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Abstract

Flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) are two flavin prosthetic groups utilized
as the redox centers of various proteins. The conformations and chemical properties of these flavins can be
affected by their redox states as well as by photoreactions. Thus, proteins containing flavin (flavoproteins) can
function not only as redox enzymes, but also as signaling molecules by using the redox- and/or light-dependent
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changes of the flavin. Redox and light-dependent conformational changes of flavoproteins are critical to many
biological signaling systems. In this review, we summarize the molecular mechanisms of the redox-dependent
conformational changes of flavoproteins and discuss their relationship to signaling functions. The redox-
dependent (or light-excited) changes of flavin and neighboring residues in proteins act as molecular “switches”
that “turn on” various conformational changes in proteins, and can be classified into five types. On the basis of
the present analysis, we recommend future directions in molecular structural research on flavoproteins and

related proteins. Antioxid. Redox Signal. 11, 1741-1766.

l. Introduction

FLAVIN ADENINE DINUCLEOTIDE (FAD) and flavin mono-
nucleotide (FMN) are the most commonly used flavins as
oxidation-reduction (redox) active cofactors in flavoproteins.
In addition to their function as cofactors of flavoenzyme, FAD
and FMN play important roles in biological signaling, such as
blue light-mediated signal transduction and electron transfer
reactions. The flavoprotein senses the redox and /or light signal
using flavin, and interacts with (or dissociates from) another
signaling protein (or domain) to transduce the signal. Several
studies have suggested that interactions between signaling
flavoproteins and other signaling proteins are frequently reg-
ulated by redox-dependent conformational changes of the
flavoprotein. Because the conformational changes of flavo-
proteins are likely to be triggered by the redox-dependent
(and/or light-dependent) change of the flavin cofactor, the
coupling between the flavin redox chemistry and changes in
protein conformation are critical problems in understanding
the mechanism of biological signaling by flavoproteins.

The recent development of kinetic crystallography (16) has
made it possible to follow the redox-dependent conformational
changes of flavoproteins in atomic detail. Spectroscopic ana-
lyses in solution have also contributed to reveal conformational
and chemical property changes around the flavin. In particular,
spectroscopic analyses can probe fast changes around the fla-
vin. These analyses have accumulated structural evidence that
the redox-dependent conformational change of flavin induces a
conformational change of the whole protein, which, in turn,
regulates the protein-protein interaction.

In this review, we focus on flavin-containing signaling pro-
teins that show a redox-dependent conformational change. We
start with a brief description of the chemical and structural
properties of flavin, analyze the interaction between flavin and
proteins on the basis of the tertiary structures of the flavopro-
teins, and categorize the redox-dependent changes occurring
around the flavin cofactor in the proteins. Then, various ex-
amples of redox-dependent conformational changes of flavo-
proteins and their functional significance are reviewed. Finally,
we propose future directions in this field.

Il. Flavin Cofactors
A. Berief history of FMN and FAD

Flavin mononucleotide (riboflavin 5-phosphate, FMN),
which is composed of a 7,8-dimethylisoalloxazine ring with a
ribityl phosphate at the N10 atom (Fig. 1A), was first isolated
by Theorell (169) in 1935 from yeast old yellow enzyme (181).
Old yellow enzyme was the first flavin-containing enzyme
(flavoenzyme) to be discovered and has been studied inten-
sively as a model of the flavoenzymes (79). Although some

adventitious enzymatic activities of the old yellow enzyme
are known, its true physiological substrate and function
have long remained elusive. Recently, however, some studies
have suggested that in yeast the old yellow enzymes are
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FIG. 1. Structure of flavins. (A) Flavin mononucleotide
(FMN) and (B) flavin adenine dinucleotide (FAD). The atoms
in the isoalloxazine ring and ribityl chain are labeled.
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placed in the signaling network connecting reactive oxygen
species generation, programmed cell death modulation, and
cytoskeletal dynamics (56, 127). It is also suggested that plant
homologues of the old yellow enzyme are implicated in the
metabolism of larger lipid molecules that are made during
insect attack (39, 163, 186).

Flavin adenine dinucleotide (riboflavin adenine diphos-
phate, FAD) was isolated by Warburg and Christian as a co-
factor of a p-amino acid oxidase (182). FAD is composed of an
isoalloxazine ring with a ribityl chain (riboflavin), and an
adenosine diphosphate (ADP) moiety (Fig. 1B). p-Amino acid
oxidase catalyzes oxidative degradation of various p-amino
acids, including p-serine, to ketoacids, ammonia, and hy-
drogen peroxide (136). Although the physiological roles of
this enzyme in mammals have long been enigmatic, the recent
discovery that p-serine plays an important role as coagonist of
N-methyl-p-aspartate type glutamate receptors (NMDAR)
(109, 136) sheds new light on p-amino acid oxidase together
with other p-serine-degrading enzymes (166).

B. Redox states of flavins

Flavin can exist in three redox states: oxidized, one-
electron-reduced (semiquinone), and fully (two-electron) re-
duced (hydroquinone) forms (94) (Fig. 2). The spectroscopic
properties of flavin in these redox states have been extensively
studied and utilized to reveal the reaction mechanisms of
flavoenzymes (41, 48, 64, 77,95, 111, 113, 146). Oxidized FMN
and FAD show a specific absorption near 450 nm and exhibit a
characteristic yellow color and yellowish green fluorescence.
The oxidized isoalloxazine ring has two pKa values: ~0 for
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FIG. 2. Redox changes of flavins. (A) Oxidized, (B) semi-
quinone (one-electron-reduced), and (C) hydroquinone (two-
electron-reduced) states of the isoalloxazine ring of flavins (77).
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N1 and ~10 for N3. Therefore, under physiological condi-
tions the oxidized isoalloxazine ring of FAD and FMN is
usually in the neutral form as shown in Fig. 2A. When the
oxidized flavin is reduced by one electron to the semiquinone
form, the specific yellow color turns blue or red, depending on
the protonation state of the one-electron-reduced isoalloxa-
zine ring (94, 113) (Fig. 2B). The semiquinone has a pKa value
of ~8.3 for the N5 atom. The neutral protonated semiquinone
is blue (Amax ~560nm) and the anionic semiquinone is red
(Amax 390-410nm and ~480nm). Both semiquinone forms
are reported for various flavoenzymes. When the isoalloxa-
zine ring is fully reduced to hydroquinone, flavin becomes
nearly colorless (it is still pale yellow). Because the hydro-
quinone has a pKa value of ~6.6 for the N1 atom, fully re-
duced flavin can exist in neutral and anionic forms under
physiological conditions (Fig. 2C). It is of note that flavins can
be reduced by irradiation of light through intermolecular
electron transfer or electron transfer from an external electron
donor (photoreduction) (113).

C. Redox-dependent conformational change
of the isoalloxazine ring in free flavin

Conformational changes of the isoalloxazine ring of free
flavin were analyzed using various flavin derivatives. In the
crystal, the isoalloxazine rings of oxidized flavins adopt a
planar conformation (42, 90, 171), whereas that of fully re-
duced flavin adopts a bent conformation along the N5-N10
axis (185). This redox-dependent conformation of the isoal-
loxazine ring in the crystal might, however, be affected by the
crystal packing. Therefore, it cannot be concluded from the
crystallographic results alone that in solution the isoalloxa-
zine ring adopts planar and bent conformations in the oxi-
dized and reduced forms, respectively. Several theoretical
studies have therefore been performed to examine the con-
formation of the isoalloxazine ring as a function of redox state.
The results obtained by quantum chemical calculations (un-
der vacuum conditions) predict that the isoalloxazine ring in
the oxidized state is planar, and that upon two-electron re-
duction, the isoalloxazine ring is likely to bend along the N5-
N10 axis (32, 58, 59, 130, 135, 193). Although the bending
angles (15°-25°) reported in these theoretical studies are not
identical to each other, theoretical studies support the crys-
tallographic observation that the isoalloxazine ring of fully
reduced flavin is bent along the N5-N10 axis (32, 58, 59, 130,
135, 193). The hybridization of N5 and N10 atoms of fully
reduced flavin seems to be somewhere between the sp® and
sp3 character (193). In the semiquinone form, the isoalloxazine
ring was predicted to be very close to planar (193). However,
these theoretical results contradicted those obtained by NMR
analyses of free flavins in solution.

The NMR analysis of flavin conformation in solution
showed that fully reduced flavin in solution contains an almost
completely sp>-hybridized N10 atom, and that the N5 atom
also exhibits a predominantly sp® character, suggesting that the
fully reduced flavin is intrinsically planar in water (121). The
energy barrier for the bent-planar transition of the reduced
flavin was estimated by NMR as being <4.8 kcal/mol (121). A
theoretical calculation also showed that the energy barrier for
the bent-planar transition was only ~6.4kcal/mol (193). The
conformation of the isoalloxazine ring therefore seems to be
affected by interaction with neighboring molecules.
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lll. Flavin in the Protein
A. Reactivity of flavins in the protein

Because of the redox properties of the isoalloxazine ring,
FAD and FMN can act as redox-active cofactors of flavopro-
teins that catalyze a wide variety of reactions. In the active site
of flavoproteins, the N5 and C4(a) atoms of the isoalloxazine
ring have been supposed to be the most reactive with sub-
strates (94). In the oxidized form, the N5 and C4(a) atoms are
the most likely targets of nucleophilic attack by substrates. In
the reduced states, these two atoms are likely to be subject to
an electrophilic attack by substrates. Covalent adducts at the
C4(a) atom are frequently found as reaction intermediates (37,
49), consistent with the high reactivity of this atom. In addi-
tion to the redox-active chemical nature of the isoalloxazine
ring itself, another important determinant in the reaction
between the isoalloxazine ring and the substrate is the rela-
tive position of the substrate to the isoalloxazine ring in the
flavoprotein—substrate complex. Hydrogen bonds between
main-chain and/or side-chain atoms of the protein and the
flavin N1, N3, O2, and O4 atoms can also affect the reactivity
of the isoalloxazine ring.

B. Interaction between flavins and the protein

As of July 2008, there were 726 and 356 entries for FAD- and
FMN-containing proteins in the Protein Data Bank (PDB) (13),
respectively. First, we analyzed the interaction between the
isoalloxazine ring of the protein-bound flavin and the apo-
protein moiety (Fig. 3). Interestingly, the isoalloxazine ring of
FMN shows a significant preference for interactions with
protein side-chain atoms, whereas the isoalloxazine ring of
FAD interacts mainly with protein main-chain atoms (Fig. 3A
and B). In the case of FAD, the 02, N3, and O4 atoms interact
predominantly with main-chain atoms. On the other hand,
side- and main-chain atoms contribute similarly to interac-
tions with the O2, N3, and O4 of FMN. Since main-chain
atoms are generally less mobile than the side-chain atoms,
these results suggest that the isoalloxazine ring of FAD is
more tightly fixed to the protein than that of FMN.

As shown in Fig. 3A, the N1 and N5 atoms of the isoal-
loxazine ring of FAD exhibit a slightly greater tendency than
the 02, N3, and O4 atoms to interact with side-chain atoms.
These two atoms change their protonation states depending
on the redox states of the flavin and the environmental pH
(Fig. 2). The change in the protonation states of the N1 and/or
N5 atom can induce a rearrangement of the hydrogen bond
network around the isoalloxazine ring (see below). Since the
side chain is more flexible than the main chain, the interac-
tions of the N1 and N5 atoms with side-chain atoms are likely
to be suitable for allowing the rearrangement of the hydrogen
bond network. In addition, as shown below, the rearrange-
ment would further lead to conformational changes of the
overall structure of the protein.

Next, we analyzed the environment of the isoalloxazine ring
using a value indicative of the solvent-accessible surface area.
It is frequently used as a quantitative indicator to assess the
environment of specific atoms in a macromolecule. Approxi-
mately 95% of the isoalloxazine rings of FAD in the flavopro-
teins deposited in PDB (Fig. 3C) are mostly buried in the
protein with <10% of the fractional solvent accessible surface
area. This fact suggests that changes occurring in the confor-
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mation and/or protonation states of the isoalloxazine ring of
FAD would produce a “driving force” from inside of the pro-
tein to perturb the protein structure. The isoalloxazine ring of
FMN showed the fractional accessible surface area of <10% for
~75% of the FMIN-containing proteins as shown in Figure 3D.
However, the isoalloxazine ring of the FMN of a significant
number of proteins is accessible from outside the protein.

The interactions between the (pyro)phosphate moiety of
flavin and the protein also have frequently observed patterns.
Analysis of crystal structures of FMN-containing proteins in
the PDB showed that, in many cases, the phosphate moiety of
FMN is located close to the N-terminal end of the a-helix. The
negative charge of the phosphate seems to stabilize the inter-
action with the dipole moment of the o-helix (104). The oxygen
atoms in the phosphate also interact with amide protons of the
main chain and positively charged residues, such as Arg.

In the case of FAD, interactions between the pyrophosphate
moiety and the protein have also been considered to be pre-
dominant factors in stabilizing the FAD binding. Dym and
Eisenberg proposed four types of FAD-binding folds (35),
each of which possesses a conserved motif to interact with the
pyrophosphate. The negative charge of the pyrophosphate
interacts with positively charged amino acids, amide protons
of the protein main chain, or a-helix dipoles. The adenosine
moiety of FAD seems also to stabilize the cofactor binding.
Although there are some documented motifs for adenosine-
moiety binding, the conservation of these motifs is less strict
than those of the pyrophosphate-binding motifs.

C. Conformation of the isoalloxazine ring in the protein

Our comprehensive analysis of the bending angle of the
isoalloxazine ring of all the flavoproteins deposited in PDB
showed that the calculated bending angles range from 0° to
34° (Fig. 3E and F). The largest bending angle was observed
for thioredoxin reductase (34°) (99). The isoalloxazine ring in
most flavoproteins shows a bend of <10°, or a nearly planar
structure. However, a significant number of flavoproteins
contain flavin with bending angles >10°.

Interestingly, some flavoproteins contain oxidized flavin
with a bent isoalloxazine ring. For example, monoamine oxi-
dases (15, 108), polyamine oxidase (14), nitroalkane oxidase
(125), L-amino acid oxidase (132), and cholesterol oxidase (100)
have a bent isoalloxazine ring in their oxidized state. In the case
of L-phenylalanine oxidase, the isoalloxazine ring of FAD
showed a planar conformation in the crystal of the enzyme
with its prosequence, but the removal of the prosequence
changed not only the protein conformation but also the bend-
ing angle of the isoalloxazine ring (71); the bending angle of the
L-phenylalanine oxidase without the prosequence was ~15°.
This example suggests that the protein conformation affects the
conformation of the isoalloxazine ring (see Section II-C).

The group of Franz Miiller performed intensive NMR an-
alyses of isoalloxazine-ring conformations and their interac-
tions with proteins (10, 11, 139, 150, 175-178). This group
developed a method to probe the conformations of flavin and
its interactions with proteins using '*C and >N NMR spec-
troscopy (120-122). They discovered that the hybridization of
the N'10 and /or N5 atoms changes from an sp*-like to sp’-like
character upon reduction in the following flavoproteins:
riboflavin-binding protein (120), old yellow enzyme (10, 11),
p-hydroxybenzoate hydroxylase (178), electron-transfer fla-



REDOX CONTROL OF FLAVOPROTEIN CONFORMATION

Possible hydrogen bond partners
for the isoalloxazine ring of FAD

0k N Main chain(N)
I Main chain(0O)
—1Side chain

Ratio to the total number of interactions (Yo)

NI 02 N3 04 N3

C Distribution of the fractional accessible surface area of
the isoalloxazine ring of FAD(%)
823 )
14
12
£ 10
z
£ 8
=
g 6
£}
4
2
]

CU\E
' T A

= — 2 M W B B L
N D S th & S & S

B ooh W
S S W
! { i 1

Fractional accessible surface area of the isoalloxazine ring (%)

|E Statistics of the bending angles of FAD found in PDB

697
2 |
L5
ERERAT
2 131
z
=
“ 100}
3 8
E
Z 50F ]
3
ﬁ’m:sﬁ“ ZOZﬁ
Oanens o o
cnroeISESEEREREER
O O Y O T SN N S S S S S G
NAG‘\:’O:__,__. B 1D e L L2
[= 0 Rl (S 3 -

LI1a b
CoRoRSIIE
)

Bending angle (°

1745
]i Possible hydrogen bond partners
£ for the isoalloxazine ring of FMN
2
2 60 - B Main chain(N)
g mm Main chain(O)
2 —1Side chain
E
S 40}
o
£
g
=1
=
g 20
L5
=
B
[=]
5 0 <
-4 NI 02 N3 04 N5

D  Distribution of the fractional accessible surface area of
the isoalloxazine ring of FMN(%)
58.8
15.6
14
12
= 10
=
2
g 8
=3
L &
o
41
2
0
—_— = b R W o e LA M
S S Wt b D th D W
L T T T R T S T
“uo LmBREBEHELG S

Fractional accessible surface area of the isoalloxazine ring (%

F  Statistics of the bending angles of FMN found in PDB

364
2 N
a
Q
£ 150
2
E 115
bl
5 100}
2
7§ 554
"os0f 333331
5
Hﬂﬂﬂﬂgéﬁl
————— [ S e R

ti ittty
B e et I L )
NESN &G

Bending angle (°)

FIG.3. Analysis of the flavin conformation in the protein. (A, B) Distribution of protein atoms interacting with the N1, 02,
N3, O4, and N5 atoms of the isoalloxazine ring of FAD (A) and FMN (B). The coordinates were obtained from PDB, and the
interactions were analyzed using the program CONTACT in the CCP4 suite (28). (C, D) Distribution of the fractional solvent-
accessible surface area of the isoalloxazine ring of FAD (C) and FMN (D) among all flavoproteins examined. The solvent-
accessible surface area was calculated by the algorithm of Lee and Richard (97) using the SURFACE program in the CCP4
suite (28). The fractional solvent-accessible surface area of the isoalloxazine ring in the protein was determined by dividing
the calculated solvent-accessible surface areas of the protein-bound isoalloxazine ring with that of the isoalloxazine ring of
free flavin. (E, F) Statistics of the bending angle of the isoalloxazine ring of FAD (E) and FMN (F). When redundant entries
were found for a certain flavoprotein in the PDB, only one of them was selected and used for the calculations of A-D.

voprotein (53), flavocytochrome b, (40), and thioredoxin re-
ductase (36). The bends of the isoalloxazine rings of old yellow
enzyme (173), p-hydroxybenzoate hydroxylase (180), flavo-
cytochrome b, (168), and thioredoxin reductase (99) in solu-
tion conditions were confirmed by their crystal structures.

Several examples of redox-dependent conformational chan-
ges of the isoalloxazine ring of flavins were also obtained from
X-ray crystallographic studies. For example, thioredoxin re-
ductase (55, 99), mercury reductase (96), Proline utilization A
(PutA) (192), and ferredoxin reductase BphA4 (154) showed
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redox-dependent conformational changes of the isoalloxazine
ring. In some cases, conformational changes of the isoalloxa-
zine ring induce further conformational changes of the protein.

IV. Redox-Dependent Conformational Changes
of Flavins and Flavoproteins

A. Flavins as a molecular switch

As described above, FAD and FMN change their confor-
mations and/or protonation patterns according to their redox
states and environment. Since these changes of flavin proper-
ties alter interactions with protein main/side-chain atoms, the
redox-dependent changes of flavins can function as a molecu-
lar switch to turn on and off a conformational change of the
flavoprotein. Comprehensive analysis of the tertiary structures
of flavoproteins in the PDB revealed that there are several fla-
voproteins that show redox-dependent conformational chan-
ges and that the conformational change around the flavin can
be categorized into five classes, each of which is considered to
be triggered by a distinct “flavin-molecular switch”.

B. Bend of the isoalloxazine ring

Some flavoproteins showed not only a redox-dependent
change in the bending angle of the isoalloxazine ring, but also
a redox-dependent conformational change of the protein,
which seems to be induced by the conformational change and
possibly the protonation and hydrogen-bonding interactions
of the flavin. Mercury reductase (96) and thioredoxin reduc-
tase (55, 99) are typical examples. Conformational changes of
the isoalloxazine ring seem to cause close contacts of the
nearby protein atoms with the bent isoalloxazine ring, and
these in turn induce shifts of the neighboring residues. Then,
the shifts of the residues trigger a change in the relative ori-
entation of the protein domains (Fig. 4A and B). In the case of
mercury reductase, the upper part of the molecule (residues
151-269 and residues 345-456) shows a rigid body rotation of
~1.7° against the lower part (Fig. 4A). In bacterial thioredoxin
reductase, upon reduction, the NADPH domain rotates by
~8° as a nearly rigid body (Fig. 4B). In these two flavopro-
teins, the isoalloxazine ring is accommodated in the cavity
that is located between the domains. Therefore, the confor-
mational change of the isoalloxazine ring can cause the rela-
tive dispositional change of the domains. It should be noted
that mercury reductase and thioredoxin reductase have a
glutathione reductase (GR)-like fold (80), although thior-
edoxin reductase lacks a C-terminal domain (93).

The change of the bending angle of the isoalloxazine
ring, however, does not always induce a significant confor-
mational change of the protein (or domain). Indeed, UDP-
galactopyranose mutase (12) and the FAD-binding domains
of PutA (the PRODH domain) (98, 192) undergo only small
conformational changes, even though the isoalloxazine ring
goes from nearly planar in the oxidized state to bent by
14° ~18° in the reduced state (Fig. 4C and D; Table 1).

C. In-out conformational conversion
of the isoalloxazine ring

This type of conformational change of FAD was first
found in the crystal structure analysis of 4-hydroxybenzoate
hydroxylase (44). In the resting state, the flavin is in dynamic
equilibrium between an out and an in state (Fig. 5A). In the

SENDA ET AL.

FIG. 4. Conformational changes of proteins induced by
the bend of the isoalloxazine ring. (A) Mercury reductase
(1ZK7, 1ZK9), (B) thioredoxin reductase (2Q0K, 2QO0L) (98,
192), (C) UDP-galactopyranose mutase (2BI7, 2BI8) (12), and
(D) PutA (2FZM, 2FZN) (PDB entries used in the figures are
given in parentheses). Left panels show the overall structures
of these proteins (black). The Cx atoms enclosed by green
dotted lines were used for the least-square fittings of these
proteins (see Table 1). Right panels are close-up views around
the isoalloxazine ring of the superposed structures. The least-
square fittings were performed using the program LSQKAB
in CCP4 suite (28). The FADs are shown in sphere models.
Violet and blue structures represent the proteins with planar
and bent isoalloxazine rings, respectively. Yellow sphere
models in the left panels represent the bound FAD.

out state, substrate and product can enter and leave the site
where hydroxylation takes place. After binding to the sub-
strate, the isoalloxazine is primarily in the in conformation.
Upon binding to NADPH, a major conformational change
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TABLE 1. SUMMARY OF LEAST-SQUARE FITTINGS OF FAD-CONTAINING FLAVOPROTEINS BETWEEN TwoO DISTINCT STATES

Co rmsd (A)
Superposition using a

Co rmsd (A)
Superposition using

Bending FAD-binding domain all coordinates

Protein PDBID  angle (°) Comments (residue range) (residue range)
Hg reductase 17X9 1.42 PEG form crystal 0.328 0.404

1Z2X7 10.47 Salt form crystal (4-150%, 270-344) (4-456%)
PutA 2FZN 2.83 Oxidized form 0.151 0.297

2FZM 20.97 Reduced form (261-610) (88-610)
Thioredoxin reductase ~ 2Q0K 0.40 Oxidized form 0.258 0.906

2Q0L 22.06 Reduced form (1-113, 240-310/ chain B) (1-310/chain B)
UDP-Galactopyranose 2BI7 0.68 Oxidized form 0.179 0.237

mutase 2BI8 14.49 Reduced form (2-82, 188-249, 315-384) (2-384)

Vivid 2PD7 0.75 Ground state 0.228 0.356

2PDR 8.26 Light excited state (73-184/ chain A) (38-184/ chain A)
MICAL 2BRY 0.40 Oxidized form 0.428 0.815

(out form)
2C4C 26.4 Reduced form (7-233, 368-487/ chain A) (7-487/ chain A)
(in form)

LOV (PHY3) 1G28 0.65 Ground state — 0.275

1JNU 3.00 Light excited state — (929-1032/ chain A)
BphA4 2GQW 3.62 Oxidized form 0.221 0.334

2YVF 14.2 Reduced form (6-111, 238-317) (6-406)
BLUF (AppA) 1YRX 0.70 Trpi, form 0.864 2.371

2IYG 0.30 Trpout form (15-100/ chain A) (15-130/ chain A)
Flavodoxin 5NLL 3.38 Oxidized form — 0.244

5ULL 5.92 Reduced form — (1-138)

*Residues 105-110 were deleted for the large discrepancy due to crystal packing.
"The isoalloxazine ring forms a cysteinyl-flavin adduct at the C4(a) atom.
Superpositions were performed using the program LSQKAB in the CCP4 suite (28).

occurs in which the isoalloxazine moves to the out position
where the N5 is exposed to solvent and NADPH can deliver
a hydride to reduce the flavin. The newly formed reduced
flavin anion is drawn into the electrostatically positive hy-
droxylating site where the reactions with oxygen and the
hydroxylation take place. Then, it is presumed that the en-
zyme enters an equilibrium between the in and out confor-
mations to release the product and bind another substrate
(38, 180).

It has been revealed that the in—out conformational change
of FAD can in some cases also induce a conformational change
in the protein. When the isoalloxazine ring is accommodated
in the cavity located between two domains, the in—out con-
formational conversion of the isoalloxazine ring can affect the
relative orientation of the domains. The crystal structure
analysis of the MICAL (molecule interacting with CasL)
protein in both oxidized and reduced forms revealed that the
shift of the isoalloxazine ring from the out to the in position
induces a significant conformational change of the protein
(Table 1) (162). The in—out conversion of the isoalloxazine ring
in MICAL mainly changes the relative disposition of the two
domains. This conformational change might have functional
significance in biological signaling (162).

D. Conformational change of the ribityl chain

A redox-dependent conformational change in the ribityl
chain of FAD was observed in the ferredoxin reductase
BphA4 (154) and PutA (192). This conformational change
seems to have been induced by the configuration change at
the N10 atom of the isoalloxazine ring. The isoalloxazine rings
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panel) conformations. (B) The flip of the ribityl chain associ-
ated with the reduction of the isoalloxazine ring.
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in BphA4 and PutA are bent upon reduction; the hybridiza-
tion of the N'10 atom was changed from an sp® to sp” char-
acter. The change of the configuration at the N10 atom alters
the direction of the bond connecting the N10 atom and the
ribityl chain. Because the ADP moiety of FAD is tightly fixed
in the protein (see Section III-B), the change of the bond di-
rection would cause an accumulation of mechanical tension in
the ribityl chain of FAD. In order to release the accumulated
tension, a conformational change occurs in the ribityl chain,
which is a highly flexible part of the FAD molecule (Fig. 5B)
(154). Since three hydroxyl groups of the ribityl chain usually
form hydrogen bonds with protein (and/or solvent) atoms,
the conformational change of the ribityl chain would lead to a
rearrangement of hydrogen bonds around it. The rearrange-
ment of hydrogen bonds might lead to a conformational
change of the protein. Analysis of the crystal structures of
PutA showed that the reduction of FAD resulted in changes of
the hydrogen bond network around the ribityl chain (see
Section V-A). Although no significant conformational change
occurs in the FAD-containing domain (the PRODH domain,
see Section V-A), the importance of the 2'-OH group of the
ribityl chain for the conformational change of the whole pro-
tein has been biochemically suggested (192).

In the ferredoxin reductase BphA4, the conformational
change of the ribityl chain seems also to induce the confor-
mational change of a subdomain (154). The positional shift of
the C1* atom of the ribityl chain pushes a part of the subdo-
main, inducing its conformational change (see Section V-E-2).

E. Changes in interactions with the N5 atom

As described above, the N5 atom is the most frequently in-
volved in the redox reactions of flavins (see Section III-A). The
protonation state of the N5 atom changes with the redox state
of flavin (Fig. 2). In the oxidized state, the N5 atom does not
have a proton (Fig. 2A) and functions as a proton acceptor for
hydrogen bonds. Therefore, various kinds of proton donors can
form hydrogen bonds with the N5 atom in the oxidized state.
On the other hand, fully reduced and one-electron-reduced
neutral semiquinone flavins (Fig. 2B and C) have a proton on
the N5 atom. In these reduced states, a hydrogen bond acceptor
such as a main-chain carbonyl group can make a hydrogen
bond with the protonated N5 atom. Due to these properties of
the N5 atom, this site can be utilized as a “molecular switch” to
sense changes of the redox state of flavins. There are three types
of molecular switch involving the N5 atom.

The first type of molecular switch has a hydrogen bond
between the N5 atom of the oxidized flavin and a protein
atom(s). The hydrogen bond is, however, broken in the fully
reduced and neutral semiquinone states, inducing a confor-
mational change of the protein (Fig. 6A). This type of molec-
ular switch was observed in the bacterial ferredoxin reductase
BphA4 (154). In this case, Lys53 functions as a sensor of the
redox state of the isoalloxazine ring. The hydrogen bond be-
tween Lys53 and FAD is broken upon reduction of the FAD
(Fig. 6A). This change in hydrogen bonding is likely to induce
further conformational changes in BphA4 that are required for
BphA4 to form a high-affinity binding site for its redox part-
ner protein, BphA3 (see Section V-E-2) (154).

In the second type of molecular switch, the N5 atom does
not form a hydrogen bond with protein atoms in the oxidized
form. Upon reduction, a hydrogen bond is formed between
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FIG. 6. Classification of the flavin conformational switch
(ID. (A, B, C) The conformational switches utilizing the N5
atom. Redox-dependent change in the protonation state of
the N5 atom is recognized by the neighboring residue. (D)
Adduct formation at the C4(a) atom.

the protonated N5 atom and a protein atom(s) (Fig. 6B). This
type of molecular switch was observed in flavodoxin (107,
184). In this case, a flip of the peptide bond of the main chain
enables the formation of a hydrogen bond between the N5
atom of the reduced isoalloxazine ring and the carbonyl
oxygen of the flipped main chain (see Section V-D).

The third type of molecular switch was found in the pho-
toreceptor BLUF (blue-light-using flavin adenine dinucleotide)
domains, in which the hydrogen bond network including the
N5 atom differs under dark and light conditions. Spectroscopic
analysis of the BLUF domain suggested that rearrangement of
the hydrogen bonds occurs around the N5 atom in the light-
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excited BLUF domain (33, 46, 54, 128). In the ground state (dark
state) of the BLUF domain, the amide group of a GIn residue
forms a hydrogen bond with the N5 and O4 atoms of the iso-
alloxazine ring (Fig. 6C, left panel). Upon light activation, a
transient change of the protonation state of the N5 atom of the
flavin occurs, inducing a hydrogen bond rearrangement be-
tween the isoalloxazine ring and the GIn residue to produce a
light form. In this process, the GIn residue undergoes a con-
formational change (Fig. 6C, right panel). Although spectro-
scopic studies proposed some distinct models for this change,
all models proposed that the conformational change of the Gln
residue is relevant to further conformational changes in the
BLUF domain (see Section V-C-2).

F. C4(a)-adduct formation

This switch utilizes a chemical reaction occurring at the
C4(a) atom of the isoalloxazine ring (Fig. 6D); the C4(a) ad-
duct formation is known to trigger several photoreceptors
(see Section III-A). The light-excited oxidized flavin forms a
covalent adduct between the thiol group of a Cys residue and
the C4(a) atom of the flavin (30). The formation of the covalent
linkage induces conformational changes of the protein. In
addition, the formation of a covalent bond may change the
dynamic properties of the protein. This type of conforma-
tional change was extensively studied by kinetic crystallog-
raphy of photoreceptors of the LOV family (30, 198). Crystal
structure analyses revealed the detailed process of the
cysteinyl-flavin-adduct formation (see Section V-C-1).

V. Redox Control of the Flavoprotein Conformation
and lts Biological Functions

A. Proline utilization A (PutA)

In eukaryotes, proline is metabolized to glutamate in mi-
tochondria by two mono-functional proteins, FAD-containing
proline dehydrogenase (PRODH) and NAD"-dependent
A1—pyrroline—S—carboxylate dehydrogenase (P5CDH) (134).
On the other hand, in some bacteria such as Escherichia coli and
Salmonella typhimurium, a multifunctional flavoprotein, PutA,
catalyzes this two-step oxidation of proline to glutamate at the
inner cytoplasmic membrane (117, 141, 151). PutA contains a
DNA-binding domain (DBD) at the N-terminal portion in
addition to the PRODH and P5CDH domains (Fig. 7A) (118).
When the available proline levels are low, PutA binds to op-
erator sites and represses the transcription of the proline uti-
lization (put) genes putA and putP (129). The mechanism of
the functional switching of PutA from a cytosolic repressor to
a membrane-bound dual-functional enzyme has attracted
considerable attention.

Earlier enzymatic studies on PutA demonstrated that FAD
is required only for PRODH activity and that PSCDH activity
requires NAD" instead (118). Further studies suggested that
the redox state of FAD in the PRODH domain determines the
cellular localization of the PutA protein, which controls the
PutA function in the cell; the reduced PutA protein is pref-
erentially localized at the membrane (187). When the cellular
proline concentration is relatively high, the PRODH domain
of PutA is fully reduced through reaction with proline (118)
and moves to the membrane to further catalyze the oxidation
of proline (Fig. 7B). Electrons in the reduced PutA are trans-
ferred to an electron-transfer system of the respiratory chain
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(117, 151), and the PutA protein returns to the oxidized form
to enter the next reaction cycle. When the proline concentra-
tion is low in the cell, most PutA proteins are in the oxidized
form due to the lack of the substrate proline. Since oxidized
PutA has low affinity to the membrane, PutA moves to cytosol
and binds to operators for the put genes to repress their ex-
pression (Fig. 7B). This redox-dependent localization of the
PutA protein is consistent with its physiological function.
The linkage between the redox state of FAD and the con-
formation of the whole PutA molecule was first demonstrated
by biochemical experiments. A chymotrypsin digestion study
suggested that the redox state of FAD controls the confor-
mation of PutA (19, 194), and that this redox-dependent
conformational change is reversible. Thus, it is reasonable to
predict that the redox-dependent conformational change of
PutA controls the localization of the flavoprotein in the cell.
In order to reveal the redox-dependent conformational
change of PutA in atomic detail, several crystal structure an-
alyses of the recombinant PRODH domain of PutA have been
performed. The first crystal structure of the PRODH domain
was reported in 2003 (98) (Fig. 7C). The PRODH domain
forms a dimer in the crystal, each half of which is composed of
three structurally distinct domains I, II, and III. Domain III
adopts a fsug-barrel fold that binds oxidized FAD at the
C-terminal ends of the f-strands of the barrel. The N5 atom of
the isoalloxazine ring and the 2'-OH group of the ribityl chain
form hydrogen bonds with Arg431 and Argb56, respectively
(Fig. 7D). The crystal structure of the reduced-form PRODHO
domain was revealed in 2007 by the same group (192). As
shown in Fig. 7E, the reduced FAD shows a bend of the iso-
alloxazine ring by ~20° along the N5-N10 axis (Table 1). This
bend seems to induce a “crankshaft” rotation of the upper part
of the ribityl chain (192) (Fig. 7E). Because of this conforma-
tional change, rearrangements of the hydrogen bonds around
the ribityl chain occur. Upon reduction, the hydrogen bond
between the 2-OH group and Arg556 is lost due to the
crankshaft rotation of the ribityl chain, and the 2’-OH group
forms a new hydrogen bond with the main-chain nitrogen of
Gly435 (Fig. 7D). Structure-based biochemical experiments
showed that the 2'-OH group, Arg556, and Arg431 were all
critical for the redox-dependent affinity of PutA for the lipid
vesicles (192). However, a structural comparison between the
oxidized and reduced PRODH domains of PutA did not show
any significant conformational change of the PRODH domain
(Fig. 4D, Table 1). The least-squares fittings of all Ca atoms in
the PRODH domain resulted in a root-mean square value of
0.297 A (Table 1) (98, 192). Since the membrane-binding
sites of PutA are suggested to be mainly located in regions
C-terminal to the PRODH domain (Fig. 7A) (103, 194), certain
redox-dependent conformational changes in the PRODH
domain should be propagated to these regions in order to
rearrange the membrane-binding sites into the position where
it can access the membrane. Because the conformational
change in the PRODH domain responsible for the domain
rearrangement of the whole PutA protein is unrecognizably
small, the redox-induced effect on the PRODH domain should
be amplified in a certain mechanism to control the localization
of the PutA protein (192). Further analysis of the whole PutA
protein with the membrane-binding regions intact will be
necessary to reveal the underlying mechanism of the redox-
dependent conformational change that is responsible for the
redox-dependent localization of this protein.
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FIG. 7. The PutA protein. (A) A schematic view of the primary structure of PutA. Three functional domains, the DNA-
binding domain (DBD), PRODH domain, and PSCDH domain, are indicated with distinct colors. Putative membrane-binding
regions are shown with blue bars below. (B) Redox-dependent localization of the PutA protein. The reduced PutA is localized
on the membrane. The oxidized PutA binds the put gene to repress its transcription. (C) Overall structure of the PRODH
dimer. Domains I, II, and III (in the left subunit of PRODH) are shown in pink, cyan, and green, respectively. The right subunit
is shown in light gray. (D) The hydrogen bond network around FAD. (E) Redox-dependent conformational change of the
isoalloxazine ring of FAD in PutA. Green and orange molecules in (D) and (E) correspond to oxidized and reduced forms,

respectively.

B. Apoptosis-inducing factor (AIF)

Mitochondrial apoptosis-inducing factor (AIF) was first
identified by Susin et al. in 1999 (164). AIF has primary
structural similarity to bacterial NADH-dependent ferredoxin
reductases (157, 164) (Fig. 8A, see also Fig. 14A). Indeed, the
crystal structures of human and murine AlIFs (116, 190)
showed that AIF adopts a folding pattern similar to those of
bacterial ferredoxin NADH reductases such as BphA4 and
putidaredoxin reductase (157) (Fig. 8B). AIF is composed of
three domains, an FAD-binding, an NADH-binding, and a C-
terminal domain. The ADP moiety of FAD interacts inten-
sively with the FAD-binding domain. The isoalloxazine ring
of FAD is surrounded by all three domains, and each of these
domains interacts with the isoalloxazine ring.

AIF is normally localized in the intermembrane space of
mitochondria, but its translocation to the nucleus under ap-
optotic stimulus induces the apoptosis of the cell. Interest-
ingly, Susin et al. showed that the apoptosis-inducing activity
of AIF was independent of FAD by addition of recombinant
AITF lacking FAD to isolated nuclei of HeLa cells and its mi-
croinjection into the cytoplasm (164); any putative oxidore-
ductase activity of AIF is unnecessary for its apoptogenic
function under these conditions. The significance of AIF’s
redox-activity in the apoptogenic function was therefore
enigmatic.

Still, the accumulation of biochemical and biological evi-
dence has shed light on the redox-relevant biological activity
of AIF. AIF is involved not only in cell death but also in cell
survival (119, 137). Some AIF-deficient mouse models have
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suggested that mitochondrial AIF is required for maintaining
normal mitochondrial functions such as oxidative phosphor-
ylation and energy generation (137). Recently, Sevrioukova’s
group proposed that the redox-dependent conformational
change of AIF is relevant to its biological signaling function,
providing new insight into the mechanism by which AIF
functions (27), although the details of the molecular mecha-
nism of the redox-dependent conformational changes remain
elusive due to lack of the tertiary structural information of the
reduced-form AIF.

The Sevrioukova group showed that recombinant AIF
forms a dimer upon reduction with NAD(P)H, whereas the
oxidized AIF exists as a monomer (27) (Fig. 8C). In the fully
reduced AIF, FAD forms a charge-transfer complex (112) with
NAD(P)". Unlike the similar charge transfer complex of
BphA4, the reduced AIF is unusually stable even under
aerobic conditions. In their study, protease digestion and CD
spectroscopy of AIF showed that AIF undergoes redox-
dependent conformational changes. It also confirmed that the
redox-dependent conformational changes and dimerization
observed in recombinant AIF also occurs in the native mito-
chondrial AIF (27). More importantly, the Sevrioukova group
found that NAD(P)H inhibits the release of AIF from the
mitochondria. These results suggested that AIF functions as a
redox sensor through redox-dependent tertiary and quater-
nary structural changes.

On the basis of these biochemical analyses, the Sevrioukova
group proposed the possible function of AIF as follows (27):
When dimeric reduced AIF in mitochondria senses oxidative
stress, the membrane-anchored AIF is released by protease
activation. AIF translocates to the cytosol and then to the nu-
cleus. In the nucleus, the AIF induces apoptosis through in-
teractions with DNA, when the AIF is in a monomeric form.
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The group suggested that AIF has dual functions, namely a
redox-sensing function with FAD and an apoptosis-inducing
function that occurs through interactions with DNA and does
not require FAD. Biological analysis with further crystallo-
graphic analyses of AIF in various redox states would reveal
the mechanism of the monomer-dimer conversion as well as
further functional implications of AIF.

C. Photoreceptors

There are three well-known flavin-containing photorecep-
tor families, light-oxygen-voltage (LOV) domain-containing
proteins (18), blue-light-using flavin adenine dinucleotide
(BLUF)-containing proteins (50), and cryptochromes (CRY)
(138). All these families are blue light receptors, and the
mechanism of biological signal transduction mediated by
flavin excitation has been investigated in them. Of the three
families, intensive analyses of the LOV and BLUF domains
have been carried out to reveal the connection between the
FAD chemical properties and the conformation of the protein.

1. LOV domain. The LOV domain (18) contains non-
covalently bound FMN and belongs to a subset of the Per-
ARNT-Sim (PAS) domain superfamily (167, 195) that is
utilized by cells to convert input stimuli into signals by reg-
ulating protein—protein interactions. The LOV1 and LOV2
domains were first identified as repeating domains in plant
phototropin 1 (photl or NPH1 (nonphototropic hypocotyl 1))
(Fig. 9A) (25, 26, 68). A phototropin NPH1 that contains a
protein kinase domain as well as the two LOV domains (Fig.
9A) is a photoreceptor for phototropism, chloroplast reloca-
tion, and stomatal opening of plants (25, 73, 76, 84, 145). The
FMN-containing LOV domains of NPH1 act as blue-light re-
ceptors (26). Blue light is likely to induce autophosphorylation
of the kinase domain of the phototropin by activating the LOV
domains. Biochemical and spectroscopic analyses have re-
vealed that a cysteinyl-flavin adduct is formed in the LOV
domains by blue light (147, 165).

In order to understand the molecular mechanism(s) of
light-induced signaling in plants, crystal structural analyses of
LOV domains were performed. The first crystal structure
of the LOV domain was reported in 2001 (Fig. 9B) (29), and the
light-excited structure of the LOV domain appeared in the fol-
lowing year (30). These crystal structures clearly showed that
the light-excited FMN in the LOV domain forms a cysteinyl-
flavin covalent adduct as expected from the spectroscopic
studies.

Figure 9B shows the crystal structures of the dark-state
LOV2 domain derived from Adiantum capillus-veneris (29).
The LOV2 domain adopts a typical fold of the PAS domain
such as that seen in FixL (51). The isoalloxazine ring of FMN is
buried inside the LOV2 domain. A cysteine residue, Cys966,
which is essential to the light activation of the LOV2 domain,
is located above the si side of the isoalloxazine ring, and its
Sy atom is ~35A apart from the C4(a) atom of the isoallox-
azine ring (Fig. 9C, upper panel). In the light-excited state,
Cys966 forms a cysteinyl-flavin adduct (Fig. 9C, lower panel)
(30). This adduct formation results in a deformation of the
isoalloxazine ring; the C4(a) atom adopts a tetrahedral con-
figuration. An ~8° tilt of the isoalloxazine ring was also
observed in the light-excited state (30). Although the side
chains of Asnl1008, GIn1029, and Phel010 showed small
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FIG. 9. The LOV domain. (A) A schematic view of the
primary structure of the LOV domain containing Nphl.
Nphl contains two LOV domains in the molecule. (B)
Opverall structure of the LOV domain. (C) Formation of the
cysteinyl-flavin adduct in the LOV domain. The upper panel
shows the ground state, and the lower panel shows the light-
excited state, in which a cysteinyl-flavin adduct is formed.
(D) The effect of adduct formation in the LOV domain. The
C-terminal extension dissociated from the LOV domain upon
light excitation.

conformational changes, no significant conformational chan-
ges were observed in the overall structure of the LOV domain
(30). The root-mean square value of the LOV domain (PHY3
LOV?2) from the least-square fittings was 0.275 A (Table 1) (29,
30). This value is comparable to or less than the estimated
coordinate errors of these crystal structures. Despite the small
or undetectable level of structural change in the isoalloxazine
ring-containing domain, biochemical analysis suggested that
the relationship between the domains seems to be significantly
changed in phototropins Nphl. Although crystallographic
analysis of the LOV domain core revealed the light-activated
structure of the LOV domain, these structures provided no
clues to the light regulation mechanism of the kinase domain
in Nphl. It remains to be elucidated how local conformational
changes in the LOV domain are propagated to the kinase
domain in the protein.

One clue regarding this question was initially provided by
the NMR analysis of the LOV2 domain with a 40-amino acid
C-terminal extension (62). Approximately 20 residues in the
extension adopt an a-helix, and the o-helix associates with the
LOV domain in the dark state. In the light state, light-induced
changes in the LOV domain disrupt the interaction be-
tween the C-terminal helix and the LOV domain. This light-
dependent interaction between the C-terminal extension and
the LOV domain seems to connect the cysteinyl-flavin adduct
formation and the kinase activation (Fig. 9D). Indeed, when
the Cys residue was replaced with Ser, the disruption of the
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association of the C-terminal extension with the LOV domain
could not be observed by light excitation (62).

Crystallographic analysis of another LOV domain, the LOV
domain in Vivid (65), also showed the importance of the ex-
tension region (198). In the case of Vivid, the formation of the
cysteinyl-flavin adduct induces significant conformational
changes in the N-terminal extension region (N-terminal cap).
How are the conformational changes in the LOV domain of
Vivid utilized for signal transduction? It has been thought that
the dimerization of the LOV domain would occur upon light-
dependent formation of cysteinyl-flavin adduct (148), because
PAS domains are known to act as dimerization domains
(69, 70). A recent study on Vivid using size-exclusion chro-
matography, equilibrium ultracentrifugation, and static and
dynamic light scattering suggested that the conformational
changes occurring at FMN are propagated in the protein and
cause the formation of a rapidly exchanging Vivid dimer
(197). The ability to form the dimer is dependent on the length
of the N-terminal cap region of Vivid, which showed a sig-
nificant conformational change in the crystal structure anal-
ysis (198). Further structure-based analysis will reveal the
complete mechanism of the dimer formation of Vivid and
other flavin-containing LOV-family proteins.

Recently, the 1.04 A-resolution crystal structure of a redox-
sensing LOV domain, NifL, was determined (81). NifL is a
flavoprotein belonging to the LOV family and modulates
transcriptional activation of nitrogen-fixation genes as a
redox-sensitive switch (66). The crystal structure of NifL
showed that it adopts the characteristic o/ PAS domain fold
and binds one FAD molecule (81). Although the fold of the
protein is similar to the photoreceptor’s LOV domain, resi-
dues around the isoalloxazine ring are somewhat different.
First of all, Glu70 is located at the corresponding position of
the Cys residue that forms an adduct with flavin in the pho-
toreceptor. In addition, there are two water molecules in an
isolated cavity inside the molecule, which is located adjacent
to the isoalloxazine ring. These water molecules take part in
the hydrogen bond network involving the isoalloxazine ring
and Glu70, and are thought to have a functional role (81).
Although details of the O,-sensing mechanism remain elu-
sive, the crystal structure suggested that an O, molecule reacts
with the C4(a) atom of the isoalloxazine ring, and the resultant
conformational change would be propagated as found in
other LOV-family photoreceptors.

2. BLUF domain. The BLUF (blue-light-using FAD) do-
main is a blue-light receptor containing FAD as a photo-
sensor (50). Two proteins with BLUF domains were identified
in 2002. One is AppA (activation of photopigment and puc
expression) from Rhodobacter sphaeroides (Fig. 10A) (114) and
the other is PAC (photoactivated adenylyl cyclase) from Eu-
glena gracilis (72). Further studies have isolated other BLUF
proteins, such as YcgF from E. coli (140) and Slr1694/TII0078
from Synechocystis sp. PCC6803 and Thermosynechococcus
elongates BP-1 (115).

AppA is a transcription factor that controls both redox- and
blue light-dependent repression of a photosystem gene expres-
sion through control of the DNA-binding activity of the tran-
scription repressor PpsR (133). AppA forms an anti-repressor
complex with PpsR in the dark state (the AppA-PpsR,
complex). When AppA is excited by blue light, AppA disso-
ciates from PpsR,. The resulting free PpsR, binds to DNA to
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FIG. 10. The BLUF domain. (A) A schematic view of the
primary structure of AppA containing a BLUF domain. (B)
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repress the expression of photosystem genes. Biochemical and
biological analyses of the AppA BLUF domain have suggested
that the BLUF domain contains FAD to sense blue light (114).
The BLUF domain seems to interact with the C-terminal part of
AppA in the dark state to cover the binding site for PpsR,. The
light-excited BLUF domain is likely to be dissociated from the
C-terminal part, facilitating the repression of the photosystem
genes (114).

The BLUF domain is composed of ~100 amino acid resi-
dues and contains one FAD (Fig. 10A). Spectroscopic analyses
of the BLUF domains showed that photoreactions of these
domains are reversible cyclic reactions, as are those of other
photoreceptors such as the LOV domain (114). The light-
excited BLUF domain of AppA showed a significant red shift
(~10nm) in the absorption spectrum, which is a common
characteristic of the BLUF domain (114). The light-excited
species of the AppA BLUF domain is quite long-lived, de-
caying back to the resting state in the dark over a 30-min
timescale. Each of the BLUF domains exhibits a specific decay
time ranging from a few seconds to >30min. A transient
spectroscopic analysis of the Slr BLUF domain suggested that
a light-excited species seems to be formed by means of a
radical-pair mechanism involving electron and proton trans-
fer from the protein to the FAD (47). The interaction between
the isoalloxazine ring and surrounding amino acid residues of
the BLUF domain in the light-excited state is likely to be dif-
ferent from that in the resting dark state (Fig. 6C) (63, 115,
172). The mechanism of the photo-signal conversion of the
BLUF domain seems to be distinct from that of the LOV do-
main, in which a cysteinyl-flavin adduct is formed in the
photo-excited state.

The crystal structures of the BLUF domain were first re-
ported in 2005 (4, 74, 85). As shown in Fig. 10B, the BLUF
domain can be categorized as an o + f sandwich fold with two
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long a-helices located on one side of the five-stranded f-sheet.
The other side of the f-sheet is utilized for the dimerization.
The fold of the BLUF domain is similar to that of [4Fe—4S]
ferredoxins. The isoalloxazine ring of FAD is sandwiched by
two a-helices, and the adenine moiety is exposed to the sol-
vent, whose electron density was invisible. The binding poc-
ket for the isoalloxazine ring is lined by conserved amino acid
residues in the BLUF-family proteins. The crystal structure of
the AppA BLUF domain showed that the conserved GIn63
interacts with the N5 atom of the FAD (Fig. 10C and D).

A series of crystallographic analyses of BLUF domains of
AppA from R. sphaeroides and Slr1694 from Synechocystis sp.
PCC6803 revealed that the conserved Trp residue (Trp104 in
AppA, Trp91 in Slr1694) adopts two distinct conformations,
Trpin and Trpey: (Fig. 10C and D) (4, 74, 75, 191). Spectroscopic
analyses suggested that the photoexcited isoalloxazine ring
triggers a rearrangement of the hydrogen bond network, in
which GIn63 interacting with the N5 atom plays an important
role in AppA (GIn50 in Slr1694) (see Section IV-E). Several
models have been proposed to explain the conformational
change of the conserved GIn residue. In these models, the
conformation and hydrogen bond(s) of the conserved Gln
residue change in response to the transient protonation state
of the N5 atom of the light-excited FAD. Despite the differ-
ences among these models, in all of them, a conformational
change in GIn63 (GIn50 in Slr1694) is believed to induce the
conformational change of Met106 (Met93 in SIr1694), leading
to significant change in Trpl04 (Trp91 in Slr1694). These
changes also induce a conformational change of the main
chain (Fig. 10C and D). Since the light-excited BLUF domain
spontaneously returns to the dark state within a timescale of
seconds or minutes, the light-excited state seems not to be an
energetically stable form. Most probably, the light-excited
state of the BLUF domain is a meta-stable state.

There is debate on the assignment of the Trpy, and Trpyye
conformations to the functional states of the photocycle of the
BLUF domain. The first group assigned the Trp;, conforma-
tion to the dark state on the basis of their analysis of the
fluorescence of the conserved Trp residue (75). They con-
cluded that the environment of the Trp residue changed from
a hydrophobic one in the dark state to a more hydrophilic one
in the light-excited state. The other group, however, assigned
the Trpy, and Trpou: conformations to light-excited and dark
state, respectively, judging from the calculated electronic
transition energies and vibrational frequencies of the pro-
posed dark and light states. Their theoretical results are con-
sistent with the optical and IR spectral changes observed
during the photocycle (33).

Detailed analyses of the local structure around the isoal-
loxazine ring of FAD showed some changes in the BLUF
domain that are possibly linked to conformational changes of
the whole AppA molecule in the photocycles, if the confor-
mational change of the whole molecule is congruent to that of
the BLUF domain. The structural analysis of the BLUF do-
main with C-terminal part of AppA will reveal how the
conformational changes induced in the BLUF domain by
light-excitation control the function of AppA.

3. Cryptochrome (CRY). Cryptochrome (102), a blue-
light photoreceptor, was discovered in 1993 as a regulator of
hypocotyl elongation in Arabidopsis thaliana (1). Biochemical
analysis of this cryptochrome (referred as CRY1) showed that
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CRY1 is a FAD-containing flavoprotein and that the FAD in
CRY1 can be photoreduced to produce the neutral semiqui-
none form under anaerobic conditions (101). Cryptochromes
were also found in mammalian cells. Reverse genetic and
biochemical studies indicated that mammalian cryptochr-
omes play a critical role in circadian rhythms (89, 170, 174).
Mammalian cryptochrome seems to be a circadian photore-
ceptor that synchronizes circadian rhythms with light-dark
cycles (photoentrainment). However, further investigations
are necessary to establish the role of photoreception in
mammalian cryptochromes.

Intriguingly, cryptochromes show sequence homology to
DNA photolyases that catalyze light-dependent DNA-
repairing reactions (Fig. 11A) (1, 101). Despite the sequence
homology between them, cryptochromes have no detectable
photolyase activity. Cryptochromes differ from photolyases by
a characteristic C-terminal domain. Biological and biochemical
analyses in Drosophila and Arabidopsis have revealed that the
C-terminal domain of cryptochromes regulates the interaction
of cryptochromes with circadian transcription factors (22, 31,
143,161, 179, 188, 189). However, the relationship between the
light detection of FAD in the cryptochrome and possible con-
formational changes of the C-terminal domain are still not well
understood and should be addressed in future research.

The first crystal structure of a cryptochrome-family protein,
cryptochrome DASH derived from Synechocystis sp., was re-
ported in 2003 (Fig. 11B) (20). Cryptochrome DASH resembled
DNA photolyases in three-dimensional structure, as expected
from the sequence homology between them. Cryptochrome
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FIG.11. Cryptochrome. (A) A schematic view of the primary
structure of cryptochrome. The black region labeled as “con”
represents the connecter region (domain). (B) Crystal structure
of the cryptochrome, which has essentially the same fold as that
of DNA photolyase. The o/f connecter, and o domains are
shown in dark gray, black and light gray, respectively.
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DASH is composed of two domains, the o/ and o domains.
The two domains are linked by a connecter region (domain).
The bound FAD adopts a U-shaped conformation and is lo-
cated deep inside the « domain. It should be noted that this
cryptochrome lacks the C-terminal domain in contrast to most
cryptochromes such as CRY1. The crystal structure of CRY1
was determined as the C-terminal truncated form in 2004 (17).
The C-terminal domain of CRY1 was thought to be an un-
structured region; this was confirmed by NMR spectroscopy
(131). A partial digestion study using proteases suggested
that a light-dependent conformational change occurs in the
CRY1 C-terminal domain. However, the light-induced change
around the FAD remains elusive in cryptochromes (131).
Analysis of the conformational changes around the FAD would
lead to a better understanding of the molecular mechanisms of
the light-induced change in the C-terminal domain.

D. Flavodoxin

Flavodoxin (149) was first isolated as a flavoprotein with
ferredoxin activity from Clostridium pasteurianum grown in an
iron-deficient medium (86). In most cyanobacteria and algae,
flavodoxin functions as an electron-transfer protein under
iron-deficient conditions (158). Early in the study of its
structure, flavodoxin was successfully crystallized in both
oxidized and semiquinone forms (87, 106), and its redox-
dependent conformational change has long been known.

Flavodoxin from C. pasteurianum is one of the most inten-
sively studied flavodoxins. The crystal structure of flavodoxin
was reported in 1972 (3, 105, 183). Flavodoxin is composed of
a central 5-stranded f-sheet flanked on either side by o-helices
(Fig. 12A). FMN is bound at the top of the molecule and is
therefore quite exposed to solvent. The isoalloxazine ring is
flanked by two loop regions, and the re side of the isoalloxa-
zine ring faces the inside the molecule. The si side of the iso-
alloxazine ring is shielded by a side-chain of a Trp residue
(Fig. 12B). In other flavodoxins, this Trp is frequently replaced
with Tyr. In the oxidized form of flavodoxin (107), only the O2
and O4 atoms of the isoalloxazine ring form hydrogen bonds
with main-chain amide protons. No hydrogen bond was
found at the N5 atom. A striking feature of the C. pasteurianum
flavodoxin in the oxidized state is the cis-peptide bond be-
tween Gly57 and Asp58, which are located ~5 A from the N5
atom. This cis-peptide converts to a trans-peptide in the hy-
droquinone and semiquinone forms of the flavodoxin, re-
sulting in the formation of a hydrogen bond between the N5
hydrogen and the carbonyl oxygen of Gly57 (Fig. 12B).

Crystallographic analysis revealed similar redox-
dependent conformational changes in other flavodoxins
from Desulfovibrio vulgaris (184) and Anacystic nidulans (67).
NMR analyses using '°C, °N, and *'P also supported the
rearrangement of the hydrogen bond network around the N5
atom of flavodoxin in solution (175-177). Due to this peptide
bond flip, the conformation of the loop region differs between
oxidized and reduced forms of flavodoxin.

What is the functional role of the redox-dependent con-
formational change in the loop region? Since no three-
dimensional structures of the complex between flavodoxin
and its electron transfer partner are at present available, a
comparative analysis of flavodoxin and ferredoxin is useful to
predict the functional significance of the redox-dependent
peptide flip. Biochemical and NMR spectroscopic studies of


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2348&iName=master.img-009.jpg&w=222&h=267

REDOX CONTROL OF FLAVOPROTEIN CONFORMATION

A b
@ Asps8 |
- - Gly57
Glus9
My —)
Tp90 oA

Met56

BphAdrd

BphAdox

FIG.12. Flavodoxin and ferredoxin. (A) A schematic view of
the primary structure of flavodoxin and its crystal structure. (B)
Redox-dependent main-chain flip observed in the flavodoxin
derived from C. pasteurianum. Oxidized and reduced forms of
flavodoxin are shown in black and light gray. (C, D) Redox-
dependent main-chain flip observed in the ferredoxin BphA3
derived from Acidvorax sp. strain KKS102. (C) and (D) show the
oxidized and reduced form of BphA3, respectively. The [2Fe-
25] clusters in (C) and (D) are shown in sphere models.

flavodoxin showed that the surface area, including a flipping
peptide bond, is involved in the interaction with its electron
transfer counterpart (52, 57, 126). Notably, crystal structure
analyses of ferredoxins have revealed that a peptide bond
close to the [2Fe-2S] cluster also flipped upon reduction of the
[2Fe-2S] cluster (123, 154, 159). The surface area containing
the flipping peptide bond is also known to be involved in the
interaction with redox partners of ferredoxin (Fig. 12C and D)
(91, 124, 154). Taking into account the fact that flavodoxin
functions as a replacement of ferredoxins under an iron-
deficient environment, the redox-controlled flip occurring in
the binding site for target proteins might be a common
mechanism shared by ferredoxin and flavodoxin to carry out
redox-dependent interactions with the partner proteins. Fur-
ther analysis will be important to fully reveal the functional
significance of the redox-dependent peptide bond flip occur-
ring close to the binding site.

E. Ferredoxin reductase

Ferredoxin (Fdx) and ferredoxin reductase (FNR), as well
as their relatives, are widely utilized electron-transfer systems
in cells. Typically, Fdx and FNR contain an iron-sulfur cluster
and an FAD as their redox centers, respectively. The most
intensively studied Fdx-FNR systems are those of the pho-
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tosynthetic system (2, 5, 152). In photosynthesis, two electrons
are provided sequentially from the reduced form of Fdx to
FNR. The fully reduced FNR, in turn, donates a hydride to
NADP" to produce NADPH. Other well-known Fdx-FNR
systems are electron-transfer systems of various oxygenases,
including cytochrome P450 (61) and aromatic compound di-
oxygenase (110). In these cases, electrons derived from
NAD(P)H are transferred to the terminal oxygenase by the
Fdx-FNR system. The direction of the electron transfer is
opposite to that of the photosystem; FNR provides an electron
to Fdx. Since these two types of Fdx-FNR systems have dis-
tinct properties, both in protein structure and function, they
are reviewed separately below.

1. Plant-type ferredoxin reductase in photosynthetic sys-
tem. Fdx and FNR in photosynthetic systems have long been
studied. The studies performed at the initial stage of the re-
search revealed the stoichiometry and redox-dependent nature
of the interactions between Fdx and FNR (6-9): (a) one Fdx
binds to one FNR, (b) the redox state of Fdx strongly affects its
association with FNR, (c) Fdx, FNR, and NADPH/NADP™*
form an unstable ternary complex, and (d) the binding of
NADPH to FNR seems to facilitate a dissociation of Fdx from
FNR. More recent biochemical analysis clearly demonstrated
the redox-dependent interaction between Fdx and FNR
(23). This interaction is also dependent on NADP™. It is rea-
sonable to expect that the interactions between these proteins
are controlled in a redox-dependent manner through protein
conformational changes linked to the redox states of the iron-
sulfur cluster of Fdx and the FAD of FNR.

In order to reveal the electron-transfer mechanism and the
redox-dependent interactions, crystal structure analyses of Fdx
and FNR have been intensively performed. The first crystal
structure of a plant-type FNR in the oxidized form was deter-
mined in 1991 using spinach FNR (Fig. 13A and B) (78). Spi-
nach FNR is composed of two domains, the FAD- and
NADPH-binding domains. The FAD molecule in the FNR
mainly interacts with the FAD-binding domain. The isoallox-
azine ring of the FAD is sandwiched by the two domains. On
the basis of the structure of oxidized FNR in complex with
2'-phospho-AMP, it was suggested that the nicotinamide ring
of NADP" is located at the re side of the isoalloxazine ring (21,
78). Since the re side of the isoalloxazine ring is covered with the
side chain of Tyr314, which is the conserved C-terminal residue
of the plant-type FNR, the nicotinamide moiety of NADP*
seems to conflict with the side chain of Tyr314 when NADP*
binds to the oxidized form FNR. Indeed, none of the obtained
crystal structures of the wild-type FNR and NADP" complex
have shown interaction between the nicotinamide ring of
NADP* and the isoalloxazine ring of FAD. It is obvious that the
C-terminal Tyr must move away from the re side of the isoal-
loxazine ring when FNR and NADP" form a productive
electron-transfer complex. The first crystal structure of the
FNR-NADP" complex was determined by the Karplus group
by utilizing a mutant for the C-terminal Tyr residue (24). The
mechanism of the Tyr shift, however, remains elusive.

Crystal structures of the FAx-FNR complex were reported
by two separate groups (Fig. 13C) (91, 124). In these com-
plexes, both Fdx and FNR were in the oxidized form.
Although the Fdx-binding sites on FNR were nearly the same
in the two complex structures, the orientations of the Fdx with
respect to FNR were marginally different. As shown Fig. 13C,
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A Fdx binds FNR from the xylene moiety side of the FAD in both
structures. Since the redox centers of Fdx and FNR are located

close to the interacting surface of each protein, it is reason-

Elﬁ_(rﬂ}'g able to predict that redox-dependent changes in the confor-

mational and chemical properties around the FAD of FNR

o and the [2Fe-2S] cluster of Fdx affect the interaction between

B Eé\lgﬁ;”d'“g g{?}gfr{ I-binding Fdx and FNR. In fact, biochemical analyses have revealed that

the interaction between FNR and Fdx is mainly controlled by
the redox state of Fdx (6). It was also demonstrated that Fdx
underwent two types of conformational change in a redox-
dependent manner. The first one is a flip of the main-chain
peptide bond (123), and the second is a conformational
change of the C-terminal region (92). These conformational
changes are likely to be involved in the redox-dependent in-
teraction between FNR and Fdx.

The redox-dependent peptide-bond flip was proposed to
be important for the dissociation of Fdx from FNR. There are
three reports showing that the reduction of Fdx (including
bacterial-type Fdx) induces a flip of a peptide bond close to the
[2Fe-2S] cluster (123, 154, 159). In Fdx from the cyanobacte-
rium Anabaena PCC7119, the peptide bond between Cys46
and Ser47 was found to be flipped upon reduction (123). The
flipped peptide bond is located adjacent to Phe65, which is
involved in the hydrophobic interaction with FNR (124). Since
the flip of the peptide bond seems to induce a conformational
change around the Phe residue, Molares et al. suggested that,
after the electron transfer from FNR to Fdx, this peptide bond
flip weakens the affinity between FNR and Fdx to facilitate the
dissociation of Fdx from FNR (124). The maize-leaf FAx-FNR
complex (91) may have a similar type of mechanism for the
redox-dependent interaction, despite the differences between
the two complex structures.

The redox-dependent conformational change of the C-
terminal region was proposed on the basis of NMR analysis
of Fdx from Equisetum arvense (92). In the oxidized Fdx, the
C-terminal region seems to adopt a rather extended structure,
whereas this region adopts a helical structure in the reduced
form of Fdx (92). This conformational change might be re-
sponsible for the high-affinity binding between FNR and re-
duced Fdx.

FIG. 13. Plant-type ferredoxin reductase. (A) A schematic
view of the primary structure of plant-type ferredoxin re-
ductase. (B) Crystal structure of ferredoxin reductase from
spinach. The FAD-binding and NADPH-binding domains

are shown in light and dark gray, respectively. The dotted
ellipsoid indicates the ferredoxin-binding site. (C) Crystal
structure of the ferredoxin—ferredoxin reductase complex
from a maize leaf (91). Ferredoxin reductase (FNR) and fer-
redoxin (Fdx) are shown in cartoon and stick models, respec-
tively.

We cannot exclude the possibility that a redox-dependent
conformational change also occurs in plant-type FNR, but so
far no clear evidence for it has been obtained. Although a
crystal structure analysis of the reduced form of spinach FNR
was reported, no significant conformational changes were
observed between the oxidized and reduced forms. How-

-

»
FIG. 14. Bacterial ferredoxin reductase BphA4 in the biphenyl dioxygenase. (A) A schematic view of the primary
structure of BphA4. (B) Crystal structure of BphA4, which is composed of three domains. The FAD-binding, NADH-binding,
and C-terminal domains are shown in green, pink, and cyan, respectively. (C) Top panel shows that the rigid body rotation of
the NADH/CT domain observed in each state (schematic representations). The isoalloxazine rings of FAD are shown in blue
lines. Black arrows in this panel show the direction of the rotation. Middle and bottom panels show conformational changes of
FAD in oxidized (ox), hydroquinone (rd), semiquinone (sq), and re-oxidized (re-ox) states. The simulated-annealing-omit
maps for FAD are also shown. The electron density was contoured at the 3.0 ¢ level. (D) Redox-dependent conformational
change around the isoalloxazine ring. Oxidized and semiquinone forms are shown in orange and blue, respectively. (E) The
mechanism of the NADH/CT domain rotation. The breakage of the hydrogen bond between Lys53 and the N5 atom in FAD
induces the domain rotation. (F) Redox-dependent domain rotation observed in BphA4. The rotation of the NADH/CT
domain regulates the interaction between BphA3 and BphA4. The rotation of the NADH/CT domain avoids its close contact
with Ala371 in BphA4 and BphA3. Colors of domains in panels (C), (E), and (F) are the same as those of panel (B). Panels (C),
(D), and (E) were transferred from reference 154 with some modifications.
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ever, the FNR in the crystal seemed to be only partially
reduced. The crystal structure of hydroquinone-form FNR
would be more relevant for examining the details of the
redox-dependent interaction between FNR and Fdx.

2. Bacterial ferredoxin reductase in aromatic compound
dioxygenase system. In bacteria, there are several dioxy-
genase systems that are involved in the metabolism of various
organic compounds. The BphA enzyme system from Acid-
ovorax (Pseudomonas) sp. strain KKS102 (83), which catalyzes
hydroxylation of biphenyls and polychlorinated biphenyls
(43), is composed of three proteins (complexes), BphA1A2,
BphA3, and BphA4 (82). Of the three, BphA1A2 is a terminal
oxygenase complex that has a catalytic center for the hy-
droxylation of aromatic compounds. Since this dioxygenase
requires two electrons for its catalytic reaction, an electron-
transfer system that is composed of BphA3 (Fdx) and BphA4
(FNR) is necessary. The electrons transferred in this system
originate from NADH. Initially, BphA4 obtains two electrons
from NADH as a form of a hydride ion, resulting in the fully
reduced form of FAD in BphA4. The reduced BphA4 transfers
one electron each to two BphA3 molecules. The reduced
BphA3 molecules then shuttle the electrons to the terminal
BphA1A2 oxygenase complex. Similar electron—transfer sys-
tems have been found in various organisms. For example,
cytochrome P450 systems of Pseudomonas putida (88, 142, 160)
and adrenal glands (60, 144, 196) contain a similar electron-
transfer system consisting of Fdx- and FNR-types of proteins.

We have studied the tertiary structures of BphA3 and
BphA4 in order to elucidate the electron—transfer mechanism
between them. Crystallographic analysis of BphA4 revealed
that BphA4 is composed of three domains, an FAD-binding
(residues 1-111, and 238-317), an NADH-binding (residues
112-237), and a C-terminal domain (residues 318-408) (Fig.
14A and B) (157). The FAD molecule is tightly bound to the
FAD-binding domain. The isoalloxazine ring of the FAD is
located at nearly the center of the molecule and interacts
with all three domains. The FAD-binding domain contains a
subdomain showing a backrest-shaped structure that is teth-
ered to the isoalloxazine ring through hydrogen bonds in
the oxidized-form BphA4. The backrest subdomain (resi-
dues 46-65) also interacts with the NADH-binding domain
(154).

Recently, biochemical analysis revealed that there is a redox-
dependent interaction between BphA3 and BphA4 (154), which
seems to be important to promote efficient electron transfer
between them. The affinity of BphA4 for BphA3 was increased
about 20-fold upon reduction of BphA4. In order to analyze the
molecular mechanism of the redox-dependent interaction be-
tween BphA3 and BphA4 on the basis of their tertiary struc-
tures, we determined the crystal structures of BphA3 (oxidized
and reduced forms), BphA4 (oxidized, hydroquinone, blue-
semiquinone, and re-oxidized forms), and the BphA3-BphA4
complex (153-155). These crystal structures and biochemical
analyses enabled us to present a model of the redox-dependent
interaction between them.

Figure 14C summarizes the redox-dependent changes of
the overall structure of BphA4 and those of the FAD molecule
(154). As shown in the top panel of Fig. 14C, the NADH-
binding and C-terminal domains (NADH/CT domain) of
BphA4 undergo rigid-body rotation of ~1.5° with respect to
the FAD-binding domain upon BphA4 (FAD) reduction. The
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rotation mechanism of the NADH /CT domain was explained
by the rearrangement of the interaction between FAD and the
protein (154). In the oxidized form, Lys53 forms a hydrogen
bond with the N5 atom of FAD. Crystal structures of the
hydroquinone and semiquinone forms, however, showed that
the hydrogen bond was broken probably due to a hydride
transfer from NADH to the N5 atom of FAD (Fig. 14D). Since
the hydrogen bond between Lys53 and the N5 atom tethers
the backrest subdomain to FAD, the loss of the hydrogen
bond should increase the mobility of the subdomain. The
conformation of the “mobile” backrest subdomain seemed to
be changed through the interaction with FAD, which under-
goes redox-dependent conformational changes. In the hy-
droquinone and semiquinone states, the C1* atom of the
ribityl chain and the isoalloxazine ring are shifted backward,
pushing on Pro49 of the backrest subdomain (Fig. 14D). The
backward shift of the backrest subdomain, in turn, seems to
cause the shifts of the two o-helices («2 and «4 helices) in the
NADH-binding domain (Fig. 14E) (154). The binding of the
nicotinamide ring in front of the isoalloxazine ring seems also
to induce the shift of the «4-helix, as observed in the crystal
structure of the semiquinone form. The resultant shifts of the
helices further induce a rigid body rotation of the NADH/CT
domain (Fig. 14E).

The crystal structure of the BphA3-BphA4 complex dem-
onstrated that the BphA3-binding site of BphA4 is composed
of the FAD-binding and C-terminal domains (Fig. 14F) (154,
156). Since the rotation of the NADH/CT domain in BphA4
changes the relative orientation of the FAD-binding and
C-terminal domains, the reduction of BphA4 induces a con-
formational change of its BphA3-binding site. In addition, a
comparison of the structures of free BphA4 in various redox
states and of BphA4 in the BphA3-BphA4 complex showed
that rotation is required to avoid close contact between Ala371
of BphA4 and the BphA4-binding surface of BphA3 during
the complex formation (Fig. 14F). Thus, the redox-induced
rotation of the NADH/CT domain of BphA4 is likely to be
required to form a high-affinity binding site for BphA3.

This model is, to the best of our knowledge, the first one
explaining a redox-dependent interaction between electron-
transfer proteins on the basis of high-resolution crystal
structures of their reaction intermediates. The crystal struc-
tures, however, seemed to show some effects from the crystal
packing and/or the pH (5.3) of the crystal (154). The absorp-
tion spectrum of the hydroquinone BphA4-NAD" complex in
a single crystal and that in solution at pH 5.35 did not show a
charge-transfer band, possibly due to protonation of the iso-
alloxazine ring. Further research employing spectroscopic
analysis in solution would lead to a comprehensive under-
standing of the redox-dependent interaction between BphA3
and BphA4.

VI. Future Research Directions

In this review, we focused on the redox control of flavo-
protein conformation, particularly that which is involved in
biological signaling including electron transfer. Because of the
intensive study of chemical properties of flavin, most of the
biochemical phenomena occurring at the flavin moiety of
the protein have been well explained, although there are still
unsolved problems, such as fast photochemical processes in
the photoreceptors. Combined analyses of the tertiary struc-
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ture and detailed spectroscopic properties of flavoproteins
will reveal much more about functional roles of flavin in these
proteins.

Biological signaling by flavoproteins is composed of the
following three major steps. The first step is the conversion of
the initial chemical event occurring at the flavin site into a
structural signal within the flavoprotein. As shown in the
present article, the mechanism by which the initial event is
“converted” into structural information has been revealed for
various flavoproteins by structural and biochemical analyses
of reaction intermediates of flavin-containing domains. These
molecular switches can be categorized into five distinct types
(see Section IV).

The second step is the transduction (or propagation) of
the structural signal to the effector site of the protein. In order
to analyze the structural signal propagation, a comparison
between the structures of the protein in different redox-
dependent functional states is essential. However, in some
cases such as the PutA protein (98, 192), crystallographic
analysis revealed only small conformational changes, the
magnitudes of which are comparable to the estimated coor-
dinate error, occurring as a result of flavin reduction (or
photoexcitation). When the conformational changes are small,
it is difficult to analyze the mechanism of the structural signal
transduction in the protein molecule from the crystal struc-
tures alone. Furthermore, we should pay attention to the ef-
fects of the crystal packing and pH of the crystal structure,
both of which may affect the conformations of the protein in
the crystals (154). It is therefore important to compare the
crystallographic observations with those obtained from ex-
periments carried out in solution, such as spectroscopic and
biochemical analyses.

We should pay attention to the possibility that redox-
dependent changes in the dynamic properties of the flavin-
binding domain play a role in the signal propagation within
the protein molecule. Since X-ray crystallography usually
cannot provide information about the dynamic properties of
protein molecules, spectroscopic analysis, such as NMR, may
be required to obtain a deeper insight into the structural signal
transduction in flavoproteins. Time-resolved spectroscopy is
also a powerful method to analyze details of the reaction of
flavoproteins. Fast reaction processes in photoreceptors have
been successfully analyzed using picosecond-resolution
spectroscopy (34, 45, 46).
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The third step is a “readout” process of the structural signal
transferred to the effector site. There are two types of the
signal readout process. One is signal readout by a distinct
molecule through the formation of an intermolecular signal-
ing complex, and another is that by domain(s) adjacent to the
flavin-containing domain through the adoption of a signaling
conformation (in case of the multi-domain flavoproteins).
Only a few examples of the tertiary structural analysis of
signaling complex/conformation have been reported, proba-
bly because in general, the signaling complex/conformation is
transiently formed and relatively unstable.

In order to analyze the tertiary structure of a signaling com-
plex, it should be stably isolated under appropriate condi-
tions. To find such conditions to crystallize the signaling
complex, it is critical to analyze the biophysical properties of
the signaling complex, including the dissociation constant. In
case of the BphA3-BphA4 complex, the crystal of the complex
could be obtained through mixing reduced BphA4 and oxi-
dized BphA3 under anaerobic conditions, because the reduc-
tion of BphA4 increases the affinity for BphA3 (154, 156). In
addition, analysis of the dynamic characteristics of a signaling
complex by the physicochemical method is important, as ex-
emplified by the molecular weight analysis of the LOV do-
main in Vivid using gel filtration (197). Static light scattering
and analytical ultracentrifugation would also provide useful
information about the dynamics of the signaling complexes.

In order to fully understand the structural basis of redox-
dependent conformational change in the biological signaling
by flavoproteins, structural analysis of reaction intermediates
of the whole molecule, as well as the flavin-containing do-
main, are required. However, most of the structural analyses
have been performed using only the FAD-containing domain
(29, 30, 98, 192) and have failed to detect the conformational
changes expected by biochemical observation. Crystal struc-
ture analysis of the whole molecule is an important challenge
in this field. Combined analyses with electron microscopy
and/or small-angle X-ray scattering could contribute signifi-
cantly to this effort.

In order to further analyze the redox-dependent confor-
mational changes of flavoproteins, we shall discuss the energy
landscape of the flavoprotein conformations. The conforma-
tional and /or protonation-state change of the flavin provides
small structural perturbations to the inside of the flavo-
protein, leading to a conformational change of the whole
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FIG. 15. A schematic en-
ergy landscape of the redox-
dependent  conformational
change of the flavoproteins.
Labels ox (black) and rd (gray)
in the left graph represent the
oxidized and reduced forms
of the bound flavin, respec-
tively. Conformations of the
protein are shown in labels A
and B. The right panel shows
schematic representations of
each state of the molecule ap-
pearing in the graph.
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flavoprotein molecule in a redox-dependent manner. This
process can be explained energetically as shown in Fig. 15.
When the binding affinity of a reduced flavin for the apo-
protein in the oxidized conformation is weaker than that for
the apoprotein in the reduced conformation, the reduction of
flavin bound to the apoprotein in the oxidized conformation
energetically destabilizes the oxidized conformation relative
to the reduced conformation, causing the latter to relax
somewhat. The conversion from the reduced to the oxidized
conformation can be explained in the same manner supposing
that the apoprotein in the oxidized conformation exhibits
higher affinity to oxidized flavin than to reduced flavin.
Taking into account the fact that some flavin-containing do-
mains show no significant redox-dependent conformational
changes, this mechanism should be considered in terms of the
whole molecule. In addition, in order to demonstrate this type
of conformational change, the protein must have at least two
meta-stable structural states that are in a reversible equilib-
rium as shown schematically in Fig. 15. Identifying the
structural features that enable the existence of two (or more)
meta-stable conformations with comparable stability is a
future challenge in this field.

VII. Concluding Remarks

In the present review, we summarize the redox-dependent
conformational changes of flavoprotein involved in biological
signaling. Structural information about the reaction inter-
mediates of the flavoproteins enabled us to categorize the
changes proximal to the flavin into five categories. We iden-
tify the next challenge in this field as the analysis of the sig-
naling inside and between proteins (or domains) on the basis
of the tertiary structures of the flavoproteins (or complexes).
How is a small change occurring at the flavin site propagated
within the protein to change the conformation of the effector
site? How is the conformational change of the effector site
recognized by the signaling partner molecule or domain(s)?
These are critical questions not only in the study of the redox
control of flavoproteins involved in biological signaling, but
also in the study of the signaling by protein molecules in
general. Since the redox state of flavoproteins can be con-
trolled by a certain reagent (or light) with relative ease, fla-
voproteins are good candidates for studying intra- and
intermolecular signaling. When these physicochemical prop-
erties are well understood, deeper insights into protein sig-
naling will be obtained.
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