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Abstract. We have performed structural relaxation and calculated binding energy of protein-
ligand complex systems, FK506 binding protein (FKBP) and some ligand molecules, using a 
large-scale density functional theory (DFT) code CONQUEST. Detailed comparison of the 
calculated binding energies of FKBP with various ligand molecules is reported including the 
effects of the full geometry relaxation. 

1. Introduction 
 In the field of drug discovery, computational methods are now commonly used to evaluate the 
binding affinities of drug molecules to proteins. Such computational methods are expected to improve 
the efficiency of drug design in the near future [1, 2]. Recently, first-principles (or ab initio) electronic 
structure approaches are also used in this field in order to calculate protein-ligand interactions 
accurately [3]. In the structure-based drug design (SBDD), however, (accurate) experimental atomic 
positions are not available in most cases. In general, less reliable experimental structures and/or 
partially relaxed structures by QM/MM or MM method are usually used in such studies. It is a great 
challenge for theorists to clarify the effects on the binding energy by relaxing all atomic positions 
solely by QM. 

 In the present study, we report fully relaxed structure and binding energy of the complex systems 
consisting of FK506 binding protein (FKBP) and a ligand molecule, using our density functional 
theory (DFT) code CONQUEST. The code has a high parallel efficiency and enables us to perform 
DFT studies on very large systems. The systems we have calculated in this work contain about 1700 
atoms. Experimental structures of FKBP and various ligands can be obtained from the PDB codes: 
1FKF, 1FKG, and 1FKI. To our knowledge, there have been no theoretical reports of the fully relaxed 
structures of these systems by first-principles DFT calculations. We believe it is important to collect 
such basic information, for example, to analyze the experimental or theoretical structural data for a 
protein-ligand system. The CONQUEST code can be used as a linear scaling code [4], and so it will be 
possible to model these systems in aqueous solution; the present work is a preparation also for such 
future studies. 
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2. Computational Methods 
In this study, all calculations are performed with our own DFT code CONQUEST [5]. Details of the 
methods used in the code are explained in our previous papers [6]. Here we describe briefly some key 
points. In CONQUEST, we use the Kohn-Sham density matrix defined as 
 

! !, !! = !!!! ! !!
∗ (!!)

!

, 

 
where !! !  is the Kohn-Sham orbital for band index ! , and !! is its occupation number between 0 
and 1. The DFT total energy of system can be calculated from density matrix, using the 
pseudopotential technique and the standard exchange-correlation functionals such as the local density 
approximation (LDA) or the generalized gradient approximation (GGA). The density matrix is 
represented by localized orbitals called "support functions", 
 

! !, !! = !!" ! !!",!"!!"(!!)
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where !!" !  are the support function that are non-zero only inside "support region" centered on the 
atoms !, and ! runs over the support functions on a given atom. The matrix !!",!" is the density 
matrix expressed by non-orthogonal basis of support functions. In the CONQUEST code, two types of 
basis function are prepared for the support functions, one is B-splines on regular grids [7] and the 
other is numerical pseudo atomic orbitals (PAOs)[8]. In order to achieve the density matrix using the 
support functions, CONQUEST can employ two methods: conventional diagonalization or order-N 
methods. Although we only use the former method in this work, one of the advantage of using the 
code is we can treat extremely large systems, up to million atom systems [9], if we use the latter 
method.  

In this work, we consider the FK506 binding protein (FKBP) complexes, which have been well 
studied both experimentally [10] and theoretically [11-13]. There is also our previous related work 
[14]. The systems consist of 107 residues for FKBP and small ligands. Experimental structures of 
FKBP and various ligands can be obtained from the PDB codes, 1FKF, 1FKG, and 1FKI, summarized 
in table 1. The initial (that is, experimental) structures as the reference structures are prepared by the 
following procedure: some missing hydrogen atoms are added to the PDB structures, and only 
hydrogen atoms are relaxed by using the classical force field of parm99. The fully relaxed structures 
are obtained by using our large-scale DFT code CONQUEST with double-zeta with polarization 
(DZP) basis set, Perdew–Burke–Ernzerhof (PBE) functional [15] for GGA, the diagonalization with 
non-self-consistent calculations, and the numerical integration grid cutoff of 100 Ha. The binding 
energy between a FKBP and the ligand molecule is simply evaluated by  
 

∆!!"#$"#% = !!"#$%&' − !!"#$%&' + !!"#$%& . 
 
Here we calculate the total energy of protein, !!"#$%&', using the structure of the protein in the 
complex system. In this study, we use only PBE functional in our DFT calculations for the evaluation 
of binding energy. The PBE functional reproduces the structure and the interaction energy of hydrogen 
bonds of biological systems (for example, see ref. [16,17]), but in some cases its lack of the 
description of long-range dispersion interactions [18,19] may cause a serious problem. We are 
preparing for DFT-D2 [18] and vdW-DF [19] scheme, and the results of dispersion effects using those 
methods will be presented in a future publication. Entropic contributions are also neglected in our DFT 
calculations. 
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Table 1. PDB code of FKBP complex systems, the name of ligand, 
and the total number of atoms. 

PDB code Ligand Number of atomsa 
1FKF L20 1792 
1FKG LG8 1734 
1FKI L13 1736 
a The total number of atoms of FKBP is 1666. 

 
 
3. Results and Discussion 
In the protein and ligand complex system, the binding structure of the ligand molecule is significantly 
affected by the side chains of the amino acids surrounding the ligand. In order to collect the structural 
information of the ligand in such an environment, we first investigate the fully relaxed structures of 
FKBP-ligand systems. Figures 1, 2, and 3 show the structure of FKBP-L20, FKBP-LG8, and FKBP-
L13 molecules before (blue line) and after (red line) the structure relaxation.  
 
 

                
Figure 1. Structure of FKBP-L20 complex; before (blue) and after (red) 
fully structure relaxation. 

 
 

 

 

 
Figure 2. Structure of FKBP-LG8 
complex; before (blue) and after 
(red) fully structure relaxation. 

 Figure 3. Structure of FKBP-L13 
complex; before (blue) and after 
(red) fully structure relaxation. 
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Table 2 shows the root mean square deviation (RMSD) of the relaxed structure from the initial 

structure. In table 2, the RMSD of the backbone is much smaller than that of the whole protein 
including the residues. From table 2 and these figures (1, 2 and 3), we can see that the change of the 
backbone structure of the protein is small, while the structure of the side chains are largely changed by 
the full relaxation. 
 

Table 2. Root mean square deviation (RMSD) of fully relaxed structure 
from the experimental one. 
System RMSDbackbone RMSDresidue 
FKBP-L20 0.27125 0.45675 
FKBP-LG8 0.24112 0.38802 
FKBP-L13 0.30690 0.45652 
 

 
Next we compare the binding energies between FKBP and the ligand molecules. Table 3 shows the 

binding energies with or without the structure relaxation of FKBP-ligand complex systems. Note that 
the experimental values shown here are the binding affinities obtained by Holt et al [10]. In the present 
study, we regard the values as the approximate binding free energies. Table 3 shows that the order of 
the calculated binding energies is the same as the experimental one, for both cases using the initial or 
relaxed structures.  The calculated binding energies are slightly overestimated in the present PBE 
calculations. It also shows that the binding energies calculated by using the relaxed structures are 
larger than those obtained by the initial structures. We can conclude that the ligand molecule can bind 
to the residues in FKBP more tightly in the fully relaxed structure. For the overestimation in the 
calculated binding energy, we should consider the hydration effects, entropic contribution in the future.  
 

Table 3. Calculated biding energy of FKBP-ligand complex systems. 

System Experimentala Initial structure Relaxed structure 
FKBP-L20 -12.8 -18.95 -26.62 
FKBP-LG8 -10.9 -17.25 -24.37 
FKBP-L13 -9.5 -14.02 -21.88 
a Experimental values indicate the experimental binding affinities as referred in [10]  

 
 
4. Conclusion 
 In this study, we have performed the structural relaxation of FKBP-ligand complexes using the large-
scale DFT code CONQUEST. We have calculated the binding energies of FKBP and various ligands 
and found that the energy of the relaxed structure is stronger than that obtained by using the 
experimental structure. We have also analyzed the fully relaxed structure of the FKBP complexes in 
detail and have found that the structure of the side chains of the amino acids surrounding the ligand is 
largely changed. From these results, it seems that the structure of the entire protein, not just the area 
around the ligand, should be modelled when performing a study on SBDD. The results in this work 
assist in promoting the study of the "relaxed" SBDD. In order to clarify these aspects theoretically, 
very large-scale electronic structure calculations on FKBP-ligand complex systems in aqueous 
solution are necessary. Linear scaling DFT codes such as CONQUEST form the tools to perform these 
studies and the results will be presented in a future publication. 
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