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ABSTRACT: The spectrally silent photoreaction of a blue light sensor protein YcgF, composed of the
N-terminal BLUF domain and the C-terminal EAL domain, was investigated by the time-resolved transient
grating method. Comparing photoinduced reactions of full-length YcgF with that of the BLUF-linker
construct, it was found that a major conformation change after photoinduced dimerization is predominantly
localized on the EAL domain. Furthermore, the photoinduced conformational change displayed significant
temperature dependence. This result is explained by an equilibrium of reactive and nonreactive YcgF species,
with the population of photoreactive species decreasing as the temperature is lowered in the dark state. We
consider that the dimer form is the nonreactive species and it is the dominant species at lower temperatures.
The temperature sensitivity of the photoreaction of YcgF suggests that this protein could have a biological
function as a temperature sensor as well as behaving as a light sensor.

Sensor proteins in organisms perform the essential role of
detecting external environmental conditions that is vital for their
survival. External stimuli induce changes in conformation,
aggregation state, and/or intermolecular interaction of sensor
proteins. These changes are communicated to a downstream
domain or protein partner triggering a biological response. In
order to understand the molecular mechanism of a biological
response, it is essential to reveal the involved reaction scheme.
Furthermore, it could be possible that clarification of the reaction
scheme involved in sensor protein responses may allow discovery
of other functions of these proteins. In this study, we have
investigated the photochemical reaction of a light sensor protein
YcgF at the molecular level. The reaction scheme of YcgF is
presented. Interestingly, the reaction exhibits a significant tem-
perature dependence suggesting that YcgF also has a role as a
temperature sensor.

The YcgF protein from Escherichia coli is composed of an
N-terminal BLUF1 [sensors of blue light using FAD (flavin
adenine dinucleotide)] domain and a C-terminal EAL domain,
which contains an abundance of the amino acids glutamate (E),
alanine (A), and leucine (L) (1, 2). The BLUF domain contains
about 100 amino acid residues with sequence similarity and acts

as a blue light receptor. BLUF domains are widespread among
prokaryotic and eukaryotic microorganisms; e.g., AppA, PAC,
SyPixD, TePixD, and BlrB (3-12). The EAL domain has been
shown to hydrolyze cyclic diguanosine monophosphate (c-di-
GMP), which is a regulatory signaling molecule for various
biological events (1). Recently, it was reported that YcgF could
not be involved in c-di-GMP metabolism but acts by direct
protein-protein interaction with the MerR-like repressor YcgE
to release it from its operator DNA in a blue light-dependent
manner (13).

It has been shown that the photochemistry of BLUF domains
has a common feature; i.e., signaling state formation is accom-
panied by a red shift of the UV-visible absorption spectrum
caused by hydrogen bond rearrangement around FAD (5, 7, 9,
11, 14-19). Since YcgF shows a similar spectral shift, the local
change in hydrogen bonding should be the initial step of
signal transduction (1, 20). The subsequent reaction has not been
determined using UV-visible light absorption detection
(a half-decay time of red-shifted species is about 2 min for YcgF).
We have elucidated the subsequent chemistry of YcgF by
monitoring changes in the volume and diffusion coefficient
(D) (21). It was found that the structural change (13 μs) and
following protein-protein association reaction (2 ms at a protein
concentration of 700 μM) are induced by the photoexcitation of
YcgF. The dimerization reaction induced significant conforma-
tional change that affects the diffusion process (diffusion-sensi-
tive conformation change (DSCC)). Interestingly, the linkage
between BLUF and EAL domains is predicted to involve a
predominantly helical segment (called a J-helix). Recent NMR
measurements showed that photoinduced conformational
changes occur within a construct of BLUF and linker do-
mains (22). Therefore, information of the local change around
FAD is transmitted to the EAL region through either the linker
or the interaction between the BLUF domain and linker. These
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interactions and reactions should have a crucial role in regulating
the activity of the EAL domain and hence should be essential for
their signal transduction.

However, the reaction scheme remains unclear; e.g., which
domain, BLUF or EAL, is responsible for the conformational
change? To elucidate the reaction scheme in more detail, we
investigated the reaction dynamics of the C-terminal truncated
construct, which includes only BLUF and linker regions, by
transient grating (TG) measurement. The observed TG signals
showed only minor volume change with a time constant of
30 μs, and diffusion signals were not detected. This indicates
that the photoinduced dimerization process does not occur in the
BLUF-linker construct.

Furthermore, we found a drastic temperature effect on the
photoinduced dimerization; the TG signal intensity that repre-
sents diffusion change strongly depends on the temperature. This
result indicates that reactive and nonreactive YcgF species exist
and the population of photoactive species decreases as the
temperature is decreased in the dark state. The temperature
dependence of the gel chromatography elution profile under dark
conditions shows that the dimer dominates at lower tempera-
tures. This indicates that the dimer form does not undergo
further association reactions upon photoexcitation. On the basis
of the temperature sensitivity of the reaction, we propose that
YcgF may behave like both a photosensor and a temperature
sensor.

MATERIALS AND METHODS

Preparation of Recombinant BLUF Polypeptides. The
YcgF and BLUF-linker construct (1-148) expressed in E. coli
was prepared using the same method described previously (20).
The protein was purified using a His-Bind resin (Novagen) and
dialyzed against a buffer containing 2 mM NaCl, 2 mM MgCl2,
and 20 mM Tris-HCl (pH 8.0). The purified protein was stored
at-80 �Cuntil use. Protein concentrationswere determined from
the absorbance at 450 nm using the absorption coefficient of
FAD (11.3 mM-1 cm-1).
TGMeasurement.The experimental setup for the TG experi-

ments was similar to that previously reported (21, 23-31). In
the TG experiments, a laser beam from a XeCl excimer laser-
pumped dye laser (Lambda Physik Compex 102xc, Lumonics
HyperDye 300; λ=465 nm) was split into two by a beam splitter
and crossed inside a quartz sample cell (optical path length =
2 mm). The refractive index modulation (transient grating)
created in the sample was probed by a diode laser (835 nm) as
a Bragg diffracted signal (TG signal). The TG signal was detected
by a photomultiplier tube (Hamamatsu R-928) and fed into a
digital oscilloscope (Tektronix TDS-5054). The TG signal was
averaged by a microcomputer to improve the signal-to-noise
(S/N) ratio. The grating wavenumber (q) was varied by changing
the crossing angle of the excitation beam. The repetition rate of
the excitation beam was set at 0.01 Hz, and the solution was
stirred after every shot of the excitation pulse for the TG
experiments to avoid excitation of the photoproduct. The
repetition rate was set as low as possible, particularly for low
temperature measurements. Principles and theory are described
in Supporting Information.
Size-Exclusion Chromatography. For size-exclusion chro-

matography, Superdex 200 5/150GL (GEHealthcare, Germany)
equilibrated with buffer [20 mMTris-HCl (pH 8.0), 2 mMNaCl,
and 2 mM MgCl2] was used. At a flow rate of 0.5 mL min-1 the
elution profile was calibrated with glutamate dehydrogenase

(290 kDa), lactate dehydrogenase (142 kDa), enolase (67 kDa),
myokinase (32 kDa), and cytochrome c (12.4 kDa). The tem-
perature dependence of the elution profile was measured at 278
and 293 K. Elution profiles were monitored with an AKTA
purifier system (GE Healthcare) by detecting the absorption at
280 nm. Chromatography experiments were carried out in the
dark. Calibrations were performed at each temperature before
measurement of the YcgF solution.

RESULTS

The Photoreaction of YcgF. Before describing the tempera-
ture dependence of the YcgF photoreaction, the reaction scheme
of YcgF upon photoexcitation should be clarified. To clarify the
photochemical reaction ofYcgF, the features of the TG signals of
YcgF and the C-terminal truncated YcgF construct (BLUF-
linker) at 293 K are examined initially. The TG signal after
photoexcitation of intact YcgF initially decayed in the submi-
crosecond time range and showed two rise-decay components
(Figure 1a). The temporal profile of the signal was analyzed
in detail previously (21). The initial decay component and the
subsequent weak decay component with a time constant of
13 μs were assigned to a thermal grating and to a volume grating
reflecting the conformational change of the protein, respectively.

FIGURE 1: (a) A typical TG signal (broken line) of YcgF after
photoexcitation in 20 mM Tris-HCl, 2 mM NaCl, and 2 mM
MgCl2 (pH 8.0) buffer at a concentration of 700 μM, q2 = 3.3 �
1012 m-2 at 293 K. The fitting curve based on the time-dependent D
model (Supporting Information eq S-2) is shown as a smooth solid
line. (b) A typical TG signal (broken line) of the BLUF-linker
sample after photoexcitation in the same buffer at a concentration of
70 μM, q2=3.6� 1012 m-2 at 293 K. The fitting curve based on
biexponential function (eq 1) is shown as a solid line. The volume
grating component is magnified in the inset plot with a linear time
scale.
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The magnitude of the volume change was calculated from the
amplitudes of refractive index change δnv to be þ3.5 ( 1.5
mL/mol. The most notable feature of the TG signal was the
strong rise-decay component that represents protein diffusion.
We found that D was time dependent, and the temporal profile
was analyzed by a model of the time-dependent D (Supporting
Information eq S-2).D decreased fromDR= (8.3( 0.2)� 10-11

m2/s to DP = (3.8 ( 0.2) � 10-11 m2/s with a time constant of
2 ms at a concentration of 700 μM at 293 K. By comparing DR

with other proteins, we found that the reactant existed as
a monomer. From the concentration dependence of the reac-
tion rate, we concluded that the reaction is the dimerization of
YcgF:

2M sf
hv

M�þM f DI� ðAÞ
where M is the monomer of YcgF, M* is the photoexcited
monomer, and DI* is the dimer that contains one excited M.

The observed decrease in D upon dimer formation has two
origins. First, the molecular volume increased by a factor of 2
upon dimerization leading to an increase in the molecular
radius by a factor of 21/3=1.26. Hence, if the Stokes-Einstein
relationship holds, one expects D to decrease by 1.26. Here, we
assumed that the effect of molecular shape change is negligibly
small. This assumption is reasonable, because even if a molecule
has an elongated shape with a ratio of a/b= 2 (a semimajor axis
a and a minor axis b), D will decrease only a factor of 0.97
compared to that of a spherical molecule with the same volume,
according to Perrin’s equation (32, 33). This factor is too small to
explain the observed change (DR/DP = 2.2). There must be
another contribution to the decrease in D: a conformational
change in the protein leading to an enhanced interaction between
solvent and protein (DSCC).

Here, it should be essential to answer a question: which part of
YcgF causes the increase in the intermolecular interaction? To
further understand the photoreaction of YcgF, a C-terminally
truncated YcgF [BLUF-linker sample (M1-D148)], which con-
tains the BLUFdomain and the entire linker region except for the
EAL domain (P145-K403), was investigated. This linker region
is predicted to form a predominantly helical structure (22). A
typical example of the observed TG signal of the BLUF-linker
at a concentration of 70 μMand grating wavenumber of q2= 3.8
� 1012 m-2 is shown in Figure 1b. The temporal profile was
similar to that of YcgF until the submillisecond time range, but
after this it was quite different. The signal decayed to the baseline
and showed a single weak rise-decay profile without any diffusion
peak. Since the first decay rate agreed with Dthq

2 (Dth is the
thermal diffusivity), the component was assigned to a thermal
grating. The observed signal was expressed by the square of the
biexponential function:

ITGðtÞ ¼ Rfδnth expð-Dthq
2tÞ þ δnv0 expð-kv0 tÞg2 ð1Þ

where δnv0(>0) is the amplitude and kv0 is the rate constant of the
species grating signal after the thermal grating signal. The lifetime
of the second decay kv0

-1 was determined to be 30 μs. Since the
rate of this decay was independent of q2, this component was
attributed to the volume grating. Although similar dynamics
were also observed for YcgF, the time constants were different
(13 μs for YcgF and 30 μs for the BLUF-linker). The difference
in these time constants indicated that the presence of the EAL
domain affects this dynamic. Therefore, the initial conforma-
tional change of the kv phase of YcgF does not occur solely

around the chromophore in the BLUFdomain; the EAL domain
is also involved. The volume changewas determined to beþ0.9(
0.3 mL/mol. This is smaller than the value detected for YcgF
(þ3.5 ( 1.5 mL/mol), providing further evidence that the EAL
domain also undergoes conformational change upon photoexci-
tation of YcgF.

The most significant observation was that the diffusion peak
was not observed for the BLUF-linker construct (Figure 1b).
This result indicates that D does not change upon the photo-
excitation of the BLUF-linker, i.e., no dimer formation and no
conformational change. Here we should note that the BLUF-
linker is known to exist as a dimer in solution before photo-
excitation, whereas intact YcgF exists as a monomer (1, 21). On
the basis of these facts, it is reasonable to consider that the
dimerization site is the BLUF domain and this site is intermo-
lecularly blocked by the dimer formation for the BLUF-linker
sample. This blockingmay be a cause of the lack of photoinduced
dimerization reaction. On the other hand, for intact YcgF, the
dimerization site is masked intramolecularly by the EAL domain
so that it exists as a monomer in the dark. Upon photoexcitation
of YcgF, the dimerization site is exposed, leading to dimer
formation and subsequent DSCC. This suggests that the BLUF
domain is the dimerization site for the BLUF-linker in the dark
state and also for YcgF in the photoexcited state. In fact, it has
been reported that many short BLUF proteins form oligomers;
e.g., SyPixD andTePixD formdecamers in crystals, andBlrB and
AppA-BLUF form dimers (10, 12, 16, 17). These facts suggest
BLUF domains have a tendency to form oligomers due to strong
intermolecular interactions. Previously, FTIR measurements
were reported to show a change in the amide1 band for YcgF
but not for the BLUF-linker construct (20). This indicates that
the conformational change detected for YcgF that occurs in the
EAL region is mainly triggered by dimerization. (It could be
possible that the reaction of the BLUF domain without the EAL
domain is different from that of the full-length protein. However,
in this YcgF case, since the isolated BLUF domain showed the
same spectral change with that of the intact protein and the
volume change was also observed, we consider that the reaction
of the BLUF domain is the same as that of the BLUF domain of
the native protein.)

The initial conformation change exhibited as the volume
changes occurs for both intact YcgF and the BLUF-linker
sample. This common feature suggests that the BLUF-linker
domain is mainly responsible for this change. Recently, NMR
spectroscopy showed that the helix of the linker region is in
contact with the BLUF core in the dark-adapted state, but this
interaction is reduced in the light-adapted state for BlrB and
Blrp1 (34, 35). We suggest that the reaction with a time
constant of 30 μs represents the dissociation process of the
helix from the BLUF domain. However, since the rate and
amplitude of the volume change associated with this reaction
were different between BLUF-linker and YcgF, the EAL
region is involved in this reaction. Therefore, upon the
absorption of blue light, the change in the hydrogen-bonding
network around FAD causes a change in the interdomain
interaction between the BLUF and linker regions and results
in the dissociation of the EAL domain from the BLUF core
with a time constant of 13 μs. Consequently, intermolecular
association takes place upon exposing the interaction site of
the BLUF domain, resulting in a conformational change in the
EAL region, which enhances the intermolecular interaction
with solvents.
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A conformational change that can alter interprotein interac-
tions should be important for the signaling state formation of
sensor proteins. This DSCC could be an essential process for the
creation of the signaling state. Recently, it was reported that
YcgF directly interacts with the MerR-like repressor YcgE and,
in a blue light-dependent manner, releases it from the DNA,
where YcgE specifically binds to the YcgZ promoter (13). The
release was considered to be caused by an increase in the affinity
of YcgF for YcgE upon blue light irradiation. Our results show
that the intermolecular interaction of YcgF changes upon
photoexcitation; it may be this change that results in the release
of YcgE from its operator site.
Temperature-Sensitive Photochemistry of YcgF. In this

study the most significant observation is that the photochemical
reaction of YcgF is highly temperature dependent. Panels a and b
of Figure 2 show the TG signals representing the molecular
diffusion of YcgF at a range of temperatures between 283 and
308 K at q2=7.0�1010 m-2 at 700 μM. As the temperature is
decreased, the signal profile changes drastically. The peak time of
the diffusion signal shifts to a longer time range as the tempera-
ture decreases. Over a temperature range of 283-308K, themost
obvious change was a decrease in the diffusion peak intensity as
the temperature was lowered. Below 298 K further temperature
decreases resulted in a new rise-decay component at a longer time
range which gradually increased in intensity. The origin of these
temperature-dependent features should be understood consis-
tently.

The reason for the small shift of the TG signal to a longer time
range at lower temperatures is obvious. As the viscosity of the
solution increases with decreasing temperature, the diffusion rate
should slow. In fact, using the D of the monomer and dimer
(corrected for the viscosity and temperature based on the
Stokes-Einstein relation), the observed TG signals can be
accurately reproduced as shown below.

We next consider the origin of the decrease in the diffusion
peak intensity in the temperature range of 308-283 K. The
diffusion peak in the subsecond time range appears because D
changes upon photoreaction. To explain the decrease in the
diffusion peak intensity at decreasing temperatures, there are two
possibilities. First, if the dimerization rate slowed with decreasing
temperature so that the rate became close to the protein diffusion
time at this q2, the dimer formation kinetics would overlap with
the diffusion kinetics and the diffusion peak would weaken. We
examined this possibility by considering the temporal profile. If
the dimer formation kinetics are comparable to the diffusion
signal, the temporal profile of the signal should not be repro-
duced by the biexponential function, but the time-dependent
Dmodel (Supporting Information eq S-2) should instead be used.
However, the excellent agreement of the calculated signal using a
biexponential function (Supporting Information eq S-1) to the
observed signal indicates that dimer formation was completed
before the diffusion signal appeared. Therefore, we excluded this
first possibility.

The second possibility is that if reactive and nonreactive
species exist in equilibrium and the equilibrium constant depends
on the temperature, the signal intensity of the diffusion peak
should be temperature dependent. Here it should be noted that if
photoexcitation does not lead to any change in D, the signal
should not appear.What are the reactive and nonreactive species
of this possible mechanism? The photoreaction of YcgF involves
a conformational change caused by dimerization. It is plausible
that if a dimer of YcgF already exists before photoexcitation

(i.e., in the dark), photoinduced dimerization may be prevented.
Hence, let us assume that the nonreactive species is a dimer of
YcgF, and the dimer andmonomer are in equilibrium in the dark.
Later, this equilibrium was examined by size-exclusion chroma-
tography and was found to be a plausible explanation for the
variation in intensity of the diffusion peak.

What will happen if we photoexcite the dimer? If the D of the
dimer that consists of two ground state monomers (DI) is
different from that of the dimer with one photoexcited monomer
(DI*), the difference should appear in the TG signal. We suggest
that the new peak which appeared at low temperature represents
this component. The presence of a monomer-dimer equilibrium
is supported by a quantitative analysis of the TG profile as
follows. Below 288 K (Figure 2b), a new component became
apparent at a longer time range. Since the time range of the signal
depends on q2, the observed signals representmolecular diffusion
processes. The diffusion signal was expressed by the equation:

ITGðtÞ ¼ Rf-δnR expð-DRq
2tÞ þ δnP expð-DPq

2tÞ
þ δn3 expð-D3q

2tÞg2 ð2Þ
whereD3 is a diffusion coefficient of the new species (DR>DP>
D3) at low temperature and δn3 is the initial refractive index
change of this component. To reproduce the TG signal, δn3
should be a negative value. The negative sign of δn3 indicates that
these components represent the diffusion of the reactant. The
diffusion coefficients of each component were determined using
eq 2 (corrected for viscosity and temperature based on the
Stokes-Einstein relationship andD3=(3.4( 0.2)�10-11 m/s2 at
293 K). Since D3 is similar toDP, this component was attributed
to the dimer as a reactant (DI). Based on these results, a diffusion
coefficient change also occurred in the photoreaction of DI. The
change is minor, which suggests that the product of this reaction
(DI*) should have a similar conformation to that of DI.

DI sf
hv

DI� ðBÞ
Since the diffusion coefficient change of this reaction is very

small compared with that of reaction A, the signal intensity
should be very weak and easily masked by the strong signal of the
dimerization reaction above 293 K.

FIGURE 2: (a) Temperature dependence of the TG signal of YcgF
(broken lines) at a concentration of 700 μMand q2= 3.8� 1010 m-2

(red, 308 K; yellow, 303 K; green, 298 K; cyan, 293 K; blue, 288 K;
magenta, 283 K). (b) The signal intensities are enlarged to show the
weak part of the signals. The lines of best fit based on three diffusion
components (eq 2) are shown as solid lines.



2292 Biochemistry, Vol. 49, No. 10, 2010 Nakasone et al.

As confirmation of the above analysis, we determined that the
magnitude of δn of the product (δnP) was independent of
temperature. This is consistent with the above mechanism
because the total amount of the product DI* should be tempera-
ture independent.
Dimer-Monomer Equilibrium. In order to observe the

monomer-dimer equilibrium by an independent method, we
measured the elution profiles of YcgF by size-exclusion chroma-
tography. Panels a and b of Figure 3 show the plots of the elution
peak position of YcgF to the calibration curve measured in the
dark at 278 and 293 K, respectively. At 278 K (Figure 3a), the
peak position depended slightly on the concentration. When
the YcgF concentration was increased from 40 to 400 μM, the
peak shifted to higher molecular mass (MW) (MW of YcgF is
47 kDa as a monomer). The apparent MW determined from a
plot on the calibration curve shifted from 119 to 122 kDa
by increasing the concentration. When the temperature was
increased from 278 to 293 K, the peak shifted to smaller MW,
and the peak became more sensitive to concentration. The
apparent MW shifted from 90 to 101 kDa as the concentration
was increased. This shift could be explained in terms of mono-
mer-dimer or dimer-trimer equilibrium.Although the observed
MWat the lower concentration (90 kDa) is larger than that of the
monomer, we consider that this shift reflects the mono-
mer-dimer equilibrium on the basis of the following reasons.
First, the D value of the reactant from the TG measurement is
consistent with that of the monomer as reported before (21).
Hence, the dominant reactive species should be the monomer.
Second, the elution behavior in SEC is dependent on hydro-
dynamic properties of the molecule, and the reported MW’s
determined by the SEC were sometimes larger than that of
expected values. The reason could be due to a fact that globular
proteins, which tend to be eluted faster than nonglobular

proteins, are usually selected as the maker proteins. In fact, a
paper on YtvA, which is a similar multidomain protein as YcgF,
showed 1.6 times larger molecular mass than expected (36). In
another example, the homopentamer of hemoporin eluted at the
same time or a little faster than a globular protein hemocyanin,
even though its molecular mass is smaller (37). Third, the MW
from the SECmeasurement did not depend on the concentration
so much at low temperature (278 K). This fact suggested one of
species in the equilibrium scheme is dominant at this temperature.
The value of this species (122 kDa) is smaller than that of the
trimer (141 kDa). Considering the above fact (MW’s from SEC
are sometimes larger than the true value(36, 37)), we attributed
this species to the dimer not the trimer. If this assignment is
correct, the species having a smaller MW should be attributed to
the monomer. Therefore, we concluded that the mono-
mer-dimer equilibrium exists in the dark state, although di-
mer-trimer equilibrium cannot be excluded completely.
However, the other experimental data shown in the previous
section and analyses presented below are consistent with the
assignment of the monomer-dimer equilibrium.

The elution profile consisted of a single peak (data not shown).
If the monomer and dimer exist as stable isomers without time to
equilibrate over the elution period, two peaks corresponding to
themonomer and the dimer should be observed.On the contrary,
if the equilibrium process is fast, an averaged molecular mass of
the two isomers is expected. Although it is difficult to estimate the
lower limit of the equilibrium rate for observing a single peak, the
single concentration-dependent peak indicated that themonomer
and the dimer form an equilibrium much faster than 15 min
(elution time).

From these observations, we conclude that there is a tempera-
ture-dependent equilibrium between the monomeric and dimeric
forms ofYcgF and only themonomer can undergo photoinduced
dimerization. Since the concentration at the detector position
could not be determined during the chromatography experi-
ment, the equilibrium constant could not be determined from the
peak position. However, since the TG signal should be expres-
sed by a superposition of reactions A and B by the biexponential
functions, the equilibrium could be investigated quantitatively
using the TG method at various temperatures (see Supporting
Information, S-2). The calculated fraction of the photoreaction
due to the monomer fM was plotted against temperature (Figure
4a). Figure 4b shows a plot of ln K vs temperature. From the
slope of the plot and the intercept with the ordinate, the
differences of the enthalpy ΔH and the entropy ΔS between
the monomer and dimer were determined to be 96( 9 kJ (mol of
dimer)-1 and 313 ( 28 J (mol of dimer K)-1, respectively.

It may be interesting to observe the light effect on their elution
profile. However, since the gels are white (highly light scattering)
and the half-decay time of the light adapted state (2 min) is much
shorter than the elution time, it was difficult to detect the signal
under the light condition. We will consider this type of experi-
ment in future.
Temperature-Dependent Volume Change. We also inves-

tigated the temperature dependence of the volume change
associated with the initial conformation change with a time
constant of 13 μs (ΔV1) and with the DSCC (ΔV2). The TG
signal and ΔV1 are presented in Supporting Information Figure
S-1. It clearly shows that the magnitude of ΔV1 is small and the
temperature dependence is minor. These results may indicate
that the temperature dependence of ΔV1 associated with reac-
tions A and B are similar. Since this process is considered to be a

FIGURE 3: Concentration dependence of the elution peak position of
YcgF at 40 and 400 μM (initial concentrations) at (a) 278 K and (b)
293 K. The column was equilibrated with buffer (20 mM Tris-HCl
(pH 8.0), 2 mMNaCl, and 2 mMMgCl2). The elution peak position
was plotted on the calibration curve by measuring the absorption at
280 nm. Filled squares and cross symbols indicate the position of the
elution peak for YcgF at each concentration and of the marker
proteins, respectively.Chromatography experimentswere carriedout
in the dark.
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conformational change in the BLUF domain, the similar trends
observed for reactions A and B are understandable.

In addition, the TG signals representing the volume change
associatedwith the dimerization processweremeasured, andΔV2

were calculated (Supporting Information Figure S-2). We found
that ΔV2 decreased with decreasing temperature. Since this
volume change originated from the dimerization process and
the dimer species cannot undergo further association upon
photoexcitation, this volume change mostly comes from the
reaction of monomeric species. Hence, we can estimate the
value of volume change per monomer by dividing the value of
the observed ΔV2 by the fraction of monomer in the initial state.
The temperature dependence of ΔV2 per monomer is shown in
Figure 5. We found that the volume change was sensitive to
temperature. From the slope of the plot, VΔRth for this reaction
was determined to be -0.40 ((0.06) cm3mol-1 K-1. Since the
thermal expansion coefficient is related to the cross-correlation of
the entropy and volume fluctuations (38, 39), this suggests that
the conformational fluctuation is suppressed by the dimerization
process. The difference of VΔRth between the folded and
unfolded metmyoglobin (metMb) was reported to be 2.4 cm3

mol-1 K-1 (40). In a dissociation process of the J-helix from the
LOV2 domain of Arabidopsis phot2, the change in VΔRth was
measured to beþ0.09 cm3mol-1K-1 (31). Comparingwith these
values, we consider that the suppression effect by the dimeriza-
tion of YcgF is relatively large.

DISCUSSION

On the basis of the experimental data obtained from TG
experiments, we propose the photoreaction scheme of YcgF. The
experimental findings we should particularly consider are as
follows:

(1) The monomer and dimer forms of YcgF are in a tempera-
ture-dependent equilibrium in the dark.

(2) Photoexcitation of the monomer leads to dimerization,
forming DI*. Before dimer formation of the photoexcited
monomer, the D change is negligible. Hence, changes in D are
mostly associated with the dimerization reaction.

(3) TheD of the ground state dimer (DI) is much smaller than
the D of the monomer but similar to that of DI*. This indicates
that dimerization induces the DSCC, which is consistent with the
above point.

(4) The small change inD upon reaction of the dimer indicates
that the change in dimer structure upon photoexcitation is small.
Furthermore, the D of the photoproduct from DI is the same as
that of the photoproduct from reaction of M. This implies that
the product is the same regardless of the reactants (monomer
or dimer).

(5) Since the BLUF-linker construct exists as a dimer in
solution in the dark and upon photoexcitation the BLUF-linker
does not undergo further association, the photoinduced dimeri-
zation site could be the same as that of the dimer in the dark and
is located in the BLUF domain. Also, the dimer of YcgF could
not undergo further association reactions upon photoexcitation.
This may indicate that the dimerization site in the dark-adapted
state is the same as that in the light-adapted state; i.e., YcgF
forms a dimer through BLUF-BLUF interactions.

(6) Photoexcitation of the BLUF-linker construct showed a
conformational change (a volume change over 30 μs), although
the magnitude of the change is smaller than that observed for
YcgF. This change was assigned as the dissociation of the J-helix
from the BLUF core. Similarly, in the case of YcgF, the EAL
domain also dissociates from the BLUF core upon light irradiation.

(7) We propose that the dimerization site is located in the
BLUF domain. However, intact YcgF can exists as a monomer.
Therefore, we consider that the EAL domain might prevent
dimerization in the dark. The interdomain interactions may use
the same surfaces of the BLUF domain for both BLUF-BLUF
and BLUF-EAL interactions. In the crystal structure of BlrB,
the dimer interface is made up of β-strands which are not
involved in the BLUF-linker interaction (11). Therefore, these
β-strands should contribute to the association of the BLUF and
EAL domains in YcgF. On the basis of these results, we propose
that dissociation of the linker leads to dissociation of the BLUF
and EAL domains, permitting the subsequent dimerization of
YcgF. We consider that the monomer-dimer equilibrium in the
dark indicates the equilibrium between the associated and dis-
sociated BLUF-linker species. The dissociated species can easily
form a dimer via interactions between exposed surface areas.

On the basis of these observations, we propose the reaction
scheme of YcgF shown in Figure 6.

Under in vitro experimental conditions, YcgF is photoexcited
to form the dimer (DI*). In this study, we used the YcgF sample

FIGURE 4: (a) Fraction of monomer determined from TG signals at
various temperatures. (b) Plot showing the equilibrium constant
versus the inverse of temperature.

FIGURE 5: Temperature dependenceof the volumechange associated
with dimerization per monomer determined from the TG signal at a
concentration of 700 μM (q2 = 1.6 � 1011 m-2).
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with a concentration of 700 μM, which could be higher than that
of the intracellular condition.However, in our previous paper, we
reported the dimerization rates at various concentrations (21).
According to the result, the dimeriazation rate is 20 ms even at a
concentration of 70 μM. Therefore, we believe this dimerization
reaction occurs even at a diluted condition and could be relevant
for in vivo function. Furthermore, under crowding condition such
as in the cell, the dimer formation is usually favorable
(unpublished work). We will further investigate the dimerization
reaction under the crowding condition.

On the basis of present experimental data and previous
reports, we suggest that photoinduced dissociation of the linker
region results in dissociation of the BLUF and EAL domains.
Consequently, YcgF dimerizes via a BLUF-BLUF interaction
through exposure of the intermolecular interaction site. More-
over, this dimerization process leads to further conformational
change in the EAL region which strengthens the solvent interac-
tion and thus decreases D significantly. Recently, a similar
oligomerization-dependent signal transduction mechanism was
reported for another BLUF protein SyPixD from Synechocystis.
In solution, SyPixD has been reported to exist as a trimer or a
tetramer(7) or a dimer (41), and it forms a decamer when it
interacts with PixE (the response regulator protein) in the
dark (41). This indicates that SyPixD needs to form the decamer
to interact with the effector protein PixE and this state is
stabilized by the complex formation with PixE. In the case of
TePixD, Tanaka et al. reported that the equilibrium between the
pentemeric state and decameric state exists in solution and the
photoexcitation of only the decameric form leads to a significant
conformational change (42). These observations indicate that the
oligomeric state is important in controlling the light signal
transduction. Therefore, it is reasonable to consider that the
dimeric form of YcgF and conformational change of the EAL
domain are essential for its affinity to YcgE and consequently
signal transduction.

Recently, Barends et al. reported the crystal structure of Blrp1,
a multidomain protein consisting of the N-terminal BLUF

domain and C-terminal EAL domain, and it forms a dimer in
the dark (43). Interestingly, in its dimer, the C-terminal helices of
the BLUF domains contact with the EAL domains of the other
monomers. Since the crystallization was performed at 277 K by
using a high-concentrated sample (19 mg mL-1 ∼ 400 μM), the
observed dimeric form is consistent with our results. However,
the interface of the dimeric structure is different from what we
expected for YcgF in this study; i.e., the dimer is formed by
the BLUF-BLUF interaction for YcgF. This difference may
reflect their different functions; Blrp1 has a c-di-GMP hydrolytic
activity without any interprotein interaction. We speculate that
Blrp1 forms such a compact dimer to enhance their efficiency via
the quaternary structure-mediated EAL activation (43). In the
case of YcgF, however, it might be better to form an open
structure to interact with the target protein YcgE.

An important observation here is that the temperature also
changes the protein intermolecular interactions (their oligomeric
states), which could be important for the biological response.
This observation leads to an interesting suggestion: YcgF not
only is a photosensor but also has a function as a temperature
sensor. Interestingly, Tschowri et al. showed that a low tempera-
ture (16 �C) alone can trigger YcgF-mediated relief of repression
byYcgE, which is further enhanced by blue light irradiation (13).
They found that YcgF and YcgE expressions are strongly
activated at low temperatures. Therefore, the overexpression of
YcgF can explain the increased relief of repression. In this study,
we found the possibility showing that the YcgF affinity
(interprotein interaction) for YcgE is increased by both lowering
temperature and light irradiation. It suggests that YcgF itself
plays a role of the thermometer as well as blue light sensor in a
molecular level. The temperature-sensitive YcgF affinity may be
responsible for a rapid response to a change of temperature. To
give a deeper insight, it is interesting to detect the interaction
between YcgF andYcgE directly by using the TGmethod, which
will be a future study.

Recently, on the basis of the temperature-dependent lifetime of
the light-adapted state of YcgF, it was suggested that YcgF could
possess a function as a thermometer (22). However, the rates of
most of chemical reactions depend on temperature so the
temperature-dependent lifetime does not necessarily mean
the protein behaves as a temperature sensor. We believe that
the temperature-dependent equilibrium of the reactive and non-
reactive species of YcgF is more conclusive evidence of YcgF
acting as a temperature sensor.

A similar temperature-dependent equilibrium was observed
for another class of blue light sensor proteins, a LOV protein,
phototropin, in which a single R-helix (JR) joins the photorecep-
tive LOV2 domain to a protein kinase effector domain. AnNMR
study and TG experiment found that blue light irradiation leads
to disruption of the J-helix of phot1 LOV2 against the outer face
of the central β-sheet of the LOV2 core, which should be an
essential step for the function (44-46). For this protein, it was
shown that there is an equilibrium between the photoreactive and
nonreactive forms in the dark state, and the equilibrium constant
is temperature dependent (47, 48). This example indicates that
other photosensor proteins could function as temperature
sensors as well as YcgF.

SUPPORTING INFORMATION AVAILABLE

Principles and theory of the measurements, analysis of
equilibrium between monomer and dimer, analysis of vol-
ume change, and temperature-dependent volume change. This

FIGURE 6: Schematic illustration of the photochemical reaction dyna-
mics of YcgF. The BLUF and EAL domains are connected by the
linker (R-helix). The monomer and dimer are in equilibrium in the
dark. After creation of the red-shifted species, the photoexcited
monomer changes conformation with a time constant of 13 μs at
293 K, indicated by the increase of the partial volume. With a time
constant of 2 ms at a concentration of 700 μM, two monomers
dimerize and the conformation changes, revealed by changes in the
diffusion coefficient.
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