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CHAPTER I 
INTRODUCTION 

1.1 RESEARCH RATIONALES AND THEORIES 

1.1.1 D-Amino acid oxidase 

D-Amino acids plays a more significant in living cells role in the regulation of 
many processes such as hormone secretion, aging, and neural signaling.[1] For instance, 
D-serine was reported to be effective in reducing negative symptoms of 
schizophrenia.[2] The decreased D-serine level was considered to relate to 
schizophrenia and cause of the neurobiological insufficiencies.[3] The main cause of 
the decreased D-serine in mammals is reduction of D-amino acid oxidase (DAAO, 
Enzyme Class 1.4.3.3). DAAO is a flavoenzyme containing flavin adenine dinucleotide 
(FAD) as a cofactor, the two dimensional structure of FAD is shown in Figure 1.1, exists 
in a varied species from microbes to mammals. Its function is to oxidize D-amino acids 

to yield the corresponding –keto acids, ammonia and hydrogen peroxide as shown 
in Figure 1.2.  

Therefore, the inhibitors of DAAO has been investigated to find the potential 
compounds that can inhibit DAAO activity as a means to maintain normal level of D-
serine. Generally, a basis knowledge about mechanism of DAAO was related to 
electron transfer (ET) between D-amino acids and FAD, which is the important process 
for DAAO role. This ET process of DAAO and substrates was inspired to new way for 
discovery new DAAO inhibitors. We hope to use some ET parameters from ET analysis 
to be a criterion for virtual screening that was applied to discover new DAAO inhibitors.  
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Figure 1.1 The two-dimensional structure of FAD. 
 

 
 
Figure 1.2 Scheme of the oxidation-reduction reaction of DAAO catalyzed  
D-amino acid. 

 
Since fluorescence emissions of riboflavin (vitamin B2) and FAD as flavins  were 

discovered by Weber,[4] the fluorescence spectroscopy became a useful tool for 
studying flavoproteins. In many flavoproteins, the fluorescence of flavins is strongly 
quenched. This is ascribed to photoinduced electron transfer (ET) from tryptophan 
(Trp) and/or tyrosine (Tyr) to the excited isoalloxazine (Iso*).[5-7] Fluorescence 
dynamics of flavoproteins in the picoseconds domain have been studied by photon-
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counting method.[8-10] Furthermore, the ultrafast fluorescence dynamics of some 
flavoproteins have been investigated in the femtoseconds-picoseconds time domain 
by fluorescence up-conversion method.[11-16]  

However, the fluorescence lifetime of human (h) DAAO has not be done from 
the experimentally, also difficult to prepare and expensive. From these reasons, pig 
kidney (pk) DAAO is the best alternative choice because there are a lot of the 
fluorescence lifetime measurements.[15, 17, 18] Furthermore, pkDAAO in the crystal 
structure with complexed with benzoate, DAOB, (PDB code: 1VE9) [19] compared with 
the crystal structure of hDAAO complexed with also benzoate (PDB code: 2DU8) [20], 
in Figure 1.3, show the  high sequence identity 84.7% and high sequence similarity 
93.2% between two enzymes. 

 

 
 
Figure 1.3 Sequence alignments of pig kidney DAAO and human. 
 
 Moreover, when the dimer structures of pkDAOB complex and hDAOB complex 
were compared by superimposition as shown in Figure 1.4 (A), the benzoates, as an 
inhibitor, of both structures formed similar three hydrogen bonds, i.e. with Tyr228 (one 
hydrogen bond) and Arg283 (two hydrogen bonds) in Figure 1.4 (B). 
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Figure 1.4 (A) The superimposition of hDAAO (magenta) and pkDAAO (green) in dimer 
form, (B) Representation the hydrogen bonds between amino acid residues in active 
site and benzoate of both the enzymes. Dash lines denote hydrogen bonding. 

 
The activity of some DAAO inhibitors were tested in both hDAAO and pkDAAO 

by Berry et al. [21] Interestingly, most inhibitors showed similar activity in the two 
DAAOs (as  Figure 1.5) i.e., good inhibitors for hDAAO also showed good activity for 
pkDAAO. Considering the similarity in the structures as well as the inhibition activities, 
pkDAAO is a good model of hDAAO in this study. 

 
 
Figure 1.5 The relationship of the inhibition activities of DAAO inhibitors for pkDAAO 
and hDAAO.  

(B) (A) 
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1.1.1.1 Pig kidney DAAO (pkDAAO) 

PkDAAO was first discovered by Hans Krebs.[22] The pkDAAO (Mw 40 kDa per 
monomer) in solution can exist in many forms e.g. monomer, dimer, and tetramer, at 
low concentrations [23-26] it is in a monomer–dimer equilibrium state and may be in 
a dimer–tetramer equilibrium at higher concentrations [27-29] as shown in Figure 1.6 
(A), (B), and (C), respectively. Shiga et al. reported that the equilibrium constant of the 

association from monomer to dimer state displayed a discontinuous change at 18 C 
as the temperature was varied.[30] The temperature transition of DAAO has been 
thoroughly investigated by measuring the fluorescence lifetimes of FAD in a 
picoseconds time domain, by varying the temperature and protein concentration.[18]  
Although many works have investigated the temperature-transition in the 
experimentally, but no work has provided a structural basis for this temperature-
transition. This led to the computational simulation of DAAO in order to understanding 
the structural basis for the temperature-transition, which has been discussed in  
Chapter II.  
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Figure 1.6 The three-dimensional structures of pkDAAO (A) monomer, (B) dimer, and 
(C) two dimer (or tetramer) in crystal structures. FADs are indicated in ball and stick 
models of each subunit.  

(C) 

(B) 

(A) 
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Benzoate (Bz) is a competitive inhibitor which binds to DAAO and stabilizes the 
enzyme. The fluorescence lifetimes of pkDAAO in monomer form [18] and pkDAAO-
benzoate complex (DAOB) in monomer form [15], have been reported to be 177 and 
60 ps, respectively. For the fluorescence lifetimes of dimeric forms, DAAO was reported 
to be 44 ps [18] as well as DAOB displays two fluorescence lifetimes of 0.85 ps and 
4.80 ps [15]. These data suggest that the structural conformations of DAAO and DAOB 
may affect the fluorescence lifetimes. However, the experimental results cannot 
demonstrate the structural differences of DAAO and DAOB. 

In this work, the molecular dynamics (MD) simulations have been used to 
calculate the time dependent behavior of a molecular system that is conformation 
structures. The ET rates in flavoproteins have been analyzed by using fluorescence 
dynamics from experimental results and the atomic coordinates from MD 
simulations.[31-42] The calculations, results, and discussions were provided in Chapter 
II-V. 

 
1.1.1.2 Human DAAO (hDAAO) 

In human, hDAAO is mostly expressed in the kidney, liver, and brain and is 
responsible for the metabolism of D-amino acids. For instance, D-serine is an 
endogenous agonist at the N-Methyl- D-aspartate (NMDA) receptor glycine modulatory 
site. DAAO has gained substantial interest as a therapeutic target for disorders 
associated with NMDA receptor dysfunction such as schizophrenia.[3]  

Schizophrenia affects more than 21 million people globally as reported by the 
World Health Organization (WHO).[43] Schizophrenia is a mental disorder, characterized 
by deep disruptions in thinking, acting, and seeing the world. Currently, therapies are 
insufficient and have side effect. Hence, the important attempts have been made to 
identify potent and selective DAAO inhibitors as novel therapeutic agents. 

Several compounds have been reported to inhibit hDAAO, including benzoic 
acid 1,[44] pyridine-2,3-diol 2,[45] 4H-furo[3,2-b]pyrrole-5-carboxylic acid 3,[46] 4H-
thieno[3,2-b]pyrrole-5-carboxylic acid 4,[46] 5-methylpyrazole-3-carboxylic acid 
(AS057278) 5,[47] 1-hydroxy-1H-benzo[d]imidazole-2(3H)-one 6,[21] 6-chlorobenzo 
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[d]isoxazole-3-ol (CBIO) 7,[48] 3-hydroxychromen-2-one 8,[49] 8-methylpyrido[2,3-
b]pyrazine-2,3(1H,4H)-dione9,[50] 6-[2(3,5-difluorophynyl)ethyl]-4-hydroxypyridazin-
3(2H)-one 10,[45] as shown in Figure 1.7. Moreover, these structures have been 
modified to increase the inhibition activity of DAAO, at present the DAAO inhibitors 
cannot yet go through to drug for schizophrenia treatment. 
 

 
 

Figure 1.7 The inhibitors of DAAO 
 

However, the preparatory and high throughput screening of numerous 
compounds for testing activity is time-consuming and costly in general.[48, 51, 52] 
Recent advances in computational chemistry have enabled to perform structure-based 
virtual screening of many compounds listed in chemical structure databases. Virtual 
screening is a cost-effective first screening method, and results from the screening can 
then be used as a guide for library construction before an actual screening is 
performed.[53-55]  

In this study, we used the virtual screening technique including pharmacophore 
model and ligand-docking method to screen a large number of compounds in 
database with the hope to find some candidate compounds. This work shows that 
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some of these compounds will be possible lead compounds for the development of 
a clinically useful DAAO inhibitor. 
 

1.1.2 Electron transfer theory 

PET is one of the most abundant and fundamental phenomena in the field of 
chemistry, biology and physics. Many biological and chemical processes involve ET 
reactions such as photosynthesis, detoxification, respiration, and other biological 
processes, including bioelectronics and biosensor [1, 56-58]. Several theories on ET and 
PET have been reported. The first generally accepted theory was developed by 
Rudolph A. Marcus. This Marcus theory [59] can be applied to only adiabatic (strong 
coupling) system. However, in enzyme or protein, the ET process usually occur 
between donor and acceptor with a weak coupling. Therefore, improved versions of 
the Marcus theory have been formulated, e.g. the Marcus-Hush theory [60], and the 
Kakitani-Mataga (KM) theory [61]. The KM theory can apply for both strong coupling 
(adiabatic) and weak coupling (non-adiabatic) PET processes. In the present works KM 
theory was used because it can well reproduce experimental fluorescence lifetimes 
and fluorescence decays of flavoproteins.[31-42] The KM theory is express in the 
following equation. 
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where 0   is a frequency and   is a coefficient related to ET process. The ET process 

has been classified to be adiabatic when 0R R , and non-adiabatic when 0R R

where R  is defined as the center-to-center distance and 0R  is the critical distance. 

The standard free energy change ( 0G ) is expressed by ( )IP donorE (ionization potential 

of electron donor) and 0

( )ISO acceptorG  (standard Gibbs energy related to electron affinity 
of the excited acceptor), as shown in eqn (1.2). 
 

0 0

( ) ( )IP donor ISO acceptorG E G                                                        (1.2) 
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In addition, since all the experimental values related to electron transfer in 

enzyme are measured from ensemble of conformations, molecular dynamics (MD) 
simulation technique is employed to include structural dynamics of DAAO in the ET 
calculations. The MD simulation also allows the investigation of important interaction 
between DAAO and its inhibitors at molecular level. 
  

1.1.3 Virtual screening 

In a search for new drug, especially for costly target, a virtual screening (VS) 
technique is usually and widely employed because it can quickly search chemical 
structures from large libraries to identify potential candidate (hits) inhibiting the target. 
As all the processes are done in computer, it can greatly reduce the budget. Several 
criteria, typically drug-like properties and molecular docking, can be used to screen 
out inappropriate compounds. In this work, relationship between chemical properties 
(e.g. electron transfer or structural dynamics) and inhibitory activity is explored in order 
to establish effective criteria for virtual screening of DAAO inhibitors. All the obtained 
information will be helpful for designing novel DAAO inhibitor as a target for treatment 
of schizophrenia. 
 
1.2 RESEARCH OBJECTIVES 

1.2.1 To investigate electron transfer process and the structural properties of 
pkDAAO and pkDAOB. 

1.2.2 To explore novel inhibitors of hDAAO by virtual screening technique. 
 
1.3 RESEARCH METHODOLOGY 

In this thesis, focusing on only DAAO from pig kidney and human, which were 
divided in two parts. Namely, part 1 concerns an electron transfer analyses on pig 
kidney DAAO because there are many fluorescence results from the experiments. The 
detailed calculations, results and discussions are given in Chapters II-IV as research 
articles. In part 2, DAAO from human was studied by virtual screening technique to find 
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the novel inhibitors for schizophrenia treatment. The details for methodology, results 
and discussions are contained as a manuscript in Charter V. The Scheme for the 
overview of this dissertation is shown in Figure 1.8.     

All articles, which were published, are part of this dissertation in partial 
fulfillment of requirements for the degree of Doctor of Philosophy in Chemistry at 
Chulalongkorn University.   
 

 
 
Figure 1.8 Scheme for the overview of this dissertation. 
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1.3.1 Photo-induced electron transfer analysis 

The procedure related to the ET rate and physical quantities in the ET theory 
calculation is described below and demonstrated in Figure 1.9; 

1.3.1.1 The time-dependent DAAO conformations of pkDAAO were 
obtained by using MD simulation method. 

1.3.1.2 The ET rates contain several parameters as 0

qv , q  and 0

qR  for Tyr 

and Trp, 0

IsoG  and 0  were determined by the KM theory, given 
by eqn (1.1). 

1.3.1.3 The assume initial values for the ET analysis were obtained from 
the previously related work [42]. 

1.3.1.4 The fluorescence lifetimes were calculated by taking the average 
over the MD simulation time. 

1.3.1.5 The minimum chi-square was calculated in order to justify the 
best-fit between the calculated and observed fluorescence 
decay. 

1.3.1.6 The new ET parameters were generated by the non-linear least 
square method. The calculation was being processed until less 
chi-square value than the previous calculation was obtained. Step 
1.3.1.4 to 1.3.1.6 were repeated until the minimum value of the 
chi-square is obtained. 
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Figure 1.9 The overall processes for ET analysis.  
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1.3.2 Virtual screening 

Virtual screening (VS) is used in drug discovery to search and screen small 
molecules in order to discover novel candidate compounds, which may be develop 
to new drug in the future. It is sequential scheme in Figure 1.10, more details as below; 

1.3.2.1 Generate 3D pharmacophore model from ligand template by SYBYL-
X 2.0. 

1.3.2.2 Use pharmacophore model to screen on the Namiki chemical 
compound database (4 million compounds). 

1.3.2.3 Use the binding pocket surface constrains to reduce the number of 
compounds. 

1.3.2.4 Classify the active and the inactive compounds by means of binary 
QSAR using correlation of the structural properties and the 
biological activity. 

 

 
  
Figure 1.10 The overall procedures of virtual screening.  
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1.4 SCOPE OF THIS DISSERTATION 

 In this dissertation, the purpose is to investigate the ET rate in pkDAAO using 
MD simulation and the KM ET theory. Significant parameters affecting the ET rate are 
elucidated. Relationship between inhibitory activity and chemical properties, which are 
related to ET rate, structural dynamics, and DAAO-inhibitor interactions, are explored 
in order to establish effective criteria for virtual screening of DAAO inhibitors. 
 
1.5 EXPECTED BENEFICIAL OUTCOMES 

1.5.1 Fundamental information of structural and dynamics properties of pkDAAO 
and pkDAOB both monomer and dimer forms. 

1.5.2 Discovery of the potent hDAAO inhibitors for schizophrenia treatment. 
 
 From this dissertation, in pkDAAO part, we anticipate that combining these 
results should provide the understanding in ET and the relationship of parameters 
which influential upon the ET rate for DAAO. For hDAAO part, it is hope that these 
results could be useful for obtaining high potent DAAO inhibitors. Furthermore, it may 
be utilized as a basic knowledge for novel drug discovery in the future. 



 
 

 

CHAPTER II 
STRUCTURAL BASIS FOR THE TEMPERATURE-INDUCED TRANSITION OF 
D-AMINO ACID OXIDASE FROM PIG KIDNEY REVEALED BY MOLECULAR 
DYNAMIC SIMULATION AND PHOTO-INDUCED ELECTRON TRANSFER 

 

 

Structural Basis for the Temperature-Induced Transition of D-Amino Acid Oxidase  
from Pig Kidney Revealed By Molecular Dynamic Simulation and  

Photo-Induced Electron Transfer 
 

Arthit Nueangaudoma, Kiattisak Lugsanangarma, Somsak Pianwanita,b, Sirirat Kokpola,b, 
Nadtanet Nunthabootc and Fumio Tanakaa,d 

 

 

 

 
a  Department of Chemistry, Faculty of Science, Chulalongkorn University, 254 
Phayathai Road, Bangkok 10330, Thailand. 
b  Center of Excellence for Petroleum, Petrochemicals, and Advanced Materials, 
Chulalongkorn University, Bangkok 10330, Thailand. 
c  Department of Chemistry, Faculty of Science, Mahasarakham University, Thailand. 
d  Division of Laser Biochemistry, Institute for Laser Technology, Utsubo-Honmachi, 1-
8-4, Nishiku, Osaka 550-0004, Japan. 
 

 

 

 

 
This article has been published in Journal: Physical Chemistry Chemical Physics. 

Page 2567-2578. Volume: 14. Issue 8, Year: 2012. 
 

  



17 
 

 

2.1 ABSTRACT 

 The structural basis for the temperature-induced transition in the D-amino acid 
oxidase (DAAO) monomer from pig kidney was studied by means of molecular dynamic 
simulations (MDS). The center to center (Rc) distances between the isoalloxazine ring 

(Iso) and all aromatic amino acids (Trp and Tyr) were calculated at 10 C and 30 C. 
Rc was shortest in Tyr224 (0.82 and 0.88 nm at 10 and 30 °C, respectively), and then 
in Tyr228. Hydrogen bonding (H-bond) formed between the Iso N1 and Gly315 N 
(peptide), between the Iso N3H and Leu51 O (peptide) and between the Iso N5 and 
Ala49 N (peptide) at 10 °C, whilst no H-bond was formed at the Iso N1 and Iso N3H at 

30 °C. The H-bond of Iso O4 with Leu51 N (peptide) at 10 C switched to be with Ala49 
N (peptide) at 30 °C. The reported fluorescence lifetimes (228 and 182 ps at 10 and 
30 °C, respectively), of DAAO were analyzed with Kakitani and Mataga (KM) ET theory. 
The calculated fluorescence lifetimes displayed an excellent agreement with the 
observed lifetimes. The ET rate was fastest from Tyr224 to the excited Iso (Iso*) at 10 

C and from Tyr314 at 30 °C, despite that the Rc was shortest between Iso and Tyr224 
at the both temperatures. This was explained by the electrostatic energy in the protein. 

The difference in the observed fluorescence lifetimes at 10 and 30 C were ascribed 
to the difference in electron affinity of the Iso* at both temperatures, in which the free 

energies of the electron affinity of Iso* at 10 and 30 C were -8.69 eV and -8.51 eV 
respectively. The other physical quantities related to ET did not differ appreciably at 
both temperatures.  The electron affinities at both temperatures were calculated with 
a semi-empirical molecular orbital method (MO) of PM6. Mean calculated electron 

affinities over 100 snapshots with 0.1 ps intervals were -7.69 eV at 10 C and -7.59 eV 
at 30 °C. The difference in the calculated electron affinities, -0.11 eV was close to the 
observed difference in the free energies, -0.18 eV. The present quantitative analysis 
predicts that the highest ET rate can occur from a donor with longer donor-acceptor 
distance, which was explained by differences in electrostatic energy. 
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2.2 INTRODUCTION 

D-Amino acid oxidase (DAAO) is a peroxisomal enzyme, containing flavin 
adenine dinucleotide (FAD) as a cofactor, that exists in a wide range of species from 
yeasts to human.[62] Its function is to oxidize D-amino acids to the corresponding imino 
acids, producing ammonia and hydrogen peroxide. Recently, mammalian DAAO has 
been demonstrated to connect with the brain D-serine metabolism and to the 
regulation of the glutamatergic neurotransmission.[63, 64] DAAO from pig kidney is in a 
monomer (Mw 40 kDa) - dimer equilibrium state at relatively low concentrations,[23-
26, 65] and may be in a dimer - tetramer equilibrium at higher concentrations.[27-29]  
 A temperature-induced conformational change (temperature-transition) of 
DAAO was first reported by Massey et al.,[66] who showed that the tryptophan 
fluorescence displayed a temperature transition at around 15 °C. The Arrhenius plot 
of the enzyme activity was non-linear and best expressed by two straight lines with 
different activation energies. Koster and Veeger [67] concluded from their study of the 
enzyme activity that there is a temperature-dependent equilibrium between the high 
and low temperature states, whilst Shiga and Shiga [30] reported that the equilibrium 
constant of association from the monomer to dimer state exhibited a discontinuous 

change at 18 C as the temperature was varied. Despite these findings, however, a 
differential scanning micro-calorimetric study indicated no evidence for the expected 
specific heat change at the transition temperature.[68] The temperature transition of 
DAAO has been systematically investigated by measuring the fluorescence lifetimes of 
FAD in a picoseconds time domain, by changing the protein concentration and 
temperature.[18] Temperature-dependent quenching constants of FAD were expressed 
by the absolute rate theory. Both the activation enthalpy gap and the entropy gap of 
DAAO displayed different values in the lower and higher temperature ranges, but not 
in free FAD.  
 Crystal structures of various forms of DAAO have been determined. The three-
dimensional structure of the pig kidney DAAO – benzoate complex was first 
determined by Mattevi et al. [69] and Mizutani et al. [19] The structures of reduced 
DAAO complexed with imino Trp and a covalent adduct of DAAO with methyl-2-oxo-
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valeic acid were also determined by Todone et al.[70] The crystal structures of DAAO– 
o-amino benzoate and a purple intermediate of pig kidney DAAO were determined by 
Miura et al. [71] and Mizutani et al. [72], respectively. The three-dimensional structure 
of human DAAO was first determined by Kawazoe et al.[73] Molecular dynamic 
simulation (MDS) has been established as a useful tool to understand the dynamic 
behavior of protein structures. Tilocca et al. [74] theoretically studied the activation 
energy of D-alanine oxidation catalyzed by DAAO, by means of MDS. Recently, the 
dynamic structure of DAAO and the reactivity of molecular oxygen penetrated into its 
active site was studied by means of MDS by Saam et al.[75]   
 Since Weber discovered the fluorescent emission from flavins,[4] fluorescence 
spectroscopy has been a useful tool to study the conformational change of 
flavoproteins. In particular, time-resolved fluorescence spectroscopy has provided 
precise information on the dynamics of the molecular interactions between the 
excited isoalloxazine ring (Iso*) and the surrounding amino acids.[8, 10] The 
fluorescence lifetimes of DAAO and its benzoate complex have been determined in 
the picoseconds time domain.[17, 76, 77] In many “non-fluorescent” flavoproteins, a 
fluorescence with sub-picosecond lifetimes has been observed when the proteins 
were excited with ultra short pulse lasers.[12-16] The remarkable fluorescence 
quenching in these flavoproteins is ascribed to photoinduced electron transfer (ET) 
from the aromatic amino acids, as Trp and Tyr, to Iso*.[5-7] The short fluorescence 
lifetimes in DAAO compared to free FAD16 are considered to be due to the ET from 
the aromatic amino acids to Iso*. 
 Since the seminal work on electron transfer theory by Marcus,[78-80] several 
researchers have further developed the Marcus ET theory.[81-86] The ET rates in 
flavoproteins [32, 33, 39-42, 87] have been analyzed with ultrafast fluorescence 
dynamics experimentally obtained and Kakitani and Mataga (KM) theory,[84-86] using 
the atomic coordinates obtained by MDS.[32, 33, 39-42, 87] 
 Although a number of workers have experimentally demonstrated the 
temperature-transition, as described above,[18, 30, 66-68] no work has provided a 
structural basis for this temperature-transition. In the present work we have 
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demonstrated the structural basis for the temperature-transition in the pig kidney 
DAAO monomer, by means of MDS and KM ET theory. 
 
2.3 METHODS OF ANALYSES 

2.3.1 MDS calculations 

The starting structure of the pig kidney DAAO monomer was obtained from 
using the X-ray structure of the DAAO – benzoate complex dimer (PDB code 1VE9),[69] 
removing benzoate and one of the subunits. All calculations were carried out using 
the AMBER 10 suite of programs.[88] The parm99 force field [89] was used to describe 
the protein atoms whereas the general Amber force field [90] with the restrained 
electrostatic potential (RESP) [91] charges was used for the ligand and FAD. All missing 
hydrogen atoms of the protein were added using the LEap module of AMBER 10. The 
simulated systems were subsequently solvated with a cubic box of 3,230 TIP3P water 
molecules. The electroneutrality of the system was attained by adding four sodium 
counterions. The added water molecules were first minimized, while the protein and 
FAD coordinates were kept fixed. Then, the system was relaxed by performing two 
steps of energy minimization. In the first step, the protein-ligand complex structure 
was kept fixed by a 500 kcal/mol force constant, while the water molecules and 
counterions were allowed to adjust their positions by applying 2,000 steps of steepest 
descent followed by 3,000 steps of conjugate gradient of energy minimization. 
Subsequently, the second step of energy minimization was employed using the same 
protocols as just described except that the force constraint was not applied for all 
atoms in the system. Afterwards, a position-restrained MDS phase, meaning that 
positions of the protein and FAD were restrained with a weaker force constant of 100 
kcal/mol, was performed through the first 100 ps. Both systems were heated from 0 K 

to 283 K or 0 K to 303 K (for the 10 and 30 C MDS, respectively) over 100 ps and were 
further equilibrated under periodic boundary conditions at 283 K and 303 K. The 
systems were set up under the isobaric-isothermal ensemble with a constant pressure 
of 1 atm and constant temperature of either 283 K or 303 K. Electrostatic interactions 
were corrected by the Particle Mesh Ewald method.[92] The SHAKE algorithm [93] was 
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employed to constrain all bonds involving hydrogen atoms. A cutoff distance of 1 nm 
was employed for non-bonded pair interactions. MDS based calculations were 
performed with a time steps of 2 fs and the coordinates of the MDS snapshots were 
collected every 0.01 ps. The stability of the system was checked by investigating the 
convergence of the energies, temperature, pressure and global root mean square 
deviation of the system. The equilibrium was found to be attained after 20 ns of the 
MDS calculation, by monitoring these quantities. Then the calculation was continued 
for up to a further 30 ns, and data from the last 10 ns were used for the analyses. 
 

2.3.2 Residue-based root of mean square fluctuation (RMSF)  

The residue-based RMSF of each amino acid, which indicates the structural 
flexibility for each amino acid residue, was obtained by superposition of the trajectory 
conformations and the reference conformation of the investigated amino acid over the 
equilibrium MDS snapshots using the ptraj module of the Amber program.[88] The 
RMSF is defined as  

2

( ) i iRMSF i R R  , where 
iR  is the position vector of atom i 

(in this work, CA, N and O atom coordinates were evaluated). The chevron brackets 
represent the time average over the whole trajectory (10 ns). 
 

2.3.3 ET theory  

 The original Marcus theory [78-80] has been modified in various ways.[81-86] In 
the present analysis, KM - ET theory [84-86] was used, because it is applicable for non-
adiabatic ET process in addition to adiabatic ET process, and has been found to give 
satisfactory results for both static [11, 94, 95] and dynamic ET analyses.[32, 33, 39-42, 
87] The ET rate described by the KM theory is expressed by eqn (2.1). 
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The pre-exponential factor (PE) is given by eqn (2.2). 
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Here  j

ETk T  is the ET rate from a donor j to the Iso* at temperature T (C), and q 
denotes Trp or Tyr. 0

qv  is an adiabatic frequency, q  is the ET process coefficient. jR  
and 0

qR  are the donor j–Iso distance and its critical distance for the ET process, 
respectively. jR  is expressed as a center-to-center (Rc) distance rather than as an edge-
to-edge (Re) distance.[32, 33, 39-42, 87] The ET process is adiabatic when jR < 0

qR , and 
non-adiabatic when jR > 0

qR . T in the right hand sides of eqn (2.1) and (2.2) is 
temperature, but expressed in K. The terms 

Bk and e  are the Boltzmann constant and 
electron charge, respectively. jES  is the electrostatic (ES) energy of the donor j, which 
is described below.  

The pig kidney DAAO monomer contains 10 Trp and 14 Tyr residues. In the 
present work the ET rates from all of these aromatic amino acids to Iso* were taken 
into account for the analysis. 
 qj

S  is the solvent reorganization energy [78-80] of the ET donor qj , and is 
expressed as eqn (2.3).  
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                       (2.3) 

 
where 

Isoa  and qa  are the radii of Iso and Trp or Tyr, with these reactants being 
assumed to be spherical, and 

 and 0

q  are the optical and static dielectric constants, 
respectively. In this study, the optical dielectric constant used was 2.0. The radii of Iso 
(

Isoa ), Trp ( Trpa ) and Tyr ( Tyra ) were those previously determined [32, 33, 39-42, 87] to 
be 0.224, 0.196 and 0.173 nm, respectively.  

The standard free energy change was expressed with the ionization potential 
of the ET donor, q

IPE , as eqn (2.4). 
 

0 0q

q IP IsoG E G                     (2.4) 
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where 0

IsoG  is the standard Gibbs energy related to the electron affinity of Iso*. The 
values of q

IPE  for Trp and Tyr were 7.2 eV and 8.0 eV, respectively.[96] 
 

2.3.4 Electrostatic energy in DAAO  

 Protein systems contain many ionic groups, which may influence the ET rate. 
The pig kidney DAAO contains Iso as the ET acceptor, and 10 Trp residues and 14 Tyr 
residues as potential ET donors. The FAD cofactor in DAAO has two negative charges 
at the pyrophosphate, whilst DAAO itself contains 22 Glu, 13 Asp, 12 Lys and 21 Arg 
residues. 
            The ES energy between the Iso anion radical or donor cation j and all other 
ionic groups in the protein is expressed by eqn (2.5). 
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                       (2.5) 

 
where j = 0 for the Iso anion radical, 1 - 10 for the Trp cation radicals and 11 - 24 for 
the Tyr cation radicals. jC  is the charge of the aromatic ionic species j, that is -e for  
j = 0 and +e for j = 1 to 24. GluC (= - e), AspC (= - e), LysC (= + e), and ArgC (= + e) are 
the charges of the Glu, Asp, Lys and Arg residues, respectively. FAD contains  
2 phosphate atoms, each of which binds 2 oxygen atoms. It was assumed that the 
charge of each oxygen atom is PC = -0.5e, though total charge of two phosphate atoms 
is -2e. We assumed that these groups are all in an ionic state in solution. The distances 
between the aromatic ionic species j and the ith Glu (i = 1 – 22) are denoted as

( )jR Glu i , whilst the distances between the aromatic ionic species j and the ith Asp 
(i = 1 – 13) are denoted as ( )jR Asp i , and so on for the each amino acid residue.  
 jES  in eqn (2.1) was then expressed as follows in eqn (2.6). 
 

   0jES E E j                       (2.6) 
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Here j is from 1 to 24, and represents the jth ET donor, as described above. 
  

2.3.5 Determination of the ET parameters 

 The observed fluorescence lifetimes of the pig kidney DAAO monomer are 

reported to be 10

obs  = 228 ps at 10 C and 30

obs = 182 ps at 30 C.[18] The calculated 
lifetimes at temperature T were given by eqn (2.7). 
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                   (2.7) 

 
The fluorescent lifetimes were expressed in ps. In the present work the physical 

quantities related to the electronic coupling ( 0

qv , q and 0

qR ) for Trp and Tyr were 
taken from those reported for the flavin mononucleotide binding proteins,[39] which 
were assumed to be independent of temperature within the temperature range (10-

30 C) of the present work. The unknown quantities were  0 T  and  0

IsoG T  at the 

temperatures 10 C and 30 C. The other physical quantities were calculated from 

the atomic coordinates obtained by MDS at 10 C and 30 C. 

 0 10 ,  0 30 ,  0 10IsoG  and  0 30IsoG  were determined so as to obtain the 
minimum value of 2 , as given by eqn (2.8). 

 

   
2 2

2 10 10 30 301

2
obs calc obs calc        

  
           (2.8) 

 
2.3.6 Molecular orbital method 

The heat of formations of Iso anion radical and Iso* were calculated by a semi-
empirical molecular orbital (MO) method with a software package of the MOPAC2009. 
The key words, EF (geometrical optimization), PRECISE (accurate calculation), RM1 
(semi-empirical Hamiltonians), XYZ (geometry expressed by (x, y, z) coordinates), GEO-
OK (neglect check on abnormal access of atoms), EPS (dielectric constant for COSMO 
solvation energy). The details of these Keywords are found on the website: 
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http://openmopac.net. In addition to these key words, the key word UHF and  
CHARGE = -1 were used for Iso anion radical, and C.I. = 8 (configuration interaction with 
eight microstates), SINGLET and ROOT = 2 were used for Iso*. The values of EPS ( 0 ) 
were obtained by ET analysis, described above. 
 
2.4   RESULTS 

2.4.1 Geometrical factors near Iso 

Figure 2.1 shows snapshots of the local pig kidney DAAO structures near the Iso 

binding site and showing the potential ET donors to Iso* at 10 and 30 C, where clear 
structural differences between the structures at the two temperatures are apparent, 
especially around the Tyr314 and Tyr55 region.  

 

      
 
Figure 2.1 Snapshots of the pig kidney DAAO monomer near the Iso binding site at  

(A) 10 C and (B) 30 C. The ball and stick models of FAD and six aromatic amino 
acid residues (Tyr55, Tyr106, Tyr224, Tyr228, Tyr314 and Trp185) are shown in green, 
orange, purple, red, cyan, yellow and magenta colors, respectively. 

 
Figure 2.2 shows the time evolution of the center-to-center distances (Rc) 

between the Iso and the five closest aromatic amino acids that are potential ET donors, 
with the dramatic change in the Rc value of Trp185/Tyr55 as the temperature changed 

from 10 to 30 C. The mean Rc values from over the 10 ns (0.1 ps time intervals) MDS 
time range is shown in Table 2.1. The aromatic amino acid with the shortest Rc donor-
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acceptor distance was found to be Tyr224 at both temperatures (0.82 and 0.88 nm at 

10 and 30 C, respectively), followed by Tyr228 and then Tyr314. Tyr224, Tyr228 and 
Tyr314 are also the three closest residues to Iso in terms of the edge-to-edge distances 
(Re). 

 

 
Figure 2.2 Center to center (Rc) distance between the Iso and the indicated five 

nearby aromatic amino acid residues (potential ET donors) at (A) 10 C and 

 (B) 30 C. 
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Table 2.1 Mean values of Rc, Re and inter-planar angles between Iso and nearby aromatic amino acid residues.a 
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Figure 2.3 shows a comparison of the time-evolution of the Rc distances 

between Iso and Tyr314 and Tyr224 for the two different temperatures (10 C and  

30 C). In both amino acid residues the Rc values rapidly fluctuated around a central 

definitive value at 30 C, whilst at 10 C the Rc values varied greatly and with a rather 
long period, in addition to rapid fluctuation. The mean distance from Iso to Tyr224 and 

Tyr 314 was shorter at 10 C by 0.02 and 0.09 nm, respectively, compared to that 

found at 30 C (Table 2.1). The time-evolution of the inter-planar angles between Iso 
and the four nearest aromatic amino acids (Trp185, Tyr224, Tyr228 and Tyr314), 
revealed that the angles mostly fluctuated around ± 20 ° at a definite value (Figure 
S2.1 in Supplemental Information of Chapter II; note that Tyr 55 and Tyr106 were 
omitted from Figure S2.1 for clarity as they are too far away). However, the angle of 

Tyr314 varied far more with time and displayed a sudden change from -50  to -100  

at around 1.2 ns at 10 C. The time-dependent inter-planar angles of Tyr314 and 

Tyr224 with Iso were compared between 10 C and 30 C in Figure S2.2 (Supplemental 
Information of Chapter II), and the mean angles for all six nearest aromatic amino acids 
are also listed in Table 2.1. The angles showed temperature-dependent changes in all 

cases, but ranged from fairly small (14.2  to 16.1 ) in Tyr55, Tyr224 and Tyr228, to 

fairly large in Trp185 (39.3 ) and Try106 (46.3 ) and very large in Tyr314 (93.8 ).   
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Figure 2.3 Comparison of the Rc values of (A) Tyr314 and (B) Tyr224 residues at  

10 C and 30 C. The data for Tyr314 and Tyr224 were selected for display since 
they show the two fastest ET rates amongst the 24 aromatic amino acids. 
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2.4.2 RMSF  

The RMSF of each residue in the pig kidney DAAO monomer is shown in  

Figure 2.4. The RMSF at 30 C was appreciably higher than that at 10 C for all residues, 

but the difference in the RMSF (RMSF) between the two temperatures was highest 
at around Ser60, Asn61 and Pro62, then at around Pro191, Asp192 and Pro193 and 

finally at around Val244, Gly245 and Asn246. Other significant but lesser RMSF peaks 
include around residues Pro105-Tyr106-Trp107-Lys108-Asp109, Val164-Glu165-Ser166-
Phe167 and Pro284-Val285-Arg286. In these amino acid residues the protein structure 

should be quite different between the high (30 C) and low (10 C) temperatures.  
 

 
 

Figure 2.4 Time-dependent changes in the RMSF. Blue line shows RMSF at 10 C, and 

green line at 30 C. Red line shows difference between those at both temperatures. 
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Figure 2.5 shows the protein flexibilities at 10 and 30 C, defined as rigid, 
moderate and flexible when the RMSF was < 0.75, 0.75 to 1.0 and > 1.0 nm, 
respectively. Note that the protein domains are indicated in Figure 2.5B. Protein 
structures at loops 1- 2 and 4 - 5 were rigid, and at loops 3 and 6 - 7 were moderately 

flexible at 10 C, whilst the structures at loops 3 – 7 were flexible and loops 1 – 2 

moderately flexible at 30 C. The proportion of protein domains with a flexible part 

were greatly reduced at 10 C compared to that at 30 C, whereas the proportion of 

rigid parts were far more common at 10 C than at 30 C. 
 

 
 

Figure 2.5 Comparison of the protein flexibility between (A) 10 C and (B) 30 C. The 
flexibility is defined as rigid (RMSF < 0.75 nm: blue), moderate (0.75 nm < RMSF < 1.00 
nm: gray) and flexible (RMSF > 1.00 nm: red). The structures were determined by taking 
an average over 10 ns. 
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2.4.3 Hydrogen bonding (H-bond) dynamics 

 H-bond dynamics were compared in the pig kidney DAAO monomer at 10 C 

and 30 C. The time-evolution of the proton donor – acceptor Rc distance between 
the N atoms in Iso (see Chart 2.1 for atom notations of Iso) and the three nearby 
aromatic amino acids are shown in Figure 2.6, where the distances were noted to 

rapidly fluctuate with time, especially at 30 C but also to show changes between the 
two temperatures (e.g. N3/Leu51 O). 

The distances between the Iso O2 or Iso O4 and the respective three nearby 
amino acids are shown in Figures S2.3 and S2.4 (Supplemental Information of  
Chapter II), and reveal the aforementioned rapid fluctuations over time and also 
changes between temperatures. The distance distributions are summarized in  
Figure 2.7. 
 
 

 
 

Chart 2.1 Chemical structure of Iso and its atom notations. 
  



33 
 

 

 

 
 

 
 
Figure 2.6 H-bond dynamics between the three N atoms in Iso and the three nearby 

amino acids at (A) 10 C and (B) 30 C. 
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Figure 2.7 Comparison of the H-bond-distance distributions in DAAO at 10 C and  

30 C. Proton donor and acceptors in Iso are indicated at the upper left and those of 
the surrounding amino acids at the right upper section in each panel. Vertical lines  
at 0.3 nm are shown for ease of comparison between the distributions at both 
temperatures and represent the likely strong H-bond formation threshold. 
 

Iso N1 displayed an appreciable distribution within the acceptable H-bond 

distance (0.35 nm) with the Gly315 N (peptide) at 10 C, whereas the distribution within 

0.35 nm was negligible at 30 C. This implies that Iso N1 forms an H-bond with Gly315 

N (peptide) at 10 C, but not at 30 C. The distance distribution between Iso N3H and 

Leu51 O (peptide) was mostly within 0.35 nm at 10 C, but at 30 C two maxima were 
observed, being a H-bond minority at 0.32 nm and a no H-bond vast majority at around 
0.45 nm. Thus, the strong H-bond formation between the Iso N3H and Leu51 O at  

10 C is instead weak or largely absent at 30 C. In the same analytical manner, Iso 
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N5 formed an H-bond with Ala49 N (peptide) at both temperatures. Potential proton 
donors for Iso O2 were the Gly315 N (peptide), Leu316 N (peptide) and Thr317 N 
(peptide). The distances between Iso O2 and Leu316 N and between Iso O2 and  

Thr317 N both displayed sharp distributions at around 0.3 nm at 10 C, whilst the  

H-bond at Iso O2 formed only with Leu316 N at 30 C. Here, the distribution of Gly315 
N displayed a broad maximum at around 0.35 nm at both temperatures. The potential 

proton donors for Iso O4 were the Gly50 N (peptide) and Leu51 N (peptide) at 10 C, 

but Ala49 N (peptide) and Gly50 N (peptide) at 30 C. This suggests that the H-bond 
pairs at Iso O4 were modified when the temperature increased. In summary of the 
above information, Figure S2.5 (Supplemental Information of Chapter II) illustrates the 

H-bond pairs between Iso and the surrounding amino acids at 10 C and 30 C. In 
addition, the mean H-bond distances are listed in Table 2.2. The distances obtained 

by MDS at 10 C were comparable with those obtained from the crystal structure, but 

quite different from those obtained by MDS at 30 C.  
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Table 2.2 Comparison of the mean H-bond distances between the Iso atoms and the 
respective nearby amino acid residues.a 
 

H-bond pair Crystal a 
MD simulations 

10 C  30 C 

      

N1-Gly315(N) 0.35  0.32  -- 

N3-Leu51(O) 0.28  0.30  -- 

N5-Ala49(N) 0.30  0.31  0.32 

O2-Gly315(N) 0.35  0.34  0.35 

O2-Leu316(N) 0.31  0.31  0.29 

O2-Thr317(N) 0.30  0.30  0.32 

O4-Ala49(N) --  --  0.32 

O4-Leu51(N) 0.31  0.31  -- 

O4-Gly50(N) 0.32  0.29  0.29 
a The H-bond distances shown for the crystal structure were obtained from the 
previously reported crystal structure (PDB code: 1VE9 [69]). 
 

2.4.4 Physical quantities related to ET 

The observed fluorescent lifetimes at 10 C and 30 C were 228 ps and 182 
ps respectively, as reported previously.[18] The agreement between the observed and 
calculated lifetimes were exact (Table 2.3), when 10

0  (static dielectric constant at  

10 C) = 5.88, 30

0  = 5.89 at 30 C,  0 10IsoG at 10 C = 8.69 eV and  0 30IsoG at 30 C 

= 8.51 eV. The dielectric constants did not differ at 10 C and 30 C. 0

IsoG  represents 

the standard free energy of electron affinity of Iso* and was 0.18 eV higher at 10 C 

than at 30 C, a difference that may be ascribed to the difference in the H-bond pairs 
between the two temperatures. 
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Table 2.3 ET parameters determined. a 
 

Temperature 

(C) 

 

0  

 

0

IsoG   
(eV) 

  (ps) 

Obs.            Calc. 

 

2  

10 5.88 8.69 228 228 4.71 x 10-18 
30 5.89 8.51 182 182 2.79 x 10-13 

a ET parameters contained in the pre-exponential term of KM-ET theory were 0

Trp  = 
1016 (ps-1), from 0

Tyr  = 197 (ps-1), Trp  = 21.0 (nm-1), Tyr = 6.25 (nm-1), 0

TrpR  = 0.663 
(nm) and 0

TyrR  = 0.499 (nm). These were taken from those of FMN binding proteins.[11, 
39] The observed lifetimes were taken from the previously reported work.[18] 
 

Figure 2.8 shows the time-evolution of the ET rates from the five fastest donors, 

revealing the changes with time, especially at 10 C, and the changes with temperature 
(e.g. Tyr55). For clarity, the mean values of the fastest seven ET rates over the MDS 

time range at 10 C are listed in Table 2.4, and at 30 C in Table 2.5. The ET rate was 

fastest from Tyr224 at 10 C and from Tyr314 at 30 C. The fastest ET rate was greater 

at 30 C than at 10 C. This is in accord with that the observed lifetime was shorter at 

30 C than at 10 C. The ranked order (fastest to slowest) at 10 C appeared to be 

Tyr224, Tyr314, Tyr228, Trp185 and Tyr275. The order at 30 C was Tyr314, Tyr224, 
Tyr55, Tyr228 and Tyr106. The order was quite different between the both 
temperatures.   
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Figure 2.8 The ET rate from the five indicated fastest aromatic amino acids at  

(A) 10 C and (B) 30 C. 
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Table 2 .4 Physical quantit ies related  to the ET parameters of the indicated (fastest seven donor)  aromatic amino acids  

at 10 C a 
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Table 2 .5 Physical quantit ies related to the ET parameters of the ind icated (fastest seven donors) aromatic amino acids at 30 C a  
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 Time-dependent changes of the net ES energy ( jES ) are shown in Figure 2.9, 
with considerable rapid variation and longer time oscillations at both temperatures, 
and from this the mean values of the net ES energies are listed in Tables 2.4 and 2.5 

for those at 10 and 30 C, respectively. The net ES energy at 10 C was positive and 

highest in Tyr228 and lowest in Trp185, whilst at 30 C it was positive and highest in 
Tyr279 and lowest in Tyr314. The mean net ES energies of Tyr224 and Tyr314, which 

had the fastest ET rate at 10 C and at 30 C, respectively, were 0.193 and -0.436 eV 

at 10 and 30 C, respectively.   
 

 

 
 
Figure 2.9 Time-dependent changes in the net ES energy of the five indicated Tyr 

residues (ET donors) at (A) 10 C and (B) 30 C. 
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2.4.5 Energy gap law 

The total standard free energy gap of donor j is obtained by eqn (2.9). 
 

     0 2 0

0/T j j qG j ES e R G                          (2.9) 

 
The mean values  0

TG j  over the MDS time range of 10 ns (0.1 ps time 
intervals) were obtained for all 24 potential donor amino acid residues, and those for 

the seven fastest ET rates are listed in Tables 2.4 and 2.5 for 10 and 30 C, respectively. 
The normal energy gap law is obtained by plotting  ln j

ETk T  against  0

TG j , and 
this is shown at both temperatures in Figure 2.10A. The values of  ln j

ETk T  were 
discontinuous along  0

TG j . Trp and Tyr displayed different functions of  0

TG j  
at both temperatures. The phenomenon has never been reported to occur in other 
flavoproteins.[32, 39] The reason for it may be that the PE in eqn (2.1) is dependent 
on  0

TG j . However, PE does not depend on  0

TG j  explicitly, but it may depend 
on it implicitly through . We define here a reduced energy gap law in eqn (2.10). 

 

                           
2

0ln /j qj

ET T Sk T PE G j                            (2.10) 

 
The analysis derived from the use of this reduced energy gap law is shown in 

Figure 2.10B, where excellent parabolic functions were obtained at both temperatures. 
In the reduced energy gap law, however, at the maximum value of  10 /j

ETk PE , the 
ET rate was not always as fast as the normal energy gap law. Thus, the value of 0

TG  

for Tyr224 at 10 C was 0.80 eV and one for Tyr314 at 30 C, 1.15 eV, which had the 
greatest ET rate, whilst the values of 0

TG  at a maximum ET rate / PE were both 1.9 
eV. 
 

jR
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Figure 2.10 Energy gap law in DAAO. (A) Normal energy gap law at 10 C and 30 C, 
as represented by eqn (2.9) in the text and (B) the reduced energy gap law, as 
expressed by eqn (2.10) in text. Inserts in (B) indicate the best-fit parabola functions 
of ln ( ) /j

ETk T PE    (Y) against 0 ( )TG j  (X). 

 
2.4.6 Temperature transition of the lifetimes 

The calculated fluorescence lifetimes were obtained as the inverse of the total 

ET rates, as in eqn (2.7). The lifetimes at 10 C were calculated with 0  and 0

IsoG  at  

10 C (see Table 2.3), as a function of T. Likewise, the lifetimes at 30 C were obtained 

with 0  and 0

IsoG  at 30 C. The temperature-dependence of the fluorescence lifetimes 
at both temperatures is shown in Figure 2.11, where the two curves should be a 
continuous function of T. The plausible transition is indicated by a green curve 

(transition temperature, Tc = 20 C). Experimentally Tc was reported to be 14–20 C. 
[18, 30, 66-68] 
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Figure 2.11 Temperature transition of lifetimes in DAAO. Green solid curve indicates 
possible temperature-dependence of the lifetime as temperature was elevated from 

10 C to 30 C. The temperature at middle-point of this curve may transition 

temperature (20 C). 
 

2.4.7 Quantum chemical basis for the standard Gibbs energy related to 
the electron affinity of Iso* 

Electron affinities of Iso* were calculated with the semi-empirical MO. Standard 
free energy of electron affinity of Iso* was approximately expressed by eqn (2.11).[97] 

 

       0 *( ) ( ) ( )anion

Iso f fG T H T H T                                                    (2.11) 
 

Here ( )anion

fH T  and * ( )fH T are heat of formations of Iso anion radical and Iso* 
in the H-bond cluster at T. The H-bond clusters at both temperatures were obtained 
as described above. Figure 2.12 illustrates one of energetically minimized structure of 
Iso with H-bond cluster at respective temperature. MO calculations were performed 
starting 100 MDS snapshots with 100 ps time intervals at the both temperatures. Time-
evolutions of heat of formation of Iso anion radical, Iso*, 0 ( )IsoG T  and difference of 

0 ( )IsoG T between the both temperatures are illustrated in Figure 2.13. These values 
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fluctuated around mean values. The mean values over 100 snapshots were -22.1 eV 

at 10 C and -22.0 eV at 30 C in ( )anion

fH T ,  -14.4 eV at both temperatures in * ( )fH T , 

and -7.69 eV at in 10 C, and -7.59 eV at 30 C in 0 ( )IsoG T . Experimental values of 
0 ( )IsoG T  obtained in the present work were -8.69 eV at 10 C and -8.51 eV at 30 C. 

Negative sign in the experimental values was taken from eqn (2.4). The calculated 

values of 0 ( )IsoG T  were 1.0 eV higher at 10 C and 1.9 eV higher at 30 C than those 
of the experimental values. However, the difference, 0 0(10) (30)Iso IsoG G  , was -0.11 
eV in the calculated value, while it was -0.18 eV in the experimental value, which were 
quite close to the calculated value.  
 

   
 

Figure 2.12 Iso and surrounding H-bond clusters at 10 C and 30 C. MO calculations 
were performed for 100 snapshots with 100 ps time intervals at each temperature. 
Atomic coordinates of these structures were taken from one of MO output files at 
each temperature. 
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Figure 2.13 Heat of formation of Iso anion and Iso*, and 0 ( )IsoG T . Panel A shows 

hear of formation of Iso anion and Iso* at 10 and 30 C, Panel B 0 ( )IsoG T  and 

difference of 0 ( )IsoG T  between 10 and 30 C. An and Ex in insert A denote Iso anion 

and Iso*. 10 C, 30 C and 10 C – 30 C in insert B indicate 0 ( )IsoG T  at 10 C, 
0 ( )IsoG T  at 30 C, and difference in 0 ( )IsoG T  between the both temperatures. 

 
2.5 DISCUSSION 

In the present work the structural basis for the temperature-transition has been 
demonstrated from various aspects. The donor-acceptor distance (center-to-center 

distance Rc) of Tyr224, which showed the fastest ET rate at 10 C, were different  

being 0.82 and 0.88 nm at 10 and 30 C, respectively, and one of Tyr314, which showed 

the fastest ET rate at 30 C, 1.06 and 1.18 nm.  Rc of Tyr55 was displayed greatest 

difference, 1.64 nm at 10 C and 1.2 nm at 30 C.  The inter-planar angle between Iso 

and Tyr314 was displayed marked difference from 27  at 10 C to -47  at 30 C.  In 
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addition the RMSF (residue-based root of mean square fluctuation) at 10 C was 

considerably lower than that at 30 C, especially around Ser60-Pro62, Pro191-Pro193 
and Val244-Asn246. The likely H-bond pairs between Iso and the surrounding amino 

acids displayed notable differences between 10 C and 30 C. Iso N1 formed a likely 

H-bond with Gly315 N (peptide) at 10 C, but not at 30 C. Iso N3H formed a likely H-

bond with Leu51 O (peptide) at 10 C, but not at 30 C. In addition the H-bond pair 

of Iso O4 and Leu51 N (peptide) at 10 C switched to Ala49 N (peptide) at 30 C.  
 The temperature transition of DAAO was also found in the ET rate, where the 
ET rate displayed a different temperature-dependence at the two temperatures. This 
may be ascribed to the difference in the 0

IsoG  values (free energy related to electron 

affinity of Iso*) at both temperatures, being 8.69 and 8.51 eV at 10 and 30 C, 
respectively. The difference in the 0

IsoG  may in turn be explained by the different H-
bond patterns at the two temperatures. 

The values of 0

IsoG  in the systems of Iso* under H-bond clusters at the both 
temperatures were calculated with MO method. Coincidences between the calculated 

0

IsoG  and one obtained by ET analysis were quite good at both temperatures. Mean 

heat of formation of Iso anion radical were -22.1 eV at 10 C and -22.0 eV at 30 C in 

the H-bond clusters, while -6.29 eV at 10 C and -6.07 eV at 30 C in isolated Iso anion 
radical. Mean heat of formation of Iso* over 100 snapshots in the H-bond cluster  
was -14.4 eV at the both temperatures, while one of isolated Iso* 0.66 eV. These results 
suggest that H-bond cluster plays important role on these energies. 
 The normal energy gap law did not appear to hold in DAAO, with the ET rates 
of Tyr displaying different 0

TG  dependencies from that of Trp, which has never been 
observed before in other flavoproteins.[32, 39] Instead, we proposed a reduced energy 
gap law, where the ET rates were divided by PE as shown in eqn (2.10). The difference 
in 0

TG  at maximum ET rate / PE may be related to the different 0

IsoG  values at both 
temperatures.  

It is of interest that the ET rate is not always fastest from a donor with the 
shortest jR  (center to center distance between Iso and the donor j). Thus, whilst the 

jR  was shortest in Tyr224, at 0.82 and 0.88 nm at 10 and 30 C, respectively  
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(Table 2.1), the ET rate from Tyr224 was slower than Tyr314 at the higher temperature 
(Tables 2.4 and 2.5). The reason why the ET rate from Tyr314 was faster than that from 

Tyr224 at 30 C, despite the shorter jR  in Tyr224 by 0.3 nm at 30 C, may be explained 
in the following way. The shorter jR  directly influences the ET rate through the solvent 
reorganization energy, qj

S , the ES energy between the donor cation and acceptor 

anion, 2

0/ q

je R , and   0exp q q

jR R   in the electronic coupling term of PE in  

eqn (2.2). The term   0exp q q

jR R   contributes to reduce the ET rate, since jR  is 

always longer than 0

TyrR  (0.499 nm). Sums of qj

S and 2

0/ q

je R  in Tyr224 and Tyr314 

at 30 C were 1.62 eV and 1.83 eV, respectively. The differences in these sums between 

Tyr224 and Tyr314 were thus 0.21 eV at 30 C, which are compared to the differences 

in ES energies, jES , between Tyr224 and Tyr314, 0.40 eV at 30 C. Thus, variation in 

jES which represents ES energy between the photoproducts and ionic groups in the 
protein, and do not depend explicitly on jR , was greater than those in the sums of 
the donor-acceptor distance-dependent quantities, qj

S and 2

0/ q

je R . This may be 

the reason why the ET rate from Tyr314 was faster than that from Tyr224 at 30 C, 

despite the shorter jR in Tyr224 by 0.3 nm at 30 C. It was previously believed that 
the donor-acceptor distance is the most influential factor upon the ET rate in proteins. 
The present work revealed that ET can occur from a donor without having the shortest 
donor-acceptor Rc (or Re) distance, when more than one donor exists near an acceptor. 
The importance of the ES energy has also been experimentally and theoretically 
demonstrated in FMN binding proteins.[11, 39] 

Beratan et al. [98-100] have developed a pathway model for electron transfer 
rate in proteins, based on the Fermi golden rule, in which protein structures mediate 
tunneling, a) through bonds, b) through space, c) through H bonds. The following points 
are different between our flavoprotein systems and the electron transfer systems of 
Beratan’s group, 1) in our systems ET takes place in the time-domain of femtoseconds-
picoseconds, while Beratan’s group deal with dark electron transfer (DET) in the time 
domain much longer than ET, 2) the donor-acceptor distance is not always most 
influential factor for ET rate in flavoproteins, while the donor-acceptor distance is 
always most important factor in their systems, 3) ES energy between the photo-
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products and ionic groups inside the proteins much influences the ET rates,[11, 39] 
while it was not taken into account in their works, 4) ET in flavoproteins including D-
amino acid oxidase should be through space, because no direct covalent bonds or H-
bonds exists between Iso and Trp or Tyr, while the DET is most effective trough bonds. 
These differences may be ascribed to the difference in the phenomena of ET and DET. 
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3.1 ABSTRACT 

The structural difference between two subunits of D-amino acid oxidase dimer 
from porcine kidney was studied by molecular dynamics simulation (MDS) and rate of 
photoinduced electron transfer (ET) from aromatic amino acids as tyrosines (Tyr) and 
tryptophanes (Trp) to the excited isoalloxazine (Iso*). The donor–acceptor distances 
(Rc) between isoalloxazine (Iso) and the donors were shortest in Tyr224 (0.74 nm) in 

Sub A at 10 C (Sub A10), in Tyr224 (0.79 nm) in Sub B at 10 C (Sub B10), in Tyr228 

(0.85 nm) in Sub A at 30 C (Sub A30), and in Tyr224 (0.72 nm) in Sub B at 30 C (Sub 
B30). The Rcs were mostly shorter in the dimer than those in the monomer. Hydrogen 
bonding (H-bond) pairs between Iso and surrounding amino acids varied with the 
subunit and temperature. O2 of the Iso ring formed an H-bond exclusively with 
Thr317OG1 (side chain) in both Sub A10 and Sub A30, while it formed with Gly315N 
(peptide), Leu316N and Thr317N in Sub B10 and Sub B30. N3H of Iso formed an H-
bond with Leu51O (peptide) in Sub A10 and Sub A30, but not in Sub B10 and Sub B30. 
Electron affinity of Iso* was appreciably lower in Sub A10 compared to Sub B10, while 

it was opposite at 30 C. ET rate to Iso* was fastest from Tyr224 in Sub A10, while it 
was fastest from Tyr314 in Sub B10. The ET rate was fastest from Tyr314 in Sub A30, 
while it was fastest from Tyr224 in Sub B30. The greater ET rates in the dimer as 
compared to those in the monomer were elucidated with shorter Rc in the dimer as 
compared to the monomer. The static dielectric constants inside the subunits and the 
static dielectric constant between Iso and Tyr224 or Tyr228 were not different 
appreciably. A few water molecules and sometimes an amino acid were located 
between Iso and Tyr224, which may be the reason why the dielectric constant of the 
entire subunits did not differ from that between Iso and Tyr224.  
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3.2 INTRODUCTION 

D-Amino acid oxidase (DAAO) is a peroxisomal enzyme containing flavin adenine 
dinucleotide (FAD) as a cofactor which exists in a wide range of species from yeasts to 
humans. Its function is to oxidize D-amino acids to the corresponding imino acids, 
producing ammonia and hydrogen peroxide. A number of review articles have been 
reported on DAAO from porcine kidney [101, 102] from yeast to human,[62] and from 
human.[103, 104] Recently, mammalian DAAO has been demonstrated to connect with 
the brain D-serine metabolism and to the regulation of the glutamatergic 
neurotransmission.[63, 64] Various novel inhibitors to human DAAO have been found 
using the in silico screening technique.[49] 

DAAO from porcine kidney is in a monomer (Mw 39 kDa) – dimer equilibrium 
state at relatively low concentrations,[23-26] and may be in a dimer–tetramer 
equilibrium at higher concentrations.[27-29] The crystal structures of DAAO from 
porcine kidney were determined by Miura et al. [19] and Mattevi et al. [69]. A 
temperature-induced conformational change of the DAAO has been reported by many 
workers.[17, 18, 30, 66, 67, 77] The fluorescence lifetime of the dimer is ca. 40 ps while 
that of the monomer is 160 ps, which suggests that the structure near to Iso in the 
dimer is quite different from the monomer.[17, 18, 77] 

The fluorescence of flavins in many flavoproteins is strongly quenched, which 
is ascribed to photoinduced electron transfer (ET) from tryptophanes (Trp) and/or 
tyrosines (Tyr) to the excited isoalloxazine (Iso*).[5-7] Ultrafast fluorescence dynamics 
of some flavoproteins in the time domain of femtoseconds–picoseconds have been 
studied by a fluorescence up-conversion technique.[11-13, 15, 16] The ultrafast 
fluorescence dynamics of some flavoproteins have been analyzed with the protein 
structures obtained by molecular dynamics simulation (MDS) and an electron transfer 
theory.[32, 35, 39, 42] 

The structural basis for temperature-induced transition of DAAO monomer from 
porcine kidney has been analyzed with this method. The conformational change was 
characterized from the ET rates from Tyr224, Tyr228 and Tyr314 to the Iso*.[105] The 
ultrafast fluorescence dynamics of DAAO–benzoate complex has also been analyzed 
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with MDS snapshots and Kakitani and Mataga (KM) theory.[106] In the present work we 
have demonstrated by means of the MDS structures and ET analysis that the structure 
of DAAO dimer is quite different between the two subunits, and provide the structural 
basis of the conformational difference between dimer and monomer. 
 
3.3 METHOD OF ANALYSIS 

3.3.1 MDS calculations 

All MDS were performed using the Amber10 suite program.[88] The starting 
structure from the X-ray structure of the DAAO–benzoate complex dimer (PDB code 
1VE9) [19] was removing two benzoate molecules from each subunit. The protein was 
added hydrogen atoms for all missing hydrogen atoms using LEaP module of 
Amber10.[88] Subsequently, the protein complex was solvated with a cubic box  
of 7395 TIP3P water molecules and eight sodium counterions added for the 
electroneutrality of the system. The parm99 force field [89] was used to generate the 
protein topology and the restrained electrostatic potential (RESP) [91] charges was 
used for the FAD. The simulated system was minimized with 2000 steps of the steepest 
descent followed by 3000 steps of conjugate gradient of energy minimization. 
Afterwards, both systems were heated from 0 to 283 K or from 0 to 303 K (for the 10 

and 30 C MDS, respectively) over 100 ps and were further equilibrated under periodic 
boundary conditions at 283 and 303 K. The systems were set up under the isobaric–
isothermal ensemble with a constant pressure of 1 atm and constant temperature of 
either 283 or 303 K. The electrostatic interactions were corrected by the Particle Mesh 
Ewald method.[92] The SHAKE algorithm [93] was employed to constrain all bonds 
involving hydrogen atoms. MDS based calculations were performed with time steps  
of 2 fs and a cutoff distance of 1 nm was employed for non-bonded pair interactions. 
The stability of the system was checked by investigating the convergence of the 
energies, temperature, pressure and global root mean square deviation of the system. 
The equilibrium was found to be attained after 20 ns of the MDS calculation, by 
monitoring these quantities. Then the calculation was continued for up to further 30 
ns, and data from the last 5 ns were used for the analyses. 
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3.3.2 ET theory 

The original Marcus theory [78, 79] has been modified in various ways.[61, 80, 
107, 108] In the present analysis, KM theory [107] was used, because it is applicable 
for non-adiabatic ET process in addition to adiabatic ET process, and has been found 
to give satisfactory results for both static [11, 94, 95] and dynamic ET analyses.[32, 35, 
39, 42, 105, 106] The ET rate described by the KM model is expressed by eqn (3.1). 
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           (3.1) 

  
 Here jk

ET ( )k T  is the ET rate from a donor j to the Iso* in subunit k (k = Sub A or 

Sub B) at temperature T  (C), and q denotes Trp or Tyr. q

0  is an adiabatic frequency, 
q  is the ET process coefficient. jkR  and q

0R  are the donor j–Iso distance in subunit k 
and its critical distance for the ET process, respectively. Rjk is expressed as a center-
to-center distance (Rc) rather than as an edge-to-edge (Re) distance.[32, 35, 39, 42, 105, 
106] The ET process is adiabatic when q

jk 0R R , and non-adiabatic when q

jk 0R R . T  
in the right hand sides of eqn (3.1) is temperature expressed in K unit. The term, 

2 pk

0 jk/e R , in eqn (3.1) is electrostatic (ES) energy between Iso anion and a donor 
cation. The static dielectric constant ( pk

0 ) is discussed below eqn (3.2). The terms Bk  
and e  are the Boltzmann constant and electron charge, respectively. k

Net ( )E j  is the 
Net ES energy of the donor j in subunit k, which is described later. The porcine kidney 
DAAO monomer contains 10 Trp and 14 Tyr residues. In the present work the ET rates 
from all of these aromatic amino acids to Iso* were taken into account for the analysis. 
 q

jk  is the solvent reorganization energy [78, 79] of the ET donor qj , and is 
expressed as eqn (3.2). 
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            (3.2) 

 
where 

Isoa  and qa  are the radii of Iso and Trp or Tyr, with these reactants being 
assumed to be spherical, and 

 is optical dielectric constant, and pk

0  static dielectric 
constant of subunit k. It was assumed that for Tyr224 and Tyr228 pA

0  (Sub A) = pB

0  
(Sub B) = DA

0 , where pA

0  is static dielectric constant between the donor and Iso, 
because these donor–acceptor distances were always much shorter than 1 nm, and 
for the other donors pA

0  (Sub A) = pB

0  (Sub B) = 0

B . The optical dielectric constant 
used was 2.0. The radii of Iso ( Isoa ), Trp ( Trpa ) and Tyr ( Tyra ) were those previously 
determined [32, 35, 39, 42] to be 0.224, 0.196 and 0.173 nm, respectively. 
 The standard free energy change was expressed with the ionization potential 
of the ET donor, q

IPE , as eqn (3.3). 
 

0 q 0

k IP k( ) ( )G T E G T               (3.3) 
 
where 0

k ( )G T  is the standard Gibbs energy related to the electron affinity of Iso* in 
subunit k at temperature T . The values of q

IPE  for Trp and Tyr were 7.2 and 8.0 eV, 
respectively.[96] 
 

3.3.3 Electrostatic energy in DAAO dimer 

Protein systems contain many ionic groups, which may influence the ET rate. 
The porcine kidney DAAO contains Iso as the ET acceptor, and 10 Trp residues and 14 
Tyr residues per subunit as potential ET donors. The FAD cofactor in DAAO has two 
negative charges at the pyrophosphate, whilst DAAO itself contains 22 Glu, 13 Asp, 12 
Lys and 21 Arg residues per subunit. Therefore total numbers of ionic groups are 
double of those in one subunit. The ES energy between the Iso anion or donor cation 
j and all other ionic groups in subunit k (Sub A or Sub B) is expressed by eqn (3.4). 
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           (3.4) 

 
Here j  = 0 for the Iso anion in subunit k, 1–10 for the Trp cations in Sub A and 11–20 
for Trp in Sub B, 21–34 for the Tyr cations in Sub A, and 35–48 for Tyr cations in Sub 
B. jC  is the charge of the aromatic ionic species j, that is, -e for j = 0 and +e for j = 1 
to 48. GluC  (= e ), AspC  (= e ), LysC  (= e ), and ArgC  (= e ) are the charges of the Glu, 
Asp, Lys and Arg residues, respectively. FAD contains 2 phosphate atoms, each of which 
binds 2 oxygen atoms. It was assumed that the charge of each oxygen atom is PC =  
-0.5 e , though total charge of four oxygen atoms is -2 e . We also assumed that these 
groups are all in an ionic state in solution. The distances between the aromatic ionic 
species j  and the i th Glu ( i  = 1–44) are denoted as (Glu )jR i , whilst the distances 
between the aromatic ionic species j and the i th Asp ( i  = 1–26) are denoted as 

(Asp )jR i , and so on for the each amino acid residue. 
 k

Net ( )E j  in eqn (3.1) was then expressed as eqn (3.5). 
 
   k

Net k k( ) (0) ( )E j E E j             (3.5) 
 
Here j is from 1 to 48, and represents the j

th ET donor, as described above. 
 

3.3.4 Determination of the ET parameters 

The observed fluorescence lifetimes of the porcine kidney DAAO monomer are 

reported to be  10

obs  = 44.2 ps at 10 C and 30

obs  = 37.7 ps at 30 C.[18] The calculated 
lifetimes of subunit k at temperature (T) were given by eqn (3.6). 

 
Tk
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ET
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 The fluorescent lifetimes were expressed in unit of ps. In the present work the 
physical quantities related to the electronic coupling term ( q

0 , q  and q

0R ) for Trp 
and Tyr were taken from those reported for the flavin mononucleotide binding 
proteins,[39] which were assumed to be independent of temperature within the 

temperature range (10–30 C) as in previous works.[105, 106] On the contrary, the free 
energy, 0

k ( )G T , related to the electron affinity of Iso* was assumed to be both 
temperature- and subunit-dependent, because 0

k ( )G T  is modified with the hydrogen 
bonding (H-bond) structure.[105, 106] The unknown ET parameters were 0

A (10)G , 0

B(10)G

, 0

A (30)G  and 0

B(30)G  in eqn (3.3), and A

0 , B

0  and DA

0  which were assumed to be 
independent of temperature.[105, 106] These ET parameters were determined so as 
to obtain the minimum value of 2 , as given by eqn (3.7). 
 

       
2 2 2 2

10A 10 10B 10 30A 30 30B 30

Calc Obs Calc Obs Calc Obs Calc Obs2

10A 10B 30A 30B

Calc Calc Calc Calc

       


   

   
             (3.7) 

 
3.4 RESULTS 

3.4.1 Local structure near Iso binding site in DAAO dimer obtained by 
MDS 

Figure 3.1 shows MDS snapshots near FAD binding sites in DAAO dimer at 10 

and 30 C. In the Figure the structures of Sub A and Sub B are illustrated separately. 
Aromatic amino acids of potential ET donor are also shown in addition to FAD. Tyr224, 

Tyr228, Tyr55, Tyr314 and Tyr279 are five closest donors to Iso in Sub A at 10 C  
(Sub A10; Figure 3.1A). In Sub B10 the aromatic amino acids of five closest to Iso were 
the same with those in Sub A (Figure 3.1B). In Sub A30 Tyr228, Tyr224, Tyr314, Tyr279 
and Tyr55 were five closest donors to Iso (Figure 3.1C). In Sub B30 Tyr224, Tyr228, 
Tyr314, Tyr55 and Trp185 were closest to Iso (Figure 3.1D). Figure 3.2 shows time 
evolutions of Rc between these aromatic amino acids and Iso. Figure 3.3 shows  
the Rc-distributions. The distributions may be clearer to understand differences in the 
Rc and extent of the distance fluctuation. Rc of Tyr185 displayed double maxima in 
both Sub A10 at around 1.35 nm with a major distribution and 1.5 nm with a minor 
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distribution. Rc in Sub B10 also displayed double maxima with minor distribution at 
around 1.5 nm and with major distribution at around 1.7 nm. The Rc of Tyr185 in 

monomer at 10 C did not show such double maxima, a single peak at around 1.3 nm, 

which was similar to the major peak in Sub A at 10 C. The distributions of Trp185 in 

dimer displayed single peaks in both Sub A and Sub B at 30 C. The distribution of Rc 
in Tyr55 displayed double maxima in Sub A30, but single peak in Sub B30. The Rc at 
the main peak was much longer than those in Sub B30, and also in both Sub A10 and 
Sub B10. These results in Rc suggest that the protein conformation is quite different 
between Sub A and Sub B, and is appreciably modified by temperature. 

Table 3.1 lists mean values of Rc over 5000 snapshots with 1 ps time intervals. 
In Sub A10 the Rc values were 0.74 nm in Tyr224, 0.82 nm in Tyr228, 1.07 nm in Tyr55, 
and 1.11 nm in Tyr314. In Sub B10 the Rc values were 0.79 nm in Tyr224, 0.83 nm in 
Tyr228, 0.99 nm in Tyr55, and 1.05 nm in Tyr314. Comparing between Sub A10 and 
Sub B10, the Rc values of Tyr55 and Tyr314 are a little shorter by 0.06–0.08 nm in  
Sub B. In Sub A30 the Rc values were 0.85 nm in Tyr228, 0.90 nm in Tyr224 and 1.06 
nm in Tyr314. In Sub B30 the Rc values were 0.72 nm in Tyr224, 0.81 nm in Tyr228, 
1.06 nm in Tyr55 and Tyr314. Comparing between Sub A30 and Sub B30, the Rc value 
of Tyr55 in Sub B were remarkably shorter by 0.41 nm than that in Sub A.  
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Figure 3.1 Local structure of FAD binding site in DAAO obtained by MDS. The five 
fastest ET donors are illustrated with stick model, together with FAD. Sub A10 and  

Sub B10 denote subunits of A and B at 10 C, and Sub A30 and Sub B30 denote 

subunits of A and B at 30 C. MDS calculations were performed independently both 

at 10 C and 30 C. 
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Figure 3.2 Time evolution of the donor–acceptor distance. ET donors are aromatic 
amino acids indicated in the insets, and acceptor is Iso*. The distances are expressed 
with the center-to-center distance (Rc). Sub A10 and Sub B10 denote subunits  

of A and B at 10 C, and Sub A30 and Sub B30 denote subunits of A and B at 30 C. 

MDS calculations were performed independently both at 10 and 30 C. 
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Figure 3.3 The distribution of the donor–acceptor distance. The distances are 
expressed with center-to-center distance (Rc). 10A and 10B denote Sub A and Sub B 

at 10 C, and 30A and 30B, Sub A and Sub B at 30 C. Sub A and Sub B denote 
subunits A and B. Time evolutions of the distances are shown in Figure 3.2. MDS were 

performed at 10 C and 30 C. The distributions for monomers are also illustrated for 
comparison.[105] 
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Table 3 .1 ET don or-acceptor distance. a  
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The donor–acceptor distances in the dimer were compared to those in the 
monomer.[105] Table 3.1 also lists the mean Rc values of the monomer. Most marked 
change was Tyr55 as revealed in the distance distributions. The Rc values ofTyr55 in 
the dimer were 1.07nm in Sub A10 and 0.99 nm in Sub B10, and 1.47 nm in Sub A30 

and 1.06 nm in Sub B30, while Rc values in the monomer are 1.64 nm at 10 C and 

1.20 nm at 30 C. These donor–acceptor distances mostly became shorter in dimer 
compared to those in monomer. 
 

3.4.2 Inter-subunit structure 

The dynamics of distances between Iso in Sub A and Iso in Sub B are shown in 
Figure S3.1 (Supplemental Information of Chapter III). The centre-to-centre distances 

(Rc) were shorter at 30 C than at 10 C. The distance distributions are shown in the 
right column. The dynamics and distributions of Iso–Iso inter-planar angles are shown 
in the bottom panels. The mean distances over 5000 snapshots were 4.15 nm at  

10 C and 4.09 nm at 30 C. The mean angles were 781 at 10 C and 851 at 30 C. 
 
3.4.3 Root of mean square fluctuations 

The root of mean square fluctuation (RMSF) is considered to be a good index 
for structural fluctuation of an individual amino acid, which was obtained by 

Amber10.[88] Figure 3.4 shows RMSF of Sub A and Sub B at both 10 C and 30 C. 
RMSF was highest around residue No. 300 in all four systems, Arg297-Phe298-Gly299-
Ser300-Ser301-Asn302-Thr303. The highest amino acids were Ser300 in Sub A10, Gly299 
in Sub B10, Ser300 in Sub A30 and Gly299 in Sub B30. Next highest regions were around 
the residue No. 170. The peak amino acids in this region were Arg172 in Sub A10 and 
in Sub B10, and Gly173 in Sub A30 and Arg172 in Sub B30. The third highest RMSF were 
near C-terminals, Asn338 in Sub A10, Arg337 in Sub B10, Arg337 in Sub A30, and Glu336 

in Sub B30. The values of RMSF were always higher at 10 C than at 30 C, despite 
that thermal fluctuation of the protein should increase with temperature. Mean RMSF 
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over all residues were highest in Sub B10 (0.403), followed by Sub A10 (0.401), Sub A30 
(0.294) and Sub B30 (0.285). 

 
 

Figure 3.4 RMSF of DAAO dimer. RMSF of Sub A at 10 C is illustrated with green line, 

Sub B at 10 C with blue line, Sub A at 30 C with red line, Sub B at 30 C with a 
black line. Maximum RMSFs were obtained at Ser300 in Sub A10, Gly299 in Sub B10, 
Ser300 in Sub A30 and Gly299 in Sub B30. Next highest regions were around the residue 
No. 170. The peak amino acids in this region were Arg172 in Sub A10 and in Sub B10, 
and Gly173 in Sub A30 and Arg172 in Sub B30. 
 

3.4.4 H-bond structure between Iso and surrounding amino acids 

Figure 3.5 shows the H-bond structure. Table 3.2 lists the mean H-bond 
distances (RH) over 5000 snapshots within 0.3 nm. The atom notations of the Iso ring 
are shown in Chart 3.1. In both Sub A10 and Sub B10 IsoN3H forms H-bond with Leu51O 
(peptide) with RH values of both 0.29 nm, but not at all in both Sub B10 and Sub B30. 
IsoN5 form H-bond with Ala49N (peptide) only in Sub A10 (RH 0.29 nm). IsoO2 forms 
H-bonds with peptide nitrogen of Gly315N (RH 0.29 nm), Leu316N (RH 0.28 nm) and 
Thr317 (RH 0.29 nm) in both Sub B10 and Sub B30, but not H-bonds in Sub A at both 
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temperatures. IsoO2 in Sub A forms single H-bond with side-chain OH of Thr317 in both 
Sub A10 and Sub A30 (RH 0.28 nm), but not in Sub B. IsoO4 forms H-bonds with peptide 
nitrogen atoms of Gly50 and Leu51 only in Sub A10, but not in Sub B at both 
temperatures. These findings suggest that Sub A and Sub B are not equivalent at Iso 
binding sites. 
 

 
 
Figure 3.5 H-bond structure between the Iso ring and the nearby amino acids.  

Sub A10 and Sub B10 denote subunits of A and B at 10 C, and Sub A30 and Sub B30 

denote subunits of A and B at 30 C. The H-bond distances are listed in Table 3.2. 
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Table 3 .2 Com parison of H-bond dista nces in DAAO-dim er.  
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Chart 3.1 Chemical structure and atom notations of Iso 
 

3.4.5 ET parameters 

ET parameters obtained by the method described above are listed in Table 

3.3. The static dielectric constants inside the protein were A

0 = B

0  = 5.8, which were 
obtained assuming to be independent of temperature.[105] The dielectric constant for 

Tyr224 and Tyr228 between the donors and acceptor ( DA

0 ) was also 5.8, which did 

not change from those inside Sub A and Sub B ( k

0 , k = A and B). The reason for it is 
discussed later. Free energies related to electron affinity of Iso*  0

k ( )G T  were 8.2 eV 

in Sub A10 and 8.5 eV in Sub B10, and 8.7 eV in Sub A30 and 8.5 eV in Sub B30. The 
calculated lifetimes completely coincided with the observed lifetimes.[18] 
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Table 3.3 Best-fit ET parameter. a 
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3.4.6 ET rates from aromatic amino acids to Iso* 

 Time evolutions of logarithmic ET rates are shown in Figure 3.6. In Sub A10 the 
rate was fastest from Tyr224. The rate from Trp185 displayed sudden transitions at 
around 1 ns and 2.5 ns, which may be related to the double maxima in Rc distribution. 
In Sub B10 the rate was fastest from Tyr314. The fastest donors were Tyr228 in Sub 
A30 and Tyr314 in Sub B30. Mean ET rates over MD simulation snapshots (5000 with 1 
ps intervals) are listed in Table 3.4. In Sub A10 the rates from Tyr224, Tyr314 and 
Tyr228 were 1.3 x 10-2, 7.6 x 10-3, and 1.2 x 10-3 ps-1, respectively, followed by Tyr55 
and Trp185. The order of Rc in Sub A10 were Tyr224, Tyr228, Tyr55, Tyr314 and Tyr279, 
which were considerably different from the order in ET rates. In Sub B10, the ET rates 
were 1.4 x 10-2 from Tyr314, 6.0 x 10-3 from Tyr224 and 1.5 x 10-3 ps-1 from Tyr55, 
followed by Tyr228 and Tyr279. The order of Rc in Sub B10 were the same with Sub 
A10. Rc of Tyr314 in Sub B10 was the fourth shortest, but the ET rate was fastest. In 
Sub A30 five fastest donors were Tyr314 (1.6 x 10-2 ps-1), Tyr228 (5.9 x 10-3 ps-1), Tyr224 
(3.5 x 10-3 ps-1), Tyr55 and Trp52 in this order, while the order of Rc in Sub30A was 
Tyr228, Tyr224, Tyr314, Tyr279 and Tyr55. In Sub B30 they were Tyr224 (1.7 x 10-2  
ps-1), Tyr314 (6.5 x 10-3 ps-1), Trp185 (1.4 x 10-3 ps-1), Tyr55 and Tyr228, while the order 
of Rc in Sub30B was Tyr224, Tyr228, Tyr314, Tyr55 and Trp185. 
 Figure 3.7 illustrates distribution of logarithmic ET rates from aromatic amino 
acids to Iso*. The distribution pattern was quite different between Sub A and Sub B, 

and also between 10 C and 30 C. Half width of the distribution indicates extent of 
fluctuation in the logarithmic rate. Most of the donors displayed marked fluctuations. 
The logarithmic rates from Tyr314 were relatively sharp in all cases. The distribution of 
Trp185 in Sub A10 displayed double maxima which should be ascribed to double 
maxima in Rc (see Figure 3.3). ET rate from Tyr228 was the second fastest in Sub 30A, 
but quite slow in Sub B30. The rate from Trp185 was the third fastest in Sub B30, but 
much slow in the other systems. 
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Figure 3.6 Time evolution of ET rate from aromatic amino acids to Iso*. Insets show 
the five donors with fast ET rates. Mean ET rates over 5000 snapshots with 1 ps 
intervals are listed in Table 3.3. 
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Table 3 .4 Physical quantity related to ET rate. a 
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Figure 3.7 Distribution of logarithmic ET rate from aromatic amino acids to Iso*. Sub 

A10 and Sub B10 denote Sub A and Sub at 10 C in the dimer, and Sub A30 and Sub 

B30, Sub A and Sub B at 30 C. Insets show amino acids with top fastest ET rates. The 

distributions for DAAO monomers at 10 C (Monomer10) and 30 C (Monomer 30) are 
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also shown for comparison. Kind of the amino acids are different among the six groups 
including monomer. 
 

The effects of subunit structures on the ET rates are shown in Figure S3.2 
(Supplemental Information of Chapter III). In independent model of Figure S3.2 
(Supplemental Information of Chapter III) the ET rates were obtained separately in  
Sub A and in Sub. In the entire model the ET rates were obtained for the entire dimer. 
The distributions of the Net ES energies obtained with the entire model were quite 
different from those with the independent model. 
 

3.4.7 Physical quantity related to ET rate 

Figure 3.8 shows dynamics of Net ES energy obtained by eqn (3.5). The 
fluctuation of the energy in Tyr224 and Tyr228 were relatively small. The energy of 
Trp185 in Sub A10 displayed marked fluctuation. The Net ES energy, k

Net ( )E j  , of Tyr314 
were always low (-0.3 to -0.5 eV), despite the ET rate were fastest or second fastest 
among the donors. The reason for it is discussed later. Figure 3.9 shows distribution of 
Net ES energy. As stated above, Net ES energies of Tyr314 were always negative and 
very low. The Net ES energies of Tyr228 were always positive and highest among the 
donors with top five ET rates. 
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Figure 3.8 Dynamics of Net ES energy in DAAO dimer. Sub A10 and Sub B10 denote 

Sub A and Sub B at 10 C, and Sub A30 and Sub B30, Sub A and Sub B at 30 C. 
Insets show donors with top fastest ET rates. 
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Figure 3.9 Distributions of Net ES energy. The Net ES energies were obtained with the 
entire model in which contributions of the energies from both subunits are included. 
Insets show donors with top fastest ET rates. 
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Physical quantities other than ET rate are listed in Table 3.4 including the Net 

ES energy. Solvent reorganization energy obtained by eqn (3.2), q

jk , did not display 
much variation among the donors, 1.7–2.1 eV. ES energy between Iso anion and a 
donor cation, 2 pk

0 jk/e R , varied from -0.17 eV in Tyr55 of Sub A30 to -0.34 eV in 
Tyr224 of Sub B30. 

The effects of subunit structures on the Net ES energies are shown in Figure 
S3.3 (Supplemental Information of Chapter III). In the independent model of Figure 
S3.3 (Supplemental Information of Chapter III) Net ES energies were obtained 
separately in Sub A and in Sub B. In the entire model the Net ES energies were obtained 
for the entire dimer. The distributions of the Net ES energies obtained with the entire 
model were quite different from those with the independent model. This suggests that 
appreciable Net ES energies from Sub B contribute to those in Sub A. 
 

3.4.8 Dutton law 

According to Moser et al.,[80] logarithmic ET rate linearly decreases with the donor–
acceptor distance, which is called Dutton law. In the present work Tyrs are major 
donors to Iso*. Dutton law for Tyrs was examined in all Sub A10, Sub B10, Sub A30 
and Sub B30. Figure 3.10 shows dependence of the logarithmic ET rates for all Tyrs on 
Rc. In all systems the logarithmic ET rates were well approximated with linear function, 
which reveals that Dutton law is valid in DAAO dimer. The slopes of the straight lines 
were -11.5 in Sub A10, -11.4 in Sub B10, -9.6 in Sub A30 and -11 5 in Sub B30. Dutton 

law for DAAO monomer was also examined at 10 C and 30 C for comparison (see 
bottom of Figure 3.10). The logarithmic rates of the monomer were also well described 

with linear functions of Rc. The slopes were -10.6 at 10 C and -11.6 at 30 C. Dutton 
law for all Trps is shown Figure S3.4 (Supplemental Information of Chapter III). The 
logarithmic ET rates of Trps also decreased linearly with Rc. The slopes of the linear 
functions were 20–23, which were quite different from those of Tyrs. The magnitude 
of the slope was least in Sub A30 as that of Tyrs (see Figure 3.10). 
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Figure 3.10 Dutton law for Tyrs as ET donor in DAAO. All Tyrs were taken into account. 
Insets indicate approximate linear functions. Dutton law for the monomer is also 
shown for comparison. Absolute value of slope was least in Sub 30A in the dimer. 
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3.7.9 Energy gap law 

Dependence of logarithmic ET rates on total standard free energy gap 

 0

Total ( )G T  is called energy gap law. 0

Total ( )G T  is obtained by eqn (3.8). 

 

 0 0 2 pk k

Total k 0 jk Net( ) ( ) / ( )G T G T e R E j               (3.8) 

 
The quantities of the right hand side for major donors (Tyrs) are given in Table 

3.4. Figure S3.5 (Supplemental Information of Chapter III) shows the energy gap law of 
Tyrs as the donors in DAAO dimer. The energy gap law of Tyrs in DAAO monomer was 
also shown for comparison. The logarithmic rates were well approximated with 
parabolic functions in all systems. The insets in Figure S3.5 (Supplemental Information 
of Chapter III) represent approximate parabolic functions, 2Y aX bX c   , where Y  
is jk

ETln ( )k T  and X  is 0

Total ( )G T . Figure S3.5 (Supplemental Information of Chapter III) 
reveals that ET from Tyr to Iso* in any cases takes place in normal region. Maximum 
rates in the dimer were expected at 1.2 eV of 0

Total ( )G T  in Sub A10, at 1.6 eV in Sub 
B10, at 1.2 eV in Sub A30 and 1.8 eV in Sub B30. The maximum rates in the monomer 

were expected at 0.90 eV at 10 C and at 0.77 eV at 30 C, which were much smaller 
than those in the dimer. 
 
3.5 DISCUSSION 

Sub A and Sub B displayed quite different structures in solution. Accordingly 
different physical quantities related to ET were obtained in the following points; (1) 
Rcs of Tyr55, Tyr314 and Tyr279 quite shorter in Sub B10 than those in Sub 10A, while 
Rc of Trp185 was much longer in Sub B10 (see Table 3.1 and Figure 3.3), (2) IsoO2 
formed H-bond exclusively with Thr317OG1 (side chain) in both Sub A10 and Sub A30, 
while it formed with Gly315N (peptide), Leu316N and Thr317N in Sub B10 and Sub B30, 
(3) IsoO4 formed H-bond with Gly50N and Leu51N in Sub A10, while it did not form H-
bonds with any amino acids in Sub B10, (4) electron affinity of Iso* { 0

k ( )G T  in  
eqn (3.3)} was appreciably lower in Sub A10 compared to Sub B10 (see Table 3.3), 
while static dielectric constant inside the subunits did not differ between Sub A and 
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Sub B, (5) ET rate to Iso* was fastest from Tyr224 in Sub A10, while it was fastest from 
Tyr314 in Sub B10. 

The temperature transition in DAAO is also found in the dimer in fluorescence 
lifetimes,[18] though it is not so pronounced as in the monomer. The structures and 
the physical quantities were temperature-dependent in the following points; (1) Rc 
(0.74 nm) of Tyr224 which was shortest in Sub A10, became much longer (0.90 nm) in 
Sub A30, instead, Rc of Tyr224 in Sub B10 became a little shorter (0.72 nm) in Sub B30, 
(2) the values of 0

k ( )G T  in Sub A10 and 8.5 eV in Sub B10, changed to 8.7 and 8.5 
eV in Sub A30 and Sub B30, respectively, whereas the dielectric constant inside the 
protein did not depend on temperature, (3) ET rate from Tyr224 in Sub A10 reduced 
by 30% in Sub A30, while that of Tyr314 (second fastest in Sub A10) increased by twice 
in Sub A30, (4) ET rate from Tyr314 in Sub B10 which was fastest, reduced by 50% in 
Sub B30, while that of Tyr224 in Sub B10 increased by 3 times in Sub B30. 

The fluorescence of DAAO dimer always decays with single lifetime upon 
changing both the protein concentration and temperature within experimental time 
resolution,[18] despite that the dimer is expected to display two-lifetime components 
from Sub A and Sub B if we consider the differences in the structures and physical 
quantities stated above. The fluorescence decays with total rate summed over the 
rates from all donors (see eqn (3.6)). The total rate did not differ appreciably between 
the two subunits. The fluorescence lifetimes of the monomer are around 160 ps, while 
it is ca. 40 ps in the dimer.[18] It is important to elucidate why the dimer has shorter 
lifetime than the monomer. In both DAAO dimer and monomer, Net ES energy 

k

Net{ ( )}E j  were mostly negligible compared to solvent reorganization energy ( q

jk ; see 
Table 3.4), which implies that the shorter lifetimes of Iso* in dimer cannot be 
elucidated solely in terms of the Net ES energies. On the other hand Rc between Iso 
and the donors were quite shorter in dimer than those in monomer. Rc ratio in  
Table 3.4 shows the ratio, Rc (dimer)/Rc (monomer). Mostly values of the ratio were 
smaller than 1, which means that Rc values of major donors in dimer are shorter than 
those in monomer. Dutton law in DAAO reveals that the logarithmic ET rates linearly 
decrease with Rc. This should be main reason why the lifetimes of dimer are shorter 
than those of monomer.[18] 
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The static dielectric constant, DA

0 , between Iso and donors (Tyr224 and 

Tyr228) did not change from those inside the entire subunits, A

0  and B

0 . This is in 
contrast with those of FMN binding proteins,[39] flavodoxin from Helocobactor pylori 

[34] and DAAO–benzoate complex,[106] where the values of DA

0  were less than 3. In 
these protein systems Rcs between Iso and the donors are very short, and so that no 
amino acid or water molecule can come into the region between Iso and the donors. 
In contrast with it Rc between Iso and Tyr224 or Tyr228 (shortest among the donors) 
in DAAO were quite long and so water molecules and other amino acids can be located 
in this region. Figure 3.11 shows radial distribution functions, G(r), of water molecules 
near Iso, which were obtained with MDS snapshots. The distribution displayed sharp 
peaks at around 0.3 nm (first layer from hetero atoms in Iso), which shows that the 
presence of water molecules was quite steady. Similar situation is found in the 
monomer.[106] Figure 3.12 shows presence of water molecules between Iso and 
Tyr224 obtained by a snapshot of MDS. In any systems more than one water molecules 
locate between Iso and Tyr224. These structures may be time-dependent. In some 
snapshots two or more water molecules came into the region, and also nearby amino 

acid. These results provide molecular basis for high DA

0  in DAAO dimer as in the 
monomer.[105, 106] 
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Figure 3.11 Radial distribution function derived number of water molecules near 
hetero atoms in Iso ring in DAAO dimer. The radial distribution functions (RDF) were 
obtained by ptraj module of Amber10 program.[88] Insets indicate number of mean 
water molecules at the distances from the hetero atoms in Iso. 
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Figure 3.12 Presence of water molecules between Iso and Tyr224. The structure was 
obtained from a snapshot in the respective category. Some times more than one 
water molecules and even an amino acid can come into the region between Iso and 
Tyr224. 
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4.1 ABSTRACT 

The mechanism of photoinduced electron transfer (ET) from benzoate (Bz) and 
aromatic amino acids to the excited isoalloxazine (Iso*) in the D-amino acid oxidase–
benzoate complex (DAOB) dimer from porcine kidney was studied using molecular 
dynamics simulation (MDS) and an electron transfer theory, and compared with that 
in the DAOB monomer. The DAOB dimer displayed two fluorescent lifetime 
components of 0.85 ps and 4.8 ps, as reported. The ET parameters contained in the 
Kakitani and Mataga (KM) model were determined so as to reproduce these lifetimes 
with MDS atomic coordinates. The Bz– isoalloxazine (Iso) distances were 0.66 nm in 
subunit A (Sub A), 0.68 nm in subunit B (Sub B) and 0.61 nm in the monomer. The 
fluorescent lifetimes of 4.8 ps and 0.85 ps were found to originate from Sub A and  
Sub B, respectively. In Sub A, Tyr228 was the fastest ET donor followed by Bz and 
Tyr55, while Bz was followed by Tyr228 and Tyr314 in Sub B. The ET rate from Bz was 
fastest in Sub B, followed by that in Sub A and the DAOB monomer. The static dielectric 
constants obtained near Iso were 2.4–2.6 in the DAOB dimer and monomer and  
5.8–5.9 in holo D-amino oxidase (DAAO). The different dielectric constants could 
account for the experimental fluorescence peak observed for DAOB (524 nm) and 
DAAO (530 nm). Logarithmic ET rates decreased linearly with the donor–acceptor 
distance expressed by both center to center distance (Rc) and edge to edge distance 
(Re) in Sub A and Sub B of DAOB dimer and monomer, which reveals that the 
conventional Dutton rule holds in the ET processes in DAOB. The logarithmic ET rates 
were decomposed into the electronic coupling (EC), square root (SQ) and exponential 
(GTRAM) terms. It was found that both the EC term and the GTRAM term also 
decreased linearly with Rc. The sum of the slopes in the EC and GTRAM vs. Rc plots 
coincided with the slopes in the logarithmic ET rate vs. Rc functions, suggesting that 
the GTRAM term makes a significant contribution to the linear relations between 
logarithmic ET rate and Rc.  
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4.2 INTRODUCTION 

 D-Amino acid oxidase (DAAO) from porcine kidney contains flavin adenine 
dinucleotide (FAD) as a cofactor,[101, 102] and exists in a wide range of species from 
yeasts to human.[62, 103, 104] Its function is to oxidize D-amino acids to the 
corresponding imino acids, producing ammonia and hydrogen peroxide. Recently, 
mammalian DAAO has been demonstrated to be involved in D-serine metabolism in 
the brain and to regulate glutamatergic neurotransmission.[63, 64] Various novel 
inhibitors to human DAAO have been found by means of in silico screening.[49]  
 DAAO from porcine kidney exists in a monomer (Mw 39 kDa)-dimer equilibrium 
state at relatively low concentrations,[23-26] and may be in a dimer-tetramer 
equilibrium at higher concentrations.[27-29] The crystal structures of the DAAO-
benzoate (Bz) complex (DAOB) dimer have been determined.[19, 69] Each subunit of 
the DAOB dimer contains Iso as the ET acceptor, and one Bz, 10 Trp and 14 Tyr residues 
as potential ET donors. 
 The fluorescence of flavins in many flavoproteins is strongly quenched, which 
is ascribed to photoinduced electron transfer (ET) from tryptophans (Trp) and/or 
tyrosines (Tyr) to the excited isoalloxazine (Iso*).[5-7] Fluorescence dynamics of 
flavoproteins have been worked in the picoseconds domain by Visser et al,[8, 10] by 
means of photon-counting method. Ultrafast fluorescence dynamics of some 
flavoproteins in the time domain of femtoseconds to picoseconds have been studied 
by means of fluorescence up-conversion,[11-13, 15, 16] and theoretically by molecular 
dynamics simulation (MDS) and an electron transfer theory [32, 34, 35, 39, 42] using 
the available protein structures.[19, 69] 

The structural basis for the temperature-induced transition of the DAAO 
monomer has been analyzed by MDS with the Kakitani and Mataga (KM) equation 
based ET theory.[105] The conformational change was characterized with the ET rates 
from Tyr224, Tyr228 and Tyr314 to the Iso*. The fluorescence lifetimes of flavin in 
DAAO and DAOB monomer have been reported to be 160 and 60 ps, respectively, with 
the decreased lifetime upon the binding of Bz to DAAO being ascribed to the fast ET 
from Bz to Iso*.[17, 106] The fluorescence dynamics of the DAOB dimer has been 
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reported by means of the up-conversion,[15] whilst it was recently reported that the 
DAAO dimer displays non-equivalent conformations between the two subunits.[109] In 
the present work we have demonstrated by means of MDS structures and KM-theory 
based ET analysis that not only the structure of the DAOB dimer is quite different from 
the DAOB monomer, but also the conformations of subunit A (Sub A) and Sub B of the 
DAOB dimer are non-equivalent. 
 
4.3 METHODS OF ANALYSES 

4.3.1 MDS calculation 

The starting structure of DAOB was obtained from the X-ray structure in the 
protein data bank (PDB code: 1VE9).[19] The MDS and all calculations were performed 
using the AMBER 10 suite of programs.[88] The parm99 force field [89] was used to 
describe the protein atoms the general Amber force field with the restrained 
electrostatic potential [88] charges was used for the FAD and Bz, and all missing 
hydrogen atoms of the protein were added using the LEaP module.[91] The simulated 
systems were subsequently solvated with a cubic box of 27,390 TIP3P water 
molecules, and the electroneutrality of the system was attained by adding 10 sodium 
counter-ions. The systems were set up under the isobaric-isothermal ensemble with a 
constant pressure (1 atm) and temperature (293 K). Electrostatic interactions were 
corrected by the Particle Mesh Ewald method.[92] The SHAKE algorithm [93] was used 
to constrain all bonds involving hydrogen atoms. All MDS based calculations were 
performed with a time steps of 2 fs and a non-bond-interaction cut off radius of 10 Å. 
The coordinates of the MDS snapshots were collected every 0.1 ps. Equilibrium, 
attained after 20 ns of the MDS calculation, was ascertained by monitoring the global 
root mean square deviation (RMSD). The calculation was then continued for up to a 
further 30 ns, and the last 5 ns data were used for the analyses. 
 

4.3.2 ET rates from Trp and Tyr 

 The original Marcus theory [78, 79] has been modified in various ways.[61, 80, 
107, 108, 110] In the present analysis, KM theory [108] was used, because it is 
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applicable for both non-adiabatic ET processes and adiabatic ET processes, and has 
been found to give satisfactory results for both static,[11, 105, 106, 109] and dynamic 
ET analyses.[32, 34, 35, 39, 42] When the donor is Trp or Tyr, the ET rate described by 
the KM theory is expressed by eqn (4.1). 
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    (4.1) 

 

Here j

ETk  is the ET rate from a donor j  ( j  = 1–10 for Trp,  = 11–24 for Tyr) to the 
photoexcited Iso*, and q  denotes Trp or Tyr. 0

q  is an adiabatic frequency, q  is the 
ET process coefficient. jR  and 0

qR  is the donor –Iso distance and its critical distance 
for the ET process, respectively. jR  is expressed as a center-to-center (Rc) distance 
rather than as an edge-to-edge (Re) distance.[11, 13, 32, 35, 39, 42, 107, 108] The ET 
process is adiabatic when 0

q

jR R , and non-adiabatic when 0

q

jR R . The terms Bk  
and e  are the Boltzmann constant and electron charge, respectively. T  is the 

temperature (K), and here was fixed at 293 K (20 C). The term 2

0/ p

je R  in eqn (4.1) 
is the electrostatic energy (ES) between the Iso anion and a donor cation (ESDA). The 

static dielectric constant 0

p  is described below. jES  is a net the ES energy (NetES) 
between the donor j  cation and other ionic groups, which is also described below. 
Each subunit of the DAOB dimer contains one Bz, 10 Trp and 14 Tyr residues as 
potential donors. The ET rates from all of these donors to Iso* were taken into account 
for the analysis.  

j

j
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 qj

S  is the solvent reorganization energy [78, 79] of the ET donor q  and j , and 
is expressed as eqn  (4.2);  
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Iso q j

e
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,          (4.2) 

 
where Isoa   and qa  are the radii of isoalloxazine (Iso) and one of Trp or Tyr, with these 
reactants being assumed to be spherical, and   and 0

p  are the optical and static 
dielectric constants in the domain among Iso and donors, respectively. In this study, 
the optical dielectric constant was set as 2.0. In eqns (4.1) and (4.2) it was assumed 
that 0

p  = 0

DA  for Bz, Tyr55 and Tyr228 in Sub A, and 0

p  = 0

DA  for Bz and Tyr228 in 
Sub B, where the mean Rc values were shorter than 1 nm (see Table 4.1), and 0

p  = 

0  for both Sub A and Sub B in the other donors.[109] The previously determined 
values for the radii of Iso ( Isoa ), Trp ( Trpa ) and Tyr ( Tyra ) of 0.224, 0.196 and 0.173 nm, 
respectively,[32, 34, 35, 39, 42, 105] were used. 
 
Table 4.1 Mean donor-acceptor Rc value in the DAOB subunits and monomer.a 

Donor Sub A Sub B Monomer 

Bz 0.66 0.68 0.61 
Tyr55 0.95 1.05 1.31 
Tyr144 1.32 1.38 1.43 
Trp185 1.10 1.31 1.39 
Tyr224 1.32 1.04 0.97 
Tyr228 0.96 0.99 0.81 
Tyr279 1.36 1.45 1.24 
Tyr314 1.06 1.02 1.07 

a The centre-to-centre distances (Rc) between the Iso acceptor and each donor of  
Sub A and Sub B in the dimer and in the monomer are shown as the mean values 

(nm) obtained from 5000 snapshots with 1 ps time intervals. Temperature was 20 C. 
Bz denotes benzoate; Sub denotes subunit. 
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 The standard free energy change was expressed with the ionization potential 
of the ET donor ( q

IPE ) as eqn (4.3); 
 

0 0q

q IP IsopG E G   ,            (4.3) 
 
where 0

IsopG  is standard free energy related to the electron affinity of Iso*. 0 0

Isop IsoAG G  
for Sub A, and 0 0

Isop IsoBG G  for Sub B. The values of q

IPE  for Trp and Tyr were 7.2 eV 
and 8.0 eV, respectively.[96] 
 

4.3.3 ET rate from Bz 

 When the donor is Bz, the ET rate may be expressed by eqn (4.4); 
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where 0

Bz , Bz  and 0

BzR  are the adiabatic frequency, ET process coefficient and critical 
ET distance of Bz, respectively. In this case the solvent reorganization energy is 
represented as eqn (4.5); 
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where Bza  was 0.108 nm.[106] BzR  is the Rc distance between Iso and Bz. The ES 
energies between the photoproducts and ionic groups ( BzES ), and between the Iso 
anion and a neutral radical of Bz ( Bz

IsoE ) are described below. The standard free energy 
gap ( 0

BzG ) is given by eqn (4.6); 
 

0 0Bz

Bz IP IsopG E G   ,           (4.6) 
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where Bz

IPE  denotes the ionization potential of Bz, which was previously determined 
to be 7.25 eV.[106] 
 

4.3.4 Electrostatic energy in the DAOB dimer  

 Protein systems contain many charged/polar moieties which may influence the 
ET rate. Ionic groups in each subunit of DAOB are the negatively charged 
pyrophosphate (-2) in FAD, Bz (-1), 22 Glu (-1) and 13 Asp (-1), plus the positively 
charged 12 Lys (+1) and 21 Arg (+1) residues, resulting in a net charge of -5. In the 
dimer, the total number of point charges are double that of the monomer and was 
counterbalanced in the MDS by 10 sodium ions. 

When the donor is Trp or Tyr, the ES energy between the donor cation 1j   
and all other ionic groups in the protein is expressed by eqn (4.7); 
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where j  = 1–10 for the Trp cations and 11–24 for the Tyr cations. jC  is the charge of 
the aromatic ionic species j , that is e  for j  = 1–24. GluC  (= e ), AspC  (= e ), LysC  (=

e ), and ArgC  (= e ) are the charges of the Glu, Asp, Lys and Arg residues, respectively. 
FAD contains two phosphorus atoms, each of which is bonded to two oxygen atoms 
with charges. It was assumed that the charge of each oxygen atom ( PC ) is -0.5 e , and 
then the total charge at the four phosphate atoms is -2e . We also assumed that these 
groups are all in an ionic state in solution. The pKa values of the charged amino acids 
(Glu, Asp, Lys, Arg and His) in water are 4.3, 3.9, 10.5, 12.5 and 6.0, respectively. 
Although these pKa values may be slightly modified in proteins, they are still likely to 
be fully ionized in the 17 mM pyrophosphate buffer (pH 8.3) that all the measurements 
were performed.[15] The positions of Glu and Asp were expressed by the coordinates 
of the center of the two O atoms of the side chain, Lys by the coordinates of N atom 
of the side chain and Arg by the coordinates of the center between two edge N atoms 
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of the side chain. The distances between the aromatic ionic species j  and the i th Glu 
( i  = 1–44) are denoted as ( )jR Glu i , whilst the distances between the aromatic 
ionic species j and the i th Asp ( i  = 1–26) are denoted as ( )jR Asp i , and so on for 
each ionic group. These distances were evaluated as the average distances over all 
atoms in the aromatic donors. 

The ES energy between the Iso anion and the ionic groups was obtained by 
eqn (4.8); 
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where IsoC  = e . The distances between Iso and the i th Glu ( i  = 1–44) are denoted 
as ( )IsoR Glu i , whilst the distances between Iso and the i th Asp ( i  = 1–26) are 
denoted as ( )IsoR Asp i  and so on for all the aromatic amino acids.  
 jES  in eqn (4.1) was expressed as eqn (4.9); 
 

( )j IsoES E E j  ,            (4.9) 
 
where  j  is from 1–24, and represents the j

th ET donor, as described above. 
 When the donor is Bz, the ES energies have to be considered separately from 
Trp and Tyr, since the photoproduct of Bz is neutral, which is in contrast to that for 
Trp and Tyr which are cations. In the point charge approximate utilized above, the ES 
energies between the neutral radical of Bz produced by ET and all other ionic species 
totals to zero. Accordingly, these ES energies were calculated using the charge densities 
of atoms in neutral Bz by eqn (4.10); 
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where l

BzD  denotes the charge density of the neutral radical of Bz at atom l  and BzN  

is the number of atoms in Bz and is equal to 14. 
1

0
BzN

l

Bz

l

D


  holds. The ES energies 

between the Iso anion and the neutral Bz were also calculated from their respective 
charge densities using eqn (4.11), 
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The charge density of atom i  in the Iso anion is denoted as i

IsoD . 
1

1
IsoN

i

Iso

i

D


   holds. 

IsoN  is number of atoms of lumiflavin and is equal to 31. l

BzD  and i

IsoD  were used as 
obtained and reported previously.[106] The NetES energy for Bz is given by eqn (4.12), 
 

Bz

Bz Bz IsoES E E  .            (4.12) 
 

4.3.5 Determination of the ET parameters 

The fluorescence spectrum of the DAOB dimer showed an emission peak at 
524 nm (Figure S4.1, Supplemental Information of Chapter IV). The fluorescence decays 
of the DAOB dimer with two-exponential decay functions have been reported 
previously by Mataga et al.[15] and the decay functions at the emission wavelength  
( λ ) are expressed by eqn (4.13); 
 
          1 1 2 2( ) ( ) exp{ / ( )} ( )exp{ / ( )}F t t t            ,         (4.13) 
 
where 1( )   and 2 ( )   are the emission wavelength-dependent fluorescence 
lifetimes of components 1 and 2, respectively,  1( )   and 2 ( )   are their emission 
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wavelength-dependent fractions and 1 2( ) ( )    1. The decay parameters are 
listed in Table S4.1 (Supplemental Information of Chapter IV). 
 Some of the ET parameters contained in eqns (4.1)–(4.11) have been reported 
previously,[32, 34, 35, 39, 42, 105, 106, 109] whilst the parameters used in the present 
work are listed in Table 4.2. First we tried to reproduce the experimental lifetimes with 
the previously obtained ET parameters, but the agreements between the calculated 
and observed lifetimes were not satisfactory (not shown). Accordingly, in the present 
ET analysis 0

IsoAG , 0

IsoBG , 0

BzR , 0

DA , and 0

DB  were chosen as adjustable parameters to 
obtain a best-fit between the observed and calculated lifetimes. 0

IsoAG  and 0

IsoBG  are 
the free energies related to electron affinities of Iso* in Sub A and Sub B, respectively, 
while 0

DA  and 0

DB  are the static dielectric constants between Iso and the donors (Bz, 
Tyr55 and Tyr228) in Sub A and between Iso and the donors (Bz and Tyr228) in Sub B, 
respectively (see below eqn (4.2)). 0

BzR  is the critical ET distance for Bz in eqn (4.4). 
The other ET parameters are common to both subunits. The unknown ET parameters 
were determined by two methods, where the minimum chi-squared values ( 2

1  or  
2

2 ) were derived from eqns (4.14) and (4.15) in methods 1 and 2, respectively: 
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  .          (4.15) 

 
The observed lifetimes, 1

obs  (0.848 ps) and 2

obs  (4.77 ps), are the mean lifetimes of 

1( )   and 2 ( )   in eqn (4.13), respectively, over 10 emission wavelengths ( λ ). In 
method 1 ( 2

1 ) it was assumed that the fluorescent component with 1

obs  and 2

obs  
were from Sub A and Sub B, respectively, whilst in method 2 ( 2

2 ) it was assumed that 
the fluorescent component with 1

obs  and 2

obs  were from Sub B and Sub A, 
respectively. The obtained values of 2

1  and 2

2  were then compared to determine 
the likely ET mechanism in the DAOB dimer. 
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4.3.6 Molecular orbital study of charge densities of Iso and hydrogen 
bonding amino acids. 

The charge densities were obtained by a semi-empirical MO method with the 
software package of MOPAC2009. The keywords, EF (geometrical optimization), PRECISE 
(accurate calculation), PM6 (semi-empirical Hamiltonians), XYZ (geometry expressed by 
(x, y, z) coordinates), GEO-OK (neglect check on abnormal access of atoms), EPS 
(dielectric constant for COSMO solvation energy) were used. The details of these 
keywords are found on the website: http://openmopac.net. In addition to these 
keywords, the keyword EXCITED was used for Iso*. The values of EPS were 2.6 both for 
Sub A and Sub B, because 0

DA  and 0

DB  were close to 2.6 (see Table 4.3). Sub A 
formed hydrogen bondings (H-bond) with Ala49, Leu51 and Thr317 in Sub A, and with 
Ala49 and Leu51 in Sub B. The charge densities of Iso and Iso* were calculated with 
and without H-bond clusters. 
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Table 4.2 ET parameters used for the ET analysis. 
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Table 4.3 Best-fit ET parameter.a  
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4.4 Results 

4.4.1 Comparisons between MDS snapshot and crystal structure and 
between the two subunits in the DAOB dimer 

Figure 4.1 shows the MDS snapshot of the two subunits of the DAOB dimer 
superimposed on the crystal structure. In Figure 4.1A, the crystal structure of Sub A 
was superimposed on that of Sub B and in Figure 4.1B MDS snapshot of Sub A was 
superimposed on that of Sub B. In crystal the local structures of Sub A and Sub B [19] 
are almost equivalent. However, in the MDS snapshots the both structures displayed 
considerable difference between Sub A and Sub B, especially in the aromatic amino 
acids of Tyr224, Tyr55 and Tyr314 among the chromophores were quite different 
between Sub A and Sub B. The structures were compared between the crystal and 
MDS for Sub A in Figure 4.1C, and for Sub B in Figure 4.1D. It is obvious that the crystal 
and MDS structures are quite different both in Sub A and Sub B, not only near Iso 
binding site, but also in the entire protein (Figure 4.1E). This may be ascribed to the 
presence of freely mobile water molecules near the protein in MDS snapshots.  
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Figure 4.1 Comparison of the protein structures between Sub A and Sub B in DAOB 
dimer. The structures were shown in yellow for Sub A and in cyan for Sub B in the 
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crystal structures, and in green for Sub A and in magenta for Sub B in the MD 
snapshots. The crystal structure was taken from Mizutani et al.[19] The MDS 

calculation was performed at 20 C. All figures superimposed using Discovery Studio 
program, alignment by 100% steric and align to consensus of protein. 
 

Time-evolutions of the Rc between the potential donors and Iso are shown in 
Figure S4.2 (Supplemental Information of Chapter IV), whilst the Rc distributions of 
potential ET donors including Bz are shown in Figure 4.2, where large differences were 
evident in the Rc distributions of Tyr55 and Trp185 between Sub A and Sub B, whilst 
Tyr144 and Tyr224 were present only in Sub A or Sub B, respectively. The mean Rc 
values between Iso and these donors, derived from 5000 snapshots with 1 ps time 
intervals, are listed in Table 4.1. The Rc distance for Bz was shortest among the 
monomer and the dimer subunits, and slightly shorter in Sub A than Sub B. The Rc 
values were higher by 0.05 and 0.07 nm respectively in Sub A and Sub B compared to 
that in the monomer. Within the dimer subunits, the Rc for Trp185 was shorter in  
Sub A (1.10 nm) than in Sub B (1.31 nm), while it was 1.39 nm in the monomer. The 
Rc values of Tyr55 were slightly (1.1-fold) smaller in Sub A (0.95 nm) than Sub B (1.05 
nm), but much larger in the monomer (1.31 nm) with only that in Sub A being < 1 nm. 
The Rc values of Tyr228 were similar in Sub A and Sub B (0.96 and 0.99 nm), but 
markedly smaller in the monomer (0.81 nm) and with all three being shorter than 1 
nm. The Rc value for Tyr224 in sub B (1.04 nm) was closer to that of the monomer 
(0.97 nm) but was much larger in Sub A (1.32 nm). In contrast, the Rc values for Tyr314 
were similar in all three systems. Thus, the protein conformations near Iso were quite 
different between Sub A and Sub B in the dimer, and in the monomer. 
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Figure 4.2 Distribution of the Rc values in the DAOB dimer subunits. The distributions 
of Rc in Bz and five aromatic amino acids with the shortest Rc distances are shown 
for (A) Sub A and (B) Sub B. The distributions were obtained from 5000 MDS snapshots 
with 1 ps time intervals. 
 

4.4.2 Root of mean square deviation and root of mean square 
fluctuation 

Root of mean square deviation (RMSD) and root of mean square fluctuation 
(RMSF) were obtained using the AMBER10 software. Time-evolutions of RMSD of the 
entire protein (Sub A and Sub B), FAD and Bz are shown in Figure S4.3 (Supplemental 
Information of Chapter IV). The RMSDs of all components attained equilibrium between 
25–30 ns of MDS calculations. The RMSF is considered to be a useful index for protein 
fluctuation, and the RMSF for the amino acid residues is shown in Figure S4.4 
(Supplemental Information of Chapter IV) along with those from the literature for the 
DAOB monomer,[106] holoDAAO monomer,[105] and Sub A and Sub B of the 
holoDAAO dimer [109] for comparison. The mean RMSF values over all the amino acids 
were small in Sub A and Sub B of the DAOB dimer (0.191 and 0.171, respectively), but 
much larger in the DAOB monomer (0.522), and in Sub A and Sub B of the holoDAAO 
dimer (0.347 and 0.344), respectively, and largest in the holoDAAO monomer (0.701). 



102 
 

 

 

The lowest mean RMSF values were hence found in the DAOB dimer and the highest 
in the holoDAAO monomer, whilst the mean RMSF value of the DAOB monomer was 
higher than those of the holoDAAO dimer. It is well known that Bz binding to holoDAAO 
from porcine kidney greatly stabilizes the protein, and indeed this trait is used in the 
purification of holoDAAO.[26] It is also recognized that the holoDAAO monomer is the 
most unstable of the protein species. Thus, the mean RMSD may be related to protein 
stability in general. 
 

4.4.3 Best-fit ET parameters 

In holoDAAO dimer the static dielectric constant ( 0

DA ) was introduced between 
Iso and the donors only when the mean Rc is shorter than 1 nm.[109] This model was 
also used in the present work (see below eqn (4.2)). However, in DAOB monomer 0

DA  
was introduced for all donors.[105] To compare the ET parameters in the DAOB dimer 
with those in the DAOB monomer, first the fluorescence lifetime of the DAOB monomer 
[17] (60 ps) was analyzed with the same model as the present work, introducing 0

DA  
only for the donors with the mean Rc shorter than 1 nm. The ET parameters of the 
monomer obtained with this model are listed in Table S4.2 (Supplemental Information 
of Chapter IV). The values of 0

Bz , Bz  and Bz

IPE  (ionization potential of the Bz anion) 
were the same as those previously reported.[106] The obtained value of 

0  was 5.78, 
which was similar to that previously reported, but the values of  0

BzR  (0.384 nm) and 

0

DA  (2.45) were a little larger (0.116 and 2.22 respectively).[106] The calculated lifetime 
of the DAOB monomer completely coincided with one of the observed lifetimes (that 
at 60 ps).[17] 

The unknown ET parameters for the DAOB dimer were 0

IsoAG , 0

IsoBG , 0

DA , 0

DB , 

0  and 0

BzR . These best-fit parameters, obtained with methods 1 and 2 (see 
Determination of the ET parameters section), are listed in Table 4.4. The total chi-
squared values were 64-fold larger with method 1 than with method 2, and so  
method 2 seems to be a better method. The best-fit parameters (from method 2) were  

0

IsoAG = 8.42 eV, 0

IsoBG  = 8.43 eV, 0

DA = 2.53, 0

DB = 2.64 and 0

BzR = 0.462 nm. 
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Table 4.4 Physical quantities related to the ET in DAOB.a 

Protein Donor w

ETk (ps-1) 
ln w

ETk b 
(ps-1) 

Rcc 
(nm) 

wj

S
d 

(eV) 

( )jES k e 
(eV) 

ESDAf 
(eV) 

Sub A Tyr228 1.17 x 10-1 -2.15 0.957 0.619 0.0750 -0.594 
 Bz 7.50 x 10-2 -2.59 0.659 0.811 -0.0852 -0.0198 
 Tyr55 1.14 x 10-2 -4.48 0.946 0.617 -0.103 -0.601 
 Trp185 4.65 x 10-3 -5.37 1.10 1.83 -0.434 -0.226 
 Tyr314 1.58 x 10-3 -6.45 1.06 1.97 -0.323 -0.234 
 Trp52 1.68 x 10-5 -11.0 1.33 1.90 -0.113 -0.187 

Sub B Bz 8.92 x 10-1 -0.114 0.683 0.939 -0.0944 -0.0217 
 Tyr228 2.80 x 10-1 -1.27 0.987 0.715 0.0698 -0.553 
 Tyr314 6.56 x 10-3 -5.03 1.02 1.95 -0.442 -0.243 
 Tyr55 2.64 x 10-4 -8.24 1.05 1.97 -0.159 -0.236 
 Tyr224 5.38 x 10-5 -9.83 1.04 1.96 -0.0099 -0.239 
 Trp185 3.72 x 10-5 -10.2 1.31 1.89 -0.183 -0.190 

Monomer Bz 9.92 x 10-3 -4.61 0.611 0.687 0.898 0.140 
 Tyr228 4.23 x 10-3 -5.46 0.812 0.512 0.172 -0.725 
 Tyr224 1.93 x 10-3 -6.25 0.970 0.538 0.0221 -0.607 
 Tyr314 5.05 x 10-4 -7.59 1.07 1.97 -0.130 -0.232 
 Tyr55 6.59 x 10-5 -9.63 1.31 2.05 -0.171 -0.191 
 Trp185 1.37 x 10-5 -11.2 1.36 1.90 -0.0953 -0.184 

 

a Mean values over 5000 snapshots are listed for the DAOB dimer obtained with the 
ET parameters listed in Table 4.4, whilst for the monomer the ET parameters listed in 
Table S4.2 (Supplemental Information of Chapter IV) were used. b Logarithmic ET rate 
of eqn (4.1).c Centre-to-centre distance (Rc) between Iso and the ET donors. d Solvent 
reorganization energy, derived from eqn (4.2). e NetES energies for Tyr and Trp derived 
from eqn (4.9), and for Bz from eqn (4.12). f ES energy between Iso anion and an 
aromatic amino acid cation or Bz neutral radical. 
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4.4.4 ET rates in DAOB dimer 

 The ET rates from all Tyr and Trp residues in addition to Bz were obtained with 
the ET parameters described above. Figure S4.5 (Supplemental Information of Chapter 
IV) shows the time-evolutions of the logarithmic ET rates of the six fastest donors, 
including Bz. Figure 4.3 shows the distributions of the logarithmic ET rates, with the 
distributions in the DAOB monomer, obtained with the ET parameters listed in Table 
S4.2 (Supplemental Information of Chapter IV) also shown for comparison. The 
distributions of logarithmic ET rate in Tyr314 of Sub A displayed a double maxima, and 
Trp185 displayed a broad shoulder. The distributions for each donor were markedly 
different between the two subunits and in the monomer. Table 4.5 lists the mean ET 
rates over 5000 snapshots with 1 ps time intervals, together with the physical quantities 
related to ET. In Sub A the fastest rate was from Tyr228, then followed by Bz, Tyr55, 
Trp185, Tyr314 and Trp52. However, in Sub B the fastest donor was Bz (11.8-fold faster 
than in Sub A, and 7.62-fold faster than Tyr228 in Sub A), and then followed by Tyr228, 
Tyr314, Tyr55, Tyr224 and Trp185. In the monomer, the fastest donor was also Bz and 
then followed by Tyr228, Tyr224, Tyr314, Tyr55 and Trp185, but the mean ET rates in 
each case were more than 10-fold slower than in the dimer subunits.  
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Figure 4.3 Distribution of the logarithmic ET rates in the DAOB subunits for the six 
fastest ET donors. The observed fluorescence lifetime 1

obs  (0.848 ps) was from Sub B 
and 2

obs  (4.77 ps) from Sub A. 
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Table 4.5 Individual terms of the ET rates in the DAOB Sub A and Sub B of the dimer, 
and with those for the monomer.a 

Protein Donor ln wEC b ln wSQ c wGTRAM d wGT e (eV) ln Ratef 

Sub A Tyr228 2.37 -2.87 -1.67 -0.322 -2.15 
 Bz 4.62 -3.00 -2.68 -0.466 -2.59 
 Tyr55 2.45 -2.86 -4.18 -0.509 -4.48 
 Trp185 -1.88 -3.41 -0.0663 -0.0573 -5.37 
 Tyr314 1.76 -3.44 -4.96 0.991 -6.45 
 Trp52 -6.84 -3.43 -0.748 0.378 -11.0 
Sub B Bz 4.28 -3.07 -1.32 -0.353 -0.11 
 Tyr228 2.19 -2.94 -0.531 -0.194 -1.27 
 Tyr314 1.98 -3.44 -3.61 0.843 -5.03 
 Tyr55 1.80 -3.44 -6.63 1.15 -8.24 
 Tyr224 1.89 -3.44 -8.36 1.29 -9.83 
 Trp185 -6.37 -3.42 -0.480 0.295 -10.2 
Monomer Bz 4.20 -2.92 -6.12 0.651 -4.61 
 Tyr228 3.20 -2.77 -6.32 -0.569 -5.46 
 Tyr224 2.30 -2.80 -6.10 -0.574 -6.25 
 Tyr314 1.68 -3.44 -5.89 1.08 -7.59 
 Tyr55 0.25 -3.46 -6.53 1.16 -9.63 
 Trp185 -7.36 -3.43 -0.482 0.297 -11.2 

 

a ET rates given by eqns (4.1) and (4.4) were decomposed into the wEC , wSQ  and 

GTRAM  terms. The quantities were expressed as means over 5000 snapshots with 1 
ps time intervals. b ln wEC  is the logarithmic electronic coupling term (ps-1), derived 
from eqn (4.16). c Explicit form of ln wSQ , derived from eqn (4.17). d Explicit form of 

GTRAM , derived from eqn (4.19). eGT  is total free energy gap, derived from eqn (4.18). 
f Logarithmic rate, derived from eqn (4.20). 
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4.4.5 NetES energy 

The time-evolutions of NetES energies between the photoproducts and ionic 
groups in the DAOB dimer are shown in Figure S4.6 (Supplemental Information of 
Chapter IV) with the distributions of the NetES energies shown in Figure 4.4 along with 
those in the monomer for comparison. The NetES energies in the dimer ranged from -
0.5 eV to 0.2 eV, while those in monomer ranged from -0.3–1.0 eV. The mean NetES 
energies are listed in Table 4.4. Tyr228 had the fastest ET rate and the highest NetES 
energy in Sub A, but in Sub B whilst Bz had the fastest ET rate, its NetES energy was 
1.7 fold lesser than that for Tyr228. Thus, the NetES energy was highest in Tyr228 in 
both Sub A and Sub B. The lowest NetES energy was found in Trp185 in Sub A (followed 
by Tyr314) and in Tyr314 in Sub B (followed by Trp185), whilst the NetES energies of 
Bz were similar in both subunits. Note that the NetES energies of Tyr314 in Sub A 
displayed a double maximum at around -0.3 eV and -0.4 eV. 

 

 
Figure 4.4 Distribution of the NetES energy in the DAOB subunits for the six fastest ET 
donors, with that in the monomer for comparison. NetES energies are given by  
eqn (4.9) for Tyr and Trp, and by eqn (4.12) for Bz. Upper, middle and lower panels 
show the NetES energy of the DAOB Sub A, Sub B and the monomer, respectively. 
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 The NetES energy of Bz in the monomer was much higher (11-fold) than those 
in either subunits of the dimer, and the same trend was noted for all of the other five 
donors (Table 4.4). This revealed that in the dimer the NetES energies in each subunit 
were influenced by those in the other subunit.[17] The mean values of NetES energies 
in the aromatic amino acids of the monomer were also higher than in the dimer 
subunits. 
 

4.4.6 The other physical quantities related to ET 

The time-evolution of the ESDA between the Iso anion and donor cation 
(aromatic amino acids) or neutral radical (Bz) are shown in Figure S4.7 (Supplemental 
Information of Chapter IV) and the ESDA distributions and mean values are shown in 
Figure 4.5 and Table 4.4, respectively. The ESDA of the Bz neutral radical in the dimer 
fluctuated around zero (slightly negative) with appreciable portions of the ESDA 
distributions being negative in both Sub A and Sub B. The mean Bz ESDA values were 
the lowest in Sub B and the highest in the monomer. The distribution pattern of Tyr55 
was quite different between Sub A and Sub B. In Sub A the distribution peak was highly 
negative (mean -0.601 eV; see Table 4.4), while in Sub B it was similar with those of 
Tyr224 and Tyr314 (mean -0.236 eV), and with one in the monomer (mean -0.191 eV). 
The mean ESDA values for Tyr228 were somewhat similar in Sub A and Sub B, but were 
significantly lower in the monomer. 
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Figure 4.5 Distribution of the ESDA between the photo-products in the DAOB subunits, 
with that in the monomer for comparison. The ESDA, the electrostatic energy (eV) 
between the photo-products, is expressed as 2

0/ p

je R  in eqn (4.1), using the static 
dielectric constants A

DA  for Sub A and B

DA  for Sub B. The acceptor was the Iso anion, 
and the donors were Trp cations or Tyr cations for aromatic amino acid donors. For 
Bz, the ESDA was obtained from eqn (4.11). 
 

The solvent reorganization energies ( wj

S ) (Table 4.4) for Bz and Tyr228 were 
highest in Sub B (slightly more than in Sub A at 1.16- and 1.03-fold, respectively) but 
much lower in the monomer at 1.18- to 1.37-fold and 1.2- to 1.4-fold, respectively, 
whilst that for Tyr314 was essentially equally high in all three forms (Sub A, Sub B and 
the monomer). 
 

4.4.7 Polarity around Iso 

The polarity around Iso may be related to number of water molecules near it. 
The radial distribution functions of water molecules ( ( )G r ) near the heteroatoms of 
Iso, which is considered to represent water molecules steadily located near the 
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heteroatoms of Iso, is shown in Figure S4.8 (Supplemental Information of Chapter IV). 
The ( )G r  functions of Sub A and Sub B in the DAOB dimer are shown in red and blue 
respectively, whilst that for the monomer is shown in black and is taken from previous 
work [106] for comparison. In Sub B an average of 1.1 water molecules were located 
near O2 and N3 (see Chart 4.1 for atom notations), one molecule near O4, and 
approximately two molecules were located near N5. However, in Sub A no water 
molecule existed near these heteroatoms in Iso as in the monomer. 
 

 
Chart 4.1 Isoalloxazine ring (Iso) showing the atom notations. 
 

These results, and the ( )G r  functions in Figure S4.8 (Supplemental Information 
of Chapter IV) suggest that the polarity near Iso was higher in Sub B than in Sub A. This 
is in accordance with the results of the dielectric constants 0

DA  and 0

DB  (2.53 and 
2.64 respectively, Table 4.3) in the DAOB dimer, which suggests polarity near Iso, Bz, 
Tyr55 and Tyr228 in Sub A is a little lower than that near Iso, Bz and Tyr228 in Sub B 
(see descriptions on 0

DA  and 0

DB  below eqn (4.2)). In the monomer the value of 0

DA  
near Iso, Bz, Tyr224 and Tyr228 was 2.45 (Table S4.2, Supplemental Information of 
Chapter IV) and no water molecule was also found near heteroatoms of Iso. It should 
be noted that molecules other than water may also influence the polarity, such as 
any ionic groups near Iso. 

Figure S4.9 in Supplemental Information of Chapter IV shows water molecules 
existing 0.7 nm from IsoN5. In Sub A Iso, Bz, Tyr55 and Tyr228 are shown, and in Sub 
B Iso, Bz and Tyr228 in a snapshot. The static dielectric constant in these domains are 

0

DA  for Sub A and 0

DB  for Sub B. In Sub A there exist three water molecules, but no 
water molecule near Iso within 0.5 nm, as predicted by G(r) function in Figure S4.8 
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(Supplemental Information of Chapter IV). In Sub B some water molecules exist near 
Iso within 0.5 nm. These results are in accordance with the interpretation about the 
polarity near Iso described above. 

Emission peak of fluorescence spectrum of a flavoprotein may be related to 
the static dielectric constant near Iso ( 0

DA  for Sub A and 0

DB  for Sub B). Fluorescence 
spectrum of DAOB dimer is shown in Figure S4.1 (Supplemental Information of Chapter 
IV). The emission peak was 524 nm, while the peak of holoDAAO dimer is around 530 
nm.[38] The static dielectric constants near Iso were 2.4–2.7 in DAOB dimer and 
monomer, while it is 5.8–5.9 in holoDAAO dimer and monomer.[105, 109] These results 
are in accordance with those of the static dielectric constant near Iso obtained by the 
present ET analyses. Similar result with respect to the relationship between the static 
dielectric constant near the donor and Iso, and emission peak of Iso was obtained in 
flavodoxins.[34] However, it should be noted that the fluorescence spectrum of Iso 
depends on two factors, polarity around Iso, (Stokes Shift) and hydrogen bond (H-
bond) structure between Iso* and nearby amino acids. Iso contains five hydrogen 
bonding acceptors and one donor (see Chart 4.1). The energy shift of Iso upon H-bond 
formations has been studied by a MO method for the ground state of Iso.[111] It is 
well known that H-bond or proton transfer phenomena are different between the 
ground and excited states in general. Accordingly, the modifications of the transition 
energies of Iso by H-bond formations should be examined for Iso* by MO method. 
 

4.4.8 Difference in the charge densities Iso and Iso* between sub A and 
sub B with and without H-bonds 

 Charge densities of atoms in free Iso and Iso with H-bond cluster were shown 
in Table S4.3 (Supplemental Information of Chapter IV). Numbering of atoms in Iso and 
H-bonded amino acids are shown in Figure S4.11 (Supplemental Information of Chapter 
IV). The charge densities were not much different between Sub A and Sub B. The 
charge densities with the differences greater than 0.01 are indicated in green in Table 
S4.3 (Supplemental Information of Chapter IV). In the ground state of Iso the atom O7 
(O4 in the Chart 4.1), H19 and H21 displayed the differences greater than 0.01 between 
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Sub A and Sub B. In the excited state many more atoms displayed the greater 
differences. Atom N1 (N1 in Chart 4.1) displayed quite large difference by 0.03 between 
Sub A and Sub B. The differences were 0.25 in C8 (C4a in Chart 4.1), 0.24 in C11 (C6 in 
Chart 4.1), 0.28 in H29 (H connected to N10 in Chart 4.1), and 0.34 in H31 (H connected 
to N10 in Chart 4.1). H-bond cluster considerably modified the charge densities of Iso 
in the excited state, for example, by 0.027 in C10 (C5a in Chart 4.1) of Sub A, by 0.041 
in C11 (C6 in Chart 4.1) of Sub A and by 0.017 in C11 of Sub B, by 0.05 in N27 (N10 in 
Chart 4.1) of Sub A. These differences in the charge densities between Sub A and  
Sub B in the excited state may be related to the difference in the ET rates between 
Sub A and Sub B. Figure S4.12 (Supplemental Information of Chapter IV) shows 
molecular orbitals of HOMO and LUMO of Iso in the ground and excited states without 
H-bond clusters. The LUMO and HOMO displayed considerable difference between the 
ground and excited states. 
 

4.4.9 Relationship between logarithmic ET rate and Rc 

The dependence of the logarithmic ET rate on the donor–acceptor distance 
(edge to edge distance, Re) is called as Dutton ruler.[80] The relationship between 
logarithmic ET rates and the donor–acceptor distances is shown in the DAOB dimer 
and the monomer in Figure 4.6, where Rc was used as the donor–acceptor distance. 
The relationship should be examined separately with each kind of ET donor, otherwise 
linear relations of the logarithmic ET rates with Rc cannot be expected. It has been 
noted that the Rc rather than the Re is responsible for the relationship between 
logarithmic ET rate and Rc in flavoproteins [94, 95] in contrast to photosynthetic 
systems where Re was used as the donor–acceptor distance.[80] In all three DAOB 
systems excellent linear relations were obtained, including in the monomer. The 
slopes for Trp were similar in the two dimer subunits (-22.1 and -22.2 in Sub A and  
Sub B, respectively), and a little higher in the monomer (-24.7), and likewise for Tyr 
they were -13.0, -13.2 and -14.6 in Sub A, Sub B and the monomer, respectively. Thus, 
the slopes for both Trp and Tyr were quite similar between Sub A and Sub B, but a 
little higher in the monomer than those in the dimer. The relationship between 
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logarithmic ET rate and the donor–acceptor distances was also examined with Re as 
shown in Figure 4.7. The ln rate vs. Re relationship also displayed linear functions. The 
slopes of the approximate functions of Trp were -19.1 in Sub A, -19.8 in Sub B and  
-19.7 in monomer, while those of Tyr were -14.2 in Sub A, -14.4 in Sub B, and -15.0 in 
monomer. These values were quite different from those with Rc as the donor–acceptor 
distance, which suggests that Rc and Re are proportional. 

The Re values should be dependent on inter-planar angles between Iso and 
donors. Figure S4.10 (Supplemental Information of Chapter IV) shows the relationship 
between Iso and main donors, Tyr228 and Bz. In this figure the logarithmic ET rates did 
not display any clear relations with the inter-planar angles. This should be ascribed 
that any theories including KM rate do not explicitly include the angular-dependence 
between the donor and acceptor as Förster-type energy transfer rate. 
 

 
Figure 4. 6 Relationship between logarithmic ET rates and Rc for the Trp and Tyr 
residues in the DAOB dimer and the DAOB monomer for comparison. Inserts show 
approximate linear functions of y ( ln j

ETk ) with x (Rc). The ET rates are expressed in 
unit of ps-1. 
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Figure 4.7 Relationship between logarithmic ET rates and Re in DAOB. The logarithmic 
ET rates are taken from Figure 4.6. Re represents edge to edge distance. 
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4.4.10 Numerical elucidation of differences in the fluorescence lifetimes 
between two subunits in the DAOB dimer and between the dimer and 
monomer 

The observed fluorescent lifetimes of DAOB were 4.77 ps in Sub A and 0.848 
ps in Sub B in the dimer. It is then of interest to elucidate the difference in the lifetimes 
(ET rates) between the two subunits in the DAOB dimer. The logarithmic ET rate 
expressed by eqn (4.1) or (4.4) may be rewritten as eqn (4.16)–(4.19): 
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The logarithmic ET rate can then be obtained from eqn (4.20), 

 
ln ln lnw w w w

ETk EC SQ GTRAM   ,          (4.20) 
 

In these equations, q  is Trp, Tyr or Bz, while ln w

ETk  is the logarithm of the ET 
rate given by eqn (4.1) for Trp and Tyr, and by eqn (4.4) for Bz. The meanings of each 
term in these equations are described below eqn (4.1) and (4.4), where wEC  the 
electronic coupling term, and wGT  is the total free energy gap and appeared in 
exponential functions of the rates. These values for several donors are listed in  
Table 4.5. 



116 
 

 

 

The contributions of the Bz and Tyr228 ET rates to the total rates (inverse of 
the fluorescence lifetime) were ca. 90% in all the systems. Given that the values of 
ln w

ETk  in Bz were -2.59 in Sub A and -0.114 in Sub B, this raises the question as to why 
the rate of Bz was some 22.7-fold slower in Sub A than in Sub B. The values of ln wEC  
for Bz were slightly higher in Sub A than in Sub B. The values of ln wSQ  were similar 
between Sub A and Sub B, but the absolute value of wGTRAM  for Bz was 2.1-fold 
higher in Sub A than in Sub B. The ln w

ETk  (Table 4.5) was obtained as sum of these 
values, according to eqn (4.20), and these were found to agree well with the ln w

ETk  
values (Table 4.5). That the value of ln w

ETk  was smaller in Sub A (slower ET rate) than 
in Sub B was hence ascribed to the two-fold larger absolute value of wGTRAM  in  
Sub A than in Sub B. wGTRAM  is mainly determined by wGT  eqn (4.16), because 
there was very little variation in SQ  between the subunits. The values of 0

wG  (given 

by eqn (4.6)) were similar in the two subunits, whilst the ESDA ( 2 p

0 je R ), solvent 

reorganization energy ( wj

s  from eqn (4.5)) and BzES  (from eqn (4.12)) were all quite 
similar (1.01- to 1.16-fold difference) in the two subunits (Table 4.4). The values of wGT  
for Bz, obtained by the sum of each term according to eqn (4.18), were 1.32 fold higher 
in Sub A than in Sub. This is the reason why the absolute value of wGTRAM  from eqn 
(4.19) was larger in Sub A than in Sub B, and so that the lifetime of Sub A is much 
longer than Sub B (ET rate of Sub A is much slower than Sub B, and note that 

wGTRAM  is always negative, see eqn (4.19) and (4.20)). The reason why the absolute 

value of wGT  was greater in Sub A than in Sub B is due to the smaller value of wj

s  
in Sub A than in Sub B, which in turn was due to the shorter Rc in Sub A than in  

Sub B and to the smaller dielectric constant of 0

DA  than of 0

DB , as revealed by  
eqn (4.5). 

It is also of interest why the fluorescent lifetime of the monomer is much longer 
than in the DAOB dimer, that is 12.6- and 70.8-fold longer than that for Sub A and  
Sub B, respectively.[17] The ET rate from Bz was the fastest among the donors in the 
monomer. The values of ln wEC  and wGTRAM  for Bz in the monomer were 1.1- and 
2.3- fold lower than in Sub A and 1.02- and 4.64-fold lower than in Sub B, respectively, 
although ln wSQ  was only 1.03- and 1.05-fold higher than in Sub A and Sub B, 
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respectively. Thus, the wGTRAM  in the monomer was markedly smaller than those 
in Sub A and Sub B and this is likely to be the principal reason why the value of ln w

ETk  
in the monomer was much smaller, and so the fluorescence lifetime was much longer, 
than those in the dimer subunits. wGTRAM  is mainly dependent on wGT  (eqn (4.19)), 
which is itself derived from the summation of the 0

wG , ESDA, wj

S  and BzES  values 
(eqn (4.18)). The values of 0

wG , ESDA and wj

S  in Bz were not dramatically different 
(1.1- to 1.55-fold difference) between the monomer and the dimer subunits (Table 
4.5). However, the NetES energy ( BzES ) was markedly higher in the monomer than in 
the dimer subunits. Thus, the main reason why the fluorescent lifetime is much longer 
(slower ET rate) in the monomer than those in the dimer is due to greater NetES energy 
( BzES ) in the monomer compared to in the dimer. This was ascribed to the inter-
subunit interactions in terms of the Rc and dielectric constant, as stated above. 

The ET rate from Tyr228 to Iso* was 2.4-fold slower in Sub A than in Sub B, but 
some 660-fold faster than that in the monomer. That the ET rates from Tyr228 were 
much faster in the dimer subunits than in the monomer, despite that the donor–
acceptor Rc distances of the dimer were 1.2-fold longer than that in the monomer, 
is because the absolute values of wGTRAM  in the dimer were much smaller than 
that in the monomer. The greater absolute wGTRAM  value in the monomer was 
mainly ascribed to the low qj

S  with a shorter Rc and a low 0

DA  (Table S4.2, 
Supplemental Information of Chapter IV). 
 
4.5 DISCUSSION 

During 1980–2000 a number of workers have reported on ET and dark electron 
transfer in small molecules and in proteins.[98, 112-116] In these works, however, it 
was difficult to determine theoretically and experimentally individual ET parameters 
contained in the ET rates. Our approach to analyze ET rate quantitatively is that  
(1) fluorescence decays or lifetimes of flavoproteins are obtained from experimental 
results, (2) atomic coordinates of a flavoprotein are determined by MDS methods, 
(3) ET rates are evaluated with an analytical theory like KM rate or sometimes Marcus 
rate, (4) the several unknown ET parameters are determined by a non-linear least 
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squares method according to Marquardt algorithm. By using the above described 
strategy, we have reported on ET mechanisms on several flavoproteins.[32, 34, 35, 39, 
42, 105, 106, 109] 

Experimentally, the DAOB dimer displays two fluorescent species with lifetimes 
of 0.85 ps and 4.8 ps, which have been identified as being derived from Sub B and  
Sub A, respectively. The structural basis for the heterogeneity has been studied by 
means of MDS and ET analysis. The contributions of the ET rates from Bz and Tyr228 
to the total rates were 90% in all systems, including in the monomer. The Rc 
distances of the main donors in Sub A and Sub B respectively, were 0.66 and 0.68 for 
Bz, compared to 0.96 and 0.99 nm for Tyr228, which did not correlate with the 
differences in the ET rates. This is in contrast to that for the DAAO holodimer,[109] 
where the difference in the fluorescence lifetime between the monomer and dimer 
was attributed to the difference in Rc. The ET rates of Bz were significantly different 
between Sub A and Sub B, being the second fastest in Sub A and the fastest in Sub B. 

Decomposing the ET rate into the electronic coupling ( wEC ), square root 
( wSQ ) and exponential ( wGTRAM ) terms revealed that the main reason for the faster 
ET rate of Bz in Sub B was the two-fold larger absolute wGTRAM  value in Sub A than 

in Sub B. This in turn was ascribed to the greater wj

S  in Sub B than in Sub A, because 
the Rc was longer and the dielectric constant was smaller in Sub B than in Sub A. That 
the fluorescence lifetime was 12.6- and 70.8-fold shorter (much faster ET rate) in the 
dimer than in the monomer was explained by the 2.3- and 4.64-fold larger wGTRAM  
values in the dimer compared to the monomer, which in turn was due to the much 
higher NetES energy ( BzES ) in the monomer compared to the dimer. 

Original Marcus theory [78, 79] was derived assuming that the donor and 
acceptor are spherical (also KM rate). It is not unreasonable to use Rc as the donor–
acceptor distance for the ET analyses. If the molecules are spherical, Rc and Re should 
be identical. Firstly the relationship between logarithmic ET rate and the donor–
acceptor distances has been experimentally obtained with Re in photosynthetic 
systems.[80] In these systems ET rates were slower (longer than 0.63 ps in the 
lifetimes), and so the distances were longer, comparing to in flavoproteins. When the 
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distance is quite long, and so the ET rate is relatively slow, the effects of the difference 
between Rc and Re on the theoretical ET rates or the logarithmic rates vs. the donor–
acceptor distance relationship may not be significant. When the donor–acceptor 
distances become shorter, and so ET rates are faster than ca. 0.5 ps in lifetimes, the 
behavior of logarithmic ET rates vs. the donor–acceptor distances are quite different. 
The logarithmic ET rates deviates from a linear function of Rc which was obtained at 
relatively longer distances.[94, 95] 

The relationship between logarithmic ET rate and Rc in DAOB was analyzed 
with the wEC , wSQ  and wGTRAM  terms. If it can be explained by the wEC  term 
alone (or principally) then the slopes should equate to or be close to w  ( w ; Trp, 
Tyr and Bz; see Table 4.2). However, there were considerable discrepancies between 
the slope of ln rate vs. Rc function and w  in Tyr. The logarithmic ET rate could be 
decomposed into its constitutive three terms (eqn (4.20)), where the dependence of 
the logarithmic ET rate on Rc could be expressed as a sum of those for wEC  and 

wGTRAM , since the variation in ln wSQ  between Sub A, Sub B and the monomer was 
essentially negligible compared to the two other terms. Figure 4.8 shows relationship 
between wGTRAM and Rc in Tyr. The slopes were -6.98 in Sub A, -7.31 in Sub B and -
8.44 in monomer. Sums of these slopes and Tyr  were -13.2 in Sub A, -13.6 in Sub B 
and -14.7 in monomer, which are compared to the slopes in Figure 4.6, -13.0 in Sub A, 
-13.2 in Sub B and -14.6 in monomer. The slope calculated based on logarithmic ET 
rate vs. Rc function was practically identical to the sum of the slope in Figure 4.8 and 

Tyr   in each system. This implies that the slope in the wGTRAM  vs. Rc relationship 
considerably contributes to the slope in the relationship between logarithmic ET rate 
and Rc. Further it is concluded that a linear relationship between the logarithmic ET 
rates and Rc is obtained only when wGTRAM  linearly depends on Rc. 
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Figure 4.8 Relationship between wGTRAM  and Rc of Tyr in Sub A and Sub B in the 
DAOB dimer and the DAOB monomer. wGTRAM  is defined by eqn (4.19). Inserts show 
approximate linear functions of Y ( wGTRAM ) with X (Rc). 
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It has been reported that the relationship between logarithmic ET rate and Rc 
in flavin mononucleotide (FMN) binding proteins displays a bell-shaped (not linear) 
function in the ET processes from Trp to Iso* when the ET rates are ultrafast (10–15 
ps-1).[66] This work emphasized that the wGTRAM  term plays the main role 
determining the bell-shaped behaviour. However, a bell-shape was not observed in 
the ET from Tyr to Iso* in the flavodoxin from Helocobactor pylori,[34] even though 
the ET rate was ultrafast at 6–23 ps-1. Thus, the bell-shape behaviour can only be 
observed when wGT  linearly depends on Rc, and so wGTRAM  becomes a parabolic 
function of Rc. In DAOB, the rates (0.01–0.9 ps-1) were much slower than those in the 
FMN binding proteins and the flavodoxins, and in addition the wGTRAM  was a linear 
function of Rc, not parabolic. 
 
4.6 CONCLUSION 

Experimental fluorescence dynamics of DAOB dimer displays two lifetime 
components, 0.85 ps and 4.8 ps. It was identified that the fluorescence with the shorter 
lifetime is from Sub B and one with the longer lifetime from Sub A. The difference in 
the lifetimes was mainly ascribed to differences in the ET rates from Bz to Iso* in the 
two subunits. This is because the absolute value of wGT  for ET from Bz in Sub A is 
greater than that in Sub B. 

Relationship between logarithmic ET rate and Rc displayed linear functions 
both for Tyrs and for Trps as ET donors. Sum of the slopes of the wGTRAM  vs. Rc 
functions and of ln wEC  vs. Rc functions were almost identical with the slopes of 

ln w

ETk  vs. Rc functions, which reveals that the wGTRAM  term considerably contributes 

to the slope of the ln w

ETk  vs. Rc function.
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5.1 ABSTRACT 

 D-Serine, one of the amino acid is a coagonist of the N-Methyl- D-aspartate 
(NMDA) receptor. Malfunction of the NMDA receptor neurotransmission has been 
implicated in the various mental disorder such as schizophrenia.   D-Amino acid oxidase 
(DAAO) inhibitor is expected to inhibit DAAO activity for increasing D-serine level to 
activate NMDA receptor, which is a treatment of schizophrenia. In this work, we 
searched a new potent DAAO inhibitor from a large number of compounds on Namiki 
chemical compound database. The last screening result, we obtained 33 candidate 
compounds from pharmacophore model and surface constraint screening. These 
compounds were classified to active and inactive compounds using binary QSAR lead 
to 22 hit compounds, and then their biological activities can be further tested. 
 
5.2 INTRODUCTION 

D-Amino acid oxidase (DAAO, Enzyme class 1.4.3.3) is a flavoenzyme that 

catalyzes D-amino acids and produces the corresponding -keto acids, hydrogen 
peroxide, and ammonia.[117, 118] It was discovered by Hans Krebs [119], which exists 
in a wide range of species from microbes to mammals. In human, DAAO is mostly 
expressed in the kidney, liver, and brain and is responsible for the metabolism of D-
amino acids. For instance, instant, D-serine is an endogenous agonist at the N-Methyl- 
D-aspartate (NMDA) receptor glycine modulatory site. DAAO has gained substantial 
interest as a therapeutic target for disorders associated with NMDA receptor 
hypofunction such as schizophrenia.[3] 

Schizophrenia affects more than 21 million people globally which is reported 
by the World Health Organization (WHO). [120] Schizophrenia is a mental disorder, 
characterized by deep disruptions in thinking, acting, and seeing the world. Currently, 
therapies are insufficient and side effect. Hence, the important attempts have been 
made to identify potent and selective DAAO inhibitors as novel therapeutic agents. 

Several compounds have been reported to inhibit DAAO in Figure 5.1, including 
benzoic acid 1,[44] 5-methylpyrazole-3-carboxylic acid (AS057278) 2,[47] 6-
chlorobenzo[d]isoxazole-3-ol (CBIO) 3,[48] 4H-thieno[3,2-b]pyrrole-5-carboxylic acid 4, 
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and 4H-furo[3,2-b]pyrrole-5-carboxylic acid 5,[46] 5-chloro-6-fluoro-3-hydroxy-1,8-
naphthyridin-2(1H)-one 6, [121] 4,6-difuloro-1-hydroxy-1H-benzo[d]imidazol-2(3H)-
one 7,[21] and pyridine-2,3-diol 8 [45]. Moreover, their structures have been modified 
to increase the inhibition activity of DAAO, the DAAO inhibitors cannot yet go through 
to drug for schizophrenia treatment. 
 

 
 
Figure 5.1 The inhibitors of DAAO. 
 

However, the preparatory and high throughput screening of numerous 
compounds for testing activity is time-consuming and costly in general.[48, 51, 52] 
Recent advances in computational chemistry have enabled to perform structure-based 
virtual screening of many compounds listed in chemical structure databases. Virtual 
screening is a cost-effective first screening method, and results from the screening can 
then be used as a guide for library construction before an actual screening is 
performed.[53-55]  

In this study, we used the virtual screening technique concluding 
pharmacophore model and ligand-docking method to screen a large number of 
compounds in database and several compounds were estimated as candidates. This 
work shows that some of these compounds will be possible lead compounds for the 
development of a clinically useful DAO inhibitor. 
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5.3 METHODS 

5.3.1 Preparation of protein structure 

 The crystal structure of human DAAO complexed with 4-(4-chlorophenethyl)-
1H-pyrrole-2-carboxylic acid (PDB code: 3ZNO) [122] was prepared for docking 
calculation and pharmacophore searching using the Protein Preparation Wizard 
software (Schrödinger Suite 2012).[123]  The OPLS-AA force field was used for adding 
hydrogen atoms, optimizing the protonation state of His residues, and correcting the 
orientations of hydroxyl groups.[124] 
  

5.3.2 Virtual screening 

 The multiple steps in virtual screening procedure were used in this study as 
Figure 5.2.  
 

 
 
Figure 5.2 The overall procedures of virtual screening. 
 

The 4-(4-chlorophenethyl)-1H-pyrrole-2-carboxylic acid which complexed with 
human DAAO in x-ray crystal structure PDB code: 3ZNO [122] was used as template for 
generating three-dimensional pharmacophore model. The 3D pharmacophore model 
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was generated using SYBYL-X 2.0 software. The screen used the Unity 3D search 
module which screened on Namiki chemical compound database (commercially 
available 4 million compounds), provided by Namiki Shoji Co. Ltd. By applying this first 
screening, we obtained 517,773 compounds as “first hit compounds”. The second 
screening, the protein surface was defined the binding pocket for screening first hit 
compounds by MOLCAD surface in the UNITY surface constrains. We found 33 
compounds which were called “second hit compounds”.  

For the last screening step, binary QSAR was used a criterion for the candidate 
compound selections as described below. The known activity 21 compounds as 
training set (Table 5.1) were taken from Hondo et. al. [45], which has been evaluated 
as novel DAAO inhibitors for the second binding site. The three dimensional structures 
of these compounds were built and optimized by using Gaussian09 software. Docking 
calculations of the obtained 3D ligands into the binding site of DAAO were performed 
using Glide software (Schrödinger Suite 2012) in standard precision mode, which 
docking grids were generated around the active site including Leu215, Tyr224, Tyr228, 
Arg283, and Gly313. The best docking pose with the lowest Glide score was taken of 
each compound to evaluate the pharmaceutically relevant properties by using QikProp 
software (Schrödinger Suite 2012). The binary QSAR analysis procedure used in this 
study. Binary QSAR estimates from a training set which separates the active is IC50 < 4 

nM and the inactive is IC50  4 nM. 
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5.4 RESULTS 

5.4.1 Pharmacophore search 

 The template for generating pharmacophore model used 4-(4-
chlorophenethyl)-1H-pyrrole-2-carboxylic acid (SE5) from the crystal structure of 
human DAAO (PDB code: 3ZNO) as shown in Figure 5.3 (A). This inhibitor has been laid 
in binding site of DAAO whereas some part of molecule extended to the secondary 
binding site in Figure 5.3 (B). In this work, we want to discover the new inhibitors which 
can bind into both the first and the second binding sites. 
 

Cl

NH

-O
O

          
 
Figure 5.3 (A) Two dimensional structure of 4-(4-chlorophenethyl)-1H-pyrrole-2-
carboxylic acid (SE5) as template for pharmacophore model of DAAO inhibitors. 
(B) The binding mode of SE5 was taken from x-ray crystal structure (PDB code: 3ZNO). 
 

The pharmacophore model was generated using 4-(4-chlorophenethyl)-1H-
pyrrole-2-carboxylic acid from the crystal structure of human DAAO (PDB code: 3ZNO) 
as shown in Figure 5.4. This pharmacophore model was defined to five significant 
features including two atom acceptor features (AA), one aromatic feature (AR), and two 
hydrophobic features (HY). 
 

(A) (B) 



128 
 

 

 

 
 
Figure 5. 4 (A) Pharmacophore model of DAAO inhibitors generated by SYBYL-X 2.0. 
AA, AR, and HY denote atom acceptor site, aromatic feature, and hydrophobic 
feature, respectively. (B) Show over all of the template inhibitor, pharmacophore 
model, and DAAO structures. 
  

The virtual screening in this step, we used the UNITY 3D/flexible searching 
which are applied with the Lipinski’s rule of five [125] to filter structures. The drug-like 
properties according to Lipinski’s rule five can also be applied in order to reduce the 
number of compounds. The Lipinski’s rule states that compounds used as orally active 
drugs in humans should no more than one violate of the following criteria: a molecular 
weight less than 500 daltons, no more than five hydrogen bond donors, less than ten 
hydrogen bond acceptors, and log P (an octanol-water partition coefficient) less than 
five. 

The 517,773 compounds were obtained by the first screening from 4 million 
compounds on Namiki database which was screened by the pharmacophore model in 
Figure 5.4 (A) using SYBYL-X 2.0 program. We obtained 517,773 compounds from 
pharmacophore search.  

(A) (B) 
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5.4.2 Surface constraint search 

The surface constraint was used to be a criterion for screening to find molecules 
in database which were suitable and fit with protein pocket (active site). Figure 5.4 
shown the surface constraint of DAAO (PDB code: 3ZNO) was generated using MOLCAD 
module in SYBYL-X 2.0 program for screening the first hit compounds. 

 

 
 

Figure 5. 5 The surface constraint was generated by UNITY surface constraint. 
 
The obtained 517,773 compounds from pharmacophore model searching were 

screened by surface constraint. The result shown that the first hit compounds were 
reduced to 33 compounds which we called the second hit compounds as shown in 
Figure 5.5. 
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Figure 5.6 The 33 second hit compounds were obtained from surface constraint 
searching. 
 

5.4.3 Binary QSAR 

- Generate binary QSAR model 
Binary quantitative structure-activity relationship (QSAR) is a kind of QSAR which 

approach for the analysis of high throughput screening data by structural properties of 
molecules relating with a binary expression of biological activity as active = 1 and 
inactive = 0. The binary QSAR is suitable for virtual screening and has been used in 
several screening researches.[126-130] In this study, the binary QSAR analysis estimates 
from a training set which classify the compounds with IC50 < 4 nM is the active 

compounds and IC50  4 nM is the inactive compounds. Base on this criterion, the 21 
compounds in Table 5.1, the 11 known compounds were classified to be active and 
the 10 known compounds were inactive compounds.  Then results from docking and 
properties calculations of these compounds were used to generate an equation for 
activity score calculation.  
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Table 5.1 The 21 compounds of the training set were classified to be active and 
inactive for binary QSAR. 

Compound Structure IC50 (nM) Classify 

1 

N
H

OH

O  

3.9 active 

2 
N

N
H

OH

O  

3.8 active 

3 N
N
H

OH

O  
 

4.9 inactive 

4 N
N
H

OH

O  
 

13 inactive 

5 
N

N
H

OH

O  

4.7 inactive 
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Table 5.1 The 21 compounds of the training set were classified to be active and 
inactive for binary QSAR. (Continue) 

Compound Structure IC50 (nM) Classify 

6 

 

N
N
H

OH

O

Cl

 

2.7 active 

7 

N
N
H

OH

O

Cl

 

120 inactive 

8 
N

N
H

OH

O  

300 inactive 

9 
N

N
H

OH

O  

670 inactive 

10 
N

N
H

OH

O

O

 

2.2 active 

11 

N
N
H

OH

O

F

 

2.0 active 
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Table 5.1 The 21 compounds of the training set were classified to be active and 
inactive for binary QSAR. (Continue) 

Compound Structure IC50 (nM) Classify 

12 

N
N
H

OH

O

F

F
F

 

8.4 inactive 

13 

N
N
H

OH

O

F

 

1.4 active 

14 

N
N
H

OH

O

FF
F

 

2.4 active 

15 

N
N
H

OH

O

O

 

2.1 active 

16 

N
N
H

OH

O

F

 

3.1 active 
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Table 5.1 The 21 compounds of the training set were classified to be active and 
inactive for binary QSAR. (Continue) 

Compound Structure IC50 (nM) Classify 

17 

N
N
H

OH

O

F

F
F

 

12 inactive 

18 

N
N
H

OH

O

O

 

2.9 active 

19 

N
N
H

OH

O

F

F

 

1.5 active 

20 

N
N
H

OH

O

F F
F

F

F

F

 

63 inactive 

21 

N
N
H

OH

O

O

O

 
 

13 inactive 
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The 21 known activity compounds as training set were docking and properties 
calculations. The results of them were shown in Table S5.1 (Supplemental Information 
of Chapter V). We found the relationship between structural properties and biological 
activity by means binary QSAR. An equation for calculating score activity was generated 
as shown in eqn (5.1). 
 

Activity Score = −1.02315 × (docking score) + 0.02286 × (FISA)  
                        + 0.02189 × (PISA) – 15.9131,           (5.1)    

 
where docking score is calculated by Glide program (Schrödinger Suite 2012). FISA and 

PISA are the hydrophilic and  (carbon and attached hydrogen) components of the 
solvent-accessible surface area, respectively, are calculated by QikProp program 
(Schrödinger Suite 2012). The compound is defined as active if “Activity Score” is 
greater than 0 and as inactive if “Activity Score” is equal to or less than 0. The equation 
provides an accuracy of calculation 95.71 % which was internal validated by the 
training set of 21 compounds. 
 
 - Activity score calculations 

In this study, the binary QSAR model used docking scores, FISA, and PISA to 
calculate activity scores of the 33 hit compounds. Therefore, the 33 hit compounds 
were docking calculated by using Glide software (Schrödinger Suite 2012). The best 
docking poses of the 33 hit compounds were shown in Figure 5.6 and the best docking 
scores of each compound were shown in Table 5.2. 
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Figure 5.7 Representation the best docking poses of the 33 second hit compounds 
were calculated by molecular docking using Glide program. 
 

In addition, the 33 hit compounds were calculated structural properties (FISA 
and PISA) for activity score calculations by using QikProp software (Schrödinger Suite 
2012), which the results were shown in Table 5.2. The docking score, FISA, and PISA 
were taken to calculate by eqn (5.1) which the results of score activity calculations as 
Table 5.2. 
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Table 5. 2 Docking scores, hydrophilic component (FISA), and -carbon and attached 
hydrogen component (PISA) of the solvent-accessible surface area of the 33 hit 
compounds.  

Comp Structure 
Docking 
score 

FISA PISA 
Activity  
Score  

1 

N
N

N

N+

O

N+

O
O-

O-

O

 
 

-8.779 269.043 252.839 4.754 

2 

N N

N

N+
O O-

O

O  
 

-7.760 202.256 316.703 3.583 

3 

N

N

S

OH

OH

N+-O

O

 

 

-8.513 253.091 198.897 2.937 

4 S

N+

-O

O

N N

N

OH2N

 
 

-8.367 254.467 195.811 2.751 

5 
SN+

-O

O

O
N+

O

O-

 

-8.965 204.493 199.097 2.292 

6 

N
N

N

N+

O

Br

O
O-

 
 

-8.195 171.803 263.668 2.171 
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Table 5.2 (Continue) 

Comp Structure 
Docking 
score 

FISA PISA 
Activity  
Score 

7 

 

S

N+

-O

O

N N

HN

O

 

-8.167 219.654 207.822 2.014 

8 
N

N

N+

O

-O
N

O

N

 

-8.413 196.009 215.559 1.894 

9 

N

N

S

N+

-O

O

 

-8.190 127.946 293.229 1.810 

10 N+

-O

O S

N

 

-8.556 116.324 273.945 1.496 

11 N+

-O

O N

N

 
 

-8.262 130.917 268.745 1.416 

12 N+

-O

O S

S

O

OH

 
 

-9.306 165.023 183.306 1.393 

13 S

N+

-O

O

Cl

 
 

-8.302 97.215 293.229 1.220 

14 
S

N
N

H
NN+

O

-O

Cl  
 

-8.813 184.202 172.88 1.099 
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Table 5.2 (Continue) 

Comp Structure 
Docking 
score 

FISA PISA 
Activity  
Score 

15 

 

N

N

N

N+

-O

O

O O

F

F

 

-8.389 179.854 196.217 1.078 

16 
S

N
N

NN+

O

-O
NH2

 
 

-8.219 191.088 181.436 0.836 

17 S

N+

-O

O

S

 

-8.572 97.240 260.428 0.782 

18 
S

N
NH

NN+

O

-O
O

 

-8.288 207.643 147.093 0.534 

19 
N

HN

O

S

N+

-O

O  
 

-7.806 185.094 190.05 0.465 

20 S

N+

-O

O

N

N

S
O

O

 
 

-8.574 189.954 146.572 0.410 
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Table 5.2 (Continue) 

Comp Structure 
Docking 
score 

FISA PISA 
Activity  
Score 

21 

 

N N

N

N+
O O-

O

O

NN

 
 

-7.703 238.933 133.882 0.361 

22 
S

N+

-O

O

S

NOH

 
 

-9.433 163.315 120.886 0.118 

23 
O

N+

-O

O

S

N

N

 
 

-7.875 137.354 214.271 -0.026 

24 S

N+

-O

O

N

N

S

O

 

-8.497 150.888 160.466 -0.258 

25 

HN

N

NN+

-O

O

N

N

NH

N+

O

O-  
 

-6.633 356.532 29.523 -0.330 

26 
N

N

S

N

N

O

O

 

-9.281 94.361 171.871 -0.498 
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Table 5.2 (Continue) 

Comp Structure 
Docking 
score 

FISA PISA 
Activity  
Score 

27 
S

N+

-O

O

N

N

O

 
 

-8.634 142.511 148.678 -0.567 

28 
S

N+

-O

O

N

H
N

 

-7.867 139.309 150.474 -1.386 

29 
O

N

HO

O

N

H
N

 
 

-8.043 207.687 69.141 -1.422 

30 S

N

H
NN+

O

-O

 
 

-7.725 139.284 150.319 -1.534 

31 

N

N
H

S

OH

N+

O

O-

 
 

-7.551 168.711 119.964 -1.705 

32 
S

N+

-O

O

N

HN

 

-7.888 125.114 149.643 -1.707 

33 

 

NHN
HO

O  
 

-8.126 171.307 31.655 -2.989 
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 The results from molecular docking shown the important binding modes of 
DAAO and its inhibitors. Here, we selected compound 12 and 4-(4-chlorophenethyl)-
1H-pyrrole-2-carboxylic acid (SE5) as template for pharmacophore model to discuss 
about the interactions between amino acid residues in active site and them. The 
binding positions of SE5 is similar to the binding positions of Compound 12 as shown 
in Figure 5.7 (A). There are four hydrogen bonds between SE5 and DAAO such as two 
hydrogen bonds with Arg283, one hydrogen bond with Tyr228, and one hydrogen bond 
with Gly313 in Figure 5.7 (B). However, hydrogen bond of Compound 12 was included 
four hydrogen bonds: two hydrogen bonds with Arg283, one hydrogen bond with 
Tyr228, and one hydrogen bond with Gln53, which is more interactions in the 
secondary binding site than SE5. This result, we hope the new hit compounds can be 
the efficient inhibitors for DAAO inhibition. 
 

 

 
 

Figure 5.8 Representation (A) the docking poses of the SE5 and Compound 12,  
(B) the hydrogen bonding of SE5, and (C) the hydrogen bonding of Compound 12 with 
DAAO. 
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5.5 DISCUSSION 

 There are many DAAO inhibitors are suggested [21, 44-48, 121] but most of 
these inhibitors are small molecules which have interaction at the first binding site 
(active site between Iso ring and Tyr224). Recently, the second binding site was studied 
by Hondo et. al. [45]  by synthesize the molecules for the second binding site of DAAO. 
In this work, we used a second binding site DAAO inhibitor (SE5) as model to find novel 
DAAO inhibitors. The pharmacophore model, molecular docking, and binary QSAR were 
successfully used to find the 22 novel DAAO inhibitors. The 22 candidate compounds 
are interesting compounds, and expected to be the efficient inhibition. Most of DAAO 
inhibitors are discovered carboxyl compounds (-CO2-), whereas most of the novel 22 
candidate compounds are nitro compounds (-NO2-). Docking poses of all candidate 
compounds remained keeping the important interactions (H-bond) with Tyr228 and 
Agr283. The aromatic moieties of these hit compounds were aligned in sandwiched 

parallel between Iso ring and Tyr224, these aromatic –stacking interactions also 
contributed to binding modes of inhibitors.  

Moreover, these candidate compounds laid in both the first and the second 
binding sites which can be increased the interactions more than the former DAAO 
inhibitors that interact only with the first binding site. These candidate compounds will 
be taken to run assay for testing activities.  
 
 



 

 

CHAPTER VI 
CONCLUSIONS 

In this research, several computational chemistry techniques were applied to 
study D-amino acid oxidase from pig kidney and human in two main areas. Therefore, 
the conclusion for each part is given below. 

 
6.1 PHOTOINDUCED ELECTRON TRANSFER ANALYSIS 

Experimentally, the photoinduced electron transfer (PET) rate in DAAO dimer 
form is faster than monomer form. Moreover, DAAO complexed with benzoate (DAOB), 
the PET rate in DAOB is faster than DAAO. However, the experiments were reported 
only the fluorescence lifetimes which cannot demonstrate more details what happen 
in these systems. Therefore, we try out to use the theoretical study to explain these 
PET phenomena. In this thesis, we have been studied dynamics properties, we used 
MD simulations and PET analysis to study in four systems, i.e. DAAO monomer (Chapter 
II), DAAO dimer (Chapter III), DAOB monomer - dimer (Chapter IV). We can conclude 
that 

1). DAAO and DAOB are simulated the dynamics structures in solution by MD 
simulation, while their structural changes are determined by the fluorescence lifetime 
measurements from the rate of ET from the excited Iso and the aromatic amino acids. 
Therefore, we used the MD simulation structures and the experimental fluorescence 
lifetimes to provide more information on the structure changes of DAAO and DAOB by 
ET analysis. 

2). There are many factors for the structure changes of DAAO in monomer and 
dimer forms, are that (i) the number of hydrogen bonds between Iso and amino acids 
in DAAO dimer higher than in DAAO monomer, which presented the stable structure 
in DAAO dimer more than DAAO monomer, (ii) the Rc distances between Iso and 
Typ/Tyr in DAAO dimer are shorter than in DAAO monomer, which may causes the 
fluorescence lifetime in DAAO dimer shorter than DAAO monomer corresponding with 
the experimental results, (iii) the net electrostatic energy values of most donors are 
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different in both DAAO monomer (-0.434 to 0.192 eV) and dimer (-0.593 to 0.146 eV) 
because of the long range electrostatic energy. From these results, the interaction 
between Iso and DAAO dimer is stronger than DAAO monomer, which suggest that 
DAAO dimer form is stable than monomer form.    

3). The temperature transition of DAAO monomer in the observed fluorescence 

lifetimes between 10 and 30 C was discussed in Chapter II, which was attributed to 
the differences in the net electrostatic energy and the standard free energy gap of 
both temperatures. The different hydrogen bonds between Iso and the nearby amino 
acid residues were ascribed to the difference in the standard free energy gap at two 
temperatures.  

4). In DAAO dimer, the two subunits are not equivalent in solution from MD 
simulation results. Although, DAAO dimer from X-ray crystal structure as a starting form 
is holodimer. Therefore, the Rc of ET donor-acceptor and the hydrogen bonding 
between Iso and amino acid residues in Sub A are quite different from Sub B. These 
results may cause to the non-equivalent ET rates and other related physical quantities 
of both subunits (in Chapter III). 

5). The observed fluorescence lifetime of DAOB dimer is shorter than DAOB 
monomer. From MD simulation results, The Rc between Iso and benzoate in DAOB 
dimer (0.66 nm in Sub A and 0.68 nm in Sub B) is longer than DAOB monomer (0.61 
nm), and the number of hydrogen bonds between Iso and amino acid residues in 
monomer (eight H-bonds) more than in dimer of each subunit (seven H-bonds in Sub 
A and five H-bonds in Sub B). These results suggest that the PET process not only is 
the effect from Rc but also affects form the other factors, which no one can clear in 
all factors.   

6). The observed fluorescence lifetimes of DAOB dimer are 4.8 and 0.85 ps. The 
two fluorescence lifetime compositions maybe result from the non-equivalent 
structures for the two subunits, which were represented by MD simulation results (in 
Chapter IV). The Rc of Iso and the ET donors are quite different in two subunits, 
particularly, Tyr55 and Trp185. The H-bonds between Tyr228 and Bz, and between 
Thr317 and Iso in Sub A were not formed in Sub B. From ET analysis, we expected the 
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fluorescence lifetimes in Sub B was faster than Sub A. Moreover, the net electrostatic 
energy values between two subunits are not similar which was discussed in Chapter 
IV.    

7). The experimental fluorescence lifetimes in DAOB are shorter than DAAO 
because DAOB were changed the structures near Iso with benzoate, which are ascribed 
to the fastest ET by benzoate. The conformations of DAAO and DAOB were visibly 
different when compared by the Rc values between Iso and aromatic amino acids. As 
the Rc of Tyr224 in DAAO (0.82 nm in Sub A and 0.76 nm in Sub B) are shorter than 
DAOB (1.32 nm in Sub A and 1.04 nm in Sub B). The RMSF of the overall amino acids 
represented the monomer form is higher fluctuation than dimer forms in both DAAO 
and DAOB. The DAAO monomer is the most unstable and the DAOB dimer is the most 
stable.   

8). The polarity near Iso in DAAO is higher than DAOB, which presented by the 
static dielectric constants between Iso and ET donors in DAAO (5.7 – 5.9) are larger 
than DAOB (2.54 – 2.64). We observed a higher number of water molecules near Iso in 
DAAO by RDF analysis.  

These results of this part could provide the important interactions of DAAO, 
Iso, and an inhibitor (benzoate). Moreover, the interactions of Iso binding, benzoate 
binding, and the atomic level of their dynamics behavior are provided. Nevertheless, 
there are some unclearly questions need to be answered in the future works. Here, 
we do not enough the experimental results for PET analysis to find some parameters 
which maybe relate between ET and inhibition of inhibitors. Therefore, we used the 
general criteria for virtual screening part to find the novel inhibitors. 

 
6.2 VIRTUAL SCREENING 

 We used pharmacophore and docking techniques which combined with drug-
like property to screen new DAAO inhibitor. The commercially available four million 
compounds from Namiki database were screened by many our criteria, i.e. Lipinski’s 
rule of five, pharmacophore model, binding site surface, docking scores, binary QSAR. 
We obtained 22 hit compounds as novel hit compounds for DAAO inhibitors. The 
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aromatic moieties of these hit compounds were aligned in sandwiched parallel 
between Iso ring and Tyr224, so aromatic –stacking interactions also contributed to 
binding modes of inhibitors. In addition, almost all hit compounds are nitro compounds 
(nitro group) which interacted with side chain of Arg283 and Tyr228 which other works 
are carboxyl group compounds. These hit compounds not only have interactions at 
first binding site, they also interacted with secondary binding site. More interactions of 
them were expected to increase their inhibitions. We hope the 22 novel candidate 
compounds can be the potential inhibitors of DAAO and should be assayed for activity 
tests. 

 
6.3 SUGGESTION FOR FUTURE WORK 

1). QM/MM/MD will be used to study ET analysis because this method can give 
more accurate charges than conventional MD simulation. 

2). More DAAO-inhibitors systems will be used to measure fluorescence lifetime 
for ET calculation in order to construct the relationship between ET parameters and 
biological activity. 

3). The 33 hit compounds obtained from virtual screening will be tested for 
biological activity.  
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SUPPLEMENTAL INFORMATION 

SUPPLEMENTAL INFORMATION OF CHAPTER II 

 

Structural Basis for the Temperature-Induced Transition of D-Amino Acid Oxidase  
from Pig Kidney Revealed By Molecular Dynamic Simulation and  

Photo-Induced Electron Transfer 
 

This article has been published in Journal: Physical Chemistry Chemical Physics. 
Page 2567-2578. Volume: 14. Issue 8, Year: 2012. 

 

 

 

 

Figure S2.1 Inter-planar angles between Iso and the indicated four nearby aromatic 
amino acids. 
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Figure S2.2 Comparison of the inter-planar angles between Iso and (A) Tyr314 and (B) 

Tyr224 at 10 C and 30 C. 
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Figure S2.3 H-bond dynamics between the Iso O2 atom and the three indicated 

nearby amino acids at (A) 10 C and (B) 30 C. 
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Figure S2.4 H-bond dynamics between the Iso O4 atom and the indicated three 

nearby amino acids at (A) 10 C and (B) 30 C. 
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Figure S2.5 H-bond distances between the Iso atoms and the indicated nearby amino 

acids at (A) 10 C and (B) 30 C. Dashed lines represent the H-bonds. 
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SUPPLEMENTAL INFORMATION OF CHAPTER III 

 

Non-Equivalent Conformations of D-Amino Acid Oxidase Dimer from Porcine Kidney 
between the Two Subunits. Molecular Dynamic Simulation and  

Photoinduced Electron Transfer 
 

This article has been published in Journal: Physical Chemistry Chemical Physics. 
Page 1930-1944. Volume: 16. Issue 5, Year: 2014. 

 

 
 
Figure S3.1 Dynamics of inter-subunit structure. Left column shows dynamics of Rc 
between Iso in Sub A and Iso in Sub B (upper) and inter-Iso angle (lower). Right column 
shows distributions of these geometrical factors. 10 and 30 in the inserts denote  

10 C and 30 C. 
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Figure S3.2 Comparison of the logarithmic ET rate between Independent Model and 
Entire Model. In Independent model ET rates were obtained independently in Sub A 
and in Sub B. In Entire model the ET rates were obtained for the entire dimer. Sub 

A10 and Sub B10 denote Sub A and Sub at 10 C, and Sub A30 and Sub B30, Sub A 

and Sub B at 30 C, respectively. Inserts show amino acids with top fastest ET rates. 
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Figure S3.3 Effect of subunit structure on the Net ES energy in DAAO dimer. In 
Independent model the Net ES energies were obtained independently in Sub A and 
in Sub B. In Entire model the Net ES energies were obtained for the entire dimer.  

Sub A10 and Sub B10 denote Sub A and Sub at 10 C, and Sub A30 and Sub B30,  

Sub A and Sub B at 30 C, respectively. Inserts show amino acids with top fastest ET 
rates. 
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Figure S3.4 Dutton law for Trp in DAAO. All Trps were taken into account. Inserts 
indicate approximate linear functions. 
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Figure S3.5 Energy Gap law for Tyrs as ET donors. Inserts indicate approximate 
parabolic functions. Maximum rates in the dimer were expected at 1.2 eV of in Sub 
A10, at 1.6 eV in Sub B10, at 1.2 eV in Sub A30 and 1.8 eV in Sub B30. The maximum 

rates in monomer were expected at 0.90 eV at 10 C and at 0.77 eV at 30 C.  



 

 

158 

SUPPLEMENTAL INFORMATION OF CHAPTER IV 

 

Theoretical Analyses of the Fluorescence Lifetimes of  
the D-Amino Acid Oxidase–Benzoate Complex Dimer from Porcine Kidney:  

Molecular Dynamics Simulation and Photoinduced Electron Transfer 
 

This article has been published in Journal: RSC Advances. 
Page 54096-54108. Volume: 4. Issue 96, Year: 2014. 

 
 

 
 
Figure S4.1 Fluorescence spectrum of the DAOB dimer with an excitation wavelength 
of 410 nm. The protein was dissolved in 0.017 M pyrophosphate buffer (pH 8.3) at  
10 μM. 
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Figure S4.2 Time-evolution of the Rc between Iso and the six nearest potential ET 
donors in the DAOB dimer. Rc denotes centre-to-centre distance.  
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Figure S4.3 Time-evolution of root of mean square deviation (RMSD). The RMSD were 
obtained by AMBER 10. MDS calculations from the last 5 ns of a 30 ns simulation. 
Protein-A and protein-B denote Sub A and Sub B in the DAOB dimer. FAD-A and  
FAD-B denote the FAD in Sub A and Sub B, and Bz-A and Bz-B denote Bz in Sub A and 
Sub B, respectively. RMSDs of FAD and Bz were steady over the MDS time range  
of 25–30 ns, whilst the subunits were almost at equilibrium. 
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Figure S4.4 Comparison of RMSF in DAOB dimer with other DAAO species. Root of 
mean square fluctuations (RMSF), as obtained by AMBER10. Holo M, Holo A and  
Holo B in insert denote the holoDAAO monomer, Sub A and Sub B of the holoDAAO 
dimer, respectively. DAOB M, DAOB A and DAOB B denote the monomer of DAOB,  
Sub A and Sub B of the DAOB dimer, respectively. RMSFs of the holoDAAO monomer 
were taken from Nueangaudom et al. (2012) [105], those for holoDAAO dimer from 
Nueangaudom et al. (2014) [109], and those of DAOB monomer from Nueangaudom 
et al. (2012) [106]. 
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Figure S4.5 Dynamics (time-evolution) of the logarithmic ET rate of the six fastest 
donors. Upper, middle and lower panels show the logarithmic ET rates of Sub A,  
Sub B and the monomer, respectively. The rates were obtained with Method 2.  
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Figure S4.6 Time-evolution of the NetES energy between the photoproducts as the 
Iso acceptor and the six fastest donators (ionic groups) in the DAOB dimer. 
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Figure S4.7 Time-evolution of the ESDA between the Iso acceptor and the six fastest 
donators (Bz, Trp or Tyr cations) in the DAOB dimer. ESDA (electrostatic energy 
between the iso anion and the donor cation or neutral Bz) was derived as 2 / DA je R  
from eqn (4.1) for Trp and Tyr, where the static dielectric constants A

DA  and B

DA  were 
used for Sub A and Sub B, respectively, or from eqn (4.11) for Bz. 
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Figure S4.8 The radial distribution functions of water molecules near the heteroatoms 
of Iso. The radial distribution functions (RDF) were obtained by ptraj module of 
Amber10 program. Red, blue and black numbers are shown number of mean water 
molecules of DAOB dimer, Sub A and Sub B and DAOB monomer [106], respectively.  
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Figure S4.9 Presence of water molecules near Iso and ET donors in a snapshot. Panel 
(A) shows Sub A and (B) Sub B. ET donors are shown with Rc shorter than 1 nm. Water 
molecules selected are shown with the distance from IsoN5 shorter than  
0.7 nm. 
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Figure S4.10 Relationship between logarithmic ET rates and inter-planar angles 
between Iso and main donors.  
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Figure S4.11 Atom numbering of hydrogen bonded systems in DAOB dimer for MOPAC 
calculation. Iso forms hydrogen bondings (H-bond) with Ala49, Leu51 and Thr317 in 
Sub A, while it forms H-bonds with Ala49 and Leu51 in Sub B. 
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Figure S4.12 HOMO-LUMO orbitals Iso alone. MOs were calculated with semi-
empirical MOPAC method. PM6 basis set was used. Other key words were same with 
those in the previous work,[106] except for EPS (static dielectric constant) key words 
which were all 2.6 ( 0

DA  was nearly equal to 0

DB , 2.6, see Table 4.3) in the present 
work.  
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Table S4.1 Decay parameters of the DAOB dimer. a 

Wavelength ( i ) 
(nm) 

1  
(ps) 

1  2  
(ps) 

2  

480 0.30 0.815 1.9 0.185 
485 0.42 0.71 4.23 0.29 
490 0.506 0.600 4.46 0.400 
510 0.942 0.22 4.47 0.78 
530 1.486 0.337 4.95 0.663 
550 1.46 0.36 5.00 0.64 
580 0.94 0.26 4.52 0.74 
600 0.877 0.25 4.40 0.75 
630 0.84 0.486 6.46 0.514 
640 0.713 0.47 7.34 0.53 

a Data are taken from Mataga et al. (2000).[15] 
 
Table S4.2 ET parameters in the DAOB monomer obtained with a similar model as 
with the DAOB dimer. a  

Protein 0

IsoG  (eV) 0

BzR  (nm) 
0  0

DA  2  

DAOB monomer 8.53 0.384 5.78 2.45 4.38 x 10-21 

 

a ET parameters were recalculated with the model where the static dielectric constant 
in the region between Iso and the donors with Rc values of less than 1 nm (Bz, Tyr224 
and Tyr228) [106] was 0

DA  (eqn (4.2) and Nueungaudom et al. (2014) [109]). In the 
previous work [106] the dielectric constant in this region between Iso and these donors 
was assumed to be equal to 0 .   
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Table S4.3 Charge density of Iso with and without H-bondsa 

Molecule 
Atom 
No. 

 

Only Iso 
Iso with H-bond 

Ground Excited 

Ground Excited Sub A Sub B Sub A Sub B 
Iso 1 -0.613 -0.467 -0.616 -0.614 -0.440 -0.471 
 2 0.747 0.713 0.750 0.750 0.716 0.717 
 3 -0.519 -0.498 -0.514 -0.510 -0.480 -0.484 
 4 -0.621 -0.616 -0.620 -0.624 -0.615 -0.616 
 5 0.325 0.324 0.343 0.340 0.342 0.338 
 6 0.659 0.651 0.662 0.661 0.653 0.653 
 7 -0.501 -0.489 -0.535 -0.525 -0.511 -0.523 
 8 -0.194 -0.122 -0.211 -0.212 -0.106 -0.131 
 9 -0.101 -0.298 -0.093 -0.090 -0.277 -0.285 
 10 -0.074 0.246 -0.075 -0.082 0.219 0.237 
 11 -0.085 -0.319 -0.079 -0.075 -0.278 -0.302 
 12 -0.028 0.247 -0.029 -0.035 0.230 0.244 
 13 -0.477 -0.538 -0.477 -0.476 -0.537 -0.539 
 14 0.174 0.197 0.173 0.172 0.197 0.196 
 15 0.174 0.196 0.176 0.172 0.197 0.191 
 16 0.172 0.190 0.172 0.175 0.190 0.200 
 17 0.211 -0.060 0.216 0.217 -0.077 -0.065 
 18 -0.526 -0.475 -0.527 -0.528 -0.476 -0.476 
 19 0.189 0.174 0.189 0.179 0.175 0.171 
 20 0.189 0.175 0.190 0.189 0.175 0.175 
 21 0.179 0.171 0.179 0.190 0.171 0.175 
 22 -0.348 -0.209 -0.352 -0.353 -0.209 -0.211 
 23 0.193 -0.021 0.198 0.201 -0.026 -0.023 
 24 0.194 0.181 0.195 0.194 0.183 0.182 
 25 0.188 0.212 0.187 0.188 0.210 0.214 
 26 0.384 0.323 0.387 0.387 0.317 0.329 
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27 -0.137 -0.129 -0.138 -0.144 -0.179 -0.139 

 28 -0.325 -0.335 -0.324 -0.324 -0.340 -0.343 
 29 0.212 0.209 0.210 0.177 0.209 0.183 
 30 0.179 0.188 0.178 0.212 0.183 0.217 
 31 0.178 0.179 0.180 0.178 0.182 0.183 
Ala49 32     -0.553 -0.553 -0.553 -0.557 
 33     0.237 0.236 0.239 0.250 
 34     -0.063 -0.062 -0.057 -0.058 
 35     0.165 0.165 0.163 0.161 
 36     -0.485 -0.480 -0.493 -0.489 
 37     0.165 0.164 0.163 0.161 
 38     0.172 0.169 0.171 0.170 
 39     0.165 0.172 0.174 0.170 
 40     0.349 0.353 0.344 0.347 
 41     -0.503 -0.505 -0.505 -0.510 
 42     0.128 0.120 0.131 0.133 
 43     0.221 0.219 0.222 0.219 
Leu51 44     -0.534 -0.535 -0.541 -0.536 
 45     0.230 0.238 0.242 0.236 
 46     -0.107 -0.095 -0.100 -0.102 
 47     0.176 0.164 0.168 0.175 
 48     -0.327 -0.325 -0.322 -0.330 
 49     0.173 0.173 0.168 0.173 
 50     0.149 0.154 0.154 0.151 
 51     0.030 0.031 0.025 0.031 
 52     0.108 0.107 0.110 0.106 
 53     -0.508 -0.508 -0.508 -0.508 
 54     0.155 0.160 0.156 0.160 
 55     0.151 0.155 0.149 0.154 
 56     0.161 0.151 0.160 0.153 
 57     -0.509 -0.509 -0.507 -0.509 



 

 

173 

 58     0.153 0.154 0.154 0.154 
 59     0.156 0.155 0.156 0.156 
 60     0.159 0.158 0.157 0.158 
 61     0.365 0.362 0.364 0.362 
 62     -0.523 -0.520 -0.522 -0.526 
 63     0.125 0.221 0.222 0.226 
 64     0.225 0.118 0.121 0.121 
Thr317 65     -0.525   -0.530  
 66     0.228   0.230  
 67     -0.227   -0.227  
 68     0.198   0.199  
 69     0.251   0.255  
 70     0.110   0.111  
 71     -0.538   -0.539  
 72     0.182   0.181  
 73     0.174   0.176  
 74     0.173   0.175  
 75     -0.590   -0.599  
 76     0.349   0.350  
 77     0.365   0.367  
 78     -0.492   -0.492  
 79     0.228   0.231  
 80     0.112   0.112  
 

a Charge densities were obtained with a semi-empirical MO of MOPAC (PM6). Other key 
words were same with those in the previous work,[106] except for EPS (static dielectric 

constant) key words which were all 2.6 ( 0

DA  was nearly equal to 0

DB , 2.6, see Table 
4.3) in the present work. Ground and Excited denote the ground and excited states of 
Iso. Atom numbering of Iso and H-bond amino acids are indicated in Figure S4.11. 
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SUPPLEMENTAL INFORMATION OF CHAPTER V 

 

Virtual Screening of Novel D-Amino Acid Oxidase Inhibitors 
 

This article is in preparation for publication (2016). 
 
Table S5.1 The results from docking, molecular properties, and activity score 
calculations of the 21 training set. 

Comp. 
IC50  
(nM) 

Docking 
score 

FISA PISA Classify 
Activity 
score 

1 3.9 -9.737 132.784 234.505 Active 2.218 
2 3.8 -9.257 159.349 207.306 Active 1.739 
3 4.9 -8.14 159.384 196.55 Inactive 0.361 
4 13 -9.244 158.5 193.066 Inactive 1.394 
5 4.7 -8.444 148.548 28.055 Inactive -3.264 
6 2.7 -9.148 157.501 161.979 Active 0.593 
7 120 -4.658 159.459 228.154 Inactive -2.508 
8 300 -7.947 161.387 14.739 Inactive -3.770 
9 670 -7.643 160.851 21.443 Inactive -3.947 
10 2.2 -8.361 150.389 217.21 Active 0.834 
11 2 -9.308 162.308 181.368 Active 1.291 
12 8.4 -9.597 158.298 163.414 Inactive 1.102 
13 1.4 -9.737 159.703 169.436 Active 1.409 
14 2.4 -9.821 156.801 135.226 Active 0.680 
15 2.1 -9.62 162.402 142.091 Active 0.752 
16 3.1 -9.344 162.61 167.658 Active 1.035 
17 12 -8.8 154.253 140.989 Inactive -0.297 
18 2.9 -9.573 153.391 149.677 Active 0.664 
19 1.5 -9.966 159.027 127.801 Active 0.717 
20 63 -10.736 152.844 78.525 Inactive 0.284 
21 13 -9.788 160.581 92.41 Inactive -0.205 
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