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ABSTRACT Femtosecond time-resolved absorbance measurements were used to probe the subpicosecond primary events
of the photoactive yellow protein (PYP), a 14-kD soluble photoreceptor from Ectothiorhodospira halophila. Previous pico-
second absorption studies from our laboratory have revealed the presence of two new early photochemical intermediates in
the PYP photocycle, |,, which appears in =3 ps, and I3, which is formed in 220 ps, as well as stimulated emission from the
PYP excited state. In the present study, kinetic measurements at two excitation wavelengths (395 nm and 460 nm) on either
side of the PYP absorption maximum (446 nm) were undertaken using 100-fs pump and probe pulses. Global analysis over
a range of probe wavelengths yielded time constants of 1.9 ps for the photochemical formation of the |, intermediate via the
PYP excited state, and 3.4 ps for the repopulation of the ground state from the excited state. In addition to these pathways,
395 nm excitation also initiated an alternative route for PYP excitation and photochemistry, presumably involving a different
excited electronic state of the chromophore. No photochemical intermediates formed before |, were observed. Based on
these data, a quantum yield of 0.5-0.6 for |, formation was determined. The structural and mechanistic aspects of these
results are discussed.

INTRODUCTION

Photoactive yellow protein (PYP) is a biomolecular photo-attributed to the formation of theg intermediate, which is
receptor found in the cytosol of the halophilic purple pho-actually produced with a time constant of 3 ns (Ujj et al.,
totrophic bacteriunmEctothiorhodospira halophilaand re-  1998). Fluorescence upconversion measurements also have
lated bacterial species (Meyer, 1985; Meyer et al., 1987¢characterized emission processes that occur in the 0.6—
1990). The chromophore responsible for perception of lighB.6-ps time scales (Chosrowjan et al., 1997).
and the resultant yellow color of this protein ip-dnydroxy- The above-noted inconsistency in the assignment of pho-
cinnamic acid molecule covalently tethered via a thiol estetochemical intermediate formation times fgydnd |, has
linkage to Cys-69 (Baca et al., 1994). The absorbed lighstimulated us to extend our previous picosecond kinetic
energy is transduced by PYP through a photocycle involvingharacterization (Ujj et al., 1998) to the femtosecond time
several intermediate species with lifetimes ranging from picoscale in order to further clarify the early stages of the PYP
seconds to milliseconds (Meyer et al., 1987; Ujj et al., 1998)photocycle. To do this, we have used a transient absorption
presumably to mediate negative phototaxis (Sprenger et alapparatus with—~100 fs time resolution. These measure-
1993). ments have confirmed the formation gf dnd [ within a

Two new early intermediatesy [time constant f) for ~ few hundred picoseconds after excitation, and have resolved
formation (defined as kJ = 3 ps] and § (ro;mation = 220  the kinetics of ground state bleaching and repopulation in
ps), in this photocycle were recently characterized by picothe blue spectral region (430—465 nm) as well as stimulated
second pump-probe spectroscopy (Ujj et al., 1998), in ademission in the longer wavelength regime (500—550 nm)
dition to the previously known microsecond and millisec- occurring between-1 and 7 ps. The results have resolved
ond intermediates I(14ecay = 140 us) and b (tgecay= 97 the kinetics of formation of theyltransient speciesr (= 1.9
ms), characterized by nanosecond time-resolved spectrops, k = 0.54 X 10? s %; see below) formed during the
copy (Meyer et al., 1987; Genick et al., 1997a). In contrastlecay of the PYP excited state (P*), and the kinetics of the
to our observations of the formation and decay of the | repopulation of the ground state from P* € 3.4 ps,k =
species, data recently reported using femtosecond spectrd329 X 102 s™1). No additional photochemical intermedi-
copy (Baltuka et al., 1997) were interpreted in terms of the ates were detected before the formationfThe data also
formation of two kinetically resolved species with time demonstrate that excitation on the blue side (395 nm) and on
constantsr = 0.7 andt = 3.6 ps, which were incorrectly the red side (460 nm) of the 446 nm absorption band of PYP
produce excited states that have somewhat different prop-
erties before the formation of.|
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Four ml of a PYP solution (1.4 OD/cm) in 20 mM Tris-Cl buffer at pH 7.0 ond white light continuum. The CCT was found to be probe wavelength-

was rotated at 2 rpm in a 2-mm optical pathlength sample wheel througldependent, and ranged from 0.5 to 0.9 ps. Femtosecond transient absorp-

the path of the laser pulses to prevent accumulation and excitation of théon (FTA) traces, at eight different wavelengths with 460 nm excitation

long-lived PYP photointermediates. and seven wavelengths with 395 nm excitation, were analyzed using the
above-described global kinetic fit procedure. The Gaussian cross-correla-
tion function and the single exponential decay term included in the model

Femtosecond transient absorption (FTA) function were able to satisfactorily fit the entire FTA traces over-tieto

spectroscopy 7 ps delay time scale (see below). No remaining systematic residual term
was found. This indicates that the excited state decay time of PYP can be

Transient absorption difference spectra were obtained using a pump-protextracted from the data with the available signal-to-noise ratio.

apparatus. Femtosecond pulses were provided by a Ti:Sapphire regenera-

tive amplifier (CPA-1000, Clark-MXR, Dexter, MI) pumped by a diode-

pumped solid-state laser (Millennia, Spectra-Physics, Mountain View,RESULTS

CA). The output pulses from the CPA-1000 were at a wavelength of 790

nm with a pulse duration of 100 fs, an energy of 90Dper pulse, and a  Time-resolved spectra

repetition rate of 1 kHz. Ten percent of the amplified output was focused_l_ . .
onto a 1.2 cm rotating quartz plate to generate a white light continuum, ransient absorptlon spectra betweeh and 7 pS over the

which was further split into two parts used as probe and reference beanft10—570 nm spectral region were recorded after excitation
respectively. The rest of the CPA output was used to pump an opticaiit either 395 or 460 nm. Such femtosecond time-resolved

parametric ampllfler (|R-OPA, CIark-MXR), that was modified to generate spectra a.”OW one to Charactenze the klnetlc processes Of
excitation pulses at 460 nm through sum-frequency mixing. Excitation a; . - : _
395 nm was obtained from the second harmonic generation of the CP. xcited state absorptlon, ground state bleaChlng and recov

output. The pump pulse was sent through a translation stage (Compumotd?'Y» and initial photoproduct appearance. Typical spectral
Rohnert Park, CA) to vary the time delay between the pump and the probélata as a function of time (shown for 460 and 395 nm
pulses. The excitation energy at the sample wad per pulse at 460 nm, excitation in Fig. 1) demonstrate the presence of ground
focused to a 0.5 mm spot, or 28 per pulse at 395 nm with a larger spot gtgte bleaching in the 430—465 nm region and stimulated

size (1.5 mm in diameter). The polarization of the pump beam was set 8 icqinn in the 500-550 nm region. These transient spectra
the magic angle with respect to the probe and reference beams. The probe

and reference beams were focused into a dual-leg optical fiber bundi&r® N good agreement with the ground state absorption
coupled with a spectrograph (SP275, Acton Research, Acton, MA). WholdMeyer et al., 1987) and fluorescence emission spectra
spectra (over a 140 nm range) were recorded at each time position using(®leyer et al., 1991) of PYP, as well as with previously
dual diode array detector (ST121, Princeton Instrument, Trenton, NJ). published time-resolved spectral data (Ujj et al., 1998; Bal-
tuska et al., 1997). Note that the stimulated emission ob-
served with 395-nm excitation pulses extends significantly
. . . _ further to the red than is the case for 460-nm excitation. We
Dispersion correction and SVD analysis will return to this below. In addition to these results, we
At subpicosecond and picosecond times, the wavelength-dependent speB@Ve also obtained data at longer times (up to 500 ps; not
of light in condensed phase media results in a variation of signal onset imshown) which have confirmed the previous observations
that is wavelength-dependent (absorbance changes in the blue region of t(igjj et al., 1998) of the formation of the, land E species.
spectrum appear to occur before those in the red region). Time versus The kinetic decay traces (examples shown in Fig. 2) at all

wavelength data sets, collected using both 395 nm excitation and 460 nm .
9 9 observation wavelengths (probe wavelengths), and for both

excitation, were corrected for this dispersion using a polynomial correction™ "~~~ : .
curve determined from multiexponential fits of the initial rise time as a €XCiting wavelengths, show transient excited state forma-
function of wavelength, including deconvolution of the Gaussian instru-tion occurring within a few hundred femtoseconds as a

mental response function (Freiberg et al., 1998). These data sets wefgegative differential signal. The subsequent absorbance in-
subjected to single value decomposition (SVD) analysis. Only the first fourCrease in the 430—460 nm region, which measures ground

time/wavelength vector pairs resulting from the fits showed a nonrandom tat . let ithin th . fi
time evolution, and were used for data fitting and analysis. All of these> a.c FECOVETY, Was iIncompiete within the measuring time

manipulations were performed by a locally written algorithm based on theV_VindOW for both excitations (Fig- 2), implying the forma.'
MATLAB linear algebra program (Mathworks). tion of at least one other species upon decay of the excited
state (presumably a photochemical product, i.g., The
. decay of stimulated emission was essentially complete on
Data fitting L
this time scale.
Nonlinear least-squares fits of the SVD-reconstructed time-dependent data Global nonlinear least-squares fits of the data obtained
between—1 ps and 7 ps over the 410-570 nm spectral region (at thewjth 460-nm excitation, illustrated in Fig. 2 and B for
representative excitation wavelengths) were performed using an implemerboth ground state bleaching wavelengths (410—460 nm) and

tation of the Levenberg-Marquardt algorithm (Press et al., 1992, pp. timulated ission/photochemical int diate f ti
681-688), provided as part of the Microcal Origin (Version 5.0) software Stmulated emission/photochemical intermediate formation

package. The function used to fit the data consisted of a single exponentizWaV_elengthS (480-520 nm)'_ demons'[ra:te thé}t the decay
term for the decay in addition to a Gaussian cross-correlation functiorportion of the curves can be fitted well with a single expo-
representing the pump and the probe laser pulses that incorporated thfential function with &, psvalue of 0.83+ 0.05X 10t2g1
instrumental response function of the entire measurement system (Ujj ?;ee Table 1), at all of these probe wavelengths. Using

al., 1998). The cross-correlation time (CCT) measures the temporal beha 395 itati bi in the | | th .
ior of the laser pulses (pulse widths) and the fluctuation of the temporal™; -nm excitation, probing In the long wavelength region

overlap of the pump and probe laser pulses (pulse jitter). The prob/i€lds a similar rate constant (Fig. @) (Kops = 091 x
wavelengths were selected by means of spectral filtering of the femtosed.01 X 102 s™%; see Table 1), whereas a significantly

Data analysis
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395 nm occurrence of a single wavelength independent decay rate
constant, would involve two competing processes: 1) the
0.00 repopulation of the ground state from the excited state,
i directly observed at 410—460 nm, and observed indirectly
via stimulated emission at 480-520 nm (occurring with a
rate constarik,); 2) the formation of a single photochemical
intermediate, § (occurring with a rate constait). This is
shown in Fig. 3 by the pathway involving P* (the second
pathway, involving P* will be discussed below). This
hypothetical model predicts that generation of the photo-
chemical species will compete with repopulation of the
ground state, and thus the relative amounts of intermediate
(Io) and ground state PYP {B produced from P* (i.e., the
quantum vyield of photoproduct formation) will depend on
the relative magnitudes ¢f andk3 (Fig. 3). Assuming no
additional intermediates other thap formed within the
present 7-ps time window, we would expect to obtain decay
curves with the same observed rate constant at all wave-
420 440 480 480 500 520 540 560 lengths, corresponding g, = ki + k, consistent with the
Wavelength (nm) single exponential decak & 0.83x 102 s 1) obtained at
all wavelengths for the 460-nm data set.
Deconvolution of the rate constark§ and kj from K
can be accomplished as follows. From decay data obtained
460 nm at 447 nm with 460 nm excitation (not shown), one can
calculate the extent of “permanent” bleaching of the ground
state (53%) after excited state decay is complete, and thus
Eggd the partitioning of the excited state between the repopula-
* tion of the ground state and the formation gfdan be
° determined. This directly gives the ratidj/kj. Since the
oo %’ 2% 2.0ps moo value ofkg + K} (=K., is already known, the individual
* 2 o rate constant values can be calculated. This yiéfjis-
j%%ﬂe . 0.34% 10251 (7 = 1.9 ps) and& = 0.29x 1025 X (1 =
o ¥+ ho o 3.4 ps) for the 460-nm data set (Table 1).
0024 o* o+ et o Similarly, for the 395-nm data set the extent of bleaching
wa o, 15ps © of the ground state after excited state decay was determined
e OO to be 60% at 447 nm (Fig. P). For this data set, thk,, .
o O%;poo value obtained upon analysis of the long wavelength data
0034 ch (470-530 nm) was similar to that obtained from 460-nm
excitation at all observation wavelengths (0.410.01 X
o 10'2s % Table 1). Thus, the individual rate constant values
I calculated fromk,psarekq = 0.34x 10s™* (1 = 2.9 ps)
420 440 480 480 500 520 540 560 andk = 0.57x 10"*s™* (r = 1.8 ps), as given in Table 1.
Wavelength (nm) We consider these to be, within experimental error, the
same as those obtained with 460-nm excitation. However,
FIGURE 1 Femtosecond time-resolved difference spectra for excitatiofor the 395-nm excitation data at shorter wavelengths (410—
wavelengths 395 nntgp) and 460 nmlgotton) in the 427-570 nm spectral 460 nm) a significantly smaller value h&bs (0,5 + 0.07 X
region; ground state repopulation occurs in the 420-470 nm region, angq 12 Sfl) was obtained. For these data, we calculate the

stimulated emission from 470 to 530 nm. Experimental data points afte L _ 2 1 _
dispersion correction are shown at 0.33, 0.9, 1.5, and 2.0 ps times aftérndl\”dl'IaI rate constants to U(% 0.31% 10%s (7

b _ 21 _ ;
excitation. A minor laser scattering artifact appears~a&58 nm in the 3:2 ps) ank® = 0.19 X 10s (T = 5.3 ps). As will be
bottom panel. discussed below, these two rate constants correspond to the

processes defined in Fig. 3, which proceed from an alternate
excited state P*

-0.01

-0.02
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-0.03 4

-0.04

0.00 4
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different rate constank{,.= 0.50+ 0.07 X 10?s ) was The results of the global analyses of these data are shown
obtained probing in the short wavelength region. We willby the solid lines through the data points in Fig. 2. Global
return to this latter point below. fits encompassing other wavelengths also gave results con-

The simplest kinetic model that can account for thesistent with these. As observed previously (Ujj et al., 1998),
incomplete repopulation of the ground state, and for thehe |, intermediate can be kinetically observed at both short
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FIGURE 2 Kinetic traces obtained at several different wavelengths in-théo 7 ps time range. Curves are shifted vertically for clarity. Open circles
represent the experimental data points for all the cuesdB correspond to 460-nm excitation a@dandD to 395-nm excitation. The solid lines through
the data points represent the results of global analysis applied simultaneously to all the data sets using a single exponential equation fpottiendecay
of the curve (see text for details).

and long observation wavelengths, but is spectrally buriedormed by 460 nm excitation (designated as P* in Fig. 3),

within the stimulated emission. It is important to note thatresulting in an alternative photochemical pathway with dif-

the amplitude of the stimulated emission band for theferent time constants (Fig. 3), which is only observed ki-

460-nm excitation data is significantly larger relative to thatnetically by probing at the shorter wavelengths. An alternate
of the ground state bleaching signal than is the case for thpossibility is the existence of a nonhomogenous ground
395-nm excitation data, and that the emission extends furstate population of PYP molecules, which are excited to
ther to the red with 395 nm excitation. Furthermore, withdifferent states at the two wavelengths. However, no evi-
460 nm excitation, excited state decay is more rapid relativelence for such inhomogeneity is obtained from the ground
to the decay observed at shorter wavelengths for the 395 nistate absorption spectrum of PYP and from kinetic data
excitation (see values given in Table 1). These observationsbtained on the slower time scales. The smaller rate con-
suggest that excitation at 395 nm leads to a different excitedtants observed with 395 nm excitation for the repopulation
state population (designated as’Rn Fig. 3) than that of the ground statekf = 0.19 X 10'? s 1) and the forma-
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TABLE 1 Kinetic rate constants for 460 and 395 nm excitation obtained by global analysis

Rate constant Short wavelengths (420-470 nm) Long wavelengths (470-530 nm)
460-nm data
Kops (Ka + K5) 0.83+ 0.05% 1012571 (1.2 ps) 0.83+ 0.02X 102571 (1.2 ps)
kq (repopulation of ground state) 0.29 102571 (K) (3.4 ps) 0.29x 102571 (K (3.4 ps)
k, (photochemical product formation) 0.54 10 s7* (k) (1.9p9 0.54 x 10" s™* (k3) (1.9 ps)
395-nm data
Kobs (kg + ko) 0.50 + 0.07 X 102571 (2.0 ps) 0.91+ 0.01x 1025 * (1.1 ps)
ky (repopulation of ground state) 0.29 102 s (K°) (5.3 ps) 0.34x 102571 (k§ ~ K5) (2.9 ps)
k, (photochemical product formation) 0.3 10 s™* (k) (3.2 ps) 0.57x 107 s (K) (1.8 ps)

Note: In 460-nm datak/ky = 0.53; in 395-nm datak/ky = 0.60. Numbers in parentheses correspond to time constant values.

tion of the photochemical intermediatg(k; = 0.31 X 10'2  constant for the formation of the recently reported picosec-
s~ 1) are ascribed to slower internal conversions fromte*  ond intermediate|(Ujj et al., 1998). At the time resolution
the P* state and thélstate, respectively. The latter species, of the measurements, no additional early intermediates pre-
which corresponds to an excited state 9fi$ introduced to  ceding |, were apparent. Excitation at both the 395- and
account for the long wavelength component of the stimu-460-nm wavelengths yield similar rise kinetics (probably
lated emission, shown in Fig. 1. The rate constant for thdimited by the pulse width of the laser) to form vertically
decay of the stimulated emission from this stak§) (s  excited Franck-Condon states. This would suggest excita-
approximately the same as the rate constant for the stimuton from a nonheterogenous population in the ground state
lated emission decay from PkJ), as shown by the parallel potential energy surface (designategsin Fig. 3). How-
decay of the observed components of the stimulated emisver, as noted above, the wavepacket in the excited state
sion in Fig. 1. Although the scheme shown in Fig. 3 cancreated by the absorption depends on the excitation wave-
account for the present observations, it must be considerddngth. As the wavepacket moves away from the Franck-
hypothetical at this point. Temperature dependence meazondon region, the excited state absorption and the stimu-
surements and two-excitation pulse experiments studyingated emission decrease with time either because of
excited states ofglshould provide further insights into this photochemical intermediate formation or reformation of the
mechanistic model. Such studies are underway. ground state. These processes are competitive. The time
scale of decay of the excited state depends on the nature of
the excited state that is formed (i.e., it is excitation wave-
DISCUSSION length-dependent, as shown in Table 1). From the transients
As shown above, transient absorption changes probed on tl#own in Fig. 2, it is possible to calculate the percentage
subpicosecond time scale have kinetically revealed the rateturn of the excited state to the ground state, and thus the
quantum yield of formation of the first photochemical in-

a termediate. Values of 0.5 0.1 and 0.6+ 0.1 were obtained

k for excitation at 460 and 395 nm, respectively. These are in

—_— p *
p* ‘ b : kb "'a" *—I—— |o satisfactory agreement with the previously reported value of
v

0.67 obtained from photobleaching measurements (Meyer
P*

T | ka et al., 1989) and with previous picosecond experiments (Ujj
B 5 d et al., 1998). _ _
i W p i The difference in the nature of the excited states formed
I kb b\ at the two excitation wavelengths located on the long and
\J__ short wavelength sides of the PYP absorption band reflects
I a complex behavior during the excitation pulse and can
' probably be attributed to differences in the vibrational and
P conformational properties of the excited state potential sur-
GS faces, as well as to the dynamic properties of the excited
state resulting from the spreading or movement of the
Photochermica product formaton from around st (dak adapted) PYR . CPaCKet on the potential energy surface as it leaves the
?PGS). A 460-nrrrl) excitation produces ex?:ited-state P*, and 395?nm exci-Franc_k_('\’oncion region. Thls maY reflect a chgnge in the
tation produces P* Formation of the initial photochemical intermediage | coupling between the various torsional or vibrational modes
occurs along pathwaly from P*, and from P* after relaxationk?) to P*, ~ of the chromophore within the excited state population
with a rate constark. |, is also produced with a rate constéffrom P* generated by 395 nm excitation. In fact, there appears to be
via Ig (an excited state of), which is formed along pathwag Stimulated a small oscillatory component to some of the Kinetic traces

emission decay occurs with rate constakitsndk’ from the two excited . . . . .
states P* and g Thin dashed lines indicate radiationless processes,In Fig. 2, particularly when 460 nm excitation is used. At

whereas thick dashed lines correspond to decay processes that can oc&€Sent, the Signa}l'to'nOise _level in t.he qata does_ not .a”c.)W
radiatively and which result in stimulated emission. an unambiguous interpretation of this signal, but in princi-




1022 Biophysical Journal Volume 77 August 1999

ple, information about the coupling of reaction dynamics to
specific low-frequency vibrations may be derived from

more detailed measurements and analyses of long-lived \
oscillations such as these. Experiments to address thesgio ms

issues are in progress. P

P 4—-———hv

*

CONCLUSIONS 1.9 ps

Using femtosecond time-resolved absorption spectroscopy
we have been able to evaluate the rate constants for repopl
lation of the ground state and formation of the first photo-
chemical intermediate from the excited state of PYP. In
addition, we have shown that there are no additional inter- 220 ps
mediates formed within the time resolution of the present200 ps
experiment. 1
Photoisomerizations are known to be rapid processes, I Io
which occur as a result of the absorption of a high-energy 1 ‘—-‘/
photon (Schoenlein et al., 1991). In PYP, structural changes 3ns
on the femtosecond time scale are probably restricted to the
chromophore itself within the closely packed hydrophobic
binding pocket, and consequent changes in the protein en-
vironment are thermally driven and slower. The first event
observed in the PYP photocycle has been ascribed to the Although the chromophore and protein structures are
breaking of the hydrogen bond between the carbonyl oxyquite different, the kinetic behavior of the photocycles of
gen of the covalent thiol ester and the backbone amid@YP and the rhodopsin family, i.e., fast photoisomerization
hydrogen of Cys-69, along with a partial twist of this and the formation of spectroscopically distinct intermedi-
thioester bond, by a 0.85 A resolution crystallographicates, is similar. The mechanistic models proposed for these
determination of the structure of an intermediate trapped ashotoactive proteins are also similar: namely, the formation
—100°C (Genick et al., 1998). This photogenerated strucof early (red-shifted) intermediates involving vibrational
ture clearly shows a 166° rotation of the thioester carbonylnd/or twisting movements restricted to the chromophore,
bond relative to the phenolic ring, whereas the olefinicon the femtosecond and subpicosecond time scales (Nuss et
double bond has been minimally converted fromtth@sto  al., 1985; Schoenlein et al., 1991; Lewis and Kliger, 1992;
the cis conformation. The distorted transition state-like ge-Wang et al., 1994). The photon energy is briefly stored in
ometry of this intermediate has been postulated to causgese distorted structures, resulting in the generation of
subsequent larger, more slowly occurring, movements asadditional slower intermediates, thereby completing trans-
sociated with the complete isomerization about the=€  duction of the biological signal.
bond attached to the phenolic ring. It is possible that the |
intermediate observed in this and the previous study (Ujj et
al.,, 1998) corresponds to this thioester carbonyl rotatedve are grateful to Drs. Zdzislaw Salamon and Terry Meyer for assistance
species, with the distorted geometry of the chromophorevith the preparation of this manuscript.
also depending on the specific intramolecular vibrationalrhis work was supported by National Science Foundation Grants MCB-
energy redistribution resulting from the position of the 9722781 and MCB-9513457.
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