*

R



Error in MP2 correlation energy: 6-31(+)G*
Water clusters, α-helix,β-strand polyalanine and small protein(1L2Y).

FMO2/2 and FMO3/2 errors are 3.3 and  1.2 millihartree at most, respectively.



Error in MP2 correlation energy: 6-311(+)G*

The error becomes larger for larger basis set. 
For reduce the error fragment size should be increased.  



Plot of MP2 correlation energy error

(H2O)n

α-(Ala)n

β-(Ala)n

6-31(+)G* 6-311(+)G*

Error depends on system size (nearly constant per fragment) and conformation. 



D.G.Fedorov et al., J. Chem. Phys. 123,134103 (2005)
FMO-based coupled cluster (FMO-CC)

Calculated systems



Error in FMO-CCSD(T) correlation energy and timings

FMO2 gives reasonable correlation energy with small 
computer time.



Relative accuracy and timings of FMO-CCSD(T)

FMO2 recovers correlation energy more than 99.88% and FMO3 99.97%.



FMO-CCSD(T) correlation energy errors of 
very large water clusters (relative to FMO3/2)

8.3 d12.6 h3.4 h
on 8 3.2-GHz CPUs

FMO3/2-CCSD(T) calculations of (H2O)32 with cc-pvdz (3680 basis) took 
8.3 days on eight 3.2 GHz pentium PCs.



Application: protein-ligand binding

Binding energy calculation FK506 binding protein(FKBP) and its ligands
Isao Nakanishi et al., Proteins: Struct., Funct., Bioinf. 68, 145 (2007) 

• FK506 is an immunosuppressant.
• The ligand geometry in the complex was optimized at FMO2-RHF/3-21G.
• The energies were obtained from FMO2-MP2/6-31G* calculations.

1fkb 1fkf (FK506)

1fkg 1fki

FKBPFK506

FKBP-FK506 complex (PDB:1fkf）



Optimized ligand geometry in the binding pocket are 
compared well with experimental ones, except 1fkg 
ligand which is distorted in crystal.

1fkf

Numerical values indicate RMSD (in Å) between calculated 
and experimental geometries.

Binding pocket of FKBP

1fkb

1fki1fkg



Correlation contribution to binding energy is very 
large: it accounts for 70-80% of binding energy  

Calculated binding energy between FKBP and its 
ligands at FMO2-MP2/6-31G* level (kcal/mol)a

a Two residues per fragment partition is used. In the 
parentheses are given the energy obtained with one 
residue per fragment division. Note that the difference 
between the two is small.



Pair interactions between ligand and each residue

a) Empty bar:HF, filled bar: correlation energy 
contribution. b)Ligand binding modes. The 
proteins is shown by surface model.

•The sum of pair interaction 
energies   correlates well 
with the experimental 
binding affinity, 
1fkb>1fkf>1fkb>1fki.

•Val55, Tyr82 and Try26 are 
common important residues 
for the all ligand bindings. 

•The stronger binders have 
additional interactions with 
Asp37 (1fkb and 1fkf) and 
Glu54(fkb). 

•The correlation contribution 
is very large: 70-80% of 
binding energy.



Pair Interactions between Important 
Ligand Fragment and Surrounding 
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Binding pocket

CH-O interaction

O-H・・・O H-bond
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CH/π interaction



List of FMO-based Methods
FMO2-RHF : original FMO (2-body expansion)  

Kitaura et al., Chem.Phys.Lett.,313,701(1999)

FMO3-RHF : generalized to include explicit 3-body contribution
Fedorov et al., J.Chem.Phys., 120, 6832 (2004)

FMO2,3-DFT: FMO-based density functional theory
Fedorov et al., Chem. Phys. Lett., 389, 129 (2004).

FMO2,3-MP2 : FMO-based 2nd order Møller-Plesset perturbation theory
Fedorov et al., J.Chem.Phys., 121, 2483 (2004).

Mochizuki et al., Chem. Phys. Lett., 396, 473-479 (2004).

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

FMO2,3-CC: FMO-based coupled cluster theory. 
Fedorov et al., J. Chem. Phys., 123, 134103 (2005)

FMO-CIS : FMO-based configuration interaction singles
Mochizuki et al., Chem. Phys. Lett., 406, 283 (2005).

MFMO : FMO-based ONIOM like multilayer method
Fedorov et al., J. Phys Chem. A , 109, 2638 (2005).

FMO/PCM : Combined FMO and polarizable continuum model (PCM)          
Fedorov et al., J. Comp. Chem, 27, 976 (2006).



FMO programs
1) FMO in GAMESS,  coded by D.G.Fedorov

http://www.msg.ameslab.gov/GAMESS/GAMESS.html
• FMO method : FMO2, FMO3, Multilayer FMO
• Wavefunction : RHF, DFT, MP2, MCSCF, CC 
• Basis function : All BFs supported in GAMESS
• Energy gradient ： RHF, DFT, MP2
• Property : dipole moment, Mulliken population,

analysis of intra- and inter-molecular interaction
• Number of atoms : no limitation
• Parallel processing : two-level parallelization（GDDI) 

D.G.Fedorov et al., J.Comp.Chem., 25, 872 (2004) 

2) ABINIT-MP,  coded by T.Nakano et al.
http://www.fsis.iis.u-tokyo.ac.jp/en/result/software/



Summary

• Single point MP2/6-31* calculations of several thousand atomic systems 
becomes routine with FMO, while CC is still too heavy to be applied to 
proteins. 

• For real life biochemical studies, many improvements are needed, such as 
use of larger basis set, better correlation theories and so on.

• The most important issue is to allow molecular dynamic simulations on 
solvated proteins (FMO-MD) within practical computational time. The 
next generation peta-flops computers might realize the dream.
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