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Femtosecond time-resolved fluorescence spectroscopy has been used to study the excited-state dynamics of
pharaonis phoborhodopsin ppR) from Natronobacterium pharaonisUpon excitation ofppR with a
femtosecond pulse (444 nm), fluorescence decay kinetics are measured in the wavelengths between 488 and
678 nm. The obtained kinetics are strongly dependent on the probing wavelengths, and the decay components
are approximately classified into the femtosecond+(880 fs) and early picosecond (%3.0 ps) components.

The lifetimes are similar to those for the chromophore (a protonated Schiff base of all-trans retinal; AT-PSB)

in methanol solution (96800 fs and 2.53.7 ps) [Kandori, H.; Sasabe, KChem. Phys. Lett1993 216,
126—-132], implying that rapid deactivation from the excited state in rhodopsins is essentially part of the
nature of the chromophore itself. In contrast, the femtosecond component is more predominant in the protein
environment ofopR than in solution. Together with their quantum yields of photoisomerization (0fpfer

and 0.15 for AT-PSB in methanol) and product formation time in the recent pymgbe measurement of

ppPR [Lutz et al.Proc. Natl. Acad. Sci. U.S.A&001, 98, 962-967], we concluded that the femtosecond
components correspond to highly efficient photoisomerization through barrierless transition in the excited-
state whose quantum vyield is close to unity. On the other hand, picosecond components are correlated with
deactivation processes back to the ground statgp®f, whose isomerization quantum yield is low. Highly
organized protein matrix could concentrate the excited molecules into the reaction coordinate for photoi-
somerization.

Rhodopsins possess a retinal molecule as the chromophoreanolecules. In proteins, the PSB molecule interacts specifically
and a photon absorption triggers€isans isomerization of the  with surrounding amino acid residues fixed into the protein
retinal chromophore, which then leads to protein structural coordinate. On the other hand, in solution, surrounding solvent
changes for light-signal and light-energy conversibi¥By use molecules possess a greater degree of freedom than amino acid
of ultrafast spectroscopies, we now know that the primary cis  residues of proteins. Therefore, excited-state dynamics could
trans isomerization takes place very rapidly from the initially be different between rhodopsins and PSB in solution, and a
excited staté&> Such rapid reaction can overcome the other faster isomerization channel may be open for rhodopsins. In
relaxation processes back to the original state, and highly the previous reports, however, we showed that fluorescence
efficient photoconversion system is realized in proteins. Efficient lifetimes of PSB in solution are also shéftt* The lifetimes of
photoisomerization in proteins can be described by their the protonated Schiff base of all-trans retinal (AT-PSB) in
guantum yields of photoisomerization. The quantum yields in methanol distribute between 90 fs and 3.7 ps, where kinetics
rhodopsins (0.67 for visual rhodopgir).6—0.65 for bacteri- could be fitted by femtosecond and early picosecond compo-
orhodopsin’8 0.5 for pharaonisphoborhodopsit) are greater nents!3 Similarly, the lifetimes of the protonated Schiff base
than those of the chromophore (a protonated Schiff base of of 11-cis retinal (PSB11) contained both femtosecond-T0
retinal; PSB) in solution{0.159°19), This fact suggests that fs) and early picosecond {3 ps) componentst Thus, a
photoisomerization of the retinal chromophore in proteins takes detailed comparative investigation of PSB between the protein
place more quickly than in solution. matrix and solution phase is important to understand the

PSB in solution can be considered as a good reference systenmolecular mechanism of specific photoisomerization processes
of rhodopsins for studying interactions with surrounding in rhodopsins.

* Part of the special issue “Norboru Mataga Festschrift" In this paper, we show the femtosecond fluorescence spec-

*To whom correspondence should be addressed. E-mail: kandori@ troScopy ofpharaonisphoborhodopsin fromiatronobacterium
ach.nitech.ac.jp. pharaonis(ppR; also calledbsRIl), whose measurements are
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carried out under the identical experimental setup for AT-PSB 0.4 -
in solution!® The ppR molecule has very similar absorption
properties to those of phoborhodopsin (pR)Halobacterium
salinarum the fourth retinal protein other than bacteriorhodopsin
(bR), halorhodopsin (hR), and sensory rhodopsin (sR). Bofh
and pR are responsible for the negative phototaxis of each
archaebacteriurt?16 Like the other archaeal rhodopsimmR
has all-trans retinal as its chromophéfayhereagppR and pR
possess orange-coloty(ax ~500 nm) unlike the other purple-
colored archaeal rhodopsins (bR, hR and &R 570~580 ) \,__/
nm)18

Recently femtosecond pumiprobe spectroscopy was applied 00
to ppR at ~30 fs resolutiod? The spectral and temporal i —_— —_— —_— —
absorption changes between 400 and 890 nm were interpreted 300 400 500 600
in terms of the following sequential schemel50 fs for the Wavelength / nm
transition from the excited _F_ranelCondon state to the relaxed Figure 1. Absorption spectrum opharaonisphoborhodopsingpR)
;tate, 30_0 fs for the transition from_ _the excited St_ate to th_e J used in the femtosecond fluorescence measurementd.Lfis located
intermediate, and-45 ps for the transition from the J intermedi- 3¢ 498 nm, whose absorbance is 0.24 & mmpath length. The sample
ate to the K intermediate. Nevertheless, the present fluorescences excited with a 444 nm femtosecond pulse, which is a second harmonic
spectroscopy clearly showed the presence of the8 s of the Ti:Sapphire laser output (central wavelength: 888 nm).
component in addition to the300 fs component as the lifetimes
of the excited state gfpR. Kinetic comparison with AT-PSB 10 photons/criand the beam excited less than 0.1%ppR
in solution further revealed that the excited-state dynamics in molecules in the sample. Fluorescence from pp& sample
ppR is essentially part of the nature of the chromophore itself, was collected in the same direction as the excitation beam, and
whereas the femtosecond processes are more populated ithe yellow glass filter (VY 48, Toshiba) cut the remaining

1 pump

Absorbance

protein. excitation beam. The measurement with buffer solution (without
theppR sample) showed no signal, indicating that the observed
Experimental Section signal originated from the fluorescence froppR and no

contamination of the Raman signal of water.

The residual fundamental beam (central wavelength: 888 nm)
was used as a gate pulse to produce sum-frequency mixing after
passing through an optical delay line controlled by a motor-
driven translation stage. Two beams were focused onto a phase-
matched 0.2 mm BBO crystal, which led to a formation of ultra-
violet sum-frequency light. The lights other than the sum-
frequency were eliminated by a combination of a filter (UG11,
Melles Griot or short-filter, Asahi Bunko) and a monochromator
(MC-10N, Ritsu). Finally, the UV light was detected with a
photomultiplier (R585S, Hamamatsu Photonics) coupled to a
single-photon counting apparatus (C-1231, Hamamatsu Photo-
nics). The present instrumental response function was obtained

The purifiedppR sample was dialyzed against for pure water. 1, yeasring the cross-correlation between the excitation and
After 48 h dialysis, the precipitatggbR sample was collected gate pulses to be a Gaussian-shape whose half width was
by centrifugation at 15 00& g for 10 min at 4°C. TheppR 180 fs.

sample was dissolved with 0.5% octylglucoside-4 M NaCl-25
mM PIPES (pH7.2). An undissolved pellet was removed by . .
centrifugation at 15000« g for 5 min at 4°C. The clear Results and Discussion
supernatant was used for spectroscopic measurement. A. Fluorescence Decay Kinetics oppR. Figure 1 shows

B. Femtosecond Up-Conversion ApparatusA femtosecond the absorption spectrum of tippR sample for the femtosecond
up-conversion apparatus was used to measure the fluorescenctme-resolved fluorescence measurement. The spectrum pos-
decay ofppR as describetf:1421.22The light source was an Ar sesses an absorption maximum at 498 nm with a shoulder at
laser pumped mode-locked Ti:Sapphire laser with control of ~460 nm, which is characteristic fppR1° We excited thggpR
group velocity dispersion (GVD) by a prism pair (Tsunami, sample at 444 nm and probed fluorescence emission at about
Spectra-Physics). The output power, central wavelength, and10 wavelengths between 488 and 687 nm. Lutz recently reported
repetition rate were 800 mW, 888 nm, and 82 MHz, respectively. a fluorescence emission spectrunppR, which has an emission
The pulse width was determined to be about 100 fs by an maximum at around 630 nm and where the fluorescence extends
autocorrelation measurement. to about 850 nm? Thus, the present time-resolved fluorescence

The second harmonic (444 nm) was generated by focusingmeasurement lacks information of the longer wavelength tail
the linearly polarized laser output into a phase-matched 0.3 mmof the emission spectrum because of the limited experimental
BBO crystal and used to excite tppR sample. ThepR sample conditions.
of 200uL volume was puti a 1 mmpath cell, and the electric We applied femtosecond time-resolved fluorescence spec-
brush was used to stir the sample during the experiments. Thetroscopy to the preseppR sample. It is noted that the present
excitation power was 70 mW, corresponding to 0.8 nJ/pulse. excitation provides considerable excess energy to the retinal
The diameter of the laser beam wad00 um at the sample  chromophore, which could affect the excited-state dynamics of
position, so that the photon density was estimated to be<2.5 theppR sample. Nevertheless, we did not observe the rise-signal

A. Sample Preparation.The type strain oNatronobacterium
pharaonis DSM2160, was obtained from the culture collection
DSM (Deutsche Sammlung von Mikroorganismen). The har-
vested cells were disrupted by freeze and thaw. Membrane
fraction was collected by centrifugation at 140 00Qy for 60
min at 4°C. The membrane fraction was washed with 4 M
NaCl until the supernatant became clear, followed by solubi-
lization with sodium cholate buffer. Chromatographic separation
procedures was previously described in defaippR was
purified with four column chromatographic separations. Elution
of ppR from first column was performed with octylglucoside
buffer.
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Figure 2. Fluorescence decay pharaonisphoborhodopsingpR) observed at the respective wavelengths {5887 nm). Each point is normally

a sum of three kinetic traces, in which integration tireelis per point, whereas only the kinetics at 687 nm is obtained to be a sum of 15 kinetic
traces. The instrumental response function obtained by cross-correlation measurement is superimposed (broken line at 500 nm). Thin smooth curves
at 539, 595, 624, and 687 nm represent the best fit of the decays. The lifetimes and amplitudes of the fluorescence decay components are listed in

Table 1.

TABLE 1: Fluorescence Lifetimes ofppR at the Respective
Wavelengths

probing Al 7l A2 72 A3 73
wavelength (%) (ps) (%) (ps) (%) (ps)

488 nm 95 0.12£0.05 5 >2

500 nm 95  0.08t 0.05 5 >2

513 nm 95  0.06t 0.05 5 >2

525 nm 95  0.08t 0.05 5 >2

539 nm 81 0.1@t005 16 1402 3 =>10

567 nm 70 0.15:0.05 26 2.1+0.2 4 >10

595 nm 50 0.22£0.10 42 2302 8 =>10

624 nm 55 0.25£0.10 38 3003 7 >10

687 nm 43 0.25:0.15 49 2305 8 =10

of fluorescence at the observed wavelengths, which is normally
expected in the process accompanying dynamic Stokes shift.
Therefore, the observed dynamics are not significantly influ-
enced by the excess energy.

The fluorescence kinetics froppR strongly depend on the
observing wavelength; the longer the probing wavelength, the
longer the lifetime, as is summarized in Table 1. Figure 2 shows
the typical kinetic features gipR. Both at 500 and 525 nm,
which correspond to 320 and 330 nm as the sum-frequency light,
respectively, the fluorescence signals decay very rapidly, which
are comparable with the instrumental response (broken line at
500 nm). The deconvoluted fluorescence lifetime was estimated
to be 80 fs for both 500 and 525 nm kinetics. A small
fluorescence signals<G%) remained after the rapid decay,
whose lifetimes are>2 ps.

The slower kinetic components are prominently observed at
a longer wavelength. It is noted that the decay kinetics are
clearly nonexponential &530 nm and possibly fitted by three
exponentials: (i) 106250 fs, (ii) 1.73.0 ps, and (iii))> 10
ps. The third component could originate from an impurity

Lutz et al. recently studied primary photoreaction processes
of ppR by means of pumpprobe spectroscopy with30 fs
resolutiont® They observed the ground-state depletion recover-
ing with time constants 0300 fs and~5 ps. On the basis of
a global fitting of kinetic data at wavelengths between 400 and
890 nm, they obtained three time constants within the pico-
second time domain=<150 fs, 306-400 fs, and 45 ps. They
attributed the two components in femtoseconds to the excited-
state species, because the stimulated emission decayed with a
time constant of 300 fs. The femtosecond components- (60
250 fs) in the present fluorescence spectroscopy are coincident
with those by pump-probe spectroscopy<(150 fs and 306
400 fs). Lutz et al. also assigned the 3 ps component as the
transition from the J intermediate to the K intermediate, because
the transient spectra and the time constant are similar to those
for BR.1° The present study clearly showed the presence of an
additional picosecond component (3.0 ps) as the excited-
state lifetime. Lack of this component in the purprobe
spectroscopy is unclear. It might be involved in the process of
the 4-5 ps component, although the spectra show typical
differences between intermediates @pR. A slower recovering
time of the ground-state depletion$ ps)° could correspond
to the picosecond component in the present fluorescence
spectroscopy. Presence of the early picosecond components in
the fluorescence spectroscopy and their lack in the ptipnpbe
spectroscopy were also seen for visual rhodop3#?4 Thus,
overlapping of various spectral features in the puipmbe
spectroscopy may prevent us from observing slow excited-state
processes.

Because the ground-state product (J intermediate) appears
with a time constant of 300 fs in the pumprobe spectroscopy
of ppR 1° the femtosecond component (6250 fs) in the present

contained in the present sample, because it gradually increasedtudy corresponds to the product formation of the J intermediate.
when the sample was excited repeatedly. This must be containedOn the other hand, no clear signal of product formation was

in the >2 ps component at 48&25 nm (Table 1). Between

two major decay components, the picosecond component
increased at a longer wavelength. At 687 nm, the longer
wavelength side of the emission maximum (650 nm), the 2.3
ps component is greater in amplitude than the 250 fs component

observed in the picosecond time domain in the ptipmbe
spectroscopy? suggesting that the picosecond component is not
coupled with product formation. It is noted that such an
unreactive excited state was observed in the pupipbe

spectroscopy of hRR An unreactive excited state was also
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proposed by fluorescence spectroscopy of visual rhod@psin. 7
In these cases, the mechanisms were explained by a branching
model, where the photoexcited molecule proceeds from the
Franck-Condon state into the reaction coordinatephotoi-
somerization) or the unreactive relaxation pathwad?>

Du et al. previously measured time-resolved fluorescence -
spectroscopy of bR, and obtained three kinetic components as & 0.5 - in protein
the excited-state lifetimes: (i) 940 fs, (ii) 0.6-0.9 ps, and 7 in solution
(iii) 9 —13 ps26 The fastest components are very close to those ] :
of ppR in the present study, whereas there are considerable
differences in the second and third components. The second
component is faster in bR (0-®.9 ps) than irppR (1.7-3.0
ps). In addition, the amplitude of the third component is much —— —— —— —
greater in bR than ippR. In fact, the amplitude of the-910 0 1 2 3 4
ps components at 77800 nm are 2527% for bR?® whereas
such a longer component is lower than 10%gpR (Table 1). ]
The present study showed that th&0 ps component increased 6
when theppR sample was excited repeatedly. In addition, the
ppR sample was solubilized by detergent, whereas the membrane
fraction was used as the bR samPl@hese facts suggest that
a considerable amount of the-23 ps component in bR may
not originate from the excited state of bR.

The origin of the nonexponential kinetics in the primary
process of bR has been of great interest, though the mechanism 51
is not clea”” 3! It is noted that product formation of the J
intermediate was only observed accompanying 200 fs v
process and not a500 fs in the pumpprobe spectroscopy B e B L I L L B
of bR27:31This implies that the fastest componest200 fs) is 0 2 T'4 / 6
coupled to efficient photoisomerization, whereas slower com- Ime / ps
ponents are correlated with deactivation processes back to theFigure 3. Kinetic comparison of the fluorescence decay between
ground state. This view is likely to be common among pharaonisphoborhodopsingpR) and a protonated Schiff base of all-
rhodopsins, such as bR, hBpR, and visual rhodopsin. trans retinal in methanol (AT-PSB).

B. Kinetic Comparison of ppR with AT-PSB in Methanol.
AT-PSB in solution is a good reference system for the present
study ofppR. In proteins, the PSB molecule interacts specifically
with surrounding amino acid residues fixed into the protein
coordinate. On the other hand, in solution, surrounding solvent . ) . .
molecules possess a greater degree of freedom than amino acid 't IS generally accepted that photoisomerization is efficient
residues of proteins. Thus, it is of interest to compare excited- N Proteins. In fact, the quantum yield ppR (0.5 is greater
state dynamics of the chromophorepipR and in solutionppR than that of AT-PSB in methanol~0.15%7%%). Thus, the
possesses absorption and emission maxima at 500 and 630 nnflifferent quantum yield betweespR and AT-PSB in methanol
respectivelyi? On the other hand, AT-PSB in methanol pos- presumably originates from the population of the_ primary
sesses absorption and emission maxima at 445 and 655 nmfémtosecond components. In other words, as described above,
respectivelyt3 Emission spectra are similar betweppR and femtosecond and picosecond decay processes are different in
AT-PSB in methanol. their mechanisms. The femtosecond components correspond to

Figure 3 shows a kinetic comparison of the fluorescence highly efficient photoisomerization in the excited state whose

decays ofppR and AT-PSB in methanol at 605 (a) an®90 quantum yield is clo_se to L!nity. In view of the time scalg, the

nm (b). At 605 nm, the shorter wavelength side of the emission exmtggl-state dynamics is likely to proceed through barrierless
maximum, the decay kinetics ppR and AT-PSB in methanol transition. Qn the OFheT hand, picosecond components are
look apparently similar, exhibiting nonexponential decays. On correlated with deactivation processes back to the ground state

the other hand, kinetics at the longer wavelength side of the ©f PPR, whose isomerization quantum yield is low. A highly
emission maximum are remarkably different as shown in Figure ©r9anized protein matrix could concentrate the excited molecules
3b. The decay process of AT-PSB in methanol can be fitted by N0 the reaction coordinate for photoisomerization.

a single exponential, whereas thatppiR is highly nonexpo- Regarding specific reaction processes in protein, one notable
nential. We previously showed that the decay kinetics are fitted aspect is that photoisomerization of the retinal chromophore can
by a single exponential at the longer wavelength side of the take place even at very low temperatures such as 4 K. This fact
emission maximum of AT-PSB in methandl.On the other implies that the protein environment facilitates retinal isomer-
hand, the presence of the femtosecond componenrtZ560 fs) ization without large motion of protein itself. Although the

is characteristic ippR throughout 486700 nm. Unfortunately, protein structure surrounding the retinal chromophore had not
we could not measure time-resolved fluorescence at the longerbeen known, progress in structural biology allowed for the
wavelength tail of the emission spectrum (D0 nm) in the determination of the structure of BR°and visual rhodops
present study. However, the recent purmpobe spectroscopy  recently. Although the structure ppR is unknown at present,

of ppR clearly showed the presence of the 300 fs component comparative investigation of infrared spectroscopp@R and

as the stimulated emission decay at 890'ifhus, the presence bR has provided various structural aspééfshus, specifically

(a) 605 nm

sity

Inten

{7

in solution

sity

in protein

Log Inten

of the femtosecond components throughout the emissive wave-
length region is characteristic in the protein environment. Similar
observation was reported for BR visual rhodopsir#? and
photoactive yellow proteif?-33
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controlled photoisomerization processes in protein will be

explained by structural background in the future.
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