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ABSTRACT: Phototropin (phot) is a blue-light photoreceptor for phototropic responses, relocation of
chloroplasts, and stomata opening in plants. Phototropin has two chromophore-binding domains named
LOV1 and LOV2 in its N-terminal half, each of which binds a flavin mononucleotide (FMN) noncovalently.
The C-terminal half is a Ser/Thr kinase. A transgenic study ofArabidopsissuggested that only LOV2
domain is necessary for the kinase activity, whereas X-ray crystallographic structures of LOV1 and LOV2
domains are almost identical. These facts imply that the detailed structures and/or structural changes are
different between LOV1 and LOV2 domains. In this study, we compared light-induced structural changes
of the LOV1 and LOV2 domains of a phototropin,Adiantumphytochrome3 (phy3), by means of UV-
visible and Fourier transform infrared (FTIR) spectroscopy. Photochemical properties of an adduct formation
between FMN and a cysteine are essentially similar between phy3-LOV1 and phy3-LOV2. On the other
hand, the S-H group of the reactive cysteine forms a hydrogen bond in phy3-LOV1, which is strengthened
at low temperatures. This is possibly correlated with the fact that no adduct formation takes place for
phy3-LOV1 at 77 K as revealed by the UV-visible absorption spectra. The most prominent difference
was seen in the amide-I vibration that monitors the secondary structure of peptide backbone. Protein
structural changes in phy3-LOV2 involve the regions of loops,R-helices, andâ-sheets, which differ
significantly among various temperatures. Extended protein structural changes are probably correlated
with the signal transduction activity of LOV2. In contrast, protein structural changes were very small in
phy3-LOV1, and they were almost temperature independent. The photocycle of phy3-LOV1 takes 3.1 h,
being more than 100 times longer than that of phy3-LOV2. These facts suggest thatAdiantumphy3-
LOV1 does not work for light sensing, being consistent with the previous transgenic study ofArabidopsis.
It is likely that plants utilize a unique protein architecture (LOV domain) for different functions by regulating
their protein structural changes.

Phototropin (phot) is a blue-light receptor protein in plants
which is involved in phototropism (1), chloroplast movement
(2), and the stomata opening (3). Higher plants have two
isoforms of phot, phot1, and phot2, which possess different
sensitivities to light (4). Phot is composed of∼1000 amino
acid residues and two prosthetic FMN1 molecules. The two
FMN binding domains (ca. 100 residues) are named LOV
(light-, oxygen-, and voltage-sensing) domains, which are
the subset of the PAS (Per-Arnt-Sim) superfamily. In phot,
the LOV1 and LOV2 domains are located at the N-terminal
half, and the C-terminal half has a Ser/Thr kinase motif.
Thus, the photochemical reaction of FMN yields kinase
activation through the domain-domain interaction, whereas
the mechanism is yet unclear.

LOV domains have characteristic absorptions at about 450
nm, so that they look yellow. Light absorption of FMN leads
to formation of a triplet excited state that absorbs at about
660 nm. The intersystem crossing takes place with a time
constant of 3 ns inAdiantumphy3-LOV2 and oat phot1-
LOV2 (5). Then, a ground-state intermediate is formed that
absorbs at 390 nm (S390 intermediate). It is now known that
the reaction is an adduct formation between FMN and a
nearby cysteine (6-10). Adduct formation takes place with
a time constant of 4µs in oat phot2-LOV2 (8) and with 0.9
and 4µs in Chlamydomonasphot-LOV1 (11). Since S390
is the sole intermediate in the photocycle of LOV domains,
it is believed that S390 is the intermediate activating the
kinase domain.

One of the interesting questions is why phot has two LOV
domains. Previous molecular biological experiments using
expression in insect cells and transgenicArabidopsisreported
that only the photochemical reaction of LOV2 is necessary
for the expression of the kinase activation and that photo-
tropin works even if LOV1 did not respond to the light for
both phot1 and phot2 (12). This result implies that the LOV2
domain is only functionally important in phot. Quantum
efficiencies of the photoreaction were about 10 and 2 times
higher in the LOV2 domain than in the LOV1 domain for
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Arabidopsisphot1 and phot2, respectively (6, 13). Higher
quantum efficiency of LOV2 is consistent with its functional
importance. Nevertheless, recent structural determinations of
LOV1 and LOV2 domains provided intriguing results.
Crosson and Moffat crystallized the LOV2 domain of
Adiantumphy3 (14), while Fedorov et al. crystallized the
LOV1 domain of Chlamydomonasphot (15) (Figure 1).
According to the obtained structures, LOV1 and LOV2
domains were surprisingly similar. This fact suggests that
the detailed structures and/or structural changes are different
between LOV1 and LOV2 domains.

We have studied structure and structural changes of the
LOV2 domain in a phototropin, phytochrome3 (phy3), by
means of FTIR spectroscopy. Phy3 is a fusion protein of
phot containing the phytochrome chromophoric domain. In
the first paper, we showed that the reactive cysteine is
protonated in the unphotolyzed state (16). Although X-ray
crystallography of the S390 intermediate reported very
limited structural changes around the FMN chromophore
(10), we observed the progressive protein structural changes
that involveR-helix andâ-sheet regions (17). This observa-
tion suggests the presence of global protein structural changes
involving the surface of phy3-LOV2. After our FTIR study,
global protein changes have been suggested by several
spectroscopic studies of LOV domains in solution. Harper

et al. reported the presence ofR-helix at the C-terminal side
of oat phot1-LOV2, and the helix becomes loose upon light
absorption by NMR spectroscopy (18). By small-angle X-ray
scattering, we recently showed that the linker region at the
C-terminal side changed relative to the LOV domain in
Arabidopsisphot1-LOV2 by light illumination, being con-
sistent with the NMR result (19). Thus, little structural
changes at the surface of phy3-LOV2 in the X-ray crystal-
lographic study may originate from the limited protein
motion in the crystal.

We also reported that Gln1029 plays an important role in
the protein structural changes of phy3-LOV2 (20). Previous
X-ray crystallographic studies of phy3-LOV2 found that the
N-H group of Gln1029 forms a hydrogen bond with the
C(4)dO group of FMN in the unphotolyzed state, while the
CdO group of Gln1029 is hydrogen-bonded with the
N(5)-H group of FMN in the S390 intermediate (10). These
observations implied an important structural role of Gln1029
in phy3-LOV2. Our FTIR study indeed showed that the
Q1029L mutant protein lacks temperature-dependent protein
structural changes involvingâ-sheets, and we concluded that
Gln1029 is a key residue in the signal transfer from the
chromophore domain to theâ-sheet at protein surface (20).
In addition, we recently detected water structural changes
in the activation processes of phy3-LOV2 (17, 21). By use
of mutant proteins, we concluded that the observed vibra-
tional bands of water monitor the local structural changes
near the FMN chromophore (21). In this way, we have
accumulated spectroscopic data for phy3-LOV2.

In the present study, we aimed at revealing the difference
in detailed structures and/or structural changes between the
LOV1 and LOV2 domains of phy3. We measured the UV-
visible and FTIR spectra of phy3-LOV1 under the same
conditions for phy3-LOV2. Although the photochemical
properties of adduct formation are essentially similar, we
found different protein structural changes between phy3-
LOV1 and phy3-LOV2. Protein structural changes in phy3-
LOV2 involve the regions of loops,R-helices, andâ-sheets,
which are highly temperature dependent. In contrast, protein
structural changes were very small in phy3-LOV1, which
was almost temperature independent. The photocycle of
phy3-LOV1 was much longer than that of phy3-LOV2, and
the correlation between protein structural changes and
photocycle kinetics was confirmed by examining the Q1029L
mutant of phy3-LOV2. The functional role of LOV1 and
LOV2 domains in phot is discussed on the basis of the
present results.

MATERIALS AND METHODS

Sample Preparation.The construct containing N-terminal
Gly660-Val805 of phy3 was expressed inEscherichia coli
BL21 (DE3) pLysS cells (Novagen). Overexpression and
purification of CBP-phy3-LOV1 were carried out by the
same procedure as used for CBP-phy3-LOV2 (17). The
purified protein was concentrated to give a final concentration
of 2.5 mg/mL by using a Microcon YM-10 instrument
(Millipore) and dialyzed against 1 mM K/phosphate buffer
(pH 7). Then 70-80 µL of the solution was placed on a
BaF2 window, and the dry films were hydrated by dropping
H2O next to the film on the window. Hydration conditions
for phy3-LOV1 and phy3-LOV2 were identical.

FIGURE 1: Protein structures of (a)Chlamydomonasphot-LOV1
(PDB: 1N9N) (15) and (b)Adiantumphy3-LOV2 (PDB: 1G28)
(14). The backbone structures ofR-helices, turns, andâ-sheets are
colored by red, blue, and yellow, respectively. FMN is shown by
space-filling drawings, while the reactive cysteine is shown by stick
drawings.
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Spectroscopy.UV-visible and infrared spectra of the
hydrated films were measured using V-550DS (JASCO) and
FTS-7000 (Bio-Rad) spectrophotometers, respectively, as
described previously (17, 20, 21). Hydrated films were
illuminated by a>400 nm light, which was supplied with a
combination of a halogen-tungsten lamp (1000 W) and a
long-pass filter (L42, Asahi Techno Glass). For the measure-
ments of quantum efficiency, we also used a 25% neutral
density filter (ND-25, Asahi Techno Glass).

Photocycle kinetics experiments were performed for the
protein solution of phy3-LOV1 and phy3-LOV2 in 50 mM
K/phosphate (pH 7). The dark reversion process from S390
to the original state was monitored at 475 nm by using UV-
2400PC (Shimadzu).

RESULTS

Quantum Efficiencies in the PhotoconVersions of Phy3-
LOV1 and Phy3-LOV2 to the S390 Intermediates.Before
the UV-visible and FTIR spectra were measured, we
compared quantum efficiencies in the photoconversions to
S390 between the LOV1 and LOV2 domains. The S390
intermediates formed are thermally reverted to the original
states at room temperature, whereas we found that S390 is
stable at 250 K both for phy3-LOV1 and for phy3-LOV2.
Insets of Figure 2 clearly show that both LOV1 and LOV2
domains are converted to S390 dependent on the illumination
time at>400 nm. Figure 2 plots the bleached LOV domains
versus illumination time, where the decay “rate” has a
correlation with the photosensitivity of the photoconversion
to S390, namely, adduct formation.

Figure 2 shows that LOV2 is more photosensitive than
LOV1. Both time courses could not be fitted by single
exponentials. Double exponential fittings provided the fol-
lowing parameters; decay half-times were 14 s (54%) and
64 s (42%) for LOV1, and 15 s (81%) and 73 s (14%) for
LOV2. The remaining 4% and 5% are unreactive portions

for LOV1 and LOV2, respectively. The origin of the fast
and slow decays is unclear at present, while similar time
constants suggest the common mechanism of photochemistry
between LOV1 and LOV2. As the consequence of more
populated fast component, LOV2 was more efficiently
photoconverted to S390, whose overall difference was about
1.5 times.

Kasahara et al. reported that quantum efficiencies in
Arabidopsisare 10 times higher in phot1-LOV2 than in
phot1-LOV1, whereas the ratio between LOV2 and LOV1
is much smaller for phot2 (13). Therefore,Adiantumphy3
is phot2-like ofArabidopsisin terms of quantum efficiencies
of LOV1 and LOV2 domains. This may be correlated with
their functions.

Low-Temperature UV-Visible Spectra of Phy3-LOV1 and
Phy3-LOV2.Figure 3 shows the difference UV-visible
spectra of phy3-LOV1 after and before illumination measured
at temperatures from liquid nitrogen to ambient (solid lines).
The spectra of phy3-LOV2 at 77 and 295 K are also
reproduced from the previous paper (dotted lines) (17). The
spectra at 295 K are coincident well between the LOV1 and
LOV2 domains, being characteristic difference spectra
between the S390 and unphotolyzed states. This fact indicates
that S390 is formed similarly in phy3-LOV1. Almost
identical difference spectra were obtained for LOV1 at lower
temperatures such as 250 and 200 K. On the other hand, the
amplitude of the spectra is reduced at 150 and 100 K, while
spectral shapes are similar. At 77 K, light minus dark
spectrum coincides with baseline, indicating no photochemi-
cal reaction.

Reduction of the S390 formation at low temperature was
also observed for phy3-LOV2 (17). Nevertheless, even at
77 K, illumination of phy3-LOV2 yields formation of S390,
whose amount is 36% of that at room temperature (dotted
lines in Figure 3). Therefore, no adduct formation at 77 K

FIGURE 2: Time course of the photoconversion of phy3-LOV1
(closed triangles) and phy3-LOV2 (open circles) to the S390
intermediate measured at 250 K. They-axis corresponds to the
remaining unphotolyzed state, which is estimated from the absor-
bance at 475 nm. Smooth lines are double exponential fitting curves.
The insets show the difference spectra of LOV1 (left) and LOV2
(right). The spectra of illumination at 4, 8, 12, 20, 28, 40, 60, 80,
100 120, 160, 200, 240, 480, 720, and 960 s are shown. One division
of the y-axis corresponds to 0.02 absorbance unit.

FIGURE 3: Light minus dark difference spectra for phy3-LOV1
(solid line) and phy3-LOV2 (dotted line) in the UV-visible region.
The spectra for phy3-LOV2 are reproduced from ref23. Spectra
are recorded at 77, 100, 150, 200, 250, and 295 K. One division of
the y-axis corresponds to 0.06 absorbance unit.
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is characteristic for phy3-LOV1. Previously, we discussed
that the presence of a nonreactive fraction may originate from
the structural heterogeneity between FMN and the cysteine
S-H group, and some protein molecules are frozen so that
the distance is too far to form an adduct at 77 K (17). If this
hypothesis is true, the population in the farther distance
between FMN and the cysteine S-H group may be larger
in LOV1 than in LOV2.

Low-Temperature FTIR Spectra of Phy3-LOV1 and Phy3-
LOV2 in the S-H Stretching Region. Figure 4 shows
difference IR spectra in the 2620-2490 cm-1 region from
150 to 295 K. These spectra are normalized using UV-
visible spectra to show the same photoconversion of the
unphotolyzed to the S390 state. In the case of phy3-LOV2
(dotted lines), a negative peak was observed at 2567-2569
cm-1, whose temperature dependence was little (17). In the
case of phy3-LOV1 (thick solid lines), a single negative peak
was observed at all the temperatures measured. It is noted
that phy3-LOV1 possesses two cysteines at position 712 and
740, where Cys712 corresponds to Cys966 of phy3-LOV2.
Nevertheless, observation of a negative band and no corre-
sponding positive band strongly suggests that the adduct
formation of Cys712 was only monitored in the spectra, as
is for phy3-LOV2. In fact, Thr993 of phy3-LOV2, the
corresponding amino acid of Cys740, is located at>10 Å
from the FMN chromophore according to the crystal structure
(14).

The S-H stretching vibrations of phy3-LOV1 appear at
lower frequencies than those of phy3-LOV2 (dotted lines).
In addition, frequencies are highly temperature dependent
in phy3-LOV1, varying from 2562 cm-1 (295 K) to 2549
cm-1 (150 K). Frequencies for the S-H stretch are much
narrower than those for the O-H stretch, but the S-H stretch
is downshifted as the hydrogen bond is strengthened as well
as the O-H stretch. The frequency of phy3-LOV2 at 2569

cm-1 at 295 K corresponds to be almost free from a hydrogen
bond, which is consistent with the X-ray crystallographic
structure of phy3-LOV2 (14). In contrast, the S-H group is
likely to form a hydrogen bond in phy3-LOV1. The
frequency is further lowered at low temperatures, and the
frequency at 150 and 200 K (2549 cm-1) implies a strong
hydrogen bond for the S-H group in phy3-LOV1.

The hydrogen-bonding acceptor of the S-H group in
phy3-LOV1 is of interest. One of the candidates could be
the N(5) atom of FMN. If this is the case, however, lack of
adduct formation at low temperatures may be difficult to
explain. Therefore, it is likely that the hydrogen-bonding
acceptor of the S-H group is some amino acid residues,
peptide carbonyls, or internal water molecules. This observa-
tion strongly suggests the different local environment of
FMN and the reactive cysteine between the LOV1 and LOV2
domains in phy3.

Low-Temperature FTIR Spectra of Phy3-LOV1 in the
1800-950 cm-1 Region.Figure 5 compares light minus dark
difference IR spectra of phy3-LOV1 (solid line) with those
of phy3-LOV2 (dotted line) in the 1800-950 cm-1 region
at 150-295 K. In the 1600-950 cm-1 region, both solid
and dotted lines coincide well at each temperature. Both
spectra have common positive bands at 1395, 1378, 1305,
1285, 1241, 1192, and 1093 cm-1 and negative bands at
1584, 1554, 1506, 1406, 1355, 1292, 1271, 1250, and 1084
cm-1. Many of these bands originate from the FMN
chromophore, indicating that the structure and structural
changes of FMN are similar between the LOV1 and LOV2
domains.

On the other hand, a highly different spectral feature was
obtained in the 1650-1600 cm-1 region, which represents
characteristic frequencies of amide-I vibrations, CdO stretches
of peptide backbone. The CdO stretching vibrations of the

FIGURE 4: Light minus dark (thick solid line) and dark minus dark
(thin solid line) infrared difference spectra for phy3-LOV1 in the
2620-2490 cm-1 region. Light minus dark difference spectra for
phy3-LOV2 are also reproduced from Iwata et al. (dotted line) (17).
The spectra were recorded at 77, 100, 150, 200, 250, and 295 K.
One division of they-axis corresponds to 0.005 absorbance unit.
A thick horizontal bar (2580-2525 cm-1) shows the frequency
region of the S-H stretch (16).

FIGURE 5: Light minus dark infrared spectra for phy3-LOV1 (solid
line) in the 1800-950 cm-1 region. Light minus dark difference
spectra for phy3-LOV2 are also reproduced from Iwata et al. (dotted
line) (17). The spectra were recorded at 150, 200, 250, and 295 K.
One division of they-axis corresponds to 0.0002 absorbance unit.
Note that spectra are normalized to show the same photoconversion
of the unphotolyzed state to S390 as judged by the UV-visible
absorption.
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FMN chromophore also appear at about 1710 and 1670 cm-1

(C(4)dO and C(2)dO stretches, respectively). Figure 6
highlights the frequency region of amide-I for LOV1 and
LOV2 separately. The spectra of LOV2 are highly different
among various temperatures. The positive 1692 cm-1 band
at 150 K disappears at higher temperatures such as 295 K,
while a strong positive band at 1629 cm-1 appears at 295
K. We interpreted the positive bands at 1692 and 1629 cm-1

originating from the structures of turn andâ-sheet, respec-
tively (17). Thus, temperature-dependent secondary structural
alterations in S390 are characteristic of phy3-LOV2.

The spectrum of LOV1 at 150 K (dotted line) has peaks
at 1724 (+), 1714 (-), 1695 (+), 1687 (+), 1676 (-), and
1623 (+) cm-1. The peak pair at 1724 (+)/1714 (-) cm-1

probably originates from the C(4)dO stretch of FMN. The
corresponding negative peak of LOV2 is at 1710 cm-1,
indicating that the hydrogen bond of the C(4)dO group is
slightly weaker in LOV1 than in LOV2. Similar upshifts to
1724 and 1722 cm-1 in LOV1 and LOV2, respectively, after
the formation of S390 further imply the common structural
changes. The bands at 1695 (+), 1687 (+), and 1676 (-)
cm-1 are attributable to the amide-I vibrations of the turn
structure and C(2)dO stretch. Appearance of a positive peak
at 1623 cm-1 may suggest the formation ofâ-sheet-like
structure at 150 K. In summary, the spectra at 150 K are
similar between the LOV1 and LOV2 domains (Figures 4
and 5).

Figure 6 shows that the spectra of phy3-LOV1 do not
change with temperature, unlike phy3-LOV2. The spectrum
at 295 K is almost identical to that at 150 K at>1650 cm-1.
In the 1650-1600 cm-1 region, the spectrum at 295 K is
coincident with the baseline. The absence of bands at about
1650 and 1630 cm-1 strongly suggests that the formation of
S390 does not accompany secondary structural alterations
of R-helix and â-sheet, respectively, in phy3-LOV1. Al-
though the bands at 1695 (+), 1687 (+), and 1676 (-) cm-1

at 295 K could originate from amide-I vibrations of the turn
structure, they could be explained only by the frequency

changes of the C(2)dO stretch of FMN. Previously, Ataka
et al. reported the FTIR spectra ofChlamydomonasphot-
LOV1, and they concluded that the spectral changes in the
amide-I region originate solely from the chromophore
vibrations, mainly the C(2)dO stretch of FMN (22). We
conclude that protein structural changes are much smaller
in phy3-LOV1 than in phy3-LOV2.

We previously reported the FTIR spectra of the Q1029L
mutant of phy3-LOV2. This mutant lacks temperature-
dependent protein structural changes that are characteristic
of phy3-LOV2 (17). Interestingly, the FTIR spectra of phy3-
LOV1 are similar to those of the Q1029L mutant of phy3-
LOV2. It is noted that phy3-LOV1 contains the correspond-
ing glutamine (Gln776). Therefore, the present results may
suggest the different role of the amino acid residue.

Thermal ReVersion of S390 to the Original State.Figure
7 shows the dark reversion processes from the S390
intermediate to LOV1 or LOV2 by monitoring the absorption
at 475 nm. They were measured for the LOV domains in
solution at 295 K. The kinetics for phy3-LOV1 (black), phy3-
LOV2 (red), and the Q1029L mutant protein of phy3-LOV2
(blue) were fitted by single exponentials. The half-lifetimes
(t1/2) were 90 s for LOV2 and 3.1 h for LOV1. The lifetime
of S390 in phy3-LOV1 is the longest among the photocycling
LOV domains. The stable S390 state in phy3-LOV1 may
be inconvenient for the signal transduction, because it will
keep activating the kinase domain for hours even after light
is turned off. That is especially the case requiring rapid
responses such as chloroplast movements and stomata
opening.

It is of interest that the photocycle kinetics are more than
100 times slower for LOV1 than for LOV2, though the
adduct formation commonly takes place. An insight can be
given by the results in Figure 6, where protein structural
changes are very limited for phy3-LOV1. It seems likely
that the S390 state exhibiting tiny protein structural changes
is long-lived. To further test this possibility, we measured
thermal reversion of the Q1029L mutant of phy3-LOV2,
because the protein is LOV2, but the protein structural
changes are highly limited (20). The half-lifetime of S390
of Q1029L was 650 s, being 7.2 times longer than that of

FIGURE 6: Light minus dark infrared spectra for phy3-LOV1 (upper
spectra) and phy3-LOV2 (lower spectra) in the 1750-1600 cm-1

region. Spectra are measured at 150 (dotted line), 200 (broken line),
250 (dash-dotted line), and 295 K (solid line). One division of
the y-axis corresponds to 0.008 absorbance unit.

FIGURE 7: Time course of the dark recoveries of phy3-LOV1 (red),
the wild-type phy3-LOV2 (black), and the Q1029L mutant phy3-
LOV2 (blue) measured at room temperature. Absorptions at 475
nm in the unphotolyzed state are normalized as 1.
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the wild-type phy3-LOV2 (blue curve in Figure 7). Its
lifetime is still shorter than that of phy3-LOV1, but a single
mutation at position 1029 yields a longer photocycle for
phy3-LOV2. Thus, we concluded that the progressive protein
structural changes observed for phy3-LOV2 are important
not only for the activation of the kinase domain but also for
controlling the photocycle kinetics.

DISCUSSION

Difference in the Structure of the ReactiVe Cysteine and
the Adduct Formation Reaction between LOV1 and LOV2.
In this paper, we studied difference in photoreactions between
the LOV1 and LOV2 domains inAdiantumphytochrome3
using low-temperature UV-visible and FTIR absorption
spectroscopy. Like phy3-LOV2, only S390 was observed as
a stable intermediate of phy3-LOV1. Formation of S390 was
reduced at low temperatures for both LOV1 and LOV2
domains. Nevertheless, no formation of S390 was observed
at 77 K for phy3-LOV1 (Figure 3). Difference in the local
structure around the reactive cysteine presumably influences
the specificity in phy3-LOV1. In fact, the hydrogen bond of
the cysteine was different between the LOV1 and LOV2
domains. The cysteine S-H group forms a hydrogen bond
in phy3-LOV1, which is strengthened at low temperatures.

Recently, Heberle and co-workers reported the FTIR
difference spectra in the photoreactions ofChlamydomonas
phot LOV1, LOV2, and Bacillus YtvA LOV at room
temperature (22, 23). Negative peaks due to the S-H
stretching vibrations were observed at about 2570 cm-1 in
all cases. Together with our observation forAdiantum, it is
likely that the protonated S-H group is present in a
hydrophobic pocket without a hydrogen bond. In various
LOV domains, only phy3-LOV1 possesses a weakly hydrogen-
bonded S-H group (2562 cm-1) at room temperature, which
is much strengthened at low temperatures.

Partial adduct formation at low temperatures could be
explained by structural heterogeneity of proteins (Figure 2).
At low temperatures, where the protein structure is frozen,
the adduct formation strongly depends on the distance
between FMN and the cysteine S-H group. If the distance
and orientation of the S-H group are not favorable for the
adduct formation at low temperatures, S390 could not be
formed. Such multiple conformations may be correlated with
the nonexponential feature of the photosensitivity of the S390
formation. In fact, Fedorov et al. showed the two S-H
conformations in the crystal structure ofChlamydomonas
phot-LOV1 at cryogenic temperature (15).

Difference in the Protein Structural Changes between
LOV1 and LOV2.While the frequency of the S-H stretch
is temperature-dependent, the C(4)dO stretch of FMN is
temperature-independent for phy3-LOV1 (Figure 6). In the
case of phy3-LOV2, the C(4)dO stretch of FMN is tem-
perature-independent for the unphotolyzed state (1710 cm-1),
but highly temperature-dependent for the S390 intermediate.
The C(4)dO stretch in S390 shifts from 1722 cm-1 at 150
K to 1727 cm-1 at 295 K (Figure 6). This change is
presumably correlated with the temperature-dependent pro-
tein structural changes for phy3-LOV2. Such temperature
dependence of the C(4)dO stretch in phy3-LOV2 diminishes
in the Q1029L mutant (20).

In phy3-LOV1, protein structural changes are much
smaller than in phy3-LOV2. We infer that the surface

structure of phy3-LOV1 is not altered upon formation of
S390, because of the lack of the secondary structural
alterations. In contrast, phy3-LOV2 exhibits temperature-
dependent protein structural changes, suggesting that the
surface structure is somehow altered during the appearance
of S390. The present observation for each LOV1 and LOV2
molecule is well consistent with the functional importance
of the LOV2 domain in the previous molecular biological
study (12).

Then, a question is raised why protein structural changes
are different between phy3-LOV1 and phy3-LOV2. Although
we have no clear answer at this moment, our previous study
on the Q1029L mutant of phy3-LOV2 may give a hint. By
introducing the point mutation at position 1029, we converted
the LOV2 domain to the LOV1-like character, exhibiting
very small protein structural changes (20). Previous X-ray
crystallographic studies of phy3-LOV2 showed that the N-H
group of Gln1029 forms a hydrogen bond with the C(4)dO
group of FMN in the unphotolyzed state (14), while the Cd
O group of Gln1029 is hydrogen-bonded with the N(5)-H
group of FMN in the S390 intermediate (10). These
observations implied an important role of the switch of the
hydrogen bond of Gln1029, and our FTIR study indeed
showed that the Q1029L mutant protein lacks temperature-
dependent protein structural changes involving theâ-sheet
(20). Thus, there must be important structural factors on the
intramolecular signal transduction that corresponds to the
specific protein structural changes.

It is noted that phy3-LOV1 also possesses the correspond-
ing glutamine at position 776 (Gln776 of phy3-LOV1). This
may suggest the different role between Gln776 of phy3-
LOV1 and Gln1029 of phy3-LOV2. One possibility is that,
unlike phy3-LOV2, the switch of the hydrogen bond of
Gln776 does not take place in phy3-LOV1. Namely, Gln776
possibly forms a hydrogen bond with the C(4)dO group of
FMN in the unphotolyzed state, whereas the CdO group of
Gln776 cannot be hydrogen-bonded with the N(5)-H group
of FMN in the S390 intermediate in phy3-LOV1. Another
possibility is that there are different factor(s) for the
intramolecular signal transduction from FMN to theâ-sheet
in phy3-LOV2. Thus, it is important to identify the factor-
(s) distinguishing protein structural changes between the
LOV1 and LOV2 domains.

Figure 7 shows that phy3-LOV1 possesses much longer
photocycle kinetics than phy3-LOV2. It may be puzzling that
the protein exhibiting smaller structural changes (phy3-
LOV1) has a longer lifetime. However, amide-I vibrations
in Figure 6 could provide a hint to interpret the apparent
inconsistency. Local structure around the reactive cysteine
is presumably changed for phy3-LOV1, which corresponds
to the turn structure (Figure 8). Although similar changes
were observed at low temperatures for phy3-LOV2, global
protein structural changes take place at room temperature
involving â-sheet (Figure 8). Therefore, we infer that the
S390 state of phy3-LOV1 is in a relatively stable structure
accompanying local structural alterations.

Role of the LOV1 Domain.The present study revealed that
protein structural changes are much greater in phy3-LOV2
than in phy3-LOV1. Temperature-dependent structural changes
in phy3-LOV2 suggest that such progressive changes also
take place at room temperature. Global protein structural
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changes must be important for phy3-LOV2 to activate the
kinase domain.

The half time-constant of the recovery to the original state
was 3.1 h for phy3-LOV1 (Figure 7). In general, the response
time to light is longer in plants than in animals and bacteria,
the latter of which need quick movements for their survivals.
In fact, the deactivation times of light sensor proteins are in
the range from milliseconds to seconds in animals and
bacteria, such as visual rhodopsin, archaeal sensory rhodop-
sins, and photoactive yellow proteins (25-27). Even if phy3-
LOV1 acts as a light sensor inAdiantum, its photocycle of
hours would be too long. Lifetimes of S390 in LOV2
domains are known to be from 4 s to 180 s (13), which is
convenient to act as plants’ light sensors. It is noted that we
discuss only the photocycle of sensor proteins, and interaction
with activating or deactivating proteins could change the
kinetics. For instance, the activated animal rhodopsin is
stabilized by forming a complex with a G-protein transducin,
while phosphorylated rhodopsin is quickly deactivated by
visual arrestin (28, 29). However, photocycle kinetics of
sensor proteins themselves probably provide a background
of the actual kinetics in cells. The long lifetime of S390 in
phy3-LOV1 suggests a different functional role.

Then, what is the role of phy3-LOV1? The recent gel
chromatography experiment showed that oat phot1-LOV1
forms homodimer while LOV2 was monomeric in solution
(24). We showed thatArabidopsis phot1-LOV1, phot2-
LOV1, and phot2-LOV2 are homodimers, while phot2-LOV2
exists as monomeric forms by using small-angle X-ray
scattering (19). These observations suggest that the LOV1
domain plays a structural role rather than acting as light
sensors. Since LOV domains belong to the PAS domain
superfamily, dimer formation of the LOV1 domain is
reasonable, and possibly contributing the complex structure
of phot.
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