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ABSTRACT Aureochrome is a recently discovered blue light photosensor that controls a light-dependent morphology change.
As a photosensor, it has a unique DNA binding domain (bZIP). Although the biological functions of aureochrome have been
revealed, the fundamental photochemistry of this protein has not been elucidated. The photochemical reaction dynamics of
the LOV (light, oxygen, or voltage) domain of aureochrome-1 (AUREO1-LOV) and the LOV domain with the bZIP domain
(AUREO1-ZL) were studied by employing the transient-grating (TG) technique, using size-exclusion chromatography to verify
results. For both samples, adduct formation takes place with a time constant of 2.8 ms. Although significant diffusion changes
were observed for both AUREO1-LOV and AUREO1-ZL after adduct formation, the origins of these changes were significantly
different. The TG signal of AUREO1-LOV was strongly concentration-dependent. From analysis of the signal, it was concluded
that AUREO1-LOV exists in equilibrium between the monomer and dimer, and dimerization of the monomer is the main reaction,
i.e., irradiation with blue light enhances the strength of the interdomain interaction. On the other hand, the reaction of AUREO1-
ZL is independent of concentration, suggesting that an intraprotein conformational change occurs in the bZIP domain with a time
constant of 160ms. These results revealed the different reactions and roles of the two domains; the LOV domain acts as a photo-
sensor, leading to a subsequent conformational change in the bZIP domain, which should change its ability to bind to DNA. A
model is proposed that demonstrates how aureochrome uses blue light to control its affinity for DNA.
INTRODUCTION
Because light is essential for life, photosensors that obtain
light information about the environment are of great impor-
tance. In particular, blue-light sensors are recognized to be
of primary importance for a variety of functions (1–10).
One of the blue-light sensors, the LOV domain, which is
a subfamily of the Per-ARNT-Sim (PAS) superfamily, acts
as a module for protein-protein interactions for signaling,
and is found in a variety of sensor proteins (11–17). The
tertiary structure of a LOV/PAS domain is commonly
composed of an assembly of short a-helices and b-strands
(PAS core), ana-helix (helical connector), and an antiparallel
b-sheet composed of three strands (b-scaffold) (18–21). This
LOV domain has a flavin mononucleotide (FMN) as the
chromophore. Revealing the reaction mechanism of the
LOV domain has been attracting many researchers.

Recently, a novel photosensor protein containing the
LOV domain, aureochrome (AUREO), was discovered in
Vaucheria frigida (22). There are two types of aureochrome,
aureochrome-1 (AUREO1, 38.6 kDa) and aureochrome-2
(AUREO2, 39.2 kDa). Both AUREO1 and AUREO2 are
found in a stramenopile alga, and these proteins have
different functions. RNA interference experiments demon-
strated that AUREO1 controls branch development, whereas
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AUREO2 allows development of a sex organ. This protein
consists of a LOV domain at the C-terminal and basic
region/leucine zipper (bZIP) domains. Aligned sequences
of the LOV domain of AUREO are similar to LOV1 and
LOV2 domains of phototropins, which are well-studied
proteins that behave as blue-light receptors in plants but
lack the Glu-Lys salt bridge that is conserved in all other
known LOV domains. bZIP domains are known to form
a-helical structures, and are widespread among eukaryotes,
where they serve as transcription regulators. Hence, AUREO
is a unique photosensor containing the bZIP domain. It has
been reported that the bZIP domain of AUREO may be
S-type, because it possesses a DNA binding site that recog-
nizes the sequence TGACGT (22).

Although the primary sequence and function of AUREO
have been elucidated, knowledge of the photoreaction
dynamics is very limited. The LOVdomain has an absorption
spectrumwith a peak at ~447 nm. Upon irradiation with blue
light, the peak shifts to 390 nm (formation of the LOV390

species) (23–27). From the characteristic spectrum and
analogy with other LOV domain reactions, it seems reason-
able to attribute this species to an adduct between FMN
and a cysteinyl residue, which should be a trigger for subse-
quent reactions to realize the biological function. The half-
lifetime of the active state determined by fluorescence
measurements was reported to be 4.9 min (22).

The reaction mechanism of photosensor proteins contain-
ing both LOVand bZIP domains should be interesting, and it
may open the door to a new type of photosensor. However,
the photochemistry after adduct formation has not yet been
clarified. One of the main reasons for the lack of research
doi: 10.1016/j.bpj.2011.02.043
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into the photochemistry of AUREO has been the difficulty
of large-scale expression of this protein. However, in recent
work, adequate amounts of this protein were successfully
prepared for biophysical analysis (O. Hisatomi, K. Furuya,
F. Takahashi, and H. Kataoka, unpublished). This allowed
access to the LOV and bZIP domains of AUREO, making
feasible a detailed investigation of the photoreaction of
these proteins.

In this study, we investigated the photoreaction kinetics of
AUREO1 fromVaucheria frigida. To elucidate themolecular
mechanism of the reactions in detail, we used samples of the
LOV domain of AUREO1 (AUREO1-LOV, 17.6 kDa, con-
taining Pro204–Lys348) and the AUREO1-LOV domain con-
taining the bZIP domain (AUREO1-ZL, 27.3 kDa,
containing Gly114–Lys348), each of which has an additional
eight amino acids (LEHHHHHH) at its C-terminal end. It
was confirmed that AUREO1-ZL can selectively bind to a
specific DNA sequence in AUREO1, TGACGT (O. Hisa-
tomi,K. Furuya, F. Takahashi, andH.Kataoka, unpublished).
Although the full-length protein is quite unstable and is not
yet available, it is worth studying the photoreaction of these
truncated proteins before studying the full-length protein to
clarify the role of the domains.

We mostly used the laser-induced transient-grating (TG)
method to probe the photoreaction of the prepared samples.
The TG signal is created by diffraction of a probe light due
to a spatial-sinusoidally modulated refractive index change
induced by an interference pattern of the excitation light.
Under the nonresonant condition of the probe light, the
TG signal reflects the temperature change (thermal effect),
volume change, and absorption spectrum change. Although
the TG technique is applicable only to photoinitiated
reactions, a big advantage is that the time trace of the signal
reflecting the change in molecular volume, energy, or diffu-
sion enables detection of reaction kinetics that cannot be
measured using traditional UV/vis absorption spectroscopy
(28–30). In this study, size-exclusion chromatography
(SEC) was also used to support the data obtained from
the TG measurement. Our results reveal the different reac-
tions and roles of the two domains clearly: the photosens-
ing role of the LOV domain, and the conformational
change of the bZIP domain that should induce a biological
function.
MATERIAL AND METHODS

Measurement

The experimental setup used was similar to that reported previously (28–

30). Briefly, a laser pulse from a dye laser (HyperDye 300, Lumonics, Den-

ver, CO; wavelength 465 nm, <10 mJ/pulse) pumped by an XeCl excimer

laser (Lambda Physik, Santa Clara, CA; 308 nm) was used as an excitation

beam for the TG experiments. The laser beam was split in two by a beam

splitter, and these beams were crossed inside a sample to produce an inter-

ference pattern of the light intensity. A diode laser (835 nm) was also used

for the TG experiments. The TG signal was isolated from the excitation
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laser beamwith a glass filter and a pinhole and detected by a photomultiplier

tube (R1477, Hamamatsu, Hamamatsu City, Japan). The grating wavenum-

ber (q) was changed by changing the crossing angle of the two excitation

beams. The magnitude of q was measured by the decay rate constant of

the thermal grating signal of a calorimetric standard sample (bromocresole

purple), which releases all of the photon energy from excitation as thermal

energy within the response time of our system (~20 ns) and the thermal

diffusivity of water (as described below). Absorbance of the sample solu-

tion at 465 nm was adjusted to be 0.53 (250 mM). To avoid possible multi-

excitation, the sample was stirred after each laser shot. (Hence, the

repetition frequency was ~0.5 shot/min.) It was calculated that since the

laser power was very weak (<10 mJ/pulse) and the volume of the light-illu-

minated region (~2 mL) was sufficiently smaller than the sample volume

(~200 mL), the photoproduct could not accumulate in the measured region

and the effect of the multiexcitation should be negligible. (By our calcula-

tions, even if we used 10 mJ/pulse excitation and assumed a reaction

quantum yield of unity, the concentration of the product would be 1.3

mM/laser shot. This concentration is sufficiently smaller than that of the

reactant (250 mM).) Ten recorded signals were averaged to improve the

signal/noise (S/N) ratio of the signal.

SEC measurements were performed using an ÄKTA purifier system with

a Superdex 200 5/150 GL column (Pharmacia, Uppsala, Sweden). The

buffer used for the sample was also used for column equilibration and as

the eluent. In the analysis of the SEC, standard marker proteins of known

molecular mass were used to calibrate the column. The following size

markers were used: 290 kDa, glutamate dehydrogenase (yeast); 142 kDa,

lactate dehydrogenase (pig heart); 32 kDa, myokinase (yeast); 12.4 kDa,

cytochrome c (horse heart). The apparent molecular mass of the sample

was determined from the calibration curve. A xenon lamp (SX-UI500XQ,

USHIO, Tokyo, Japan) was used for light illumination during the SEC

measurements.

Circular dichroism (CD) measurements were performed using a CD

spectropolarimeter (J720W1, JASCO, Tokyo, Japan). The path length of

the sample cell was 2 mm. For the CD measurement of the light-activated

sample, the sample solution was initially illuminated continuously by a blue

laser (Micro Laser System, 445 nm, 38 mW) for ~5 min to accumulate the

product. The sample solution was quickly transferred to the CD instrument

and the CD spectrum was recorded within 1 min. Since the half-lifetime of

the active state is 4.9 min, this spectrum is considered to be that of the light

state. Furthermore, the absorption spectrum was measured under the same

conditions and it was confirmed by this method that the spectrum was

indeed the same as that of the light state.

All samples were filtered with a centrifugal filter (Durapore PVDF

0.1 mm) before use. All measurements were performed at 23�C.
Materials

The expression plasmids were constructed as described previously (31,32).

In brief, a XhoI site (465-471) in AUREO1 cDNA was mutated to CAC

GAG with aureo1-dXhoIF (50-AGAGATCACGAGTACGAAAAAAGT
TT-30) and aureo1-dXhoIR (50-GTACTCGTGATCTCTTTGCATGTTCT-30)
primers, using a PrimeSTAR mutagenesis kit (Takara, Kyoto, Japan).

The AUREO1 sequences from Gly113 to Lys348 (for AUREO1-ZL)

and from Pro204 to Lys348 (for AUREO1-LOV) were amplified with

AUREO1-bZIPF (50-GGAATTCCATGGGAAGTATTAGCTCTGAG-30)
and AUREO1-CTR (50-CCGCTCGAGTTTTCGTCTAAGCATATTC-30)
primers and AUREO1-P204F (50-GAATTCCATGGGTCCTGATTATTCA
CTAGT-30) and AUREO1-CTR primers, respectively. (The N-terminal

amino acid residue is methione as a start amino acid.) Amplified DNA frag-

ments were inserted between the NcoI and XhoI sites of a pET23d plasmid

vector and introduced into BL21(DE3) cells (Invitrogen, Carlsbad, CA).

Cells were cultured in 2xYT containing ampicillin, and expression of

recombinant AUREOs was induced by the addition of 1 mM isopropyl-b-

D-thiogalactopyranoside. Cells were harvested by centrifugation and

disrupted by sonication in a lysis buffer (400 mM NaCl, 2 mM MgCl2,
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2 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 80 mg/ml

DNaseI, and 20 mM Tris-HCl, pH 7.0). Cell debris was removed by centri-

fugation at 65,000� g for 15min, and recombinant AUREO1swere purified

with aNi-NTAcolumn (Ni SepharoseTM6Fast Flow,GEHealthcare, Piscat-

away, NJ) according to the manufacturer’s instructions. After removing

imidazole, recombinant AUREOs were stored in buffer solution (400 mM

NaCl, 1 mM dithiothreitol, and 20 mM Tris-HCl, pH 7.0) at 4�C until they

were used for analysis.
RESULTS

Photoreaction of AUREO1-LOV

Reaction kinetics

The photoreaction of the LOV domain of AUREO1
(AUREO1-LOV) was investigated first. The TG signal
measured at a concentration of 250 mM and a grating wave-
number of q2 ¼ 1.46 � 1011 m�2 is shown in Fig. 1 a. The
signal rose within the response time of the TG system
(~20 ns), decayed, and then showed two rise-decay profiles
before completely decaying to the baseline. The assign-
ments of these phases were made based on the dependence
on the grating wavenumber (q). The initial decay-rise
component and subsequent decay component were well
described by a biexponential function. The time constant
of the first component was 2.8 ms and was independent
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FIGURE 1 (a) A typical TG signal (dotted line) of AUREO1-LOV at

a concentration of 250 mM at q2¼ 15� 1010 m�2. The line of best fit calcu-

lated based on a two-state model (Eqs. 1 and 3) is shown as a solid line.

(Inset) Amplified signal of the diffusion peak. (b) The dependence of the

diffusion signal of AUREO1-LOV on grating wavenumber (q) measured

at, from left to right, q2 ¼ 67, 15, 3.7, 2.0, and 1.5 � 1010 m�2 .
of q2. A lifetime of 2.8 ms is similar to the reported time
constants for adduct formation of LOV domains such as
phototropin-1-LOV1 (4.0 ms), phototropin-1-LOV2 (1.9 ms)
(24,34), phototropin-2-LOV1 (0.8 ms) (34), phototropin-2-
LOV2 (0.9 ms) (30), and FKF1-LOV (4 ms) (35). Further-
more, changes in the absorption spectrum indicated the
formation of the adduct of AUREO1 (22). Although we
do not have evidence of the adduct formation with this
time constant, it may be reasonable to attribute this phase
to the formation of an AUREO1-LOV adduct. The compo-
nent with a lower rate constant (the decaying component
in 100 ms in Fig. 1 a) was dependent on q2, and this value
agreed with the thermal diffusivity (Dth) times the square
of q, Dthq

2, which was determined from the decay rate of
the TG signal from the calorimetric reference sample (bro-
mocresole purple in aqueous solution) under the same
conditions. This characteristic rate constant indicates that
the second component is the thermal grating signal.

Therefore, the signal in the 10�6–10�3 s range of Fig. 1 a
can be expressed by a biexponential function (the adduct
formation process and the decay of the thermal grating
signal), and the whole TG signal should be described as

ITGðtÞ ¼ a
�
dnad expð�kadtÞ þ dnth exp

��Dthq
2t
�

þ dnspeðtÞ
�2þbfdkad expð�kadtÞg2; (1)

where dnad and dnth denote the changes in refractive index
caused by adduct formation and thermal grating, respectively,
and kad is the rate constant of adduct formation. Furthermore,
dnspe(t) is the species grating signal and represents the protein
reaction. The second term represents the weak absorption
contribution from adduct formation at the probe wavelength.
In this study, we mostly focused our attention on the photo-
chemical reaction occurring after this thermal grating signal,
i.e., the species grating component dnspe(t).

To analyze the species grating signal, the TG signal was
measured at various values of q. Because the rise-decay
profile shifted as q was changed (Fig. 1 b), this profile repre-
sents protein diffusion processes. dnth is negative at the
temperature used, so the changes in refractive index (dn)
for the rise and decay components were determined to be
negative and positive, respectively. From these signs, the
rise and decay phases of the TG signal were attributed to
diffusion of the reactant and product, respectively. Hence,
the characteristic rise-decay profile (diffusion peak) is a clear
indication that the product has a smaller diffusion coefficient
(D) than the reactant. According to theoretical analysis, if D
of AUREO1-LOV changes upon adduct formation (R/

hn
P)

and then does not change further, the profile can be expressed
as a biexponential function (28,29,36–38).

dnspeðtÞ ¼ �dnR exp
��DRq

2t
�þ dnP exp

��DPq
2t
�
; (2)

where dnR and dnP are the changes in refractive index of the
reactant and product, respectively, and DR and DP are the
Biophysical Journal 100(11) 2801–2809
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diffusion coefficients of the reactant and product,
respectively.

However, three prominent features were observed that
cannot be explained by the above scenario. First, the profile
of the diffusion peak does not fit a biexponential function.
This feature is similar to phototropin-1-LOV2, where the
profile was analyzed using a time-dependent D (34).
Although the fact that the profile did not exhibit a biexpo-
nential fit does not necessarily mean that D is time-depen-
dent, the following observations certainly indicate that an
analysis based on a time-dependent D is appropriate.
Second, the intensity of the species grating signal depended
on q2 (Fig. 1 b). The TG signal over a fast timescale is weak
and the intensity increases as the observation time range
increases. Third, if the kinetics of the change in diffusion
can be ignored, the time dependence should be expressed
by exp(�Dq2t), and the shape of the signals plotted against
q2t should be identical. However, when the signals were
plotted against q2t, the signals did not appear to be superim-
posed (data not shown). This q2 dependence indicates that
the apparent D changes during the observation time range.
These three criteria show that D is time-dependent
(30,34,39–43), so we concluded that DP is not constant
over the experimental time range.

The signal from AUREO1-LOV was analyzed based on
the model

R/
hn
I/

k
P;

where R, I, P, and k represent the reactant, an initial product
(intermediate), the final product, and the rate constant of the
change, respectively. In this case, the time profile of the TG
signal can be expressed as (30,36)

dnspeðtÞ ¼ dnI exp
�� �

DIq
2 þ k

�
t
�

þ dnP
k

ðDP � DIÞq2 � k

�
exp

�� �
DIq

2 þ k
�
t
�

� exp
��DPq

2t
��� dnR exp

��DRq
2t
�
;

(3)

where dnI and DI are the changes in refractive index caused
by the formation of the intermediate species(I) and the diffu-
sion coefficient of I, respectively.

To analyze the TG signal using the above equation to
unambiguously determine the signal parameters, some
parameters in Eq. 3 need to be found independently. First,
the TG signal over a short time range (0.4–4 ms) was
measured (at q2 ¼ 5.3 � 1012 m�2). On this short timescale,
the signal decayed to the baseline monotonously, and this
was expressed well by a single-exponential function. This
implies that D does not change over a short time range,
i.e., D of the adduct species (DI) is the same as DR (DI ¼
DR in Eq. 3). From the single-exponential fitting, DR was
unambiguously determined to be 9.8 � 10�11 m2/s. Next,
DP was determined to be 7.8 � 10�11 m2/s from the biexpo-
Biophysical Journal 100(11) 2801–2809
nential fitting of the signal over a longer time range (0.4–
4 s), in which the time dependence of D can be neglected.
The good fit of the biexponential function means that D
does not depend on time after 400 ms. Finally, by using
these values of D, we could fit the signals well over the
time range from 20 ms to 4 s (i.e., at various q2) using
one adjustable parameter, k (Fig. 1 b). The time constant
of the change in D from this fitting was 140 ms. This result
clearly indicates that there is a reaction that takes place
with this rate under these measurement conditions. The
molecular origin of this change is described in the next
section.

Comparison of DR with the D of water-soluble proteins of
similar size, such as D ¼ 9.0–9.5 � 10�11 m2/s for chymo-
trypsinogen (25 kDa) (44) orD¼ 9.1� 10�11 m2/s for cryp-
tocytochrome c (26 kDa) (45), reveals that DR is typical for
a protein of the size of AUREO1-LOV (17.6 kDa). There-
fore, the reactant in this reaction should be the monomer
of AUREO1-LOV.

Concentration dependence of the TG signal and assignment
of diffusion change

Next, the molecular origin of the observed change in D is
considered. Generally, the origin of the change in D has
been classified into two categories: oligomer formation
and conformational change (diffusion-sensitive conforma-
tional change (DSCC)). We can discriminate between these
origins based on the dependence of the rate on concentra-
tion. If the protein undergoes an intraprotein conformational
change, the reaction rate (and D) should be independent of
protein concentration, and the profile of the TG signal on
any timescale should not depend on concentration, except
for the absolute intensity. On the other hand, if this change
in D is caused by a multimolecular process, the kinetics of
the TG signal should be sensitive to protein concentration.

Before investigating the concentration dependence of the
kinetics of the change in D, the diffusion signal was first
measured at various concentrations (100–250 mM) over
a long time range (400 ms to 6 s), i.e., at the low q of
q2 ¼ 1.6 � 1010 m�2. This timescale is longer than the
time range of the change in D (140 ms at 250 mM in the
previous section). It was expected that the profile of
the signal would not depend on protein concentration,
because the reaction kinetics (140 ms) cannot affect the
diffusion signal even in the case of oligomer formation.
However, an unexpected concentration dependence was
observed; the relative signal normalized by the grating
intensity just after the thermal grating signal (which reflects
the number of photoexcited molecules) increased as the
concentration decreased (Fig. 2 a).

Because the reaction was completed before this time
range, the intensity of the signal reflected the reaction effi-
ciency, i.e., this concentration dependence should reflect
that the population of the reactant that contributes to the
diffusion signal increases as the concentration decreases.
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This result suggests that two species existed in the solution,
a reactive and a nonreactive species, and that the fraction
of the reactive species increased as the concentration
decreased. (It should be noted here that the diffusion peak
appeared because of a change in D. If photoexcitation did
not lead to a change in D, a signal should not appear.) In
other words, the photoexcitation of AUREO1-LOV yielded
the blue-shifted species (LOV390) at any concentration, but
at a high concentration, some fractions of the photoexcited
species did not undergo a conformational change. The
concentration dependence of the equilibrium suggests that
an oligomer is involved in this phenomenon. In the previous
section, we showed that the reactant is the monomer on the
basis of the D value. Hence, the concentration dependence
of the signal suggests that the dimer form exists, particularly
at high concentration, and that it is not reactive.

The concentration dependence of the reaction rate was
determined next by taking into account the concentration-
dependent fraction of the reactive species. For this purpose,
the TG signal was measured at various concentrations over
a shorter time range (i.e., at a larger q2 of 1.8 � 1011 m�2).
The signals were analyzed using Eq. 3. The concentration
dependence of the rate constant is shown in Fig. 2 b. The
linear relationship of k versus concentration indicates that
dimerization of the monomer is the main origin of the
change in D. We measured the TG signal at a sufficiently
weak power. The signal shape did not change by further
decreasing the laser intensity. Hence, we consider that one
monomer unit was excited to yield the dimer.

Size-exclusion chromatography measurements

To confirm that an equilibrium exists between the monomer
and dimer using an independent method, the concentration
dependence of the elution profile from SEC was examined.
Fig. 3 a shows the elution profile of AUREO1-LOVat 296 K
Biophysical Journal 100(11) 2801–2809
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lated based on a two-state model (Eqs. 1 and 3) is shown as a solid line. (b)

Dependence of the diffusion signal of AUREO1-ZL (dotted line) on grating

wavenumber (q) measured at, from left to right, 72, 12, 3.9, 1.7, and 1.2 �
1010 m�2. The solid line is the line of best fit, calculated based on a two-

state model (Eqs. 1 and 3), which overlaps well with the observed signals.
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at a concentration of 175 mM. At this low concentration, the
elution profile showed primarily a single peak. (Sometimes,
tails appeared. We consider that the tailing of the SEC signal
could be slightly decomposed fragments of the protein.
Although we tried to purify the protein, it was difficult to
avoid a small amount of contamination. However, we think
such fragments do not undergo the photochemical reaction,
since we observed only one diffusion coefficient of the reac-
tant, which is reasonable for this protein. Therefore, this
contamination should not affect the obtained results.) The
molecular mass calculated from the peak position by using
a calibration curve was 22.2 kDa (Fig. 3 c), which is fairly
close to that of the monomer (17.8 kDa). When the initial
concentration was increased from 175 to 350 mM, the
peak shifted to an earlier elution volume. The molecular
mass calculated from this peak (35.6 kDa) was close to
that of a dimer, indicating a shift of distribution from mono-
mer to dimer as the concentration increased. It should be
noted here that the elution profile consisted of a single
peak. If equilibration of the monomer and dimer is slow
compared with the elution time (~15 min), two peaks corre-
sponding to the monomer and the dimer would be expected.
The observation of a single peak that depended on the
concentration indicated that the monomer and dimer
achieve equilibrium within the elution time.

The elution profile was also measured under light irradi-
ation. The elution peak shifted to 38.5 kDa, which is
consistent with that of the dimer (35.6 kDa). Therefore,
SEC confirmed that an equilibrium exists between the
monomer and dimer, and that the monomer is transformed
into the dimer upon irradiation with blue light. It is impor-
tant to stress that although SEC is a well established
technique for the measurement of protein mass, the TG
technique has many merits over SEC. For example, the
TG method is more sensitive than SEC, because only the
photoexcited species contribute to the signal, whereas all
species (including unexcited ones) contribute to the SEC
elution profile. In addition, the TG method is time-resolved,
providing information on reaction intermediates and
kinetics.
Photoreaction of AUREO1-ZL

The photoreaction of AUREO1-ZL was investigated next. A
typical TG signal measured at a concentration of 250 mM
and grating wavenumber of q2 ¼ 3.8 � 1011 m�2 is shown
in Fig. 4 a. The essential features were quite similar to those
observed for AUREO1-LOV. The signal decayed initially
and then showed two rise-decay profiles before completely
decaying to the baseline. The assignment of the initial
phases is the same as that described in the previous section;
i.e., the initial decay-rise-decay component is caused by
adduct formation and the thermal grating signal. The subse-
quent rise-decay curve is from the protein diffusion signal,
indicating that DP and DR differ. The signal intensity
Biophysical Journal 100(11) 2801–2809
increased as the observation time window increased
(Fig. 4 b). Using the criteria mentioned in the Reaction
kinetics section above, we concluded that D changes within
the time window of 150–160 ms. However, in contrast to
AUREO1-LOV, in which a single-exponential decay profile
was observed in the short time range, the TG signal of
AUREO1-ZL showed a rise-decay profile over the same
time range. This implies that there is a fast change in D,
i.e., DI is different from DR. Analyzing the TG signals
measured at various q2 using the method described above,
we determined DR, DI, DP, and the reaction time constant
to be 7.3, 6.9, 3.5 � 10�11 m2/s, and 160 ms, respectively.

It is interesting to note that the DR of AUREO1-ZL is
much smaller than DR of AUREO1-LOV, and is even
smaller than the dimer of AUREO1-LOV (DP). The molec-
ular mass of AUREO1-ZL is 1.5 times greater than that of
AUREO1-LOV. If the Stokes-Einstein relation holds, D is
inversely proportional to the cubic root of the molecular
mass. Hence, the DR of AUREO1-ZL cannot be explained
only by the difference in molecular mass. On the other
hand, this value is reasonable for the dimer of AUREO1-
ZL. Hence, we consider that AUREO1-ZL exists as a dimer
in the dark. This conclusion was confirmed by SEC
measurements, as described below.
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Although the time profile of the TG signal of AUREO1-
ZL is similar to that of AUREO1-LOV, a significant differ-
ence was noted in the concentration dependence. In contrast
to the significant dependence of the intensity and kinetics
of AUREO1-LOV on concentration, the TG signal of
AUREO1-ZL did not show any concentration dependence
(data not shown). This feature indicates that the origin of
the change in D is intramolecular, i.e., it is a conformational
change.

This assignment was confirmed using SEC measure-
ments. Fig. 3 b shows the elution profile of AUREO1-ZL,
which consisted of a single peak. By plotting the peak
positions on the calibration curve (Fig. 3 c), an apparent
molecular mass of 65.1 kDa was determined, which is
consistent with the molecular mass of the dimer of
AUREO1-ZL (54.6 kDa). The elution profile under light
irradiation was also measured. The position of the peak
did not change, but the elution profile distorted slightly.
This distortion probably reflects a conformational change
in the protein.

To investigate changes in the secondary structure of the
proteins, CD spectra of AUREO1-LOV and AUREO1-ZL
were measure under dark and light conditions (Fig. 5).
The CD spectra were almost identical, indicating that the
change in the amount of the secondary structural is rather
minor and therefore is not detected by CD. This indicates
that measurement of D using the TG method is a very sensi-
tive approach to detect conformational changes that are not
identified by CD. This technique can detect a conformational
change retaining the secondary structure.
DISCUSSION

AUREO was identified as a transcription factor activated by
blue light for controlling branch development in Vaucheria
frigida. For this biological function, the protein consists of
light-sensing (LOV) and functional (bZIP) domains. To
understand the molecular mechanism of this function, it is
essential to reveal the reaction mechanism of AUREO. As
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FIGURE 5 CD spectra of AUREO1-ZL in the dark (dotted line) and

under light illumination (solid line).
described in the above sections, the LOV domain of
AUREO1 exists in equilibrium between the monomer and
dimer forms, and the intermolecular interaction between
the LOV domains increased upon irradiation with light.
According to the change in D, the change in conformation
accompanied by adduct formation is small, although the
adduct formation certainly leads to some conformational
change. The driving force for changing the interprotein
interaction should be the minor conformational change or
changes in protein dynamics (e.g., fluctuation), which
should not change the time-averaged structure.

On the other hand, AUREO1-ZL exists predominantly as
a dimer, indicating that the bZIP domain is the dimerization
site. Indeed, bZIP domains are known as a protein dimeriza-
tion domain found in many eukaryotic enhancer-type
transcription factors (46–54). Because the photoreaction of
the LOV domain does not change D, the observed confor-
mational change that induces a change in D should be
located in an area of the bZIP domain. The bZIP domain
does not have a photosensitive chromophore, so the confor-
mational change of the bZIP domain should be induced by
photoreaction of the LOV domain. Considering the fact
that LOV-LOV interaction increases upon photoexcitation,
we speculate that changes in the relative location of the
bZIP domain in the dimer form are induced by the relative
locations of the LOV domains in the dimer form of
AUREO1-ZL. A possible simplified picture of the reaction
scheme is depicted in Fig. 6. (As described in the section
Concentration dependence of the TG signal and assignment
of diffusion change, only one monomer unit was excited in
the dimer.) This scissor model proposes that the activity of
the bZIP domain is controlled by the distance between the
LOV domains. This model should be examined further,
probably after determination of the structure of AUREO.
For example, although we did not monitor the distance
between the LOV domains in this study, it may be possible
to detect the distance change by using the Förster resonance
energy transfer method.

The photoreaction of AUREO1-LOV was compared with
that of a typical LOV domain of phototropins (phot1LOV2).
It was reported in a previous study that phot1LOV2 exists in
equilibrium between the monomer and dimer, and that the
dimer (or monomer) exhibits the dissociation reaction (or
dimerization reaction) upon irradiation with blue light
(34). It was proposed in that article that this dissociation
reaction is related to a conformational change of the linker
region for the phot1LOV2-linker sample. In the case of the
AUREO proteins, the dimerization reaction is dominant for
the AUREO1-LOV domain.

Another interesting feature of the photoreaction of
AUREO1 is the relatively large change in diffusion of the
product compared with that of the reactant for AUREO1-
ZL (DR/DP ¼ 2.1). It is considered that this change reflects
a change in the hydrogen-bonding network around the bZIP
domain. This change must be related to the biological
Biophysical Journal 100(11) 2801–2809



FIGURE 6 Schematic illustration of the photo-

reaction of AUREO1-ZL. By increasing the

affinity of the LOV domains of the dimer unit

upon blue light illumination, D changes with

a time constant of 160 ms. This change may reflect

the exposure of the hydrophilic region in the bZIP

domain (gray rectangles).
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function; i.e., changing the AUREO1-DNA interaction upon
illumination with light. It is known that the bZIP domain
and DNA interact mainly through hydrogen bonding (55).
Thus, this change could play a role in controlling the biolog-
ical function. If the scissor model is correct, it is possible
that the distance between the binding sites of bZIP domains
directed by this conformational change in AUREO1
controls the interaction between AUREO1-ZL and DNA.
CONCLUSIONS

The photochemical reaction dynamics of the conforma-
tional changes and monomer/dimer equilibria of aureo-
chrome were determined here for the first time that we
know of. Both AUREO1-LOV and AUREO1-ZL exhibited
reaction kinetics consistent with typical adduct formation
of the LOV domains. After this reaction, a further reaction
phase manifested itself as a change in diffusion in the milli-
second time range. Concentration dependence experiments
revealed that the main reactions of these proteins differ.
AUREO1-LOV exists in a monomer-dimer equilibrium in
the dark. Upon photoexcitation of the monomer, dimeriza-
tion takes place, indicating that exposure to blue light
controls the interprotein interaction. On the other hand,
AUREO1-ZL exists as the dimer in the dark, and exhibits
an intraprotein conformational change in the bZIP domain
with a time constant of 160 ms. This conformational change
is probably induced by blue-light-activated interprotein
interactions. SEC measurements supported the results ob-
tained from TG measurements. This is, to our knowledge,
the first suggested model on the photoreaction mechanism
of AUREO1.
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