
2268 Biophysical Journal Volume 96 March 2009 2268–2277
Femtosecond Carotenoid to Retinal Energy Transfer in
Xanthorhodopsin
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ABSTRACT Xanthorhodopsin of the extremely halophilic bacterium Salinibacter ruber represents a novel antenna system. It
consists of a carbonyl carotenoid, salinixanthin, bound to a retinal protein that serves as a light-driven transmembrane proton
pump similar to bacteriorhodopsin of archaea. Here we apply the femtosecond transient absorption technique to reveal the
excited-state dynamics of salinixanthin both in solution and in xanthorhodopsin. The results not only disclose extremely fast
energy transfer rates and pathways, they also reveal effects of the binding site on the excited-state properties of the carotenoid.
We compared the excited-state dynamics of salinixanthin in xanthorhodopsin and in NaBH4-treated xanthorhodopsin. The
NaBH4 treatment prevents energy transfer without perturbing the carotenoid binding site, and allows observation of changes
in salinixanthin excited-state dynamics related to specific binding. The S1 lifetimes of salinixanthin in untreated and NaBH4-
treated xanthorhodopsin were identical (3 ps), confirming the absence of the S1-mediated energy transfer. The kinetics of
salinixanthin S2 decay probed in the near-infrared region demonstrated a change of the S2 lifetime from 66 fs in untreated
xanthorhodopsin to 110 fs in the NaBH4-treated protein. This corresponds to a salinixanthin-retinal energy transfer time of
165 fs and an efficiency of 40%. In addition, binding of salinixanthin to xanthorhodopsin increases the population of the S* state
that decays in 6 ps predominantly to the ground state, but a small fraction (<10%) of the S* state generates a triplet state.
INTRODUCTION

Light harvesting is a vitally important process for photosyn-

thetic organisms because it provides the means to maintain

the rates of photochemical reactions that convert solar energy

into other kinds of directly exploitable energy. The light-har-

vesting complexes exhibit large structural and spectral vari-

ability across a variety of photosynthetic systems (1). In the

majority of these systems, the antenna function is carried out

by two types of pigments, (bacterio)chlorophylls and carot-

enoids, whose excited-state properties and energy transfer

efficiencies have been the subject of numerous experimental

and theoretical studies (2–4). In higher plants the role of

carotenoids is predominantly to provide photoprotection;

however, in microorganisms their light-harvesting function

is more important, and in some systems carotenoids are the

major light-harvesting pigments (5).

The much simpler retinal-based energy transducers of the

archaea, bacteriorhodopsin and archaerhodopsin, lack

antennae. Absorption of light and the proton transport it

drives take place within one protein molecule containing

a single retinal chromophore. These proteins undergo a cycle

of reactions that span a time domain from femtoseconds to

milliseconds, resulting in the translocation of a proton

from inside the cell to the outside and the generation of

a transmembrane potential that is usable for ATP synthesis,

ion transport, and cell motility. The reaction is initiated by
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the light-induced isomerization of the chromophore from

all-trans to 13-cis (6) and involves changes in the pKa values

of the buried carboxyl groups (7), and small-scale (8) and

large-scale (9) conformational changes of the protein. The

early events involve spectral evolution, which has been inter-

preted as relaxation through a series of excited states and

photoproducts (denoted as H, I, and J (10–14)) that leads

to formation of the 13-cis photoproduct K (15).

Only a few genes—those coding for the retinal protein

(opsin) and the enzymes in retinal synthesis—are needed

to support this apparently very ancient type of phototrophy.

The simplicity of such a light-energy transducing system

apparently explains the wide spread of retinal protein genes

in the genomes of not only archaea but also, as is now

known, the many different families of eubacteria and eucary-

otes. Some are pumps and some are sensors. More than 2500

different opsin genes have been identified, but only a few of

the proteins have been isolated from cultured organisms (16).

Among them, one retinal protein, xanthorhodopsin (17),

from the cell membrane of extremely halophilic eubacterium

Salinibacter ruber (18), showed an unexpected association

with a C40 carotenoid, salinixanthin (19). This carotenoid

was found to undergo large reversible absorption changes

when the retinal chromophore was removed and replaced

in the protein (17). The carotenoid is bound to the protein

in a 1:1 ratio. The action spectrum for proton transport indi-

cated that light absorbed not only by the retinal but also by

the carotenoid is utilized for proton transport, with ~40%

efficiency (17). Subsequent studies using steady-state
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fluorescence measurements demonstrated that there indeed

exists an efficient energy-transfer channel between salinixan-

thin and retinal (20), making xanthorhodopsin the simplest

antenna protein known so far.

The recently resolved crystal structure of xanthorhodopsin

(21) shows that the two chromophores are at a 46� angle and

the distance between their centers is 11.7 Å (see the Support-

ing Material). The ring of the carotenoid is turned 82� from

the plane of the polyene chain and immobilized in the

binding site within 5 Å from the ionone ring of retinal.

This explains both the well-resolved structured absorption

spectrum of the bound salinixanthin (Fig. 1) and its depen-

dence on retinal (22), which constitutes part of its binding

site.

The light-harvesting function of carotenoids is well docu-

mented in many photosynthetic systems, but the precise

mechanisms of energy transfer involving carotenoids are

less understood than those involving (bacterio)chlorophylls.

This is mainly because of the complex excited-state structure

of carotenoids. The strong absorption of carotenoids in the

blue-green spectral region is caused by a transition to the

excited state, called S2 (1Bu
þ in the C2h symmetry group

notation). For symmetry reasons, the transition to the lowest

excited state, S1 (1Ag
�), from the ground state is forbidden,

but the S1 state is populated via S2-to-S1 internal conversion

on a timescale of a few hundred femtoseconds (2). Both S2

and S1 states were identified as energy donors in carot-

enoid-(bacterio)chlorophyll antenna systems (2–4,23).

Moreover, new experimental approaches in the past 5 years

also revealed that the generally accepted dual-excited-states

(S1 and S2) scheme is a simplification, because more dark

states may be located between (or in close vicinity of) the

S1 and S2 states, making the excited-state dynamics vastly

complicated (2,24,25). These excited states, called 1Bu
�,

3Ag
� (24), and S* (26), become more important for caroten-

oids with longer conjugated chains. For carotenoids with

conjugation length N > 11, all of these states could lie

between the S2 and S1 states (2,24), making them all poten-

tial energy donors in the energy transfer process. Moreover,

recent studies on carotenoids containing a conjugated

carbonyl group disclosed another dimension in the complex

pattern of excited-state dynamics: the spectroscopic proper-

ties of these carotenoids exhibit a strong dependence on

the polarity of the environment, which is attributed to the

presence of an intramolecular charge transfer (ICT) state

(27–29).

In xanthorhodopsin, the lowest excited state of the retinal

chromophore is too high to allow for energy transfer from the

S1 state of salinixanthin. Consequently, a salinixanthin-to-

retinal energy transfer was suggested to occur exclusively

from the salinixanthin S2 state (17). Despite the evidence

for salinixanthin-to-retinal energy transfer indicated by fluo-

rescence excitation spectra and carotenoid fluorescence

changes (20), direct time-resolved methods are necessary

to determine the energy transfer rates and verify the energy
transfer pathway(s). Salinixanthin has 13 conjugated double

bonds (11 linear C¼C, plus C¼C and C¼O at the terminal

ring), and thus some dark states located in the S2-S1 gap

may have energies favorable for energy transfer. Moreover,

salinixanthin contains a conjugated carbonyl group that

may activate the ICT state. Here we apply the femtosecond

transient absorption technique to reveal the excited-state

dynamics of salinixanthin both in solution and in xanthorho-

dopsin. The results reveal not only extremely fast energy

transfer rates and pathways, but also the effects of the

binding site on the excited-state properties of salinixanthin.

MATERIALS AND METHODS

Sample preparation

Cultures of Salinibacter ruber, strain M31, were grown in the medium

described in Imasheva et al. (30). The cells were collected by centrifugation

and subjected to overnight dialysis versus water (17). The fraction of cell

membranes enriched in xanthorhodopsin was obtained as previously

described (22). The pH was adjusted to 7.8 using 10 mM HEPES as a buffer.

Reduction of the retinal Schiff base C¼N double bond to a single bond with

NaBH4 was performed at pH 8 under illumination at 550–650 nm for 1 h as

previously described (20). The concentration of NaBH4 was 5 mg/mL. Sal-

inixanthin was extracted from cell membranes containing xanthorhodopsin

using an acetone/methanol (7:3) mixture, and purified by precipitating phos-

pholipids with cold acetone and removing them by centrifugation as previ-

ously described (19).

Femtosecond transient absorption

For measurement in the visible spectral region, femtosecond pulses were

obtained from a 1 kHz femtosecond laser system (Integra-I, Quantronix,

East Setauket, NY). The output pulses had a ~130 fs width, an average

energy of ~2 mJ/pulse, and a central wavelength of 780 nm. The pulses

were divided into two paths: one to pump an optical parametric amplifier

(TOPAS, Light Conversion, Vilnius, Lithuania) for generation of excitation

pulses, and the other to produce white-light continuum probe pulses in a 0.3

cm sapphire plate. For signal detection, the probe beam and an identical

FIGURE 1 Absorption spectra of cell membrane fraction containing xan-

thorhodopsin (thick solid line), the same membrane after treatment with

NaBH4 (dashed line), and salinixanthin in methanol (thin solid line).
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reference beam were focused onto the entrance slit of a spectrograph, which

then dispersed both beams onto a dual photodiode array detection system

(ExciPro, CDP Systems, Moscow, Russia). A 1-mm pathlength rotating

quartz cuvette spinning at a rate to ensure that each excitation pulse hit a fresh

sample was used for measurements. The intensity of excitation was 2� 1014

photons $ pulse�1 $ cm�2. The mutual orientation of the excitation and

probe beams was set to the magic angle (54.7�).
For single-wavelength measurements in the near-infrared (IR) region, the

primary source of the pulses was an amplified erbium-doped fiber oscillator

and a Ti:Sapphire regenerative amplifier, which was pumped by the

frequency-doubled output of a Nd:YAG laser (CPA-2001, Clark, Dexter,

MI) operating at a repetition rate of 1 kHz. The amplifier delivers pulses

of sub-150 fs duration centered at 775 nm. The output of the amplifier is

used to pump two tunable noncollinear parametric amplifiers (TOPAS White

(Light Conversion) and NOPA (Clark)) to generate the pump (490 nm) and

probe (900 nm) pulses used in the experiment. The intensity of excitation

was ~5 � 1013 photons $ pulse�1 $ cm�2. The experimental response func-

tion was measured to be 45 fs at the sample position by means of sum-

frequency generation in a 30 mm beta barium borate (BBO) crystal. All

single-wavelength measurements were carried out in a mode using two

probe beams that overlapped with the excitation at the sample (one with

parallel and the other with perpendicular polarization with respect to the

excitation). The transient absorption signals of both polarizations were pro-

cessed by data acquisition software (Pascher Instruments, Lund, Sweden).

The values of isotropic (magic angle) and anisotropy signals were calculated

from the parallel and perpendicular signals for each time point to obtain the

kinetics of photogenerated population decay as well as orientation decay of

the excitation-induced dipole, in addition to recorded kinetics with parallel

and perpendicular polarizations. To minimize noise, a standard 1-mm quartz

cuvette was used for the single-wavelength measurements. Test measure-

ments comparing the kinetics obtained with rotating and standard cuvettes

showed that, at the low excitation intensities used in these experiments,

both cuvettes gave identical results, but a much better signal/noise ratio

was achieved with the standard cuvette.

Data analysis

The kinetic traces collected by the diode-array detection system were fitted

globally (DAFit, Pascher Instruments, Lund, Sweden). The data were fitted

to a sum of exponentials, including numerical deconvolution of the full

width at half-maximum of the response function, and a fourth-degree poly-

nomial describing the chirp of the probe light. To visualize the excited-state

dynamics, we used a model with time evolution according to a sequential,

irreversible scheme: A/B, B/C.. The arrows represent increasingly

slower monoexponential processes, and the time constants of these

processes correspond to lifetimes of the species A, B, C, .. The spectral

profiles of the species are called evolution-associated difference spectra

(EADS) (31).

RESULTS

The absorption spectrum of xanthorhodopsin is shown in

Fig. 1. It is dominated by the characteristic structure of the

S0-S2 absorption band of the salinixanthin chromophore,

which has vibrational peaks at 520, 486 and 458 nm. The

retinal chromophore exhibits maximum absorbance around

560 nm. In methanol, salinixanthin shows a blue shift as

compared with xanthorhodopsin, and only hints of vibra-

tional peaks at 505, 477, and 447 nm. Treatment of xantho-

rhodopsin by NaBH4 shifts the retinal band below 400 nm

because it reduces the double bond of the retinal Schiff

base to a single bond (20,32). Fig. 1 shows that the salinix-

anthin vibrational peaks are unchanged, a clear sign that the
Biophysical Journal 96(6) 2268–2277
binding site remains intact, because its perturbation would

significantly diminish the resolution of those peaks (22,33).

The NaBH4 treatment allows observation of excited-state

dynamics when salinixanthin is specifically bound to the

protein but in the absence of energy transfer.

Transient absorption in the visible region

To study energy transfer between salinixanthin and retinal,

we excited xanthorhodopsin near the salinixanthin absorp-

tion maximum at 490 nm. Although the broad absorption

band of the retinal chromophore extends well below

490 nm, salinixanthin has an ~5- to 6-fold larger extinction

coefficient at this wavelength (20), and effects due to direct

excitation of rhodopsin are therefore small. Transient absorp-

tion spectra taken at 1 ps after excitation are shown in Fig. 2.

The NaBH4-treated xanthorhodopsin exhibits features

typical of a carotenoid. At 1 ps the S2-S1 internal conversion

is finished and the excited-state absorption band, peaking at

574 nm, is due to the S1-Sn transition of salinixanthin. The

negative signal with two well-resolved bands at 520 and

490 nm reflects ground-state bleaching. Essentially the

same features are observed in the transient absorption spec-

trum of salinixanthin in methanol, but the conformational

disorder in solution makes the transient absorption spectrum

significantly broader. The spectral features observed in the

transient absorption spectrum of untreated xanthorhodopsin

are similar to the NaBH4-treated sample, but there is a clear

increase of signal above 600 nm accompanied by a decrease

of signal at ~580 nm. This is apparent from the difference

between the transient absorption spectra of untreated and

NaBH4-treated xanthorhodopsin shown in the inset of

Fig. 2. The spectrum is reminiscent of the J/K state of

bacteriorhodopsin, indicating that energy transfer from

FIGURE 2 Transient absorption spectra for the untreated (thick solid

line), NaBH4-treated (dashed line) xanthorhodopsin, and salinixanthin in

methanol (thin solid line) recorded at 1 ps after excitation at 490 nm. Spectra

are normalized to maximum. (Inset) difference between transient spectra of

untreated and NaBH4-treated xanthorhodopsin in the 550–710 nm region.
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salinixanthin initiated the xanthorhodopsin photocycle.

Since the J state decays into the K state within a few picosec-

onds in the analogous protein, bacteriorhodopsin (15), the

spectral feature observed at 1 ps in the untreated xanthorho-

dopsin must be mostly due to the J state, with some contribu-

tion from the K state.

The notion that energy is transferred from a state higher

than S1 is further corroborated by the kinetics measured at

615 nm, reflecting decay of the salinixanthin S1 state

(Fig. 3). Whereas for the NaBH4-treated xanthorhodopsin

there is no residual signal after 20 ps, formation of the K state

of the photocycle is manifested as a nondecaying plateau in

the untreated complex because the K-state lifetime is on

a microsecond timescale (17,30). Fitting of the kinetics gives

the same salinixanthin S1 lifetime of 3 ps in both treated and

untreated xanthorhodopsin, signaling that energy transfer

does not proceed via the S1 state of salinixanthin. The iden-

tical decays for the two complexes are best demonstrated at

560 nm, where there is no signal from the initial products of

the photocycle (Fig. 3, inset). It must be noted, however, that

the kinetics at 560 nm, both in the NaBH4-treated and

untreated samples, exhibit slower decay than the 3 ps

extracted from fitting of the 615-nm kinetics, and cannot

be fitted by a single-exponential decay. This is due to the

so-called S* state that is identified from its distinct shoulder

at the blue side of the S1-Sn band.

To disentangle the contributions from various states, we

applied global analysis to the data. The EADS extracted

from global analysis are depicted in Fig. 4 for untreated

and NaBH4-treated xanthorhodopsin, and for salinixanthin

in methanol. The initial EADS (black curves) represent

a spectrum of the initially excited S2 state of salinixanthin,

which consists mainly of the ground-state bleaching and

stimulated emission from the S2 state. This spectrum decays

in ~100 fs to form the second EADS (shown in red). This

FIGURE 3 Kinetics recorded at 615 nm for NaBH4-treated (open
symbols) and untreated (solid symbols) xanthorhodopsin. (Inset) Kinetics

at 560 nm. Solid lines are fits. Excitation wavelength was 490 nm.
spectrum has typical attributes of a hot S1 state (34,35).

The hot S1 decays on a subpicosecond timescale to the

relaxed S1 state whose EADS are the blue curves in Fig. 4.

The shoulder around 620 nm, which is clearly visible in

this EADS for the untreated xanthorhodopsin, indicates

that the J/K state of the photocycle has been also formed

during this step. The S1 EADS decays in 3 ps for the

untreated and NaBH4-treated xanthorhodopsin, whereas

a slightly shorter lifetime, 2.6 ps, is obtained for salinixan-

thin in methanol. Moreover, to obtain good fits, all three

samples require another EADS decaying with an ~6 ps

time constant. The shape of this EADS is typical for the

S* state (26). The final nondecaying EADS differs signifi-

cantly for the three samples. In untreated xanthorhodopsin

it has a broad feature centered at 610 nm ascribed to the

K-state spectrum of the retinal chromophore. No long-lived

photoproducts of retinal chromophore should be observed

for NaBH4-treated xanthorhodopsin, in which energy

FIGURE 4 EADS from global fitting of data obtained after 490 nm exci-

tation of untreated (a) and NaBH4-treated (b) xanthorhodopsin compared

with global fitting results of salinixanthin in methanol (c). The final, nonde-

caying (n.d.) EADS is multiplied by 8 in all panels.
Biophysical Journal 96(6) 2268–2277
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transfer and direct excitation is prevented. However, global

analysis gives a nondecaying (in the time domain of the

experiment) spectrum even for the NaBH4-treated xantho-

rhodopsin. This final EADS peaks at 550 nm and, based

on comparison with other carotenoids, is ascribed to a triplet

state of salinixanthin. The presence of a triplet state on the

picosecond timescale is consistent with its ultrafast forma-

tion from the S* state by a homofission process (26,36). In

fact, a hint of the triplet state could also be identified in the

final EADS of the untreated xanthorhodopsin as a shoulder

located at 560 nm (Fig. 4 a), indicating that the ultrafast

triplet formation also occurs in untreated xanthorhodopsin.

The final EADS of salinixanthin in methanol is featureless,

indicating that the triplet formation by homofission is

restricted to salinixanthin bound to the protein, in agreement

with earlier observations in other carotenoid-containing

systems (26,36,37).

Transient absorption in the near-IR region

Although the transient absorption measurements in the

visible region give a clear indication of energy transfer

from salinixanthin to the retinal chromophore, the time reso-

lution of ~130 fs is not sufficient to obtain energy transfer

rates. The lifetime of the S2 state could be inferred from

the lifetime of the first EADS, but since the S2 lifetime of sal-

inixanthin in the presence of energy transfer is expected to be

on the sub-100 fs timescale (20), the limitation given by the

time resolution precludes reliable assignment of the S2 life-

time. Another complication in the visible spectral region

arises from the overlapping contributions of various signals.

The rise of the S1-Sn band, for example, is not a good

measure because it always contains a contribution from the

S1 vibrational relaxation as well (34,38).

Thus, to reliably determine the S2 lifetime of salinixanthin,

we used a femtosecond pump-probe setup with a time reso-

lution of 40 fs. We chose 900 nm as a probing wavelength

because at this wavelength carotenoids usually exhibit

a strong S2-Sn transition (39,40), and one can simultaneously

monitor the appearance of the product of energy transfer, the

excited retinal chromophore, that has a stimulated emission

in the 800–950 nm region (41). The resulting kinetics are

shown in Fig. 5 a. The instantaneous positive signal is due

to the S2-Sn transition. The initial decay can be fitted by

a 110 fs time constant. The weak residual signal at longer

delays is due to the S1-S2 transition that occurs for caroten-

oids in the 800–1800 nm spectral region (42,43). The lack

of any negative signal attributable to the stimulated emission

of rhodopsin confirms the absence of salinixanthin-to-retinal

energy transfer in the NaBH4-treated sample. Thus, the time

constant of 110 fs obtained from fitting provides the intrinsic

S2 lifetime of salinixanthin in xanthorhodopsin. The kinetic

trace obtained after the 490-nm excitation of untreated xan-

thorhodopsin clearly demonstrates energy transfer from sal-

inixanthin to retinal. The initial decay of the S2-Sn signal of
Biophysical Journal 96(6) 2268–2277
salinixanthin produces a negative signal that is due to stim-

ulated emission of the excited retinal.

Fitting the S2-Sn decay with a single-exponential function

gives a time constant of 70 fs, indicating that the S2 lifetime

is shortened because of energy transfer to rhodopsin.

Detailed analysis of the samples demonstrated that the xan-

thorhodopsin used for these experiments contains 17% �
3% of unbound salinixanthin (20). This means that the

S2-Sn decay should be double-exponential, with a minor

component of ~110 fs reflecting the S2 decay of the

unbound salinixanthin. If we fix the second component to

110 fs and amplitude of 0.17, the major decay component

corresponding to the S2 lifetime of the bound salinixanthin

becomes 62 fs. Letting all parameters free gives the major

decay component of 64 fs and amplitude of 88%, whereas

the second component has a time constant of 118 fs and

amplitude of 12%. Based on this analysis, we conclude

that the S2 lifetime of the bound salinixianthin is in the

62–70 fs range. A mean value of 66 � 4 fs is therefore

used for calculation of the energy transfer rate (see the

Discussion section). The stimulated emission of retinal

FIGURE 5 (a) Kinetics recorded at the maximum of stimulated emission

of retinal chromophore, 900 nm, after excitation at 490 nm. Solid lines repre-

sent fits. (Inset) Enlargement of the initial part of the kinetics. (b) Kinetics

measured at 900 nm for the untreated xanthorhodopsin with parallel (solid)

and perpendicular (dashed) polarization with respect to the excitation at

490 nm. (Inset) Time evolution of anisotropy for untreated (solid line) and

NaBH4-treated (dashed) xanthorhodopsin.
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decays biexponentially, with time constants of 0.7 ps (64%)

and 3.3 ps (36%), and thus more slowly than that of bacte-

riorhodopsin (41,44) (Fig. S5).

Energy transfer between salinixanthin and the retinal chro-

mophore can be further explored by measuring anisotropy

decay. Kinetics for the untreated xanthorhodopsin excited

at 490 nm recorded for parallel and perpendicular polariza-

tion between the pump and probe beams are shown, along

with resulting anisotropy decay, in Fig. 5 b. Although the

fact that the kinetics change sign prevents fitting of the

anisotropy decay, it is obvious that the initial anisotropy of

0.42 decays during the first 400 fs to its final value of

0.07. Using the equation (45)

r ¼ 0:2
�
3cos2a� 1

�

for calculation, the angle a between the transition dipole

moments of donor and acceptor from the final anisotropy r
gives an angle of 48�, matching the value of 46� obtained

from the xanthorhodopsin structure (21) for the angle

between molecular axes of salinixanthin and retinal. It

should be noted, however, that it is only an approximation

because it ignores a small contribution from direct excitation

of the retinal chromophore at 490 nm. Since anisotropy

measured for the NaBH4-treated xanthorhodopsin does not

exhibit any decay during the first few picoseconds

(Fig. 5b, inset), time-resolved anisotropy further corrobo-

rates the S2-mediated energy transfer from salinixanthin to

retinal.

DISCUSSION

Previous studies of xanthorhodopsin demonstrated salinix-

anthin-to-retinal energy transfer from action spectra of inhi-

bition of respiration (17) and from fluorescence excitation

spectra (20). In our attempts to resolve the energy transfer

pathway(s) and quantify the energy transfer efficiency, the

excited-state properties in the absence of energy transfer

provide important input information. Although for many

carotenoid-(bacterio)chlorophyll photosynthetic antennae it

is feasible to approximate excited-state properties of the

carotenoid bound to a protein with those observed in solution

(2), this approximation is inadequate for salinixanthin. Sali-

nixanthin is a carotenoid with a complicated structure (Sup-

porting Material) and it contains a conjugated carbonyl

group that is known to make the excited-state properties

dependent on the polarity of the environment (27–29). More-

over, the absorption spectrum of salinixanthin in solution

differs markedly from that in xanthorhodopsin (Fig. 2): the

clearly pronounced vibrational peaks in xanthorhodopsin

indicate a specific locked conformation of salinixanthin

when bound to protein. A comparable change of the absorp-

tion spectrum upon binding was observed for a similar carot-

enoid, hydroxyechinenone, resulting in a significant reduc-

tion of the lifetime of the lowest excited state (46,47).
Effect of the binding site on salinixanthin
excited-state properties

The significant increase in the resolution of vibrational bands

of the S0-S2 transition induced by binding to the protein indi-

cates a well-defined binding site that locks a specific carot-

enoid conformation (21). In solution, the long conjugated

backbone allows for a distribution of conformers, resulting

in loss of vibrational structure. Enhanced resolution of the

vibrational bands was previously reported even for shorter

carotenoids upon binding to light-harvesting proteins (48)

or the orange carotenoid protein (OCP) (46), but the increase

in resolution of vibrational bands upon binding is the largest

in xanthorhodopsin.

Binding of salinixanthin in xanthorhodopsin also induces

a red shift of the salinixanthin absorption bands compared to

methanol. This shift is a marker of a carotenoid-protein inter-

action. In xanthorhodopsin, however, the magnitude of the

red shift, ~550 cm�1, is significantly less than in other carot-

enoid-protein systems whose protein-induced red shift often

reaches 1000 cm�1 (48). Although this may indicate a weaker

interaction between salinixanthin and its binding site in xan-

thorhodopsin, the high-resolution structure (21) offers

another explanation. The dihedral angle between the conju-

gated terminal ring and the main conjugated backbone is

82� (21), making the ring nearly perpendicular to the plane

of the main conjugation. In solution, the planes of the

terminal ring and the main conjugation are twisted by ~40�

due to repulsion between the methyl groups on the ring

and the hydrogen atoms on the conjugated backbone (49).

Because this twist is known to decrease the effective conju-

gation length as compared with linear carotenoids (2), the

larger dihedral angle in xanthorhodopsin should result in

a shorter effective conjugation length of salinixanthin

when locked in the binding site. This causes a blue shift of

absorption bands, thus diminishing the overall protein-

induced red shift of absorption bands resulting from the sal-

inixanthin-protein interaction.

The decrease of the effective conjugation length induced

by binding would also affect the S1 lifetime. Indeed, in

solution it is 2.6 ps, whereas an S1 lifetime of 3.1 ps is

obtained for salinixanthin in NaBH4-treated xanthorhodop-

sin. When we compare these lifetimes with those obtained

for various linear carotenoids (see Table 3 in Polı́vka and

Sundström (2)), we see that the S1 lifetime of 2.6 ps corre-

sponds to the effective conjugation Neff ~ 12. Consequently,

although salinixanthin has a total of 13 conjugated double

bonds, the twisting of the terminal ring and s-cis orientation

of the double bonds at the ring makes the effective conjuga-

tion shorter. The lifetime of 3.1 ps in the protein indicates

further shortening to Neff ~ 11.5 caused by increasing the

dihedral angle between the terminal ring and the main

conjugation.

We should also examine the possible effect of the ICT

state, because enhancement of the ICT state effect was
Biophysical Journal 96(6) 2268–2277
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observed upon binding of a carotenoid with a similar

conjugated backbone, hydroxyechinenone, to a different

carotenoid-binding protein, OCP (46). In solution, both sal-

inixanthin and hydroxyechinenone exhibit only minor

polarity-induced effects, as expected for carbonyl caroten-

oids with a long conjugation (27–29). Both absorption and

transient absorption spectra show only mild asymmetric

broadening when the solvent is changed from n-hexane to

methanol (46) (Supporting Material), and the S1 lifetime

remains unaffected by solvent polarity. In OCP the binding

site clearly stabilizes the ICT state of hydroxyechinenone

(46,47). In contrast, no spectral bands attributable to the

ICT state are observed in xanthorhodopsin. The difference

in stabilization of the ICT state is obvious from the structures

of the two binding sites. Whereas OCP stretches the carot-

enoid in a way that makes the conjugated carbonyl group

linear and planarized with the rest of the conjugation (50),

xanthorhodopsin isolates the terminal ring containing the

conjugated carbonyl group by twisting the ring significantly

out of the main conjugation plane (21).

Salinixanthin to retinal energy transfer

Previous studies unequivocally proved that salinixanthin

transfers energy to retinal (17,20,51). The identical S1 life-

times for untreated and NaBH4-treated xanthorhodopsin

show that no energy transfer channel operates via the S1 state

of salinixanthin. The absence of S1-mediated energy transfer

is in agreement with the fact that the S1 state of a carotenoid

with Neff ~11.5 is expected to have an energy lower than

13,000 cm�1 (2,24), thus more than 4000 cm�1 below the

lowest excited state of retinal chromophore (20).

Thus, the major energy transfer channel proceeds via the

S2 state of salinixanthin, in agreement with the conclusion

drawn from a previous steady-state fluorescence study

(20). The activity of this channel is clearly demonstrated

by the different S2 lifetimes of salinixanthin in untreated

and NaBH4-treated xanthorhodopsin. The intrinsic (without

energy transfer) S2 lifetime tS2 ¼ 110 fs is obtained for

NaBH4-treated xanthorhodopsin, and it is shortened to

tXR ¼ 66 � 4 fs because of an additional depopulation

pathway, the energy transfer to retinal. The measured salinix-

anthin S2 lifetime of 66 fs in xanthorhodopsin confirms the

value estimated from the S2 fluorescence emission quantum

yield (20). The energy transfer time tET is then calculated as

tET¼ (1/tXR�1/tS2)�1¼ 165� 25 fs, and the resulting effi-

ciency of the S2-mediated energy transfer is 40% � 4%. The

obtained value falls into the range of 33–45% determined for

total salinixanthin to retinal energy transfer either from

action spectra of inhibition of respiration (17,51) or fluores-

cence excitation spectra (20).

The energy transfer rate kET (in ps�1) can be calculated

according to the following equation (52):

kET ¼ 1:18V2Q;
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where V is the interaction term and Q is the spectral overlap

integral given by

Q ¼
Z

FðnÞAðnÞ
n4

dn;

where F(n) and A(n) represent emission spectrum of the

donor and absorption spectrum of the acceptor, both con-

verted to the energy scale and normalized to the unit area

(52). The overlap integral yields values of 1.33–1.77 �
10�4, depending on whether we use the measured salinixan-

thin S2 emission or the mirror image of the absorption spec-

trum (see curves 2 and 3 in Fig. 3 c of Balashov et al. (20)).

Thus, using the experimentally determined energy transfer

rate of (0.165 � 0.025 ps)�1, we obtain a range of V
~ 160–210 cm�1, a value comparable with carotenoid-bacte-

riochlorophyll antenna systems that also utilize the S2

pathway (53).

As discussed above, the S1 and/or ICT states cannot be the

donors because of their low energy; however, earlier theoret-

ical works (54) and experimental studies in the last decade

revealed that other dark states, 1Bu
� and 3Ag

�, may be

located between the S2 and S1 states for carotenoids with

conjugation lengths N > 10 (2,24). Experimental values

obtained from resonance Raman profiles put the 1Bu
� state

below 16,000 cm�1 for a carotenoid with Neff ¼ 11.5 (24),

and thus significantly below the lowest excited state of

retinal in xanthorhodopsin. Even if the 1Bu
� state were

high enough to achieve appreciable spectral overlap, its

dipole moment should be ~2 orders of magnitude lower

than that of the S2 state (55), making the coupling to retinal

negligible. The weak coupling and expected short 1Bu
� life-

time of 80–300 fs (24) rule out this state as a significant addi-

tional energy donor in salinixanthin-retinal energy transfer.

The same analysis holds also for the 3Ag
� state. Its expected

location above the 1Bu
� state may generate reasonable spec-

tral overlap, but its negligible dipole moment and short life-

time prevents this state from playing a role in energy transfer.

The S* state and triplet formation

Global fitting reveals that another excited state, S*, is

involved in the excited-state dynamics of salinixanthin.

EADS decaying with ~6 ps have typical attributes of the S*

state (26,36). In solution, the magnitude of the S* band in

the 5.9 ps EADS does not exceed 10% of the maximum of

the S1-SN band (Fig. 4 c). The magnitude of the S* band ob-

tained here indicates that the S* state is populated from the S2

state with <10% efficiency, assuming that the ratio of the

oscillator strengths of the S*-SN and S1-Sn transitions of sal-

inixanthin is ~0.8, the value from target analysis of transient

data taken for spirilloxanthin (26) or spheroidene (36). The

S* formation is more efficient when salinixanthin is locked

in the xanthorhodopsin-binding site, where an upper limit of

20% can be inferred from analysis of EADS. Since the S* state

was recently identified as the S1 state of carotenoids with
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excited-state conformation deviating from the ideal all-trans
conformation (35,56), this increase is most likely due to

a deformation of the conjugated chain of salinixanthin that

takes a ‘‘wavy’’ shape in the binding site (21).

An important difference between the salinixanthin S* state

in solution and in xanthorhodopsin is triplet formation.

Whereas in solution the S* state decays exclusively to the

ground state, in the NaBH4-treated xanthorhodopsin the

final, nondecaying EADS contains a weak band peaking at

~550 nm that is characteristic of the T1-TN transition of

carotenoids (57). Thus, when salinixanthin is bound to the

protein, the S* state serves as a precursor of ultrafast triplet

formation by homofission, a process described previously
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FIGURE 6 Energy-level diagram depicting relaxation processes that

occur after excitation of the S2 state of salinixanthin in xanthorhodopsin.

The thick solid arrow represents the energy transfer channel, and the thin

solid arrows correspond to the main intramolecular relaxation processes.

The dashed lines represent processes involving the salinixanthin triplet state.

The processes described in this study are labeled by corresponding time

constants. The S* to triplet conversion is depicted only schematically

because the homofission process first forms a doubly excited triplet that is

isoenergetic with the S* state, which then relaxes to the lowest triplet state

(26,36). The >60 ps time constant obtained from the estimated branching

ratio represents the total time for this two-step process. The lifetime of the

triplet was not measured in this study and the >1 ms time constant is a rough

estimate based on knowledge of carotenoid triplet lifetimes in other systems.

The dotted line represents the first step in the xanthorhodopsin photocycle,

formation of the J state from the excited retinal chromophore (only the major

component is shown, see text for details). Since the energy of the J state is

not known, it is only schematically placed above the 11.6 � 3.4 kcal/mol

determined for the K state of bacteriorhodopsin (59). The energy of the

forbidden S2 state of retinal in xanthorhodopsin has not been determined.

The expected range from studies of bacteriorhodopsin (60) and protonated

Schiff bases of retinal (61) is shown in gray. Vibrational bands of the sali-

nixanthin S2 state are depicted to demonstrate that excitation at 490 nm

(the 0–1 transition) is somewhat below the lowest expected S2 energy of

retinal in xanthorhodopsin. This and the low oscillator strength of the S2

state of retinal would seem to preclude a significant involvement of this state

in energy transfer.
for other carotenoids bound to some light-harvesting

proteins. However, a comparison of the magnitudes of the

carotenoid triplet bands obtained here with those of the

light-harvesting proteins shows that the efficiency of

the triplet yield is much lower in xanthorhodopsin. Although

up to 30% of the S* population is converted to the triplet

state in light-harvesting proteins of purple bacteria (26,36),

the intensity of the triplet band in xanthorhodopsin suggests

that <10% of the S* population is converted. Also, in

contrast to some purple bacterial light-harvesting systems

(36,58), no energy transfer from the S* state was found in

xanthorhodopsin. The identified relaxation pathways are

depicted in Fig. 6.
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