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CHAPTER I 

INTRODUCTION 

 

1.1 RESEARCH RATIONALES AND THEORIES 

1.1.1 FLAVOPROTEIN 

Flavoproteins are involved in many oxidation-reduction reactions in all living organisms 

as mammals, plants microorganisms, including pathogenic bacteria. The photochemistry and 

photophysics of flavoprotein have been of considerable interest because of their biochemical 

versatility in light-harvesting. The flavoproteins contain one of the prosthetic group termed 

“flavin molecules” as the reaction center that are flavin mononucleotide (FMN), flavin adenine 

dinucleotide (FAD) or riboflavin (RF,  commonly known as vitamin B2).[1] Most of flavoproteins 

contain the aromatic amino acids, tryptophan (Trp) and tyrosine (Tyr), near the flavin molecule. 

Flavodoxin (FD), a small group of flavoproteins, has a molecular weight of 15-23 

kDa.[2] They contain a non covalent-bound FMN as the reaction center. The non-pathogenic FD 

from Desulfovibrio vulgaris strain Miyazaki F. has been chosen as a studied model because of the 

small molecular size, non-toxicity of the host bacterium and easy expression, for the investigation 

of the protein folding, protein-ligand recognition and stability, including evaluation of ET 

components.[3] In 1980 Kitamura and co-workers successfully characterized and studied its 

biochemical properties. The FD strain Miyazaki F. contain 148 amino acid residues (Figure 

1.1).[4] However, the three dimensional structure of FD strain Miyazaki F. has not been 

experimentally determined yet. Furthermore, its fluorescence intensity measured by means of the 

conventional fluorescence spectroscopy is too low.[5] In 2002, Mataga and co-worker extensively 

studied the ultra-fast fluorescence dynamics of wild type (WT) and three mutant types, Y98F 

(Tyr98 is replaced by Phe), W60F (Trp60 is replaced by Phe), and the double mutants W60F-

Y98F in the femtosecond time domain by using an up-conversion technique.[6] They found that 

the fluorescence were remarkable quenched and considered to be induced by photoinduced 

electron transfer (PET) from tryptophan (Trp) and/or tyrosine (Tyr) to the excited flavin molecule 

(Iso*). The ultra-short fluorescence lifetimes were 0.158 ps in the WT, 0.322 ps in W60F, 0.245 

ps in Y98F and 18 ps in the W60F-Y98F. The corresponding time-dependent fluorescence decays 
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of those variants are shown in Figure 1.2. (Due to the methionine was absence from the protein 

structure used for modeling the protein structures of FD, the amino acid sequence are shifted 

below. Therefore, in WT FD, hereafter the crucial Trp60 and Tyr98 are pronounced to be Trp59 

and Tyr97, respectively.) 

 

 
Figure 1.1 The three-dimensional structure of FMN bound flavodoxin obtained by homology 

modeling approach. The FMN is indicated in ball and stick model. [7] 

 

 
Figure 1.2 Time-resolved fluorescence of wild type and the three mutated variants FD which 

were excited at 410 nm and observed at 530 nm. The solid lines are the simulations with two 

exponential or single-exponential functions.[6]  
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 The pathogenic bacterium, Helicobacter pylori (H. pylori) can course type-B gastritis and 

peptic-ulcer diseases, gastric carcinoma and mucosa-associated lymphoid-tissue lymphoma. FD 

of this bacterium can be categorized into the long-chain type FD. It composed of 164 amino acid 

residue. Its protein structure at the FMN binding site shared a similar pattern with FD from 

Desulfovibrio vulgaris, strain Miyazaki F. except for the stacking chromophore. In this protein 

only Tyr92 is located nearby FMN while the Trp is absence, see Figure 1.3. 

 

 
Figure 1.3 Schematic representation of the FMN binding site of FD from H. Pylori. 

  

The three-dimensional structure of FD from Desulfovibrio vulgaris, strain Miyazaki F. 

has not been experimental determined. However, in the case of FD from H. pylori its X-ray 

crystallographic structure has been determined.[8] The fluorescence decay of FD from 

Desulfovibrio vulgaris, strain Miyazaki F. for WT and the three mutated type (W60F, Y98F, and 

double mutation) have been reported by Mataga et. al. (2002) [6] and  H. pylori was measured by 

collaborate team in Japan (unpublished data). It shows the fluorescence decayed with lifetimes of 

173 fs (amplitude, 0.963) and 2.08 ps (0.037),  1.9 fold faster than lifetimes of W60F in 

Miyazaki F. 

Therefore, it is of interest to investigate the interactions involving for the FMN 

association to protein FD and analyze the ET mechanism in FD-DvMF and FD-HP. In this 

research the three-dimensional structure of FDs from Desulfovibrio vulgari strain Miyazaki F. 

will be predicted by means of homology modeling. The predicted models and FD from H. pylori 
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(known structure) are then further be used to study their dynamic properties by MD simulations in 

order to compare among the five FD variants. The structural dynamic and thermodynamic 

properties will be investigated using MD simulation. Subsequently, the complex coordinate will 

be extracted from MD trajectory to study the ET analyses and charge transfer by quantum 

calculation technique. 

 

1.1.2 ELECTRON TRANSFER 

The electron transfer (ET) is of fundamental interest in the field of chemistry, biology 

and physics. Numerous essential processes in biology and chemistry are involving ET reactions 

such as photosynthesis, respiration and other important biological processes, including 

bioelectronics and biosensor.[5, 9-13] Beside, the study of ET in simple model has become a very 

useful to gain fundamental knowledge of ET mechanism. 

 

1.1.3 ELECTRON TRANSFER THOERIES 

Considering the electron transfer process between a donor D and an receptor A, either D 

or A may be in an excited state (D* or A*), this process is known as photoinduced electron 

transfer (PET). The reactant state will have a potential energy which is a function of many 

coordinates including solvent coordinates, leading to a multidimensional potential energy surface 

(PES). At transition state, PES can be reduced to a one-dimensional profile (Figure 1.4).  For ET 

to occur, the reactant state normally distort along the reaction coordinate from its equilibrium 

position  to position  or the transition state where ET is occurred. The resulting product 

state then relaxes to its equilibrium at position  .[14]  
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.  

Figure 1.4 Representation of the potential energy surface which describe the ET process. The 

energy barrier ( *G∆ ), the Gibbs free energy change ( 0G∆ ) and the total reorganization energy 

(λ ) are indicated. 

 

The ET reaction can be classified according to the magnitude of the splitting of . 

There are two kinds of the change in PES which corresponding to the ET process. They can be 

classified into :  

i) In the case of the sufficient electronic interaction (splitting > kBT), the large 

splitting could be observed. This reaction is called adiabatic.  

ii) If the electronic interaction is small (splitting < kBT), the reaction is called 

non-adiabatic. In this case, the system tends to be retained their original 

electronic configuration when passing across the intersection (ET process). 

 

When considering the ET process (Figure 1.5) the process first starts by light excitation.               

The electron which localized at the Highest Occupied Molecular Orbital (HOMO) state of 

acceptor is excited up to the Lowest Occupied Molecular Orbital (LUMO) state of the 

corresponding species. Subsequently, the electron on the HOMO state of the donor species 

(higher energy than the HOMO state of acceptor site) rapidly transfer into the unoccupied hole on 

the HOMO state of acceptor, at this point, leading to the orbital interaction between D and A. The 

charge separation (CS) state will be existed followed by the transfer of the excited electron into 

the unoccupied hole on the HOMO state of donor. This is so-called charge recombination (CR) 

state.[14]  
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Figure 1.5 Molecular orbital description of the photoinduced electron transfer process. 

 

1.1.3.1 MARCUS THEORY 

 In 1956 Rudolph A. Marcus proposed the ET theory to explain the rates of electron 

transfer reactions.[13] He received the Nobel Prize in Chemistry in 1992 regarding to his 

equation. The equation was formulated in order to explain the outer sphere electron transfer 

reactions, which is the electron donor (D) and acceptor (A) species aren't directly linked to each 

other).  The original electron transfer formulated by Marcus was developed by Noel S. Hush in 

order to describe the inner sphere electron transfer reactions, which is the D and A are linked with 

covalent bond). The later known as Marcus-Hush theory. 

Considering the Marcus's equation, it has been proposed based on the traditional 

Arrhenius equation as: 

1.  The pre-exponential term in the Arrhenius equation has been provided, based on the 

electronic coupling interaction ( abH ) between the reactant and product state of the ET reaction. 

2. The activation energy can be determined based on a parameter called the 

reorganization energy ( sλ ), which is the energy required to distort the initial coordinates and its 

surroundings environment in order to reach the equilibrium configuration of the final coordinates 

and the Gibbs free energy ( 0G∆ ).[15] 

Marcus-Hush theory is used to describe the ET rates over the last several decades. The 

most important of the prediction by Marcus-Hush theory is that the electron transfer rate which 

will increase as the ET reaction becomes more exergonic and reach the point which has maximum 

ET rate ( 0
sG λ−∆ = ). Past that point, the electron transfer rate will decrease as the reaction 

becomes more exergonic which is called "Marcus inverted region." 

Marcus theory (Marcus-Hush) for ET in proteins is: 

 

http://en.wikipedia.org/wiki/Rudolph_A._Marcus
http://en.wikipedia.org/wiki/Electron_transfer
http://en.wikipedia.org/wiki/Electron_transfer
http://en.wikipedia.org/wiki/Nobel_Prize_in_Chemistry
http://en.wikipedia.org/wiki/Outer_sphere_electron_transfer
http://en.wikipedia.org/wiki/Inner_sphere_electron_transfer
http://en.wikipedia.org/wiki/Arrhenius_equation
http://en.wikipedia.org/wiki/Pre-exponential_factor
http://en.wikipedia.org/wiki/Activation_energy
http://en.wikipedia.org/wiki/Gibbs_free_energy
http://en.wikipedia.org/wiki/Exergonic_reaction
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abH is electronic coupling interaction between donor and acceptor at donor-acceptor. 
0G∆  is standard free energy gap between products and reactants. ES represents electrostatic 

energy.  , Bk  and T are Planck constant, Boltzmann constant and temperature, respectively. sλ  

is known as solvent reorganization energy  and expressed as:  
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where 1a  and 2a  are radii of acceptor and donor when these reactants are assumed to be 

spherical, andε∞  and 0ε  are optical and static dielectric constants. 

 

1.1.3.2 KAKITANI AND MATAGA (KM) THOERY  

Kakitani and Mataga have formulated a theory applicable both to adiabatic 

(strong coupling) and non-adiabatic (weak coupling) ET processes [16] developing from the 

Marcus-Hush theory. 
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                 (1.3) 

 

In KM theory, only the pre-exponential term is different from the Marcus theory. The 

term in Eq. 1.3 0ν   is frequency and β  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  were 

defined as the center-to-center distance and 0R  the critical distance. The other constants are 

common among Eqs. 1.1 – 1.3. The standard free energy change ( 0G∆ ) by expressed with 

ionization potential of electron donor, ( )IP donorE and 0
( )ISO acceptorG  is standard Gibbs energy related 

to electron affinity of the excited acceptor, as shown in Eq. 1.4. 



8 

 

0 0
( ) ( )IP donor ISO acceptorG E G∆ = −                                                                                    (1.4) 

 

Since the structure in protein is always dynamic, therefore, the adiabatic and non-

adiabatic properties can be incorporated all the time. The verifications of the theory for analysis 

of the ET are very important. The suitable ET theory should be applicable for both kinds of such 

processes. The verified results of the FMN-binding proteins [17-18] indicate that the KM theory 

can provide more satisfactory results than Marcus-Hush theory. The fact that the ET parameters 

which contained in both Marcus-Hush theory and KM theory quite similar except for the 

{ }01 exp ( )R Rβ+ − term in the KM theory. This term is important for the non-adiabatic ET 

process where the 0R R> . This may be the reason why the KM theory can explain the ET 

process better than Marcus-Hush theory.  

 

1.2 RESEARCH METHODOLOGY 

The method of fluorescence decay analysis, related to the ET rate and physical quantities 

in the ET theory is demonstrated in Figure 1.6. It is consecutive procedure as: 

1.2.1 The ensemble of protein conformations was calculated by using MD simulation. 

1.2.2 The ET rate and related physical quantities in the KM ET theory, given by                   

Eq. 1.3 as 0
qν , qβ , and 0

qR   for Trp and Tyr, 0
IsoG  and 0ε  are to be determined. 

1.2.3 The guess initial values for the ET analysis were obtained from the previously 

related work. For FD from Desulfovibrio vulgaris, strain Miyazaki F., the ET 

initial parameters were taken from ET analysis of FMN-BP, and the result of this 

strain were further used for ET analysis of FD from H. pylori. 

1.2.4 The fluorescence decay is calculated over the MD time.  

1.2.5 The minimum Chi-square is calculated in order to justify the best fit between the 

observed and calculated fluorescence decay. 

1.2.6 The new ET parameters are generated by the non-linear least squares method. 

The calculation is being processed which the less Chi-square value than the 

previous calculation is to be obtained. Step 1.2.4 to 1.2.6 is repeated until the 

minimum value of the Chi-square is obtained. 
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1.2.7 The calculated fluorescence decay, ET rates and related physical quantities in the 

ET theory are obtained, when the minimum value of the Chi-square is obtained.  

 

 
Figure 1.6 The overall procedure for ET analysis.     

 

1.3 OBJECTIVES 

1.3.1 To investigate dynamical properties and important interaction involved in the 

binding of flavin mononucleotide (FMN) for both Desulfovibrio vulgaris strain 

Miyazaki F. and Helicobacter pylori (H. pylori). 

1.3.2 To study the factor and relationship of the ET components contained in the 

theory which affect the electron transfer rate in both flavodoxins. 
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1.4 SCOPE OF THIS DISSERTATION 

The purposes of this thesis are to investigate the interaction involved in the binding of 

FMN cofactor and the dynamic properties of the whole protein for both non-pathogenic 

(Desulfovibrio vulgaris strain Miyazaki F. and pathogenic (H. pylori) bacteria by molecular 

dynamic (MD) simulations. The FD-DvMF for both wild-type and three variants were choose as 

the first modal due to there are experimental fluorescence decay data including the FMN binding 

information available. Then the FD-HP was analyzed. The MD results of FD-DvMF showing that 

during the MD production time, the shape of FMN binding site are changed even though either 

one or two amino acids were changed. This led to the difference in rearrangement of FMN and 

surrounded amino acids. Such rearrangement and their thermodynamic stabilization have been 

discussed in Chapter II. Subsequently, the PET mechanisms were focused. The fluorescence 

decay data of FD-DvMF were combined with ensemble of protein coordinates obtained from MD 

simulations. The influencing parameters on the ET rate in the KM ET theory have been 

determined and then discussed on Chapter III and Chapter IV. 

The structural dynamic and thermodynamics property of FMN binding in wild-type FD-

HP has also been calculated and described in Chapter V. The PET mechanism and the influential 

parameters which affected on the ET rate have been analyzed and discussed in Chapter VI.                   

In addition to clarify the ET mechanism, the charge transfers (CT) mechanism has been studied 

by simulating the UV-visible spectra of FD-HP and comparing with the experimental 

information. These comparisons can point out that the TDDFT with either high amount of exact 

exchange or long-range correction can provide an appropriate CT mechanism, as discussed in 

Chapter VII.  

 

1.5 EXPECTED BENEFICIAL OUTCOMES 

1.5.1  Information of the dynamic properties and important interactions involved in the 

binding of FMN to flavodoxin from Desulfovibrio vulgaris strain Miyazaki F. and  

H. pylori.  

1.5.2  Relationship of parameters which are influential upon the ET rate for both 

flavodoxins could be applied in the field of biosensors and bioelectronics and fulfill 

specific requirements. 
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We hope that combining these results should provide the better understanding in PET and 

the relationship of parameters which influential upon the ET rate for both flavodoxins. The long 

term goal of these fundamental knowledge are to aid PET analyses, engineering of flavoprotein 

redox potentials, including biosensors and bioelectronics. 
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2.1 ABSTRACT 

 The flavodoxin from Desulfobivrio vulgaris, strain Miyazaki F (FD-DvMF) binds one 

molecule of FMN as a cofactor, and is considered to associate with electron transport reactions. 

However, although the three dimensional structure of the related flavodoxin from D. vulgaris 

strain Hildenborough (FD-DvH) has been determined, that for FD-DvMF has not. In this work, 

the protein structures of the wild type (WT) and the W59F, Y97F and W59F-Y97F substitutional 

mutants of FD-DvMF have been predicted by a homology modeling approach. Subsequently, the 

dynamic properties of these four FD-DvMF variants were investigated by molecular dynamics 

(MD) simulations. The results revealed that peptide O of Trp59 formed H-bond with Tyr99OH 

only in Y97F, leading to FMN being buried deeper inside the protein than in the other three 

variants and reducing the accessibility of water to FMN. The phosphate oxygen atoms formed 

extensive H-bonds with amino acid residues in the 10-loop region in all variants resulting in the 

highest degree of stabilization. The OH groups of the ribityl-chain and the isoalloxazine ring 

formed H-bonds with amino acid residues of the 60-loop and 90-loop regions, respectively. The 

decomposition free energy calculations suggest the greatest contribution come from the 10-loop 

region, which is compatible with the published data. That the calculated binding and 

decomposition free energies were both greatest in Y97F is proposed to be due to the H-bond 

between peptide O of Trp59 and Tyr99OH. 

 

2.2 INTRODUCTION 

Flavoproteins are ubiquitously distributed in various microorganisms [1, 9, 19] and 

pathogenic bacteria [2, 20] and in specific tissues of multicellular plants and animals, such as in 

milk, brain, kidney, liver and heart of mammals and in leafy vegetables.[1]  Flavoproteins play an 

essential role in many oxido-reduction reactions,[21-23] whilst in some systems flavins function 

as photoreceptors.[24] Their photochemistry and photophysics have been of considerable interest 

due to their important role in light-harvesting biological mechanisms.[1, 10] The one important 

characteristic that classifies flavoproteins is that they bind with one of the flavin molecules, flavin 

mononucleotide (FMN), flavin adenine dinucleotide (FAD) or riboflavin (RF, more commonly 

known as vitamin B2), as a cofactor.[1, 22-23] In the case of FAD and FMN, they consisted of an 

isoalloxazine chromophore (Iso) connected to a ribityl adenine diphosphate or ribityl phosphate 
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chain, respectively. Naturally, flavin has the three different redox states; that is the (i) oxidized 

form, (ii) a one electron reduced radical semiquinone, and (iii) a two-electron fully reduced 

hydroquinone.[1, 22-23] Recently, because of this biochemical versatility, flavoproteins have 

become a popular model for both experimental studies, such as on the electron transfer process,[6, 

25-31] and including rational drug design,[20] and also in theoretical works [32-34] on their 

conformational dynamics.  

Flavodoxins (FDs) are small flavoproteins with a molecular weight of 15 - 23 kDa and 

have been isolated from a variety of microorganisms. FDs are considered to function as electron-

transfer proteins in various metabolic pathways.[2] They contain one molecule of non covalently-

bound FMN as a cofactor, and exhibit a high negative reduction potential for the semiquinone / 

hydroquinone couple of the bound FMN cofactor, and accordingly the semiquinone state is stable. 

The redox properties of the bound FMN in FDs are very different from those of the free FMN. 

Since the late 1960’s the FD from Desulfovibrio vulgaris strain Miyazaki F (FD-DvMF) has 

been chosen as an alternative FD model, due to the non-toxic nature of the host bacterium, for the 

evaluation of electron transfer components.[3] As such, FD-DvMF was first characterized and 

studied for its biochemical properties by Kitamura et al.[4] In vitro analysis revealed that the 

dissociation constant of FD-DvMF was 0.38 nM, compared to 0.24 nM for the related FD from 

Desulfovibrio vulgaris Hildenborough (FD-DvH). The redox potential of these two closely 

related FDs was also slightly different, being E1 = -434 and -440 mV for the oxidized-

semiquinone reaction of FD-DvMF and FD-DvH, respectively, and E2 = -151 and -143 mV for 

the semiquinone-2-electron reduced reaction, respectively.[4] However, these two strains shared a 

similar physiology.[10] Although a fair amount of theoretical work has been published for FD-

DvH to iterate the empirical data, in contrast very little is known about the conformational 

dynamics and structural stability, including the energetic aspects, of FD-DvMF. 

Recently, the three-dimensional structures of numerous FDs have been determined, 

including FD-DvH [35] and the FDs from Anacystis nidulans,[36] Clostridium beijerinckii,[37] 

Escherichia coli,[38] Anabaena 7120,[39] a red algae,[40] Chondrus crispus [41] and H. 

pylori,[8] by X-ray crystallography. In contrast, the structure of FD-DvMF, has not been 

determined yet, although Kitamura et al.[4] have determined the primary structure and redox 

potentials of FD-DvMF. 
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Ultrafast photophysics of FD-DvMF has been extensively investigated in the wild type 

(WT), and the Y97F (Tyr97 is replaced by Phe), W59F (Trp59 is replaced by Phe) and W59F-

Y97F double mutant (DM) (both Trp59 and Tyr97 are replaced by Phe) substitution based mutant 

variants.[6] The fluorescence lifetimes of FD-DvMF were 0.158 ps in the WT, 0.245 ps in Y97F 

and 0.322 ps in W59F but 18 ps in the DM. These ultra-short lifetimes are ascribed to the 

photoinduced electron transfer (ET) from Trp59 and Tyr97 to the excited isoalloxazine (Iso*).[25, 

27-28, 42-43] Differences in the fluorescence lifetimes between Y97F and W59F were elucidated 

by means of ET donor-acceptor distances, using the crystal structure of FD-DvH.[6] However, it 

is not clear whether the donor – acceptor distances evaluated for the FD-DvH are valid for the 

elucidation of ET rates (inverse of the lifetimes). 
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Chart 1 Chemical structure and numbering of the FMN atoms. 

Homology modeling has been a useful tool to predict the protein structure when the 

primary structure is known but the three dimensional structure is not known. However, it depends 

on the knowledge of at least the 3D structure of a closely related homologous protein with a 

considerable sequence identity to the target.[44] Homology modeling has also been used to 
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predict the protein structure of the FD from Escherichia coli,[45] and subsequently the 

constructed model was used to calculate the binding affinity of FMN.[46-48] However, a 

thorough analysis of the binding energy of the cofactors, including FMN, in flavoproteins has not 

been reported yet. In the present work we first predicted the structures and detailed the important 

interaction of the WT, and the substitution-based mutants W59F, Y97F and DM, of FD-DvMF by 

means of homology modeling. The predicted models were then further used to investigate their 

dynamic properties by molecular dynamics (MD) simulations, and compared among these four 

FD-DvMF variants. Finally, the interactions between FMN and the apoproteins were analyzed 

qualitatively by the MM-PBSA method between FMN and the apoproteins of the four FD-DvMF 

variants. The observations in this study should help to further the understanding and complement 

the knowledge of the structural stability of FD-DvMF, especially with respect to the ET and 

engineering of flavoprotein redox potentials, including for biosensors and bioelectronics.[11]  

 

2.3 METHODS 

2.3.1 Structural Modeling 

The amino acid sequence of the WT FD-DvMF was obtained from the previously 

reported work.[4] Table S1 shows a comparison of the sequence identity and similarity, the amino 

acid residues at positions 59 and 97, and the X-ray crystallographic resolution of the four FDs, 

which are somewhat similar except in the three–dimensional structural resolution. Considering 

the crystal structures of the two mutants, Y98W (PDB: 1F4P) and S35C (PDB: 1J8Q), the Y98W 

mutant has Trp59 / Trp97 residues that do not match to the target. In addition, the two WT 

structures (PDB: 1FX1 and 1BUS) display either {an amino acid sequence identity (66%) and 

similarity (76%) that is not different from} or {100% identity to} S35C, but the resolution of the 

WT is much higher than that for S35C (2.0 vs. 1.35 Angstroms). Therefore, the structure S35C 

(PDB: 1J8Q) was selected as the template for our study due to the higher resolution of its 

structure. The three dimensional structure of FD-DvMF was then constructed using the Modeler 

Module of the Discovery Studio 2.0 (http://www.discoverystudios.com). Ten satisfactory models 

were generated from the Modeler Module and then the density optimization potential energy 

(DOPE) was used to justify the best quality model (defined as the structure with lowest DOPE 

score), which was then selected for further study. Subsequently, the target structure was 

http://www.discoverystudios.com/
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energetically minimized with 1000 steps using steepest decent minimization, followed by another 

1000 steps of conjugate gradient minimization. This initial structure was further replaced by 

phenylalanine at position 59 (W59F), at position 97 (Y97F) or at both 59 and 97 (DM). All 

constructed 3D models of FD-DvMF were submitted to the Protein Model Data Base (PMDB; 3D 

protein models obtained by structure prediction methods [49]) and can be accessed by 

PM0076923, PM0076926, PM0076924 and PM0076925 for the WT, W59F, Y97F and DM 

variants, respectively. 

 

2.3.2 Calculation of the Atomic Charge of FMN 

In this study, the FMN molecule was optimized using the HF/6-31G* level of the theory 

by using the Gaussian 03 program.[50] The restrained electrostatic potential (RESP) method was 

used to compute the atomic partial charge. The FMN topology was constructed using the 

antechamber program in the Amber10 software package.[51]  

 

2.3.3 Molecular Dynamics Simulation 

The Amber10 program and amber03 force field were used for MD.[51] All missing 

hydrogen atoms of the protein were added using the LEaP module. First, all four FD-DvMF 

variant structures were minimized with 1000 steps of steepest decent minimization, followed by 

2000 steps of conjugate gradient minimization to remove the geometrical strain. Subsequently, 

the complexes were then solvated by 5760 TIP3P water molecules employing the periodic 

boundary extending to 10 Å from the complex. To neutralize the negative charges, 19 sodium 

counter ions were added to regions with the largest positive Coulombic potentials. Subsequently, 

3000 steps of conjugated gradient minimization were performed on the whole system. This 

minimized solvated system was then used as the starting structure for the subsequent MD 

simulations. The MD systems were set under the isobaric-isothermal ensemble (NPT) with a 

constant pressure and temperature of 1 atm and 300 K, respectively. The Berendsen algorithm 

was used in order to control the temperature. Electrostatic interaction was corrected by the 

particle mesh Ewald method. In order to relax the position of the water molecules, we performed 

MD simulations for 135 ps by fixing the solute structure. After that, we performed an equilibrium 

MD simulation for about 3 ns. In all the simulations, bonds involving hydrogen were constrained 
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by applying the SHAKE algorithm [52] and were carried out with a 2 fs time step. We observed 

that the systems were well equilibrated by temperature, total energy and root of mean square 

deviation (RMSD). We used MD data from 3 ns to 10 ns (net 7 ns) of the production run to 

investigate the time dependent characteristics of the WT and the three mutated FD-DvMF 

variants.  

 

2.3.4 MM-PBSA Free Energy Calculation 

The binding free energy ( 0G∆ ) between FMN and the protein moiety was computed 

using the MM-PBSA method.[52-54] Five hundred MD snapshots (14 ps time intervals for 7 ns) 

were used to calculate the MM-PBSA free energy, after sodium counter ions and water molecules 

were stripped off. The average binding free energy ( 0
bindG∆ ) was calculated from the average 

molecular mechanical gas-phase energies (ΔEMM), solvation free energies ( 0
solG∆ ) and entropy 

contributions (_TΔS), which were estimated from the normal-mode analysis of the binding 

reaction as detailed below in Eqs. 2.1 – 2.3: 

 
0 0
bind sol MMG G E T S∆ = ∆ + ∆ − ∆                                                          (2.1) 

intMM elec vdwE E E E∆ = ∆ + ∆ −∆                                             (2.2) 
0 0 0
sol pol nonpolG G G∆ = ∆ + ∆                                                                       (2.3) 

 

Here MME∆  is the molecular mechanics energy, which can be divided into the three parts of 

the electrostatic ( esE∆ ), van der Waals ( vdwE∆ ) and internal ( intE∆ ) energies. The internal 

energy was neglected here as usual. 0
solG∆  is the solvation free energy and TΔS is the product of 

temperature and entropy change. 0
solG∆  was obtained by the generalized Born approach. We used 

ε = 1 for the solute and ε = 80 for the solvent in the calculation of 0
solG∆ . The molsurf program 

was used to calculate the non-polar solvation free energy. 

 

2.3.5 Calculations of Decomposition Free Energy per Residue 

The individual contribution of the decomposition energies of amino acid residues in the 

10-loop (residues 10 - 16), 60-loop (residues 57 – 62) and 90-loop (residues 93 – 101) regions 



19 

 

were also studied using MM-PBSA calculations,[52-54] with the Amber10 software.[51] The 

coordinates of the atoms of 500 snapshots with 14 ps time intervals for 7.0 ns of the MD 

production run were used for the calculation of decomposition free energies per residue. The 

solvation free energy was estimated using polar and non-polar contributions according to Eq. 2.3. 

The molecular mechanic energy was calculated without cutoff for the evaluation of non-bonded 

interactions. The conformational entropies (T S∆ ) were also calculated.  

 

2.4. Results 

2.4.1 Evaluation of the quality of the predicted models 

The chemical structure and numbering of the FMN atoms is shown in Chart 1. Figure 2.1 

shows the three-dimensional structures of the WT, W59F, Y97F and DM variants of FD-DvMF 

as obtained by homology modeling. To assess the structural reliability of the WT and the three 

mutated FD-DvMF variants, Ramachadran plots were employed.[55-56] The results demonstrated 

that the backbone angles in all four FD-DvMF variants were in the allowed region (Figure S2.1, 

Supplemental Information of Chapter II). Using the web-based ProSA program, which is 

based on the energy of the structure using a distance based pair potential,[55-56] we found that 

the overall predicted structures have Z-scores (displayed in the context of all known protein 

structures by X-ray and NMR spectroscopy) of -7.99, -8.08 -8.02 and -8.00 for the WT, W59F, 

Y97F and DM, respectively, whilst that for the template (1J8Q) was only -7.94, as shown in 

Figures S2.2 and S3. Furthermore, we analyzed the compatibility of all amino acid residues with 

their environment using the Verify-3D approach from the same web server, where a score over 

0.2 is considered reliable.[56-57] It is of note that in Figure 2.2, all starting FD-DvMF variants 

are clearly properly folded with respect to the template and there are no residues with a negative 

score. 

Through these assessments of the quality of the modeled structure, we conclude that the 

predicted models are reliable enough to characterize and so we used them to further investigate 

the dynamic behavior and interaction between the FMN cofactor and FD-DvMF. 
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Figure 2.1 Three-dimensional structures of the four FD-DvMF variants at the FMN binding site, 

as predicted by homology modeling. 
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Figure 2.2 Comparison verifyed-3D analysis between the template and four predicted FD-DvMF 

variants. The compatibility of amino acids in their environments are indicated by the positive 

scores 

 

2.4.2 Comparison of Protein Structures Among the Four FD-DvMF 

Variants 

The mean center to center distances between Iso and Tyr97 were 5.4 Å  in the WT [58] 

and 5.5 Å in W59F, whilst between Iso and Trp59 they were 6.4 Å in the WT and 7.8 Å in 

Y97F.[59] The mean inter-planar angles between Iso and Tyr97 were 14 deg in WT and 18.6 deg 

in W59F, whilst between Iso and Trp59 they were -43 deg in the WT and 31.2 deg in Y97F.[59] 

These results suggest that the local structure of the WT FD-DvMF near the Iso binding site is 

quite different from that of the Y97F or W59F mutants. 

 

2.4.3 Accessibility of Water Molecules to FMN 

Figure 2.3 illustrates the protein surface at the FMN binding sites for all four FD-DvMF 

variants, with the focus being on the Iso moieties where the phosphate group was completely 

buried inside the proteins, but part of the ribityl and Iso groups were exposed to the water layer. 

The space of the ribityl-binding site in Y97F was quite narrow compared to the other three FD-

DvMF variants, and a part of ribityl group was buried inside the protein. The degree of exposure 

of FMN to the water layer was also illustrated in the space-filling model in Figure S2.4 

 

http://en.wikipedia.org/wiki/%C3%85ngstr%C3%B6m
http://en.wikipedia.org/wiki/%C3%85ngstr%C3%B6m
http://en.wikipedia.org/wiki/%C3%85ngstr%C3%B6m
http://en.wikipedia.org/wiki/%C3%85ngstr%C3%B6m
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(Supplemental Information of Chapter II), where it is apparent that FMN is buried the most in 

Y97F, followed by the WT, whilst in W59F and DM the FMN is exposed to the water layer. The 

agreement is that the number of water molecules in the first solvent layer in contact with FMN 

was highest in W59F, followed by DM, WT and lastly Y97F (Table 2.1). From examination of 

the second solvation layer (5 Å), it is apparent that whilst FMN is buried the most in Y97F, it is 

exposed to water the most in W59F. The buried structure of FMN in Y97F may be ascribed to H-

bond formation between Trp59 and Tyr99, as shown in Figure 2.1 and discussed below. 

 

  
  

  
Figure 2.3 Shape of the protein surface at the FMN binding site in the four FD-DvMF variants. It 

is apparent that the FMN binding site is rather small in the WT and Y97F, compared to that in the 

W59F and DM variants. 

http://en.wikipedia.org/wiki/%C3%85ngstr%C3%B6m
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Table 2.1 Number of water molecules in contact with FMN 

Solvation layer 
Amount of water molecules 

WT W59F Y97F  W59F-Y97F (DM) 

Firsta 18.5 23.6 17.4 20.5 

Secondb 40.8 47.3 37.6 41.6 

Number of water molecules in the a first layer (within 3.5 Å) and the bsecond layer (within 5 Å) 

from the FMN atoms.  

 

Figure 2.4 shows the radial distribution function (RDF) of the water molecules at the 

FMN binding site. No water molecule was found near N1, which may be ascribed to the presence 

of the bulky ribityl side chain at N10. The average number of water molecules located near N3 

was about 1.7 in WT, 1.1 in W59F, 1.5 in Y97F and 1.6 in DM. In W59F an average of about 

four water molecules were present at N5, and 0.7 at O2, but the presence of water molecules at 

N5 and O2 was negligible in the other FD-DvMF variants. At O4, 1.6 water molecules were 

present in W59F, 0.8 in Y97F and 1.2 in DM, but none were found in the WT. At the O2’ and 

O5’ phosphate oxygen atoms, very few water molecules existed, because these phosphate oxygen 

atoms formed H-bonds with the surrounding amino acid residues, as described later. However, 

about two water molecules were located at the O3’ and O4’ atoms in all four FD-DvMF variants. 

These results suggest that in W59F an appreciable amount of water molecules are located near to 

Iso, which is in accordance with the result of the number of water molecules accessible to FMN 

(Table 2.1), and also with the quite large space at the FMN binding site in W59F. 
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Figure 2.4 The RDF of the number of water molecules near FMN. The integrated number of water 

molecules is indicated in green for WT, red for W59F, deep blue for Y97F and light blue for DM. 

The number of water molecules seems complementary with the number of H-bonds between FMN 

and the nearby amino acids of FD-DvMF. 

 

2.4.5 Dynamic Properties of the four FD-DvMF variants 

Figure 2.5 shows the time-dependent changes in the RMSD [51] from the starting 

structures that were obtained by homology modeling. The RMSDs for all four FD-DvMF variants 

were well equilibrated after 3 ns of simulation time, and the mean RMSDs of the entire protein 

were all similar (Table 2.1). However, the RMSD of the backbone region was highest in W59F 

and lowest in WT, whilst the RMSD of FMN was also lowest in WT but highest in the DM (see 

Table 2.2), perhaps due to the increased motional freedom of FMN following replacement of both 

the bulky Trp and Tyr with the smaller Phe. Figure 2.6 shows the RMSF for the four FD-DvMF 

variants, whilst the peptide chains with low and high RMSF values are summarized in Table 2.3. 

The RMSF values were low in the amino acid residues around Trp16, Gly60, Cys92, Cys101 and 

Lys124 in the WT, around Ser9, Ala37, Gly60, Cys92 and Cys101 in W59F, around Gly55, 
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Ala88, Pro103 and Lys124 in Y97F, and around Gly8, Gly55 and Cys92 in the DM. The protein 

structures should be rigid at these amino acid residues. The values of RMSD were high in the 

amino acid residues around Val3, Ala42, Ala82 and Gly115 in the WT, around Asn2, Glu27, 

Arg49, Gly83, Gly116 and Asp134 in W59F, and around Asn2, Thr11, Gly44, Arg49, Gly115, 

Gly127 and Asp128 in Y97F, and around Gly22, Glu27, Gly85, Leu114 and Arg130 in DM. The 

protein structures should be flexible at these amino acid residues. 

 

 
Figure 2.5 Time-dependent changes in the RMSD of the four FD-DvMF variants. Black lines 

indicated that for the entire FD-DvMF, green lines the peptide backbone and blue lines the FMN 

molecule.  

 
Figure 2.6 The RMSF for the four FD-DvMF variants.  
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Table 2.2 The mean RMSD of the four FD-DvMF variantsa  

Protein part WT W59F Y97F W59F-Y97F 

Entire protein 2.28 + 0.08 2.32 + 0.10 2.28 + 0.07 2.30 + 0.06 

Backbone 1.26 + 0.10 1.45 + 0.11 1.41 + 0.08 1.34 + 0.09 

FMN 0.68 + 0.12 0.87 +0.19 0.78 +0.13 0.91 + 0.09 
aThe mean was taken over 7 ns of production time with 14 time intervals. Means within a row or a 

column followed by a different letter are significantly different (P<0.05). 

 

Figure 2.7 illustrates the location of the rigid (in blue) and flexible (in red) parts of the 

structures of the four FD-DvMF variants. In the WT, the 10-loop, 60-loop and part of 90-loop 

regions were rigid, whilst regions A, B and C were flexible. In W59F, the rigid part of the 10-loop 

domain is reduced and instead region E became rigid and region D became flexible, in addition to 

regions A, B and C being flexible. In Y97F, the entire 10-loop region is flexible, whilst the 

flexible region in region C is reduced. In the DM variant, the 10-loop region was neither rigid nor 

flexible. Instead, most parts of regions C and D were flexible. Thus, even though only one or two 

amino acid residues (Trp59 and / or Tyr97) were replaced with Phe, the dynamic properties of the 

whole FD-DvMF protein were remarkably modified in the mutant variants and especially the 

DM.  
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Figure 2.7 Comparison of the rigid (blue) and flexible (red) parts among the four FD-DvMF 

variants. The rigid and flexible parts were determined by taking an average over 7 ns.  

 

Table 2.3 Comparison of the amino acid residues with a low and a high RMSF value among the 

four FD-DvMF variantsa 

FD-DvMF 

variant 
Rigid part Flexible part 

WT 

Thr14-Ala15-Trp16-Val17 Ala1-Asn2-Val3-Leu4-Ile5 

Thr58-Trp59-Gly60-Asp61 Val40-Glu41-Ala42-Glu43-Gly44 

Phe90-Gly91-Cys92-Gly93 Thr80-Gly81-Ala82-Gly83-Lys84 

Tyr99-Phe100-Cys101-Gly102 Ser112-Gly113-Leu114-Gly115- 

Ala116-Asp117 

Ser122-Leu123-Lys124-Ils125  

W59F 

Val6-Tyr7-Gly8-Ser9-Thr10-Thr11 Ala1-Asn2-Val3 

Arg35-Asp36-Ala37-Gly38-Gln39 Ile25-Ala26-Glu27-Ala28-Gly29 

Thr58-Phe59-Gly60-Asp69-Phe70 Glu47-Gly48-Arg49-Asp50-Leu51 

Phe90-Gly91-Cys92-Gly93 Gly81-Ala82-Gly83-Lys84-Gly85 

Tyr99-Phe100-Cys101-Gly192 Ser112-Gly116 

Asp134-Asp135 

Y97F Leu53-Phe54-Gly55-Cys56-Ser57  Ala1-Asn2-Val3 
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Glu65-Leu66-Ala88-Cys89-Phe90 Thr10-Thr11-Gly12 

Cys101-Gly102-Pro103-Val104- Asp105-Ala106 Ala42-Glu43-Gly44-Leu45-Cys46 

Ser122-Leu123-Lys124-Ile125 Glu47-Gly48-Arg49-Asp50 

 Gly113-Leu114-Gly115- Ala116 

 Asp126-Gly127-Asp128-Pro129 

DM 

Val6-Tyr7-Gly8-Ser9 Ala1-Asn2-Gly22-Arg23-Asp24 

Leu53-Phe54-Gly55-Cys56-Ser57-Thr58-Phe59 Ile25-Ala26-Glu27-Ala28-Gly29 

Phe90- Gly91-Cys92-Gly93-Asp94 Gly83-Lys84-Gly85-Arg86 

 Ser112-Gly113-Leu114-Gly115 

 Asp128-Pro129-Arg130-Thr131 
aRigid and flexible parts were selected by RMSF values of less than 7 Å and more than 10 Å, 

respectively. Those that fall in between are defined as neither rigid nor flexible. 

 

2.4.6 Hydrogen Bonding Dynamics 

The criteria for real H-bond formation may require (i) a bond angle of X-H···Y greater 

than 120º, (ii) the distance between the heavy atoms of the donor and acceptor to be less than 3.5 

Å and (iii) H-bond energies that vary from a few kcal mol-1 to tens of kcal mol-1, depending on the 

donor and acceptor.[60] In this work, the energetic aspect, however, will be neglected because the 

calculation time required to obtain it is logistically too consuming and the other two criteria have 

previously been shown to be sufficient to successfully to evaluate the important H-bond 

interactions.[55-56, 61-62] Figure 2.8 shows the H-bond dynamics between Tyr99OH and Trp59 

(Op), which clearly satisfied both criteria for likely H-bond formation. A H-bond between the 

Tyr99OH and the Trp59 peptide O was found in Y97F, but not in the other three FD-DvMF 

variants, as described later. Because of this H-bond the position of Tyr99 shifted towards Trp59 

in Y97F. Trp59 is located in loop-60 and Tyr99 in loop-90, with FMN sandwiched between these 

loops. Accordingly, the space between both loops became narrower in Y97F than those in the 

other three FD-DvMF variants, as stated earlier. 
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Figure 2.8 H-bond distance between the Tyr99OH and Trp59 peptide O in the four FD-DvMF 

variants. The distances between the H atom of the Tyr99OH and the Trp59 peptide O are shown.  

 

The percent occupancies of the potential H-bonds between FMN and the surrounding 

amino acid residues are listed in Table 2.4. The two criteria for likely H-bond formation (see 

above) were also satisfied here. Within the 10-loop region of all four FD-DvMF variants, H-

bonds were formed between Ser9OH with O3P, Thr10NH(p) with O1P, Thr11OH with O2P, 

Thr11NH(p) with O2P and O1P, Gly12NH(p) with O2P, Asn13NH(p) with O2P, Thr14OH with O3P 

and Thr14NH(p) with O3P. For the other H-bond pairs, only Ser57OH with O5’ and O3P at the 60-

loop region was found in all four FD-DvMF variants. For W59F, no H-bond was formed in the 

90-loop region, whilst Ser9, Thr10, Thr11, Gly12 and Asn13 (10-loop) located near the 

phosphate, Asn13, Thr14, Ser57 and Thr58 (10-loop and 60-loop) located near the ribityl chain, 

and Gly60, Asp61, Asp94 and Tyr99 (60-loop and 90-loop) located near the Iso ring. Thus, the 

replacement of Trp (W59F), Tyr (Y97F) or both of them (DM) by Phe remarkably modified the 

H-bond pairs between FMN and the nearby amino acid residues. 
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Table 2.4 The percent occupation of the H-bond between FMN and surrounding amino acidsa 

Loop Residue 
Atom in 

amino acidb 

Atom in 

FMNc 

Occupancy (%) 

WT W59F Y97F DM 

10-loop Ser9 OG-HG O2P 97.6 72.0 85.8 -- 

Ser9 OG-HG O3P 100.0 99.5 100.0 88.1 

Ser9 OG-HG O1P --   -- 63.1 93.4 

Thr10 OG1-HG1 O1P 97.3 99.9 87.9 -- 

Thr10 N-H (p) O2P 98.8 69.5 71.7 -- 

Thr10 N-H (p) O1P 99.9 100.0 100.0 99.9 

Thr10 N-H (p) O3P 89.1 --  75.7 -- 

Thr10 OG1-HG1 O2P --  51.8 -- -- 

Thr11 OG1-HG1 O5’ 58.3  -- -- 78.4 

Thr11 OG1- HG1 O2P 100.0 95.3 96.7 98.0 

Thr11 OG1-HG1 O1P  -- --  69.2 55.3 

Thr11 N-H (p) O2P 100.0 99.9 99.9 99.1 

Thr11 N- H (p) O1P 75.8 92.8 99.6 94.4 

Gly12 N-H (p) O2P 99.8 95.3 95.9 91.7 

Gly12 N-H (p) O1P  --  --  -- 84.4 

Asn13 N-H (p) O2P 99.4 95.3 100.0 100.0 

Asn13 N-H (p) O3P  -- 79.3 77.8 86.7 

Asn13 N-H (p) O1P --   -- --  77.1 

Asn13 ND2-HD22 O5’ --  86.9 97.0 -- 

Asn13 ND2-HD22 O2P --  84.5 99.7 60.5 

Thr14 OG1-HG1 O3P 100.0 94.7 100.0 100.0 

Thr14 N-H (p) O3P 100.0 99.3 100.0 100.0 

Thr14 OG1-HG1 O5’  --  -- 52.9 -- 

60-loop Ser57 OG-HG O5’ 54.2 54.6 71.3 53.5 

Ser57 OG-HG O1P 100.0 100.0 99.8 -- 

Ser57 OG-HG O3P 87.0 71.4 76.3 51.4 

Thr58 N-H (p) O2’ 83.7  -- 63.7 99.0 
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Thr58 O (p) O2’H 100.0  -- 98.4 99.9 

Trp59 NE1-HE1 O1P 74.8  -- -- -- 

Gly60 O (p) N3H --  77.57 -- -- 

Gly60 N-H (p) O4 --   -- -- 62.6 

Asp61 N-H (p) O4 92.4  -- 83.1 -- 

Asp61 N-H (p) N5 83.3  -- 87.1 -- 

90-loop Asp94 N-H (p) N1 95.2  -- 98.0 96.8 

 Asp94 N-H (p) O2 100.0  --  100.0 100.0 

Tyr99 O (p) N3H 77.9  --  100.0 100.0 
aData were obtained by Amber10.[51]  
bAtomic notations are given in a PDB file. p in parentheses denotes peptide. 
cAtomic notations are as given in Chart 1. 

 

Figure 2.9 shows the distribution of the donor proton and acceptor distance. In all four 

FD-DvMF variants, the H-bonds mostly occurred between amino acid residues in the 10-loop 

region and the phosphate group, with those involving Ser9, Thr11, Thr14 and Ser57 being the 

strongest in the WT, and then followed by Y97F, DM and W59F (in decreasing order), as judged 

from the number of H-bonds.  
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Figure 2.9 Comparison of the distance distribution with hundred percent occupations among the four FD-

DvMF variants.  The distances between the H atoms and the proton acceptors are shown here. The proton 

donor-acceptor pair satisfies the two criteria for H-bond formation of (i) the bond angle > 120 º and (ii) the 

donor-acceptor heavy atoms < 3.5 Å. 

 

2.4.7 Decomposition free energy per residue at FMN Binding Site 

The decomposition free energy per amino acid residue is defined as the stabilized energy 

upon the binding of the amino acid to a protein. If these amino acid residues are located near the 

FMN binding site, then their decomposition free energy per residue should be influenced by the 

interaction between FMN and the amino acid residues. FMN was surrounded by the 10-loop,              

60-loop and 90-loop regions (see Figure 2.7), and the decomposition free energies per residue at 

these three regions are shown in Figure 2.10, whilst the mean decomposition free energies per 

residue of the four FD-DvMF variants are summarized in Table 2.5. At the 10-loop region, the 

highest decomposition free energy was found in Y97F followed by W59F, DM and lastly the WT. 

At the 60-loop region, the decomposition free energies were considerably lower than those at the 

10-loop region, and the order was also somewhat changed, being (highest to lowest) WT > Y97F 

> DM > W59F. Finally, the 90-loop region had the lowest decomposition free energies of all 

three loops and was ordered differently again as Y97F > DM > WT > W59F. It is evident that the 

10-loop region has the greatest decomposition free energy per residue among the three loops, 

although the order of the magnitude of the energy was different between the three loop regions.  
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Figure 2.10 Decomposition free energy of amino acids at the FMN binding site. The energies are 

shown with green bars for WT, red bars for W59F, deep blue bars for Y97F and light blue bars 

for DM. 

2.4.8 Free Energy of FMN Binding 

The free energy changes upon the binding of FMN to the proteins are shown in Table 

2.6. They consist of the molecular mechanical gas-phase energies (ΔEMM) and the solvation free 

energy ( 0
solG∆ ), in addition to the entropy term (T S∆ ), as shown by Eq. 2.1. The average of 

these quantities is listed in Table 2.6, taken over 7 ns with a time interval of 14 ps. The total 

enthalpy energy ( Tot AV
E∆ ), derived as follows Tot AV

E∆ = elec AV
E∆ + vdw AV

E∆  

+ solv AV
E∆ , was -22.07 kcal / mol in WT, -18.92 kcal / mol in W59F, -22.97 kcal / mol in Y97F 

and -18.0 kcal / mol in DM. The mean was -20.49 kcal / mol. The electrostatic energies were all 

positive, but all the other enthalpy changes and entropy terms were negative. The negative value 

solvation energies contributed the most to the negative binding free energies of FMN in all four 

FD-DvMF variants. The order of the magnitude of the binding free energy was Y97F > WT > 

W59F> DM, which was the same as that observed with the decomposition free energy per 

residue.  
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Table 2.5 Decomposition free energy per residue in the four FD-DvMF variantsa 

Energy WT W59F Y97F DM 

10-loopb -8.54 + 3.70 -9.25 + 4.47 -9.30 + 5.00 -8.60 + 4.51 

60-loopc -3.45 + 2.28 -1.74 + 1.90 -2.86 + 2.08 -2.00 + 1.87 

90-loopd -1.39 + 1.41 -1.05 + 1.34 -1.53 + 1.48 -1.42 + 1.38 

Total -13.38 + 2.92 -12.04 + 2.71 -13.69 + 5.61 -12.02 + 5.07 
aEnergy is expressed in units of kcal / mol. 

The b10-loop, c60-loop and d 90-loop regions consist of amino acid residues 9 - 15, 56 - 61 and 92 

- 100, respectively. 

Data are shown as the mean + 1 SD. Means within a row or a column followed by a different 

letter are significantly different (P<0.05). 

 

Table 2.6 Binding free energy of FMNa 

 WT W59F Y97F  DM 

elec AV
E∆ b  229.5 + 16.2 231.9 + 22.8 235.3 + 15.8 230.6 + 25.0 

vdw AV
E∆ c  -43.0 + 5.0 -28.7 + 5.7 -41.6 + 4.7 -36.6 + 5.4 

MM AV
E∆ d 186.6 + 15.6 203.3 + 21.2 193.5 + 14.9 194.1 + 23.8 

0
nonpol AV

G∆  -5.25 + 0.11 -4.70 + 0.22 -5.26 + 0.09 -4.97 + 0.11 
0
pol AV

G∆   -273.7 + 11.7 -277.7 + 16.43 -284.3 + 12.5 -264.5 + 16.9 
0
sol AV

G∆ e -279.0 + 11.7 -282.4 + 16.43 -289.6 + 12.5 -269.5 + 16.9 

AV
T S∆ f -28.0 + 15.4 -25.4 + 15.5 -28.7 + 16.0 -26.8 + 15.3 

0
bindG∆ g -64.4 + 17.9 -53.8 + 18.1 -67.5 + 18.0 -48.5 + 18.4 
h
calKd  1.2 x 10-38 8.1 x 10-31 8.4 x 10-41 6.63 x 10-27 

aThe method of the calculation is as described in the MM-PBSA free energy calculation section of 

methods of analyses in text. The energies were obtained by taking average over 7 ns with 14 ps 

time intervals, and are shown as the mean + 1 SD. Energy is expressed in units of kcal / mol. 
bElectrostatic energy between all atoms in FMN and all other atoms in the FD protein. 
cVan der Waals interaction energy. 
dMolecular mechanics energy calculated by Eq. 2.2. 
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e
Solvation free energy calculated by Eq. 2.3. 

fT = 298 K. See calculation of decomposition energy of amino acids section of methods of 

analyses for the calculation of entropy change in text. 
g The binding free energy was calculated by Eq. 2.1 in the text. 

h 0 ln( )∆ =bind calG RT Kd , where the units of calKd  are in nM. 

 

2.4.9 The contribution of the total binding energies 

Finally, since the binding free energy of FMN relates to the dissociation constant of 

FMN, then the experimentally derived dissociation constants ( dK ) and binding free energies 

( 0
ExpG∆ ) of FMN, RF and lumiflavin in the FD from Anabaena (Table 2.7) were compared with 

the herein theoretically derived values for FD-DvMF.  For Anabaena, the mean values of 0
ExpG∆  

are -10.8 kcal / mol for FMN, -5.82 kcal / mol for RF and -5.05 kcal / mol for lumiflavin. The 

contribution of the phosphate group to 0
ExpG∆  may be obtained by 0

ExpG∆   (FMN) - 0
ExpG∆  (RF), 

which yields a value of - 4.98 kcal / mol (46%), and that for the ribityl group by 0
ExpG∆  (RF) - 

0
ExpG∆  (lumiflavin), yielding - 0.77 kcal / mol (7%). Thus, the contribution of the isoalloxazine 

ring to 0
ExpG∆  may be 47%. These values for the FD from Anabaena agree well with the 

theoretical values for the FD-DvMF variants, where from the decomposition of free energy per 

residue (Table 2.5), in a similar manner, the contribution was evaluated as being 64% from the 

10-loop region (mostly interacts with the phosphate group), 10% from the 90-loop region (mostly 

interacts with the ribityl group), and 26% from the isoalloxazine ring. Therefore, the calculated 

contributions of all three parts of FMN to the total binding free energies were in qualitatively 

good accordance with the experimental contributions. 
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Table 2.7 Experimental binding free energy of flavin in FD-DvMF 

FD source Ligand dK  0
ExpG∆ c(kcal / mol) 

Anabaena 

PCC7119a 

WT FMN 0.26+0.06 -13.1+0.1 

Y94F  1.04+0.15 -12.3+0.1 

W57F  8.33+0.49 -11.02+0.03 

Anabaena 

PCC7119b 

WT Riboflavin 3.15+0.8 -6.14+0.01 

Y94F  180.7+1.0 -5.11+0.01 

W57F  22.9+1.2 -6.33+0.03 

WT Lumiflavin 189.7 +1.8 -5.05+0.01 

Data are obtained from Ref.[63]. 
a Dissociation equilibrium constant of the ligands in unit of nM. 
b Dissociation equilibrium constant of the ligands in unit of µ M. 
c Experimentally determined by binding free energy of the ligands, according to the equation, 

0 ln( )Exp dG RT K∆ = . 

 

2.5 DISCUSSION 

Protein structures of the WT, W59F, Y97F and DM FD-DvMF variants were first 

predicted by homology modeling, the optimal models selected using DOPE analysis and then 

checked by ProSA and Verify-SD software. Then the dynamic properties of these systems were 

studied by MD simulation. Bound FMN in all four FD-DvMF variants was surrounded by the 10-

loop, 60-loop and 90-loop regions, and sandwiched by the 60-loop and 90-loop regions. Only in 

the Y97F variant were Trp59 in 60-loop region and Tyr99 in the 90-loop region found to form H-

bonds. The superimposition of the whole protein of all variants showed slight differences at the 

FMN binding site, and these can be classified into two groups. The first group is comprised of 

that found with the WT and the W59F and Y97F variants, and the second group is that found with 

the DM. In the DM variant, the conformations of the negatively charged amino acids at the 

binding site, Asp61 and Asp62, are shifted closer to Tyr99 than in the other variants (Figure S2.5, 

Supplemental Information of Chapter II), leading to a blocking of the ability of Tyr99 to rotate 

to form a H-bond with the amino acid at position 59. This different conformation, with respect to 

that seen in the WT (group 1) might be due to the high hydrophobicity of Phe resulting in the 
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cooperative stacking form of the three components (Phe59 – Iso – Phe97). Note here that Phe has 

a hydrophobicity value of 100, while Tyr is 63 and glycine is 0. The backbone of these negatively 

charged amino acid residues of all variants except for the DM are located slightly distal to the 

Tyr99 residue. Therefore, more space is allowed for the Tyr99 residue of the Y97F variant to 

rotate and form such a H-bond, as indicated by the dark blue arrow in Figure S2.5 (Supplemental 

Information of Chapter II). However, we could not observe this behavior in the case of the WT 

and W59F variants, perhaps due to the larger van der Waal’s radius of Tyr97. We propose that the 

larger van der Waal’s radius of Tyr97 in the WT and W59F mutant sterically affects the 

movement of Tyr99, whilst the smaller van der Waal’s radius of Phe97 in the Y97F mutant FD is 

less sterically hindering. 

The binding affinity of FMN was qualitatively studied in azoreductase from 

Enterococcus faecalis with an index of drugscore.[46] Zhou et al.[47] calculated the 

decomposition free energy per residue of FMN (4.35 kcal / mol) as one of the amino acid residues 

in chorismate synthase from Shigella flexneri. In the four FD-DvMF variants studied here the 

decomposition free energy per residue of FMN were significantly higher at 18.0, 17.7, 16.6 and 

13.6 kcal / mol in the DM, WT, W59F and Y97F variants, respectively. 

In the present work, we first systematically investigated the molecular interactions of 

FMN with the protein parts in the four FD-DvMF variants, by means of MM-PBSA. The order of 

both the decomposition free energy per residue and the binding free energy of FMN were Y97F > 

WT > W59F > DM. The decomposition free energy per residue equates to the stabilization energy 

upon the binding of an amino acid into a loop, and was by far the highest in the 10-loop region. 

Thus, the amino acid residues of the 10-loop region of FD-DvMF interact with FMN the strongest 

of the three loops. H-bond formation between the phosphate oxygen atoms and the amino acid 

residues in the 10-loop region could contribute to the higher interaction level with the 10-loop 

region. Accordingly, it is reasonable that the decomposition free energy per residue was parallel 

to the binding free energy of FMN among the four systems (compare the data in Tables 2.5 and 

2.6). That the greatest binding free energy of FMN was seen with Y97F may be ascribed to the H-

bond formation between the Trp59 of the 60-loop region and the Tyr99 of the 90-loop region, 

which then causes FMN to be buried the most into the protein among the four systems. H-bond 

energies may also contribute to the binding free energy of FMN.  
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The order of the numbers of water molecules accessible to FMN was W59F > DM > WT 

> Y97F, which does not correlate well with that for solv AV
E∆  at Y97F > W59F > WT > DM, 

suggesting that water molecules near FMN and outside the protein do not contribute very much to 

the solvation energy. 

Indeed, from the published experimental dissociation constants ( dK ) and binding free 

energies ( 0
ExpG∆ ) of FMN, RF and lumiflavin in the FDs from the related Anabaena PCC7119 

(Table 2.7), the contribution of the phosphate group (46%) and isoalloxazine ring (47%) were the 

most significant factors, while the ribityl group contributed some 7%, which is in broad accord 

with that theoretically evaluated for FD-DvMF and presented here (Table 2.5). Our results reveal 

a contribution of 64% from the 10-loop region (mostly interacts with the phosphate group), 10% 

from the 90-loop region (mostly interacts with the ribityl group), and 26% from the isoalloxazine 

ring. The experimental binding free energy, between FMN and apo-FD, of the corresponding 

mutated variants has not been determined yet. However, our results are consistent with the 

published data of the FD from Anabaena PCC7119 (Table 2.7), where the mutated FDs show a 

higher binding free energy or likelihood to dissociate than the WT one.[63]  

Ultrafast fluorescence dynamics of the four FD-DvMF variants have been investigated by 

means of an up-conversion method.[6] The fluorescence lifetimes of WT were shortest, because 

the photoinduced electron transfer takes place both from Trp59 and Tyr97 to the excited Iso. 

Quantitative analysis of the photoinduced electron transfer has not been performed, because the 

protein structures were not known. The results of the present work could enable us to 

quantitatively analyze the photoinduced electron transfer in FD-DvMF [58] as FMN binding 

proteins[18, 64-65] and AppAs,[66-67] with the observed ultrafast fluorescence dynamics of four 

FD-DvMFsystems.[6] 
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3.1 ABSTRACT 

 Flavodoxin (FD) from Desulfovibrio vulgaris, strain Miyazaki F., is a small flavoprotein 

that is considered to function in the transport of electrons between proteins. The observed 

fluorescence dynamics of FD revealed two lifetime components, a major (0.92) component at 

0.158 ps and a minor (0.08) one at longer than 500 ps. Photoinduced electron transfer (ET) from 

Trp59 and/or Tyr97 to the excited isoalloxazine (Iso*) in FD were analyzed with atomic 

coordinates determined by molecular dynamic simulations (MD), the Kakitani and Mataga ET 

theory and the observed fluorescence dynamics with and without the minor longer decay 

component. The observed fluorescence decay with its long tail was not satisfactorily reproduced 

by the present method. We interpreted the longer lifetime component to be free flavin 

mononucleotide (FMN) liberated from the protein. The ET rate was faster from Trp59 to Iso* 

than that from Tyr97 to Iso*, despite the fact that the donor-acceptor distance was shorter in 

Tyr97 – Iso* (mean 0.54 nm) than in Trp59 – Iso* (mean 0.64 nm), as elucidated by means of 

electrostatic (ES) energy. Interactions in the Trp59 - Iso* - Tyr97 system were quantum 

chemically studied using the conformations extracted from 46 MD snapshots at 40 ps time 

intervals with a PM6 semi-empirical molecular orbital (MO) method of the conformations. Dipole 

moments of the systems were mostly much greater than that of Iso* alone, and its directions were 

from Iso* to Trp59. MO analyses revealed that charge transfer takes place mostly from Trp59 to 

Iso*, which is in accordance with the ET analysis. Correlations between interaction energies and 

charge density were also examined. Absolute value of the energy increased with amount of the 

charge transferred. 

 

3.2 INTRODUCTION 

 Flavoproteins play an important role in oxidation-reduction reactions in all living 

organisms as mammals, plants and microorganisms.[68] Some flavoproteins function as 

photoreceptors.[69-72] Photoinduced electron transfer (ET) in these flavin photoreceptors is the 

first step of their functions. Various electron transfer theories have been modeled for bulk 

solutions.[16, 73-75] However, it is not clear whether these theories are applicable to ET in 

proteins. It has been difficult to quantitatively analyze ET in proteins, because the 

microenvironment around the ET donor and acceptor are heterogeneous, and ET theories in 
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proteins contain several unknown parameters. We have quantitatively analyzed ET in 

flavoproteins, from their time-resolved fluorescence and molecular dynamic simulations (MD) 

with an ET theory.[18, 64, 66-67]  

Flavodoxins (FD) are a group of small flavoproteins with a molecular weight of 15-23 

kDa, that have been isolated from a variety of microorganisms. Flavodoxins are considered to 

function as electron transport proteins in various metabolic pathways.[22-23, 76] They contain a 

single molecule of non covalent-bound flavin mononucleotide (FMN) as the reaction center. The 

FD from Desulfobivrio vulgaris, strain Miyazaki F., was first characterized by Kitamura et al.[4] 

Revealing that the dissociation constant of FMN from FD was 0.38 nM, and its redox potentials 

were E1 = -434 mV for the oxidized-semiquinone reaction and E2 = -151 mV for the 

semiquinone-2-electron reduced reaction. 

The three dimensional structure of FD has not been experimentally determined yet, so we 

obtained the potential structure of the FD by means of homology modeling method (unpublished 

work). According to this structure, the FD isoalloxazine ring (Iso) is sandwiched by the Tyr97 

and Trp59 residue, which is reassuringly similar to that reported for the FD from Desulfovibrio 

vulgaris, Hildenborough.[35]  

The fluorescence dynamics of wild type (WT), Y97F (Tyr97 is replaced by Phe), W59F 

(Trp59 is replaced by Phe), and the double mutants W59F-Y97F (DM) were measured in the sub-

picoseconds time domain by means of the fluorescence up-conversion method by Mataga et al.[6] 

These ultra-short lifetimes are considered to have been induced by ET from the aromatic amino 

acids to the excited isoalloxazine (Iso*).[25, 27-28, 77] The observed fluorescence dynamics of 

the WT FD contains two lifetime components, 0.158 ps (0.92) and longer than 500 ps (0.08). The 

longer lifetime component was interpreted as being due to FMN liberated from the FD,[32-33] 

even though the dissociation constant is very low (0.38 nM).[4]  

It is required to establish a method to analyze ET mechanism in proteins. To contribute to 

it, we have investigated ET mechanism in FD from the fluorescence dynamics and also charge 

transfer interaction in Trp59 - Iso* - Tyr97 systems with a semi-empirical molecular orbital 

method (MO). 
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3.3 METHOD 

3.3.1 Homology modeling and MD calculation 

The three dimensional structure of FD has not yet been determined by X-ray diffraction 

method or NMR spectroscopy. Therefore, we deduced its likely structure by means of homology 

modeling [44] using the Modeller module of the Discovery Studio 2.0 (Website, 

http://www.discoverystudios.com). MD calculations were performed using the Amber 10 

software package,[51] as described elsewhere.[18, 64, 66-67] In addition, a total of 5760 water 

molecules were added to complete the system.  

 

3.3.2 ET theory 

The original Marcus ET theory [73] has been modified in the various ways.[16, 74-75] In 

the present analysis the Kakitani and Mataga (KM) theory [16] was used, because it has given 

satisfactory results for static ET analyses in several flavoproteins,[32-33] and dynamic ET 

analyses in FMN-bp [18, 66] and AppA.[66-67] The ET rate as described by KM theory [16] is 

expressed by Eq. 3.1. 
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             (3.1) 

 

where j
ETk  is the ET rate from a donor j to Iso*, and the index q denotes Trp or Tyr. 0

qν  

is an adiabatic frequency, qβ  ET process coefficient. jR  and 0
qR  are the donor j–Iso distance 

and its critical distance for the ET process, respectively. jR  was expressed as a center-to-center 

(Rc) distance rather than an edge-to-edge distance.[18, 32-33, 64, 66-67] The ET process is 

adiabatic when jR < 0
qR , and non-adiabatic when jR > 0

qR . The terms Bk , T and e  are the 

Boltzmann constant, temperature and electron charge, respectively. jES  is the electrostatic (ES) 

energy, which is described in Eq. 3.5 below. 

The solvent reorganization energy ( qj
Sλ ) is [73] of the ET donor q and j, is expressed as Eq. 

3.2. 
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2

0

1 1 1 1 1
2 2

qj
S

Iso q j

e
a a R

λ
ε ε∞

  
= + − −     

                                                   (3.2) 

 

where Isoa  and qa  are the radii of Iso and Trp or Tyr when these reactants are assumed 

to be spherical, and ε∞  and 0ε  are the optical and static dielectric constants, respectively. The 

optical dielectric constant used in this study was 2.0. The radii of Iso, Trp and Tyr were 

determined as before,[18, 32-33, 64, 66-67] with the value of Isoa , Trpa  and Tyra  being 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 shown in Eq. 3.3. 

 
0 0q
q IP IsoG E G∆ = −                                                                     (3.3) 

 
0
IsoG  is the standard Gibbs energy related to electron affinity of Iso*. The values of q

IPE  

for Trp and Tyr were 7.2 eV and 8.0 eV, respectively.[78]  

 

3.3.3 Electrostatic Energy in the Protein 

Protein systems contain many ionic groups, which may have an influence upon the ET 

rate. FD contains Iso as the ET acceptor and the potential ET donors as Trp16, Trp59, Tyr97 and 

Tyr99. In term of charged residues, FD has 12 Glus, 15 Asps, 2 Lyss, 8 Args amino acid residues 

plus two negative charges at the FMN phosphate. The ES energy between the Iso anion or donor 

cation and these ionic groups in the protein is expressed by Eq. 3.4. 

 
12 15

1 10 0

( )
( ) ( )
j Glu j Asp

i ij j

C C C C
E j

R Glu i R Asp iε ε= =

⋅ ⋅
= +

− −∑ ∑  

2 8 2

1 1 10 0 0( ) ( ) ( )
j Lys j Arg j P

i i ij j j

C C C C C C
R Lys i R Arg i R P iε ε ε= = =

⋅ ⋅ ⋅
+ + +

− − −∑ ∑ ∑                          (3.4) 

 

The values of j = 0 for the Iso anion, and j = 1 for Trp16+, j = 2 for Trp59+, j = 3 for 

Tyr97+ and j = 4 for Tyr99+. jC  is charge of the aromatic ionic species j, and is equal to -e  for j = 

0 and +e for j = 1 to 4. Thus, GluC (= - e), AspC (= - e), LysC (= + e), ArgC (= + e) and PC (= - e) 
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are the charges of Glu, Asp, Lys, Arg and phosphate anions, respectively. We 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 – 12) are denoted as ( )jR Glu i− , while that between the aromatic ionic species 

j and the i-th Asp (i = 1 – 15) are denoted as ( )jR Asp i− , and so on. 

   jES  in Eq. 3.5 was expressed as follows: 

 

(0) ( )jES E E j= +                                                                                                     (3.5) 

 

Here j has values from 1 to 4, and represents the jth ET donor as described above. 

 

3.3.4 Fluorescence Decays 

The observed fluorescence decay of FD has been reported by Mataga et al.,[6] and we 

used two kind decays as the observed fluorescence decay. The first one is derived from the 

experimentally observed decay and is evaluated as shown in Eq. 3.6.                       

 

( ) 0.92exp( / 0.158) 0.08exp( / 500)obsF t t t= − + −                                               (3.6) 

 

where the lifetimes are indicated in unit of ps.  

However, the decay was also alternatively evaluated as shown in Eq. 3.7, where the 

minor component with a lifetime of greater than 500 ps was neglected, since this was interpreted 

as being due to free FMN dissociated from the protein.[32-33]  

 

( ) exp( / 0.158)obsF t t= −                                                                                        (3.7) 

 

The calculated fluorescence decay is expressed as Eq. 3.8. 

 

 
4

1
( ) exp ( ')j

calc ET
j AV

F t k t t
=

 
= −  

 
∑                                                                     (3.8) 

 



45 

 

Fluorescence decays were calculated up to 2 ps with time intervals of 0.002 ps, since the 

decay was measured in this time range.[6] Note that ...
AV

 means the averaging procedure of the 

exponential function in Eq. 3.8 over 't  up to 2 ns with 0.1 ps time intervals. In addition,                 

Eq. 3.8 assumes that the decay function at every instant of time, t’, during the MD time range can 

be always expressed by the exponential function. The present method is mathematically 

equivalent to the one by Henry and Hochstrasser,[34] when the time range (2 ns) of MD data is 

much longer than one (2 ps) of fluorescence data, as described in the Supplemental Information 

of Chapter III. 

   The unknown ET parameters ( 0
qν , qβ , and 0

qR   for Trp and Tyr, 0
IsoG  and 0ε  ) contained in 

the KM theory were determined so as to obtain the minimum value of 2χ , defined by Eq. 3.9, by 

means of a non-linear least squares method, according to the Marquardt algorithm, as previously 

reported.[18, 64, 66] These were then used to obtain the minimum value of 2χ , as defined by                  

Eq. 3.9. 

 

   
{ }2

2

1

( ) ( )1
( )

N
calc i obs i

i calc i

F t F t
N F t

χ
=

−
= ∑                                                      (3.9) 

 

Here, N denotes number of time intervals of the fluorescence decay, and was 1000. 

Deviation between the observed and calculated intensities was expressed by Eq. 3.10. 

   

 
{ }( ) ( )

( )
( )

calc i obs i
i

calc i

F t F t
Deviation t

F t

−
=                                                    (3.10) 

 

3.3.5 Quantum chemical calculation 

Dipole moments of the Trp59-Iso*-Tyr97 systems, of which configurations were 

extracted from the MD simulations. MO calculations were performed by a semi-empirical (PM6 

method) with the MOPAC2009 software. The key words, 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) and EXCITED (first excited singlet state to be optimized) 
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were used for the calculation (for details of these Keywords visit the 

website: http://openmopac.net/). 

The charge densities of Trp59, Iso* and Tyr97 were obtained as the sums of Mulliken 

charge of the constituent atoms in Trp59, Iso* and Tyr97, respectively. This interaction energy 

(kcal / mol) of the Trp59-Iso*-Tyr97 system was calculated by Eq. 3.11. 

 

    ( 59 * 97) ( 59) ( *) ( 97)f f f fE H Trp Iso Tyr H Trp H Iso H Tyr∆ = ∆ − − −∆ −∆ −∆      (3.11) 

 

In Eq. 3.11 ( 59 * 97)fH Trp Iso Tyr∆ − − , ( 59)fH Trp∆ , ( *)fH Iso∆  and ( 97)fH Tyr∆   

were heat of formation of Trp59-Iso*-Tyr97 system, Trp59 system, Iso* system and Tyr97 

system, respectively. The heat of formation contains the total electronic energy, the core-core 

repulsion energy between atoms and the heat of formation of all constituent atoms. 

 

3.4 RESULTS 

3.4.1 Geometrical factors of FD 

The protein structure of FD at the FMN binding site was determined by the method of 

homology modeling, and is shown in Figure 3.1. Time-dependent changes in the center-to-center 

(Rc) distances in the Iso* and Tyr97, Trp59, Trp16, Tyr99 pairs are shown in Figure 3.2, while 

the changes in the edge-to-edge distances (Re) are shown in Figure 3.3. Of these aromatic amino 

acids Trp16 is clearly by far the furthest away from Iso, and oscillates the most over time, 

followed by Tyr99 as determined by both Rc and Re values. However although both Trp59 and 

Tyr97 are closer, remain relatively more static over time and are somewhat close in distance from 

Iso to each other, interestingly they show an inversion between Rc and Re values. Thus by Rc 

Tyr97 is the closet residue to Iso, while conversely by Re it is Trp 59. Figure 3.4 shows the time-

dependent changes in inter-planar angles between Iso and the aromatic amino acids, with the 

mean distances listed in Table 3.1. The mean Rc value between Iso and Tyr97 was 0.54 nm, 

which was the closest of the aromatic amino acid residues. The other Rc values between Iso and 

Trp59, Trp16 and Tyr97 were 0.64, 1.72 and 1.3 nm, respectively, while the corresponding values 

of Re were 0.301, 0.247, 1.18 and 0.533 nm for Iso to Tyr97, Trp59, Trp16 and Tyr99, 

respectively. Thus, Re was shortest in the Iso-Trp59 pair, although the shortest Rc value was 

http://openmopac.net/
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between Iso-Tyr97. This discrepancy is because Iso and Tyr97 are almost parallel as seen by the 

inter-planar angle. Indeed, the inter-planar angles between Iso and the aromatic amino acids were 

14, -43, -18 and 24 deg in Tyr97, Trp59, Trp16 and Tyr99, respectively. The Rc between Iso and 

Tyr97, for instance, was the shortest and they are almost parallel in orientation. 

 

 
Figure 3.1 Structure of FD obtained by a method of homology modeling. 
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Table 3.1 Physical constants of Iso and aromatic amino acids a 

Physical quantity Iso Tyr97 Trp59 Trp16 Tyr99 

Rcb  

(nm) 

 0.536 

± 0.0009 

0.642 

± 0.0010 

1.72 

± 0.0053 

1.28 

± 0.0024 

Rec  

(nm) 

 0.301 

± 0.0015 

0.247 

± 0.0015 

1.18 

± 0.0045 

0.533 

± 0.0026 

Inter-planar angle 

(deg) 

 14.0 

± 0.05 

-42.8 

± 0.05 

-18.0 

± 0.06 

23.5 

± 0.07 

ES energyd 

(eV) 

2.83 

± 0.0006 

-2.93 

± 0.0009 

-2.85 

± 0.0006 

-0.0993 

± 0.0001 

-0.118 

± 0.0002 

ESe (eV)  -0.0942 -0.0172 2.73 2.71 

ET ratef 

(ps-1) 

 (1.26 ± 0.007) 

 x 10-3 

7.11± 0.015 (5.33± 0.048 ) 

x 10-55 

(1.15± 0.033) 

 x 10 -50 

a The physical quantities were obtained taking average over MD time (2 ns) at time intervals of 0.1 ps. Mean ± SE was shown. 
b Center to center distance 
c Edge to edge distance 
d ES energy between Iso anion produced by ET and all ionic amino acids, between Tyr97 cation and all ionic amino acids, between Trp cation and all ionic 

amino acids, and so on. e ES energy given by Eq. 3.5 f ET rate given by Eq. 3.1. 
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Figure 3.2 Center to center distances between Iso and nearby aromatic amino acids in WT. Rc 

denotes center to center distance. Trp59, Tyr97, Trp16 and Tyr99 indicate the distances between 

Iso and Trp59, between Iso and Tyr97, between Iso and Trp16, and between Iso and Tyr99. 

 

 
Figure 3.3 Edge to edge distances between Iso and nearby aromatic amino acids in WT. 

Re denotes edge to edge distance. Trp59, Tyr97, Trp16 and Tyr99 indicate the distances between 

Iso and Trp59, between Iso and Tyr97, between Iso and Trp16, and between Iso and Tyr99. 
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Figure 3.4 Inter-planer angles between Iso and nearby aromatic amino acids in WT. 

Trp59, Tyr97, Trp16 and Tyr99 indicate the distances between Iso and Trp59, between Iso and 

Tyr97, between Iso and Trp16, and between Iso and Tyr99. 

 

3.4.2 Fluorescence decays 

Figure 3.5 shows the observed (Fobs) and calculated (Fcalc) fluorescence decays of the FD. 

The calculated decay was obtained with the best-fit ET quantities and listed in Table 3.2. The 

physical quantities for Trp and Tyr, respectively, were 0ν  = 2.06 x 103 and 5.00 x 102 ps-1, β  = 

21.9 and 9.99 nm-1 and 0R = 0.518 and 0.694 nm. In addition, 0
IsoG = 7.54 eV and 0ε = 2.16.  The 

value of 2χ  was 3.42 x 10-3. The agreement between the observed and calculated decays was not 

good, and the long tail with a fluorescent decay of more than 500 ps lifetime [6] could not be 

reproduced. Figure 3.6 shows fluorescence decays with Eq. 3.7 as the observed fluorescence 

dynamics. When the longer lifetime fluorescence decay (500 ps) was assumed to be due to free 

FMN dissociated from the protein and so ignored, the fluorescence decay could be evaluated with 

Eq. 3.7 as the observed fluorescence dynamics (Figure 3.6). The physical quantities determined 

with Eq. 3.7 for Trp and Tyr, respectively, were 0ν  = 3.08 x 103 and 2.46 x 103 ps-1, β  = 55.6 

and 9.64 nm-1, 0R = 0.772 and 0.676 nm, 0
IsoG = 7.67 eV and 0ε =5.85. These parameters were 

determined by analyzing the fluorescence decays of the WT, W59F, Y97F and W59F-Y97F 

double mutation FD’s together at once .  
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Figure 3.5 Fluorescence decays of WT with two lifetime components. 

The observed decay Fobs is given by Eq. 3.6. Fcalc is the calculated decay and obtained with the 

best-fit ET quantities listed in Table 3.2. Upper panel is deviation given by Eq. 3.10 in text. The 

value of 2χ  was 3.42 x 10-3. 
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Figure 3.6 Fluorescence decays of FD 

Fobs and Fcalc denotes the observed and calculated fluorescence intensities.  

Upper panel shows deviation between the observed and calculated intensities. 
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Table 3.2 Physical constants contained in KM theory a 

The 

observed 

decay 

Trp 

0ν        β         0R  

(ps-1)     (nm-1)     (nm) 

Tyr 

0ν        β         0R  

(ps-1)     (nm-1)     (nm) 

0
IsoG  

(eV) 0ε  2χ  

Two 

lifetimes 
2056 21.9 0.518 500 9.99 0.694 7.54 2.16 3.42 x 10-3 

Single 

lifetimeb 
3087 55.6 0.772 2455 9.64 0.676 7.67 5.85 9.55 x 10-5 

a Meanings of the physical constants are described in Eq. 3.1, and bellow. 
b Data were taken from unpublished work. 
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3.4.3. ET rates 

Figure 3.7 shows representative time-dependent changes in ET rates from Trp59, from 

Tyr97, from Trp16 and from Tyr99 to Iso*. The mean ET rates are also listed in Table 3.1. The 

mean ET rates were 1.26 x 10-3 ps-1 from Tyr97, 7.11 ps-1 from Trp59, 5.33 x 10-55 ps-1 from 

Trp16, and 1.15 x 10 -50 ps-1 from Tyr99. It is noted that ET rate was fastest from Trp59, despite 

that the donor-acceptor distance was shortest between Iso and Tyr97 (see Table 3.1).  

 

 
Figure 3.7 ET rate from aromatic amino acids to Iso* in FD 

Trp59, Tyr97, Trp16 and Tyr99 indicate ET rates from these amino acids to Iso*. ET rate is 

expressed in unit of ps-1. 

 

3.4.4 ES energy 

The time-dependent changes in the ES energies are shown in Figure 3.8. The mean 

energies were 2.83 eV at Iso anion, -2.93 eV at Tyr97 cation, -2.85 eV at Trp59 cation, -0.099 eV 

at Trp16 cation, and -0.118 eV at Tyr99 cation (see Table 3.1). Net ES energy given by Eq. 3.5 

are important for the ET rate (see Eq. 3.1). The values of net ES energies were -0.0942 eV for 

Tyr97, -0.0172 eV for Trp59, 2.73 eV for Trp16, and 2.71 eV for Tyr99. 
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Figure 3.8 ES energy between ionic species produced by ET and ionic amino acids in WT.  

Eiso denotes ES energy between Iso anion and all ionic amino acids. E59, E97, E16 and E99 

indicate electrostatic energy between aromatic cations (Trp59, Tyr97, Trp16 and Tyr99, 

respectively) and all ionic amino acid residues. 0ε  = 5.85 was used as described in text. 

 

3.4.5 Dipole moment of the Trp59-Iso*-Tyr97 system 

 Figure 3.9 shows a typical dipole moment of the Trp59-Iso*-Tyr97 system, which 

conformation was obtained from a snapshot of the MD trajectory. The dipole moment was 22.9 

D, and its direction was from Iso* to Trp59. The COSMO solvation effect of the electronic states 

was introduced, using the dielectric constant value of 0ε  = 5.85 (see Table 3.2). The dipole 

moment of Iso* alone was 12.4 D, and its direction was in the plane of Iso*. Figure 3.10(A) 

shows time-dependent change in the dipole moment of Trp59-Iso*-Tyr97 systems. Every 

snapshot of MD structures at 40 ps time intervals was geometrically optimized. The dipole 

moment changed with time from 10.4 to 32.3 D. Mean dipole moment was 22.0 D. 
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Figure 3.9 Dipole moment in the system of Iso*-Tyr97-Trp59 in WT FD. 

Iso (center) is sandwiched by Trp59 (upper) and Tyr97 (lower). This conformation was obtained by 

a snapshot of MD structure, where only Iso, Trp59 and Tyr97 were extracted. The direction of the 

dipole moment was from Iso* to Trp59, which shows part of charge in Trp59 transferred to Iso*, 

since the direction should be in the Iso plane without charge transfer interaction between Trp59 and 

Iso*. 

 

3.4.6 Charge transfer interaction 

In the present work the terminology “charge transfer” is used when a non-zero partial 

charge in any of Trp, Tyr and Iso* is obtained by MO. Iso* must be negatively charged after ET 

and Trp59/Tyr97 should be positively charged (cationic) because they will be loose an electron. 

Time-dependent changes in the charge densities of Trp59, Tyr97 and Iso* are shown in Figure 

3.10(B). Charge densities of Iso were always negative or zero. Mean charge density of Iso was -

0.568. Charge densities of Trp59 were always positive or zero. Mean charge density of Trp59 was 

0.465. Charge densities at Tyr97 were mostly zero, but sometimes displayed positive charge 

densities, which shows that Tyr97 can be a charge donor to Iso* in the Trp59-Iso*-Tyr97 system. 

Mean charge density of Tyr97 was 0.103. Figure3.10(C) shows time-evolution of the interaction 

energy in Trp59-Iso*-Tyr97 system, which was obtained by Eq. 3.11. The interaction energy 

varied from -22 kcal / mol to 15 kcal / mol. Mean interaction energy was -14.9 kcal / mol. In the 

six snapshots the interaction energies were positive, which implies that the interaction among 

Trp59, Iso* and Tyr97 was repulsive.  
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Figure 3.10 Charge transfer and interaction energy in the system of Trp59-Iso*-Tyr97 in WT. 

Dipole moment of Iso* alone was 10.0 D, of which direction was in the plane of Iso. Interaction 

energy was obtained by Eq. 3.11. 
 

3.4.7 Correlation 

Figure 3.11(A) shows the correlation between the interaction energy and charge density 

at Iso*. The interaction energy (absolute value) displayed a tendency to increase with the charge 

density. It is noted that the interaction energies were positive when the charge densities of Iso* 

were closed to zero. Correlation between interaction energy and charge density of Trp59 is shown 

in Figure 3.11(B). Interaction energy was around -20 kcal / mol, when the amount of charge 

densities transferred from Trp59 to Iso* were from 0.4 to 1.0. When no charge transfer occurred, 

the interaction energies were around -12 kcal / mol and around 13 kcal / mol. Even in the negative 

B 

C 
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energies no charge transfer occurred. Figure 3.11(C) shows correlation between the interaction 

energy and charge density of Tyr97. In Tyr97 mostly no charge transfer occurred, but about 0.95 

of charge transferred from Tyr97 to Iso* at the energy around -12 kcal / mol. When the 

interaction energies were positive, the charge transferred little from Tyr97 to Iso*.   
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Figure 3.11 Correlation between interaction energy and charge densities 

A: Correlations between the interaction energy and charge density of Iso. B: correlation of Trp59, 

and C: correlation of Tyr97. Interaction energies were obtained by Eq. 3.11. 

 

3.5 DISCUSSION 

In the present work we have studied the dynamic properties of ET donors and acceptor in 

FD by MD, and analyzed the ET mechanism using the KM theory and the MD data from the 

observed fluorescence dynamics. Agreements between the observed and calculated fluorescence 

dynamics were very good, when the longer lifetime component of the observed fluorescence 

dynamics (> 500 ps) [6] was neglected. We could not reproduce the observed fluorescence decay 

with the longer lifetime component by the present method of analysis. Two reasons for this are 

conceivable. Firstly, the sample was somehow not stable at the fluorescence measurements by an 

up-conversion instrument system, even though the dissociation constant of FMN is very low (0.38 

nM),[4]and thereby the [FMN] / [FD-FMN] is estimated to be 1.23 x 10-3 at [FD-FMN] = 2.5 x 

10-4 M for the fluorescence measurements. If we assume that [FMN] and [FD-FMN] are 

proportional to amplitudes of the shorter lifetime and the longer lifetime, respectively, then 

[FMN] / [FD-FMN] = 0.087 (9 %),[6] which is much larger than one stated above. However, 

these ratios cannot be compared because of the difference in experimental condition (with and 

without laser pulsed,[6] and [4] respectively). Therefore, if the sample of WT used for the 

measurements was not fresh enough, then the intense laser energy could bring the irreversible 

dissociation of FMN.[26] Secondly, the mathematic model (see Eq. 3.8) which assumes that the 

C 
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fluorescence decays exponentially at every instant of MD time, is not valid and so the WT FD 

consists of two completely different conformers. We support the former interpretation (without 

the longer lifetime component), because we did not see the predicted conformational change of 

the second option in the MD snapshots in the time range of 10 ns in WT (see Figure S3.1 in 

Supplemental Information of Chapter III), and we could reasonably analyze four fluorescence 

decays of WT, W59F, Y97F and W59F-Y97F double mutated FDs (unpublished work). 

In the present analysis the ET rate was 7.1 ps-1 (lifetime 0.141 ps) from Trp59 to Iso*, 

and 0.0013 ps-1 from Tyr97 in WT. ET rate from Trp59 was ca. 6000 time faster than one from 

Tyr97, despite that Rc between Iso and Trp59 was longer by 0.1 nm than one between Iso and 

Tyr97. Experimental average lifetimes were 0.158 ps in WT, 0.808 ps in Y97F and 1.20 ps in 

W59F.[6] Apparently our result disagrees with the experimental data if we assume that the ET 

rates of Trp59 and Tyr97 in the WT FD are similar to those of Trp59 in Y97F and Tyr97 in 

W59F, respectively. However, this assumption is not correct, according to the results of total 

analyses with the four FD systems together at once (unpublished work). According to this work 

ET rates were 5.40 ps-1 (lifetime 0.185 ps) in Trp59 of Y97F and 3.18 ps-1 (lifetime 0.314 ps) in 

Tyr97 of W59F. ET rate from Trp59 was 1.3 times faster in WT compared to one in Y97F which 

may be due to ES energy changes, and ET rate from Tyr97 was 2400 times slower in WT 

compared to one in W59F. The reason why ET rates from Trp59 and Tyr97 in WT are different 

from those in the mutated FDs may be due to the changes in ES energy among the proteins.  

MO analyses revealed that charge transfer takes place mostly from Trp59 to Iso*, which 

is in accordance with the ET data. However, charge transfer occasionally occurred from Tyr97 to 

Iso* (5 times among 46 snapshots), though ET rate from Tyr97 was much slower than one from 

Trp59. The mean interaction energy obtained by Eq. 3.11 as evaluated over 46 snapshots at 40 ps 

time intervals was -15 kcal / mol. The interaction energy (absolute value) was greater as the 

amount of transferred charge at Iso* increased. The interaction energy, however, was not zero, 

even though no charge transfer takes place. The phenomena were also observed in FMN-bp 

system.[65] The occupied molecular orbitals calculated are delocalized between Iso* and Trp59 

or Tyr97, even though no charge transfer occurred as in FMN-bp.[79] Figure 3.12 shows the 

electronic delocalization between Iso* and Tyr97 in A and between Iso* and Trp59 in B. This 

suggests that electrons distribute uniformly between Iso* and Trp59, and so apparently no charge 
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transfer occurred. The electronic delocalization may yield non-zero interaction energy among the 

chromophores. 

 

 
Figure 3.12 Electronic delocalization of molecular orbitals in the configuration without 

appreciable charge transfer. Optimized configuration at 360 ps had low dipole moment and 

apparently no charge transfer took place. Panels A and B shows electronic delocalization of 

molecular orbitals No. 91 and 86, respectively. Orbital No. of HOMO was 94. The electronic 

delocalization among the three chromophores may yields the non-zero interaction energy. 

 

It is important to consider which factors are influential upon ET rate. Effect of variation 

in 0ν  on ET rate is considered to be not much compared to the other factors. β  and 0R may be 

influential factors on ET rate when jR  is longer than 0R  (non-adiabatic process). It is not 
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unreasonable that factors contained in 
{ }20 2

0/
4

qj
q j S j

qj
S B

G e R ES
k T

ε λ
λ

∆ − + +
−  in exponential 

function (see Eq. 3.1) are important. jR  is influential through qj
Sλ  and 2

0/ je Rε− . Effect of qj
Sλ  

variation on ET rate may be compensated by qj
Sλ  in the denominator. Accordingly, 0

q jG ES∆ +  

may be most important factors. jES  varies quite a lot with time because it directly depends on 

the structural dynamics of the protein, while 0
qG∆  keeps constant. Recently the effect of change 

in one charge was reported on ultrafast fluorescence dynamics and ET rates from Trp and/or Tyr 

to Iso* in FMN-bp.[80]  

Relationship between ET process and electron transfer process in dark is worthy to 

discuss. The donor-acceptor distance dependence of qj
Sλ  and 2

0/ je Rε−  are common in the both 

processes except for the distance. ES energy of Iso anion and other ionic amino acids is also 

common between the both electron transfer processes. Many of flavoproteins involve in electron 

transfer processes in dark. ET analyses of the flavoproteins could also help to understand the  

electron transfer in the ground state of Iso. 
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4.1 ABSTRACT 

Time–dependent changes in the geometrical factors near the isoalloxazine (Iso) residue 

of FMN in three mutant isoforms [Y97F, W59F and W59F-Y97F (DM, double mutation)] of the 

flavodoxin (FD) from Desulfovibrio vulgaris, strain Miyazaki F, were obtained by molecular 

dynamics simulation (MD). The center to center distances from Iso to Trp59 in Y97F and to 

Tyr97 in W59F were 0.78 nm and 0.55 nm, respectively. The remarkable fluorescence quenching 

in these proteins has been explained in terms of photoinduced electron transfer (ET) from the 

Trp59 and/or Tyr97 residues to the excited isoalloxazine (Iso*). The ultrafast fluorescence 

dynamics of the wild type (WT) and the Y97F, W59F and DM variant FDs reported by Mataga et 

al. (J. Phys. Chem. B, 2002, 106, 8917–8920), were simultaneously analyzed by the electron 

transfer theory of Kakitani and Mataga (KM theory) and the atomic coordinates determined by 

MD, according to a non-linear least squares method. Agreements between the observed and 

calculated decays were all very good. The obtained physical constants contained in the KM 

theory were, for Trp and Tyr, respectively, a frequency factor ( 0ν ) of 3.09 x 103 ps-1 and 2.46 x 

103 ps-1, an ET process coefficient ( β ) of 55.6 nm-1 and 9.64 nm-1, a critical transfer distance 

( 0R ) of 0.772 nm and 0.676 nm, plus a free energy related to the electron affinity of Iso* ( 0
IsoG ) 

of 7.67 eV. These constants were common to all three mutant FD systems. In contrast, the static 

dielectric constant depended on the FD systems, being 4.78, 4.04 and 2.28 in the Y97F, W59F 

and DM variant FDs, respectively. The mean ET rate to Iso* was fastest from Trp59 in Y97F 

among the three systems. The total free energy gap in the FD systems was obtained as a sum of 

the net electrostatic (ES) energy between ion pairs and the standard free energy gap. A plot of 

ln /ET Sk λ   vs. 0 /T SG λ−∆  in all ET donors, where ETk  is ET rate, Sλ  is the reorganization 

energy and 0
TG∆  is the total free energy gap, revealed that ln /ET Sk λ  can be expressed by a 

parabolic function of 0 /T SG λ−∆  and the ET process in FD took place mostly in the normal 

region. 

 

4.2 INTRODUCTION 

The electron transfer phenomena in proteins are of importance in the fields of physics, 

chemistry and biology.[13-14, 19] Photoinduced electron transfer (ET) plays an essential role in 

photosynthetic systems and photoreceptors in plants and microorganisms. In the last decade a 
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number of new flavin photoreceptors have been found.[30, 69, 81-98] In these BLUF (blue-light 

using flavin) units of the flavin photoreceptors, Trp and/or Tyr residues exist near isoalloxazine 

(Iso), and ET from Tyr to the excited isoalloxazine (Iso*) is considered to be the first step of the 

bacterial photo-regulation of photosynthesis. DNA photolyase and cryptochrome also contain 

flavins.[99] Femtosecond dynamics of DNA photolyase has been investigated by a transient 

absorption spectroscopy.[100-101]  

Most flavoproteins other than flavin photoreceptors contain the aromatic amino acids Trp 

and Tyr near the Iso residue. These flavoproteins are practically non-fluorescent, but they emit 

fluorescence with a very short lifetime upon excitation with a sub-picosecond light pulse.[6, 29, 

31-33, 42, 102] This remarkable fluorescence quenching is ascribed to ultrafast ET from the Trp 

and / or Tyr residues to the Iso*.[25, 27-28, 77] Since the seminal work on electron transfer 

theory by Marcus,[13, 73-74] many researchers have further developed the theory of ET.[16, 75, 

103-106] However, these theories have been modeled for ET in bulk solution. It is not clear 

whether they are applicable to ET in proteins, where a reliable method to quantitatively analyze 

ET in proteins is still required.  

In the previously work, the differences in the fluorescence lifetimes between Y97F and 

W59F were elucidated by means of ET donor-acceptor distances of a static FD structure via X-

ray crystallography [35] from Desulfovibrio vulgaris, Hildenborough.[6] However, we can not 

obtain a non-exponential decay of the flavoproteins by this method. Accordingly, we believe that 

the dynamic analysis with dynamic structures is more reliable for ET rate and the understanding 

of fluorescence dynamics. Therefore, we have developed the method to analyze ET in proteins by 

using the atomic coordinates determined by MD simulations, Kakitani and Mataga (KM) theory, 

and experimental fluorescence dynamics.[18, 64, 66-67] By using this approach for FMN binding 

protein (FBP) and AppA, the following conclusions on ET in flavoproteins have been derived; 1) 

a non-exponential decay can be reproduced when the time over (MD time) which the simulation 

is run exceeds the experimental decay time, 2) The electrostatic (ES) energy between the ionic ET 

products and other ionic amino acids are influential upon the ET rates, 3) Trp and Tyr as ET 

donors have different ET parameters in KM theory as standard free energy gap ( 0G∆ ), frequency 

factor ( 0ν ), ET process coefficient ( β ) and critical distance ( 0R ), which will be described later, 

and 4) the static dielectric constant depends on the protein systems, which should be the local 
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dielectric constant near the ion pair. However, these characteristics of ET in proteins were 

obtained from only a few flavoprotein systems and so it is very important to apply the present 

method for many more flavoproteins, in order to test its general applicability and usefulness. 

Here, the ultrafast fluorescence dynamics of WT (wild type), Y97F (Tyr97 is replaced by 

Phe), W59F (Trp59 is replaced by Phe) and DM (double mutation, both of Trp59 and Tyr97 are 

replaced by Phe) flavodoxin (FD) systems are analyzed simultaneously to obtain a precise feature 

of the ET mechanism in FD, and to further verify the validity of the method. The mechanism of 

ET in FD was compared to those in FBP [18, 64] and the flavin photoreceptor of AppA.[66-67]  

 

4.3 METHOD 

4.3.1 Protein Structures and Dynamic of the WT, Y97F, W59F and DM 

variant FDs 

X-ray crystallography and or NMR based determination of the structure of FD is not 

available yet and so the structure of these systems were approximated by a homology modeling 

technique (unpublished work). In the present work, all systems are calculated for 5 ns. We found 

that all systems reached equilibrium, by RMSD analysis, after 3ns as shown in Figure S4.1 

(Supplemental Information of Chapter IV). Therefore, we collected MD coordinate for 

analysis from 3-5 ns (net 2 ns). 

 

4.3.2 ET Theory  

KM theory was used for the analyses, because it explains the distance-dependent average 

ET rates of flavoproteins [33] and the fluorescence decays of FBP very well.[18] The ET rate by 

KM theory[16, 105-106] is expressed by Eq. 4.1; 

 

{ }
{ }20 2

00

0

/ ( ') ( ') ( ')
( ') exp

4 ( ') 4 ( ')1 exp ( )

j i i iq
q j j ji B

j i iq i q
j j Bj

G e R t t ES tk Tk t
t t k TR R

ε λν
πλ λβ

 ∆ − + +
 = −
 + −
 

(4.1) 

where i is the donating aromatic amino acid in the ET, such as Trp59, Tyr97, Tyr99 and 

Trp16, j denotes the FD system as WT, Y97F, W59F or DM variants and q denotes Trp or Tyr. In 
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Eq. 4.1, time-dependent variables, ( ')i
jR t , ( ')i

j tλ  and ( ')i
jES t , where t’ is MD time, are 

explicitly indicated, but (t’) parts of these variables were omitted in text. 0
qν  is an adiabatic 

frequency of Trp or Tyr, qβ  is a coefficient of the ET process for Trp or Tyr. 0
qR  is a critical 

donor-acceptor distance between adiabatic and non-adiabatic ET. i
jR  is the distance between the 

Iso and the donor amino acid i in the FD system j, expressed as a center to center (Rc) distance. 

The ET process is adiabatic when i
jR  < 0

qR , and non-adiabatic when i
jR  > 0

qR . i
jES  is the net 

ES energy between the Iso anion or a donor cation and all other ionic groups in the FD system j, 

which will be described later. 0
jε  is a static dielectric constant of the FD system j. Bk , T and e  

are the Boltzmann constant, temperature and electron charge, respectively. i
jλ  is the solvent 

reorganization energy [33] of a donor i in the FD system j and is expressed in Eq. 4.2;  

 

2

1 2 0

1 1 1 1 1
2 2

i
j i j

j

e
a a R

λ
ε ε∞

  
= + − −     

                                                 (4.2) 

 

where 1a  and 2a  are the radii of the acceptor and donor, assuming these reactants are 

spherical. The optical dielectric constant (ε∞ ) used was 2.0. The radii of Iso, Trp and Tyr were 

determined in the following way: (1) The three dimensional sizes of lumiflavin for Iso, 3-

methylindole for Trp, and p-methylphenol for Tyr were obtained by the semi-empirical molecular 

orbital method (PM3). (2) The volumes of these molecules were determined as asymmetric rotors. 

(3) Radii of the spheres having the same volumes of the asymmetric rotors were obtained. The 

value of 1a  of Iso was 0.224 nm, and those of 2a  for Trp and Tyr were 0.196 nm and 0.173 nm, 

respectively.   

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

donor, IP
qE , as in Eq. 4.3; 

 

  0 0IP
q q IsoG E G∆ = −                                                         (4.3) 

 

where 0
IsoG  is the standard Gibbs energy related to electron affinity of Iso*. The IP

qE  values 

for Trp and Tyr were 7.2 and 8.0 eV, respectively, used in this analysis. 
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4.3.3 ES Energy in the Proteins 

 Protein systems contain many ionic groups, which may influence the ET rate. The ES 

energy between all ionic groups in the FD system j, including the phosphate anions of FMN, and 

Iso anion [ ( )jES Iso ], Trp59+ [ ( 59)jES Trp ], Tyr97+ [ ( 97)jES Tyr ], Tyr99+ [ ( 99)jES Tyr ] 

and Trp16+ [ ( 16)jES Trp ], are expressed by Eq. 4.4, respectively. FD contains 12 Glus, 15 

Asps, 2 Lyss and 8 Args residues plus two negative charges at the FMN phosphate. 

 
12 15

1 10 0

( )
( ) ( )

w Aspw Glu
j j w j w

i ij j

C CC CES w
R Glu i R Asp iε ε= =

⋅⋅
= +

− −∑ ∑
2 8 2

1 1 10 0 0( ) ( ) ( )
w Lys w Arg w P

j w j w j w
i i ij j j

C C C C C C
R Lys i R Arg i R P iε ε ε= = =

⋅ ⋅ ⋅
+ + +

− − −∑ ∑ ∑                     (4.4) 

 

In Eq. 4.4, any of Iso, Trp59, Tyr97, Trp16 and Tyr99 were represented by w . IsoC  is the 

charge of the Iso anion and is equal to -e. 59TrpC , 97TyrC , 16TrpC  and 99TyrC  are the charges of the 

Trp59, Tyr97, Trp16 and Tyr99 cations, respectively, and are all equal to +e. GluC  and AspC  are 

the charges of the Glu and Asp anions, respectively, and are equal to -e. LysC  and ArgC  are the 

charges of the Lys and Arg cations, respectively, and are equal to +e. PC  is the charge of the 

FMN phosphate and is equal to -e. We assumed that these groups are all in an ionic state in 

solution since the fluorescence dynamics of the FD systems were measured in buffer solutions at 

pH 8. The distances between the chromophore w  and ith Glu (i = 1 – 12) in the FD system j are 

denoted as ( )w
jR Glu i− . Here, ES energies were evaluated using only the ionic groups in the 

proteins. When ES energies were obtained with partial charge densities of all the atoms in the 

proteins, they did not differ much from those obtained with the present method.[58]  

Net ES energies of the donor w in FD j are expressed as follows: 

 

For ( ')i
jk t , ( ) ( )i

j j jES ES Iso ES i= +                                                  (4.5) 

 

Here i represents Trp59, Tyr97, Trp16 and Tyr99 in the FD system j, respectively.  

  The values of ES energy, as given by Eq. 4.4, and, consequently, those for i
jES , as given 

by Eq. 4.5, were separately evaluated among the WT, Y97F, W59F and DM FD variants, because 
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the distances between the Iso anion and the ionic groups, and between the cations and ionic 

groups, were different among these four systems.  

 

4.3.4 Calculation of Fluorescence Decays 

 The observed fluorescence decays [6] of the WT, Y97F, W59F and DM systems are 

expressed by Eqs. 4.6 – 4.9, respectively.  

 

1( ) exp( / )WT WT
obsF t t τ= −                                                                                                 (4.6) 

97 97 97 97 97
1 1 2 2( ) exp( / ) exp( / )Y F Y F Y F Y F Y F

obsF t t tα τ α τ= − + −                                        (4.7) 
59 59 59 59 59

1 1 2 2( ) exp( / ) exp( / )W F W F W F W F W F
obsF t t tα τ α τ= − + −                                     (4.8) 

1( ) exp( / )DM DM
obsF t t τ= −                                                                                               (4.9) 

 

Here 1
WTτ  = 0.157 ps, 97

1
Y Fτ  = 0.245 ps ( 97

1
Y Fα  = 0.85), 97

2
Y Fτ  = 4.0 ps ( 59

2
W Fα  = 0.15), 59

1
W Fτ  

= 0.322 ps ( 59
1
W Fα  = 0.83), 59

2
W Fτ  = 5.5 ps ( 59

2
W Fα  = 0.17), 1

DMτ  = 18 ps. The calculated 

fluorescence decays of the WT and the Y97F, W59F and DM FD variants are expressed by Eqs. 

4.10 – 4.13, respectively; 

 

 { }59 97 99 16( ) exp ( ') ( ') ( ') ( ')WT Trp Tyr Tyr Trp
calc WT WT WT WT

AV
F t k t k t k t k t t = − + + +                              (4.10) 

 { }97 59 99 16
97 97 97( ) exp ( ') ( ') ( ')Y F Trp Tyr Trp

calc Y F Y F Y F
AV

F t k t k t k t t = − + +                                              (4.11) 

 { }59 97 99 16
59 59 59( ) exp ( ') ( ') ( ')W F Tyr Tyr Trp

calc W F W F W F
AV

F t k t k t k t t = − + +                                            (4.12) 

 { }99 16( ) exp ( ') ( ')DM Tyr Trp
calc DM DM

AV
F t k t k t t = − +                                                                   (4.13) 

 

where 59 ( ')Trp
WTk t , 59

97 ( ')Trp
Y Fk t , 97

59 ( ')Tyr
W Fk t  and so on, in the calculated decays, represent 

the ET rates of Trp59 in WT, Trp59 in Y97F, Tyr97 in W59F, and so on, respectively. These ET 

rates are dependent on MD simulation time t’ as shown in Eq. 4.1. In Eqs. 4.10 – 4.13, t’ denotes 

MD time (0 – 2 ns), while t is fluorescence decay time (0 – 2 ps). 

Fluorescence decays were calculated up to 2 ps with time intervals of 0.002 ps, since the 

decays were measured in this time range.[6] ...
AV

 represents the averaging procedure of the 

exponential function in Eqs. 4.10 – 4.13 over 't  up to 2 ns with 0.1 ps time intervals. In Eqs. 4.10 
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– 4.13 we have assumed that the decay functions during the MD time ranges can always be 

expressed by exponential functions at every instant of time, t’. The present method is 

mathematically equivalent to the one by Henry and Hochstrasser,[34]when the time range (2 ns) 

of MD data is much longer than one (2 ps) of fluorescence data, as described in the 

Supplemental Information of Chapter III.  

 

4.3.5 Determination of ET Parameters 

The unknown ET parameters ( 0
Trpν , 0

Tyrν , Trpβ , Tyrβ , 0
TrpR , 0

TyrR , 0
WTε , 97

0
Y Fε , 

59
0
W Fε , 0

DMε  and 0
IsoG ) contained in the KM theory (see Eq. 4.1) were determined so as to 

obtain the minimum value of 2χ , defined by Eq. 4.14, by means of a non-linear least squares 

method, according to the Marquardt algorithm, as previously reported.[18, 64, 66-67]  

 

   
{ } { }97

2 297 97
2

97
1 197

( ) ( ) ( ) ( )1 1
( ) ( )

WT Y F
WT WT Y F Y FN N

calc i obs i calc i obs i
WT Y F

i iWT calc i Y F calc i

F t F t F t F t
N F t N F t

χ
= =

− −
= +∑ ∑  

{ } { }59
2 259 59

59
1 159

( ) ( ) ( ) ( )1 1
( ) ( )

W F DM
W F W F DM DMN N

calc i obs i calc i obs i
W F DM

i iW F calc i DM calc i

F t F t F t F t
N F t N F t= =

− −
+ +∑ ∑                    (4.14) 

 

where WTN , 97Y FN , 59W FN  and DMN  denote the number of time intervals of the 

fluorescence decays of the WT and the Y97F, W59F and DM FD variants, respectively, and were 

all 1000. Deviations of the four FD systems between the observed and calculated intensities are 

defined by Eq. 4.15; 

 

 
{ }( ) ( )

( ; )
( )

j j
calc i obs i

i j
calc i

F t F t
Deviation j t

F t

−
=                                                                   (4.15) 

 

Here j = WT, W59F, Y97F and DM.  
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4.4 RESULTS 

4.4.1 Comparison of Protein Structures around Iso among the Four FD 

Systems 

Typical protein structures of the WT and the Y97F, W59F and DM variant FDs, as 

determined by homology modeling and MD, are shown in Figure 4.1. Time-dependent changes in 

the Rc between Iso and Tyr97, Trp59, Trp16 and Tyr99 are also shown in Figure 4.2. The 

changes in the mean edge to edge distances (Re) are shown in Figure S4.2 (Supplemental 

Material of Chapter IV). 

The mean Rc and Re values are listed in Table 4.1. The mean value of Rc between Iso 

and Trp59 in Y97F (0.78 nm) was significantly longer than that (0.64 nm) in the WT FD. The 

values of Rc for Trp16 and Tyr99 were quite different among the mutated FD variants. Thus, the 

Rc of Trp16 was longest (2.12 nm) in the Y97F FD and shortest (1.72 nm) in the WT, whilst for 

Tyr99 it was longest (1.36 nm) in W59F and shortest (1.04 nm) in Y97F. However, the values of 

Re for Trp59 in Y97F and for Tyr97 in W59F were almost identical with those for Trp59 and 

Tyr97 in the WT. The time-dependent changes in the inter-planar angles between Iso and Trp59, 

Trp16 and Tyr99 in Y97F is shown in Figure S4.3 (Supplemental Information of Chapter IV). 

The time-dependent changes were remarkable in Tyr99 and Trp16. For Trp16, the angle carried 

from around 70 deg initially, increasing to 160 deg at 0.7 ns and then decreasing to 20 deg at 1.3 

ns, while for Tyr99 it was initially around 50 deg, increased to 160 deg at 0.7 ns, decreased to 30 

deg at 0.9 ns, and increased again to around 100 deg. The mean values of the angle are listed in 

Table 4.1. The angle between Iso and Trp59 varied considerably between Y97F (31 deg) and the 

WT (-43 deg), whilst  

 

A 
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Figure 4.1 Comparison of the protein structures among the WT and the Y97F, W59F and DM FD 

variants. 

A: WT, B: Y97F, C: W59F and D: DM. These structures were determined by homology modeling 

using the X-ray structure of flavodoxin Desulfovibrio vulgaris, strain Hildengorough (PDB code: 

1J8Q) as the template. 

B 

C 

D 
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Table 4.1 Geometrical factors relative to Iso in the mutated FD systems obtained by MD.a 

 

Geometrical 

factor 

Y97F W59F  DM WTb 

Trp59 Tyr99 Trp16 Tyr97 Tyr99 Trp16 Tyr99 Trp16 Trp59 Tyr97 Tyr99 Trp16 

Rcc 

(nm) 

0.78 ± 

0.0001 

1.04 ± 

0.0002 

2.12 ± 

0.0003 

0.55 ± 

0.0001 

1.36 ± 

0.0005 

1.82 ± 

0.0004 

1.35 ± 

0.0005 

2.02 ± 

0.0005 

0.64 ± 

0.0010 

0.54 ± 

0.0009 

1.28 ± 

0.0024 

1.72 ± 

0.0053 

Red 

(nm) 

0.26 ± 

0.0002 

0.34 ± 

0.0005 

1.54 ± 

0.0004 

0.30 ± 

0.0001 

0.54 ± 

0.0004 

1.39 ± 

0.0004 

0.496 ± 

0.0005 

1.44 ± 

0.0005 

0.25 ± 

0.0015 

0.30 ± 

0.0015 

0.53 ± 

0.0026 

1.18 ± 

0.0045 

Inter-planar 

angle (deg) 

31.2 ± 

0.13 

61.3 ± 

0.25 

53.7 ± 

0.22 

18.6 ± 

0.07 

36.4 ± 

0.08 

-20.8 ± 

0.08 

-28.6 ± 

0.09 

30.9 ± 

0.14 

-42.8 ± 

0.05 

14.0 ± 

0.05 

23.5 ± 

0.07 

-18.1 ± 

0.06 
a Mean ± SE. The means values were obtained taking an average over MD time (2 ns) with 0.1 ps time intervals. The distances and inter-planar angles are 

shown between Iso and the aromatic amino acids.  
b Data were taken from Ref. [58]. 
c Center to center distance between Iso and the aromatic amino acids. 
d Edge to edge distance. 
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Figure 4.2 Time-dependent changes in Rc between Iso and the aromatic amino acids. 

A: Y97F, B: W59F and C: DM. Tyr97, Trp59, etc. in the inserts denote the distances between Iso 

and Tyr97, and between Iso and Trp59, etc., respectively. 
 

the angles between Iso and Tyr97 were similar in these systems (19 deg and 14 deg, respectively). 

The time-dependent changes in the inter-planar angles in the W59F and DM variants are shown in 

Figure S4.4 (Supplemental Information IV). Contrary to that seen in Y97F, the angles rapidly 
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fluctuate around constant values, except for Trp16 in the DM variant, which increased with time 

from 20 deg to 60 deg. The mean angle of Tyr97 in the W59F mutation did not differ much from 

that of the WT. The mean angles of Tyr99 were 61 deg in Y97F compared to -29 deg in the DM. 

The angles of Trp16 were 54 deg in Y97F, -21 deg in W59F and -18 deg in the WT FDs. 

 

4.4.2 Analyses of the Fluorescence Dynamics 

Ultrafast fluorescence decays of the four FD systems were simultaneously analyzed with 

common ET parameters. Figure 4.3 shows the observed and calculated fluorescence decays of the 

Y97F, W59F and DM variant FDs. The upper panels of the decay plots show the deviations 

between the observed and calculated decays. The decays of the WT [58] and the double mutated 

FD were single exponential, whereas those of the Y97F and W59F variant FDs were non-

exponential. It is striking that two nearly single exponential and two double-exponential decay 

functions were reproduced with the same ET parameters (Table 4.2) of 0
qν , qβ , 0

qR  and 0
qG∆  (q 

= Trp or Tyr), despite that all of fluorescence decay exponentially before taking average over MD 

time range. It is reasonable to assume that the dielectric constant near the ET donor and acceptor 

ions depends on the FD systems, because the polarity near the Iso* anion is different among the 

four FD systems. 

If we consider that four decays were simultaneously analyzed with common parameters 

as 0
qν , qβ  and 0

qR  (q = Trp or Tyr) and also the intensities are expressed in logarithm, 

agreements between the observed and calculated decays were satisfactory [the total value of 2χ  

(5.55 ×10-4)] and acceptable as compared with our previous work, FMN binding protein 

systems.[18]  
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Figure 4.3 Fluorescence decays of the Y97F, W59F and DM FD variants. 

A: Y97F, B: W59F and C: DM. Upper panels in A, B and C represent deviations between the 

observed (Fobs) and calculated (Fcalc) fluorescence decays. Obtained ET parameters are listed in 

Table 4.2. 
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Table 4.2 The best-fit ET parameters a 

System 
0
qν b (ps-1) qβ b (nm-1) 0

qR b (nm) 0
IsoG b 

(eV) 
0
jε b 2χ c 

Trp Tyr Trp Tyr Trp Tyr 

FD Y97F 

 

3090 2460 55.6 9.64 0.772 0.676 7.67 

4.78 2.61 x 10-3 

 W59F 

 

4.04 5.97 x 10-4 

 DM 

 

2.28 3.04 x 10-5 

 WTd 

 

5.85 5.90 x 10-4 

AppAe WT 

2304 2661 18.1 6.25 0.539 2.74 8.53 

29.0 4.60 x 10-4 

 

 Y21F 13.7 3.08 x 10-4 

 

 W104F 2.45  1.60 x 10-4 

 

FBPf WT, W32Y, 

W32A 

1016 197 21.0 6.64 0.570 0.0 8.97 9.86 5.24 x 10-4 
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a 0
qν , qβ , 0

qR  (q = Trp or Tyr) were common for the three mutated FD systems and the WT. 0
jε  depended on FD species j. These values were determined 

from the fluorescence dynamics of the WT and variant FDs by means of the best-fit procedure, as described in the text. 
b 0

qG∆  in Eq. 4.1 is obtained by Eq. 4.3 with 0
IsoG . The values of 0

qG∆  were -0.467 eV for Trp and 0.333 eV for Tyr. 
c Chi-square was evaluated independently for each system. Total value of 2χ  was 5.55 x 10-4. 
d Data from Ref.[58] 
e Data from Ref.[66-67] 
f  Data from Ref.[64] Three fluorescence decays of WT, W32Y and W32A FMN binding proteins were analyzed with common dielectric constant. 
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4.4.3 ET Parameters 

The obtained ET parameters for the WT and the three mutant FD variants are listed in 

Table 4.2, along with those for the AppA and FBP taken from the literature for comparison. From 

these values, 0
qG∆  was calculated by Eq. 4.3 to be -0.467 eV for Trp and 0.333 eV for Tyr. The 

adiabatic frequency ( 0
qν ) of Trp in FD was ~1.3- and three-fold greater than that for AppA and 

FBP, respectively, whilst the 0
qν  of Tyr in FD was 0.92- and 12.5-fold higher than that in AppA 

and FBP, respectively. The ET process coefficient ( qβ ) of Trp in FD was three-fold and 2.6-fold 

greater than that in AppA and FBP, respectivey, whilst the qβ  of Tyr was 1.5-fold larger than 

that of both AppA and FBP. Finally, the 0
qR  in FD was ca. 0.2 nm longer for Trp than that in 

AppA, but much shorter than that for the Tyr in AppA. 

 

4.4.4 ES Energies in the Proteins  

Figure S4.5 (Supplemental Information IV) shows the time-dependent changes in the 

ES energies of the Y97F, W59F and the DM FD variants, with the mean energies listed in Table 

4.3. The mean energy [ ( )jES Iso ] between the Iso anion and all other ionic groups was 

lowest in the WT and some 1.20-, 1.28- and 2.42-fold higher in the Y97F, W59F and DM FD 

variants, respectively. The mean energies of the Trp59 cation in Y97F, and the Tyr97 cation in 

W59F, were 1.20- and 1.30-fold lower, respectively, than those in the WT FD. For the Tyr99 and 

Trp16 cations, the mean energy was lower in all three FD variants than the WT, starting from 

slightly lower in Y97F up to the dramatically so in the double mutation. 

For ET rates, the sum of the energies of Iso and ET donors (net energy) are important 

(see Eq. 4.5. The time-dependent changes in the net ES energies ( i
jES ) are shown in Figure 4.4. 

The mean net energy was -0.00159 eV for Trp59 in Y97F and -0.219 eV for Tyr97 in W59F, 

which were comparable to those in the WT at -0.0172 eV and -0.0942 eV, respectively. 

Fluctuations of these energies over time, i.e. time-dependent changes, may influence the non-

exponential behavior of the fluorescence decay. ES energies from 5700 water molecules outside 

the protein and from partial charges of non-ionic amino acids in the protein were not evaluated 

here because they were relatively negligible with a contribution of less than 6% (to be submitted). 
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Figure 4.4 Net ES energy in the WT and variant FDs 

 



81 

 

 

A: WT, B: Y97F, C: W59F and D: DM. Net ES energy means sum of ES energies of Iso and the 

aromatic amino acids. ET rate depends on net ES energy [see Eq. 4.1 and Eq. 4.5 in text]. Trp59, 

Tyr97, Trp16 and Tyr99 in inserts denote net energies of Trp59, Tyr97, Trp16 and Tyr99, 

respectively. 
 

4.4.5 ET Rates 

ET rates were calculated with the best-fit ET parameters (see Table 4.2). Figure 4.5 

shows the ET rates in the three variant FDs (Y97F, W59F and DM). The ET rate was fastest from 

Trp59 to Iso* in Y97F, from Tyr97 in W59F and from Tyr99 in the DM. If Figure 4.4 and 4.5 are 

compared, it is evident that the ET rate becomes slower with increasing levels of the net ES 

energy, which implies that the ES energy plays an important role in determining the ET rate. The 

mean values of the ET rates are listed in Table 4.3, where that from Trp59 to Iso* in Y97F (5.40 

ps-1) was slightly slower than that in the WT (7.11 ps-1), whilst that from Tyr97 in W59F (3.18 ps-

1) was much faster than the corresponding value in the WT (1.26 x 10-3 ps-1). It is noted that the 

ET rates from Tyr99 to Iso* were negligibly slow in the WT, Y97F and W59F FD variants, but 

became dramatically faster in DM. 
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Table 4.3 Energy gap law of ET in FD a 

Physical quantity 
 WT   W59F   Y97F  DM 

Trp59 Tyr97 Trp16 Tyr99 Tyr97 Trp16 Tyr99 Trp59 Trp16 Tyr99 Trp16 Tyr99 

ln i
jk b 1.96  -6.68  -124.97  -114.99  1.14  -69.10  -155.82  1.60  -96.53  -139.87  -94.97  -2.60  

i
jλ

c  (eV) 1.53  1.54  1.99  2.06  1.20  1.54  1.59  1.47  1.81  1.74  0.377  0.385  

ES energyd  (eV) 
 

-2.85  -2.93  -0.0993  -0.118  -3.82  -2.62  -0.176  -3.41  -2.21  -0.150  -4.67  -6.80  

Net ES energye (eV) 

 
-0.0172  -0.0942  2.73  2.71  -0.219 0.984  3.42  -0.00159   1.20  3.26  2.13 0.0131 

0
qG∆ f  (eV) -0.467  0.333  -0.467  0.333  0.333  -0.467  0.333  -0.467  -0.467  0.333  -0.467  0.333  

ES energy between 

donor and acceptorg 
-0.384  -0.460  -0.144  -0.193  -0.652  -0.196  -0.263  -0.386  -0.142  -0.289  -0.313  -0.470  

- 0
ijG∆ h  (eV) 0.868  0.221  -2.12  -2.86  0.583  -0.321  -3.49  0.855  -0.594  -3.31  -1.35  0.124  

- 0 / i
ij jG λ∆  0.569  0.143  -1.07  -1.39  0.450  -0.209  -2.19  0.583  -0.329  -1.90  -3.58  0.322  

(ln ) /i i
j jk λ  1.28  -4.33  -62.84  -55.95  0.951  -44.95  -97.84  1.09  -53.46  -80.22  -251.93  -6.76  

a ET rate is given by Eq. 4.1. Data of WT were taken from Ref. [58] 
b i

jk  is expressed in unit of ps-1. 
c Reorganization energy is given by Eq. 4.2. 
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d ES energies are given by Eq. 4.4. ES energies of Iso were 2.83 eV in WT, 3.60 eV in W59F, 3.41 eV in Y97F and 6.82 eV in DM. 

e Net ES energies are given by Eq. 4.5. 

f 0
qG∆  is given by Eq. 4.3. 

g ES energy between donor and acceptor is given by 2
0/ j i

je Rε−  in Eq. 4.1. 

h Total free energy gap is given by Eq. 4.16. 
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Figure 4.5 ET rates in the mutated FD systems. 

A: Y97F, B: W59F and C: DM. ET rates were calculated with the best-fit parameters listed in 

Table 4.2. Insert denotes ET donors. 

 

4.5 DISCUSSION 

The observed fluorescence dynamics of the WT and the three mutated FD systems were 

simultaneously analyzed with common ET parameters. All fluorescence decays were 

satisfactorily reproduced with the best-fit ET parameters. The obtained ET parameters were 
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compared with those of the flavin photoreceptor AppA,[66-67] and also with those of FBP [18, 

64] (see Table 4.2).  The values of 0
Trpν  and 0

Tyrν in FD were 3090 and 2460 ps-1, respectively, 

while they were 2304 and 2661 ps-1 for Trp and Tyr, respectively, in AppA. In both protein 

systems 0
Tyrν  was greater than 0

Trpν , which is remarkably different from that of FBP. 

0
qν  is related to the electronic interaction energy between the donor and the acceptor. In 

AppA, the greater 0
qν  in Tyr was elucidated in terms of the hydrogen bond chain, Tyr21-Gln63-

Iso*.[66-67] In FD, the Rc value between Iso and Tyr97 was very short (0.55 nm) compared to 

the Rc of Trp59, which may be the reason why 0
Tyrν  was greater than 0

Trpν , whilst Trpβ  and Tyrβ  

did not differ much compared to those of AppA. The value of 0
TrpR  in FD was 0.772 nm, which is 

considerably longer than that in AppA (0.539 nm). However, the 0
TyrR  in AppA was remarkably 

longer than that in FD, and this may be due to the long chain of hydrogen bonds from Tyr21 to 

Iso* through Gln63.[67]  

In FBP, the 0ε  used was common among the three systems of FBP, while different 

values of 0ε  were used in FD (this work) and in AppA.[66-67] Agreements between the observed 

and calculated fluorescence decays were greatly improved when the 0ε  values were changed with 

the protein system. Iso, in all FD systems, are partly exposed to the water layer (unpublished 

work). 0
jε  (j = WT, Y97F, W59F and DM) were somewhat lower than those found for AppA and 

FBP.  

The ET rate from Trp59 to Iso* in Y97F was faster than that from Tyr97 to Iso* in 

W59F, despite the fact that the distance between Iso and Tyr97 in W59F was shorter than that 

between Iso and Trp59 in Y97F. A similar result was also found in the WT, and these results 

suggest that the donor-acceptor distance and 0
qν  are not always critically important to the ET rate 

in the proteins. As shown in Figure 4.4 and 4.5, and also in Table 4.3, the ET rate became faster 

as the net ES energy ( i
jES ) was reduced, which reveals that the net ES energy is the most 

important factor in determining the ET rate in the proteins. Figure 4.6 shows the relationship 

between the ln ET rate and the total free energy gap ( 0
ijG∆ ). 0

ijG∆  was obtained from Eq. 4.16 

(see Eq. 4.1).  

 
0 0 2

0( / )j i i
ij q j jG G e R ESε−∆ = − ∆ − +                                                                          (4.16) 
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The numerical data of these physical quantities are listed in Table 4.3. In the present FD 

systems the solvent reorganization energy ( i
jλ ) was found to vary from 0.385 (Tyr99 in DM) to 

2.06 (Tyr99 in WT) with the ET donor (amount of variation 1.68 eV). On the other hand, the 

values of total free energy gap, 0
ijG∆ , varied from -3.49 eV (Tyr99 in W59F) to 0.868 eV (Trp59 

in WT), in which the net ES energy varied from 3.42 eV to -0.219 eV for Tyr99 and Tyr97, 

respectively, in W59F (amount of variation 3.64 eV.) Since the change in 0
qG∆  was at most 0.8 

eV and further amount of variation in ES energy between ion pair of the donor and acceptor 
2

0/ j i
je Rε−  in Eq. 4.16 was at most 0.51 eV (varied from -0.652 eV (Tyr97 in W59F) to -0.142 

eV (Trp16 in Y97F) ). It is considered that the net ES energy i
jES  is most influential factor 

among the ET parameters. (ln ) /i i
j jk λ  may be plotted against 0 / i

ij jG λ−∆  when jk
Sλ  appreciably 

varies, as Eq. 4.17. 

 

 0 2(ln ) / ( / 1)i i i
j j ij jk Gλ λ∝ −∆ +                                                    (4.17) 

  

 Pre-exponential factors in Eq. 4.1 may be almost constant upon the variation of -
0 / i
ij jG λ∆ . The value of (ln ) /i i

j jk λ  was -252 at 0 / i
ij jG λ−∆  (Trp16 in DM; see Figure 4.6) 

equals -3.58, and increased with 0 / i
ij jG λ−∆ . The value of (ln ) /i i

j jk λ  became maximum at 

around 6 of - 0 / i
ij jG λ∆ , and then decreased with 0 / i

ij jG λ−∆ . The solid curve in Figure 4.6 was an 

approximate parabolic function, Y = -11.602X2 + 21.105X - 14.834, where Y is (ln ) /i i
j jk λ , and 

X is 0 / i
ij jG λ−∆ . The results reveal that ET in FD mostly takes place in the normal region.  

 A number of works have reported on the free energy gap law in bulk solutions,[107-

111] but rarely reported in proteins. The energy gap law was experimentally demonstrated in the 

ET processes in photosystem I and in the reaction center of the purple bacterium, Rhodobacter 

sphaeroides, by Iwaki et al., where the ET takes place in the normal regions.[112] Turro et al. 

[113]found that ET in a homologous series of RuII diimines with cytochrome (cyt) c in its 

oxidized and reduced forms takes place in both the inverted region and normal region. ET in FD 

in the present work took place in the normal region. 

 Relationship between ET process and electron transfer process in dark is worth of 

discussion. The donor-acceptor distance dependence on qj
Sλ  and 2

0/ je Rε−  are common in both 

processes. ES energy of Iso anion and other ionic amino acids is also common between both 
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electron transfer processes. Many flavoproteins are involved in electron transfer processes in 

dark. ET analyses of the flavoproteins could also help to understand the electron transfer in the 

ground state of Iso in the proteins.  

 

Y = -11.602X2 + 21.105X - 14.834
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Figure 4.6 Energy gap law of ET in FD 

The ET rate is expressed in unit of ps-1. Total free energy gap ( 0
ijG−∆ ) is given by Eq. 4.16. 

Numerical data are listed in Table 4.3. (ln ) /i i
j jk λ  vs. 0 / i

ij jG λ−∆  were plotted according to Eq. 

4.17. Insert indicates an approximate parabolic function of the plot. 
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5.1 ABSTRACT 

The physically and thermodynamically conformational rearrangements of flavodoxins 

from bacterium Helicobacter pylori, for both Apo and Holo form, have been studied by molecular 

dynamic simulation. The results show that the whole protein of both types shared a similar pattern 

of the amino acid fluctuation except for the FMN binding site. The H-bond analyses reveal that 

amino acid which located at 10-loop can extremely form H-bond with phosphate subsite followed 

by loop-50 with ribityl subsite and loop-90 with Iso subsite. This is in accordance with the 

decomposition free energy analysis which shows that loop-10 shows the highest stabilization 

energy by − 0.77 kcal / mol, followed by loop-50 of − 0.75 kcal / mol, and lowest contribution 

has been found by loop-90 of − 1.24 kcal / mol. In addition to the binding free energy, Asn14, 

Thr54 and Tyr92 show the mostly contributed come from van der Waals interaction of their 

sidechain with the cofactor molecule. The dramatically change in dihedral angle upon FMN 

cofactor binding can be found for Asn14, Ala55, Tyr92 and Thr95 which can support the existing 

of an ensembles conformations of protein flavodoxin prior association with FMN. 

 

5.2 INTRODUCTION 

To date, approximately 50 percentage of the world population are infected by 

Helicobacter pylori (H. pylori).[114] This bacterium is gram-negative and colonized in the 

stomach. R.A. Alm and co-workers have demonstrated that H. pylori is related with 

gastroduodenal pathologies, including type B gastritis, stomach and duodenal ulcers,[115-116] 

adenocarcinoma [117] and stomach lymphomas.[118] Human with long-life infection by H. 

pylori for 20-30 years can be contracted with stomach cancer.  

FD plays an important role for H. pylori survival, and functions as an electron acceptor of 

the pyruvate:flavodoxin oxidoreductase complex (PFOR) that catalyzes piruvate oxidative 

decarboxilation.[119] Therefore, FD from H. pylori has been extensively studied in order to 

clearly understand on the folded-unfolded stability,[120-124] binding mechanism,[125-126] 

including finding lead inhibitor.[20] The crystal structure of FD from pathogen H. Pylori was first 

determined by J. Freigang and co-workers.[8] Figure 5.1(A) shows the protein structure of FD. It 

composed of 164 amino acid residues with five- β sheets and four-α helix shape.[8, 127] FD 

from this bacterium can be classified as the long-chain FD.[2] The fifth β -strand (amino acid 
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No. Gly110 – Gln115) in FD from H. pylori is absent in the short-chain FD as Desulfovibrio 

vulgaris, Hildenborough and Miyazaki F. The fifth β -strand is believed to act as the protein 

signaling for the protein partner.[127] The FMN binding site is surrounded by groups of amino 

acids, which is categorized as loop-10 (from Phe8 – Ala17), loop-50 (Ala52- Gln61), and loop-90 

(Leu86 – Ala97) (see Figure 5.1(B)). FD from this bacterium is somewhat different from the 

other flavodoxins not only in the number of amino acids but also in the characteristic at the FMN 

binding site. In most flavodoxins isoalloxazine (Iso) ring of FMN is in close proximity with an 

aromatic amino acid as tryptophan (Trp) and sometime is sandwiched by Trp and tyrosine (Tyr). 

FD from H. pylori contains only Tyr92 as the aromatic amino acid and Ala55 instead of Trp.[20]  

 

 
Figure 5.1 The three dimensional structure of H. pylori flavodoxin. (A) Protein structure of                     

H. pylori flavodoxin, which consisted of five- β  sheets and four-α  helix shape of amino acids. (B) 

The close-view at the FMN binding site. The FMN and three important loops for binding are 

indicated in yellow.  

 

Currently, the mechanism of FMN association with Apo-FD is not clearly understood.               

S. Ayuso-Tejedor and co-workers reported that alanine mutations of amino acid at the binding 

site which revealed that they did not change the association constant of FMN. Furthermore, the 

alanine-mutagenesis revealed that the aromatic ring of Tyr92 is important not only to stabilize the 

protein structure of native FD, but also recognize FMN to bind. 
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In this work, we have studied the structural and thermodynamic properties of Holo- and 

Apo-FDs. Moreover, the dihedral angle analyses of amino acids located at the FMN binding site 

revealed the difference pattern upon FMN binding to Apo-FD. This study can provide the 

molecular basis for FMN binding in the native FD and insight into the structural requirement on 

the structure-based drug design. 

 

5.3 METHODS 

5.3.1 Protein and ligand preparation  

 The starting crystallographic structure of  H. pylori [8] was obtained from Protein Data 

Bank (PDB code: 1FUE), [Research Collaboratory for Structural Bioinformatics (RCSB) 

(http://www.rcsb.org/pdb)]. The missing hydrogen atoms were added by using Discovery studio 

2.0 software packages. (Accelrys) The parameters of FMN cofactor were obtained from the 

previously work.[7] Subsequently, the protein was subjected for all hydrogen minimization by 

using AMBER version 10 software package.[51]  

 

5.3.2 Molecular dynamics simulations 

MD simulation was carried out by using Amber version 10. The amber03 force field was 

employed for protein topology.[51] The starting structure was first minimized with 2000 steps of 

steepest decent (SD) minimization, followed by 3000 steps of conjugate gradient (CG) 

minimization in order to remove the bad geometrical crashes. The protein complexed was then 

solvated with the explicit TIP3P c.a. 6660 water molecules. An appropriate sodium counter ions 

were added in order to neutralize the negative charges. Subsequently, 3000 steps of CG 

minimization were performed on the whole system with the periodic boundary extending to 10 Å 

from the complex. These minimized solvated systems were used as the starting structure for the 

following MD simulation. For apo-FD, the FMN molecule in crystallographic structure was 

removed and then a similar fashion of preparing approach with Holo-FD has been applied. 

The MD simulations were carried out under the isobaric-isothermal ensemble (normal 

temperature and pressure, NPT) with a constant temperature of 298 K and constant pressure of 1 

atm. The Particle Mesh Ewald (PME) method was used to correct the electrostatic 

http://www.rcsb.org/pdb)
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interaction,[128] and the bonds involving hydrogen were constrained by applying the SHAKE 

algorithm.[52] Subsequently, the complex was subjected to first MD simulation in order to relax 

the position of the water molecules (for 150 ps by fixing the solute structure). Then we performed 

additional MD simulations to reach 50 ns with the time interval of 0.002 ps. In order to study the 

protein conformational change and the thermodynamic quality upon the FMN binding, the single 

trajectory (FD complexed with FMN) and separated trajectory (Apo-FD and FMN, isolated 

system) have been calculated with the same MD protocol.  

 

5.3.3 The root of mean square fluctuation 

The root of mean square fluctuation (RMSF) of each amino acid, which represents the 

flexibility of each amino acid residue, was carried out by using ptraj module implemented in 

AMBER version 10.[51] The superposition of the trajectories to the reference conformation of 

amino acid over equilibrium time has been calculated. The RMSF defined as Eq. 5.1. 

 

   2
( )

1

1RMSF = ( (t) - )
T

ref
i i i

t
R R

T =
∑                       (5.1)  

 

Here Ri is the position vector of atom i (in this study, the Cα , N, and O atoms 

coordinates were evaluated). ref
iR is the reference position of residue i and T is the total number 

of protein coordinate. 

 

5.3.4 Decomposition free energy per residue 

The decomposition energies of each amino acid were studied at the binding site of FMN 

molecule of loop-10 (residues Phe8 – Ala17), loop-50 (residues Ala52 – Gln61) and loop-90 

(residues Leu86 – Ala97). We used one hundred snapshots of the last 30 ns (with time interval 0.3 

ns) of the production phase to study decomposition free energy. The solvation free energy was 

estimated using polar and non-polar contributions according to Eq. 5.4. The cutoff for non-

bonded interactions was neglected for molecular mechanic energy calculation. 
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5.4 RESULT AND DISCUSSION 

5.4.1 Comparison of the protein structure between Holo- and Apo-

flavodoxin 

The longer MD time could provide the more reliable ensemble collection. In this work, 

the MD simulations of both Apo- and Holo-FD were carried out for 50 ns. The stability of the 

whole MD system can be investigated by the time evolution of the root of mean square deviation 

(RMSD), illustrated in Figure S5.1. It is clear that for both Apo- and Holo-FD reached the 

equilibration after 20 ns. Therefore, we have collected their configurations from 20 to 50 ns in 

order to investigate their dynamic behavior, structural difference at the binding site including their 

thermodynamic properties. The averaged RMSD of each part of both Apo- and Holo-FD have 

been summarized in Table S5.1, which shows that the RMSD of entire protein (backbone and 

sidechain) of Apo-FD is higher than one of Holo form. Being considered the RMSD of only 

backbone part (N, CA, C=O) , we found that Holo-FD show higher value of RMSD compared to 

Apo-FD form. The mean value of the backbone RMSD in Holo form was 1.46 Å, while one of 

Apo form was 1.38 Å. This suggests that molecular volume of Holo-FD increases upon FMN 

binding. In addition to the dynamics of each amino acid, the RMSF analyses, with respect to the 

averaged structure, have been carried out. Figure 5.2 illustrates the comparison of RMSF between 

Apo- and Holo-FDs, which shows that RMSF shared a similar pattern along with the residue No. 

between Apo- and Holo-FDs, except for those at the FMN binding site. The amino acid residues 

which show significant difference in RMSF magnitude, were Asp11, Ser12, Gly13, Asn14 in 

loop10, Ala55, Gly56, Ala57, Gly58 in loop50, Asp90, Thr91, Tyr92 in loop90, and Gln144, 

Asp145, Asp146, Leu147, Thr148, and Asp149. This might be due to the lost of binding 

interaction between FMN molecule and Apo-FD. 
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Figure 5.2 Comparison of the RMSF between the Apo- and Holo-FDs. Amino acid residues 

indicated in the Figure displayed great difference between Apo- and Holo-FDs. 

 

The superimposition of configuration which taken by averaging of the last 30 ns of the 

production time has been shown in Figure 5.3. Clearly, the structure of Apo-FD (green ribbon) 

and Holo-FD (blue ribbon) shared a similar pattern except the large different which can be found 

in 4 loops, namely, Asp11 – Asn14, Ala55 – Gly58, Asp90 – Tyr92, and Gln44 – Asp49. The 

protein backbones were quite similar between Apo- and Holo-FDs, except for the FMN binding 

site. Figure 5.4 shows time-evolutions of the total energy in the entire MD simulation time. It is 

evident that the energy of Holo-FD (blue line) was quite lower than one of Apo-FD (green line). 

This result reveals that the Apo-FD becomes much stable upon the binding of FMN. 
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Figure 5.3 Comparison of the main segments between Apo- (green) and Holo- (blue) FDs. The 

FMN cofactor is shown by ball and stick model. The red color indicates the highly flexible region. 

The entire protein was divided into 5 parts as indicated residue Nos. in black. 

 
Figure 5.4 Comparison of the total energy of Holo-FD and Apo-FD.  Holo form is indicated in 

blue color and Apo form in green color. 
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5.4.2 Hydrogen binding analyses 

H-bonds play a crucial role in bimolecular system.[129] In this study, the criteria for 

formation of H-bond were (i) the distance between the heavy atoms of the donor and acceptor to 

be less than 3.5 Å, (ii) a bond angle of X-H···Y to be greater than 120º. Figure 5.5(A) shows H-

bond pairs between FMN and Apo-FD, and Figure 5.5(B) shows the H-bond distance of the 

corresponding atom pair. Ala97(NH: peptide), Thr95(O: peptide), Thr95 (OG1: side chain) and 

Asp88(NH: peptide) satisfied the both criteria, and form strong H-bonds with Iso O2, N3H, O4 

and O2, respectively. Moderate H-bonds with the percentage of occupation around 40 % were 

observed in ribityl sidechain of FMN molecule [Asn14 (37.96%), Thr54 (35.34% and 34.14%)]. 

Slight H-bonds with % occupation lower than 40 % formation between amino acid in loop-10 

[Thr10 (33.78%), Ser12 (18.60%, 16.02% and 15.26%), Asn14 (23.66%, 19.34 % and 13.50%)] 

with phosphate subsites. The H-bond formations between FMN and Apo-FD are summarized in 

Table 5.1. Ala97 (NH: peptide), Thr95 (O: peptide) and Thr95 (OG: side chain) strongly formed 

H-bond with O2, N3H and O4 of FMN, respectively, as judged from percent occupation. O2 of 

Iso also formed H-bond with Asn88 (NH: peptide). Ribityl O2’ and O4’ formed H-bonds with 

Thr54 (NH: peptide) and Asn14 (ND2: side chain), respectively. O3P formed H-bonds with Ser12 

(OG: side chain), Thr10 (OG: side chain) and Asn14 (ND2: side chain). O1P formed H-bonds 

with Ser12 (OG: side chain) and Asn14 (ND2: side chain).   

The experimentally side-directed alanine mutagenesis of amino acid at the phosphate 

subsite of H. pylori FD revealed a small effect on the dissociation constant.[125] This agrees well 

with our calculation results. Because in this region, Ser12 can only form moderately H-bone by 

75 % occupation, while the rest play small contribution. The H-bond pattern in H. pylori FD were 

quite different from the observed one of strain Miyazaki F. [7] The H-bond formations in FD 

from Miyazaki F. are favorable between loop-10 and phosphate subsite.[7] The difference of this 

H-bond pattern may be due to the different in protein architecture.  
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Figure 5.5 H-bond formation between FMN and surrounding amino acids. Upper panel shows 

schematic representation of the H-bond.  Lower panel shows the histogram of H-bond distance 

distribution. 
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Table 5.1 Percentage occupation of H-bonds between FMN cofactor and surrounding amino 

acidsa  

Amino acid residue 

(Atom kind) 

FMN 

 

% 

Occupied 

Distance Angle 

(Å) (degree) 

Ala97(NH) O2 100.00 2.83 ( 0.11) 162.12( 9.24) 

Thr95(O) N3-H 99.58 2.94 ( 0.14) 160.62( 9.32) 

Thr95(OG1-HG1) O4 92.74 2.84 ( 0.19) 158.09(12.28) 

Ser12(OG-HG) O3P 75.70 2.60 ( 0.15) 167.07( 8.93) 

Asp88(NH) O2 74.96 3.16 ( 0.19) 150.07( 8.30) 

Asn14(ND2-HD22) O4’ 37.96 3.03 ( 0.19) 150.1(16.00) 

Thr54(O) O2’-H 35.34 2.71 ( 0.13) 157.78(12.58) 

Thr54(NH) O2’ 34.14 3.29 ( 0.15) 138.07( 9.80) 

Thr10(OG1-HG1) O3P 33.78 2.68 ( 0.18) 159.90( 9.19) 

Asn14(ND2-HD22) O1P 23.66 2.88 ( 0.16) 159.94(11.26) 

Asn14(ND2-HD22) O3P 19.34 2.89 ( 0.17) 159.00(10.86) 

Ser12(OG-HG) O1P 18.60 2.79 ( 0.33) 22.03 (18.32) 

Ser12(OG-HG) P 16.02 3.40 ( 0.08) 157.97( 8.78) 

Ser12(OG-HG) O2P 15.26 2.77 ( 0.34) 157.73(17.82) 

Asn14(ND2-HD22) O2P 13.50 2.86 ( 0.16) 157.38(11.30) 
a See Chart 1 for definition of atomic labels. The last 30 ns of the production time which 

contain 5000 configurations with 6  ps time intervals were used for the analysis. The digits in 

parentheses denote the standard deviation 

 

5.4.3 Decomposition free energy per amino acid residues at the binding site 

The decomposition (DC) free energy of the amino acid residue represent the stability of 

protein complex upon those amino acid binding. We can assume that the amino acid which 

located near FMN molecule should be interacted and showing the influent on the stabilization 

energy. The FMN was surrounded by the loop-10, loop-50 and loop-90 regions (see Figure 

5.1(B). Figure 5.6 shows the DC plot of these three loops. At loop-10, Asn-14 shows the free 
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energy lower than − 5 kcal / mol. The amino acid Phe8, Gly9, Thr10, Ser12, Gly13, Ala15, and 

Ala17 show the energy contribution in the range of − 0.02 ≤  bindG∆ ≤  − 1.72 kcal / mol. In this 

loop, there are residues Asp11 and Glu16 gave the small destabilization free energy. Focusing on 

loop-90, Tyr92 show is the most stabilization free energy upon the FMN binding by − 4.83 kcal / 

mol, while Gly87, Thr95, Phe96 and Ala97 provided a similar free energy contribution in the 

range of − 0.05 ≤  bindG∆  ≤ − 2.47 kcal / mol. Compliant to the loop-10, there are Asp90 and 

Glu94 show the small destabilization free energy. Thr54 shows the most favor stabilization free 

energy by − 2.27 kcal / mol. Based upon the averaged binding free energy, loop-50 shows the 

lowest contribution upon FMN binding with respect to loop-10 and loop-90. The DC free energy 

separated into the residue sidechains (blue line) and backbones (green line) are depicted in Figure 

5.7. In the loop-10, the lowest decomposition free energy was found by Asn14, Its sidechain show 

the source of the lowest DC energy. At the loop-90, sidechain of Tyr92 provided the interaction 

for stabilization, same as at loop-50 for Thr54. The classification of the contribution on that DC 

free energy into the van der Waals ( vdW nonpolE G+ ) and electrostatic ( ele polE G+ ) energy term 

are shown in Figure 5.8. We found the van der Waals interaction play an important role in 

between the FMN and surrounded amino acids, in particular for Asn14, Thr54 and Tyr92. This is 

somewhat consistent with the mechanism as suggested by A. Lostao and co-workers. They 

reported that the electrostatic energies seem not to play a role in directing the binding 

mechanism.[126] In contrast, the hydrophobic encounter becomes the majority role involved in 

binding reaction. Based on the averaged contribution, loop-10 shows the highest stabilization 

energy by − 0.77 kcal / mol, followed by loop-50 of − 0.75 kcal / mol, and lowest contribution 

has been found by loop-90 of − 1.24 kcal / mol. 
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Figure 5.6 The decomposition free energy per amino acid residue for FMN binding.   

The Figure shows the contribution of individual amino acid at loop-10, loop-50 and loop-90 to 

FMN binding energy. 

 

 
Figure 5.7 Contribution of the side-chain and the backbone of individual amino acid residue at 

loop-10, loop-50 and loop-90 to the FMN binding free energy. 
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Figure 5. 8 The electrostatic and van der Waals energies per residue at loop-10, loop-50 and 

loop-90 for the FMN binding. 

 

5.4.4 The dynamical flexibility of the amino acids at the active site 

The conformational changes play a key role in the ligand binding to protein and help for 

stabilization its complex.[130] The aromatic amino acid at the binding site can control the FMN 

association as described as the "aromatic gate model" proposed by C. G. Genzor and co-

workers.[131] In addition, T.A. Murray and co-workers reported the evidence of conformational 

changes associated to flavin binding to Apo-FD from Desulfovibrio vulgaris.[132] The dynamic 

of sidechain of Trp60 which located proximal to FMN associated conformational changes.[132] 

This suggests the role of dynamic, hydrophobic interaction, like π-π interaction, between 

sidechain and Iso subsite. Therefore, the dynamic of sidechain at the FMN binding site between 

Apo- and Holo- form should be more clarified. To that end, MD simulation can provide insight at 

atomistic details. Figure 5.9 shows the dihedral angle of 16 amino acid residues at the FMN 

binding site (within 5 Å away from FMN molecule). Five thousand coordinates of the bound FD 

(single trajectory) and unbound (separated trajectory) have been extracted from the last 30 ns 

production time. These two situations of FD being studied are a good model to investigate the 
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dynamic of those residues upon FMN binding. The declaration variable 1χ  and 2χ  have been 

described in Figure 5.9. The plots of 1χ  versus 2χ  angle can describe how flexibility of 

sidechain of each individual residue is? We can classify the plot of dihedral angles into three 

groups. Group-I comprised of Thr10, Pro53, Ala57, Gly58, Gly87, Asp88, Phe96 and Ala97. In 

this group, the plot of 1χ  and 2χ  and also the frequency of population between Holo- (red 

meshed) and Apo-FD (blue meshed) are quite similar. This result implied that the binding of 

FMN molecule did not affect to the mobility of sidechain of these amino acid. Group-II 

comprised of Ser12, Asn14, and Gly98. These amino acids show a small difference pattern, angle 

or frequency of population. Group-III shows the highest difference among Apo- and Holo-FD, 

comprising of Ala55, Gln61, Tyr92 and Thr95. Clearly, Ala55 (this amino acid lying near Iso 

ring) of Holo-FD (red meshed) show the shift of 1χ  angle from c.a. 240 – 360 degree to a narrow 

dynamic range (red meshed) of c.a. 180 – 240 degree which was observed in Apo-FD. Interesting 

in the case of Tyr92, the shift of angle is observed in 2χ . There are shifts of angle from c.a. 30 – 

180 (based region of Apo-FD, blue meshed) to range c.a. 240 – 300 (based region of Holo-FD, 

red meshed). The conformational change of phenyl ring of Tyr92 in Holo-FD enabled to form π-

π interaction with Iso subsite. Interestingly, Thr95 is one of the most interesting amino acid in 

this work. Beside it can form H-bond with N3H and O4 of Iso subsite with  100 and 93 %, 

respectively, the dihedral angle of its sidechain show dramatically change between Apo- and 

Holo-FD. Therefore, the role of Thr95 for the involving of FMN molecule need to be further 

investigated. 
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Figure 5.9 Distribution of the dihedral angles of χ1 and χ2 of amino acids at the FMN binding 

site. The distribution of the Apo-FD is in blue, Holo-FD in red 
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Figure 5.9 Distribution of the dihedral angles of χ1 and χ2 of amino acids at the FMN binding 

site. The distribution of the Apo-FD is in blue, Holo-FD in red 
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Figure 5.9 Distribution of the dihedral angles of χ1 and χ2 of amino acids at the FMN binding site. The 

distribution of the Apo-FD is in blue, Holo-FD in red 
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5.5 CONCLUSION 

In this work, we calculated MD simulations of explicited model of Apo- and Holo-

flavodoxin to demonstrate the conformational adaptation attend the FMN complex formation 

energy and thermodynamic properties. In order to clarify such properties, fifty ns time length of a 

single and separate trajectories MD simulations have been carries out. The result shows that 

amino acid located at loop-90 as Asp88, Thr95 and Ala97 are favoring strongly formed H-bond 

with Iso moiety, while amino acid at loop-10 formed moderately H-bond with phosphate and 

ribityl part. The DC free energy analysis revealed that the favorable non-bonded van der Waals 

interactions contribute predominantly to the enthalpy upon FMN binding. In addition to the 

stabilization, amino acids at loop-10 provided the highest stabilization energy follow by loop-50 

and lowest at loop-90, respectively. 

The conformational flexibility analyses of amino acid at the binding site allowed us to 

figure out how the dynamic of each amino acid is? The simulation results clearly revealed that 

Asn14, Ala55, Gln61, Tyr92, Thr95 are influenced upon the cofactor association. The plots of 

dihedral angle of that sidechain are different in the positioned. This result is in accordance with 

the decomposition free energy analysis. An analysis of the separated free energy contributions 

also provides very informative information. The sidechain of these amino acid residues play an 

important role for FMN binding. We point these amino acids out, which might play dynamic role 

and support the conformational selection process for the FMN binding. For further understanding 

on the binding mechanism and the role of these amino acids, the folding-unfolding studies need to 

be further investigated.  
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6.1 ABSTRACT 

 Flavodoxin from Helicobactor pylori (FD-HP) contains flavin mononuleotide (FMN) as 

a cofactor. Tyr92, Trp64 and Tyr121 locate near isoalloxazine (Iso). The center-to-center 

distances (Rc) from Tyr92, Trp64 and Tyr121 to Iso were obtained by molecular dynamics (MD) 

simulation. The mean values of Rc were 0.56, 1.55 and 1.92 nm, respectively. Photoinduced 

electron transfer (ET) from these aromatic amino acids to the excited Iso (Iso*) was studied by 

ultrafast fluorescence dynamics obtained by means of a fluorescence up-conversion method. The 

fluorescence decayed with lifetimes of 173 fs (amplitude, 0.963) and 2.08 ps (0.037). The 

fluorescence intensities were analyzed with Kakitani and Mataga (KM) theory and atomic 

coordinates of the protein obtained by MD simulation, to obtain ET rate from the donors and 

related physical quantities. The ET rates from Tyr92 to excited Iso was 23 ps-1. Those from Trp64 

and Tyr121 were negligibly slow. The logarithmic ET rates displayed a parabolic behavior with a 

total free energy gap. A net electrostatic (ES) energy between the photo-products and ionic groups 

inside the protein also displayed a parabolic behavior with the total free energy gap, which 

suggests that the parabolic energy gap law is ascribed to the net ES energy, and further the net ES 

energy is one of the most influential factors for the ultrafast ET rate. Dutton law predicts that the 

logarithmic ET rate decreases with Rc. The Dutton law was examined for the ET rate of Tyr92. 

However, no clear relationship between the logarithmic ET rates and Rcs were obtained. The 

reason for it was discussed comparing with Dutton law in flavin mononucleotide (FMN) binding 

protein. 

 

6.2 INTRODUCTION 

Photoinduced electron transfer (ET) phenomena have been central field of 

photochemistry and photobiology.[9, 19, 133-136] Since several flavin photoreceptors were 

found, ET in the flavoprotein photoreceptors has been investigated by many researchers.[30, 84, 

137] Photochemistry of flavins was pioneered by Weber.[138] McCormick demonstrated strong 

quenching of flavin fluorescence by indole in isoalloxazine-(CH2)n-indole diads.[139] Berg and 

Visser reviewed on the time-resolved fluorescence spectroscopy of flavoproteins.[140] It was 

demonstrated that the remarkable quenching of flavin fluorescence by N,N’-dimethylaniline, 

indole and phenol in solution is ascribed to ET from the donors to the excited flavins, by means of 
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a picosecond-resolved transient absorption spectroscopy.[77] ET in flavodoxin (FD) from 

Desulfovibrio vulgaris in the picoseconds time domain [28] and in glucose oxidase in 

femtoseconds time domain has been also demonstrated by means of a transient absorption 

spectroscopy.[25]  

Fluorescence is remarkably quenched in many of flavoproteins due to ET from Trp 

and/or Tyr to the excited isoalloxazine (Iso*). The ultrafast fluorescence lifetimes of a number of 

flavoproteins were studied by means of a photon-counting method,[141] and a fluorescence up-

conversion method.[6, 29, 31, 42-43, 80, 142] The fluorescence lifetimesv[80, 142-144] and 

decays [17-18, 58-59, 64, 145] have been analyzed with crystal structures and snapshots in water 

obtained by molecular dynamics (MD) simulation, using an electron transfer theory. 

FDs are a group of small flavoproteins with a molecular weight of 15–23 kDa, that have 

been isolated from a variety of microorganisms, including Helicobacter pylori (H. Pyloi)  and 

Desulfovibrio vulgaris, Miyazaki F (DV). FDs are considered to function as electron transport 

proteins in various metabolic pathways.[146] H.pylori is a pathogen for type-B gastritis and 

peptic-ulcer diseases,[115] gastric carcinoma [147] and mucosa-associated lymphoid-tissue 

lymphoma.[118] It has been found that an inhibition of FD from H. pylori (FD-HP) by some 

compounds prevents the infections.[20] Crystal structure of FD-HP was determined by Freigang 

et al.[8] It contains Tyr92 near Iso, while FD from Desulfovibrio vulgaris, Miyazaki F. (FD-

DvMF) has Trp59 and Tyr97 within 1 nm from isoalloxazine (Iso). Fluorescence from both FDs 

is strongly quenched as a consequence of ET from these aromatic amino acids to Iso*. The ET 

mechanism in FD-DvMFs was studied with the structures determined by MD simulation.[58] In 

the present work the ultrafast fluorescence dynamics of FD-HP has been studied by means of the 

fluorescence up-conversion method. The ET mechanism in FD-HP has been comparatively 

examined with FD-DvMF and flavin mononucleotide (FMN) binding protein (FBP) from DV, by 

using MD simulation structures.  

 

6.3  THEORETICAL METHODS 

6.3.1 Method of MD simulation 

The X-ray structure of FD-HP (PDB code 1FUE, Research Collaboratory for Structural 

Bioinformatics; http://www.rcsb.org/pdb) [8] was used as a starting structure of MD simulation 

http://www.rcsb.org/pdb)
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calculation. All missing hydrogen and heavy atoms were added by using Discovery studio 2.0 

software packages. (Accelrys). The parameters of FMN cofactor were obtained from our 

previously work [7] whereas the AMBER03 force field [51] was used to describe the amino acid 

topologies. All MD simulations were carried out by using the AMBER 10 suite of programs.[51] 

First, the structure was minimized with 2000 steps of steepest decent (SD) minimization, 

followed by 3000 steps of conjugate gradient (CG) minimization to remove the bad geometrical 

crashes. Second, the protein was solvated with 6660 TIP3P water molecules in a cubic box. The 

energy of the protein-added water molecules was minimized, keeping the protein fixed. 

Subsequently, the SD with 2000 steps and then CG minimizations with 3000 steps were 

performed on the whole system with the periodic boundary extending to 1 nm from the complex. 

The MD simulations were carried out under the isobaric-isothermal ensemble (normal 

temperature and pressure, NPT) with a constant temperature at 298 K and with constant pressure 

at 1 atm. The electrostatic interaction was corrected by the Particle Mesh Ewald (PME) 

method.[128] The SHAKE algorithm was employed to constrain all bonds involving hydrogen 

atoms.[52] The non-bonded pair interactions were treated with a cut-off distance of 1 nm. The 

MD simulations were performed over 50 ns with the time step of 2 fs. The MD coordinates were 

collected every 0.1 ps during the last 5 ns of the production time and used for further analyses.  

 

6.3.2 Method of theoretical analyses 

6.3.2.1 ET theory  

     The original Marcus ET theory [15, 73] has been modified in various ways [16, 

74-75, 103-104, 148-150] In the present analysis, the Kakitani and Mataga (KM) theory [16, 148-

150] was used, because it is applicable for both adiabatic and non-adiabatic ET processes, and has 

been found to give satisfactory results for static [80, 142-144] and dynamic [17-18, 58-59, 64, 

145] ET analyses in several flavoproteins. The ET rate described by KM theory is expressed by 

Eq. 6.1; 
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Here j
ETk  is the ET rate from a donor j to Iso*, and index q denotes Trp or Tyr. 0

qν  is 

an adiabatic frequency, qβ  is the ET process coefficient. jR  and 0
qR  are the donor j–Iso 

distance and its critical distance between adiabatic and non-adiabatic ET process, respectively. 

jR  is expressed as a center-to-center distance ( cR ) rather than edge-to-edge ( eR ) distance.[17-

18, 58-59, 64, 80, 142-145] The ET process is adiabatic when jR < 0
qR , and non-adiabatic when 

jR > 0
qR . Bk , T and e  are Boltzmann constant, temperature and electron charge, respectively. 

jES  is a net electrostatic (ES) energy, which is described below. FD-HP contains 2 Trps (Trp64 

and Trp155) and 3 Tyrs (Tyr92, Tyr104 and Tyr121) among 164 amino acid residues. In the 

present work the ET rates from Trp64, Tyr92 and Tyr121 of these aromatic amino acids to Iso* 

were taken into account for the analysis, because the donor-acceptor distances were relatively 

short. 

   qj
Sλ  is a solvent reorganization energy [15, 73] of the ET donor q and j, and is expressed as Eq. 

6.2.  
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                                                                        (6.2) 

 

where Isoa  and qa  are the radii of Iso and Trp or Tyr, with these reactants being 

assumed to be spherical, and  ε∞  and 0
pε  are optical and static dielectric constants inside the 

protein. The static dielectric constant for the solvent reorganization energy and ES energy 

between Tyr92 cation and Iso anion was expressed by 0
pε  = 0

DAε , while 0
pε  = 0ε in the other 

donor-acceptor pairs, because the cR  for Tyr92 was quite close shorter than 1 nm, and hence no 

amino acid exists between the donor and acceptor, The cR  between Trp64 or Tyr121 and Iso 

were longer than 1 nm where many amino acids exist. The situation in the Iso-Tyr92 pair may be 

quite different from the ES energy between the ionic species of photoproducts and the other ionic 

groups in the protein where there are many amino acids between them, as described below. The 

optical dielectric constant used was 2.0. The radii of Iso ( Isoa ), Trp ( Trpa ) and Tyr ( Tyra ) used 

were 0.224, 0.196 and 0.173 nm, respectively.[17, 58-59, 64, 145]  

The standard free energy gap was expressed with the ionization potential of the ET 

donor, q
IPE , as Eq. 6.3; 
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 0 0q
q IP IsoG E G∆ = −                                                                                                              (6.3) 

 

Here, 0
IsoG  is standard Gibbs energy related to electron affinity of Iso*. The values of 

q
IPE  for Trp and Tyr were 7.2 eV and 8.0 eV, respectively.[78]  

 

6.3.2.2 Electrostatic energy in the FD-HP  

  Protein systems contain many ionic groups, which may influence the ET rate. 

The FMN cofactor in FD-HP has 2 negative charges at the pyrophosphate, while the protein itself 

contains 13 Glu, 14 Asp, 13 Lys and 2 Arg residues. 

 The ES energy between Iso anion or donor cation j and all other ionic groups in the protein 

is expressed by Eq. 6.4; 
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  where j = 0 for the Iso anion, j = 1 for the Trp64 cation and j = 2 for Tyr92 cation and j = 

3 for Tyr 121 cation. jC  is the charge of the aromatic ionic species j, that is -e for j = 0 and +e for 

j = 1 to 3. GluC (= - e), AspC (= - e), LysC (= + e), ArgC (= + e) and PC (= - e) are the charges of 

the Glu, Asp, Lys and Arg residues plus the phosphate anions, respectively. We assumed that 

these groups are all in ionic state in solution. The values of pKa of ionic amino acids in water 

were 4.3 in Glu, 3.9 in Asp, 10.5 in Lys, and 12.5 in Arg. In the protein these values of pKa may 

be modified in the range of ± 0.3. Histidine displays 6.0 of pKa in water. All measurements were 

performed in 10 mM Tris-HCl (pH 8.0) buffer, where His should be neutral in the solution. The 

distances between the aromatic ionic species j and the ith Glu (i = 1 – 13) are denoted 

as ( )jR Glu i− , while the distances between the aromatic ionic species j and the ith Asp (i = 1 – 

14) are denoted as ( )jR Asp i− , and so on. The dielectric constant in this ES energy was 0ε as 

discussed above. 
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   jES  in Eq. 6.1 was expressed as follows: 

 

(0) ( )jES E E j= +                                                                                                    (6.5) 

 

Here j is from 1 to 3, and represents jth ET donor as described above. 

 

6.3.3 Fluorescence Decays 

      The calculated decay curve expressed by Eq. 6.6, was obtained from a calculated decay 

function given below. 

 

     
0

( ) ( ') ( ') '
t

c f
calc calcF t P t t F t dt= −∫                                                                                          (6.6) 

 

Eq. 6.6 shows a convolution of the calculated decay function ( ')f
calcF t  given by Eq. 6.7 

with an instrumental response, ( ')P t t− .  

 

      
3

1

( ) exp ( ')f j
calc ET

j AV

F t k t t
=

 
= −  

 
∑                                                                                   (6.7) 

The fluorescence decay functions were calculated up to 3 ps, because the fluorescence 

dynamics was measured in this time range. In Eq. 6.7 ...
AV

means the averaging procedure of 

the exponential function in Eq. 6.7 over t’ (MD simulation time) up to 5 ns with 0.1 ps time 

intervals. In Eq. 6.7 we assumed that the decay function at every instant of time, t’, during the 

MD time range can be always expressed by the exponential function. The decay expressed by Eq. 

6.7 can be non-exponential after the averaging procedure, because the ET rate depends on MD 

simulation time t’. The present method is mathematically equivalent to the reported one [34] 

when the time range (5 ns) of MD simulation data is much longer than one (3 ps) of 

fluorescence data. The mathematical basis of this approach is described in Supplemental 

Information of Chapter III. Unknown ET parameters contained in KM theory were 0
qν , qβ , 

and 0
qR   for Trp and Tyr, 0

IsoG ,  0ε  and 0
DAε .These parameters were determined so as to obtain 
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the minimum value of 2
Aχ  defined by Eq. 6.8, by means of a non-linear least square method 

according to Marquardt algorithm. 

              

{ }2

2

1

( ) ( )1
( )

cN
calc i obs i

c
i calc i

F t F t
N F t

χ
=

−
= ∑                                                                                            (6.8) 

 

 Here ( )obs iF t  is the observed fluorescence intensity at it t= , and N = 153.    

The observed fluorescence decay function of FD-HP, ( )f
obsF t , was extracted from the 

observed fluorescence intensities by means of a deconvolution procedure with a two-exponential 

function as expressed by Eq. 6.9;  

                   

         1 1 2 2( ) exp( / ) exp( / )f
obsF t t tα τ α τ= − + −                                                                    (6.9) 

 

Here the lifetimes were obtained as 1τ  = 0.173 ps ( 1α  = 0.963) and 2τ  = 2.08 ps ( 2α  = 

0.037).  

 

6.4 RESULTS 

6.4.1 Dynamics of geometry around Iso 

Absorption and fluorescence spectra of FD-HP are shown in Figure 6.1. The protein was 

dissolved into 10 mM Tris-HCl (pH 8.0) buffer. Absorption spectrum displayed two peaks at 378 

nm and 452 nm in visible wavelength region. The wavelengths at absorption maxima were similar 

to those of free FMN. Fluorescence peak was at 521 nm, which was shorter by ca. 10 nm than one 

of free FMN in aqueous solution. A snapshot obtained by MD simulation of FD-HP around Iso is 

shown in Figure 6.2(A). Two Trps, Trp64 and Trp155, and three Tyrs, Tyr92, Tyr104 and 

Tyr121, exist in FD-HP as potential ET donors. Only one aromatic amino acid, Tyr92, locates 

near Iso within 1 nm, while Iso is sandwiched by Trp59 and Tyr97 in FD-DvMF (Figure 6.2(B)). 

Dynamics of Rc between Iso and Tyr92, between Iso and Trp64 and between Iso and Tyr121 are 

illustrated in Figure 6.3. Three closest aromatic amino acids to Iso are shown among the five in 

FD-HP. Fluctuation of Tyr92 in Rc was rather little compared to the other amino acids.  Mean 
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values of Rc over MD time are listed in Table 6.1, together with those of FD-DvMF and FBP for 

comparison. The values of Rc were 0.56 nm in Tyr92, 1.55 nm in Trp64 and 1.92 nm in Tyr121. 

The values of Tyr97 are 0.54 nm in WT FD-DvMF, 0.55 nm in W59F (Trp59 replaced by Phe) 

FD-DvMF.[59] The values of Trp are 0.64 nm in WT FD-DvMF and 0.78 in Y97F (Tyr97 

replaced by Phe) FD-DvMF,[59] 0.70 nm in Trp32 of FBP.[145]  

 

 
 

Figure 6.1 Absorption and fluorescence spectra of FD-HP. The absorption peaks were at 378 nm 

and 452 nm in visible wavelength region.  Fluorescence peak was at 521 nm. FD-HP was 

dissolved in 10 mM Tri-HCl buffer at pH 8.0. Optical density at the excitation wavelength (450 

nm) was ca. 0.1 upon the fluorescence measurements. 

 

 
Figure 6.2 The protein structures near Iso binding site in FD-HP and FD-DvMF obtained by MD 
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simulation 

Iso is stacked with Tyr92 in FD-HP (A), while it is sandwiched by Trp59 and Tyr97 in FD-DvMF 

(B). Mean center-to-center distance (Rc) between Iso and Tyr92 was 0.56 nm, which are similar 

to those of Rc between Iso and Tyr97 in WT FD-DvMF and W59F FD-DvMF.[59]  

 

 
Figure 6.3   Time-evolution of Rc between Iso and nearby aromatic amino acids 

Tyr92, Trp64 and Tyr121 were three closest aromatic amino acids to Iso among five in FD-HP.  

Number of snapshots was 50000 with 0.1 ps time intervals. Mean values of Rc over 50000 

snapshots are listed in Table 6.1. 

 

6.4.2 Ultrafast fluorescence dynamics 

Ultrafast fluorescence dynamics were measured by means of the fluorescence up-

conversion method. Figure 6.4 shows the decays of FD-HP at 530 nm of the emission. The 

observed intensities are shown with dots. The decay did not display any emission-wavelength 

dependence. The experimental intensities were first approximated with a two-exponential 

function, by means of the deconvolution procedure as described at Section 6.3.6.  The obtained 

decay function is given by Eq. 6.9. The lifetimes were 173 fs and 2.08 ps, with pre-exponential 

factors of 0.963 and 0.037, respectively. 
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Figure 6.4 Observed and calculated fluorescence intensities 

Upper panel shows deviation between the observed and calculated intensities obtained by Eq. 

6.11, and lower panel the observed (blue dots), calculated intensities (red line) with KM theory, 

and pulsed laser (black line).  The emission was monitored at 530 nm. Half-width of the laser was 

ca. 0.2 ps at 410 nm. The protein was dissolved into 10 mM Tris-HCl (pH 8.0) buffer. 

Absorbance of the sample at 410 nm (excitation) was ca. 3 in a cell-cuvettes with 1 cm optical 

pass.  

 

6.4.3 ET parameters 

The observed fluorescence intensities were analyzed with three methods as described at 

Section 6.3.6. The calculated decay function shown in Figure 6.4 (red line). The ET parameters 

contained in KM theory are listed in Table 6.2. The values related to Trp as 0ν  (Trp) , β  (Trp) 

and 0R  (Trp) may not be accurate, because ET rate from Trp64 was negligibly slow (see Table 

6.3). The values of 2χ  were 1.62 x 10-2. The unknown variable ET parameters were 0
qν , qβ , 

and 0
qR   (for Trp and Tyr), 0

IsoG ,  0ε  and 0
DAε . The values of 0

qν , qβ , and 0
qR  for Tyr were 610 

ps-1, 6.0 nm-1 and 1.2 nm, respectively. The values of    0
IsoG , 0ε , and 0

DAε were 7.2 eV, 3.8 and 
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2.3,  respectively. The static dielectric constant ( 0
DAε ) between Tyr92 and acceptor were lower 

than one of the entire protein ( 0ε ). This is reasonable because no amino acid exists between them 

like a kind of vacuum.  

The 0R (Tyr) was much longer in FD-HP (1.2 nm) than one in FD-DvMF (0.68 nm), 

which suggests that ET process in FD-HP is adiabatic, while it is both adiabatic and non-adiabatic 

in FD-DvMF depending on Rc. The value of  0
IsoG  were lower in FD-HP than one in FD-DvMF. 

The static dielectric constant of the entire protein ( 0ε ) was also lower in FD-HP than one in FD-

DvMF, which suggests that polarity inside the protein is lower in FD-HP than one in FD-DvMF. 

The maximum wavelength of the fluorescence spectrum of FD-HP was shorter by 10 nm than 

FMN in aqueous solution, which supports the low polarity inside the protein. 

 

6.4.4 ET rate and related physical quantities 

In Figure 6.5(A) time-evolutions of logarithmic ET rates are shown from the three 

donors. The ET rates from Trp64 and Tyr121 were negligibly slow compared to one from Tyr92, 

which reveals that ultrafast decay of FD-HP is ascribed to ET solely from Tyr92 to Iso*. The ET 

rate from Tyr92 is shown more in detail in Figure 6.5(B). Figure 6.5(C) shows a distribution of 

the logarithmic ET rate from Tyr92. The logarithmic ET rate displayed a sharp peak at around 4. 

Mean values of the ET rates are listed in Table 6.3. The mean ET rates from Tyr92 were 22.5 ps-1. 

The ET rates from Trp64 and Tyr121 were negligibly slow. 

Table 6.1 Donor-acceptor distancea) 

WT 

(FD-HP) 

WTb) 

(FD-DvMF) 

Y97Fb) 

(FD-DvMF) 

W59Fb) 

(FD-DvMF) 

WTc) 

(FBP) 

Trp64 Tyr92 Tyr121 Trp59 Tyr97 Trp59 Tyr97 Trp32 

1.55 0.56 1.92 0.64 0.54 0.78 0.55 0.70 

a Mean values of center to center distances between Iso and donors indicated are listed over 

50,000 snapshots in WT from H. pylori, 20,000 snapshots in flavodoxins from Desulfovibrio 

vulgaris, Miyazaki F. 
b Data are taken from Ref.[58-59]  
c Data taken from Ref .[17]  
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Figure 6.5   Time-evolution of ET rate 

Panel A represents ET rates from Trp64, Tyr92 and Tyr121 to Iso*, and Panel B, ET rate from 

Tyr92. Panel C represents distribution of logarithmic ET rate from Tyr92 to Iso*. 
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Time-evolutions of ES energies between Iso anion and ionic groups inside the protein 

[ (0)E in Eq. 6.4], and between the donor cation and ionic groups inside the protein [ ( )E j ] are 

shown in Figure 6.6(A). The net ES energies between the photo-products and the ionic groups 

[ jES in Eq. 6.5] are illustrated in Figure 6.6(B). The (0)E  of Iso anion was highly positive and 

varied at around 4.5 eV. Repulsion energies by phosphate anions may greatly contribute to it, 

because the distances between the two negative charges and Iso anion were within 1 nm.                   

The ( )E j  of Tyr92 varied at around -4.5 eV, and accordingly the net ES energies obtained as the 

sum of them were close to zero as in Figure 6.6(B). The net ES energies of Trp64 and Tyr121 

were much greater than one of Tyr92. The mean values of the net ES energies are also listed in 

Table 6.3. The mean values were -0.12 to -0.17 eV in Tyr92 depending the Method used, while 

those of Trp64 and Tyr121 were 1.6 – 2.4 eV and 3.9 – 6.0 eV, respectively. The ES energy 

between Iso anion and a donor cation was greatest in Tyr92 among the donors, because Iso –

Tyr92 distance was shortest. The solvent reorganization energy was least in Tyr92 among the 

donors. The energy increases with the donor-acceptor distance [see Eq. 6.2].  

 

 

 
Figure  6.6   ES energy between photoinduced ionic species and ionic groups in the protein 
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Panel A indicates ES energies between Iso anion or donor cations and ionic groups in the protein. 

Panel B indicates net ES energy between the photoproducts and ionic groups in the protein, given 

by Eq. 6.5.  

 

These physical quantities including ET rates are compared to those of FD-DvMF [59] as 

listed in Table S6.1 (Supplemental Information of Chapter VI). These values were obtained by 

simultaneous analysis among four FD-DvMF mutated isoforms, WT, W59F, Y97F and 

W59F/Y97F. Despite that Rcs between Iso and Tyrs are similar among FD-HP, WT FD-DvMF 

and W59F FD-DvMF, the ET rate from Tyr92 was fastest in FD-HP, as 6.4 ps-1 in FD-HP, 1.3 x 

10-3 ps-1 in WT FD-DvMF, and 5.0 ps-1 in W59F FD-DvMF. 

 

6.4.5 Energy gap law and Dutton law 

Total free energy gap is expressed by Eq. 6.13; 

        0 0 2
0/ q

T q j jG G e R ESε−∆ = −∆ + −                                                                           (6.13) 

Meaning of every term in the right hand side is described below Eq. 6.1. Figure 6.7(A) 

shows a relationship of the ln j
ETk  of Tyr92 with 0

TG−∆ , which is called the energy gap law. 

Variations of these quantities are ascribed to the structural fluctuation of FD-HP revealed by MD 

simulation. The relationship was well described with a parabolic function expressed as a function, 

Y = -36.75X2 + 19.7X + 1.29, where Y is ln j
ETk and X, 0

TG−∆ . Figure 6.7(B) shows a 

relationship between ln j
ETk  and jES− . The dependence of ln j

ETk  on jES−  was also well 

approximated with a parabolic function, Y = -21.6X2 - 4.44X + 3.73, where Y is ln j
ETk  and X, 

jES− . These results reveal that the parabolic energy gap law in FD-HP is ascribed greatly to the 

net ES energy. Figure 6.7(C) shows a relationship between ln j
ETk  and Rc, which is called as 

Dutton law.[19, 74] According to Moser et al.,[74] the logarithmic ET rates linearly decrease with 

the edge-to-edge donor-acceptor distances. Figure 6.7(C) reveals no such linear relation, as 

predicted by Moser et al.[74]  
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Figure 6.7    Correlation between the logarithmic ET rate and net ES energy or Rc in FD-HP. 

Panel A indicates relationship between the logarithmic ET rate from Tyr92 to Iso* (Energy gap 

law), Panel B relationship between the logarithmic ET rate and the net ES energy and Panel C 

relationship between the logarithmic ET rate and Rc (Dutton law). 
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Table 6.2  Best-fit ET parameter in FD-HP 
 

System 0ν  (ps-1) β  (nm-1) 0R  (nm) 0
IsoG  

(eV) 

0ε  0
DAε  2χ  

Trp Tyr Trp Tyr Trp Tyr 

FD-HPa 1019 611 21.0 6.01 0.666 1.15 7.16 3.76 2.25 1.62 x 10-2 

FD-DvMFb 3090 2460 55.6 9.64 0.772 0.676 7.67 4.24 - 5.55 x 10-4 
a The observed intensities were used for the analysis with a convolution procedure. 
b The results of simultaneous analyses of WT, W59F, Y97F, W59F/Y97F flavodoxins, Miyazaki F. [59] are listed for the comparison. 
 

Table 6.3 Physical quantity related to ET ratea) 

 

System j
ETk b) (ps-1) jES c) (eV) 2

0/ q
je Rε− d) (eV) qj

Sλ
e) (eV) 

 Trp64 Tyr92 

( ln j
ETk ) 

Tyr121 Trp64 Tyr92 Tyr121 Trp64 Tyr92 Tyr121 Trp64 Tyr92 Tyr121 

FD-HP 3.97 x 10-27 22.5 

(3.11) 

1.24 x 10-95 1.58 -0.117 3.88 -0.247 -1.15 -0.198 1.39 0.268 1.55 

a Mean values over 50,000 snapshots are listed. 
b ET rate given by Eq. 6.1. 
c Net ES energy between the photo-products and ionic groups inside the protein, given by Eq. 6.5. 
d ES energy between Iso anion and a donor cation, appeared in Eq. 6.1. 
e Solvent reorganization energy given by Eq. 6.2.
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6.5 DISCUSSION 

It was found that the ultrafast fluorescence dynamics of FD-HP is ascribed to very fast ET 

from Tyr92 to Iso*. ET rate of 23 ps-1 from Tyr92 to Iso* in FD-HP was much faster than Tyr97 in 

WT of FD-DvMF (0.001 ps-1) [59] and faster than Tyr97 in W59F FD-DvMF (5.0 ps-1), despite that 

Rc (0.56 nm) between these Tyrs and Iso are similar. The dependence of the logarithmic ET rate on 

the total free energy gap displayed the parabolic behavior as in FD-DvMF [59] and FBP.[17, 151] 

The parabolic behavior of the logarithmic ET rates is mainly ascribed to the net ES energy as shown 

in Figure 6.7(B). It has been also demonstrated that the net ES energy is a key factor for the ET rate in 

WT, E13K (Glu13 replaced by Lys), E13R (Glu13 replaced by Arg, E13T (Glu13 replaced by Thr) 

and E13Q (Glu13 replaced by Gln) FBP isoforms,[142, 151] in addition to Rc. 

The linear relationship between the logarithmic ET rates and Rc obtained by Moser et al.[19, 

74] suggests that ET rate mainly depends on Rc in the electronic coupling term as in Marcus-Hush ET 

rate,[74] and in KM theory [Eq. 6.1]. In FBP the logarithmic ET rates from Trp32 to Iso* displayed a 

clear parabolic behavior against Rc, not linear,[151] in which Rc of Trp32 to Iso is 0.70 nm. The 

reason for it may be that the electronic coupling term is important, when the ET rates are rather slow 

as in ET processes of photosynthetic reaction centre and dark electron transfer in proteins,[19, 74] but 

the nuclear term may be important, when ET rates are ultrafast.[151] The parabolic behavior against 

Rc can be elucidated only by the nuclear term. In FD-HP the relationship between the logarithmic ET 

rates and Rc was neither linear nor parabolic. It is of interest why the logarithmic ET rates – Rc 

relationship is parabolic in Trp32 of FBP, but not in Tyr92 of FD-HP, despite that the ET rates in the 

both systems are similar. Figure 6.8 shows dependencies of various energies contained in the nuclear 

term of Eq. 6.1 on Rc in FD-HP. The jES  of Tyr92 tends to decrease (increase in absolute value) 

with Rc (slope of -1.6), when it was approximated with a linear function. Total free energy gap 

( 0
TG∆ ) also tends to decrease a little with Rc with the slope -0.4. The 0

TG∆  contains both of jES  

and 2
0/ p

je Rε−  between Iso anion and Tyr92 cation. The ES energy of the ion pair should increase 

(decrease in absolute value) with Rc, and accordingly slope of the total free energy gap against Rc 

became more mild with little negative slope. The solvent reorganization energy, qj
Sλ , should increase 
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with Rc as shown in Eq. 6.2 with positive slope. Accordingly the dependency of 0
TG∆  + qj

Sλ  [entire 

energies in the square term in the exponential function, see Eq. 6.1] on Rc became negligible.  

 
 

 
 

 
Figure 6.8   Relationship between Rc and various  energies of Tyr92 in FD-HP 

Panel A shows Rc - net ES energy relation, Panel B, Rc - total free energy gap, and Panel C, Rc - 

sum of total free energy gap and solvent reorganization energy.  Solid red lines in the Panels show 

approximate linear functions between these quantities. 
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7.1 ABSTRACT 

The UV-Visible absorption electronic spectra of  helicobacter pylori (H. pylori) flavodoxin 

(FD) have been studied by means of Time-Dependent Density Functional Theory (TDDFT) and 

Multi-State Restricted Active Space Perturbation Theory of second order/Restricted Active Space 

Self-Consistent Field (MS-RASPT2/RASSCF). Upon experimental light excitation, FD shows the 

charge transfer (CT) absorption band. The TDDFT calculations with varies of the hybrid exact 

exchange and long-range correction functional show the inconsistent of the CT state. We found that 

performing TDDFT by global exact exchange (B3LYP-35, B97D and PBE0) provided that the 1S  

state can be assigned to the dark CT state in which the wave functions were transferred from Tyr to 

Iso, while the 2S  state is assigned to be the locally excited (LE) state inside Iso moiety. On the other 

hand, the long range-corrected functional (CAM-B3LYP, M06-2X and ω B97XD) provide the 

opposite result. Moreover, the effect of solvations has been studied by performing such TDDFTs by 

using water solvation and mimicked protein environment. The red-shift of the excitation energy can 

be found by going from the less polar environment to the polar media. This result implied that the CT 

states are preferably stabilized in polar media. This disagreement of the TDDFT results have been 

further studies by performing MS-RASPT2/RASSCF (26,2,2;11,4,8) level of theory. The result 

confirms that the 1S  state is more pronounced to be the LE state, while the 2S  state shows the CT 

characteristic.  

 

7.2 INTRODUCTION 

In recent year, the intermolecular charge transfer has been extensively studied by both 

experimental and theoretical approaches. On the experimental viewpoint, there is some information at 

the atomistic level which cannot be provided. Therefore, the theoretical study is needed. One of the 

challenging in the calculation is to study the charge transfer (CT) mechanism of the stacking 

configuration chromophores. The DNA base sequences were extensively used in theoretical 

studies.[152-156] However, the stacking conformations are still found in the other important protein. 

[1, 9, 157] 
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Flavodoxin (FD) is a flavoprotein which contains FMN as cofactor. FD can be found in both 

non-pathogenic namely Hildenborough and pathogenic bacteria as Helicobacter Pylori                              

(H. pylori).[2, 119, 124, 158] The FMN molecule can be divided into three parts, namely 

Isoalloxazine (Iso), ribityl side chain and phosphate subsite, see Chart 7.1.[157] The last two subsites 

are necessary for the FMN binding to apo-protein, while the Iso part is recognized for the most 

important part in photoinduced charge transfer (PCT) mechanism.[22] Physiologically, FD consists of 

amino acid as tyrosine (Tyr) which lying stacking to Iso moiety. FD has attracted considerable 

attention as simple model for CT studies. The experimental UV-visible spectrum of this FD is 

reported. Furthermore, the fluorescence dynamic decay of FD (unpublished work) is studied by using 

transient up-conversion method. The result shows that the fluorescence dynamics can be 

characterized by a single exponential decay function with the life time of 210 femto-seconds. This 

quenching has been proposed due to PCT from Tyr (ground state) to the excited Iso (Iso*). On the 

mechanism viewpoint, upon light excitation the oxidized FMN act as electron acceptor because of the 

relatively low energy, while the Tyr (ground state) act as electron donor due to the higher energy 

level of HOMO. Subsequently, the electron lying on HOMO of Tyr will transfer to the Iso* causing 

fluorescence quenching. 

 
Chart 7.1 Chemical structure and numbering of the FMN atoms.  
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Currently, the time-dependent density functional theory (TDDFT) method has been 

extensively used for the excited state calculation. The hybrid exact exchange and range-separated 

correction functional, namely B3LYP-35, PBE0, CAM-B3LYP, ω B97XD, B97D and M06-2X have 

been employed in to predict the absorption spectra. These functionals show a good compromise 

between the accuracy and computation cost. Furthermore, the inclusion of the solvent effect in 

calculation yields the more reliable result for the CT character. The interpretation of the UV-visible 

spectra of FD from H. pylori, however, is never straightforward though the mechanism of PCT. 

Therefore, it is meaningful to investigate how the PCT mechanism of this system is? Additionally, a 

very recent study by D. Escudero and co-workers [159] showed the applicable of multi-

configurational methodology as Restricted Active Space Self-Consistent Field (RASSCF) calculation. 

This means has been proved to be adequate for evaluating the CT in many π -electron systems.  

In this work, we have analyzed the UV-Visible spectra by comparing the results obtained 

from conventional hybrid and correlation functional and more recent density functional specifically 

designed for the dispersion interaction and long-range CT transitions. The accuracy of such density 

functionals have been confirmed by RASSCF followed by MS-RASPT2 in which providing the more 

reliable result for the excitation properties.[160] This result can provide the information for better 

understanding on photophysical properties of this system. 

 

7.3 COMPUTATIONAL DETAILS 

The geometry of two chromophores (FMN and Tyr92) has been extracted from the 

experimental structure (PDB code: 1FUE).[8] The FMN has been modified to Lumiflavin (Lf) by 

removing the ribityl and phosphate moieties, remaining methyl group attached at N10 position. Tyr92 

was substituted with 4-methylphenol, see Figure 7.1.  
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Figure 7.1 The three dimensional structure involved in the calculation.  

Focusing on the X-ray structure, the vertical excitation energies have been evaluated on those 

structures by using TDDFT [161-163] method with the TZVP basis set. Six density functionals as 

B3LYP-35, PBE0, B97D, CAM-B3LYP, M06-2X and ω B97XD have been employed. The solvent 

effect as water has been included by the integral equation formalism for the polarizable continuum 

model (IEFPCM).[164] The mimicked protein environment has been study by using dielectric equal 

four [165] in order to study the effect of solvation on the electronic excited state. Their vertical 

excitation energies and the oscillator strength of ten excited states have been calculated. All TDDFT 

calculations have been calculated by using Gaussian09 program.[166] 

 In order to confirm the wave function transfer, the MS-RASPT2/RASSCF calculations have 

been performed by focusing on the molecular orbital which play an active role for CT between Iso 

and Tyr chromophores. Ten states of configuration interaction (CI) have been involved in this 

calculation in which the state-averaging (SA) approach has been employed to optimize molecular 

orbital basis set which describing the low-lying electronic state. In RASSCF, the standard active 

orbital are spitted into three subspaces, namely RAS1, RAS2, and RAS3. RAS1 described molecular 

orbital with large occupation number and only the maximum number of electron hole is allowed. 

RAS3 described the virtual molecular orbitals with the small occupations number in which only the 

maximum number of electron is allowed. RAS2 is equivalent to the active space of CASSCF 

calculation. Additionally, the majority different is that all possible configurations have to be included 

in RAS2 for CASSCF, whereas those configurations have been divided into subspace for RASSCF 
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approach. Therefore, the computational cost for RASSCF is drastically reduced. In the RASSCF 

fashion, the notation which has been involved by Sauri and co-worker [167] can be used to denote the 

active space. The index n  denotes the number of active electron, l   is the maximum number of the 

hole in RAS1, m  is the maximum number of electron in RAS3 and i , j , k  denote the number of 

active orbital in RAS1, RAS2, and RAS3 subspace, respectively. In this work, the number of all 

active electrons is 26, and the number of orbitals for RAS1, RAS2 and RAS3 are 11, 4 and 8, 

respectively. The basis set of 6-31G(d) has been used and the graphical inspection method was used 

for selection of the orbitals in which they played an active space role, see Figure 7.2. The active 

spaces have been constructed by concerning both Iso and Tyr moieties. The p-orbitals of the plane of 

two chromophores have been included. Furthermore, the lone pair electrons of N3, and N10 were 

taken into account. Therefore, the active space contained 26 electrons and 23 molecular orbitals. 

Regarding the TDDFT calculations, the HOMO, LUMO, LUMO+1 and LUMO+2 have been 

assigned into RAS2 subspace, while the other occupied and unoccupied molecular orbitals were 

distributed into RAS1 and RAS3, respectively. The state-average calculations over ten roots with 

equal weight have been applied and the Cholesky decomposition has been applied to generate two-

electron integral.[168] Subsequently, the excitation energies were calculated in which the correlation 

effect of all 26 electrons have been treated with the second-order perturbation theory. All MS-

RASPT2/RASSCF have been calculated with MOLCAS version 7.8 software.[168-170] 
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Figure 7. 2 Molecular orbital for RASSCF (26,2,2;11,4,8) calculation. 
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7.4 RESULTS AND DISCUSSION 

7.4.1 Comparison the TDDFT between global hybrid functional and long-

range corrected hybrid functional 

The TDDFT calculation is widely used to study the excitation mechanism. Because it can 

provide fairly reasonably and comparable vertical excitation results compare to the experimental data. 

The accuracy of TDDFT is tested with a number of variety systems. A recent work by R. Improta and 

co-workers has shown the applicable of TDDFT on the CT in DNA based sequences model. To our 

knowledge, however, the CT mechanism in FD from H. pylori upon light excitation has never been 

studied. Furthermore, the CT mechanism needs to be clearly understood. Figure 7.3 shows the 

experimental UV-visible spectrum. One of two intense peaks at around 450 and 380 nm are reported 

correspond to the CT mechanism in FD, namely H. pylori, Miyazaki F and also Hildenborough. 

Those two latter proteins, however, have different protein structures, particularly the stacking 

counterpart compared with H. pylori FD. Therefore, this becomes a challenge in order to 

understanding its photophysics. 

 

 
Figure 7.3 UV/Vis spectra of H. pylori FD. 

 

In the present work, the excitation energy, oscillator strength and the wave function transition 

have been calculated by using the X-ray geometry of FD from H. pylori. The difference six functional 
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such as global hybrid exact exchange and increased amount of exact exchange including the range-

separated correction have been involved in order to see the effect of amount of exact exchange on the 

related quantities.  The ten singlet excited states have been involved in the calculations. Furthermore, 

the effects of solvation and protein environment on such quantities of all calculation were mimicked 

by using water solvation model and the dielectric constant equal four. The fitting of the experimental 

UV-visible spectra and the calculated one using water solvation model are shown in Figure 7.4. We 

found that all TDDFT calculations provided fairly well spectrum. Considering the fitting profile, they 

can be divided into two groups, based on the similar pattern of excitation. First group comprised of 

TD-B3LYP-35, TD-PBE0 and B97D functional and the second group is comprised of TD-CAM-

B3LYP, TD-ω B97XD and TD-M06-2X.  

For the TD-B3LYP-35, TD-PBE0 and TD-B97D functionals, the 1S are pronounced to be the 

dark CT state with all magnitudes of the oscillator strength close to zero, see Table 7.1.  The first 

intense peak of two boarder shoulders are assigned to the transition of 0 2S S→  ( 3 35TD B LYPf − −  = 0.20, 

0TD PBEf −  = 0.15 and 97TD B Df −  = 0.05, respectively), and the second peak was assigned to 0 3S S→  

for TD-B3LYP-35 ( 3 35TD B LYPf − − = 0.26), 0 5S S→  for TD-PBE0 ( 0TD PBEf − =0.23) and 0 6S S→  for 

TD-B97D ( 97TD B Df − = 0.17), respectively. As mentioned above, to mimic the protein environment at 

the active site, we involved the dielectric equal four for all calculations, see Figure 7.5. The excitation 

energy of the 1S  for TD-B3LYP-35 and TD-B97D were stabilized by ca. 0.03 eV, by going from the 

mimicked protein environment to the water solvation model, while TD-PBE0 the excitation energy 

was unchanged. On the other hand, the second group (TD-CAM-B3LYP, TD-M06-2X and TD-

ω B97XD) shows that all of the first absorption band can be assigned to the transition of 

0 1S S→ and can be pronounced to the localized excited state (LE, excitation within conjugated π  

system of Iso). The TD-CAM-B3LYP shows the excitation energy of 2.82 eV with the 

3TD CAM B LYPf − −  of 0.24 for both water and mimicked protein environment. A similar result can be 

found for TD-M06-2X functional in which the mimicked protein environment shows the excitation of 

2.86 eV. It was stabilized by 0.01 eV to the water solvation model. It should be note that in the case 

of TD-ω B97XD the excitation energy of mimicked protein environment was lower than the water 

solvation model. The 0 2S S→  of these functional are more pronounced to be the dark CT state, 
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while all of the second absorption bands at ca. 350 nm can be assigned to the 0 4S S→  transition. 

Concerning the mimicked protein environment fitting profile of the first group, the second shoulder at 

ca. 350 nm was assigned to the transition of  0 4S S→  in the case of TD-B3LYP-35, 0 5S S→ for 

TD-PBE0 and 0 7S S→  for TD-B97D, respectively. It is interesting to note that all functional of the 

second group for both solvation model share a similar pattern for the wave function transition which 

is the first intense absorption peak correspond to 0 1S S→  and the second intense peak is  0 4S S→  

while the third one can be assigned to the transition of 0 9S S→ .  

Table 7.1 summarizes the excitation energy, oscillator strength and the wave function 

transition of ten singlet excitation. We found that the water solvation and the mimicked protein 

environment provided the similar results. The dark CT state 1S  of the first group is red-shift by ca. 

0.03 eV  by going from the mimicked protein environment to the water solvation model except for 

the TD-PBE0 (unchanged). The result shows that the dark CT state 2S of the second group is not 

affected from changing the environment except for the TD-M06-2X in which the CT state was red-

shifted by ca. 0.03 eV  by going from the mimicked protein environment to the water solvation 

model. This means that the CT states are more affected and preferable due to polar media. Next 

considering the LE state, we found that all TDDFT functions provided almost the same excitation 

energies (deviated less than 0.02 eV ) between mimicked protein environment to the water solvation 

model except for TD-ω B97XD which show the blue-shifted (destabilized) by ca. 0.55 eV . Addition 

to the LE state, the wave function transition of these LE correspond to the moving inside Iso moiety, 

see Figure 7.6.  

In summary, the disagreement between the hybrid exact exchange and the long-range 

correction TDDFT function might be due to amount of the exact exchange and clearly proved could 

cause an underestimate CT state. Therefore, the high level of calculation which yielded the high 

accuracy as MS-RASPT2/RASSCF need to be used to verify whether the CT state in this system is 

the 1S  or 2S  state. 
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Table 7.1 Comparison the excitation energies, oscillator strength and orbital transition obtained by means of TDDFT by using the X- Ray 

geometry. 

State System 

Excitation energy1 (oscillator strength) Character 

B3LYP-

35 
B97D PBE0 

CAM-

B3LYP 
M06-2X ω B97XD 

MS-

RASPT2 

B3LYP-

35 
B97D PBE0 

CAM-

B3LYP 

M06-

2X 
ω B97XD 

RASSC

F 

1S  

Water model 
2.56 

(0.01) 

1.45 

(0.00) 

2.27 

(0.00) 

2.82 

(0.24) 

2.85 

(0.24) 

2.83 

(0.24) 3.07 

(0.49) 

96 -> 97 

CT2 

96 -> 97 

CT 

96 -> 97 

CT 

95 -> 97 

LE3 

95 -> 97 

LE 

95 -> 97 

LE 
LE 

Dielectric 4 
2.59 

(0.01) 

1.48 

(0.00) 

2.27 

(0.00) 

2.82 

(0.24) 

2.86 

(0.26) 

2.82 

(0.24) 

2S  

Water model 
2.74 

(0.17) 

2.19 

(0.09) 

2.59 

(0.15) 

3.10 

(0.00) 

3.13 

(0.00) 

3.20 

(0.01) 4.41 

(0.06) 

95 -> 97 

LE 

95 -> 97 

LE 

95 -> 97 

LE 

96 -> 97 

CT 

96 -> 97 

CT 

96 -> 97 

CT 
CT 

Dielectric 4 
2.76 

(0.20) 

2.18 

(0.05) 

2.59 

(0.15) 

3.10 

(0.00) 

3.16 

(0.00) 

3.20 

(0.01) 

3S  

Water model 
3.35 

(0.26) 

2.37 

(0.00) 

3.05 

(0.00) 

3.38 

(0.00) 

3.25 

(0.00) 

3.33 

(0.00) 4.78 

(0.32) 

93 -> 97 

LE 

94 -> 97 

LE 

92 -> 97 

LE 

92 -> 97 

LE 

92 -> 97 

LE 

92 -> 97 

LE 
LE 

Dielectric 4 
3.38 

(0.00) 

2.21 

(0.05) 

3.05 

(0.00) 

3.38 

(0.00) 

3.18 

(0.00) 

3.33 

(0.00) 

92 -> 97 

CT 

94 -> 97 

LE 

92 -> 97 

LE 

92 -> 97 

LE 

92 -> 97 

LE 

92 -> 97 

LE 

4S  

Water model 
3.43 

(0.02) 

2.39 

(0.00) 

3.25 

(0.02) 

3.56 

(0.24) 

3.62 

(0.25) 

3.59 

(0.23) 4.91 

(0.18) 

93 -> 97 

LE 

93 -> 97 

LE 

94 -> 97 

CT 

94 -> 97 

LE 

94 -> 97 

LE 

94 -> 97 

LE 
CT/LE 

Dielectric 4 
3.42 

(0.09) 

2.30 

(0.00) 

3.25 

(0.02) 

3.56 

(0.24) 

3.72 

(0.23) 

3.59 

(0.23) 

94 -> 97 

CT 

93 -> 97 

LE 

94 -> 97 

LE 

94 -> 97 

LE 

94 -> 97 

CT 

94 -> 97 

LE 

5S  
Water model 

3.46 

(0.00) 

2.41 

(0.01) 

3.34 

(0.23) 

3.99 

(0.00) 

4.10 

(0.00) 

3.95 

(0.00) 5.05 

(0.13) 

92 -> 97 

LE 

92 -> 97 

CT 

93 -> 97 

CT 

91 -> 97 

LE 

91 -> 97 

LE 

91 -> 97 

LE 
LE 

Dielectric 4 
3.46 

(0.15) 

2.42 

(0.00) 

3.34 

(0.23) 

3.99 

(0.00) 

3.95 

(0.00) 

3.95 

(0.00) 

93 -> 97 

LE 

92 -> 97 

CT 

93 -> 97 

CT 

91 -> 97 

LE 

91 -> 97 

LE 

91 -> 97 

LE 
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Table 7.1 Comparison the excitation energies, oscillator strength and orbital transition obtained by means of TDDFT by using the X- Ray 

geometry. (Continue) 

State System 

Excitation energy1 (oscillator strength) Character 

B3LYP-

35 
B97D PBE0 

CAM-

B3LYP 
M06-2X ω B97XD 

MS-

RASPT2 

B3LYP-

35 
B97D PBE0 

CAM-

B3LYP 
M06-2X ω B97XD RASSCF 

6S  

Water model 
4.07 

(0.00) 

2.96 

(0.17) 

3.42 

(0.0) 

4.11 

(0.00) 

4.12 

(0.00) 

4.22 

(0.00) 5.56 

(0.27) 

91 -> 97 

LE 

91 -> 97 

LE 

91 -> 97 

CT 

93 -> 97 

CT 

93 -> 97 

CT 

93 -> 97 

CT 
LE 

Dielectric 4 
3.91 

(0.00) 

2.85 

(0.00) 

3.41 

(0.00) 

4.11 

(0.00) 

4.14 

(0.00) 

4.22 

(0.00) 

91 -> 97 

LE 

90 -> 97 

LE 

91 -> 97 

LE 

93 -> 97 

CT 

93 -> 97 

CT 

93 -> 97 

CT 

7S  

Water model 
4.57 

(0.02) 

3.01 

(0.01) 

4.18 

(0.00) 

4.74 

(0.00) 

4.81 

(0.03) 

4.73 

(0.00) 5.57 

(0.61) 

90 -> 97 

LE 

90 -> 97 

LE 

88 -> 97 

LE 

89 -> 97 

LE 

90 -> 97 

LE 

87 -> 97 

LE 
LE 

Dielectric 4 
4.60 

(0.01) 

3.02 

(0.16) 

4.17 

(0.00) 

4.75 

(0.00) 

4.74 

(0.00) 

4.73 

(0.00) 

89 -> 97 

LE 

91 -> 97 

LE 

88 -> 97 

LE 

89 -> 97 

LE 

87 -> 97 

LE 

87 -> 97 

LE 

8S  

Water model 
4.74 

(0.02) 

3.41 

(0.01) 

4.25 

(0.01) 

4.80 

(0.00) 

4.88 

(0.02) 

4.80 

(0.00) 5.70 

(0.81) 

86 -> 97 

CT 

89 -> 97 

LE 

90 -> 97 

LE 

87 -> 97 

LE 

87 -> 97 

LE 

89 -> 97 

LE 
LE 

Dielectric 4 
4.64 

(0.01) 

3.29 

(0.01) 

4.25 

(0.01) 

4.80 

(0.00) 

4.84 

(0.06) 

4.80 

(0.00) 

86 -> 97 

CT 

89 -> 97 

LE 

90 -> 97 

LE 

87 -> 97 

LE 

95 -> 98 

CT 

89 -> 97 

LE 

9S  

Water model 
4.83 

(0.10) 

3.46 

(0.00) 

4.39 

(0.07) 

4.95 

(0.35) 

5.00 

(0.44) 

5.10 

(0.02) 6.21 

(0.61) 

89 -> 97 

LE 

96 -> 98 

LE 

89 -> 97 

LE 

95 -> 98 

LE 

95 -> 98 

CT 

89 -> 97 

LE 
CT/LE 

Dielectric 4 
4.72 

(0.06) 

3.47 

(0.00) 

4.38 

(0.06) 

4.95 

(0.35) 

5.00 

(0.41) 

4.98 

(0.36) 

90 -> 97 

LE 

96 -> 98 

CT 

89 -> 97 

LE 

95 -> 98 

LE 

89 -> 97 

LE 

95 -> 98 

LE 

10S  

Water model 
4.96 

(0.00) 

3.70 

(0.07) 

4.44 

(0.02) 

5.09 

(0.01) 

5.16 

(0.03) 

5.10 

(0.02) 
- 

96 -> 98 

CT 

88 -> 97 

LE 

87 -> 97 

LE 

88 -> 97 

LE 

96 -> 99 

CT 

96 ->100 

CT 
- 

Dielectric 4 
4.87 

(0.01) 

3.66 

(0.00) 

4.44 

(0.02) 

5.09 

(0.01) 

5.07 

(0.01) 

5.10 

(0.02) 

86 -> 97 

CT 

87 -> 97 

LE 

87 -> 97 

LE 

96 ->100 

CT 

88 -> 97 

LE 

93 ->101 

LE 

(1) The excitation energy are given in eV . (2) CT denotes the Charge Transfer state in which the charges were transferred from Tyr to Iso moiety. (3) LE denotes Localized Excited state in Iso 

moiety, and HOMO and LUMO correspond to molecular orbital number 96 and 97, respectively. (4) The MS-RASPT2/RASSCF approach was calculated in gas phase. 
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Figure 7.4 Comparison of the experimental and calculated spectra of the TDDFT/TZVP of the X-ray configuration using water salvation model. 

The experimental spectra are shown as continuous line and the calculated spectra are shown as dashed line. 
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Figure 7.5 Comparison of the experimental and calculated spectra of the TDDFT/TZVP of the X-ray configuration using dielectric constant equal 4. 

The experimental spectra are shown as continuous line and the calculated spectra are shown as dashed line. 
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Figure 7.6 Frontier molecular orbital of TD-CAM-B3LYP\\X-ray level of theory. 

 

7.4.2 RASSCF and MS-RASPT2 calculation  

The RASSCF calculation is the multi-state calculations which have been successfully proved 

for evaluation of the electronic excited state of multi − π  electron systems. The RASSCF wave 

functions are obtained by using the state-average (SA) calculations over ten singlet electronic states 

with equal weight. The dynamic correlation was included in the MS-RASPT2 calculation. The RAS 

State Interaction method was employed in MS-RASPT2/RASSCF, for allowing the interacting 

between each electronic state. The calculations were done in gas phase environment due to the high 

computational cost for calculating PCM solvation model with multiconfigurational methods. Our 

strategy is to use this approach in order to verify the CT excited state in H. pylori FD upon light 

excitation by focusing extensively on the first two singlet excited state ( 1S  and 2S ). The MS-

RASPT2/RASSCF can provide the vertical excitation energies, oscillator strength and the wave 

function of the CT transition as also collected in Table 7.1. The corresponding orbital numbering is 

depicted in Figure 7.2. Regarding to the TDDFT results as mentioned above, the time-dependent 

calculations with B3LYP-35, B97D and PBE0 show that the 1S  can be assigned into dark CT 

character (mainly described by the transition between HOMO(96) to LUMO(97)), while the 2S  show 
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LE phenomena (mainly described by the transition between HOMO-1(95) to LUMO(97)). On the 

other hand, using CAM-B3LYP, ω B97XD and M06-2X functional we found that the 1S  can be 

assigned to the LE state and the 2S  shows the dark CT characteristic between HOMO and LUMO. 

The MSRASPT2/RASSCF (26,2,2;11,4,8) calculations predict the excitation energies of 

0 1S S→  of 3.07 eV , and for 0 2S S→  of 4.41, with the oscillator strength of 0.49 and 0.61, 

respectively.  These values are seemed to be overestimated might be due to the gas phase 

environment. The SCF wave function of 1S  show the LE character with the transition from 

HOMO(96) to LUMO(97) with 62% predominant, while the 2S  is more pronounced to be the CT 

character from HOMO-1(95) to LUMO(97) with 70% predominant. 

 

7.5 CONCLUSION 

The absorption spectrum of FD from H. pylori has been investigated by performing the 

TDDFT and MS-RASPT2/RASSCF approaches using (26,2,2;11,4,8) level. The hybrid exact 

exchange and long-rang corrected functionals as B3LYP-35, PBE0, B97D, CAM-B3LYP, M06-2X 

and ω B97XD have been employed in these calculations. The effect of solvation has been assigned  

by IEFPCM water solvation model. Furthermore, in order to mimic the protein environment the 

dielectric equal four has been assign in all TDDFT calculation. We found that the six TDDFT 

functionals as mentioned above provided the absorption results which can be categorized into two 

groups. First, it is comprised of B3LYP-35, PBE0 and B97D, while the second group is comprised of 

CAM-B3LYP, M06-2X and ω B97XD. For the first group,  the 1S  state is assigned to be the dark 

CT state between Tyr and Iso subunit (HOMO(96) to LUMO(97)), whereas the 2S  state is assigned 

to be the LE state of the conjugated π  system within Iso subunit. The second group shows the proper 

absorption spectra. These functionals yielded the 1S  state is pronounced to be the LE of Iso, while the 

2S  state is pronounced to be the CT state. These disagreements can be associated with the amount of 

exact exchange of TDDFT functionals. It seems that the increased amount of exact exchange (TD-

M06-2X with amount of 54%) provided the more reasonable electronic CT as reflected by fitting 
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profile of spectrum. Moreover, the long-range correction functionals as TD-CAM-B3LYP and TD-

ω B97XD also provided a good fitting profile. This might be due to the characteristic of the studied 

model in which the van der Waal interaction plays an important role for the stacking conformation. 

The difference of these TDDFT results has been further clearly investigated by using MS-

RASPT2/RASSCF methodology. The MS-RASPT2/RASSCF (26,2,2;11,4,8) results show that the 

1S  state has the LE characteristic transition and the 2S  excites state shows CT state phenomena. This 

clear observation coincides with the CAM-B3LYP and ω B97XD and M06-2X. These results suggest 

the good performance to describe the CT excited state by the long-range corrected TD functionals. 

Comparison between the water solvation and mimicked protein with the dielectric equal four implied 

that the CT state are more affected and stabilized due to polar media. Even if the TDDFT and MS-

RASPT2/RASSCF calculation clearly show the CT mechanism of FD from H. pylori, through the 

absorption spectra, the additional investigations on the related FDs are necessary to study in order to 

not only understanding their photophysics but also the improvement of calculations.  
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CHAPTER VIII 

CONCLUSIONS 

 

8.1 CONCLUSIONS 

  In summary, we applied several computational chemistry techniques to investigate the 

dynamic and thermodynamic properties and the ET mechanism of two strains of flavodoxin. We 

choose FD-DvMF as the first model due to the several information are available, except for the 

protein structures. Therefore, homology modeling method has been employed to predict the protein 

structures of WT and mutated variant FD-DvMF (W59F, Y97F and W59F-Y97F). We successfully 

build protein structures up and subsequently applied the MD simulation technique to simulate those 

proteins in an explicit solvation model. In contrast to the FD-HP, its 3D protein structure is available. 

It is subjected with the similar MD simulation protocol to explore its dynamic and thermodynamic 

properties related to the FMN binding. 

The molecular interactions of FMN with the protein parts in the four FD-DvMF variants 

were studied by means of MM-PBSA. The order of the magnitude of the binding free energy and DC 

free energy per residue were Y97F > WT > W59F> DM. The 10-loop region in all FD-DvMF 

variants shows the highest stabilization energy upon the FMN binding. This can be ascribed due to 

the H-bond formation between the phosphate oxygen atoms and the amino acid residues in the 10-

loop region. The similar pattern of DC free energy is observed in FD-HP. The classification of such 

DC free energy into the contribution of van der Waals ( vdW nonpolE G+ ) and electrostatic 

( ele polE G+ ) energy shows that Asn-14, Thr-54 and Tyr-92 are dominantly influencing via van der 

Waals interactions. In addition to the binding mechanism of FMN molecule, the side-chain 

conformational analysis between holo-FD-HP and apo-FD-HP revealed that Asn14, Ala55, Gln61, 

Tyr-92, Thr-95 are influenced upon the cofactor association, described by the large deviation of side-

chain dihedral angle.  

 To understand the photoinduced electron transfer mechanism of those FDs, we studied by 

combining the protein coordinates obtained from the previous MD simulations with the ET theory in 
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order to analyze their fluorescence decays. Firstly, the FD-DvMFs variants were simultaneously 

analyzed. The obtained physical quantities are: 0
qν  which related to the electronic interaction energy 

between the donor and the acceptor, the values of 0
Trpν  and 0

Tyrν were 3090 and 2460 ps-1, 

respectively. The value of 0
TrpR  was 0.772 nm which is considerably longer than 0

TyrR of 0.676 nm. 

Considering the ET rate we surprisingly found that the distance between Tyr97 and Iso in W59F was 

shortest but the ET rate is not the fastest. As opposed to Trp59 in Y97F which show the ET fastest 

despite that it shows the longer in Rc. A similar result was also found in the WT FD-DvMF, and these 

results suggest that the donor-acceptor distance and 0
qν  are not always critically important to the ET 

rate in the proteins. 

Secondly, The ET mechanism of WT FD-HP was analyzed. We found that the ultrafast 

fluorescence dynamics is ascribed to very fast ET from Tyr92 to Iso* with the average of 22.5 ps-1. 

Comparison the ET rate in FD-HP and FD-DvMF showing that the ET rate from Tyr92 to Iso* was 

much faster than Tyr97 in WT FD-DvMF (0.001 ps-1) and faster than Tyr97 in W59F (5.0 ps-1). The 

dependence of the logarithmic ET rate on the total free energy gap displayed the parabolic behavior 

as in FD-DvMF. The parabolic behavior of the logarithmic ET rates is mainly ascribed to the net ES 

energy. This suggests that the net ES energy is a key factor for the ET rate. 

In addition to understand the CT mechanism, the UV-visible spectra of FD-HP has been 

simulated by using the TDDFT and the wave function based approach as RASSCF/MS-RASPT2 with 

(26,2,2;11,4,8) level of theory. The high accuracy method as RASSCF/MS-RASPT2 revealed that the 

1S  state is pronounced to the LE transition and the 2S  excites state shows CT state characteristic. 

This result is in accordance with those obtained from TDDFTs as; TD-M06-2X, TD-CAM-B3LYP, 

and TD-ω B97XD.  These results suggesting that the increasing of amount of exact exchange and the 

long-range correction functional could provide the more reasonable electronic CT state which the ET 

donor and acceptor having the stacking conformation to each other. 
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8.2 RESEARCH LIMITATIONS 

 In this research there are some limitations due to the lack of experimental structure as the                  

X-ray crystal structure of FD-DvMF is not available. The starting structure of FD-DvMF of both WT 

and mutated variants (W59F, Y97F, and double mutation) have to be built up based on the homology 

modeling technique.   

 

8.3 SUGGESTION AND FUTURE WORK 

 FDs are the effective model to study the photochemistry, including the important interaction 

and amino acids involving for the FMN binding. The results of this dissertation could provide the ET 

mechanism of ET between aromatic amino acids to excited flavin. Moreover, the interactions 

involved for the flavin binding and their dynamic behavior at the atomistic level are provided. 

However, there are some questions need to be clearly answered leading to the future works as; 

8.3.1 Recently, the computing facility is faster. Therefore, the high accuracy method such 

as QM/MM MD should be carried out. This method can be applied not only to study the important 

interaction for FMN binding but also the time-dependent CT between aromatic amino acid and Iso*. 

 8.3.2 The folding-unfolding simulation should be studied to clearly explain the binding 

mechanism of FMN cofactor and the dynamic of amino acid during the binding. 

 8.3.3 The ability of our developed method should be applied by studying the 

photoexcitable system, for instant the dye-sensitized solar cell (DSSC) and related artificial 

photosynthetic system.  
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SUPPLEMENTAL INFORMATION 

CHAPTER II 

Homology Modeling and Molecular Dynamics Simulations of Wild Type and 

Mutated Flavodoxins from Desulfovibrio vulgaris (Miyazaki F):   

Insight into FMN-Apoprotein Interactions 

 

This article has been published in Journal: Molecular Simulation. Page 1164-1178.  

Volume: 37. Issue 14, Year: 2011. 

 

 

  

  
Figure S2.1 Ramachandran plots of the four FD-DvMF variants (DM = W59F-Y97F). 
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Figure S2.2 ProSA-web Z-scores of the template (1J8Q) and four FD-DvMF variants. 

The Z-scores were evaluated by X-ray crystallography (light blue) and NMR spectroscopy with respect 

to their length. The Z-score of each system was presented in black dot. 
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Figure S2.3 ProSA-web energy profiles of the template and four predicted FD-DvMF variants. 
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Figure S2.4 Exposure of FMN into water layer expressed with space-filling model of the four  FD-DvMF  

variants. The FMN is illustrated in green. 
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Figure S2.5 The schematic representation of the structural conformations after minimization.  

The amino acids at the binding site were superimposed (left) and closed view at the Tyr99 (right). 

(WT is indicated in green, W59F in red, Y97F in deep blue and DM in light blue) 

 

Table S2.1 Comparison of the sequence identity and similarity, the amino acid residues at 

position 59 and 97 and the structural resolution among the four crystal structures of FD from 

Desulfovibrio vulgaris. 

 

PDB  

code 
Strain / Type 

Identity 

(%) 

Similarity 

(%) 

Residues  

at 59 / 97 

Resolution 

(Å) 

1F4P FD-DvH / Y98W 66 77 Trp / Trp 1.30 

1J8Q FD-DvH / S35C 66 76 Trp / Tyr 1.35 

1FX1 FD-DvH / wild type 66 75 Trp / Tyr 2.00 

1BU5 FD-DvH / wild type 66 76 Trp / Tyr 2.00 
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SUPPLEMENTAL INFORMATION 

CHAPTER III 

Analysis of Photoinduced Electron Transfer in Flavodoxin 

 

This article has been published in Journal: Journal of Photochemistry Photobiology A: 

Chemistry. Page 333-340. Volume:  217, Issue 2-3, Year: 2011 

 

Comparison of the methods for numerical calculation of fluorescence decay between our 

method and one by Henry and Hochstrasser 

Expression for a calculated fluorescence dynamics by MD was first given by Henry and 

Hochstrasser [34] as Eq. (A1) (HH method). 

 
'

0'
( ) exp{ [ ( )]

t t

calc ETt AV
F t k k dτ τ

+
= − +∫                                                            (A1) 

 

0k  is deactivation rate without ET, and ( )ETk τ  ET rate given by Eq. (A1) in Supplemental 

Material A. Here we assume that 0k  is much less than ( )ETk τ , and so negligible compared to ET 

rate. ...
AV

 denotes an averaging procedure with respect to t’. Lower and upper limit of the 

integration in the original equation given by Henry and Hochstrasser,[34] are 0 and t, but these 

should be t’ and t’ + t as in Eq. (A1). 

 

0
( )( ) exp{

n

ET
i

calc
AV

k j iF t t
=

+= −∆ ∑                                           (A2) 

Figure A1 illustrates the method of numerical calculation for ( )calcF t . In Eq. (A2) 
'

'
( )

t t
ETt

k dτ τ
+

∫  was approximated by a summation, 
0

( )
n

ET
i

k j it
=

+∆ ∑ . More accurately, the 

integral may be numerically calculated by Simpson method.  In Eq. (A2) /t t m∆ =  and 

( )ETk j i+  denotes ET rate at j it t += . Numerically ...
AV

 is also calculated by a summation as 

follows: 
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0 0

1( ) exp{ ( / ) ( )}
m n n

calc ET
j i

F t t m k j i
m n

−

= =

= − +
− ∑ ∑                                                  (A3) 

 

n is number of data points of fluorescence decay, which is assumed that m is much larger than n.  

 

 
Figure A1  Numerical calculation of fluorescence decay with ( )ETk τ . 

Time range of MD was divided into m intervals of t∆ . τ  represents MD time. Fluorescence 

decay is to be calculated from jt t=  to j it t += . ...
AV

 may be taken from ' 0t =  to ' nt t=  

(m=2n) 

 

 

From Eq. (A3) we can see that (0)ETk is used for the numerical calculation of 

fluorescence decay once, (1)ETk  twice, (2)ETk  three times, and ( )ETk l  (l = i + j) l +1 times, 

when 1l n≤ − . ( )ETk l  is used n + 1 times when n l m n≤ ≤ − . ( )ETk l  is used 1m l− +  times 

when 1l m n≥ − + . This implies that ( )ETk l  with n l m n≤ ≤ −  are most important upon the 

fluorescence decay, but ( )ETk l  with l near 0 or m are not important.  Namely, according to HH 

method, the values of ( )ETk l  ( 0 l m≤ ≤ ) are not equivalent for the calculation of fluorescence 

decay.  

    On the other hand our method is numerically calculated with Eq. (A4). 
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0

1( ) exp{ ( ) }
m n

calc ET
j

F t k j t
m n

−

=

= −
− ∑                                              (A4)         

t extends from 0 to n t∆ . In Eq (A4) ( )ETk j  (j = 0 to m) is used only once. All values of ( )ETk l  

( n l m n≤ ≤ − ) are used n+1 times in the HH method, and 1 time in our method, so that after 

dividing ( )calcF t  at every point of time by number of used frequency, ( )calcF t  obtained by the 

both method should be same. Only the differences in ( )calcF t  between the both method are time 

domain of MD average at 1l n≤ −  and at 1l m n≥ − + . Accordingly, the both method should 

be equivalent, if m is much larger than n. 

Calculation time of averaging procedure by HH method at each t may be  

 

(1 2 3 ...... ) ( 1)( 2 1)
( 1)( 1)

2 c c

c

n n m n
n m n

t t
t

+ + + + + + − +
= + − +
∆ ∆
∆

, 

 

while the calculation time of our method is cmt∆  at each t. ct∆  denotes the calculation time of 

each step of the averaging procedure. Our method is much advantageous in the calculation time.  

 
 

Figure S3.1 Time-dependent changes in the Rc distance of Trp59 - Iso and Tyr97 – Iso, shown in 

blue and green, respectively. 
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SUPPLEMENTAL INFORMATION 

CHAPTER IV 

Photoinduced Electron Transfer in Wild Type and Mutated Flavodoxin from 

Desulfovibrio vulgaris, strain Miyazaki F.: Energy Gap Law 

 

This article has been published in Journal: Journal of Photochemistry Photobiology A: 

Chemistry. Page 32-41. Volume:  219, Issue 1, Year: 2011 

 

 
Figure S4.1 Time-dependent changes in the RMSD of the four FD variants. Red lines indicated that 

for the entire protein, green lines the peptide backbone and blue lines the FMN molecule. 
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Figure S4.2 Time-dependent changes in edge to edge distances between Iso and aromatic amino 

acids.  A: Y97F, B: W59F and C: DM. Mean distances are listed in Table 4.1. 
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Figure S4.3 Time-dependent change in the inter-planar angles between Iso and the aromatic 

amino acids in Y97F. The mean angles are listed in Table 4.1. 
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Figure S4.4 Time-dependent changes in inter-planar angle between Iso and the aromatic amino 

acids in the W59F and DM FD variants.  A: W59F and B: DM. The mean angles are listed in 

Table 4.1. 
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Figure S4.5 ES energies in mutated FD systems. 

A: Y97F, B: W59F, and C: DM. Iso represents ES energy between Iso anion and all other ionic 

amino acids including two phosphate anions. Trp59 and Trp16 indicate ES energy between Trp59 

or Trp16 and all other ionic amino acids including two phosphate anions. Tyr97 and Tyr99 

present ES energies between Tyr97 and Tyr99, respectively,  and all other ionic amino acids 

including two phosphate anions. These ES energies were obtained by Eqs. (4-5), where the values 

of 0ε  were 4.78 in Y97F, 4.04 in W59F, and 2.28 in DM (see Table 4.2). 
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SUPPLEMENTAL INFORMATION 

CHAPTER V 

Conformational Flexibility and Thermodynamic properties of Holo and Apo 

Helicobacter pylori flavodoxin: Molecular Dynamic Simulation approaches 

 

 
Figure S5.1 Comparison the RMSD value between Holo-FD and Apo-FD.  

Panel A shows Holo-FD, and panel B Apo-FD. The blue line indicates entries protein, the red line 

protein backbone and the green line FMN cofactor. 
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Table S5.1 The dihedral angle parameter 

Dihedral angle 

 

1χ  

    

2χ  

 Thr-10 

 

N CA CB OG1 

 

CA CB OG1 HG1 

Ser-12 

 

N CA CB OG 

 

CA CB OG HG 

Asn-14 

 

N CA CB CG 

 

CA CB CG ND2 

Pro-53 

 

N CA CB CG 

 

CA CB CG OD1 

Thr-54 

 

N CA CB OG1 

 

CA CB OG1 HG1 

Ala-55 

 

H N CA CB 

 

N CA CB HB1 

Ala-57 

 

H N CA CB 

 

N CA CB HB1 

Gly-58 

 

H N CA C 

 

N CA C O 

Gln-61 

 

N CA CB CG 

 

CA CB CG OD1 

Leu-86 

 

N CA CB CG 

 

CA CB CG CD1 

Gly-87 

 

H N CA C 

 

N CA C O 

Asp-88 

 

N CA CB CG 

 

CA CB CG OD1 

Tyr-92 

 

N CA CB CG 

 

CA CB CG CD1 

Thr-95 

 

N CA CB OG1 

 

CA CB OG1 HG1 

Phe-96 

 

N CA CB CG 

 

CA CB CG CD1 

Ala-97 

 

H N CA CB 

 

N CA CB HB1 

Glu-98 

 

N CA CB CG 

 

CA CB CG OD1 

 

 

Table S5.2 The mean RMSD of the Holo- and Apo-FDsa  

 

Part Holo Apo 

Entire protein 2.30 2.38 

Backbone 

Side-Chain 

1.46  

0.84 

1.38   

1.00 

FMN 1.19  -- 
aThe mean was taken over 30 ns of production time with 6 ps time intervals. 
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SUPPLEMENTAL INFORMATION 

CHAPTER VI 

Mechanism of Photoinduced Electron Transfer from Tyrosine to the Excited 

Flavin in Flavodoxin from Helicobacter pylori 

 

Table 6.1S Physical quantities related to ET in FD-DvMF a) 

Physical quantity WT Y97F 

 

W59F 

Trp59 Tyr97 Trp59 Tyr97 

ln j
ETk b) 1.96 -6.68 1.14 1.60 

qj
Sλ

c) (eV) 1.53 1.54 1.20 1.47 

jES d) (eV) -0.0172 -0.0942 -0.219 -0.00159 
2

0/ q
je Rε− e) (eV) -0.384 -0.460 -0.652 -0.386 

- 0
TG∆ f)  (eV) 0.868 0.221 0.583 0.855 

a Data are taken from Ref.[59].  
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