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a b s t r a c t

Flavodoxin (FD) from Desulfovibrio vulgaris, strain Miyazaki F., is a small flavoprotein that is consid-
ered 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 isoallox-
azine (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 satisfacto-
rily 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

exam
charge density were also
transferred.

. Introduction

Flavoproteins play an important role in oxidation-reduction
eactions in all living organisms as mammals, plants and microor-
anisms [1]. Some flavoproteins function as photoreceptors [2–5].
hotoinduced electron transfer (ET) in these flavin photoreceptors
s the first step of their functions. Various electron transfer the-
ries have been modeled for bulk solutions [6–9]. However, it is

ot clear whether these theories are applicable to ET in proteins. It
as been difficult to quantitatively analyze ET in proteins, because
he microenvironment around the ET donor and acceptor are het-
rogeneous, and ET theories in proteins contain several unknown

∗ Corresponding author at: Department of Chemistry, Faculty of Science, Chula-
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ax: +66 2 218 7598.
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ined. Absolute value of the energy increased with amount of the charge

© 2010 Elsevier B.V. All rights reserved.

parameters. We have quantitatively analyzed ET in flavoproteins,
from their time-resolved fluorescence and molecular dynamic sim-
ulations (MD) with an ET theory [10–13].

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 func-
tion as electron transport proteins in various metabolic pathways
[14–16]. 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. [17]. 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 experi-
mentally 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 reassur-
ingly similar to that reported for the FD from Desulfovibrio vulgaris,
Hildenborough [18].

dx.doi.org/10.1016/j.jphotochem.2010.11.001
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:siriratkokpol@gmail.com
mailto:fukoh2003@yahoo.com
dx.doi.org/10.1016/j.jphotochem.2010.11.001
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The fluorescence dynamics of wild type (WT), Y97F (Tyr97 is
eplaced by Phe), W59F (Trp59 is replaced by Phe), and the double
utants W59F-Y97F (DM) were measured in the sub-picoseconds

ime domain by means of the fluorescence up-conversion method
y Mataga et al. [19]. These ultra-short lifetimes are considered
o have been induced by ET from the aromatic amino acids to
he excited isoalloxazine (Iso*) [20–23]. The observed fluorescence
ynamics of the WT FD contains two lifetime components, 0.158 ps
0.92) and longer than 500 ps (0.08). The longer lifetime component
as interpreted as being due to FMN liberated from the FD [24,25],

ven though the dissociation constant is very low (0.38 nM) [17].
It is required to establish a method to analyze ET mechanism in

roteins. To contribute to it, we have investigated ET mechanism in
D from the fluorescence dynamics and also charge transfer interac-
ion in Trp59–Iso*–Tyr97 systems with a semi-empirical molecular
rbital method (MO).

. Method of analyses

.1. Homology modeling and MD calculation

The three dimensional structure of FD has not yet been
etermined by X-ray diffraction method or NMR spectroscopy.
herefore, we deduced its likely structure by means of homol-
gy modeling [26] using the Modeller module of the Discovery
tudio 2.0 (website, http://www.discoverystudios.com). MD calcu-
ations were performed using the Amber 10 software package [27],
s described elsewhere [10–13]. In addition, a total of 5760 water
olecules were added to complete the system.

.2. ET theory

The original Marcus ET theory [6] has been modified in the var-
ous ways [7–9]. In the present analysis the Kakitani and Mataga
KM) theory [9] was used, because it has given satisfactory results
or static ET analyses in several flavoproteins [24,25], and dynamic
T analyses in FMN-bp [10,11] and AppA [12,13]. The ET rate as
escribed by KM theory [9] is expressed by Eq. (1).

j
ET =

�q
0

1 + exp{ˇq(Rj − Rq
0)}

√
kBT

4��qj
S

exp

[
−

{�G0
q − e2/ε0Rj + �qj

S
+ ESj}

2

4�qj
S

kBT

]
(1)

here kj
ET is the ET rate from a donor j to Iso*, and the index q

enotes Trp or Tyr. �q
0 is an adiabatic frequency, ˇq ET process

oefficient. Rj and Rq
0 are the donor j–Iso distance and its criti-

al distance for the ET process, respectively. Rj was expressed as
center-to-center (Rc) distance rather than an edge-to-edge dis-

ance [10–13,24,25]. The ET process is adiabatic when Rj < Rq
0, and

on-adiabatic when Rj > Rq
0. The terms kB, T and e are the Boltz-

ann constant, temperature and electron charge, respectively. ESj
s the electrostatic (ES) energy, which is described in Eq. (5) below.

The solvent reorganization energy (�qj
S ) is [6] of the ET donor q

nd j, is expressed as Eq. (2).

qj
S = e2

(
1

2aIso
+ 1

2aq
− 1

Rj

)(
1

ε∞
− 1

ε0

)
(2)

here aIso and aq are the radii of Iso and Trp or Tyr when these
eactants are assumed to be spherical, and ε∞ and ε0 are the optical
nd static dielectric constants, respectively. The optical dielectric
onstant used in this study was 2.0. The radii of Iso, Trp and Tyr
ere determined as before [10–13,24,25], with the value of aIso,
Trp and aTyr being 0.224, 0.196 and 0.173 nm, respectively.
The standard free energy change was expressed with the ion-

zation potential of the ET donor, Eq
IP, as shown in Eq. (3).

G0
q = Eq

IP − G0
Iso (3)
Photobiology A: Chemistry 217 (2011) 333–340

G0
Iso is the standard Gibbs energy related to electron affinity of Iso*.

The values of Eq
IP for Trp and Tyr were 7.2 eV and 8.0 eV, respectively

[29].

2.3. 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. (4).

E(j) =
12∑
i=1

Cj · CGlu

ε0Rj(Glu − i)
+

15∑
i=1

Cj · CAsp

ε0Rj(Asp − i)
+

2∑
i=1

Cj · CLys

ε0Rj(Lys − i)

+
8∑

i=1

Cj · CArg

ε0Rj(Arg − i)
+

2∑
i=1

Cj · CP

ε0Rj(P − i)
(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+. Cj is charge of the aro-
matic ionic species j, and is equal to −e for j = 0 and +e for j = 1 to
4. Thus, CGlu( = − e), CAsp( = − e), CLys( = + e), CArg( = + e) and CP( = − e)
are the charges of Glu, Asp, Lys, Arg and phosphate anions, respec-
tively. We assumed that these groups are all in an ionic state in
solution. The distances between the aromatic ionic species j and
the ith Glu (i = 1–12) are denoted as Rj(Glu − i), while that between
the aromatic ionic species j and the ith Asp (i = 1–15) are denoted
as Rj(Asp − i), and so on.

ESj in Eq. (5) was expressed as follows:

ESj = E(0) + E(j) (5)

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

2.4. Fluorescence decays

The observed fluorescence decay of FD has been reported by
Mataga et al. [19], 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. (6).

Fobs(t) = 0.92 exp
( −t

0.158

)
+ 0.08 exp

( −t

500

)
(6)

where the lifetimes are indicated in unit of ps.
However, the decay was also alternatively evaluated as shown

in Eq. (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 [24,25].

Fobs(t) = exp
( −t

0.158

)
(7)

The calculated fluorescence decay is expressed as Eq. (8).

Fcalc(t) =
〈

exp −

⎧⎨
⎩

4∑
j=1

kj
ET(t′)

⎫⎬
⎭ t

〉
AV

(8)

Fluorescence decays were calculated up to 2 ps with time intervals
of 0.002 ps, since the decay was measured in this time range [19].

Note that 〈. . .〉AV means the averaging procedure of the exponen-
tial function in Eq. (8) over t′ up to 2 ns with 0.1 ps time intervals.
In addition, Eq. (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

http://www.discoverystudios.com/
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Fig. 1. Structure of FD obtained by a method of homology modeling.
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quivalent to the one by Henry and Hochstrasser [30], when the
ime range (2 ns) of MD data is much longer than one (2 ps) of
uorescence data, as described in Supplemental Material.

The unknown ET parameters (�q
0, ˇq, and Rq

0 for Trp and Tyr, G0
Iso

nd ε0) contained in the KM theory were determined so as to obtain
he minimum value of �2, defined by Eq. (9), by means of a non-
inear least squares method, according to the Marquardt algorithm,
s previously reported [10–13]. These were then used to obtain the
inimum value of �2, as defined by Eq. (9).

2 = 1
N

N∑
i=1

{Fcalc(ti) − Fobs(ti)}2

Fcalc(ti)
(9)

ere, N denotes number of time intervals of the fluorescence decay,
nd was 1000. Deviation between the observed and the calculated
ntensities was expressed by Eq. (10).

eviation (ti) = {Fcalc(ti) − Fobs(ti)}√
Fcalc(ti)

(10)

.5. Quantum chemical calculation

Dipole moments of the Trp59–Iso*–Tyr97 systems, of which
onfigurations were extracted from the MD simulations. MO cal-
ulations were performed by a semi-empirical (PM6 method) with
he MOPAC2009 software. The keywords, EF (geometrical opti-

ization); PRECISE (accurate calculation); PM6 (semi-empirical
amiltonians); XYZ (geometry expressed by (x, y, z) coordi-
ates); 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) were used for the
alculation (for details of these keywords visit the website:
ttp://openmopac.net/).

The charge densities of Trp59, Iso* and Tyr97 were obtained as
he sums of Mulliken charge of the constituent atoms in Trp59, Iso*
nd Tyr97, respectively. This interaction energy (kcal/mol) of the
rp59–Iso*–Tyr97 system was calculated by Eq. (11).

E = �Hf (Trp59–Iso∗–Tyr97) − �Hf (Trp59) − �Hf (Iso∗)

−�Hf (Tyr97) (11)

n Eq. (11) �Hf(Trp59–Iso*–Tyr97), �Hf(Trp59), �Hf(Iso * ) and
Hf(Tyr97) were heat of formation of Trp59–Iso*–Tyr97 system,

rp59 system, Iso* system and Tyr97 system, respectively. The heat
f formation contains the total electronic energy, the core–core
epulsion energy between atoms and the heat of formation of all
onstituent atoms.

. Results

.1. Geometrical factors of FD

The protein structure of FD at the FMN binding site was deter-
ined by the method of homology modeling, and is shown in Fig. 1.

ime-dependent changes in the center-to-center (Rc) distances in
he Iso* and Tyr97, Trp59, Trp16, Tyr99 pairs are shown in Fig. 2,
hile the changes in the edge-to-edge distances (Re) are shown in

ig. 3. Of these aromatic amino acids Trp16 is clearly by far the fur-
hest away from Iso, and oscillates the most over time, followed by
yr99 as determined by both Rc and Re values. However although
oth Trp59 and Tyr97 are closer, remain relatively more static over

ime and are somewhat close in distance from Iso to each other,
nterestingly they show an inversion between Rc and Re values.
hus by Rc Tyr97 is the closet residue to Iso, while conversely by
e it is Trp 59. Fig. 4 shows the time-dependent changes in inter-
lanar angles between Iso and the aromatic amino acids, with the

Fig. 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.

http://openmopac.net/
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Table 1
Physical constants of Iso and aromatic amino acids.a

Physical quantity Iso Tyr97 Trp59 Trp16 Tyr99

Rc
b (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 (◦) 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) × 10−3 7.11 ± 0.015 (5.33 ± 0.048) × 10−55 (1.15 ± 0.033) × 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. (5).
f ET rate given by Eq. (1).

-100

-50

0

50

100

2.52.01.51.00.50.0

Time (ns)

A
n

g
le

 (
d

e
g

)

Trp59

Tyr97

Trp16

Tyr99

F
T
b

m
T
a
a
r
I
s
b
a
i
1
t
a

3

r
w
c
a

-0.15

-0.05

0.05

0.15

2.52.01.51.00.50.0

Time (ps)

D
ev

ia
ti

o
n

-3.0

-2.0

-1.0

0.0

1.0

2.52.01.51.00.50.0

Time (ps)

ln
 In

te
n

si
ty

 (
ar

b
. u

n
it

) Fobs

Fcalc

T
P

ig. 4. Inter-planer angles between Iso and nearby aromatic amino acids in WT.
rp59, Tyr97, Trp16 and Tyr99 indicate the distances between Iso and Trp59,
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ean distances listed in Table 1. The mean Rc value between Iso and
yr97 was 0.54 nm, which was the closest of the aromatic amino
cid residues. The other Rc values between Iso and Trp59, Trp16
nd Tyr97 were 0.64, 1.72 and 1.3 nm, respectively, while the cor-
esponding values of Re were 0.301, 0.247, 1.18 and 0.533 nm for
so to Tyr97, Trp59, Trp16 and Tyr99, respectively. Thus, Re was
hortest in the Iso–Trp59 pair, although the shortest Rc value was
etween Iso and Tyr97. This discrepancy is because Iso and Tyr97
re almost parallel as seen by the inter-planar angle. Indeed, the
nter-planar angles between Iso and the aromatic amino acids were
4◦, −43◦, −18◦ and 24◦ in Tyr97, Trp59, Trp16 and Tyr99, respec-
ively. The Rc between Iso and Tyr97, for instance, was the shortest
nd they are almost parallel in orientation.

.2. Fluorescence decays
Fig. 5 shows the observed (Fobs) and calculated (Fcalc) fluo-
escence decays of the FD. The calculated decay was obtained
ith the best-fit ET quantities and listed in Table 2. The physi-

al quantities for Trp and Tyr, respectively, were �0 = 2.06 × 103

nd 5.00 × 102 ps−1, ˇ = 21.9 and 9.99 nm−1 and R0 = 0.518 and

able 2
hysical constants contained in KM theory.a

The observed decay Trp Tyr

�0 (ps−1) ˇ (nm−1) R0 (nm) �0 (ps−1)

Two lifetimes 2056 21.9 0.518 500
Single lifetimeb 3087 55.6 0.772 2455

a Meanings of the physical constants are described in Eq. (1), and bellow.
b Data were taken from unpublished work.
Fig. 5. Fluorescence decays of WT with two lifetime components. The observed
decay Fobs is given by Eq. (6). Fcalc is the calculated decay and obtained with the
best-fit ET quantities listed in Table 2. Upper panel is deviation given by Eq. (10) in
text. The value of �2 was 3.42 × 10−3.

0.694 nm. In addition, G0
Iso = 7.54 eV and ε0 = 2.16. The value of �2

was 3.42 × 10−3. The agreement between the observed and the cal-
culated decays was not good, and the long tail with a fluorescent
decay of more than 500 ps lifetime [19] could not be reproduced.
Fig. 6 shows fluorescence decays with Eq. (7) as the observed flu-
orescence 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 evalu-

ated with Eq. (7) as the observed fluorescence dynamics (Fig. 6).
The physical quantities determined with Eq. (7) for Trp and Tyr,
respectively, were �0 = 3.08 × 103 and 2.46 × 103 ps−1, ˇ = 55.6 and
9.64 nm−1, R0 = 0.772 and 0.676 nm, G0

Iso = 7.67 eV and ε0 = 5.85.
These parameters were determined by analyzing the fluorescence

G0
Iso (eV) ε0 �2

ˇ (nm−1) R0 (nm)

9.99 0.694 7.54 2.16 3.42 × 10−3

9.64 0.676 7.67 5.85 9.55 × 10−5
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ecays of the WT, W59F, Y97F and W59F-Y97F double mutation
D’s together at once.

.3. ET rates

Fig. 7 shows representative time-dependent changes in ET
ates from Trp59, from Tyr97, from Trp16 and from Tyr99 to
so*. The mean ET rates are also listed in Table 1. The mean ET
ates were 1.26 × 10−3 ps−1 from Tyr97, 7.11 ps−1 from Trp59,
.33 × 10−55 ps−1 from Trp16, and 1.15 × 10−50 ps−1 from Tyr99.
t is noted that ET rate was fastest from Trp59, despite that the
onor–acceptor distance was shortest between Iso and Tyr97 (see
able 1).
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ig. 7. ET rate from aromatic amino acids to Iso* in FD. Trp59, Tyr97, Trp16 and
yr99 indicate ET rates from these amino acids to Iso*. ET rate is expressed in unit
f ps−1.
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. ε0 = 5.85 was used
as described in text.

3.4. ES energy

The time-dependent changes in the ES energies are shown in
Fig. 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 1). Net ES energies given
by Eq. (5) are important for the ET rate (see Eq. (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.

3.5. Dipole moment of the Trp59–Iso*–Tyr97 system

Fig. 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 elec-
tronic states was introduced, using the dielectric constant value
of ε0 = 5.85 (see Table 2). The dipole moment of Iso* alone was
12.4 D, and its direction was in the plane of Iso*. Fig. 10A 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.

3.6. 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 loose
an electron. Time-dependent changes in the charge densities of

Fig. 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*.
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ig. 10. Charge transfer and interaction energy in the system of Trp59–Iso*–Tyr97
n WT. Dipole moment of Iso* alone was 10.0 D, of which direction was in the plane
f Iso. Interaction energy was obtained by Eq. (11).

rp59, Tyr97 and Iso* are shown in Fig. 10B. Charge densities of
so were always negative or zero. Mean charge density of Iso was
0.568. Charge densities of Trp59 were always positive or zero.
ean charge density of Trp59 was 0.465. Charge densities at Tyr97
ere mostly zero, but sometimes displayed positive charge den-

ities, which shows that Tyr97 can be a charge donor to Iso* in
he Trp59–Iso*–Tyr97 system. Mean charge density of Tyr97 was
.103. Fig. 10C shows time-evolution of the interaction energy in
rp59–Iso*–Tyr97 system, which was obtained by Eq. (11). The

nteraction energy varied from −22 kcal/mol to 15 kcal/mol. Mean
nteraction energy was −14.9 kcal/mol. In the six snapshots the
nteraction energies were positive, which implies that the inter-
ction among Trp59, Iso* and Tyr97 was repulsive.
Fig. 11. Correlation between interaction energy and charge densities. (A) Correla-
tions between the interaction energy and the charge density of Iso. (B) Correlation of
Trp59, and (C) correlation of Tyr97. Interaction energies were obtained by Eq. (11).

3.7. Correlation

Fig. 11A shows the correlation between the interaction energy
and the 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 Fig. 11B.

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
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Fig. 12. Electronic delocalization of molecular orbitals in the configuration with-
out appreciable charge transfer. Optimized configuration at 360 ps had low dipole
moment and apparently no charge transfer took place. Panels (A) and (B) shows
K. Lugsanangarm et al. / Journal of Photochemist

nergies no charge transfer occurred. Fig. 11C shows correlation
etween the interaction energy and the charge density of Tyr97. In
yr97 mostly no charge transfer occurred, but about 0.95 of charge
ransferred from Tyr97 to Iso* at the energy around −12 kcal/mol.

hen the interaction energies were positive, the charge transferred
ittle from Tyr97 to Iso*.

. Discussion

In the present work we have studied the dynamic properties of
T donors and acceptor in FD by MD, and analyzed the ET mech-
nism using the KM theory and the MD data from the observed
uorescence dynamics. Agreements between the observed and
he calculated fluorescence dynamics were very good, when the
onger lifetime component of the observed fluorescence dynam-
cs (>500 ps) [19] was neglected. We could not reproduce the
bserved fluorescence decay with the longer lifetime compo-
ent by the present method of analysis. Two reasons for this are
onceivable. Firstly, the sample was somehow not stable at the
uorescence measurements by an up-conversion instrument sys-
em, even though the dissociation constant of FMN is very low
0.38 nM) [17], and thereby the [FMN]/[FD − FMN] is estimated to
e 1.23 × 10−3 at [FD − FMN] = 2.5 × 10−4 M for the fluorescence
easurements. If we assume that [FMN] and [FD − FMN] are pro-

ortional to amplitudes of the shorter lifetime and the longer
ifetime, respectively, then [FMN]/[FD − FMN] = 0.087 (9%) [19],

hich is much larger than one stated above. However, these ratios
annot be compared because of the difference in experimental con-
ition (with and without laser pulsed, [19] and [17], respectively).
herefore, if the sample of WT used for the measurements was not
resh enough, then the intense laser energy could bring the irre-
ersible dissociation of FMN [31]. Secondly, the mathematic model
see Eq. (8)) which assumes that the fluorescence decays expo-
entially at every instant of MD time, is not valid and so the WT
D consists of two completely different conformers. We support
he former interpretation (without the longer lifetime component),
ecause we did not see the predicted conformational change of
he second option in the MD snapshots in the time range of 10 ns
n WT (see Fig. S1 in Supplemental Material), and we could rea-
onably analyze four fluorescence decays of WT, W59F, Y97F and

59F-Y97F double mutated FDs (unpublished work).
In the present analysis the ET rate was 7.1 ps−1 (lifetime

.141 ps) from Trp59 to Iso*, and 0.0013 ps−1 from Tyr97 in WT.
T rate from Trp59 was ca. 6000 time faster than one from Tyr97,
espite that Rc between Iso and Trp59 was longer by 0.1 nm than
ne between Iso and Tyr97. Experimental average lifetimes were
.158 ps in WT, 0.808 ps in Y97F and 1.20 ps in W59F [19]. Appar-
ntly our result disagrees with the experimental data if we assume
hat the ET rates of Trp59 and Tyr97 in the WT FD are similar to
hose of Trp59 in Y97F and Tyr97 in W59F, respectively. However,
his assumption is not correct, according to the results of total anal-
ses with the four FD systems together at once (unpublished work).
ccording to this work ET rates were 5.40 ps−1 (lifetime 0.185 ps)

n Trp59 of Y97F and 3.18 ps−1 (lifetime 0.314 ps) in Tyr97 of W59F.
T rate from Trp59 was 1.3 times faster in WT compared to one in
97F which may be due to ES energy changes, and ET rate from
yr97 was 2400 times slower in WT compared to one in W59F. The
eason why ET rates from Trp59 and Tyr97 in WT are different from
hose in the mutated FDs may be due to the changes in ES energy
mong the proteins.
MO analyses revealed that charge transfer takes place mostly
rom Trp59 to Iso*, which is in accordance with the ET data. How-
ver, charge transfer occasionally occurred from Tyr97 to Iso* (5
imes among 46 snapshots), though ET rate from Tyr97 was much
lower than one from Trp59. The mean interaction energy obtained
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.

by Eq. (11) as evaluated over 46 snapshots at 40 ps time inter-
vals 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 [28]. The occupied molecular orbitals calculated
are delocalized between Iso* and Trp59 or Tyr97, even though no
charge transfer occurred as in FMN-bp [33]. Fig. 12 shows the elec-
tronic 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 transfer
occurred. The electronic delocalization may yield non-zero inter-
action energy among the chromophores.

It is important to consider which factors are influential upon
ET rate. Effect of variation in �0 on ET rate is considered to
be not much compared to the other factors. ˇ and R0 may be
influential factors on ET rate when Rj is longer than R0 (non-
adiabatic process). It is not unreasonable that factors contained

in −{�G0
q − e2/ε0Rj + �qj

S + ESj}
2
/4�qj

S kBT in exponential function

(see Eq. (1)) are important. Rj is influential through �qj
S and −e2/ε0Rj.

Effect of �qj
S variation on ET rate may be compensated by �qj

S in the
denominator. Accordingly, �G0

q + ESj may be most important fac-
tors. ESj varies quite a lot with time because it directly depends on
the structural dynamics of the protein, while �G0

q keeps constant.
Recently the effect of change in one charge was reported on ultra-
fast fluorescence dynamics and ET rates from Trp and/or Tyr to Iso*
in FMN-bp [32].

Relationship between ET process and electron transfer process

in dark is worthy to discuss. The donor–acceptor distance depen-
dence of �qj

S and −e2/ε0Rj 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
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