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The photochromic equilibria between the ground state and the first intermediate of the native photoreceptors
phytochrome A (phyA) of oat and photoactive yellow protein (PYP) ofEctothiorhodospira halophilahave
been studied by laser-induced optoacoustic spectroscopy, employing photon densities sufficiently high to
reach saturation and to establish the photoequilibria between the red-light-absorbing phyA form, Pr, and the
first intermediate, I700, and between the PYP ground state, pG, and the first intermediate, pR. The parameters
for the photoequilibria Pr a I700 and pGa pR were determined by the fluence saturation curves of the
structural volume change,∆Vr, analyzed with model functions taking photoselection into account. The quantum
yield of the photoreversion,ΦI700fPr ) 0.22( 0.12, proved to be ca. 1.4 times larger than the known quantum
yield of the forward photoreaction (assumingΦPrfI700 ) ΦPrfPfr). This suggests that the chromophore-binding
protein domain structures of Pr and I700 are quite similar. In contrast, the photoreversion quantum yield in
PYP for pRf pG is small (ΦpRfpG ) 0.07) compared with the known value for the thermal forward process
to the signaling state pB (ΦpGfpR g ΦpGfpB ) 0.35). This is tentatively attributed to a main conformational
change associated with the pGf pR phototransformation. The results of this study emphasize the need of
considering photoequilibria in photoreceptors when working with high-fluence laser pulses.

Introduction

Most photosensor chromoproteins have in common a pho-
toisomerizable chromophore as a prosthetic group. The fast
photoisomerization (typically in the femto-to-picosecond do-
main) triggers slower changes of the protein conformation,
eventually leading to the signal transduction chain. This feature
is common to retinal proteins,1,2 the photoactive yellow protein
(PYP),3 and the phytochromes.4

In each of these photoreceptors at least the primary photo-
chemical product(s), and in certain cases also subsequent
intermediates, are formed within a few picoseconds. Irradiation
with a nanosecond pulse leads therefore also to the excitation
of these intermediates within the pulse time width. As a
consequence, these intermediates may be photoisomerized back
to the starting material. Indeed, the photochemical back reaction
of the K intermediate to bacteriorhodopsin (BR) is even more
efficient than the forward photoreaction (ΦBRfK ) 0.64;ΦKfBR

) 0.94).5

Recently, we have determined the structural volume changes
associated with the primary phototransformation steps of the
plant phytochrome A (phyA)6,7 and of eubacterial PYP7,8 by
laser-induced optoacoustic spectroscopy (LIOAS) measurements
at several temperatures.

The pressure pulse detected by LIOAS is the sum of two
contributions to the total volume change induced in the solution,
viz., thermal deactivation of the excited molecules,∆Vth, and
structural changes,∆Vr.9,10 The value of∆Vth linearly depends
on the ratio of thermoelastic parameters of the medium (â/(cpF),
with â ) cubic expansion coefficient,cp ) heat capacity, and

F ) mass density), while∆Vr is independent of these parameters.
Since in waterâ equals zero atTâ)0 ) 3.9 °C, which amounts
to ∆Vth ) 0, LIOAS measurements of aqueous solutions at this
temperature permit a direct study of∆Vr. This offers an
interesting access to the analysis of photochromic reactions. The
∆Vr value should reach saturation with increasing laser fluence
and as a function of the photoproduct concentration. In other
words,∆Vr saturation occurs as a function of the quantum yields
of the forward and backward reactions. Since the∆Vr values
are identical, but of opposite sign, in the two directions of a
photochromic reaction, the values of the saturation level∆Vsatd

and curvatureb [eq 2 vide infra] will be influenced by the
photoequilibrium kinetics. The monitoring of∆Vr fluence
saturation atTâ)0 has already been exploited in studies of
photosynthetic reaction centers.11-12

The primary step of the phototransformation of the red-light-
absorbing form of phyA, Pr, to the first intermediate, I700, is
accompanied by an expansion of∆Ve ) 0.9 mL per mol of
absorbed photons,6,7 while the corresponding photoreaction of
PYP, pGf pR, shows a contraction of∆Ve ) -5.0 mL per
mol of absorbed photons.7,8 These measurements were per-
formed at photon densities that were within the linear fluence
dependence of the LIOAS signal and converted less than 10%
of the molecules in the irradiated volume.

All members of the phytochrome family13 have molecular
weights of around 120 kDa/monomer.14 In solution they exist
as dimers. They possess an open-chain tetrapyrrole chro-
mophore, phytochromobilin, covalently attached to a cysteine
of the protein backbone through a thioether bond. The
photochromism, interconverting the two stable forms Pr (λmax

≈ 665 nm) and Pfr (λmax ≈ 730 nm), is an inherent property of
the monomeric chromoprotein.4,14 It is initiated byZ,E isomer-
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ization of one of the phytochromobilin double bonds. Excitation
of Pr, which is the more extensively investigated form to present,
leads to the formation of several intermediates with lifetimes
in the micro-to-millisecond domain.4,15 Although the number
of intermediates, their spectral properties, and the reaction
scheme are still under debate,16-18 it is generally accepted that
a primary photoproduct with a red-shifted absorption maximum
and an increased absorption coefficient, called lumi-R or I700,
is formed in less than 200 ps.19-22 It decays thermally en route
to Pfr with biexponential kinetics in the microsecond time range
(8 and 90µs at 10°C) to Ibl.17 The latter is a transient with
lower absorption coefficients throughout the entire absorption
spectrum.

The primary photoreaction, Pr f I700, is photoreversible.17,23

Since the absorption spectra of Pr and I700 strongly overlap, a
photoequilibrium Pr a I700 is established at sufficiently high
excitation fluences and at excitation durations that are long in
comparison with the growth kinetics of I700 (ca. 50 ps).19,20

Should this photoequilibrium be neglected, photophysical
investigations would risk erroneous interpretation.

PYP is the second photoreceptor that we have now subjected
to a fluence-saturation study of∆Vr atTâ)0. It is a water-soluble
14-kDa chromoprotein that acts as a sensor for the negative
phototactic response ofEctothiorhodospira halophilatoward
blue light (450 nm).24 Its chromophore is the deprotonated
p-coumarylthiol ester linked to a cysteine.25-27 After excitation
of pG, the stable state of PYP at room temperature, the
intermediate pR is formed within 3-12 ps,28,29 presumably by
anE f Z isomerization of the chromophore double bond.3 The
subsequent thermal pRf pB decay is biexponential and is
completed within about 2 ms. TheZ chromophore of pB is
protonated3,27 and exhibits a blue-shifted absorption spectrum.
Eventually, a thermalZ f E isomerization and deprotonation
reverts pB back to pG in several seconds.30 The pB state is
believed to be the signaling state.31

Although pR and pG have strongly overlapping spectra,30 pB
has virtually no absorption at the maximum of pG (446 nm).
This permits the use of pG bleaching after 2 ms of excitation
in flash photolysis as a measure of pB formation. Considerably
different quantum yields of pB formation, however, have been
reported by Meyer et al. and ourselves, i.e.,ΦpGfpB ) 0.6432

and 0.35,7,8 with a lower limit of ΦpGfpR > 0.16 estimated by
LIOAS.7 A photochemical back reaction, pRf pG, has to be
considered also in this system, especially since at low temper-
atures an intermediate with a red-shifted absorption (490 nm at
77 K) has been detected, which could be photoconverted back
to pG.33

We now report on a study of Pr a I700 in phyA and pGa
pR in PYP, with photon densities sufficiently high to ascertain
fluence saturation and photoequilibrium in each case.

Experimental Section

Native phyA (124 kDa) was isolated from etiolated oat and
purified as described by Brock et al.34 It was dissolved in 10
mM potassium phosphate buffer (pH 7.8), 2 mM ethylenedi-
aminetetraacetic acid, 2 mM dithiothreithol, and 2 mM phenyl-
methylsulfonyl fluoride. Bromocresol green (Fluka) was used
as a calorimetric reference.35 For the determination of scattering
artifacts, a protein suspension of cracked yeast cells (Pichia
pastoris) was used as a nonabsorbing scattering medium.

The isolation of PYP has been described by Hoff et al.30 PYP
was dissolved in 10 mM Tris buffer (pH 7.8) and 1 mM NaCl.
K2Cr2O7 was used as the calorimetric reference in the same
buffer.

The following sample solutions were measured: phyA atλexc

) 650 nm,c ) 1.68µM, A(Pr) ) 0.16, and atλexc ) 700 nm,
c ) 4.89 µM, A(Pr) ) 0.11; PYP atλexc ) 446 nm,c ) 2.86
µM, A(pG) ) 0.13, atλexc ) 460 nm,c ) 7.56µM, A(pG) )
0.26, and atλexc ) 480 nm,c ) 24.53µM, A(pG) ) 0.14.

The LIOAS signal was detected by a Pb-Zr-Ti ceramic
transducer (Minhorst, 4 mm diameter), amplified (100 times,
Comlinear E103), digitized by a storage oscilloscope (Tektronix
TDS 684, 2 ns/channel), and averaged 25-100 times depending
on the signal-to-noise ratio.10 The data were further treated with
a VAX station 3100, a mainframe VAX, and IBM-compatible
personal computers.

For the experiments with phyA, two dye lasers were pumped
by the 8-ns frequency-doubled pulses of a Q-switched Nd:YAG
laser at a 2-Hz repetition rate.6 The output was used for
excitation of Pr and I700 (at λexc ) 650 or 700 nm) and for back
conversion of Pfr to Pr (at λirr ) 740 nm). Two shutters were
synchronized by computer in order to allow one excitation pulse
to impinge on the sample cell for every 90 pulses at 740 nm.
The fluence of the excitation light was varied by a neutral-
density filter and measured with a pyroelectric energy meter.6-8

The energy of the 740-nm pulse was about 1 mJ. Its spot
coincided with the entire excitation area covered by the 700-
and 650-nm pulses.

The spatial profile of the excitation pulse, measured by a Si
photodiode and a narrow pinhole (0.05 mm) as a mask, showed
a Gaussian distribution in thex (perpendicular to the detector
surface) andy directions (parallel to the detector surface) with
fwhms of 2.1 and 1.34 mm, respectively. The excitation beam
passed through a slit of 0.8 mm× 4 mm (x andy directions,
respectively).

PYP was excited by the beam of an excimer-laser-pumped
dye laser (λexc ) 446, 460, or 480 nm, 10-ns pulse width, 0.2-
Hz repetition rate) with a nearly circular Gaussian profile (1
mm fwhm).7,8 The excitation beams of 446 and 460 nm passed
through a 0.9-mm diameter pinhole, which rendered the
distribution of the exciting photons more uniform. The low
absorption coefficients of pG and pR atλexc ) 480 nm
necessitated a different setup. To reach saturation, the photon
densities had to be increased in comparison to the other
experiments. Therefore, the beam was focused with a lens (f
) 500 mm), and a pinhole of 0.15 mm was placed in the focal
point. In this configuration the excitation energy was estimated
by measuring the transmitted light after the cuvette and by
correcting for the absorption within the cell.

In the calculation of the excited volumeVexc the 1-cm path
and the dimensions of either slit or pinhole were taken into
account. In the experiment with PYP atλexc ) 480 nm a
cylinder of 0.26 mm diameter was taken asVexc.

Results

The temperatureTâ)0, required for an appropriate investiga-
tion of the saturation behavior of the sample signal, was
determined by monitoring the disappearance of the reference
LIOAS signal in the given buffer as a function of temperature.6-8

The LIOAS signal of phyA at this temperature was positive
and reflected exclusively the structural volume change of the
Pr f I700 transformation (see Figure 5 in Gensch et al.6). The
LIOAS-signal of PYP atTâ)0 was negative (see Figure 1 in
the work of van Brederode et al.8).

In our previous study of phyA6 we have shown that there is
no signal shift or deformation that would result from a
contribution of the I700 decay in the range 3-20 °C. The same
holds for the pR intermediate of PYP.8 Consequently, no
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deconvolution was necessary and the amplitude of the first wave
of the LIOAS signal could be used. The signal amplitudes of
the sample,Ssample, atTâ)0 were transformed into∆V values by
using eq 1.6,7 The Tâ)0 values of the two buffers have been
estimated already in our previous studies:Tâ)0 ) 2.86 and 2.6
°C8 for the potassium phosphate (phyA) and Tris buffer (PYP),
respectively. Tâ*0 values of 12.5 and 20°C were chosen for
the phyA and PYP experiments, respectively. The absorbances
(A) of sample and reference solutions were matched.Sn

ref is the
fluence-normalized value of the LIOAS amplitude and denotes
the slope of the linear plot of reference signal vs excitation
energyEexc:

This method is based on the condition that the difference in
the isothermal compressibility,κT, of the solutions atTâ)0 and
Tâ*0 is negligible. In the case of phyA this assumption is safe.
For PYP a correction was necessary in view of the higherTâ*0

value. Since the optoacoustic signal is inversely proportional
to the compressibility,10 the∆Vr values (eq 1) were multiplied
for this purpose by the ratioκT (3 °C)/κT (20°C) ) 1.09 obtained
from the respectiveκT values of 4.99× 10-10 and 4.59× 10-10

Pa for neat water.36

Another assumption, which is conditional to the use of
temperature as a variable to separate the structural and thermally
produced volume changes, is that∆Vr, i.e., the structural volume
change, is constant in the relatively narrow temperature range
monitored. This assumption is justified by the linear dependence
of the reference-normalized LIOAS signal intensity at low
fluences oncpF/â for phyA6,7 and for PYP.7,8

At high fluences, the early part of the LIOAS signal of
phytochrome is distorted (Figure 1), unlike the LIOAS wave-
forms of PYP and the reference samples. Since the distortion
started prior to the appearance of the prompt LIOAS signal (data
not shown) and intensified with increasingEexc, it is attributed
to scattered laser light. This artifact was corrected by subtracting
the energy-normalized LIOAS signal of a nonabsorbing yeast
protein extract from the phytochrome signal at the higherEexc

values (>50 and>25 µJ at 650 and 700 nm, respectively).
Figure 1 shows LIOAS waveforms from phytochrome solutions
at low and highEexc, as well as the distorted and corrected
signals at highEexc (for similar correction procedures see refs
37).

In Figures 2 and 3, the experimental values of∆Vr at Tâ)0,
calculated by use of eq 1, are plotted as a function of the number
of incident photons per pulse,Nphot, at λexc ) 650 and 700 nm
for phyA andλexc ) 446 and 460 nm for PYP, including fitting
and simulated model functions (see Discussion). Since the ratios
of the absorption cross sections of Pr to I700 and of pG to pR
depend on the excitation wavelength, the photochromic equi-
librium concentrations of Pr a I700 and pGa pR also vary
with these wavelengths. While in the experiments depicted in
Figures 2 and 3 the saturation values were almost achieved,
only 65% of the PYP molecules were phototransformed with
480-nm excitation (data not shown) despite the focusing
configuration. The results of this latter experiment are therefore
less reliable.

Discussion

Choice of Saturation Model. The simplest analysis of
saturation experiments is the fitting of a function such as eq 2
to the experimental points of a signal vsNphot plot. Two
schemes were evaluated for the application to the experiments
in this work: a four-state model (with a starting compound A,
a first intermediate B, and both excited species) with and without
photochemical reversion. Owing to the short lifetimes of the
excited states, [A]t)0 at any timet equals [A]t + [B] t. The

Figure 1. (Left) LIOAS signals of phyA (T ) 2.8 °C, λexc ) 650 nm,
A ) 0.159) atTâ)0 at low (curve A,Eexc ) 19 µJ) and high excitation
energies (curve B,Eexc ) 150 µJ). (Right) Distortion signal due to
light scattering by reference (yeast protein; curve C), normalized to
the beginning of curve B, and corrected LIOAS wave D) B - C.

∆Vr )
STâ)0

sample

Sn,Tâ*0

ref (cpF
â )

Tâ*0

(1)

Figure 2. Experimental∆Vr values of phyA atTâ)0 as a function of
incident photonsNphot. Left (O): λexc ) 650 nm,A650 ) 0.16,NphyA )
3.225× 1013. Right (0): λexc ) 700 nm,A700 ) 0.11,NphyA ) 9.205
× 1013; (-) best fit based on eq 11 (for fit data see Table 1); (‚‚‚)
simulated curve based in Scheme 1 andΦPrfI700 ) 0.15 (see
Discussion).

Figure 3. Experimental∆Vr values of PYPTâ)0 as a function of
incident photonsNphot. Left (O): λexc ) 446 nm,A446 ) 0.13,NPYP )
1.10× 1013. Right (0): λexc ) 460 nm,A460 ) 0.26,NPYP ) 2.80×
1013); (-) best fit based on eq 2 (for fit data see Table 3); (‚‚‚) simulated
curve based in Scheme 1 andΦpGfpR ) 0.35 (see Discussion).
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physical meaning of∆Vsatd and b depend on which of these
two models applies to the system under study. In the absence
of a photochromic system (Scheme 1), the parameters of the
fluence-dependent data are given by eq 5, while in the presence
of a photoequilibrium (Scheme 2) the parameters have the form
given by eq 8.

Consequently, in eq 2

Now, b of eq 2 is given by

In these equations,∆Ve is the structural volume change per
mole of absorbed photons ()ΦAfB∆VR), NA is the Avogadro
constant,Nsample is the number of sample molecules in the
excited volume,ΦAfB is the quantum yield of the formation of
intermediates (ΦPrfI700 for phyA andΦpGfpR for PYP),ΦBfA

is the quantum yield of the respective back reaction, andσA(λ)
andσB (λ) are the absorption cross sections of starting compound
A and intermediate B.Ep is the photon irradiance in cm-2 s-1.

Equation 2 describes the saturation behavior (which is defined
by the leveling-off of the fluence dependence of the LIOAS
signal amplitude) as long as the excitation is virtually isotropic.
This condition, in turn, is fulfillled if the excitation energy is
uniformly distributed in the excited volume and if either (i) the
polarization of the exciting light is isotropic (which is not the
case in the present experimental setup) or (ii) the excitation is
not isotropic but the absorbing molecules rotate within the
duration of the excitation pulse. When the excited molecules
do not rotate within the duration of the excitation pulse, they
remain virtually immobile during this period and photoselection
can occur. However, when they do rotate during this period,
photoselection is not observed [condition ii].

A simple description of the rotation of molecules in solution
is given by the Einstein-Smoluchovski equation (eq 9),38 which
relates the rotational diffusion timeτR to the temperatureT, the

solvent viscosityη, and the solute volumeVs. This equation is
valid for

spherical molecules. The maximal correction for a different
geometrical shape is less than 50%.39 In general,τR increases
for a less spherical molecule.

In the case of linearly polarized excitation, the saturation
behavior becomes a function of the pole distance angleϑ

betweenE and the transition dipole momentµ. For molecules
rotating much more slowly than the excitation pulse duration,
the saturation function is given by the following integral for 0
<ϑ < π (eq 10):

Kawato and Kinosita,40 Nagle et al.,41 and Kliger et al.42 have
already investigated the different absorption probabilities and
saturation behavior for large, slowly rotating units such as purple
membrane particles. Integration overϑ leads to a function
describing the saturation behavior of molecules withτR . τpulse

(eq 11).

Figure 4 shows the different saturation behavior of two
samples with identical∆Vsatdandb values, for fast (eq 2, curves
A and C) and slow rotation (eq 11, curves B and D) compared
with τpulse, and for cases without (Scheme 1, curves A and B)
and with photochemical back reaction (Scheme 2, curves C and
D). Equation 11 (slow rotation) predicts that B and D deviate
earlier from initial linearity and reach the saturation level later
than A and C under the regime of eq 2, which is applicable to
fast rotation (i.e., no photoselection). It is evident from the plots
in Figure 4 that neglect of the photoselection phenomenon in
the case of virtually immobile samples would lead to incorrect
photophysical parameters.

From eq 9 and the phytochrome dimer dimensions, obtained
by electron microscopy and small-angle X-ray scattering, values
of τR ) 260 ns (by usingVs from Jones and Erickson43) and
130 ns (by usingVs from Nakasako et al.44) can be calculated,45

neglecting the deviations of the dimer from a perfect sphere.

∆V(Nphot) ) ∆Vsatd[1 - exp(-bNphot)] (2)

Scheme 1 A f B

d[A]
dt

) -EpΦAfBσA[A] (3)

d[B]
dt

) EpΦAfBσA[A] (4)

b ) ΦAfBσA

∆Vsatd)
∆Ve

ΦAfBNA
Nsample (5)

Scheme 2 A a B

d[A]
dt

) -EpΦAfBσA[A] + EpΦBfAσB[B] (6)

d[B]
dt

) EpΦAfBσA[A] - EpΦBfAσB[B] (7)

∆Vsatd)
∆Ve

NA
Nsample

σA

ΦAfBσA + ΦBfAσB
(8)

b ) ΦAfBσA + ΦBfAσB

Figure 4. Simulations of∆Vr with ∆Vsatd) 1.0× 10-10 mL andb )
1.0 × 10-15 cm-2 as a function of the incident photonsNphot without
(A, B: ΦBfA ) 0) and with photochemical back reaction (C, D:ΦBfA

) ΦAfB, σA ) σB) based on eqs 2 (A, C) and 11 (B, D). The arrow
indicates the highestNphot used in the experiments.

τR )
ηVs

kT
(9)

∆V(Nphoto) ) ∫∆Vsatd[1 - exp(-bNphotocosϑ)] dϑ (10)

∆V(Nphot) ) ∆Vsatd[1 - 0.5x π
3bNphot

erf(x3bNphot)]
(11)
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This calculation ascertains that phyA remains immobile during
excitation with an 8-ns excitation pulse, and photoselection
ought to be considered because conditions i and ii are not
fulfillled. Since the orientations of the absorption dipole
moments of Pr and I700 are not markedly different (see Savikhin
et al.19), eq 11 can be used for the simulation of the fluence
saturation experiment with phyA.

In the case of PYP, condition ii is fulfillled, since aτR value
of ca. 6 ns (ie., τR < τpulse) is calculated from X-ray diffraction
crystal-structure data.26 Photoselection plays no major role
because most molecules rotate within the 10-ns excitation pulse.
Thus, the fluence saturation experiments with PYP should be
analyzed by eq 2.

The a priori condition of uniform excitation distribution will
never be fulfillled ideally, since the sample absorbs part of the
excitation light, and therefore, the excitation probability de-
creases exponentially with progression along the light path
(Lambert-Beer law). However, this effect should be negligible
for the dilute samples studied, since the optoacoustic transducer
(with a circular surface of 4 mm diameter) records the integrated
signal from the entire illuminated area.

Uneven distribution of the excitation energy in the plane
perpendicular to the light beam, which had a Gaussian spatial
profile (see Experimental Section), is to be considered a second
source of nonuniformity in our experiments. The nonuniform
distribution of excited species generated leads to different
degrees of saturation withinVexc. Equations 12 and 13 describe
the saturation behavior of∆V as a function of the spatial
distribution of photonsS(r ):12

A in this case indicates the irradiated area. In the case of a
Gaussian distribution, the saturation starts at lowerEexc values
in the center of the beam than at the edges. This leads to a
faster deviation from linearity at lowNphot and to a slower final
saturation.

To evaluate the influence of the photon distribution on the
results, the fluence dependence of the∆Vr values was simulated
by eq 13 (see Figure 5) with a uniform (O) and with two
Gaussian distributions (0) perpendicular (fwhm) 2.1 mm) and
parallel (fwhm) 1.34 mm) to the detector surface. The two
orthogonal distributions (0) reflect the experimental situation
in the phyA investigations. The integration was performed for
several values ofbNphot

46 and within a fluence range twice the
maximum fluence experimentally available (see arrow in Figure
5). Comparison of the two simulations in Figure 5 shows that
the deviations from a uniform spatial photon distribution must
not be neglected in the phyA experiments. Owing to the
relatively narrow slit (0.8-mm width), the differences between
the uniform and the Gaussian distribution were very small in
the direction perpendicular to the detector surface. However,
in the direction parallel to the detector, the differences were
more marked because of the relatively large (4 mm) slit height
in relation to the fwhm of 1.34 mm.

As described above, the saturation behavior of the two
Gaussian-like photon distributions in the phyA experiment
(Figure 5) appears different from that based on eq 11. Since
there is no analytical solution for the integral in eq 13, the
experimental dependence of∆Vr on Nphot was analyzed on the
basis of eq 11, which assumes a uniform photon distribution.
This led to incorrect∆Vsatd and b values. To correct for the
inappropriate fitting function, the simulated curve0 was fitted
with eq 11 in the experimentally accessible fluence range. In
this way, the values of∆Vsatdandb obtained with eq 11 (Figure
2) were estimated to be 15% and 5% lower, respectively, than
those that would have been obtained with a uniform distribution.
The results obtained from the analysis of the data in Figure 2
were corrected accordingly.

The results with PYP required no correction for an inhomo-
geneous distribution. In both the nonfocusing and the focusing
configurations the pinholes (diameters of 0.9 and 0.15 mm,
respectively) were placed in the center of the beam, which
rendered the illumination nearly homogeneous.

Once the appropriate function for the analysis of the saturation
curve was established [i.e., eq 11 for phyA and eq 2 for PYP],
the values of∆Vsatdandb could be calculated. In the case that
Scheme 1 should prove inapplicable and that data analyzed by
eq 5 and the correspondingb value should lead to unreasonable
values for the forward quantum yield,ΦAfB, the alternative
Scheme 2, eq 8, and the correspondingb value were to be
applied in order to estimate the backward quantum yieldΦBfA

by using an independently determined value ofΦAfB.
The difficulties introduced by a nonuniform spatial distribu-

tion in the excitation area illustrate the advantage of choosing
an area distinctively smaller than the excitation beam cross
section for studies under saturating conditions. Therefore, the
use of a pinhole instead of a slit is recommended.

Phytochrome. Subnanosecond transient absorption studies
carried out previously with phyA indicate that an intermediate
with spectral characteristics comparable to those of I700 is formed
from Pr within 200 ps.19,20 Moreover, nanosecond studies16-18

demonstrate the existence of two I700 intermediates with similar
spectra, both of which decay within time ranges of microsec-
onds. It is not yet clear whether these I700 species are formed
in a parallel (i.e., simultaneously, Pr f I1

700 + I2
700) or in a

sequential manner (Pr f I1
700 f I2

700), with either primary step
on a picosecond time scale. Both models are compatible with
the literature data15-18 and with the data of the present study.

∫A
∆V(Nphot, r ) dA ) ∫A

∆Vsatd[1 - exp(-x)] dA (12)

∫A
∆V(Nphot, r ) dA ) ∫A

∆Vsatd[1 - 0.5xπ
3x

erf(x3x)] dA

(13)

x ) bNphot

S(r )

∫A
S(r ) dA

Figure 5. Simulation of∆Vr by using eq 13, with∆Vsatd ) 1.0 ×
10-10 mL and b ) 1.0 × 10-15 cm-2 as a function of the incident
photonsNphot with uniform (O) and Gaussian-like (0) photon distribu-
tions; (-) function fitted to0 by eq 11 (hence, assuming a uniform
distribution). The arrow indicates the highestNphot used in the phyA
experiments.
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The experimental points∆Vsatd vs Nphot fitted by eq 11 are
plotted in Figure 2. The∆Vsatd andb values, corrected for a
spatial Gaussian distribution of the photons in the excitation
beam as described above, are given in Table 1 for the two
excitation wavelengths. Additionally, a model function is
depicted in Figure 2 (‚‚‚), which has been simulated by using
eq 11 and values of∆Vsatdandb based on the assumption that
Scheme 1 is valid (no back photoreaction). For the calculations,
a value of∆Ve ) 0.9 mL/mol from our previous LIOAS study
of phyA at low fluences,6 the absorption cross sectionsσPr(λ)
for native oat phyA,47 andΦPrfI700 ) ΦPrfPfr ) 0.1546,48 were
used.

The values forNphot and the onset of the leveling-off
calculated for both excitation wavelengths by the model function
that assumes that a light-induced back reaction is not significant
(Scheme 1) are much too high in comparison to the experimental
data (Figure 2). Although the approximation withλexc ) 650
nm is inacceptable only at higher photon densities, the model
function throughout reflects in no way the experimental results
with λexc) 700 nm. This disagreement argues against Scheme
1 as do also theΦPrfI700 values calculated from∆Vsatd andb
for this scheme (see Table 2). Forλexc ) 650 nm, the estimated
ΦPrfI700 values are twice the experimentalΦPrfPfr value reported
by Lagarias et al.48 and, therefore, also in disagreement with
Scurlock et al.49 Furthermore, an unrealistic value ofΦPrfI700

> 1 is obtained forλexc ) 700 nm.
When Scheme 2 was applied instead, the agreement between

the values derived from∆Vsatd and b at the two excitation
wavelengths was excellent (see Table 2 for the calculated
ΦI700fPr values).

It should be pointed out that the uncertainty inΦI700fPr is
relatively large. Taking into account relative errors of 10-
20% for∆Vsatd, 5% forb, 7.5% forσPr,47 3% forΦPrfPfr,48 12%
for σI700 at 650 nm, 6% forσI700 at 700 nm,16 and 20% for
∆Ve,6 overall relative errors of 40-60% result forΦI700fPr,
depending on the equations used. Despite these large error
limits, there is good agreement with all data based on Scheme
2. Therefore, an average value forΦI700fPr ) 0.22( 0.12 is
obtained if it is assumed that the quantum yields are independent

of excitation wavelength and thatΦPrfI700 equalsΦPrfPfr. For
a value ofΦPrfI700 larger than 0.154,6 ΦI700fPr would decrease
according to eq 8.

Photoactive Yellow Pigment. The data analysis is more
simple for PYP than for phyA. As already discussed, the PYP
saturation experiments can be analyzed with eq 2. Since only
a single photoproduct, pR, has been observed on the nanosecond
time scale and in femtosecond transient absorption studies (a
pR-like intermediate develops within 3 ps29), B in Schemes 1
and 2 is to be considered as the pR intermediate of the PYP
photocycle.

Fitting functions using eq 2 are shown in Figure 3 together
with the experimental data points obtained upon excitation at
446 and 460 nm. The values ofb and∆Vsatdare given in Table
3 together with the literature values forσpG andσpR.30,50 Figure
3 also exhibits the simulated model functions based on Scheme
1 and using σpG, σpR, and ΦpGfpR ) 0.35.8 For both
wavelengths, the model function shows good agreement with
the experimental data. Scheme 1 affords an average value of
ΦpGfpR ) 0.33( 0.05 (Table 4). TheΦpGfpR value obtained
with excitation at 480 nm, however, differed considerably:
ΦpGfpR ) 0.55 ( 0.1 (Table 4).

The difference in these values indicates that Scheme 1 is not
appropriate for describing the saturation behavior and that the
photochemical back reaction pRf pG occurs. We therefore
analyzed the three experiments on the basis of Scheme 2,
choosing the minimalΦpGfpR value consistent with the flash-
photolysis data, i.e., ΦpGfpR g ΦpGfpB ) 0.308 and calculated
ΦpRfpG values to be between 0 and 0.08 (Table 4). SinceσpR

at λexc ) 480 nm is 3 times larger thanσpG, the photoreaction
pR f pG should be more pronounced at this excitation
wavelength. Accordingly, theΦpRfpG value is estimated to
equal 0.07( 0.04 atλexc ) 480 nm.

We therefore conclude that Scheme 2 describes the photo-
reaction of PYP properly but that the back reaction pRf pG

TABLE 1: ∆Vsatd and b Values for phyA, Derived from
Figure 2 and Eq 11, Together with Literature Values of the
Pr and I700 Absorption Cross Sections (σPr and σI700,
Respectively) and the Number of phyA MoleculesNphyA in
the Excited Volume

λexc (nm)
σPr (cm-2)a

×1016
σI700 (cm-2)b

×1016
b (cm-2)
×1016

∆Vsatd(mL)
×1010

NphyA

×10-13

650 3.63 2.65 1.05 1.62 3.225
700 0.86 4.10 1.15 1.11 9.205

a Values taken from Kelly and Lagarias.47 b Values taken from Zhang
et al.16

TABLE 2: Quantum Yields for the Back Reaction ΦI700fPr
and the Forward Reaction ΦPrfI700 of phyA, Calculated
from the Values of ∆Vsatd and b Based on Schemes 1 and 2

Scheme 1 (without Photoequilibrium)

λexc (nm) ΦPrfI700
a ΦPrfI700

b

650 0.29 0.30
700 1.34 1.34

Scheme 2 (with Photoequilibrium)

λexc (nm) ΦI700fPr
a ΦI700fPr

b

650 0.19 0.20
700 0.24 0.23

a Calculated fromb. b Calculated from∆Vsatd.

TABLE 3: ∆Vsatd and b Values for PYP, Derived from
Figure 3 and Eq 2, Together with Literature Values for the
pG and pR Absorption Cross Sections (σpG and σpR,
Respectively) and the Number of PYP MoleculesNPYP in the
Excited Volume

λexc (nm)
σpG (cm-2)a

×1016
σpR (cm-2)b

×1017
b (cm-2)
×1017

∆Vsatd(mL)
×1010

NPYP

×10-13

446 1.74 7.31 5.56 2.99 1.10
460 1.32 7.49 5.38 8.30 2.80
480 0.22 6.85 1.21 1.16 0.78

a Values taken from Meyer et al.50 b Values taken from Hoff et al.30

TABLE 4: Quantum Yields of PYP for the Forward
Reaction, ΦpGfpR and the Back ReactionΦpRfpG Derived
from ∆Vsatd and b Based in Schemes 1 and 2

Scheme 1 (without Photoequilibrium)

λexc (nm) ΦpGfpR
a ΦpGfpR

b

446 0.32 0.30
460 0.41 0.29
480 0.55 0.54

Scheme 2 (with Photoequilibrium)

λexc (nm) ΦpRfpG
a ΦpRfpG

b

446 0.03 0
460 0.06 c
480 0.08 0.06

a Calculated fromb. b Calculated from∆Vsatd. c A meaningless value
(-0.01) was obtained.
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is much less efficient than the forward reaction pGf pR; i.e.,
the ratioΦpRfpG/ΦpGfpR is around 0.2.

The LIOAS saturation experiments in this study strongly
suggest thatΦpGfpR ) 0.30-0.35, which is very close to the
quantum yield for the formation of the second intermediate pB
(ΦpGfpB ) 0.358). Thus, the step pRf pB proceeds with
about unity efficiency. Our study confirms the discrepancy with
the earlier value ofΦpGfpB ) 0.64, claimed to have been
obtained from ground-state bleaching recovery as well,32 which
we already judged as erroneous on the basis of low-fluence
transient absorption results.8 A more recent study also reported
a value of ca. 0.35 forΦpGfpR.29

The low value of 0.07 forΦpRfpG is compatible with
absorption studies, which show that at least two primary
products can be trapped at low temperature. One of these
exhibits a red-shifted absorption and has been postulated to be
the equivalent to pR at room temperature. This transient could
be phototransformed back to pG upon excitation at 500 nm.33

The low quantum yield for the back photoreaction should suffice
to revert a low-temperature pR to ground-state pG upon
excitation at the appropriate wavelength. However, the red shift
in absorption from the room-temperature pR to the low-
temperature intermediate is 20-30 nm, whereas the pG spectrum
upon lowering the temperature is shifted only by 2 nm.33 The
intermediate trapped at low temperature and the room-temper-
ature pR might therefore just as well be different; e.g., the low-
temperature transient might precede pR and remain undetected
at the physiological temperature.

Conclusion

The fluence dependence of the optoacoustic signal atTâ)0,
i.e., of the structural volume change, for photoreceptors with
isomerizable chromophores (phyA and PYP in this study) yields
accurate information about the photochromic equilibrium be-
tween the starting compound and the first intermediate(s).

For phyA, the quantum yield of the photochemical back
reaction (ΦI700fPr ) 0.22( 0.12) is about 1.4 times larger than
that for the forward reaction (Pr f I700). This explains the
establishment of the photoequilibrium Pr f I700 already at very
low fluences and even at excitation wavelengths where the Pr

absorption is higher than that of I700.
For PYP, the photochemical back reaction (pRf pG) is of

minor importance, with a quantum yield 5 times smaller than
that of the forward reaction (pGf pR). The present LIOAS
experiments allow us to estimate a value of 0.30-0.35 for the
primary quantum yieldΦpGfpR, in agreement with our previous
value forΦpGfpB,8 which indicates that the second step in the
PYP photocycle, pRf pB, has about unity efficiency.

From the ratios of the quantum yields for the forward and
reverse photoreactions (ΦAfB/ΦBfA) ) 0.7 for phyA and 5 for
PYP, we conclude that the protein-chromophore interactive
changes are quite different in the two chromoproteins. In phyA
the protein conformation is probably not extensively changed,
since the transf cis back isomerization is relatively favorable.

In contrast, an irreversible protein conformational change
seems to take place on the picosecond time scale in PYP, which
hinders the photoreversion of the chromophore and directs the
protein forward into the photocycle.

The results of this work regarding the photoequilibrium do
not have any direct physiological implication, since the photon
densities used in the laboratory are far higher than those in
nature. However, the results offer, in addition to quantitative
parameters of the phototransformation, topology-related infor-

mation about the first intermediates concerning the protein
surrounding the chromophore.
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