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Abstract: The energetics and protein dynamics of photoactive yellow protein (PYP) were studied by transient
grating (TG) and photoacoustic (PA) spectroscopies. The enthalpy differAhtjebetween the ground state
(pG) and the first intermediate (pR) at 20 was determined by the TG method as 160 kJ/mol, which is much
larger tharAH of the photoisomerized chromophopdoumaric acid) in water (50 kJ/mol). By simultaneous
measurements of the TG and PA signals, the volume chak\gefor the pG— pR process is determined to

be —7 cm?/mol (contraction) at 20°C. Interestingly, the volume contraction increases with decreasing
temperature. At CC the volume change becomes cal5 cn#/mol. This temperature-dependent volume
change may indicate the structural fluctuation of PYP protein in the solution phase.

1. Introduction the thermal expansion coefficients of the solution, which is
accomplished by changing the temperature. This method is based
on the assumption tha&H andAV are temperature independent.
However, the adequacy of this assumption has never been tested
rigorously. The linear relationship of the PA intensity against
o has sometimes been used as evidence for the temperature
independence ohH andAV. However, unless the temperature
change is very large, it may be difficult to distinguish whether
the plot is actually linear or slightly nonlinear, in other words,
whether this assumption is valid or not. In this paper, we report
nonnegligibly temperature-dependent volume change in the

initial step of the photocycle reaction of photoactive yellow

In any chemical reaction, the energy levels (or enthalpy
difference,AH) and the volume chang@ly) of intermediates
are fundamental and important quantities. For reversible reac-
tions, AH and AV data have been extensively accumulated so
far by the temperature or pressure dependence of the equilibriu
constantd=* On the other hand, for intermediate species of
irreversible reactions, knowledge AH andAV is very limited.
A technique for determiningAH and AV of such irreversible
reactions developed so far is the photoacoustic (PA) méttad.
Since the pressure wave after the pulsed photoexcitation is
created by thermal expansion and molecular volume change,
the signal intensity reflects the energetics and the volume change0

of the reaction. However, the observed PA signal consists of Methods. As far as we know, this is the first report of the
temperature-dependetV for any intermediate species of

the thermal as well as the volume contributions simultaneously, . X . .
and both contributions have to be separated. For aqueouérreversmle reactions. This temperature dependence suggests the

solution, the temperature-variation method always has been usedmportance of the structural fluctuation of this biological protein.
since the first study on these properties by Callis €t Hhe PYP is a relatively newly isolated protein from the purple
PA intensities due to thermal energy are determined by changingSulfur bacteriunEctothiorhodospira halophilain 1985!* The
interest in the photophysical and photochemical processes of

T Kyoto University.

# Nara Institute of Science and Technology. PYP has rapidly increased in the last several y&afd. The

8 Osaka University.
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chromophore of PYP ip-coumaric acid (4-hydroxycinnamic
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Concentration of the sample and reference was adjusted so that the
acid) covalently bound to the side chain of Cys 69 via a thioester absorbance in the cell was the same at the excitation wavelength.

linkage152021Upon excitation of the chromophore, the ground- Absorbance was about 8:2.0 in each experiment.

state PYP (pGlmax = 446 nm) is converted into the red-shifted
intermediate (pR,Amax = 465 nm) in less than 2 &

3. Analysis

Subsequently pR decays in the submillisecond time scale into  The procedure for determination AV from the TG and PA

a blue-shifted intermediate (pBmax= 355 nm), which returns
to pG in a subsecond time sc&fe? This cyclic reaction is
triggered by the trans> cis isomerization of the chromophore.

As early as 1994, Van Brederode et al. quantitatively measured The refractive index change consists of the following three

the photoacoustic (PA) signal intensity to determixid and
AV associated with the early transformation (p€oR) of PYP
using the PA methoé However, the quantity strictly depends

signals was reported previoushy.2° If the absorptive contribu-
tion is negligible, the TG signal intensity is proportional to the
square of the refractive index change.

components: (1) contribution of released hedatyf, thermal

grating), (2) the molecular refractive index difference between
the reactant and products due to the change of absorption

on the assumption stated above. We investigated this reactionspectrum ¢n,op, population grating), and (3) the density change

by the time-resolved TG and PA methods without any assump- of the solvent caused by the reaction volume chardggo(

tion and found a remarkably large temperature dependence ofvolume grating).

AV. We can separate thermal contribution (1) from the other two
components (2, 3) by the time-resolved metBod? The key

2. Experimental Section point of the separation is based on the fact that the thermal

The details of the TG and PA setup have been described 9rating signal decays with a rate constant given by the thermal
previously?>-28 In this study, the third harmonic of a Nd:YAG laser dlfoSIV!ty but the t'me _development OT the other signal is
(Spectra-Physics-CGR-170-10)-pumped dye laser (Lumonics, Hyper- determined by the kinetics of the reaction and the molecular
Dye 300;1 = 465 nm) was used for the photoexcitation. The excitation diffusion. Since the thermal diffusivity is usually 1 or 2 orders
wavelength was 465 nm and the pulse length was 10 ns. The laserof magnitude larger than the molecular diffusion constant in
light was split by a beam splitter and crossed inside a quartz sample solution, the thermal component can be easily separated from
cell (2 mm path length). The created interference pattern (transient the species grating signal. Therefore, we often represent the sum
grating) was probed by a HeNe laser (633 nm) as a Bragg diffracted  of components 2 and 3 as the species graidmg,g). The square
signal (TG signal). The TG signal was detected by a photomultiplier o6t of the TG signallgc?) is given by
(Hamamatsu R928), averaged by a digital oscilloscope, and transferred
to a computer for averaging and analysis.

For the PA measurements, the sample was excited by the dye laser
light and the pressure wave was detected by a piezoelectric transducer
as described previousty The signal was directly recorded by the digital
oscilloscope and averaged about +@00 times.

The transient absorption signal was detected after the photoexcitation
with the dye laser pulse. A probe light (476 nm line of an Aaser)
was made nearly collinear to the pump beam in the sample. The
intensity change of the probe light was detected by the photomultiplier ) ) o
and averaged by the computer system. wherea is a constant representing the sensitivity of the system,

The temperature of the sample was controlled by flowing methanol Din is the thermal diffusivity, Dis the diffusion coefficient of
from a thermostatic bath around the sample holder. The temperaturespecies,iandq is the grating wavenumbedny, and 6n'spe are
of the sample was measured with a thermocouple and a voltometer.the magnitude of the refractive index changes caused by the

The laser repetition rate was about 93 Hz depending on the  released heat from the excited state and creation (or extinction)
experiment. The repetition rate was set as low as possible for low- ¢ species, respectively.

temperature measurements. The maani f the thermal arating is qiven
PYP was prepared as reported previodéRLPYP was dissolved e magnitude of the thermal grating is given by

in 10 mM Tris-HCI (pH 8.0) with 1 mM PMSF (phenylmethylsulfonyl

lra/t) = o ong, () + ong L) 1)
ong(t) = ony, eXp(_qutht)

6nspe(t) = z 6nispeexp(_q2Dit)

fluoride). BCP (bromocresol purple) in water was used as a calorimetric ony, = @ hV¢WAN (2)
reference. The thermal grating intensity of BCP in water and that in dr rCy
the buffer solution were the same within our experimental accuracy.
where
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37512%'7mam°t°' Y. Ito, T; Kataoka, M.; Tokunaga, FEBS Lett1995 W is the molecular weightC, is the heat capacityp is the

density,hv is the photon energy of excitation lighiN is the
number of the reacting molecules per unit volume, @nds
the quantum yield of the reaction. We determi®\H by
comparison with the signal intensity of a reference sample,
which releases the photon energy as heat with unity quantum
yield. This method is applicable to the measurememidfat
any temperature. The ratio of the refractive index change for
the sampledn(sample)) to that for referencérf(ref)) is given
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on, (sample 8 ; ; , .
m(sample) dAH 3)
ony,(ref) hv

The magnitude of the volume grating is given by
_(ng? + 2Y

solvent
vol —
18nO€OVsoIvent

on ANV @)

whereV is the partial molar volume of the soluté;oentis the
partial molar volume of the solventisonent is the molecular
polarizability of the solventng is the unperturbed refractive
index of solution, andy is the vacuum permittivity.

The intensity of the PA signal is given by

1op = a"ANP2W,  + dAv )
rC,y

where o' is a proportional constant which includes the
sensitivity of the apparatus anwy, is the thermal expansion
coefficient. If we know the value o$ from the TG signal
analysis, we can determinBAV from the PA intensity of the
sample (pa(sample)) and of the referenck/(ref)) by using
the following relation at any temperature.

I,r(sample C
I PA(ref) I’W\Na'th 220 L L ! !
0 1 2 3 4 5 6
4. Results and Discussion t/ps

Figure 1a depicts the TG signal of the PYP solution after rigyre 1. Time profiles of (a) the TG signals and (b) the PA signals
excitation at 465 nm at various temperatures. The signal riseSopserved after photoexcitation of PYP in buffer solution at various
within the excitation pulse and decays with a rate constant of temperatures. Traces-# in part a are for 20.5, 12.4, 8.4, and 4G,
Dwng? Therefore, the decaying component is easily identified respectively. Traces-16 in part b are for 20.1, 15.4, 11.0, 8.2, 5.7,
as thermal grating. The intensity of this component representsand 2.7°C, respectively.
the thermal energy released by the first photocycle step-pG*
pR. The very fast rise<20 ns) of the thermal grating signalis  of PYP is much larger than this value. This large difference
consistent with the previous transient absorption measurethents indicates that pR has a strain structure (especially around the
and, furthermore, it indicates that there is no slower structural chromophore) and stores large energy in the protein part.
relaxation, which may not be detected by the optical detection The observed PA signal of the PYP solution is shown in
method. Since there is no optical absorption from the original Figure 1b. The PA signal consists of two components: the
species (pG) or any intermediates of PYP at the probe thermal expansion of solvent and the net volume change of the
wavelength (633 nm), the observed TG signal must be due tomolecule. WithAH determined from the TG measurement, we
the refractive index change after photoexcitation. The back- calculate®AV from the PA intensities of the sample and the
ground signal beneath the thermal grating is due to the reference. Usingb = 0.35, the volume contraction &V =
contributions from the populatio(i,ep) and volume gratings (=7 + 2) cm¥/mol is obtained at 20C. Van Brederode et al.
(0nve)). Hence, this signal intensity represents the absorption estimatedAH and AV between pG and pR as 120 kJ/mol and
spectrum change as well as the volume change during this—14 cn#/mol using the PA method under the assumption of
process. temperature independenteAlthough the observed molecular

First we measureAH and AV at 20 °C. The thermal volume contraction in the initial stage of the PYP photocyclic
contribution of the signal can be isolated by fitting the signal reaction is consistent with this, these values are quantitatively
with eq 1. The preexponential factor with a rate constant of different from our result by the TG method. We should note
Ding? gives the magnitude of the thermal grating intensity. We that, in the previous PA studyAH is determined by the
observed that the TG signal intensity saturated at a strong laseitemperature-dependent part of the PA intensity Andfrom
power (=2 uJ/pulse). This is consistent with the observations the extrapolation toas, = 0. If AH and AV depend on
by Van Brederode et al. for the PA signal intengityHowever, temperature, the analysis is not appropriate. The difference may
as long as the laser power was kept witkiti—2 uJ/pulse, we be rationalized by the temperature dependenc&tdfand AV
found that the TG intensity was proportional to the excitation as will be described next.
power and we generally measured the signal within this weak Before investigating the temperature dependence of the TG
power range. By comparing the intensity of the thermal grating and PA signals, we examined the temperature dependence of

with that of the reference sample, we determjni@ eq 1 and, the absorption spectrum an@. Essentially, the absorption
from this value, we obtaifPAH = (57 + 7) kJ/mol. The spectrum is temperature independent except for the slight
quantum yield of the reaction was measureddas= 0.352* sharpening of the red edge of the spectrum with decreasing

and hence we determingH to be (160+ 20) kJ/mol. The temperature. The slight change of the absorbance at the
enthalpy difference between trans and cis isomgrodumaric excitation wavelength can be easily corrected. The temperature
acid was determined to be about 50 kJ/mol by our grSugH dependence ofb is examined by the transient absorption
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Figure 2. Temperature dependence of the transient absorpiéy) (
probed at 476 nm of PYP. Traces-3 are for 16.4, 5.8, and 0.,
respectively.
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Figure 3. Temperature dependence of the reaction quantum yield of
PYP.

method. The temporal profile of the transient absorption, which
was probed at 476 nm, is depicted in Figure 2. Initially, the
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Figure 4. Plot of the volume change (é&mol) determined from the
intensity of the volume grating (squares) and PA signal (circles) against
the temperature.

of the absorption spectrum with temperature is negligibly small
in this temperature range, the temperature dependendeaf
should come from that of the volume change. Takify
determined at 20°C as the reference volume change, we
calculatedAV at various temperatures using eq 4 and plotted
the results in Figure 3.

The temperature-dependent volume change is also confirmed
from the PA intensity. By subtracting the thermal contribution
from the PA signalAV at various temperatures can be calculated
from the PA intensity. The obtainedV from TG or PA are
shown in Figure 4. The value akV from PA and TG are
slightly different especially at low temperature, but the difference
is almost within experimental error. It is surprising that volume
contraction becomes larger as the temperature goes down. The
volume contraction around @ becomes about twice as large
as that at room temperature.

Previously, the volume contraction was interpreted in terms
of the protein reorganization around a phototransformed chro-

probe light intensity decreases (enhanced absorption) quickly mophore induced by the dipole moment chaffyeVe also

after the excitation within the 10 ns pulse width, then it gradually

consider that the volume change detected in the present study

changes to the bleach signal. This feature is consistent with thecomes from the change of the protein part of PYP based on the

previous transient absorption studies of the PYP systeAThe

following two observations. Firsf\V associated with the trans

initial enhanced absorption and the subsequent bleach signalgis photoisomerization g-coumaric acid in aqueous solution

are attributed to pR and pB, respectively. The temporal profile
associated with the pR- pB transformation can be fitted by a
biexponential function with lifetimes of 17@s and 1.0 ms.

is found to be negligibly smaf® Hence, even if the dipole
moment of the chromophore is changed by the isomerization,
the volume contraction of the water part induced by the

These lifetimes agree well with those reported before from the electrostatic interaction cannot be large. Second, a large tem-

global analysis of the absorption charfge he initial rise of
the signal represents the p& pR process and the second

perature dependence AW is not expected from such contrac-
tion of the water part by the electrostatic interaction. Since there

change from the enhanced absorption to the bleach signalis no new bond formation or dissociation during the reaction,
represents the pR- pB process. Clearly the lifetime of the pR  the volume change should be attributed to the void volume
— pB process becomes longer with decreasing temperature. Wechange of the protein part or change of the hydophobic (or
measure the relative quantum yield of the reaction by monitoring hydrophilic) part of the protein associated with the photo-
the amplitude of the initial rise at various temperatures. We jsomerization of the chromophore and our finding indicates that
found that the quantum yield does not change in a temperaturethis protein structural change should depend on the temperature.
range of 26-10°C. However, when temperature becomes lower Many biological systems such as PYP are not rigid reaction
than 10°C, ® becomes gradually smaller (Figure 3). Around O systems, but there are many local free energy minima (substates)

°C, @ is about 80% of that at 28C. We took into account this
temperature-dependedt in the analysis of the TG and PA
signals.

along the reaction coordinate. This thermal fluctuation of the
protein structure is essential for the biological function. The
observed temperature-dependent volume change may reflect the

When the temperature of the sample decreases, the thermastructural fluctuation of PYP. We are currently investigating
grating intensity decreases. This change is expected becauséhe structural change of PYP in detail by using a site mutation

the temperature dependence of the refractive indexd{d

decreases with temperature. More importantly, the back-

ground signal intensity, which is a sum d@fipop anddnyg, also

technique.
In summary, we applied the PA-TG hybrid method to the
study of PYP photocyclic dynamics. Using the quantity of

decreases with temperature at the same time. Since the changeeleased heat estimated by TG, we determineAtHeand AV
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