L T

/

1\

=y

CrossMark
& click for updates

Transient conformational fluctuation of TePixD during

a reaction

Kunisato Kuroi?®, Koji Okajima®<, Masahiko Ikeuchi®, Satoru Tokutomi€, and Masahide Terazima®'

2Department of Chemistry, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan; ®Department of Life Sciences (Biology), Graduate School of
Arts and Sciences, University of Tokyo, Meguro, Tokyo 153-8902, Japan; and “Research Institute for Advanced Science and Technology, Department of
Biological Science, Graduate School of Science, Osaka Prefecture University, Sakai, Osaka 599-8531, Japan

Edited by Martin Gruebele, University of Illinois at Urbana-Champaign, Urbana, IL, and approved September 10, 2014 (received for review July 16, 2014)

Knowledge of the dynamical behavior of proteins, and in particular
their conformational fluctuations, is essential to understanding the
mechanisms underlying their reactions. Here, transient enhancement
of the isothermal partial molar compressibility, which is directly
related to the conformational fluctuation, during a chemical reaction
of a blue light sensor protein from the thermophilic cyanobacterium
Thermosynechococcus elongatus BP-1 (TePixD, TIl0078) was investi-
gated in a time-resolved manner. The UV-Vis absorption spectrum of
TePixD did not change with the application of high pressure. Con-
versely, the transient grating signal intensities representing the vol-
ume change depended significantly on the pressure. This result
implies that the compressibility changes during the reaction. From
the pressure dependence of the amplitude, the compressibility
change of two short-lived intermediate (I; and I,) states were deter-
mined to be +(5.6 + 0.6) x 10~2 cm3>mol~"-MPa~" for I, and +(6.6 +
0.7)x10~2 cm*mol~"-MPa~" for I,. This result showed that the struc-
tural fluctuation of intermediates was enhanced during the reaction.
To clarify the relationship between the fluctuation and the reac-
tion, the compressibility of multiply excited TePixD was investigated.
The isothermal compressibility of I; and I, intermediates of TePixD
showed a monotonic decrease with increasing excitation laser
power, and this tendency correlated with the reactivity of the pro-
tein. This result indicates that the TePixD decamer cannot react
when its structural fluctuation is small. We concluded that the
enhanced compressibility is an important factor for triggering the
reaction of TePixD. To our knowledge, this is the first report show-
ing enhanced fluctuations of intermediate species during a protein
reaction, supporting the importance of fluctuations.

roteins often transfer information through changes in domain—
domain (or intermolecular) interactions. Photosensor proteins
are an important example. They have light-sensing domains and
function by using the light-driven changes in domain—-domain in-
teractions (1). The sensor of blue light using FAD (BLUF) do-
main is a light-sensing module found widely among the bacterial
kingdom (2). The BLUF domain initiates its photoreaction by the
light excitation of the flavin moiety inside the protein, which
changes the domain—domain interaction, causing a quaternary
structural change and finally transmitting biological signals (3,
4). It has been an important research topic to elucidate how the
initial photochemistry occurring in the vicinity of the chromo-
phore leads to the subsequent large conformation change in
other domains, which are generally apart from the chromophore.
It may be reasonable to consider that the conformation change
in the BLUF domain is the driving force in its subsequent reac-
tion; that is, the change in domain—domain interaction. However,
sometimes, clear conformational changes have not been observed
for the BLUF domain; its conformation is very similar before
and after photo-excitation (5-13). The circular dichroism (CD)
spectra of BLUF proteins AppA and PixD from thermophilic
cyanobacterium Thermosynechococcus elongatus BP-1 (TePixD)
did not change on illumination (5, 13). Similarly, solution NMR
studies of AppA and BIrB showed only small chemical shifts on
excitation (9, 10). The solution NMR structure of BIrP1 showed
a clear change, but this was limited in its C-terminal extension
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region and not core BLUF (11). Furthermore, the diffusion co-
efficient (D) of the BLUF domain of YcgF was not changed by
photo-excitation (12), although D is sensitive to global confor-
mational changes. These results imply that a minor structural
change occurs in the BLUF domain. In such cases, how does the
BLUF domain control its interdomain interaction? Recently,
a molecular dynamics (MD) simulation on another light-sensing
domain, the light-oxygen-voltage (LOV) sensing domain, sug-
gested that fluctuation of the LOV core structure could be a key to
understanding the mechanism of information transfer (14-16).

Because proteins work at room temperature, they are exposed
to thermal fluctuations. The importance of such structural fluc-
tuations for biomolecular reactions has been also pointed out:
for example, enzymatic activity (17-20). Experimental detections
of such conformation fluctuations using single molecular detection
(21) or NMR techniques such as the hydrogen-deuterium (H-D)
exchange, relaxation dispersion method, and high-pressure NMR
(22-24) have succeeded. However, these techniques could not
detect the fluctuation of short-lived transient species. Indeed,
single molecule spectroscopy can trace the fluctuation in real time,
but it is still rather difficult to detect rapid fluctuations for a short-
lived intermediate during a reaction. Therefore, information about
the fluctuation of intermediates is thus far limited.

A thermodynamic measurement is another way to characterize
the fluctuation of proteins. In particular, the partial molar iso-
thermal compressibility [Ky =—(dV/dP);] is essential, because
this property is directly linked to the mean-square fluctuations
of the protein partial molar volume by ((V — (7))?) = (6V°) =
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ksTK7 (25). (Here, <X> means the averaged value of a quantity
of X.) Therefore, isothermal compressibility is thought to reflect
the structural fluctuation of molecules (26). However, experi-
mental measurement of this parameter of proteins in a dilute
solution is quite difficult. Indeed, this quantity has been deter-
mined indirectly from the theoretical equation using the adia-
batic compressibility of a protein solution, which was determined
by the sound velocity in the solution (26-31). Although the rela-
tion between volume fluctuations and isothermal compressibility is
rigorously correct only with respect to the intrinsic part of the
volume compressibility, and not the partial molar volume com-
pressibility (32), we considered that this partial molar volume
compressibility is still useful for characterizing the fluctuation of
the protein structure including its interacting water molecules. In
fact, the relationship between f; and the volume fluctuation has
been often used to discuss the fluctuation of proteins (17, 26-28),
and the strong correlation of §; of reactants with the functioning
for some enzymes (17, 33, 34) has been reported. These studies
show the functional importance of the structural fluctuation rep-
resented by ;. However, thermodynamic techniques lack time
resolution, and it has been impossible to measure the fluctua-
tions of short-lived intermediate species.

Recently, we developed a time-resolving method for assessing
thermodynamic properties using the pulsed laser induced tran-
sient grating (TG) method. Using this method, we thus far suc-
ceeded in measuring the enthalpy change (AH) (35-38), partial
molar volume change (AV) (12, 35, 37), thermal expansion change
(A@y) (12, 37), and heat capacity change (AC,) (36-38) for short-
lived species. Therefore, in principle, the partial molar isothermal
compressibility change (AK7) of a short-lived intermediate be-
come observable if we conduct the TG experiment under the high-
pressure condition and detect AV with varying external pressure.

There are several difficulties in applying the traditional high-
pressure cell to the TG method to measure thermodynamic
parameters quantitatively. The most serious problem is ensuring
the quantitative performance of the intensity of TG signals mea-
sured under the high-pressure condition. On this point, our group
has developed a new high-pressure cell specially designed for TG
spectroscopy (39) and overcome this problem. In this paper, by
applying this high-pressure TG system to the BLUF protein
TePixD, we report the first measurement, to our knowledge, of
AK7 of short-lived intermediates to investigate the mechanism
underlying signal transmission by BLUF proteins, from the view
point of the transient fluctuation.

TePixD is a homolog of the BLUF protein PixD, which regu-
lates the phototaxis of cyanobacterium (40) and exists in a ther-
mophilic cyanobacterium Thermocynechococcus elongates BP-1
(T110078). TePixD is a relatively small (17 kDa) protein that consists
only of the BLUF domain with two extended helices in the
C-terminal region. In crystals and solutions, it forms a decamer
that consists of two pentameric rings (41). The photochemistry of
TePixD is typical among BLUF proteins (42-45); on blue light
illumination, the absorption spectrum shifts toward red by about
10 nm within a nanosecond. The absorption spectrum does not
change further, and the dark state is recovered with a time con-
stant of ~5 s at room temperature (40, 43). The spectral red shift
was explained by the rearrangement of the hydrogen bond net-
work around the chromophore (6, 46-48). The TG method has
revealed the dynamic photoreaction mechanism, which cannot be
detected by conventional spectroscopic methods. The TG signal of
TePixD (Fig. S1) showed that there are two spectrally silent re-
action phases: a partial molar volume expansion with the time
constant of ~40 ps and the diffusion coefficient (D) change with
a time constant of ~4 ms. Furthermore, it was reported that the
pentamer and decamer states of TePixD are in equilibrium and
that the final photoproduct of the decamer is pentamers gener-
ated by its dissociation (13, 49). On the basis of these studies, the
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reaction scheme has been identified as shown in Fig. 1. Here, I; is
the intermediate of the spectrally red-shifted species (generated
within a nanosecond) and I, is the one created on the subsequent
volume expansion process of +4 cm®mol ™! (~40 ps). Furthermore,
an experiment of the excitation laser power dependence of its TG
signal revealed that the TePixD decamer undergoes the original
dissociation reaction when only one monomer in the decamer is
excited (50). In this study, we investigated the transient compress-
ibility of the intermediates I; and I, of the photoreaction of TePixD
and found a direct link between their fluctuation and reactivity.

Results

Reaction Detected by Absorption at High Pressures. Before mea-
suring changes in compressibility, we first investigated the effects
of pressure on the UV-Vis absorption spectra of TePixD in the
dark state (Fig. S2). Here, the spectrum was corrected to allow
for the increase in density (i.e., concentration) of the solution
owing to the increase in pressure (51). The absorption spectrum
of TePixD was almost independent of the pressure. In addition,
we checked the permanent pressure denaturation of TePixD by
comparing the CD spectrum before and after applying the high
pressure. The spectrum in a range of 200-250 nm recovered
completely after the pressurization of 200 MPa. These results
indicated that permanent pressure denaturation of TePixD did
not occur in this pressure range.

The effect of pressure on the photochemistry of TePixD was
investigated by the transient absorption (TA) method. The pres-
sure dependence of the TA spectrum measured at 10 ps after
excitation is shown in Fig. S3. Here, the intensities were cor-
rected using the absorbance change from the UV-Vis spectra at
the excitation wavelength (462 nm). It is clear that the spectrum
was not altered by pressure except for a slight decrease in am-
plitude. In addition, the time profiles of the TA signal of TePixD
were probed at 483 nm under various pressures (Fig. S4). The
amplitude of the signal decreased slightly at high pressures, and
the decay rate was increased. Because the TA spectrum was not
altered by pressure, this slight decrease in amplitude was attrib-
uted to the quantum yield change. The quantum yield change

equilibrium of pentamer and decamer

S
= spectral

dark
- ground state red shift
5 (< ns)
<8 |
p I, state
dissociation
of decamer AV = +4 cmPmol!
(4 ms)

volume expansion
(40 ps)

Fig. 1. Schematic illustration of the photoreaction of TePixD. Yellow circles
represent the TePixD monomer in the ground state, which constructs the
decamer and pentamer states. In the dark state, these two forms are in
equilibrium. The excited, spectral red-shifted state of the TePixD monomer is
indicated by a red circle. The square represents the I, state of the monomer,
which is created by the volume expansion process.
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Fig. 2. Typical TG signals of TePixD in the submillisecond time region, which
represents the volume expansion process from the intermediate I, to I,
recorded at every 25 MPa from 0.1 to 200 MPa (from Lower to Upper) with g* =
3.5 x 10" m™. Fitting curves based on the fitting function Eq. 1 are shown by
black solid lines. Pressures are indicated by the legend in the figure.

(as the relative parameter ¢/¢o; ¢o: the quantum yield at 0.1 MPa)
and the lifetime (7) of the dark recovery at various pressures were
plotted (Fig. S4 B and C). The acceleration of the dark recovery
and slight decrease in the quantum yield observed indicate the
pressure effect to the transition state of the reaction. The pressure
dependence of the rate is related with the activation volume along
the reaction coordinate, and this value is negative in this case. More
importantly for this study, we should point out that the pressure does
not affect the reaction scheme of TePixD. Hence, we can discuss the
fluctuation by measuring the volume change at various pressures.

Transient Fluctuation During the Reaction. We measured the TG
signal for TePixD under the high-pressure condition to inves-
tigate the fluctuation of its intermediates at a weak light inten-
sity, 1.02 + 0.02 mJ.cm™, which is weak enough to excite only
one monomer unit in the decamer (50). The time evolution of the
TG signal of TePixD after photo-excitation has been described
previously (49). Here, we briefly summarize its essential feature.
A typical TG signal at ¢> = 3.5 x 10'* m™ in a wide time range is
depicted in Fig. S1. The signal consists of the thermal grating
component (~1 ps), a volume expansion process (weak decay after
thermal diffusion; ~40 ps), and a peak of the molecular diffusion
signal (2-20 ms), which represents the diffusion coefficient
change. Analyzing the TG signal, we determined the reaction
scheme for TePixD (Fig. 1). In the present study, we applied high
pressure and measured the TG signal representing the volume
expansion process from an intermediate I; to I, (the amplified
signal shown in the Inset of Fig. S1) to detect their fluctuations.

Fig. 2 shows the pressure dependence of the TG signal of the
volume expansion process at ¢> = 3.5 x 10" m~2. It is clear that
the TG signal of TePixD depended significantly on the pressure,
in contrast to the results of UV-Vis and transient absorptions. As
shown in SI Text, the TG signal in a longer time range of Fig. 2
represents the protein diffusion signal, which has been analyzed
by a sum of three exponential functions (49). However, in this
study, we need only the amplitude of the volume grating signal and
not the time profiles of the diffusion. Hence, to reduce the ambi-
guity of the fitting, we analyzed the diffusion signal by expanding
the exponential function in the early time range and neglecting
higher-order terms of ¢ (SI Text). The resultant fitting function is
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Ir6(t) = a[ony, exp(—Dug*t) + dny exp(—kyt) +A + Bt| 2, [1]
Here, a is a proportional constant, the first term of Eq. 1 repre-
sents the thermal diffusion process (6n4; thermal grating, Dy;
diffusion coefficient of the heat), the second term represents the
volume expansion process (ény; amplitude of the volume grating,
ky; reaction rate of the volume change), and the last term (4+Bt)
represents the contribution of the molecular diffusion signal.
The TG signals at different pressures were fitted by Eq. 1, and
fitting curves are shown by the solid lines in Fig. 2. The fitting
curves almost perfectly reproduced the signal, and we could
uniquely determine the parameters.

From the pressure dependence of the amplitude of species
grating of I; and I, states, the pressure dependences of the
volume changes (AVH) for the I; and I, states were determined
by a method described in S/ Text and shown in Fig. 3, where
AI78_>6 for I; at 0.1 MPa was used as the reference value. We
fitted the data by the following quadratic function:

AVeoo(P) = AV, (0.1) + AK7P + (0AK7 /0P)P*,  [2]
where P is the pressure, AV4..(0.1) is the volume difference at
0.1 MPa, AK7 is the partial molar compress1b111ty change com-
pared with the ground state, and the last term is for the correc-
tion of the slight compressibility change by the pressure. From
this fitting, we determined each parameter for I; and I, as fol-
lows: AK7 = +(5.6 + 0. 6) 1072 cm®-mol ™" MPa (for 1;) and
AK7 = +(6.6 +0.7) x 107 cm®mol~"-MPa~" (for I,). Therefore,
using the relationship between the compre551b111ty and the vol-
ume fluctuation [i.e., A((V = (V))?)=kgTAK7], the volume
fluctuation change from the ground state to the excited state
[A(V = (7)) = (V)] was obtalned to be 140 + 20 (cm*mol™")?
for I; and 160 + 20 (cm®>mol™")? for I,. (Here mol means the
number of excited monomers. ) This result showed that the par-
tial molar volume fluctuation of the short-lived intermediate
states is larger than that of the ground state.

Compressibility of Multiexcited Species. To further examine the
importance of the compressibility in the intermediate state of the
reaction, we studied the laser power dependence of the compress-
ibility changes. Previously, it was shown that photo-excitation of

-1

AV /t;m3 mol

T T T T T

0 50 100 150 200
Pressure / MPa

Fig. 3. Pressure dependence of the volume change from the ground state

(9) to the excited state (e) (i.e., AVgﬁe) for |, and |, states. Because the absolute

value of AVgﬁe of I, and |, are not known, their pressure dependences in this

figure are plotted by relative values from AV of I; at 0.1 MPa. Solid lines
represent the best fitting results by a quadratic function of Eq. 2.

Kuroi et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1413222111/-/DCSupplemental/pnas.201413222SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1413222111/-/DCSupplemental/pnas.201413222SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1413222111/-/DCSupplemental/pnas.201413222SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1413222111/-/DCSupplemental/pnas.201413222SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1413222111/-/DCSupplemental/pnas.201413222SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1413222111/-/DCSupplemental/pnas.201413222SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1413222111

L T

/

1\

BN AS PN AN D

a monomer of TePixD yields I; and I, intermediates at any laser
power but does not produce the final product when multiple
monomers in the decamer unit were excited. Therefore, if the
structural fluctuation correlates with the reactivity of TePixD,
examining the excitation power dependence of the compressibility
will be a good test for it.

Fig. 4 shows the pressure dependence of the TG signal at g* =
4.4 x 10" m™? under four different excitation laser powers: 1.0,
7.9, 19, and 27 mJ-cm™2. [For a negative control experiment, we
measured the TG signal of a photo-inactive mutant (Q50A)
under the same conditions (Fig. S5). Any volume change reaction
was not observed for this mutant, confirming that the above
experimental conditions did not cause any artifact.] From the
results shown in Fig. 4, it is clear that the TG signals became less
sensitive to pressure with increasing excitation laser power. We
fitted these TG signals at different powers by Eq. 1 and deter-
mined the compressibility of the intermediates in the similar
way. The laser power dependence of the apparent compressibility
change (AK7") for I, and I, states obtained from the fitting is
shown in Fig. 5 A and B, respectively. For both states, the
compressibility decreased monotonically with increasing the ex-
citation laser power. Therefore, it is qualitatively apparent that a
TePixD decamer (or pentamer) containing multiple excited mono-
mers possesses smaller compressibilities than does a decamer
containing only one excited monomer.

The observed compressibility change is the sum of contributions
from a decamer having different numbers of excited monomers.
To extract the compressibility change of multiexcited species, we
fitted the results of Fig. 5 by the function of laser power as follows.
The observed volume fluctuation is the sum of contributions from
oligomers having different numbers of excited monomers. The
apparent compressibility (AKanp ) may be expressed as

AR =Y nf, AR, 3]

nx>1

Here, f,, denotes the fraction of oligomers having » excited mono-
mer units, and AK (Tn is the compressibility change of a monomer
in that decamer. AK;-" was determined in the former section, but

1.0 mJ cm?

7.9 mJ cm?

Iyg/a.u
= o e FRY -

030
0.25|
5020
o
<015
<010
0.05
0.00

27 mJ cm?

time / s

time / s

Fig. 4. Similar TG signals for TePixD to those in Fig. 3 under four different
laser power conditions of 1.0, 7.9, 19, and 27 mJ /cm?. Applied pressures
were 0.1 (red), 50 (orange), 100 (green), 150 (blue), and 200 MPa (magenta).
The grating wave number was g> = 4.4 x 10'> m~2. Signal intensities with
different excitation laser powers were normalized by the obtained fitting
parameter én, of Eg. 1 at 0.1 MPa, which is proportional to the number of
excited species. Fitting curves based on the fitting function Eq. 1 are shown
by solid lines.
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Fig. 5. Laser power dependence of the volume fluctuation change from the

ground state to the excited state I; (A) and I, (B). Best-fit curves by Eq. 4 are
shown by the solid lines.

other parameters (AI?(T" 22)) are unknown. Hence, if we use this
function to fit the laser power dependence in all power ranges,
there are too many adjustable parameters to be uniquely deter-
mined. To avoid ambiguity for the fitting, we analyzed the data in
a relatively weak laser power region as follows. In a laser power
range of <8 mJ-cm™, the fraction of the triple excited species (f3)
is estimated to be smaller than 15% of the total excited decamers
(Figs. S6 and S7). The fraction of the species having n > 3 should
be much smaller. Therefore, it may be reasonable to consider only
n =1 and 2 for the fitting in a weak laser power region. In this
case, Eq. 3 becomes

AR =, AR + AR [4]

Here, the fractions f, are given by Eq. S12, and the parameters
¢ and I; were fixed to the predetermined values described in

SI Text. For AI?(T1 , we also fixed it to the values determined in

the former section: AKy'= 5.6 x 1072 cm®mol™"-MPa™" for I,
and 6.6 x 1072 cm*-mol~":-MPa™" for L,. Hence, Eq. 4 now con-

tains only one adjustable parameter, AK; . By using Eq. 4, we
fitted the data in the laser power region below 8 mJ-cm™2, and
the results are shzown in Fig. 5. Although the adjustable param-
eter is only AI?(T , the fitting curve well reproduced the laser
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power dependence in this region. From this fitting, the compress-
ibility change of double-excited species (AI?T2 ) was uniquely de-
termined as —(4.3 + 1.5) x 107 cm®mol~"-MPa~" for I; and (6.7 +
2.4) x 1072 em®mol™"-MPa™" for I,. The compressibility of both
I, and I, of two-excited decamer was found to be much smaller
than that of the one excited species and even smaller than that of
its ground state. Therefore, we concluded that the enhanced
compressibility is important to lead to the dissociation reaction
of TePixD decamer.
These results are schematically illustrated in Fig. 6.

Discussion

Traditionally, compressibility AKy has been measured from the
pressure dependence of the equilibrium constant at a pressure P,
K(P), which may be expressed by

i) ()

Therefore, for a reaction under equilibrium between two states,
the compressibility may be measured by the second-order expansion
of P of the pressure-dependent K. However, this traditional
method cannot be applied to the short-lived intermediate species
during chemical reactions in principle. Furthermore, higher-pressure
data are more important for determining the quadratic behavior
of K. Therefore, this method may easily suffer from the effects of
high pressure on protein structure (not the volumetric effect); that
is, artifact. Conversely, the present TG technique is more advanced,;
the volumetric data are directly determined from the signal in-
tensity; and the compressibility can be determined from the pres-
sure effect in a low-pressure range.

The detected enhancement of the compressibility was 5.6 x
107 cm®mol~"“MPa™! for 1; and 6.6 x 1072 cm>-mol™"-MPa™"
for I,. Although the compressibility in the ground stable state of
TePixD has not yet been reported, we can roughly estimate how
large the enhancement is compared with the ground state as
follows. According to the studies of Gekko et al., the square root

of the volume fluctuation [\/ (V- (V>)2>} of globular proteins

is about 0.3% of their partial molar volume (26), and the partial
specific volumes of many globular proteins are very similar, ranging
from 0.7 to 0.75 cm>-g~". Using these data, the partial molar volume

dissociation
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Fig. 6. Schematic illustration of the volume fluctuation change from the
ground state, depicted along the reaction coordinate of TePixD for both cases
in which one monomer is excited (red lines) or multiple monomers are excited
(blue lines). In the figure, volume fluctuation change is expressed per mole of
TePixD monomers.
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of the TePixD monomer is estimated to be ~13,000 cm>mol™,
assuming a partial specific volume of 0.75 cm®.g™". Therefore, its
square root of the volume fluctuation in the ground state is
calculated to be ~39 cm® mol~". This value corresponds to the
compressibility of 60 x 107> cm®mol~"MPa~"' in the ground
state. Therefore, the observed enhancement of the compress-
ibility (5.6 x 107% and 6.6 x 10~% cm®mol~"-MPa~" for I, and I,,
respectively) in the intermediate states is about 10% of the
ground state compressibility for both I; and I,.

We consider that the estimated increase of 10% in compress-
ibility is large, because the fluctuation change may not be spread
over the whole protein but rather is localized in a small area, in
particular, around the interface of TePixD pentamer rings, which
must be important for the dissociation reaction. The light-induced
structural change of the BLUF domain has been expected to occur
in the C-terminal extension region of the BLUF domain; that is,
from the B4-5 loop to the a4 helix (11, 52-54). However, in the
case of TePixD, these regions are far from the interface of pen-
tamer rings. Therefore, a structural change in these regions is
insufficient to explain the dissociation of the decamer. Instead, it
may use the enhanced fluctuation of interface region to help
achieve the dissociation reaction. In our previous study (50),
we reported the discovery of the strange light intensity depen-
dence. In this paper, we found that the two-photon excitation
suppresses the fluctuation and concluded that this smaller fluc-
tuation is a cause of the suppression of the reaction.

In conclusion, we succeeded in detecting isothermal partial
molar compressibility of two short-lived intermediates during the
photoreaction of TePixD. The enhancement of the volume fluc-
tuation was observed for both I; and I, intermediate states,
and this enhancement should be the trigger for the dissociation
reaction of the TePixD decamer. To our knowledge, this is the
first direct experimental report to connect protein reactivity and
fluctuations of reaction intermediates.

Methods

Sample Preparation. TePixD was expressed using a pET28a vector transformed
into Escherichia coli BL21 (DE3) and purified by nickel affinity column chro-
matography, as reported previously (40). In all measurements, the sample was
prepared by dissolving in Hepes buffer (20 mM Hepes-NaOH, pH 7.5, and 500
mM NaCl). The concentration of TePixD was determined by UV-Vis absorption
measurement, using the extinction coefficient of FAD; £ = 11,300 M~".cm™’
at 450 nm. In most cases, the sample concentration used was ~530 pM.

High-Pressure Equipment. Details of the high-pressure apparatus used in this
study have been described elsewhere (39). The pressure resistance of this cell
is up to 500 MPa. In all measurements, the internal temperature was set to
be 295.5 K, and the applied pressure range was from 0.1 to 200 MPa. It has
been validated that this high-pressure cell can achieve the complete repro-
ducibility of a TG signal by applying high pressure and the sample replacement
operation (39).

TA Measurement. The TA signals were monitored after photo-excitation by
a XeCl excimer laser-pumped dye laser beam (Lambda Physik CompexPro102;
A =308 nm, Lumonics Hyper Dye 300; A = 462 nm). An Xe lamp was used to
measure the TA spectra. The probe light passing through the sample was
focused on an optical fiber, leading to a monochrometer (ACTON Research
Corporation SpectraPro 2300i). The temporal profile of the TA signal was
monitored by a probe light from a light-emitting diode (LED Luminar; Nissin
Electronic) at a wavelength of 483 nm, with a full width at half maximum of
16 nm, which was selected by long-pass glass filters. This light was detected by
a photomultiplier tube (R1477; Hamamatsu). The signal was fed into a digital
oscilloscope (TDS-7104; Tektronix) and averaged 20 times. The repetition rate
for excitation was set to 0.025 Hz.

TG Measurement Under High Pressure. Detailed descriptions on the TG method
are described in S/ Text. Briefly, in the TG method, two laser pulses are in-
troduced into the sample solution to trigger the photoreaction. The inten-
sity (I7¢) is proportional to the square of the generated refractive index change
(6n) arising from the volume change, temperature change, and absorption
change. The experimental setup for TG measurement was similar to that
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reported before (12, 35-39, 49, 50). The excitation laser pulse and detection
systems (a photomultiplier tube and digital oscilloscope) were all the same as
those used for measuring the time profile of the TA signal. A CW diode
laser (835 nm; Crysta Laser) was used as a probe beam. The grating wave
number q in the experimental condition was determined from the thermal
grating signal of a calorimetric reference sample (bromocresol purple in water)
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