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a b s t r a c t

The fluorescence dynamics of isoalloxazine (Iso) in AppA were analyzed in order to elucidate the mecha-
nism of photoinduced electron transfer (ET) in a photosensing flavoprotein, blue-light sensing using flavin
(BLUF) of AppA. The ET parameters contained in Kakitani and Mataga ET theory (KM theory) were deter-
mined by a non-linear least squares method using atomic coordinates obtained by molecular dynamic
simulation (MD). The ET rate from Tyr21 to the excited state of isoalloxazine (Iso*) was slightly slower
than that from Trp104 to Iso*. It was found that frequency factor �0 in the ET process from Tyr21 to Iso*
was 16 times higher than the one from Tyr35 in a non-photosensing flavoprotein, flavin mononucleotide
binding protein (FBP). Transferred charges and interaction energies in the systems of Iso*-Gln63-Trp104
olecular dynamic simulation
emi-empirical molecular orbital method
LUF
ppA
nalysis of fluorescence dynamics

and Iso*-Gln63-Tyr21 were obtained by a semi-empirical molecular orbital method (MO). Forty configu-
rations of these systems by MD structures at 50 ps time intervals were geometrically optimized with the
PM3 method. The mean charges at Iso* over 40 configurations were −0.254 ± 0.057 in the Iso*-Gln63-
Trp104 system and 0.016 ± 0.002 in the Iso*-Gln63-Tyr21 system. Mean interaction energies among Iso*,
Gln63 and Trp104 or Tyr21 were −11.7 ± 1.02 kcal/mol in the Iso*-Gln63-Trp104 system. The extraor-
dinarily high �0 value in ET from Tyr21 to Iso* was elucidated by the H bond chain from Tyr21 to Iso*
through Gln63, though MO results by PM3 could not elucidate it.
. Introduction

Recently, a number of new flavoproteins have been found to
unction as photoreceptors. Among six families of the photorecep-
ors, phototropins [1], cryptochromes [2–5] and BLUF of AppA from
hodobacter sphaeroides [6–15,17,18] contain flavins as the reac-
ion centers. Recently BLUF from sources other than R. sphaeroides
as been characterized [16,19–26]. In these flavin photoreceptors,
ryptochromes and BLUF contain aromatic amino acids such as Trp
nd Tyr near Iso of flavins.

AppA functions as an anti-repressor of photosynthetic gene
xpression in the purple bacterium of R. sphaeroides. In vivo and in
itro analyses indicate that AppA contains two domains, a Cys-rich
arboxy-terminal domain that is responsible for the isomerization
f a disulfide bond in the photosynthetic repressor, PpsP, and an
mino terminal domain that non-covalently binds with BLUF [6].

ull length AppA undergoes a photocycle with blue-light irradi-
tion, causing a signaling state of flavin with a long-lived 10 nm
ed-shift of absorption spectrum [6]. Since BLUF of AppA does not
unction as a photosensor without Tyr21, Tyr21 is considered to

∗ Corresponding author.
E-mail address: fukoh2003@yahoo.com (F. Tanaka).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.07.020
© 2009 Elsevier B.V. All rights reserved.

play an essential role for it [7,8]. It was also demonstrated by FTIR
that the hydrogen-bonding rearrangement between Iso and nearby
amino acids takes place upon photo-excitation [10]. ET in WT and
Y21F AppA [11,12] and in W104F AppA [13,14] was observed by
means of fluorescence dynamics and transient absorption spec-
troscopy. In WT AppA, Iso* becomes Iso in the signaling state with
lifetimes of 90 ps and 570 ps [11]. Strong evidence of ET in BLUF
domain of Slrl1694 was provided by ultrafast experiments [16], in
which blue-light absorption was followed by the sequential forma-
tion of anionic Iso−· and neutral IsoH· on a picosecond time scale.
These results suggest that the formation of the signaling state is ini-
tiated by ET from Tyr21 and is followed by proton transfer. Structure
of the signaling state of AppA was determined by an X-ray diffrac-
tion method [17]. Photophysics of AppA in the signaling state were
also investigated by means of a transient absorption spectroscopy
[18]. Regarding light absorption by AppA in the signaling state, Iso*
decayed mono-exponentially with 7 ps lifetime to form the neutral
IsoH·, which subsequently decayed to original Iso in the ground
state within 60 ps.
Remarkable fluorescence quenching of Iso* has been also
reported in many flavoenzymes other than photoreceptors [27–34].
In these flavoproteins, Trp and/or Tyr always exist near Iso. It was
demonstrated by means of a picosecond-resolved [35,36] and
femtosecond-resolved [37,38] transient absorption spectroscopy

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:fukoh2003@yahoo.com
dx.doi.org/10.1016/j.jphotochem.2009.07.020
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Glu’s, 1 Asp, 5 Lys’s, 11 Arg’s and 2 negative charges at FMN
phosphate.

ES(Iso) =
8∑ CIso · CGlu +

1∑ CIso · CAsp +
5∑ CIso · CLys
N. Nunthaboot et al. / Journal of Photochemistry

hat ET from Trp and/or Tyr to Iso* is responsible for the remarkable
uenching. Ultrafast fluorescence dynamics of various flavopro-
eins have been investigated by an up-conversion technique
27–34]. Donor-acceptor distance-dependent ET rates in these
avoproteins have been expressed with center-to-center distance
ather than edge-to-edge distance [31]. The distance-dependence
f ET rates was analyzed with three kinds of ET theory [32].

FBP is considered to play an important role in electron trans-
ort process in the bacterium, but the whole picture of the electron
ow and coupling of the redox proteins is not yet clear [39]. Three-
imensional structures of FBP from Desulfovibrio vulgaris (Miyazaki
) were determined by X-ray crystallography [40] and NMR spec-
roscopy [41]. According to these structures, Trp32 was closest to
so and then Tyr35 and Trp106.

Various ET theories have been modeled for ET processes in bulk
olution [42–50]. ET rate of FBP was much slower in crystal than
n solution [33]. The ultrafast fluorescence dynamics of WT, W32Y
nd W32A FBP have been measured by means of the up-conversion
ethod and compared among them [34]. The fluorescence decay

f wild type (WT) FBP [51] was analyzed using MD coordinates
nd ET theories by Marcus [42–44], by Bixon and Jortner [45–47]
nd by KM theory [48–51]. In the analysis, electrostatic interaction
nergies between the Iso anion and other ionic groups, between
rp cations and other ionic groups, and between Tyr cation and
ther ionic groups, were introduced into ET theories. This greatly
mproved the agreement of calculated fluorescence decay with the
bserved one [51]. The fluorescence decays of WT, W32Y (Trp32
s replaced by Tyr32) and W32A (Trp32 is replaced by Ala32) FBP

ere also simultaneously analyzed to determine ET parameters
ontained in KM theory [52], where ET parameters for Trp and Tyr
ere separately determined. It was found that a frequency factor

n KM theory was much higher in the ET process from Trp to Iso*
han one from Tyr to Iso* [51–53].

ET process in AppA is very important because it is the initial
tep of the photocycle. It is not clear yet, however, whether ET
akes place from Trp104 or from Tyr21. In the present work, we
ave analyzed fluorescence decay of WT AppA reported by Gau-
en et al. [11] with atomic coordinates in Iso, Trp104 and Tyr21
btained by MD, and with KM theory. ET parameters obtained in
ppA were compared to those in a non-photosensing flavoprotein
f FBP. Amount of transferred charge and interaction energy both
n Iso*-Gln63-Trp104 and Iso*-Gln-Tyr21 systems have studied by

eans of a semi-empirical MO.

. Method of analyses

.1. MD calculation

The initial structure of WT AppA was taken from X-ray struc-
ure [pdb code 1YRX] [9]. All missing hydrogen atoms of the protein
ere added using the LeaP module of the AMBER software package

54]. The parm99 force field [55] was used to describe the protein
hile force field parameters for the Iso were obtained from Schnei-
er and Suhnel [56]. The AppA was solvated by 6494 TIP3P water
olecules, respectively. To release bad contacts and to relax the

ystem, the added water molecules were minimized, followed by
nergy minimization of the entire system. Afterwards, the whole
ystem was heated from 10 K to 298 K over 50 ps and was further
quilibrated under periodic boundary conditions at 298 K. The sim-
lations were performed over 3000 ps. Data was collected during

he 2000 ps (1000–3000 ps).

All MD calculations were carried out using the AMBER8 software
ackage [54]. The system was set up under the isobaric-isothermal
nsemble (NPT) with a constant pressure of 1 atm and constant
emperature of 298 K. Electrostatic interaction was corrected by the
hotobiology A: Chemistry 207 (2009) 274–281 275

Particle Mesh Ewald method [57]. The SHAKE algorithm [58] was
employed to constrain all bonds involving hydrogen atoms. A cutoff
distance of 1 nm was employed for a non-bonded pair interaction.
MD calculations were performed with the time steps of 2 fs and
coordinates of MD snapshot was collected every 0.01 ps.

2.2. ET theory

ET rate by KM theory [48–50] is expressed by Eq. (1):

kET = �0

1 + exp{ˇ(R − R0)}

√
kBT

4��S
exp

×
[
−{�G0 − e2/ε0R + �S + ES}2

4�SkBT

]
(1)

Here �0 is an adiabatic frequency factor, ˇ a coefficient related
to ET process. R and R0 are donor–acceptor distance and a crit-
ical donor–acceptor distance for ET process, respectively. R was
expressed as a center-to-center distance rather than edge-to-edge
distance [31,32,51,52]. ET process is adiabatic when R < R0, and
non-adiabatic when R > R0. kB, T and e are Boltzmann constant, tem-
perature and electron charge, respectively. In the present work, we
introduced an electrostatic energy, ES, in the proteins into KM the-
ory, which is described later.�s is known as solvent reorganization
energy [42] and expressed as Eq. (2):

�s = e2
(

1
2a1

+ 1
2a2

− 1
R

)(
1

ε∞
− 1

ε0

)
(2)

where a1 and a2 are radii of acceptor and donor when these
reactants are assumed to be spherical, and ε∞ and ε0 are opti-
cal and static dielectric constants. The optical dielectric constant
used was 2.0. The radii of Iso, Trp and Tyr were determined by the
method described elsewhere [31,32,51,52]. The value of a1 of Iso
was 0.224 nm, and a2 for Trp and Tyr was 0.196 nm and 0.173 nm,
respectively.

The standard free energy change was expressed with ionization
potential of ET donor, EIP, as Eq. (3):

�G0 = EIP − G0
Iso (3)

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

EIP’s of Trp and Tyr used for the analysis were 7.2 eV and 8.0 eV,
respectively [59].

2.3. Electrostatic energy in the protein

Protein systems contain many ionic groups, which may influ-
ence ET rate. ES between Iso− and all ionic amino acid residues
including phosphate anions of FMN (ES(Iso)), between Trp104+

and all ionic amino acid residues including phosphate anions
of FMN (ES(Trp104)), as well as between Tyr21+ and all ionic
amino acid residues including phosphate anions of FMN (ES(Tyr21))
are expressed by Eqs. (4)–(6), respectively. AppA contains 8
i=1
ε0RIso(Glu-i)

i=1
ε0RIso(Asp-i)

i=1
ε0RIso(Lys-i)

+
11∑
i=1

CIso · CArg

ε0RIso(Arg-i)
+

2∑
i=1

CIso · CP

ε0RIso(P-i)
(4)
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S(Trp104) =
8∑

i=1

C104 · CGlu

ε0R104(Glu-i)
+

1∑
i=1

C104 · CAsp

ε0R104(Asp-i)

+
5∑

i=1

C104 · CLys

ε0R104(Lys-i)
+

11∑
i=1

C104 · CArg

ε0R104(Arg-i)

+
2∑

i=1

C104 · CP

ε0R104(P-i)
(5)

S(Tyr21) =
8∑

i=1

C21 · CGlu

ε0R21(Glu-i)
+

1∑
i=1

C21 · CAsp

ε0R21(Asp-i)

+
5∑

i=1

C21 · CLys

ε0R21(Lys-i)
+

11∑
i=1

C21 · CArg

ε0R21(Arg-i)

+
2∑

i=1

C21 · CP

ε0R21(P-i)
(6)

n Eqs. (4)–(6), CIso is the charge of Iso anion and is equal to −e.
104 and C21 are the charges of Trp104 cation and Tyr21 cation,
espectively, and both equal to +e. CGlu and CAsp are the charges of
lu and Asp in AppA, respectively, and equal to −e. CLys and CArg are

he charges of Lys and Arg, respectively, and equal to +e. CP is the
harge of phosphate of FMN and equal to −e. We assumed that these
roups are all in an ionic state in solution. Distances between Iso
nd ith Glu (i = 1–8) are denoted as RIso(Glu-i). Distances between
rp104 and ith Glu (i = 1–8) are denoted as R104(Glu-i), and so on.

ES in Eq. (1) was expressed as follows:

or kTrp
ET (t′), ES = ES(Iso) + ES(Trp104) (7)

or kTyr
ET (t′), ES = ES(Iso) + ES(Tyr21) (8)

Trp
ET (t′) and kTyr

ET (t′) denote ET rates from Trp and Tyr to Iso*,
espectively.

.4. Observed and calculated fluorescence decays

Fluorescence decay function was reported by Gauden et al. [11],
hich is expressed by Eq. (9):

obs(t) = 0.10 exp
(−t

25

)
+ 0.32 exp

( −t

150

)
+ 0.56 exp

( −t

670

)

+ 0.02 exp
( −t

3800

)
(9)

The lifetimes were expressed in ps unit. The calculated decay
51,52,60] was expressed as Eq. (11).
calc(t) =
〈

exp − {kTrp104
ET (t′) + kTyr21

ET (t′)}t
〉

AV
(10)

Trp104
ET (t′) and kTyr21

ET (t′) are ET rates from Trp104 and from
yr21 to Iso*, respectively, which are given by Eq. (1). 〈. . .〉AV

able 1
T parameters in AppA.a.

Method of analysis ET parameters for Trp104 ET parameters

�0 (ps−1) � (nm−1) R0 (nm) �0 (ps−1)

1c 2228 60.1 0.694 3226
2c 1016e 21.0e 0.557 197e

KM theory was used for the analyses [48–50]. bChi square between the observed and ca
ere �1 = 25 ps (˛1 = 0.10), �2 = 150 ps (˛2 = 0.32), �3 = 670 ps (˛3 = 0.56), �4 = 3.8 ns (˛4 = 0.

y Nunthaboot et al. [52], and fixed during best-fit procedure. f�G0
Trp

= −1.82 eV and �G
hotobiology A: Chemistry 207 (2009) 274–281

means averaging procedure of the exponential function in Eq.
(10) over t′ up to 2 ns at 0.1 ps time intervals. In Eq. (10), we
assumed that the decay function during MD time range can
be always expressed by an exponential function at any instant
of time, t′. Comparison between our method and one given
by Henry and Hochstrasser [60] was described in Supplemental
Material.

2.5. Determination of ET parameters

Unknown ET parameters in Eq. (1) were �0 (Trp104), �0 (Tyr21),
ˇ (Trp104), ˇ (Tyr21), R0 (Trp104), R0 (Tyr21), G0

Iso and ε0. These
parameters were determined so as to obtain the minimum value
of �2 defined by Eq. (11), by means of a non-linear least squares
method, according to Marquardt algorithm.

�2 = 1
N

N∑
i=1

{Fcalc(ti) − Fobs(ti)}2

Fcalc(ti)
(11)

N denotes number of time intervals (1 ps) and was 1300. Eq. (12)
expresses deviations between the observed and calculated inten-
sities.

Deviation (ti) = Fcalc(ti) − Fobs(ti)√
Fcalc(ti)

(12)

2.6. MO calculation

Atomic coordinates of Iso, Trp104, Tyr21 and Gln63 were
obtained from MD data. Iso was substituted with lumiflavin,
Trp104 with 3-methylindole, Tyr21 with 4-methylphenol and
Gln63 with propanamide. Atomic coordinates of these compounds
were obtained from 40 MD structures with 50 ps time inter-
vals up to 2 ns. Molecular orbital calculations were performed
with WinMOPAC software [Professional, Version 3.9; Fujitsu,
Tokyo]. Geometries of Iso-Gln63-Trp104 and Iso-Gln63-Tyr21 sys-
tems were optimized with a semi-empirical MO of PM3. Key
words used for MO calculations were EF, PM3, PRECISE, EXCITED,
XYZ, GEO-OK and EPS (visit for meaning of these Keywords:
http://openmopac.net/). The value of ε0 (static dielectric con-
stant) used was 29 obtained from the result of ET analyses as
mean of ε0 obtained by Method 1 (see Table 1). Interaction
energy (�E) among Iso*, Gln and Trp or Tyr was evaluated by
Eq. (13) [53]:

�E = �Hf (Iso∗-Gln-AA) − {�Hf (Iso∗) + �Hf (Gln) + �Hf (AA)} (13)

In Eq. (13), �Iso*Gln-AA denotes a heat of formation in a sys-
tem of Iso*-Gln-AA, where AA denotes Trp104 or Tyr21. �Hf(Iso*),

�Hf(Gln) and �Hf(AA) are heat of formation in the systems of only
Iso*, of only Gln63, and of only AA in the ground state, respectively.
The heat of formation contains total electronic energy, core–core
repulsion energy between atoms and heat of formation of all con-
stituent atoms.

for Tyr21 G0
Iso

(eV) ε0 �2b

� (nm−1) R0 (nm)

6.25 2.72 8.82d 28.9 2.86 × 10−6

6.25e 0.678 8.66f 20.3 2.92 × 10−4

lculated fluorescence intensities give by Eq. (11). cFluorescence decay parameters
02) [11]. d�G0

Trp
= −1.42 eV and �G0

Tyr
= −0.618 eV. eET parameters were obtained

0
Tyr

= −0.82 eV.

http://openmopac.net/
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Fig. 1. A snapshot of MD structures of AppA. Potential H bond pairs (distances below
0.35 nm) are indicated with dotted lines. H bond interactions between amino acid-
amino acid and between amino acid and Iso are shown with green and yellow colors,
r
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Fig. 2. Chemical structure and atom notations of FMN.

Fig. 3. Time-dependent change in the distances between Iso and Trp104 or Tyr21
in AppA. Rc and Re denote center-to-center distance and edge-to-edge distance,
respectively.
espectively. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of the article.” has been incorporated in the
aption to Fig. 1. Please check.)

. Results

.1. MD geometries of AppA at Iso binding site

Fig. 1 shows a snapshot of MD configurations around the Iso
inding site. Potential hydrogen-bonding (H bond) pairs were

ndicated by dotted lines. Dynamic properties of H bonds were
escribed in the next section. Chemical structure and atom nota-
ions of flavin mononucleotide (FMN) are illustrated in Fig. 2.
ime-dependent changes in the distances between Iso and Trp104
r Tyr21 are shown in Fig. 3. Mean center-to-center distances (Rc)
ver MD time range were 0.89 nm between Iso and Trp104, and
.80 nm between Iso and Tyr21. Mean edge-to-edge distances (Re)
ere 0.32 nm between Iso and Trp104 and 0.28 nm between Iso and

yr21. Both mean distances were a little shorter in Iso-Tyr21 system
han in Iso-Trp104 system. Fig. 4 shows time-dependent changes in
nter-planar angles between Iso and Trp104 or Tyr21. Mean angles

ere −60.1◦ between Iso and Trp104 and 72.2◦ between Iso and
yr21.

.2. Time-dependent change in H bond formation

H bond formation is static in X-ray structure in general, but
ynamic in solution as predicted by Obanayama et al. [61]. Fig. S1
hows distances between three atomic pairs of potential pro-
on donor and acceptor, IsoO4/Gln63NH, IsoO4/Asn45NH, and
soN3H/Asn45O. Fig. 5 demonstrates sudden changes in the dis-
ances among Trp104NH, Gln63O, Gln63N and Tyr21OH. Distances
etween TyrOH and GlnO are mostly within H bond distance. The
istance, however, suddenly changed from 0.28 nm to 0.52 nm

round 1.1 ns. This change in the distance well correlated with
udden changes in the other distances between Trp104NH and
ln63N, between Trp104NH and Gln63O, and between Tyr21OH
nd Gln63N. The sudden changes in the distances may be eluci-

Fig. 4. Inter-planer angle between Iso and nearby aromatic amino acids. Trp104
and Tyr21 denote the angles between Iso and Trp104 and between Iso and Tyr21,
respectively.
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Fig. 7. Fluorescence decays of AppA. Fobs and Fcalc denote the observed and cal-
culated fluorescence decay functions. Fobs were taken from Gauden et al. [11], of
which decay parameters are listed at footnote of Table 1. Deviation denotes the dif-
ig. 5. Internal rotation of Gln63 and H bond switching. Inserts show H bond pairs.
yr, Trp and Gln denote Tyr21, Trp104 and Gln63, respectively.

ated by internal rotation of Gln63 side chain. Though in H bond
airs of IsoO4/Gln63NH, IsoO4/Asn45NH, and IsoN3H/Asn45O the
ean distances over MD time range were longer than H bond dis-

ance (0.28 nm), the distances were quite often within the H bond
istance.
Fig. 6 shows distributions of inter-atomic distances between
otential H bond pairs. The mean distances over MD time
ange were 0.36 nm in IsoN5/Gln63O, 0.31 nm in IsoO4/Gln63NH,
.30 nm in IsoO4/Asn45NH, 0.30 nm in IsoN3/Asn45O, 0.35 nm

ig. 6. Distribution of the distance between potential proton donor and acceptor
ear Iso. Insert indicates H bond pairs. The mean distances over MD time range were
.36 nm in N5-Gln63O, 0.31 nm in O4-Gln63NH, 0.30 nm in O4-Asn45NH, 0.30 nm in
3-Asn45O, 0.35 nm in N3-Asn45NH, 0.38 nm in Trp104NH-Asn45NH, and 0.31 nm

n Tyr21OH-Gln63O.
ference between the observed and calculated fluorescence decays, as defined by Eq.
(12). All of 8 ET parameters were determined independently by means of the non-
linear least squares method as described in txt, and listed in Table 1 as Method 1.
The value of �2 was 2.86 × 10−6.

in IsoN3/Asn45NH, 0.38 nm in Trp104NH/Asn45NH, 0.31 nm in
Tyr21OH/Gln63O. In O4/Gln63NH, O4/Asn45NH, and N3H/Asn45O
atomic pairs, the maximum distributions of the distances were
around 0.3 nm, but appreciable distributions of the distance were
found within H bond distance. In the Tyr21OH/Gln63O pair minor
maximum distribution was found around 0.52 nm due to the
flip-flop rotation of Gln63 as stated above, in addition to the
main maximum distribution around 0.28 nm. These results sug-
gest that H bond of Tyr21OH/Gln63O is quite tight, and Gln63O
may also form H bond with IsoN5. Gln63NH formed H bond with
IsoO4.

3.3. Analysis of fluorescence decay

The observed fluorescence decay expressed by Eq. (9) was ana-
lyzed with KM theory and atomic coordinates obtained by MD.
Fig. 7 shows the observed fluorescence decay by Gauden et al. [11]
and the calculated decay with best-fit ET parameters (Method 1).
Deviation between the decays defined by Eq. (12) is shown at the
upper panel. Agreement between the two decays was excellent.
The value of �2 was 2.86 × 10−6. ET parameters obtained by the
best-fit procedure are listed in Table 1. In the previous work [52],
we have obtained ET parameters for Trp and Tyr common among
WT, W32Y and W32A FBP. The decay by Gauden et al. [11] was ana-
lyzed using the values of �0 (Trp104), �0 (Tyr21), ˇ (Trp104), and
ˇ (Tyr21) obtained in FBP [52]. Fluorescence decays obtained with
these ET parameters are shown in Fig. S2 (Method 2). The value of
�2 by Method 2 was 2.92 × 10−4. The calculated decay by Method
1 reproduced the observed decay much better than one by Method
2. Results of these analyses are also listed in Table 1.

3.4. ET parameters
ET parameters in Eq. (1) obtained were �0 (Trp104) = 2228 ps−1

and �0 (Tyr21) = 3226 ps−1 by Method 1, while �0 (Trp) and �0 (Tyr)
were 1016 ps−1 and 197 ps−1 by Method 2, respectively. The value
of �0 (Trp) by Method 1 was about twice of one by Method 2, and the
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Table 2
Physical quantity obtained by PM3.a.

Physical quantity Iso*-Gln63-Trp104 Iso*-Gln63-Tyr21

Heat of formation (kcal/mol) −22.7 ± 1.02 −73.4 ± 0.15

Charge
Iso* −0.254 ± 0.057 0.016 ± 0.002
AAb 0.257 ± 0.057 −0.025 ± 0.002
Gln63 0.003 ± 0.003 0.009 ± 0.003
Dipole moment (D) 13.9 ± 1.07 9.21 ± 0.50
Interaction energy (kcal/mol)c −11.7 ± 1.02 1.28 ± 0.15

a Conformations of model molecules, Iso, Trp104, Tyr21 and Gln63 were con-
structed from 40 MD structures at time intervals of 50 ps over 2 ns. Lumiflavin as
Iso, 3-methylindole as Trp104, 4-methylphenol as Tyr21 and propanamide as Gln63
were used for the PM3 calculations. The quantities ±SE were indicated.

b AA denotes aromatic amino acid as Trp104 or Tyr21.
c The interaction energy was obtained by Eq. (13) in text.

Trp104 ring and further, the magnitude of dipole moment was
30.5 D. This suggests that the electron transfers from Trp104 to
Iso*. Contrary to this, in the Iso*-Gln63-Tyr21 system, the direc-
tion of dipole moment was almost in plane of Iso*. Since dipole
ig. 8. Time-dependent ET rate from Trp104 and Tyr21 to Iso* obtained with
ethod 1. Trp104 and Tyr21 indicate ET rate from Trp104 and from Tyr21 to

so*, respectively. ET rates were calculated with ET parameters listed in Table 1 as
ethod 1.

alues of �0 (Tyr) by Method 1 was about 16 times of one by Method
. The value of ˇ (Trp104) by Method 1 was about 2.9 times of one
y Method 2. The value of R0 (Trp104) was quite similar between
wo Methods. The value of R0 (Tyr21) by Method 1 was about 4
imes of one by Method 2. The other ET parameters of G0

Iso and ε0
ere quite similar between the two Methods. Most remarkable dif-

erence between AppA (Methods 1) and FBP (Method 2) was found
n �0 (Tyr).

.5. Time-dependent change in ET rate

Time-dependent changes in ET rate obtained by Method 1 are
hown in Fig. 8. ET rate from Trp104 varied much with time, while
ne from Tyr21 was quite constant. Mean ET rates over MD time
ange from Trp104 to Iso* and from Tyr21 to Iso* obtained by
ethod 1 were 0.00118 ps−1 (lifetime 0.851 ns) and 0.00099 ps−1

lifetime 1.01 ns), respectively. The result suggests that ET rate is a
ittle faster from Trp104 to Iso* than from Tyr21 to Iso*. If we use ET
arameter for �0 and ˇ obtained by FBP (Method 2), ET rate from
rp104 to Iso* should be much faster than one from Tyr21 to Iso*,
s shown in Fig. S3.

.6. Electrostatic energy in AppA

Time-dependent changes in electrostatic energies obtained by
ethod 1 are shown in Fig. S4. Eiso, E104 and E21 in Fig. S4 denote

he energies at Iso−, Trp104+ and Tyr21+. Eiso was always positive,
nd E104 and E21 were always negative, which are quite different
rom FBP [52]. In WT FBP the electrostatic energies of all ET donors
nd acceptor were positive or around zero.

.7. Photoinduced charge transfer and interaction energy
etween Iso* and ET donors

Molecular interactions among Iso*, Gln63 and Trp104 or Tyr21
ere calculated with 40 MD structures with time intervals of 50 ps

ver 2 ns range. Physical quantities obtained by MO are listed in
able 2. Fig. 9 shows time-dependent changes in dipole moments
f the Iso*-Gln63-Trp104 system and of the Iso*-Gln63-Tyr21 sys-
em. The dipole moment drastically varied with time from 10 D to
0 D in the Iso*-Gln63-Trp104 system. The dipole moment in the

so*-Gln63-Tyr21 system, however, varied a little around 7–10 D
nd sometimes up to 18 D around 1.2 ns of MD time when H

ond switching from Tyr21OH/Gln63O to Tyr21OH/Gln63NH took
lace due to internal rotation of Gln63 as shown in Fig. 5. Fig. 10
hows typical direction and magnitude of dipole moments in the
so*-Gln63-Trp104 system and the Iso*-Gln63-Tyr21 system. In
he Iso*-Gln63-Trp104 system, the direction was from Iso ring to
Fig. 9. Time-dependent change in dipole moments of Iso*-Gln63-Trp104 system
and Iso*-Gln63-Tyr21 system. Trp104 and Tyr21 denote Iso*-Gln63-Trp104 system
and Iso*-Gln63-Tyr21 system, respectively.
Fig. 10. Typical direction and magnitude of dipole moment. MO calculations were
performed by PM3 method. Initial structures of Iso-Gln63-Trp104 and Iso-Gln63-
Tyr21 systems were obtained from MD structures at 250 ps of MD time. Directions
and magnitudes of dipole moments were indicated by arrows in the both systems.
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ig. 11. Time-dependent change in charge in Iso*-Gln63-Trp106 system. Charge was
btained by summing up Mulliken charges at all atoms in Iso*, Gln63 and Trp104.
rp104, Gln63 and Iso indicate charge densities of these model molecules.

oment of Iso* alone is around 10 D with the direction in the
lane of Iso*, ET in the Iso*-Gln63-Tyr21 system could not be
xplained by PM3 method. Fig. 11 shows time-dependent change
n charge at Iso*, Gln63 and Trp104 in the Iso*-Gln63-Trp104 sys-
em. Amount of negative charge at Iso* seemed to correlate with
ositive charge at Trp104. In Iso*-Gln63-Tyr21 system the amount
f charge was little at any model compounds. The H bond dis-
ances with geometrically optimized structures by PM3 are shown
n Fig. S5. Frequencies of H bond formation between Tyr21OH and
ln63O, and between Gln63NH and Iso*O4 were quite high. This
lso supports H bond net from Tyr21 to Iso* through Gln63. Fig. 12
hows the interaction energies in the Iso*-Gln63-Trp104 system
nd in the Iso*-Gln63-Tyr21 system obtained by Eq. (13). In Iso*-
ln63-Trp104 system the interaction energy was almost always
egative, while in Iso*-Gln63-Tyr21 system it was a little positive.

n the Iso*-Gln63-Trp104 system, photoinduced charge transfer
CT) takes place from Trp104 to Iso* and so the interaction energy
as negative.

.8. Polarity around ET donors and acceptor

Static dielectric constant ε0 (=29) in AppA was quite high com-
ared to ε0 (=9.9) in FBP [52]. Fig. 13 shows a radial distribution

unction of water molecules near FMN. The radial distribution func-
ion suggested that two water molecules present around Iso near
4 and N5 in AppA, while only one near O4 in FBP (manuscript

n preparation). Ionic amino acid residues may also influence the

ig. 12. Time-dependent change in the interaction energy among chromophores.
rp104 and Tyr21 indicate Iso*-Gln63-Trp104 system and Iso*-Gln63-Tyr21 system,
espectively. The interaction energy was obtained by Eq. (13).
Fig. 13. Radial distribution function of water molecules around FMN in AppA. The
radial distribution function, g(r), suggested the presence of two water molecules
near O4 and N5 of Iso and ca. 1.5 near O3′ , 2 near O4′ , 3 near O1P, 2 near O2P, and 4
near O3P in solution. For atom notations, see Fig. 2.

polarity around Iso, Trp104 and Tyr21. There are two anionic
groups, Asp24 and Asp70, and one cationic group Arg72 near Iso
within 1 nm in AppA, while only one anionic group, Glu13 near
Trp32 and Tyr35 within 1 nm in FBP. High polarity in AppA com-
pared to FBP may be ascribed to the presence of these water
molecules and ionic groups around ET donors and acceptor.

4. Discussion

Fluorescence decay functions of AppA have been analyzed with
KM theory and atomic coordinates obtained by MD. Calculated
decays almost exactly duplicated the observed decays. Obtained
ET parameters were compared to those of the non-photosensing
flavoprotein, FBP (Method 2 in Table 1). ET rate was predicted to
be a little faster from Trp104 than from Tyr21 to Iso*. It is strik-
ing, however, that the frequency factor �0 of Tyr21 was very high
(3226 ps−1) in AppA compared to one in FBP (197 ps−1) (Method
2 in Table 1). The frequency factor is related to electronic inter-
action energy between a donor and an acceptor at the definite
donor–acceptor distance. Consequently, ET rate from Tyr21 to Iso*
was very fast compared to the expected ET rate (see Fig. S3). �0
relates to electronic interaction energy between a donor and an
acceptor. Comparing local structures at the Iso binding site between
AppA and FBP, Iso in AppA forms H bond chain with Tyr21 through
Gln63, while Iso in FBP has no H bond with ET donors. Electronic
interaction energy obtained by PM3 method was −11.7 (kcal/mol)
in Iso*-Gln63-Trp104. The interaction energy between Iso* and
Trp32 was around −24 (kcal/mol) in FBP [53]. In the both systems
CT occurred as judged from total charge at Iso*. When the inter-
action energy is higher, ET rate is faster in FBP [52]. It is not clear
why ET from Tyr21 to Iso* was very fast, despite that the interac-
tion energy between Iso* and Tyr21 was little. Two reasons may be
conceivable. First, accuracy of the semi-empirical PM3 method may
not be good enough for the interaction energy in H bond system,
and second, H bond chain from Tyr21 to Iso* might contribute to
the fast ET from Tyr21 to Iso*.

Domratcheva et al. [19] have demonstrated by means of MO
study with highest level (QM/MM with CASSCF) that almost com-
plete charge transfer takes place from Tyr21 to Iso* (−0.96 at Iso*
and +0.93 at Tyr) in the Iso*-Gln63-Tyr21 system. This result sup-

ports our finding of very high frequency factor �0 of Tyr21 in AppA.

Fast fluorescence quenching in an aromatic H bond system was
already reported early in 1956 by Mataga et al. [62]. Subsequently,
it was demonstrated that the fast quenching of fluorescence in the
H bond �-electronic systems was ascribed to ET through H bond
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63–65], by means of a picosecond-resolved transient absorption
pectroscopy. ET from Iso* to Tyr21 may be related to these exper-
mental results.

. Concluding remarks

ET from Tyr21 is very important for the formation of signaling
tate of BLUF [12–15] because Y21F AppA displayed inhibition of
he photocycle [7,8]. The importance of H bond chain for photo-
ensing function of AppA and other flavin photoreceptors have been
ointed out in many earlier works [7–26]. The fast ET from Tyr21 to

so* was ascribed to extraordinary high frequency factor �0 (Tyr21)
n KM theory. The high frequency factor may be explained by H
ond chain from Tyr21 to Iso* through Gln63. This was supported
heoretically [19] as well as experimentally [62–65]. Without the

bond chain ET could be negligible from Tyr21 and mostly take
lace from Trp104, where signaling state is never formed. Thus the
bond chain in Iso*-Gln63-Tyr21 is essential for enhancement of

T rate, and accordingly for photosensing function of BLUE in AppA.
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