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a b s t r a c t

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 Desul-
fovibrio vulgaris, strain Miyazaki F., were obtained by molecular dynamic (MD) simulation. 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 ultra-
fast fluorescence dynamics of the wild type (WT) and the Y97F, W59F and DM variant FDs reported
by Mataga et al. (J. Phys. Chem. B 106 (2002) 8917–8920), were simultaneously analyzed by the elec-
tron 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 (�0) of 3.09 × 103 ps−1 and 2.46 × 103 ps−1, an ET process coefficient (ˇ)
of 55.6 nm−1 and 9.64 nm−1, a critical transfer distance (R0) of 0.772 nm and 0.676 nm, plus a free energy
related to the electron affinity of Iso* (G0

Iso) 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 kET/�S

vs. −�G0
T/�S in all ET donors, where kET is ET rate, �S is the reorganization energy and �G0

T is the total
that
ostl
free energy gap, revealed
process in FD took place m

. Introduction

The electron transfer phenomena in proteins are of importance
n the fields of physics, chemistry and biology [1–3]. Photoinduced

lectron transfer (ET) plays an essential role in photosynthetic
ystems and photoreceptors in plants and microorganisms. In
he last decade a number of new flavin photoreceptors have
een found [4–23]. In these BLUF (blue-light using flavin) units

∗ Corresponding author at: Department of Chemistry, Faculty of Science, Chula-
ongkorn University, Bangkok 10330, Thailand.
el.: +6622187583; fax: +6622187598.
∗∗ Corresponding author at. Department of Biochemistry,Center for Excellence in
rotein Structure and Function, Faculty of Science, Mahidol University, Bangkok
0400, Thailand.

E-mail addresses: siriratkokpol@gmail.com (S. Kokpol), fukoh2003@yahoo.com
F. Tanaka).

010-6030/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.01.013
ln kET/�S can be expressed by a parabolic function of −�G0
T/�S and the ET

y in the normal region.
© 2011 Elsevier B.V. All rights reserved.

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 [24]. Femtosecond dynamics of DNA photolyase
has been investigated by a transient absorption spectroscopy
[25,26].

Most flavoproteins other than flavin photoreceptors contain the
aromatic amino acids Trp and Tyr near the Iso residue. These flavo-
proteins are practically non-fluorescent, but they emit fluorescence
with a very short lifetime upon excitation with a sub-picosecond
light pulse [27–33]. This remarkable fluorescence quenching is

ascribed to ultrafast ET from the Trp and/or Tyr residues to the
Iso* [34–37]. Since the seminal work on electron transfer theory
by Marcus [1,38,39], many researchers have further developed the
theory of ET [40–45]. However, these theories have been modeled
for ET in bulk solution. It is not clear whether they are applicable to

dx.doi.org/10.1016/j.jphotochem.2011.01.013
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:siriratkokpol@gmail.com
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and CAsp are the charges of the Glu and Asp anions, respectively,
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T in proteins, where a reliable method to quantitatively analyze
T in proteins is still required.

In the previously work, the differences in the fluorescence
ifetimes between Y97F and W59F were elucidated by means
f ET donor–acceptor distances of a static FD structure via X-
ay crystallography[46] from Desulfovibrio vulgaris, Hildenborough
28]. However, we cannot obtain a non-exponential decay of the
avoproteins by this method. Accordingly, we believe that the
ynamic analysis with dynamic structures is more reliable for ET
ate and the understanding of fluorescence dynamics. Therefore,
e have developed the method to analyze ET in proteins by using

he atomic coordinates determined by MD simulations, Kakitani
nd Mataga (KM) theory, and experimental fluorescence dynam-
cs [47–50]. By using this approach for FMN binding protein (FBP)
nd AppA, the following conclusions on ET in flavoproteins have
een derived: (1) a non-exponential decay can be reproduced when
he time over (MD time) which the simulation is run exceeds the
xperimental decay time; (2) the electrostatic (ES) energy between
he ionic ET products and other ionic amino acids are influential
pon the ET rates; (3) Trp and Tyr as ET donors have different ET
arameters in KM theory as standard free energy gap (�G0), fre-
uency factor (�0), ET process coefficient (ˇ) and critical distance
R0), which will be described later; and (4) the static dielectric con-
tant depends on the protein systems, which should be the local
ielectric constant near the ion pair. However, these characteris-
ics of ET in proteins were obtained from only a few flavoprotein
ystems and so it is very important to apply the present method for
any more flavoproteins, in order to test its general applicability

nd usefulness.
Here, the ultrafast fluorescence dynamics of WT (wild type),

97F (Tyr97 is replaced by Phe), W59F (Trp59 is replaced by Phe)
nd DM (double mutation, both of Trp59 and Tyr97 are replaced
y Phe) flavodoxin (FD) systems are analyzed simultaneously to
btain a precise feature of the ET mechanism in FD, and to further
erify the validity of the method. The mechanism of ET in FD was
ompared to those in FBP [47,48] and the flavin photoreceptor of
ppA [49,50].

. Methods of analyses

.1. Protein structures and dynamic of the WT, Y97F, W59F and
M variant FDs

X-ray crystallography and or NMR based determination of the
tructure of FD is not available yet and so the structure of these
ystems were approximated by a homology modeling technique
unpublished work). In the present work, all systems are calculated
or 5 ns. We found that all systems reached equilibrium, by RMSD
nalysis, after 3 ns as shown in Fig. S1 (Supplemental Material B).
herefore, we collected MD coordinate for analysis from 3 to 5 ns
net 2 ns).

.2. ET theory

KM theory was used for the analyses, because it explains the
istance-dependent average ET rates of flavoproteins [31] and the
uorescence decays of FBP very well [47]. The ET rate by KM theory
43–45] is expressed by Eq. (1);

i
j(t

′) = �q
0

1 + exp{ˇq(Ri
j − Rq

0)}

√
kBT

4��i
j(t

′)⎡ ⎤

× exp⎣−

{�G0
q − e2/εj

0Ri
j(t

′) + �i
j(t

′) + ESi
j(t

′)}2

4�i
j(t

′)kBT
⎦ (1)
d Photobiology A: Chemistry 219 (2011) 32–41 33

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 Eq. (1), time-dependent
variables, Ri

j(t
′), �i

j(t
′) and ESi

j(t
′), where t′ is MD time, are explicitly

indicated, but (t′) parts of these variables were omitted in text. �q
0

is an adiabatic frequency of Trp or Tyr, ˇq is a coefficient of the
ET process for Trp or Tyr. Rq

0 is a critical donor–acceptor distance
between adiabatic and non-adiabatic ET. Ri

j 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
Ri

j < Rq
0, and non-adiabatic when Ri

j > Rq
0. ESi

j 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. εj

0 is a static dielectric
constant of the FD system j. kB, T and e are the Boltzmann constant,
temperature and electron charge, respectively.

�i
j is the solvent reorganization energy [31] of a donor i in the

FD system j and is expressed in Eq. (2);

�i
j = e2

(
1

2a1
+ 1

2a2
− 1

Ri
j

)(
1

ε∞
− 1

εj
0

)
(2)

where a1 and a2 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 vol-
umes 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 a1 of Iso was 0.224 nm, and those
of a2 for Trp and Tyr were 0.196 nm and 0.173 nm, respectively.

The standard free energy change was expressed with the ion-
ization potential of the ET donor, EIP

q , as in Eq. (3);

�G0
q = EIP

q − G0
Iso (3)

where G0
Iso is the standard Gibbs energy related to electron affinity

of Iso*. The EIP
q values for Trp and Tyr were 7.2 and 8.0 eV, respec-

tively, used in this analysis.

2.3. ES energy in the proteins

Protein systems contain many ionic groups, which may influ-
ence the ET rate. The ES energy between all ionic groups in the
FD system j, including the phosphate anions of FMN, and Iso
anion [ESj(Iso)], Trp59+ [ESj(Trp59)], Tyr97+ [ESj(Tyr97)], Tyr99+

[ESj(Tyr99)] and Trp16+ [ESj(Trp16)], are expressed by Eq. (4),
respectively. FD contains 12 Glu, 15 Asps, 12 Lyss and 8 Args
residues plus two negative charges at the FMN phosphate.

ESj(w) =
12∑
i=1

Cw · CGlu

εj
0Rw

j (Glu-i)
+

15∑
i=1

Cw · CAsp

εj
0Rw

j (Asp-i)
+

2∑
i=1

Cw · CLys

εj
0Rw

j (Lys-i)

+
8∑

i=1

Cw · CArg

εj
0Rw

j (Arg-i)
+

2∑
i=1

Cw · CP

εj
0Rw

j (P-i)
(4)

In Eq. (4), any of Iso, Trp59, Tyr97, Trp16 and Tyr99 were repre-
sented by w. CIso is the charge of the Iso anion and is equal to −e.
CTrp59, CTyr97, CTrp16 and CTyr99 are the charges of the Trp59, Tyr97,
Trp16 and Tyr99 cations, respectively, and are all equal to +e. CGlu
and are equal to −e. CLys and CArg are the charges of the Lys and
Arg cations, respectively, and are equal to +e. CP 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
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Table 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 (◦) 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. [51].
c Center to center distance between Iso and the aromatic amino acids.
d Edge to edge distance.
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2.5. Determination of ET parameters
etween Iso and Tyr97, between Iso and Trp59, etc., respectively.

f the FD systems were measured in buffer solutions at pH 8. The
istances between the chromophore w and ith Glu (i = 1–12) in the
D system j are denoted as Rw

j (Glu-i). Here, ES energies were evalu-
ted using only the ionic groups in the proteins. When ES energies
ere obtained with partial charge densities of all the atoms in the

roteins, they did not differ much from those obtained with the
resent method [51].
d Photobiology A: Chemistry 219 (2011) 32–41 35

Net ES energies of the donor w in FD j are expressed as follows:

For ki
j(t

′), ESj
i = ESj(Iso) + ESj(i) (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), and, consequently,
those for ESi

j , as given by Eq. (5), were separately evaluated among
the WT, Y97F, W59F and DM FD variants, because the distances
between the Iso anion and the ionic groups, and between the
cations and ionic groups, were different among these four systems.

2.4. Calculation of fluorescence decays

The observed fluorescence decays [28] of the WT, Y97F, W59F
and DM systems are expressed by Eqs. (6)–(9), respectively.

FWT
obs (t) = exp

(
−t

�WT
1

)
(6)

FY97F
obs (t) = ˛Y97F

1 exp

(
−t

�Y97F
1

)
+ ˛Y97F

2 exp

(
−t

�Y97F
2

)
(7)

FW59F
obs (t) = ˛W59F

1 exp

(
−t

�W59F
1

)
+ ˛W59F

2 exp

(
−t

�W59F
2

)
(8)

FDM
obs (t) = exp

(
−t

�DM
1

)
(9)

Here �WT
1 = 0.157 ps, �Y97F

1 = 0.245 ps (˛Y97F
1 = 0.85), �Y97F

2 =
4.0 ps (˛W59F

2 = 0.15), �W59F
1 = 0.322 ps (˛W59F

1 = 0.83), �W59F
2 =

5.5 ps (˛W59F
2 = 0.17), �DM

1 = 18 ps. The calculated fluorescence
decays of the WT and the Y97F, W59F and DM FD variants are
expressed by Eqs. (10)–(13), respectively;

FWT
calc(t) = 〈exp[−{kTrp59

WT (t′) + kTyr97
WT (t′) + kTyr99

WT (t′) + kTrp16
WT (t′)}t]〉AV

(10)

FY97F
calc (t) = 〈exp[−{kTrp59

Y97F (t′) + kTyr99
Y97F (t′) + kTrp16

Y97F (t′)}t]〉AV (11)

FW59F
calc (t) = 〈exp[−{kTyr97

W59F(t′) + kTyr99
W59F(t′) + kTrp16

W59F(t′)}t]〉AV (12)

FDM
calc(t) = 〈exp[−{kTyr99

DM (t′) + kTrp16
DM (t′)}t]〉AV (13)

where kTrp59
WT (t′), kTrp59

Y97F (t′), kTyr97
W59F(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. (1). In Eqs. (10)–(13),
t′ denotes MD time (0–2 ns), whilst t is fluorescence decay time
(0–2 ps).

Fluorescence decays were calculated up to 2 ps with time inter-
vals of 0.002 ps, since the decays were measured in this time range
[28]. 〈· · ·〉AV represents the averaging procedure of the exponential
function in Eqs. (10)–(13) over t′ up to 2 ns with 0.1 ps time inter-
vals. In Eqs. (10)–(13) we have assumed that the decay functions
during the MD time ranges can always be expressed by exponen-
tial functions at every instant of time, t′. The present method is
mathematically equivalent to the one by Henry and Hochstrasser
[52], when the time range (2 ns) of MD data is much longer than
one (2 ps) of fluorescence data, as described in the Supplemental
Material A.
The unknown ET parameters (�Trp
0 , �Tyr

0 , ˇTrp, ˇTyr, RTrp
0 , RTyr

0 , εWT
0 ,

εY97F
0 , εW59F

0 , εDM
0 and G0

Iso) contained in the KM theory (see Eq. (1))
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ig. 3. Fluorescence decays of the Y97F, W59F and DM FD variants. (A) Y97F, (B) W
nd calculated (Fcalc) fluorescence decays. Obtained ET parameters are listed in Tab

ere determined so as to obtain the minimum value of �2, defined
y Eq. (14), by means of a non-linear least squares method, accord-

ng to the Marquardt algorithm, as previously reported [47–50].

2 = 1
NWT∑ {FWT

calc(ti) − FWT
obs (ti)}2
NWT
i=1

FWT
calc(ti)

+ 1
NY97F

NY97F∑
i=1

{FY97F
calc (ti) − FY97F

obs (ti)}2

FY97F
calc (ti)
ime (ps)

nd (C) DM. Upper panels in A–C represent deviations between the observed (Fobs)

+ 1
NW59F

NW59F∑
i=1

{FW59F
calc (ti) − FW59F

obs (ti)}2

FW59F
calc (ti)

+ 1
NDM

NDM∑
i=1

{FDM
calc(ti) − FDM

obs (ti)}2

FDM
calc(ti)

(14)
where NWT, NY97F, NW59F and NDM denote the number of time inter-
vals 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
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Table 2
The best-fit ET parameters.a

System �q
0

b (ps−1) ˇqb (nm−1) Rq
0

b (nm) G0
Iso

b (eV) εj
0

b �2c

Trp Tyr Trp Tyr Trp Tyr

FD Y97F 3090 2460 55.6 9.64 0.772 0.676 7.67 4.78 2.61 × 10−3

W59F 4.04 5.97 × 10−4

DM 2.28 3.04 × 10−5

WTd 5.85 5.90 × 10−4

AppAe WT 2304 2661 18.1 6.25 0.539 2.74 8.53 29.0 4.60 × 10−4

Y21F 13.7 3.08 × 10−4

W104F 2.45 1.60 × 10−4

FBPf WT, W32Y, W32A 1016 197 21.0 6.64 0.570 0.0 8.97 9.86 5.24 × 10−4

a �q
0, ˇq, Rq

0 (q = Trp or Tyr) were common for the three mutated FD systems and the WT. εj
0 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 	G0

q in Eq. (1) is obtained by Eq. (3) with G0
Iso. The values of �G0

q were −0.467 eV for Trp and 0.333 eV for Tyr.
c �2 was evaluated independently for each system. Total value of �2 was 5.55 × 10−4.

nding

a

D

H

3

3
F

D
a
I
T
F

R
t
T
t

T
E

d Data from Ref. [51].
e Data from Refs. [49,50].
f Data from Ref. [48]. Three fluorescence decays of WT, W32Y and W32A FMN bi

re defined by Eq. (15);

eviation(j; ti) = {F j
calc(ti) − F j

obs(ti)}√
F j

calc(ti)
(15)

ere j = WT, W59F, Y97F and DM.

. Results

.1. Comparison of protein structures around Iso among the four
D systems

Typical protein structures of the WT and the Y97F, W59F and
M variant FDs, as determined by homology modeling and MD,
re shown in Fig. 1. Time-dependent changes in the Rc between
so and Tyr97, Trp59, Trp16 and Tyr99 are also shown in Fig. 2.
he changes in the mean edge to edge distances (Re) are shown in
ig. S2 (Supplemental Material B).
The mean Rc and Re values are listed in Table 1. The mean value of
c between Iso and Trp59 in Y97F (0.78 nm) was significantly longer
han that (0.64 nm) in the WT FD. The values of Rc for Trp16 and
yr99 were quite different among the mutated FD variants. Thus,
he Rc of Trp16 was longest (2.12 nm) in the Y97F FD and short-

able 3
nergy gap law of ET in FD.a

Physical quantity WT W59

Trp59 Tyr97 Trp16 Tyr99 Tyr9

ln ki
j
b 1.96 −6.68 −124.97 −114.99 1

�i
j
c (eV) 1.53 1.54 1.99 2.06 1

ES energyd (eV) −2.85 −2.93 −0.0993 −0.118 −3
Net ES energye (eV) −0.0172 −0.0942 2.73 2.71 −0
�G0

q
f (eV) −0.467 0.333 −0.467 0.333 0

ES energy between donor and acceptorg −0.384 −0.460 −0.144 −0.193 −0
−�G0

ij
h (eV) 0.868 0.221 −2.12 −2.86 0

−�G0
ij
/�i

j
0.569 0.143 −1.07 −1.39 0

(ln ki
j
)/�i

j
1.28 −4.33 −62.84 −55.95 0

a ET rate is given by Eq. (1). Data of WT were taken from Ref. [51].
b ki

j
is expressed in unit of ps−1.

c Reorganization energy is given by Eq. (2).
d ES energies are given by Eq. (4). ES energies of Iso were 2.83 eV in WT, 3.60 eV in W59
e Net ES energies are given by Eq. (5).
f �G0

q is given by Eq. (3).
g ES energy between donor and acceptor is given by −e2/εj

0Ri
j

in Eq. (1).
h Total free energy gap is given by Eq. (16).
proteins were analyzed with common dielectric constant.

est (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 identi-
cal 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 are shown in Fig. S3 (Supplemental Material B).
The time-dependent changes were remarkable in Tyr99 and Trp16.
For Trp16, the angle carried from around 70◦ initially, increasing to
160◦ at 0.7 ns and then decreasing to 20◦ at 1.3 ns, whilst for Tyr99
it was initially around 50◦, increased to 160◦ at 0.7 ns, decreased
to 30◦ at 0.9 ns, and increased again to around 100◦. The mean val-
ues of the angle are listed in Table 1. The angle between Iso and
Trp59 varied considerably between Y97F (31◦) and the WT (-43◦),
whilst the angles between Iso and Tyr97 were similar in these sys-
tems (19◦ and 14◦, respectively). The time-dependent changes in
the inter-planar angles in the W59F and DM variants are shown in
Fig. S4 (Supplemental Material B). Contrary to that seen in Y97F, the
angles rapidly fluctuate around constant values, except for Trp16
in the DM variant, which increased with time from 20◦ to 60◦. 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◦ in Y97F
compared to −29◦ in the DM. The angles of Trp16 were 54◦ in Y97F,
−21◦ in W59F and −18◦ in the WT FDs.

F Y97F DM

7 Trp16 Tyr99 Trp59 Trp16 Tyr99 Trp16 Tyr99

.14 −69.10 −155.82 1.60 −96.53 −139.87 −94.97 −2.60

.20 1.54 1.59 1.47 1.81 1.74 0.377 0.385

.82 −2.62 −0.176 −3.41 −2.21 −0.150 −4.67 −6.80

.219 0.984 3.42 −0.00159 1.20 3.26 2.13 0.0131

.333 −0.467 0.333 −0.467 −0.467 0.333 −0.467 0.333

.652 −0.196 −0.263 −0.386 −0.142 −0.289 −0.313 −0.470

.583 −0.321 −3.49 0.855 −0.594 −3.31 −1.35 0.124

.450 −0.209 −2.19 0.583 −0.329 −1.90 −3.58 0.322

.951 −44.95 −97.84 1.09 −53.46 −80.22 −251.93 −6.76

F, 3.41 eV in Y97F and 6.82 eV in DM.
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epends on net ES energy [see Eqs. (1) and (5)]. Trp59, Tyr97, Trp16 and Tyr99 in in

.2. Analyses of the fluorescence dynamics

Ultrafast fluorescence decays of the four FD systems were simul-
aneously analyzed with common ET parameters. Fig. 3 shows the
bserved and calculated fluorescence decays of the Y97F, W59F
nd DM variant FDs. The upper panels of the decay plots show
he deviations between the observed and calculated decays. The
ecays of the WT [51] and the double mutated FD were single expo-
ential, whereas those of the Y97F and W59F variant FDs were
on-exponential. It is striking that two nearly single exponential
nd two double-exponential decay functions were reproduced with
he same ET parameters (Table 2) of �q

0, ˇq, Rq
0 and �G0

q (q = Trp or
yr), despite that all of fluorescence decay exponentially before tak-
ng average over MD time range. It is reasonable to assume that the
ielectric constant near the ET donor and acceptor ions depends on
he FD systems, because the polarity near the Iso* anion is different
mong the four FD systems.

If we consider that four decays were simultaneously analyzed
ith common parameters as �q

0, ˇq and Rq
0 (q = Trp or Tyr) and also

he intensities are expressed in logarithm, agreements between the
bserved and calculated decays were satisfactory [the total value
f �2 (5.55 × 10−4)] and acceptable as compared with our previous
ork, FMN binding protein systems [47].

.3. ET parameters

The obtained ET parameters for the WT and the three mutant FD
ariants are listed in Table 2, along with those for the AppA and FBP
aken from the literature for comparison. From these values, �G0

q
as calculated by Eq. (3) to be −0.467 eV for Trp and 0.333 eV for

q
yr. The adiabatic frequency (�0) of Trp in FD was ∼1.3- and 3-fold
reater than that for AppA and FBP, respectively, whilst the �q

0 of
yr in FD was 0.92- and 12.5-fold higher than that in AppA and FBP,
espectively. The ET process coefficient (ˇq) of Trp in FD was 3-fold
nd 2.6-fold greater than that in AppA and FBP, respectively, whilst
Time (ns)

et ES energy means sum of ES energies of Iso and the aromatic amino acids. ET rate
denote net energies of Trp59, Tyr97, Trp16 and Tyr99, respectively.

the ˇq of Tyr was 1.5-fold larger than that of both AppA and FBP.
Finally, the Rq

0 in FD was ca. 0.2 nm longer for Trp than that in AppA,
but much shorter than that for the Tyr in AppA.

3.4. ES energies in the proteins

Fig. S5 (Supplemental Material B) shows the time-dependent
changes in the ES energies of the Y97F, W59F and the DM FD vari-
ants, with the mean energies listed in Table 3 The mean energy
[ESj(Iso)] between the Iso anion and all other ionic groups was low-
est 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. (5)). The time-dependent changes
in the net ES energies (ESi

j) are shown in Fig. 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).
3.5. ET rates

ET rates were calculated with the best-fit ET parameters (see
Table 2). Fig. 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,
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Fig. 6. Energy gap law of ET in FD. The ET rate is expressed in unit of ps−1. Total free
energy gap (−�G0

ij
) is given by Eq. (16). Numerical data are listed in Table 3. (ln ki

j
)/�i

j

vs. −�G0
ij
/�i

j
were plotted according to Eq. (17). Insert indicates an approximate
onors.

rom Tyr97 in W59F and from Tyr99 in the DM. If Figs. 4 and 5
re compared, it is evident that the ET rate becomes slower with
ncreasing levels of the net ES energy, which implies that the ES
nergy plays an important role in determining the ET rate. The mean
alues of the ET rates are listed in Table 3, where that from Trp59
o 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
aster than the corresponding value in the WT (1.26 × 10−3 ps−1).
t is noted that the ET rates from Tyr99 to Iso* were negligibly slow

n the WT, Y97F and W59F FD variants, but became dramatically
aster in DM.
parabolic function of the plot.

4. 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 repro-
duced with the best-fit ET parameters. The obtained ET parameters
were compared with those of the flavin photoreceptor AppA
[49,50], and also with those of FBP [47,48] (see Table 2). The val-
ues of �Trp

0 and �Tyr
0 in FD were 3090 and 2460 ps−1, respectively,

whilst they were 2304 and 2661 ps−1 for Trp and Tyr, respectively,
in AppA. In both protein systems �Tyr

0 was greater than �Trp
0 , which

is remarkably different from that of FBP.
�q

0 is related to the electronic interaction energy between the
donor and the acceptor. In AppA, the greater �q

0 in Tyr was elu-
cidated in terms of the hydrogen bond chain, Tyr21–Gln63–Iso*
[49,50]. 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 rea-
son why �Tyr

0 was greater than �Trp
0 , whilst ˇTrp and ˇTyr did not

differ much compared to those of AppA. The value of RTrp
0 in FD

was 0.772 nm, which is considerably longer than that in AppA
(0.539 nm). However, the RTyr

0 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 [50].

In FBP, the ε0 used was common among the three systems of
FBP, whilst different values of ε0 were used in FD (this work) and in
AppA [49,50]. Agreements between the observed and calculated
fluorescence decays were greatly improved when the ε0 values
were changed with the protein system. Iso, in all FD systems, are
partly exposed to the water layer (unpublished work). εj

0 (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 �q

0 are not always
critically important to the ET rate in the proteins. As shown in
Figs. 4 and 5, and also in Table 3, the ET rate became faster as the net
ES energy (ESi

j) was reduced, which reveals that the net ES energy
is the most important factor in determining the ET rate in the pro-

teins. Fig. 6 shows the relationship between the ln ET rate and the
total free energy gap (�G0

ij). �G0
ij was obtained from Eq. (16) (see
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q. (1)).

�G0
ij = −

(
	G0

q − e2

εj
0Ri

j

+ ESi
j

)
(16)

The numerical data of these physical quantities are listed in
able 3. In the present FD systems the solvent reorganization energy
�i

j) was found to vary from 0.385 (Tyr99 in DM) to 2.06 (Tyr99
n WT) with the ET donor (amount of variation 1.68 eV). On the
ther hand, the values of total free energy gap, �G0

ij, varied from
3.49 eV (Tyr99 in W59F) to 0.868 eV (Trp59 in WT), in which

he net ES energy varied from 3.42 eV to −0.219 eV for Tyr99 and
yr97, respectively, in W59F (amount of variation 3.64 eV.) Since
he change in �G0

q was at most 0.8 eV and further amount of vari-
tion in ES energy between ion pair of the donor and acceptor
e2/εj

0Ri
j in Eq. (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
hat the net ES energy ESi

j is most influential factor among the ET

arameters. (ln ki
j)/�

i
j may be plotted against −�G0

ij/�
i
j when �jk

S
ppreciably varies, as Eq. (17).

ln ki
j

�i
j

∝
(

−�G0
ij

�i
j

+ 1

)2

(17)

Pre-exponential factors in Eq. (1) may be almost constant
pon the variation of −�G0

ij/�
i
j. The value of (ln ki

j)/�
i
j was

252 at −�G0
ij/�

i
j (Trp16 in DM; see Fig. 6) equals −3.58, and

ncreased with −�G0
ij/�

i
j. The value of (ln ki

j)/�
i
j became maxi-

um at around 6 of −�G0
ij/�

i
j, and then decreased with −�G0

ij/�
i
j.

he solid curve in Fig. 6 was an approximate parabolic function,
= −11.602X2 + 21.105X − 14.834, where Y is (ln ki

j)/�
i
j, and X is

�G0
ij/�

i
j. The results reveal that ET in FD mostly takes place in

he normal region.
A number of works have reported on the free energy gap law in

ulk solutions [53–57], but rarely reported in proteins. The energy
ap law was experimentally demonstrated in the ET processes in
hotosystem I and in the reaction center of the purple bacterium,
hodobacter sphaeroides, by Iwaki et al., where the ET takes place in
he normal regions [58]. Turro et al. [59] found that ET in a homolo-
ous series of RuII diimines with cytochrome (cyt) c in its oxidized
nd reduced forms takes place in both the inverted region and nor-
al region. ET in FD in the present work took place in the normal

egion.
Relationship between ET process and electron transfer process

n dark is worth of discussion. The donor–acceptor distance depen-
ence on �qj

S and −e2/ε0Rj are common in both processes. ES energy
f Iso anion and other ionic amino acids is also common between
oth electron transfer processes. Many flavoproteins are involved

n electron transfer processes in dark. ET analyses of the flavopro-
eins could also help to understand the electron transfer in the
round state of Iso in the proteins.
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