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ABSTRACT. Themodynamic and transport properties of intermediate states of the photocyclic reaction of
photoactive yellow protein (PYP) were studied by a combination of the pulsed laser-induced transient
grating (TG), transient lens (TrL), and photoacoustic (PA) spectroscopies from tens of nanoseconds to
hundreds of milliseconds. The diffusion coefficien3) (of PYP in the ground state (pG) and of the
second intermediate state (pB) were determined by the TG analysis, and it was foubdahpG is

about 1.2 times larger thdd of pB. At the same timel) at various denatured conditions were measured
using guanidine hydrochloride as the denaturBrmf completely unfolded protein is about 0.4 times that

of the native form. The enthalpy of pB is estimated to be 60 kJ/mol by the TrL method with an assumption
that the volume change of pB is not sensitive to the temperature. Since the enthalpy of the first intermediate
state (pR) is as high as 160 kJ/maol, it implies that most of the photon energy is stored as the strain of the
protein in pR, and this may be the driving force for the successive reaction to pB. From the temperature
dependence of the volume change, the difference in the thermal expansion coefficients between pG and
pR was calculated. All of the characteristic features of PYP, the negative volume change, the larger thermal
expansion coefficient, and the slower diffusion process, indicate that the intermediate pR and pB are
reasonably interpreted in terms of the unfolded (loosened) protein structure.

The thermodynamic properties (enthalpy, thermal expan- induced photoacoustic (PAnethod that detects the pressure
sion coefficient, compressibility, partial molar volume, etc.) wave induced by the light irradiatiod{3). Because of its
as well as the transport property (diffusion coefficient) of unique capability, this method has been applied to many
proteins are of fundamental importance to understand thereaction systemsi(-6). However, even using this method,
structural fluctuation and the dynamics of protein molecules. it is not possible to separate the volume and the energy
Indeed, much thermodynamic data obtained under variouscontributions completely without any assumption. On the
conditions of proteins have been accumulated so far. On theother hand, one of the authoi 8) has already demonstrated
basis of these data, the characteristic features of not onlyfor several simple chemical systems that a hybrid technique
the native state but also the unfolded state of proteins havecombining the laser-induced transient grating (TG) and the
been studied, and some general features have been elucidatetaser-induced photoacoustic (PA) techniques can be used to
The traditional techniques that can access these quantitieseparate these contributions without any assumption; that is,
are certainly useful and powerful to characterize the proteins. this technique allows us to measure the enthalpy and volume
However, a serious limitation inherent in the traditional changes in the time domain without performing temperature-
techniques is that they are applicable only to steady-stateor pressure-dependent measurement.
protein structures. Knowledge of these properties of time- The transport property is another important factor for
dependent or unstable (intermediate) species during biologi-understanding the role of the protein conformation and
cal reactions is very limited, which prevents us from using stability. However, a measurement of the diffusion coefficient
the compiled data to characterize the intermediate structuregD) has been also very difficult or almost impossible for
of proteins. It is most desirable to develop and use a methodtransient species by the traditional techniques. The transport
that can measure these properties in the time domain so thaproperty of unstable intermediate biological molecules has
reaction intermediates can be characterized in a similar way.not been elucidated at all so far. In this respect, again, the

The only technique we had so far for the measurement of TG method was proven to be a powerful technig@ie 12).
the enthalpy changeAH) and the partial molar volume D can be determined by a measurement which requires only
change AV) of an irreversible reaction is the pulsed laser- 10us to milliseconds, so thd of a short-lived state during

this time range can be studied. Thanks to these new
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developments, we are now able to access the thermodynamicompiled data on the partial molar volume of native and
properties and the transport property of unstable intermediateunfolded states of proteins so far obtained, we suggest that
species of proteins during a biological reaction. As the first all of these data indicate the partially unfolded nature of pR
step along this approach, in this paper, we report a time-as well as pB.

resolved study of energies and volume changes as well as

the diffusion coefficients of intermediate species during the EXPERIMENTAL PROCEDURES

photocyclic reaction of photoactive yellow protein (PYP). Sample PreparationPYP was prepared as reported

Interest in t_he p.hotophysical and photochemigql proc.:essespreviously @7). PYP was dissolved in 10 mM Tris-HCI (pH
of PYP is raplo!ly Incréasing recently, b_e_cause Itis a S|mp!e = 8.0) with 1 mM PMSF (phenylmethanesulfonyl fluoride).
model for studies of the signal transmitting system. PYP is BCP (bromocresol purple) was used as a calorimetric

E r?Ia_tlvr;aiI:_y tn?r:{v ;r)]roéem .ISOAatledhflr 02 tlrtu? purp!g su(ljfur reference. Concentrations of the sample and reference were
acteriumEctothiorhodospira halophilgl3). It is considere adjusted so that the absorbances in the cell were the same at

to POSSESS a func.t|on of a blue I'g.ht photoreceptor for a the excitation wavelength. Absorbance was about-0.0
negative phototactic respons&4y. It is a relatively small in each experiment

(14 kDa) water-soluble protein, and the protein structure was .
determined by X-ray crystallography in 1.4 A resolutids) App_aratus. The details of the T.G setup have been
The chromophore of PYP ig-coumaric acid (4-hydroxy- d(_ascnbed preV|ous_Iy9( 26). A TrL S|gna_l was measureq
cinnamic acid) covalently bound to the side chain of Cys 69 \;V'tsrlet;;e ;:Tge%xcigaiﬁg .ﬁ)_lgsfﬁep;:l?ﬁarl:gg ?an d_lg:]ictlon
via a thioester linkagel@, 17). After photoexcitation, PYP ysiem . ' ;
undergoes a complete photocycle triggered by the photo_excnatlon beam was slightly focused by a lens W|th_ a focal
isomerization of this chromophore. The photocyclic reaction length of 2(.) cm. Th_e probe beam was brought into the
sample collinearly with the pump beam. The probe beam

has been a subject of intensive studies experimentally andafter the sample was expanded by a concave lens, and the

theoretically (8, 19). Upon flash excitation of the chro- . = :

mophore, the ground state (PG = 446 nm) is converted TrL_S|gnaI was detgctgd asa light intensity change thro_ugh

into a red-shifted intermediate (pRyax = 465 nm) in less ?I pinhole. The excitation light was removed by an optical
X ilter.

than 2 ns 19). Subsequently, pR decays in a submillisecond .
19 d Y, P y For a PA measurement, the sample was excited by a dye

time scale into a blue-shifted intermediate = 355 |
(R laser light, and the created pressure wave was detected by a

nm), which returns to pG in a subsecond time sca—( : leciri q d ibed 103, (Th
20). Soon after the protein structure was revealed by X-ray piezoelectric transducer as described previou §.(The
signal was directly recorded on a digital oscilloscope and

crystallography 15, 16), the time-resolved X-ray scatterin )

exyperimgntsp V\)//elre pe)rformedjc 22). Accordiné to theseg averaged.about 19{390 tlmes.

studies, the structural change after light activation is localized A transient absorption signal was detected after photo-
near the chromophore. It revealed that the pR state possesse&citation with the dye laser pulse. A probe light (476 nm
the cis conformation of the chromophore and that the processline of Ar™ laser) was made nearly collinear to the excitation
of trans to cis isomerization is accompanied by the specific °&a@m. The intensity change of the probe light was detected
formation of new hydrogen bonds. In the pB state, the PY @ photomultiplier and averaged by a computer system.
phenolic oxygen of the chromophore moves from the  The temperature of the sa_mple was controlled by flowing
hydrophobic core of protein to become solvent-exposed andmethanol from a thermostatic bath around a sample hc_)lder.
protonated 21). However, these structural changes were The temperature of the sample was measured with a
questioned recently by the studies using NMR spectroscopythermocouple and a voltammeter.

(23, 24) and IR spectroscopy2b) in solution. These studies ~ Analysis.The procedure for the analysis of the TG and
show that the dynamics of PYP in solution is more global, PA signals was reported previousl, 8, 26, 31). Here, we
extending to the whole protein structure. briefly summarize the TrL method.

Previously, analyzing the TG signal in the-20 us time In the TrL method, a sample is excited with a pump beam
scale, we preliminarily reported that the volume chanié)( having a spatially Gaussian form. Under this condition, the
for pG — pR is negative and the absolute value &Y profile of the concentration of the excited-state molecules

increases with decreasing temperat®®.(Here we report ~ should be the same Gaussian. If the absorptive change at
the full analysis of the TG signal from a few hundred the probe wavelength is negligible (this condition is satisfied
nanoseconds to tens of milliseconds. Together, the enthalpyfor the PYP system probed at 633 nm), the signal intensity
change to the second intermediate is also estimated usings proportional to the refractive index change. The refractive
the transient lens (TrL) method with an assumption that the index change consists of the following three components:
volume change to the pB state is not sensitive to the (1) contribution of the released hean(, thermal lens), (2)
temperature. Although this assumption should be verified difference in the molecular refractive index between the
in the future, the obtained enthalpy of the pB state may be reactant and products due to the change of the absorption
used for a preliminary discussion. Furthermore, we found spectrum ¢nn, population lens), and (3) change in the
that theD value of pB is about 0.8 times larger than that of density caused by the reaction volume chanige,(volume

the pG state. By measurifof PYP denatured by guanidine lens).

hydrochloride, the smalleD is interpreted in terms of the We often call the sum odnyep and on, the species lens
unfolded nature of pB, and the extent of the unfolding in (dns,g, because the time profiles éf,o, andon, are identical
the pB state is estimated. The temperature-depentiéis in most cases. If the refractive index changes by the several

interpreted in terms of the larger thermal expansion coef- causes described above, the spatial profile of this change
ficient of pR compared with that of pG. On the basis of the should have a Gaussian shape, too. At the central part, the



Thermodynamic and Transport Properties of PYP Biochemistry, Vol. 41, No. 9, 2008039

Gaussian profile of the refractive index acts as a lens to 300 . , . , .
expand (or focus) another light beam passing through this (@)
region. The expansion (or focusing) of the light beam can 250 - T
be detected as a change in the light density through a pinhole 200 | i
placed at a far field. g
The TrL signal intensity l¢.) is given by =150 F .
'_‘i-'
ITrL(t) = al[anth(t) + 6nspe(t)] (l) 100 b
wherea!' is a proportional coefficient. The magnitude of the 50 77 7
thermal lens is given by7( 8) 0 . , ’ \ ,
107 10° 107 00001 0001 001 0.1
dn hvpW
ong, = ——= AN (2 time/sec
dT oC,
40 , , } . \
where
_ ., _®AH
¢=1 hv

whereW is the molecular weigh(C; is the heat capacity
is the densityhv is the photon energy of excitation light,
AN is the number of the reacting molecules in a unit volume,

and® is the quantum yield of the reaction. We can determine 0 il b
®AH by comparison with the signal intensity of a reference , \ ) ) )
sample under the same experimental conditions. The ratio 0 10 20 30 40 50 60
of the refractive index change for the sampba(sample)] time/ps
to that for referencedn(ref)] is given by FicURE 1: (a) Temporal profile of the TG signal of PYP solution
(20 mM Tris-HCI buffer) excited at 465 nm (dotted line). The solid
ony(sample) ®AH line is the best fitted curve using the method described in the text.
6n—(ref) =1- o (3) (b) Comparison between the TG signal of the PYP sample in a
th short time range (solid line) and the thermal grating signal of BCP

. . o (dotted line).
Since the TrL signal reflects the refractive index change

by the photoexcitation, the information from the signal is s, in particular at low temperatures, faster than the inverse
essentially identical to that obtained from the TG method. of the photocycle rate of PYP. However, the final decay rate
One notable difference is the decay rate constant of thein the 100 ms range of the TG signal is determined by the
signal. The decay rate of the thermal grating signal under molecular diffusion process, which is faster than the intrinsic
the present experimental conditions is in a range of a few reaction rate as described later. Therefore, the slowest return
microseconds to 50s, whereas that of the thermal lens signal rate to pG is not an important kinetics in this measurement.
is ~10 ms because the decay rate of this lens signal is Furthermore, since the pump light (less thaniBpulse)
determined by the thermal diffusion time across the beam excites less than 10% of PYP in the illuminated region and
diameter £-100us). While the thermal energy released after the excitation is spatially inhomogeneous for the TG
~100us cannot be detected by the TG method, e.g., the pPRmeasurement, the photoexcited PYP molecule should be
— pB process, it can be detected by the TrL method. relaxed or diffused away before the next excitation pulse
Since the TrL signal decays much more slowly than the comes in. Hence we can neglect the multiple excitation of
thermal grating signal and is even comparable to the rate of pyp at any temperature. We confirmed that decreasing the
the back-reaction pB~ pG, it is practically impossible to  repetition rate further did not change the observed TG signal
separate the thermal contribution from the other (species lens)yithin our experimental uncertainty.
contributions_ by the time-resolved measurement. Here we e signal rises quickly after the excitation and decays
made a preliminary measurement of the enthalpy changeyith g Jifetime of several microseconds, which depends on
during the pR— pB process by making use of the ihe grating wavenumber. At first glance, the TG signal of
temperature-dependenvdT in eq 2. Because the magnitude  pyp seemed to rise completely within the excitation pulse
of the thermal componen®(y) is proportional to d/dT, (10 ns) as described previouslg6). However, a careful
we can measure the contributiondriy, by changing d/dT, examination reveals that, after the dominant signal rises
which can be accomplished by changing the temperature.yithin 10 ns, there appears a weak slow rising with about a
This is the traditional technique to separate the thermal 1 s time constant. This slow rise was unexpected because
contribution in the PA signall(-3). Using the separatekfy, the photoisomerization of the chromophore undergoes very
value,AH can be calculated by eq 3. quickly (<2 ps), and the transient absorption signal showed
RESULTS no time dependence of pR after the 3 ns dynamics until the
200 us kinetics for pR— pB (32). Hence, the slower
AH andAV of the First Step (pG~> pR).Figure 1 depicts  dynamics around the ds time constant is a new dynamics,
the TG signal of the PYP solution after excitation at 465 which has not been reported so far and cannot be detected
nm with a repetition rate of 0.5 Hz. This repetition rate by the absorption technique. This dynamics may represent
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the dynamics of amino acid residues that locate far from the
chromophore. We represent this dynamics as pRpR;,

and pR is reserved to indicate both,mRd pR in this paper.
Since this dynamics is clearer for PYP mutants, we will
discuss this dynamics in a separate paper including the results
of mutants. In the present paper, we will consider the
thermodynamic and transport properties of,pRfter the
decay, the signal shows a growth decay feature twice during
a few millisecond time scale. Since there is no optical
absorption from the original species (pG) and any intermedi-
ates of PYP at the prove wavelength (633 nm), the observed
TG signal must come from the refractive index change after
the photoexcitation. We found that the TG signal in the entire
region can be well reproduced by the square of the summa-
tion of five exponential functions:

It = o[A exp(—k,t) + B exp(—kgt) + C exp(—kgt) +
D exp(—kot) + E exp(—kst)]? (4)

40

20

Absorbance / a.u.

time / ms

FiIGUrRe 2: Time profile of the transient absorption probed at 476
nm (dotted line) and the best fitted curve by the biexponential
function (solid line).

excitation within the 10 ns pulse width, then gradually it
changes to the bleach signal. This feature is consistent with
the previous transient absorption studies of the PYP system
(17, 18). The initial enhanced absorption and the subsequent
ka—ke (ka > ks > ke > kp > ke) are rate constants. However, pleach signals were attributed to pR and pB, respectively.
unless we fix some parameters amaagE andka—ke, it is The temporal profile associated with the pRpB transfor-
almost impossible to determine these parameters uniquelymation can be fitted by a biexponential function with

wherea is a constantA—E are preexponential factors, and

by the curve fitting even in this wide time range. We

lifetimes of 170us and 1.0 ms. These lifetimes agree well

examined the origins of these components and were able towith those reported before from the global analysis of the

determine some of the rate constants as follows.
First, the fastest decay rate constégt,can be rather easily
determined independently using the “calorimetric reference”

absorption changel). Hence we used 170s and 1.0 ms
for ke~t andkc 1.
The kinetics that depends grshould be attributed to the

sample. BCP has been sometimes used as a calorimetrignolecular diffusion process. Since the chemical species that
reference sample, because the photoexcited state of BCRexist in this time scale are pG and pB, the rate constants
relaxes to the ground state very rapidly without any andke should be equal t®,co? and Dpec?. (Dpe and Dps
photochemical reaction. Therefore, the TG signal after the are the diffusion coefficients of pG and pB, respectively.)
photoexcitation of BCP consists of only the thermal grating There are two possibilities for the diffusion kineticky =
component. The TG signal of BCP measured under the sameD,qq? and ke = Dygq? Or vice versa. We can identify the
condition as the PYP sample is shown in Figure 1b. diffusing species from the signs of the preexponential factors.
Comparing the decay rate of the PYP signal with that of the The preexponential factoA, should be proportional tén,
BCP signal, we attribute the signal of PYP decaying in given by eq 2, and the sign éf must be negative (ddT at
several microseconds to the thermal grating signal. Hence,this temperature is negative). To reproduce the observed
we can fixka to Dig?, which can be measured independently  signal, the signs oB, C, andE should be positive an®
from the decay of the thermal grating signal of BCP. The must be negative. Here, we should note that the preexpo-
intensity of this component represents the thermal energynential factor of the species grating signal is determined by
released by the first step, pG* pR,. (The amount of the  the refractive index change due to the presence of the species
thermal energy is determined by the single-exponential fitting (9). Considering that the wavelength of the probe light is on
from 1.5 us after the photoexcitation. HenaeH of this the red side of the absorption spectra of pB, we can
species isAH of pR;.) reasonably predict that the refractive index due to the

Second, measuring at different grating wavenumbeg¥s ( presence of pG and pB should be positive. Therefore, the
we found that the decay of the thermal grating and the creation of pB contributes to the positive refractive index.
kinetics of the second growth decay sigri@) &ndke) varied On the other hand, since the phase of the spatial concentration
depending org, while the other two rate constantg@nd  modulation of pG is 180shifted to that of pB, the sign of
kc) did not depend on. This dependence is apparent when the preexponential factor is predicted to be negative. Hence
qwas very small (e.9g” < 1 x 10" m~2). Under thissmall  the depletion of pG and creation of pB should induce
g condition, the kinetics oo andke are well separated from  negative and positive refractive index changes, respectively.
the other kinetics ok, ke, andkc, although the values among  According to these consideratior®, < 0 andE > 0, ko
the sets of ko and kg) and ke and kc) are not uniquely  andke should correspond tB,cq? and Dped?, respectively.
determined. The determination oD, E, Dye, andD,s will be described

The kinetics which does not depend@should represent  |ater (see Diffusion Constants of pG and pB).
the reaction dynamics of PYP. Considering the time scale, |n summary, the TG signal in the entire time region after
this dynamics should be the pR- pB process. The kinetics  photoexcitation of PYP is expressed by the equation:
of pR; — pB can be monitored by the transient absorption
technique as reported previousli7( 18). The time profile
probed at 476 nm is depicted in Figure 2. Initially, the probe
light intensity decreases (enhanced absorption) quickly after C €Xp(-kct) + D exp(-D

lrc = a[Aexp(- Dthqzt) + Bexp(—kgt) +
oct) + E exp(-D,gart)]? (5)
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Table 1. Preexponential Factors and Lifetimes Determined from the Fitting of the Observed TG Siginad &5 x 102 m—2

T/°C A ka~YHus B ks Yus C keYms D ko~Yms E ke~Y/ms
20.5 —6 4.6 6.5 170 10.5 1.0 —216.5 5.3 197.2 6.9
16.7 —5.2 4.6 4.9 200 16.0 1.3 —210.0 6.0 187.3 8.1
12.4 —3.6 4.6 3.7 250 16.3 1.6 —203.4 7.3 181.2 9.7
8.4 —-1.6 4.6 4.7 300 15.0 1.8 —209.9 8.5 180.5 11.2
+ 4
/ Bexp(-kgty+ Cexp(-kct) : pR—pB
Eexp(-kgt) : diffusion of pB .
=
= e &
w \<
> A
0 f time -
™ Dexp(-hof) : diffusion of pG
o 2 4 6 8§ 10
- Aexp(-k4) : thermal grating time / pus

Ficure 3: The origin of the observed TG signal in Figure 1 is

decomposed into several components and schematically iIIustratedFIGURE 4: PA signals of the PYP solution (solid line) and the

reference sample (dotted line) under the same experimental condi-
i ) . tion at 21°C.
Here, the first term on the right-hand side represents the

thermal grating component due to the decay from the excitedbecause we can compare @l andAV with their reported
state of pG (pG*), the second and third terms are the kineticsones using the sante. AH andAV by using® = 0.64 can
of the pR — pB transformation, and the fourth and fifth be easily calculated from the values reported in this paper.
terms represent the diffusion of pG and pB. The temporal The choice of thesé@ does not change our discussion and
profiles of the refractive index change of these terms are conclusion.
illustrated in Figure 3. From the fitting of the observed TG At the same time, from the PA signal (Figure 4) akid;
signal by eq 5 in the entire time region at various temper- determined from the TG measurement, we calculdéd/
atures, we can determine a variety of properties of pG asassociated with the p&> pR, transformation. Usingb =
well as the intermediate species. The parameters (amplitude®.35, the volume contraction &fV = —7 4 2 cm¥/mol was
and lifetimes) obtained from the least-squares fitting of the obtained at 20°C (26). The relative quantum vyield of the
TG signal at several temperatures are listed in Table 1.  reaction was monitored by the amplitude of the initial rise
An advantage of this TG measurement is that we can of the transient absorption signal (Figure 2) at various
guantitatively separate the energetic contributiéng§ in temperatures26). We analyzed TG and PA signals at various
the signal without any assumption. This advantage becomesemperatures, taking this temperature-dependeninto
obvious if we compare it with the PA method. Using the account. As a result, we found that the absolute volume
PA technique, the thermal and volume contributions cannot contraction indeed increases with decreasing temperature. At
be separated unless the sample temperature is changed, ar@°C the volume change becomes-15 cn¥/mol, which is
the PA signal intensities at various temperatures are plottedabout twice as large as that at room temperature. We will
against the thermal expansion coefficient of the solution ( discuss this temperature-dependam later.
3). If AH and/orAV depend on temperature, the value from  AH of the Second Step (pR> pB). Since the decay of
this method cannot be correct. Now the TG method can the thermal grating signal is generally much faster than the
provide AH and AV without any assumption and also kinetics of pR — pB, the TG signal due to the thermal
provides an opportunity to investigate the temperature energy released by this process is too small to be determined.
dependence oAH and AV. For the sake of further discus- For studying the enthalpy of the pB stattH;), we used
sion, we here shortly summarizeH, AV, and the temper-  the TrL method. The decay of the TrL signal is on an order
ature dependence @tV of PYP (26). of tens of milliseconds, and the thermal energy released by
The thermal grating signah exp(—kat) term, represents  the pR — pB process can be detected clearly as the rise of
the released energy from the photoexcited PYP. Comparingthe signal.
the thermal grating signal intensity with that of BCP, we Figure 5 shows the TrL signals of PYP and the reference
can determine the stored energy inpRe., the enthalpy = sample. The TrL signal of PYP initially rises very fast (with

change for pG— pR; (AH;). From eq 3, we obtaidAH; the response time of the thermal lens signal) and then slowly.
= 57 + 7 kd/mol. Using the quantum yield of the reaction This TrL signal was fitted by a fast rise with an instrumental
@ = 0.35 33), AH; is determined to be 16& 20 kJ/mol. response time constant and a single-exponential function. The

Two different quantum yields of the reaction were reported first rise corresponds to the transformation p&pR,. The
independently ¢ = 0.64 by Meyer et al.18) and Devan- slower rise rate (e.g., 340, 410, 550, and @3t 20, 16.6,
athan et al.32); ® = 0.35 by Van Brederode et aB3)]. If 8.8, and 4.8°C, respectively) should be attributed to the
we use® = 0.64, AH; should be 90+ 10 kJ/mol. In this transformation pR— pB. The reason this pR~ pB process
paper, we us&® = 0.35, because it was measured under a is not biexponential as observed by the TG and TA signals
weak excitation laser power condition as we did and also is not clear at present. However, for the purpose here, we
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Ficure 5: TrL signals of the PYP solution (solid line) and the
reference sample (dotted line) at ZL. The smooth solid lines are
the best fitted curves (see text).
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Ficure 6: TrL signals of the PYP solution at various temperatures
(1, 20.5°C; 2, 8.8°C; 3, 1.2°C). The smooth solid lines are the
best fitted curves (see text).

need only the signal intensity, and the difference in the time
profile between the TG and TrL signals will be investigated
in the future.

The TrL signal intensity of PYP is much larger than that
of the reference sample, becaudes,. is constructively
overlapped withdng of PYP (bothdnspe and ony, possess
negative signs). The sign dinspe i consistent with the re-
sult from the TG measurement. Contrary to the TG ex-
periment, it is not trivial to separate the thermal contri-

Takeshita et al.

I /au

0 1 2 3 4 5 6 7
|dn/dT]| /10°
Ficure 7: Plots of the intensity of the first rising component

(circles) and the slow rising component (triangles) and total intensity
(squares) of the TrL signal versds/0T and the linear fittings.

Table 2: Separation of the Fasing) and Slow §n,) Rising TrL
Signal into the Thermal Leng)n) and Species Lens)(spd
Components Using the Temperature Variation Method

6n1h 6nspe
pG* — pRz (6m) 0.74 0.55
pR:— pB (0ny) 0.18 0.68
total 0.92 1.23

a See Figure 7. The intensity of these components is normalized by
the thermal lens intensity of the reference sample.

dn/dT = 0, the TrL signal intensity at this temperature
corresponds directly to the magnitude dispe

From this signal intensity, we can separaig, from ongye
After considering the temperature dependencebofwe
calculate the relativény, onm: (the thermal lens contribu-
tions of the fast and slow rising components to taial
respectively)Pnsyes andonge(the species lens contributions
of the fast and slow rising components, respectively). The
result is shown in Table 2. For the pS pR; step fngpe),
the data from the TrL signal is consistent with the result
from the TG measurement. By comparidign, with ony, of
the calorimetric reference sample, we determine the enthalpy
difference between pG and pBK,). Again using® = 0.35,
we obtainAH, = 60 + 30 kJ/mol. Although we have to
examine the temperature dependenc@yffor pR, — pB
before making a definitive conclusiodH, should not be
so much different from this value unless the temperature
dependence of the volume change is extremely large.

bution from the species lens signal in the TrL case because Diffusion Constants of pG and pEne of the unique

the decay of the thermal lens signal is so slow that the advantages of the TG detection is that the diffusion coef-
magnitude of the thermal component alone cannot be ficients O) of transient species can be measured. In the
separated. Hence, here we used the traditional technique tmbserved TG signal (Figure 1), the latest grow decay part
separate the thermal intensity from the other contributions: represents the diffusion process. This part should be fitted
the temperature dependence method. As we have menby a biexponential function of the fourth and fifth terms of
tioned in the previous section, this method, assuming eq 5. However, as sometimes pointed o34){ when the
temperature-independenv for pR; — pB, may lead to an  two rate constants are close each other, a reliable biexpo-
inaccurate AH. However, this method may provide an nential fitting is not simple. With four parameters, in this
estimation ofAH, and will be used until more a accurate caseD, E, Dy, andDgg, the least-squares fitting converges
value is obtained. with several different parameters depending on the initial
The temperature dependence of the TrL signal (Figure 6) values. To reduce the ambiguity, we must make some
shows that both of the fast and slow rise components becomerestrictions for the fitting parameters. For that purpose, we
weaker and the slower rise rate becomes slower with use the information from the TrL signal. In principle, the
decreasing temperature. The magnitudes of the fast riseorigin of the TG signal should be the same as that of the

component ¢n;) and the slow rise componenir() of the
TrL signal are plotted againsin@T in Figure 7. Because
the contribution fromony, disappears at the temperature of

TrL signal. Therefore, the TG signal intensity for the
molecular diffusion signalP + E, should correspond to
ONspe1 T ONgpez in the TrL case. While the four-parameter
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FiIGURE 8: ¢? plots of the decay rate constak} ¢f the two diffusion
components in the TG signal and the least-squares fits (circles and
solid line for pG; triangles and dotted line for pB).

fitting (D, E, Dy, Dpg) is required for the TG case, the TrL
signal intensity of §nsper + ONsped iS much easier to be
determined because the decay rate drfsfe1 + Onspe) iS
almost negligible in this time range. Hence we canDix-
E using Onspe1+ ONspex determined from the TrL measure-
ment. Under this restriction, we fit the TG signal by the least-
squares method. The time constants of two exponential
functions Dpct?, Dpeg?) are plotted againsi? (Figure 8).
From the slope of the least-squares fit of these plots, we can
obtainD of pG and pB as 1.2k 10 and 1.00x 1071
m?/s, respectively.

Diffusion of Denatured PYH=or the interpretation of the
smallerD of pB compared with that of pG, we measuifed

As at 446nm

ellipticity at 223nm
o S SN
W o w =] W o]
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S
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Ficure 9: GdnHCI unfolding transition of PYP monitored by the
absorbance at 446 nm (a) and CD ellipticity at 223 nm (b) vs

of various unfolded conformations of PYP using a denaturant. GdnHCI concentration. The solid lines are the results of nonlinear
Very recently, Ohishi et al. used urea as the denaturant toleast-squares best fits by the two-state model.

study the light-induced stabilizatior2Tb). Here we used
guanidine hydrochloride (GdnHCI), because GdnHCI is
known to be a more efficient denaturant for many proteins
and the protein structure can be unfolded with a smaller
amount of the denaturant, which is important not to change
the solution properties (e.g., viscosity) significantly. For
example, the viscosityfa 4 M GdnHCI solution is not so
much different from that of water compared kvt 6 Murea
solution @5). First, the influence of GdnHCI on PYP stability
was investigated by the absorption spectra and CD ellipticity
of PYP. With increasing GdnHCI concentration at pH.0,

the contribution of the absorption band peaked at 446 nm
decreases and that of the absorption band at 339 nm
increases. This change can be explained in terms of the
movement of the chromophore from the hydrophobic core
of the protein interior to solvent. CD ellipticity at 223 nm
also decreases with increasing the GdnHCI concentration.

/a.u.
TG

1.0M |

2.0M

2.8M

3.4M

time / ms

20

This decrease indicates the destruction of the secondaryFicure 10: TG signals of PYP in 1.0, 2.0, 2.8, and 3.4 M GdnHCI

structure of PYP protein by GdnHCI. These changes are verySolution.

similar to those observed by adding urea as the denaturant

previously. Data on the equilibrium GdnHCl-induced unfold- tively. These values are much smaller than those obtained
ing of PYP at pH= 7.0 monitored by the absorbance at 446 by the urea concentration measuremegiy).

nm and CD intensity at 223 nm are presented in Figure 9. When PYP is denatured, PYP does not undergo the normal
Both cases show a cooperative unfolding transition on photocycle reaction even by photoirradiation. However, we
addition of denaturant. The obtained values are fitted by observed a population grating signal after the photoexcitation
assuming a two-state model with an equilibrium between of even sufficiently denatured PYP ([GdnHGH 4 M). For

the native and denatured states (Figure 9). Thevalue, example, Figure 10 depicts the TG signals of PYP in 1.0,
which is the transition midpoint concentration of GdnHCI 2.0, 2.8, and 3.4 M GdnHCI solutions. Since only a
for unfolding the protein, is frequently used as a probe for photochemical reaction can give rise to the population grating
the protein stability 6). It is 2.4 and 2.7 M from the  through the change of the refractive index, the appearance
absorbance and CD ellipticity detected at 223 nm, respec-of the population grating indicates that, even if PYP is
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14 T — denatured PYP. It is interesting to note that the double-
exponential and single-exponential components exist simul-
] taneously at 2.8 M GdnHCI (Figure 10) instead of a gradual
change from the double-exponential form to the single-

E 14 1 exponential form. This coexistence of the native and
o denatured PYP in this time range implies that the protein
E 038 ] transformation between the native and denatured conforma-
= tions is slower than~10 ms time scale.

0.6 .

od . DISCUSSION

0 05 1 1.5 2 25 3 35 4
[GdnHCI] /M Enthalpy Change®ur result orAH (AH; = 160 kJ/mol,

FicuRe 11: Diffusion coefficient of each state (pG, circles; pB, AH2 = 60 kJ/mol) clearly indicates that the energy of the
triangles; denatured, squares) of PYP at various GdnHCI concentra-PRz state is astonishingly high, and during the;pR pB
tions. The viscosity change by addition of GdnHCI was corrected process, large energetic stabilization takes place. (Again, we

by a method described in the text. have to notice that\H, was determined by assuming the
) ) o temperature independence AV for the pR — pB step,

denatured, the trans to cis photoisomerization of the chro-\yhich may not be correct as the activation entropy and
mophore takes place. This reaction is conceivable becauseyctivation heat capacity for this step depend on temper-
we previously observed the population grating signal of ature @8). However, thisAH, value may not be so much
p-coumaric acid in water after photoexcitatiddi7). Hence ifferent for the present qualitative discussion even if we
the protein is not necessary for the isomerization reaction. take this effect into consideration.) A time-resolved X-ray
On the other hand, the back-isomerization, cis to trans, is study @2) showed that the trans to cis isomerization is
different. We noticed that the grating signal intensity completed in less than 1 ns. From the energetic point of view,
becomes weaker with successive pulse irradiations. Thisthese facts suggest that the protein part has not relaxed yet
weakening can be explained by a much slower or no back-t adopt a new conformation of the chromophore; that is,
isomerization for the denatured PYP than that for the native {he protein structure is strained in pRhis strain may cause
PYP. This fact suggests that the protein environment the |arge enthalpy of the pRspecies. It is reasonable to
enhances the back-isomerization compared with water SO"specuIate that the following step (pR> pB) is driven by
vent. This catalytic action of the protein to back-isomerization this stored energy in pRIn pB, the whole protein structure
was previously suggested by the thermodynamic measure-s relaxed to adopt to the cis form of the chromophore, and
ment of the activation enthalpy of pB- pG (38). Because  tnjs relaxation causes the lower enthalpy of pB. This feature
of this slow back-reaction, we do not need to consider the i similar to the case of a typical visual signal transducer,
back-reaction as the source of the decay of the grating signal e rhodopsin39, 40). In this protein, the enthalpy is very
and the grating decay solely comes from the diffusion processhigh up to the batho intermediate (130 kJ/mol) and suddenly
of the denatured PYP. decreases to 50 kJ/mol in the next st&®)( From the

The population grating signal under the fully denatured energetic point of view, the pRstate of PYP is similar to
PYP condition can be fitted well by a single-exponential the batho of rhodopsin.
function. The decay rate constant is given Dg. In this It is interesting to note that the enthalpy difference between
case,D of PYP with the trans form of the chromophore the trans and cis isomers picoumaric acid in water is about
should be the same as that with the cis form. This is sharply 50 kJ/mol. From this fact, the enthalpy of pB seems to come
in contrast to the native PYP, in whidh of pG is different from only the unstable energy of the cis chromophore, but
from that of pB. Again this difference can be explained by e should note that the coumaric acid in pG is deprotonated
the denatured conformation of PYP; that is, the chromophore and this chemical change should be taken into account. We
is present in the water phase rather than in the protein interior,may compareAH, with that previously obtainedH for the
so that the trans to cis isomerization does not influence the chemically created pB-like state (gR). PYP is known to
diffusion process. This is consistent with the previous pe very stable against the thermal denaturation, but it can
observation that th® of the trans form and cis form of  pe reversibly denatured by decreasing the pH below 3.25
p-coumaric acid are very similaBg). This fact also supports (13, 38). Using the denaturing (heat) treatments at this low
that the difference ild between pG and pB comes from the pH, a form of the protein absorbing near 345 nm {pB
different protein structure. can be reversibly created from pG. Van Brederode et al. have

From the decay rate of the TG signBlwas calculated at  measuredAH between pG and pR« using the standard
various GdnHCI concentrations. However, the chang@ in  calorimetric method and reported it as 52.1 kJ/mol. It is
reflects not only the decrease &f of PYP due to the  surprising that spectroscopically obtainad, for photo-
structural change but also the change in the viscosity simply created pB is very similar to that of denaturedspBbecause
by the addition of GdnHCl to the solvent. For the correction the photochemically created pB possesses the cis chro-
of this viscosity change, we normaliBeby multiplying 7o/n mophore, while the chemically created denatured;,pB
[170, the viscosity of the buffen;, the viscosity of the GAnHCI  should have the trans chromophore. Ohishi et al. measured
solution @5)]. D of PYP at various GdnHCI concentrations the free energy change upon denaturation for pG and pB at
is shown in Figure 11. low pH (pH = 5). The difference in the free energy of the

The double-exponential feature represents the native formprotein part between pG and pB was estimated to be about
of PYP, whereas the single-exponential feature indicates the15 kJ/mol, which is much smaller than the enthalpy change
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of the chromophore (about 50 kJ/mol). Hence our result herepB transition was suggested to be thermodynamically
is consistent with their result to suggest almost completely equivalent to a protein unfolding reactio8gj. Apparently
relaxed protein structure in pB. the features of the transition states*@Rd pEB in the PYP
Volume Changén recent years, a number of investigators photocycle are similar to those of the transition states for
have applied many perturbations (e.g., temperature, denaturthe (un)folding of small globular water-soluble proteins. We
ant, pH, pressure) to reversible folding proteins and studied showed, in this study, that not only from the activation heat
the characteristic features of unfolded proteins. The partial capacity or the heat capacity of the chemically createdpB
molar volume of a protein is a macroscopic observable which state but also from the partial molar volume change of, pR
is particularly sensitive to the hydration properties of solvent- the pR state may be interpreted as the unfolded protein
exposed atomic groups as well as to the structure, dynamicsstructure. It may be interesting to compah®/ with the
and conformational properties of the solvent. Here we volume change by the complete unfolding process. Although
determined that the volume change by pGoR; is negative there are no data available for PYP so far, we may use a

(=7 mL/mol at 20°C). calculated value from an equation proposed befdd@. (It
The partial molar volume of a solute can be described aswas found that the specific partial molar volume has a
a sum of the following basic contributionsls): (1) correlation with the molecular weight. According to this

constitutive volume, which is the sum of the van der Waals empirical equationAV = —950 mL/mol is predicted for the
volumes of all of the protein constitutive atoms; (2) void complete unfolding of PYP. Compared with this value, the
volume, the volume of the structural voids within the solvent- observedAV for pG— pR; is much smaller (less than 1%).
inaccessible core of the protein that result from imperfect This is reasonable because gRnnot have a fully denatured
atomic packingVy); (3) thermal motion contribution, a space structure. A recent time-resolved FT-IR experiment indicated
required for heat motion at nonzero temperature; (4) interac-that a significant change in the amide | band was not
tion volume, the effects of solutesolvent interactions caused observed, which suggests that the protein does not fully
by electrostriction around charged groups or by the hydrogenrespond to chromophore isomerizati@); This is consistent
bonding of polar groups with water; (5) translational thermal with our observation here. In the following sections, we
motions of moleculesdksT: «7, isothermal compressibility).  further examine the (partially) denatured structures of the
Usually this is negligible in large molecules such as protein. reaction intermediate pRind pB in view of various aspects.
The van der Waals volume is conserved during the Temperature Dependencef¥. The partial molar volume
reaction; hence it does not contribute to the volume changechanges in irreversible reactions in water have been measured
here. It is interesting to note that the molecular volume mainly by the laser-induced PA method with an assumption
change of a size of PYP is usually (slightly) negative by the that AV does not depend on temperature. Since there was
native to unfolding process4l). This contraction of the  no alternative way, this assumption has never been tested
protein volume by the unfolding process has been explainedrigorously. Using the time-resolved TG and PA hybrid
in terms of multiple contributions from the above factors as method, we could detect a rather large temperature-dependent
follows. The solvation of polar groups and charged groups AV for the first time @6). Previously, we interpreted this
causes a decrease in volume. In addition, the transfer oftemperature- dependeft/; in terms of many possible local
nonpolar groups from hydrophobic to aqueous environments minima of the potential curve along the reaction coordinate
upon protein denaturation also causes a decrease in volumé26). Here we consider this phenomenon from a different
since the volume changes due to hydration are negative. Theperspective.
change in the void volume due to imperfect protein packing  The slope of the plotAV vs T, corresponds tau, [Aaun
is also expected to be negative upon denaturation. On the= (3V/3T),], which is the change in the coefficient of thermal
other hand, “thermal volume”, which results from thermally expansion for the initial (pG) and the intermediate {pR
induced molecular vibrations of both the solute and solvent forms. This indicates that the thermal expansivity of ¥R
molecules, thereby leads to an expansion of the solvent.larger than that of pG. This is an interesting observation,
These contributions cancel each other, and as a result, thenot only because this is the first example to show the different
volume change upon unfolding for “small” proteins is au between the reactant and the reaction intermediate but
predicted to be small negative. The observed small volume also because previous studies on the thermodynamic proper-
contraction by the pRformation is consistent with this ties of proteins have already clearly showed that the partial
prediction, so that we may speculate that the fiRmation molar volume of the unfolded state increases more signifi-
process can be considered as the denaturation process of theantly with temperature than that of the folded stad).
protein part. On the basis of this interpretation, the negative Hence this observation, temperature-depende¥it also
volume change may suggest that the solvent-accessiblendicates the resemblance of the pfRate to the unfolded
surface areas increase by the pGpR; process, because state of the protein. The largety, for unfolded protein is
the average hydration contribution to the protein partial intuitively understandable if one considers that the unfolded
volume is proportional to the solvent-accessible surface areagrotein has a loose protein structure, which is expected to
of the protein;AV, O Sa. This is consistent with the other be more sensitive to the temperature. In faat, is
observations in the present study as shown in the laterproportional to the cross-correlation of the volunvg é&nd

sections. entropy § fluctuations 43, 44)
From the measurement of the heat capacity of,pBit
was suggested that this form is, not totally but at least (BV— [EIVII= KTVoy, (6)

partially, unfolded random coil conformatiog). Further-
more, comparing the activation heat capadify,” associated ~ where 0 Oindicates the ensemble average dnds the
with the PYP photocycle with the other proteins, the pR Boltzmann factor. The largeat is an indication of larger
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structural and/or entropy fluctuation. Therefore, even in this D cannot represent the real radius of the diffusing species,
initial intermediate species pRwhich is created after As but this “hydrodynamic radius” gives us an intuitive sense
of photoisomerization of the chromophore, the protein on the radius and the interaction. We consi@enf PYP
structure is loosened. Apparently, the structural change isfrom two different approaches below.
not restricted around the chromophore, which is contrary to  One method to connect the intermediate species with the
the results from the time-resolved X-ray experime2i)( unfolded structure is to use the compact fa€antroduced
The difference ofoy, between the folded and unfolded by Wilkins et al. 46), which is
metmyoglobin (metMb) was reported to hew, = +2.4 mL/
(mol-K) (45), while Aoy for pG and pR of PYP was+0.6 cC=(r>—r)lr,° =1 (7)
mL/(mol-K). If we tentatively assume thato, for metMb
is a typical value forAas of the native and unfolded  wherer,> andr,N are the hydrodynamic radii for the native
conformation, the fluctuation of pRs about 25% unfolded and fully denatured states, respectively, andis the
from pG. This value cannot be considered too seriously, but experimentally determined hydrodynamic radius. According
we believe that this is a right order of magnitude of the to this definition the protein with the same molecular radius
partially loosed structure. as the native state will hav@ = 1.0 and that with the same
A recent time-resolved FT-IR experiment does not show radius as a fully denatured stat€, = 0. With a slight
a large backbone amide group movement in @®).(  modification based on the StokeEinstein relationshipC
FurthermoreAV described in the previous section from the can be equivalently defined as
TG measurement is much smaller than expected from the
unfolding process. These results (TG and FT-IR) suggest that C = (1/D° — 1/D)/(1/D° — 1/DM) (8)
the conformation of pR is not changed significantly from
pG. Therefore, the larger thermal expansivity i, pRlicates where the superscripts Bfhave the same meaning as above.
that the rigidity of the structure is weakened with a small From this equation, we can say that the pB state possesses
conformational change. Apparently, this weakening is causedabout 14% unfolded structure compared with pG.
by the strain induced by the photoisomerization of the  The other argument is related with the surface corrugation
chromophore as suggested from the large enthalpy of thisand roughness of globular proteins. Choi et al. recently
species. This larger conformational flexibility in pRhay showed that the magnitude of structural fluctuation and the
cause the next larger protein structural change inpRB. coefficient of self-diffusion vary with the size of solvent
Diffusion Coefficientln the characterization of native and molecules and correlate nicely with the correlation dimension
non-native states of proteins in solution, a measurement ofof the protein by using molecular dynamics simulatiofig (
the molecular dimensions of the system is valuable. A Correlation dimensiorD, is a parameter describing the
measure of the average dimensions of the conformationalsurface roughness of globular protein molecules, which
ensemble can give information about the nature of the depends on the size of a guest molecule approaching them.
structures adopted by the polypeptide chdincan probe The largerD, is, the smaller the diffusion coefficient is. On
the average dimension and the coupling of the local and the basis of this consideration, the smalleof pB means
global conformational properties of these unfolded and partly that the surface becomes rougher in pB than pG. This surface

folded species. roughness should be related with the loosened structure of
The observed 1.2 times difference betwéa and Dy the pB state as suggested in the above sections.

is a large difference, and in fact it is rather astonishing. In  From a denaturation experiment, Ohishi et al. have

the framework of the Stoke<instein theoryD is propor- suggested that the surface area of pB becomes larger than

tional tokT/nr, wherek is the Boltzmann constant, is the that of pG @7b). Our result here is consistent with their
absolute temperature,is the viscosity of the solvent, amd interpretation. Recently, the conformational change from pG
is the radius of the solute. If the differebt is due to the to pB was studied by the NMR technique in the solution
volume change from pG to pB, the volume of pB must be phase. From the protection factor, it indicates that hydrogen
1.282~1.7 times as large as the volume of pG. If such a large bonding between several residues is significantly weakened
volume expansion occurs, an extremely laligecomponent in pB compared with pG even at residues far from the
should be observed. Judging from the profile of the TG chromophore. Breaking the intraprotein hydrogen bonding
signal, this is not the case. Therefore, we presume that thismeans that the protein structure becomes rough (ladger
difference of the diffusion coefficient comes from the large and the proteirrmatrix hydrogen bonding becomes stronger.
change of the interaction between the protein and water These two effects make the translational diffusion slower in
molecules in pG and pB. According to the time-resolved pB compared with pG. Unfortunately, the correlation between
crystallography, the guanidinium group of Arg 52 moves the structural change and the chang®ihas not been well
toward solvent in the pB state, and the phenolic oxygen of established. Combining the data from NMR and d&ur

the head part of the chromophore moves largely from the measurement, we could study how much structural change
protein core. As a result, the phenolic oxygen is solvent- is necessary to chand# by 20% in the future.

exposed and protonated. This change will increase the

protein—water interaction, which could be a cause of the SUMMARY

slower diffusion constant of the pB species. However, as

long as the change is localized around the chromoplire, We have determined some thermodynamic properties
may not be changed so much. We suppose that the surfacéenthalpy change, volume change) and transport property
of the whole protein dramatically changes to hydrophilic (diffusion coefficient) of unstable intermediate species of
character by the transformation from pG to pB. PYP in the time domain by using the pulsed laser-induced
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photoacoustic and transient grating method. The enthalpy 17.Hoff, W. D., Dix, P., Hard, K., Devreese, B., Nugteren-

change indicates that the first intermediate p&tm is very
unstable (160t 20 kJ/mol). Only 33% energy is released
as heat from the excited state of PYP (energy of p&240

kJ/mol). Since the enthalpy difference between the cis and

trans forms of-coumaric acid in water was estimated to be
50 kJ/mol and the enthalpy of pB was estimated to be 60
kJ/mol, most of the energy is stored as the strain of the

protein and/or the strained structure of the chromophore in
pRz.
that of pG. These observations can be consistently interpreted

The diffusion coefficient of pB is 20% smaller than

in terms of the unfolded nature of the protein structure of
PYP after photoisomerization of the chromophore. A rela-

tively large temperature dependence of the volume change

for pG— pR; [+0.6 mL/(motK)] indicates a large structural
fluctuation in pR. This softness of the structure should result
from the strain induced by the isomerization of the chro-

mophore and causes a larger structural change in the next

step (pR — pB) indicated by the FT-IR measuremerit§)
FromD of pB, the compact factor of pB is estimated to be

86%, and the surface in the pB state is shown to be rougher

than that in the pG state. This is the first observation of the
smallerD of reaction intermediate proteins. These results

indicate that a large protein conformational change must

occur in the PYP photocycle and it could be related with

the

mechanism of signal transmitting of this photoreceptor

protein.
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