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ABSTRACT. The early steps in the photocycle of the bacterial proton pump proteorhodopsin (PR) were
analyzed by ultrafast pump/probe spectroscopy to compare the rate of retinal isomerization at alkaline
and acidic pH values. At pH 9, the functionally important primary proton acceptor (ASpRAQR.7) is
negatively charged; consequently, a reaction cycle analogous to the archaeal bacteriorhodopsin (BR) is
observed. The excited electronic state of PR displays a pronounced biphasic decay with time constants of
400 fs and 8 ps. At pH 6 where Asp97 is protonated a similar biphasic decay is observed, although it is
significantly slower (700 fs and 15 ps). The results indicate, in agreement to similar findings in other
retinal proteins, that also in PR the charge distribution within the chromophore binding pocket is a major
determinant for the rate and the efficiency of the primary reaction.

Since the membrane protein proteorhodopsin {RR)a acids involved in the vectorial proton transfer. Residues
new member of the type | retinal binding protein family (with characteristic for the cytoplasmatic and the extracellular
bacteriorhodopsin (BR) as a prominent member) was dis- channel are conserved as well as two-thirds of the residues
covered in uncultivated marineproteobacteria interest has forming the retinal binding pocketl®). The latter amino
arisen because of its potential relevance for a new principle acids include the primary proton acceptor Asp97 (Asp85 in
of phototrophic growth in the ocean’s photic zorfe ). BR), and components of the complex counterion of the
After the discovery of PR, a wide variety of homologous protonated Schiff base, Arg94 and Asp227 (Arg82 and
sequences in marine planktonic bacteria from different Asp212 of BR) 8). The primary proton donor Asp96 in BR
locations have been identifie8+5). PR, just like BR, was s replaced by Glu108 in PR). Although BR and PR share
shown to work as an outward directed light-driven proton many homologous amino acids participating in proton
pump, resulting in a proton gradient across the membranetransport, PR probably lacks some ionizable residues at the
which might be used by-proteobacteria for their energy cytoplasmic side, which in BR are involved in fast proton
requirements such as ATP synthesis. release 1, 13—15).

After light excitation, PR undergoes a photocycle whose ~ Remarkably, PR contrary to BR was shown to reverse the
sequence of intermediates is similar to that of the BR direction of proton transport at pH values below th&, pf
photocycle and has been denoted accordingly K, M, N, and Asp97 (Ka = 7.7). The data were obtained from pH-
O (6—10). Although the turnover time is slightly slower to ~ dependent photocurrent measurements of HRI{(should
that of BR, it is considerably faster than that typical for be noted that an inversion of the proton was not seen in
sensory photoreceptors such as sensory rhodopsins | and Iexperiments using photoelectric current measurements on
(SR I, SR 1) (L1). It was therefore assumed that PR is likely oriented membrane fragmentig].
to be a proton pump, but not a sensor. The photoisomerization of the retinal is, as in all other

is also exemplified in the sequence homology of those amino Light-adapted PR contains 40% -t% and 60+ all-trans
retinal PR, a ratio that is shifted to 20/80 in dark-adapted
PR. The acidic form of PR displays no difference between
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part of the photocycle ranges from the photoexcitation of heim) overnight at 4C. Acidic and alkaline pH values were
BR to the formation of the K intermediate, which is adjusted by centrifugation (1000§g)0of the reconstituted
completed after 3.5 psly, 17—23). A generally accepted protein and resuspension in PBS buffer with the correspond-
description includes the following reaction steps: Upon ing pH.

photoexition theall-trans retinal reaches the first exited Stationary Spectroscopfbsorption spectra were recorded
electronic-state ($ with ionic (B.-like) character. Propaga-  using a Hitachi spectrophotometer (model U-3000). Aliquots
tion on the multidimensional potential energy surface S of the described samples were diluted with adequate buffers
involves a retinal stretching mode, before the torsional by a factor of 10 and measured in 1-mm path length fused
motion around C13C14 double bond starts. The path silica cuvettes. Absorbance due to light scattering was
terminates at a 5 conical intersection (i.e., the molecule approximated by a power functiok + B/AC.

relaxes radiationless to the electronic ground-stgt@tan Transient Spectroscopin the following chapter, fs-time-
approximately 90 twisted geometry22, 23). Back at the  yesplved transient absorption measurements of PR at different
S potential surface the path splits: the molecule either adoptsp vajues are presented. The experimental setup was based
anall-trans configuration or a 13is configuration. The latter o 3 femtosecond pump/probe principle using a Clark CPA
is termed the spectroscopic K intermediate in the photocycle. 2001 at a repetition rate a1 kHz at a central wavelength

The spectroscopic characteristics of retinal and the dynam-of 775 nm. The laser served as pulse source for the following
ics of the isomerization are highly dependent on its molecular nonlinear processes. The excitation pulses were generated
surroundings. Various retinal proteins have been shown towith a noncollinear optical parametric amplifier (NOPA)
modulate the primary photoreaction and absorption charac-centered at a wavelength of 520 nm and focused to a diameter
teristics (spectral tuning) according to different biological of 100 um inside the sample. The pulse length was about
requirements 24, 25). The electronic configuration of the 100 fs, and typical pulse energies were around 75 nJ, low
chromophore is highly dependent on the electrostatic poten-enough to prevent multiphoton excitation of the sample. The
tial of the residues in the protein (especially the complex sample was probed with single filament white light pulses
counterion to the Schiff-base) and the geometry of the generated in a CaFplate (supercontinuum, polarization
chromophoreZ6—28). The major factors within the protein  parallel to excitation pulse), a spectral range of 3880
microenvironment that influence the photophysical properties nm was selected for probing. Because of group velocity
of the retinal are subject to intense investigations but are mismatch between pump and probe light, the temporal
still only partially understood. resolution of the system is wavelength dependent, and the

The absorption maximum of PR is known to exhibit a red cross correlation width for the entire investigated spectral
shift when the pH is lowered (purple-to-red transition). This range was between 70 and 120 fs. The continuum pulses
has been attributed to the protonation state of the primary were dispersed by two spectrometers (sample and reference),
proton acceptor Asp9716). As long as no structural and recorded with two 42 segment diode arrays (multichannel
information on PR is available, a BR-based molecular model detection), resulting in a spectral resolution of 8 nm. Data
has to support structural considerations regarding the Schiffacquisition was performed in single shot detection mode as
base region of PR2Q). Accordingly, Asp97 and Asp227, balanced and referenced measurement providing signal-to-
members of the complex counterion, are located closely to noise ratios up to X0
the protonated Schiff base. Th&pof the Schiff base has A continuous exchange of the sample between successive
been determined at 11.3, and considerable protonation oflaser shots was achieved by using a flow cuvette (optical
Asp227 may not occur above pH 30). Between those  path length 50Qum) and a syringe pump. This prevents
values, electrostatic conditions at the Schiff base region aremultiple excitation of molecules within the photocycle and
likely to be controlled by the protonation state of Asp97. accumulation of photoproducts.

Here, the pH-dependent photoreaction of PR with a focus  Before further analysis, the data were corrected for the
on the electrostatic control of the retinal isomerization is coherent signals and group velocity dispersion (GVD). With
presented. Transient absorption experiments in the visiblea procedure described by Kovalenko et &M)( which uses
spectral range with femtosecond time resolution have beenthe temporal evolution of the coherent signal and a least-
performed on PR samples at acidic and alkaline pH. The squares fit algorithm, the delay time zero could be determined
method provides information about electronic relaxation of for all wavelengths. Data were then analyzed using a
the chromophore and the earliest intermediates of the PRMarquardt downhill algorithm that allowed optimization of
photocycle. A comparison of the datasets demonstratesn exponential decays for all wavelengths simultaneously,
similar kinetic pathways but different velocities of the retinal while the amplitudes for each kinetic component are

isomerization for both PR samples. wavelength-dependent fitting parameters.
MATERIALS AND METHODS RESULTS
Sample PreparationExpression and purification of PR Stationary Spectroscopy, Sample Characterizatiothe

in Escherichia colimembranes was performed as described UV/vis spectrum of reconstituted PR (Figure 1) a pH-
in ref 7. Purified PR was reconstituted in 25 M excess of dependent shift of the absorption maximum of the major
polar lipids from purple membrane. Reconstitution was chromophore band from 521 nm (pH 9) to 536 nm (pH 6)
carried out n 1 M NaCl, 50 mM NaP@ (pH 8). The can be observed. Additionally, the protein band at 280 nm
solubilized protein was diluted twice under CMC of 0.002% and a minor band at 374 nm that is assigned tosttand
dodecylmaltoside (DM), and the remaining detergent was of the chromophore can be seeé?), As described in the
removed via detergent absorber beads (Boehringer, Mann-methods section, the contribution from light scattering was
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FIGURE 1: Absorption spectra of PR at acidic and alkaline pH. 5
The absorption maximum shifts from 536 nm @) to 521 nm © 700
(PRekaling For comparison to the femtosecond measurements, the
spectra have been scaled to an OD corresponding to an optical patt <

length of 500um. The spectra have been corrected for scattered 650
light. See text for details.

approximated by a power function and subtracted from the 600
data. The fitting procedure results in a valuedfe 2.5 for 550
both samples. Since reconstituted PR forms particles with
diameters on the micrometer scale in this sample preparation, 500
scattering is not only due to Rayleigh light scattering, which
explains the deviation from the* dependence. 450

Transient Spectroscopffor an overview of the temporal
evolution, Figure 2 gives a color-coded illustration of the
transient absorbance changes upon photoexcitation for PR 0 1 10 100
at acidic and alkaline pH values. The plots are composed of
up to 40 individual channels each and cover a spectral range
from 427 to 723 nm at pH 6 and from 411 to 731 nm at pH FiGure 2: Temporal evolution of light/dark difference absorption
9. Red indicates positive, green indicates zero, and blueof PR at pH 6 and 9 after excitation with a 520 nm pulse

indicates negative absorbance changes. Because of the stror{gm'ti‘:ha””e' detection). Signal amplitudes are color coded: red
' IAdicates positive, and blue negative absorbance change. Data

scattering of the sample the highlighted data around the 5rong the excitation wavelength with a lower signal-to-noise ratio
excitation wavelength at 520 nm show higher noise ampli- are plotted with less intense color code. A linear time scale is used
tudes and will not be considered in the subsequent discussionfor 7 < 1 ps, and a logarithmic one is used for longer delay times.
The transient absorbance spectra at pH 6 and pH 9 havePotted lines represent the spectral positions of the transients selected
several spectral features in common: centered around©" Figure 3.

450 nm, a dominant positive (yellow to red) transient clearly seen in the corresponding absorption transients of
absorbance can be identified for both samples. This signature y p 9 P

arises after photoexcitation and reaches its maximum ap-this region (Figure 3c). The resuits of the global fit analysis
proximately 200 fs after delay time zero. At pH 6, the (see Figure 4) propose that the kinetics of this feature proceed

maximum is at about 460 nm, while the peak at pH9appearsWIth t.he same two time constants as men.tloned above
blue shifted at approximately 450 nm. The overall decay of (PH 6t T2@re = 0.7 S antksere = 15 ps, pH 9: 7a(ke) =
the signal under alkaline conditions is faster than under acidic 0-4 PS andrsro) = 8 ps).
conditions. Figure 3a shows representative transient absor- The most prominent positive transient absorbance centered
bance curves from this spectral region for both pH values. at 600 nm persists at least until 1 ns. At pH 6, the maximal
Upon excitation, an early absorption increase is observed,amplitude after 1 ps is reached at about 610 nm, and for
which decays on the picosecond time scale. At pH 6, the pH 9 at 590 nm. For longer delay times, the maxima are
signal turns negative after approximately 10 ps and remainsblue shifted (pH 6: 600 nm; pH 9: 570 nm). A comparison
at a constant negative level up to 1 ns delay time. The of selected transients of this spectral region is given in Figure
transient absorbance changes at pH 9 show very similar3b and shows that for both samples two different features
characteristics but turn negative after 2 ps. A global fit can be identified: (i) a rapid increase of absorption, which
analysis suggests two time constants to be involved in bothreaches its maximum at delay time zero and decays within
kinetics: At pH 6 the signal decay can be described by the 200 fs. This feature is more prominent at pH 9 than at pH 6.
time constant3,prs) = 0.7 ps andrsprs) = 15 ps, and at (i) a persistent positive absorption that reaches its maximum
pH 9 the kinetics are faster withypng) = 0.4 ps andrsprg) after 5 ps (pH 6) and after 2 ps (pH 9), respectively. In both
= 8 ps. Amplitude spectra related to the different decay times cases, a slow decrease of the signal amplitude is observed;
are shown in Figure 4. nevertheless, a dominant fraction of positive absorption
At the red most end of the probed spectral range, i.e., for remains up to 1 ns. Amplitude spectra (Figure 4) show the
Aor > 690 nm, both PR samples exhibit negative contributions individual contributions of the time constants and 73
(Figure 2). After a dominant fast decay on the sub-picosecondinvolved in that spectral region for both samples. While the
time scale the signal disappears completely within ap- fast component, indicates signal growth, the slower one
proximately 30 ps for pH 6 and 2 ps for pH 9, which can be turns positive around 650 nm, corresponding to signal decay.

Delay Time [ps]
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20 _' ,5. T T 'p'l-'i‘ét Table 1: pH-Dependent Time Constants of the Early Steps of the
& a) PR Photocycle
A ulps]  wlps]  wlps]  wlps]

- ) PR (pH 6) <0.2 0.7 15 >1000

@— PR (pH 9) <0.2 0.4 8 >1000
§-1o'-1- el . . .
E ol b) ) pH 9 negative transient absorbance is observed between 450
% I oy - ] and 500 nm at delay times from 1 to 1000 ps.
% 10 L OO O 00 o O?‘"‘“‘g Four time constants describe the datasets for both pH
< e s FFT0 o0 O_VLQONSQSQ . )
S I ﬁ ° 3 values adequately. Ultrafast modulations near delay time zero
g o @ can be observed in certain spectral ranges, e.g., in the
8 ® pHY, 595 nm | transients at 627 nm for pH 6 and 595 nm for pH 9. These
= O pH 6, 627 nm . X . .
3 -10 e signals can be fitted by a time constant< 200 fs. Since
<

this is within the temporal resolution of the experimental
setup it cannot be ruled out that parts of the initial dynamics
may be included in the cross-correlation function implicitly
contained in the global fitting procedure. This leads to an

9 o pH6 | increased uncertainty in the absolute value and the spectral

ol i i T230M, properties ofr;. Thus, only the amplitude spectrum for the
10 1 10 100 1000 subsequent kinetic components are shown (Figure 4) and
Delay Time [ps] included in the further analysis. The corresponding decay

Ficure 3: Comparison of transient absorbance changes of PR attimest,, 73, andz, are sufficient to describe the early events
acidic and alkaline pH at different probing wavelengths (dots). Solid in the photocycle of PR up to 1 ns. Table 1 provides a

lines represent results (for> 200 fs) of a multiexponetial global  symmary of the obtained time constants at acidic and alkaline
fit analysis of the complete data sets.

pH.
— T T T T T T T T T T T T
pH 6 —&— 1,=700fs ] DISCUSSION
2L —O— 1,=15ps - . . .
A < In the following section, two main aspects of the photo-
o cycle in PR on an ultrafast time scale will be addressed. The

general features of the primary photoreaction are discussed
first, followed by an explanation of the pH dependence of
these events. The experiments provide information about the
electronic response of the retinal chromophore after photo-
excitation with a femtosecond time resolution. The time
window of the acquired data(100 fs to 1 ns) allows for a
detailed analysis of the photocycle of PR including the initial
kinetics of the retinal isomerization and the impact of its
direct molecular surroundings. The transient spectra for
alkaline and acidic pH qualitatively display similar properties
(Figure 2). Therefore, the following general description of
the initial photoreaction should apply to both sample
preparations.

Simultaneously with the pump pulse a positive signal
builds up and decays within about 200 fs (Figure 2). This
initial event is likely to constitute a part of the excited state
. . ) dynamics of retinal in PR. In different retinal proteins, this

400 500 600 700 signal has been attributed to the motion of the initially
Wavelength [nm] prepared wave packet out of the Fran€kondon region and
FiGURE 4: Amplitude spectra of the multiexponential global fit resembles molecular conformational dynamics in the excited
analysis of PR at pH 6 and pH 9. Data between 500 and 550 nm State (1, 17, 20).
(corresponding to the fainter areas in Figure 2) are not considered The dominant positive feature in the blue spectral region
in the data analysis. can be assigned to excited state absorption, which in BR is

Apart from the emission band around 700 nm, negative observed at 460 nm. Its decay reflects the excited-to-ground-
transient absorbance due to ground-state bleaching emergestate transition. Time constants for the excited-state-to-
near the excitation wavelengths in the spectra for both ground-state transition of retinal in BR have been reported
samples (Figure 2). The instantaneous bleach signal isto occur extremely fast in about 500 f&7( 33). Similar to
obscured by different absorbing species during the picosecond-our observations for PR, excited state absorption at early
part of the PR photocycle. Thus, for PR at pH 6 the delay times is also reported red shifted from the ground-
signatures can be unambiguously detected between 550 testate absorption maximum in BR4).

600 nm at delay times from O to 10 ps and later between At pH 6, the overall amplitude of the initial absorption is
450 and 500 nm at delay times from 10 to 1000 ps. At decreased and the spectral signature is red shifted. Parts of

Amplitude [a.u.]
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the initial absorption signal (predominantly between 550 and SFe

600 nm) may be superimposed by negative contributions that 1 —
emerge on the same time scale. They arise both from T4
stimulated emission, which is expected to be red shifted to
the excitation wavelength, and from ground-state depopula-

tion.

At longer delay times, excited state decay facilitates the Srelax 3 se
observation of ground-state bleaching. Thus, negative signals hv ! ” !
clearly appear on the picosecond time scale between 450 ltz
and 500 nm. The depopulation of the ground state should 2

also contribute at wavelengths longer than 550 nm, but these
signals are overcompensated by strong positive absorption
in this spectral region. Amplitude spectra suggest that both
time constants denoted asandrs are involved in the decay So — T

of the prominent positive feature around 460 nm and the Fgyre 5: Energy level diagram and reaction scheme for the
negative signals at the red end of the spectra around 700primary steps of the PR photocycle, &d S denote the ground
nm. We thus observe a biphasic transition from the excited and photoexcited state, respectively. Superscripts are used to
electronic state to the first ground-state product, represented!lustrate the molecular motion along the,-Sotential energy

AL : . surface: from the initially populated FranelCondon region (FC)
by the decay of excited-state absorption and stimulated isomerization can proceed either directly via a conical intersection

emissi_on signals. This bigxponential-@ecay is Co_mmonly Cl) or via a longer lived $state (relax). Time constants, 7o,
found in archaeal rhodopsins and even observed in protonatedndr; correspond to the values given in Table 1.

Schiff base retinal molecules in solutio24( 35).

As the initial transient absorbance changes disappearheterogeneities of that kind. In the electronic ground-state
several other signals build up at the same time scale. The S PR contains retinal in bothll-trans and 13cis configura-
decay leads to a long persisting positive absorption aroundtions. The amount of each isomer depends on the pH value
600 nm. This red-shifted absorption band is typical for the and on the light conditions the sample is kept at (light- vs
earliest photointermediates in the electronic ground state ofdark-adapted states). It was shown by retinal extraction
several retinal proteins7( 9, 11, 25, 34). It increases with experiments that PR at both pH values and adaptation states
time constants, andrs as the excited state decays. On the contains substantial amounts 20%) of 13cisisomers 7).
contrary, amplitude spectra (Figure 4) of indicate an Because of its similar spectral properties and extinction
absorption signal decrease around 650 nm. This can becoefficients, this species is also photoexcited, and it thus
explained by formation of ground-state intermediates on the cannot be ruled out that it contributes to the observed
same time scale. The photoproduct band may contain twotransient absorbance signals.
different states, J and K (as described in BR), where Jis a (ii) Branched reaction model for a homogeneous sample:
less red-shifted state and the J to K transition occurs on theThe assumption of different reaction pathways in the excited
time scale of a few picoseconds. The amplitude spectra ofstate as previously suggested, for example, for retinal
the long time offsetr, shows the expected features of the isomerization in halorhodopsin (HR)3§) allows us to
bleached ground state and the early K-type photoproduct.describe the experimental findings for PR consistently

In BR the first ground-state intermediate J converts with (Figure 5). The initial motion along a certain coordinate
a time constant of 3 ps to the K intermediafié)( In the (presumably involving both €C stretching and torsional
case of PR, the introduction of an additional picosecond time modes) 87—39) allows a fast transition to the ground state
constant did not increase the quality of the global fit analysis. via a conical intersection (Cl) as illustrated by the fast onset
Thus, no statement with regard to a possible J to K transition of a red-shifted product state absorption. The states decaying
can be made. However, our data support the assumption thatvith the longer time constant; are not identical with the
the isomerization proceeds at the electronic ground state: theoriginal Franck-Condon state. They may be reached by
retinal either reaches the 13-cis configuration or relaxes backdifferent initial motions and can access the Cl region only
to all-trans. Since the latter causes an increasing ground- within a few picoseconds.
state population, this additional absorption may lead to the The observation of two but significantly slower time
observed slight blue shift of the positive transient absorption constants for the acidic sample (pH 7, Figure 3) allows
band at longer delay times. The spectral changes observedliscussing the role of the protonation status of the primary
for 7, andts in the corresponding range of their amplitude proton acceptor Asp97 on the photoisomerization rate of
spectra (Figure 4) suggest a different quantum efficiency for retinal: The first exited electronic state of retinal proteins is
photoisomerization for the fastj) and slow ¢s) processes, assumed to exhibit ionic (Bike) character. With respect
i.e., for the different reaction pathways. to the charge distribution of the electronic ground state partial

The existence of two time constants for the excited-state positive charge is moved toward the hydrocarbon tail of the
decay has to be considered in a reaction model consistenthromophore upon excitation. This positive charge is stabi-
with the experimental findings. In general, two reasons can lized by the negatively charged residues of Asp97 and
be responsible for biphasic excited-state kinetics: Asp227 near the C13 position of the retinal and decreases

(i) Sample heterogeneitydere, the sample consists of at the double bond character at this position. Accordingly, the
least two different species with different spectral properties energy required for the torsional motion, which might begin
and dynamic behavior. The retinal isomer composition in on the exited state surface, is lowered. As Asp97 is
PR samples is the most likely candidate to cause sampleprotonated at low pH, the energy required for the torsional

7/
-~ later
- -~ intermediates
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movement around the Cx14 bond is increased, which 4.

is reflected in a slower reaction rat83j. The major
importance of the negative charge at Asp97 for a fast
subpicosecond photoproduct formation in PR is supported 5
by similar findings in archaeal rhodopsins with uncharged
residues at the Asp97 analogous position: acid purple BR
samples (at pH< 2) or the BR D85N mutant as well as

SR | show significantly slower reaction dynamics for the
primary steps of the photocycléd ).

CONCLUSION

The ultrafast spectroscopic analysis of the earliest photo- -
reactions places PR in a line with the ion pumping retinal
proteins BR and HR and their mutants. The pH dependence
of the initial dynamics underlines that speed and efficiency
of the primary reactions are controlled by the charge
distribution in the vicinity of the Schiff base.

The experimental observations can be compared to tran- 9

sient spectroscopy data on the ultrafast time scale of class |
retinal proteins (BR, HR, SR |, and SR 1111, 20, 33, 34, 10
36, 40—44) and summarized as follows:

(i) An early response on a time scale of several tens or
few hundreds of femtoseconds, although this may not occur
before the following dynamics and at the same spectral
position as described for PR. For PR, we attribute it to an
initial wave packet-like motion out of the FranelCondon
region.

(i) An absorption increase at about 400 to 500 nm, which  13.

originates from excited-state absorption. Decay of this
component can be described by two time constants. Sensory
rhodopsin might be an exception because its excited-state

absorption was reported to be red shifted with respect to the 14.

other retinal proteins and its decay is well described by a
single exponentiall(1).

(iii)y Formation of a red-shifted photoproduct with hundreds  15.

of picoseconds to several nanoseconds lifetime at wave-
lengths around 600 nm.

Although there is no commonly accepted unifying model 16
for the earliest events after light absorption in retinal proteins
without inconsistencies, simple comparison of the spectral
and dynamic features of the bacterial PR to the archaeal 4
retinal proteins suggests that their ultrafast dynamics are
highly related. This observation is interesting in respect to
the different biological functions of the type I retinal proteins,
which range from the ion pumps BR (proton transport) and

HR (chloride transport) to the photosensors SR | and SR II. 19,

The details of the tuning mechanism still need to be related
to the close environment of the Schiff base and the first (fast)
reactions after light absorption. 20
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