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ABSTRACT. Carbonyl carotenoids are important constituents of the antenna complexes of marine organisms.
These carotenoids possess an excited state with a charge-transfer character (intramolecular charge transfer
state, ICT), but many details of the carotenoid to chlorophyll energy transfer mechanisms are as yet poorly
understood. Here, we employ femtosecond transient absorption spectroscopy to study energy transfer
pathways in the intrinsic light-harvesting complex (LHC) of dinoflagellates, which contains the carbonyl
carotenoid peridinin. Carotenoid to chlorophyll energy transfer efficiency is about 90% in the55680

nm region, where the peridinirp State transfers energy with an efficiency ofZ#0%. The rest proceeds

via the S/ICT channel, and the major,CT-mediated energy transfer pathway utilizes the relaxgd S

ICT state and occurs with a time constant of 2.6 ps. Below 525 nm, the overall energy transfer efficiency
drops because of light absorption by another carotenoid, diadinoxanthin, that contributes only marginally
to energy transfer. Instead, its role is likely to be photoprotection. In addition to the peridinin-Chl-a energy
transfer, it was shown that energy transfer also occurs between the two chlorophyll species in LHC,
Chl-c;, and Chl-a. The time constant characterizing the GhbcChl-a energy transfer is 1.4 ps. The
results demonstrate that the properties of thiéC3 state specific for carbonyl carotenoids is the key to
ensure the effective harvesting of photons in the-5800 nm region, which is of vital importance to
underwater organisms.

Marine algae are important in maintaining the stability of capacity, especially in the blue-green spectral region. Al-
the Earth’s biosphere because they contribute a substantiathough cyanobacteria and cryptophytes use phycobiliproteins
part of photosynthetic C&¥ixation (1). An efficient light- in their light-harvesting antennae to harvest blue-green light
harvesting system able to capture sunlight over a broad(3), marine eukaryotic algae usually employ a variety of
spectral range and transfer it to the reaction centers is acarotenoids (peridinin, fucoxanthin, siphonaxanthin, prasi-
crucial part of the photosynthetic machinery. For marine noxanthin) that contain a carbonyl group in conjugation with
photosynthetic organisms, the construction of an efficient the carotenoid backbond)( In contrast to higher plants,
light-harvesting system is challenging because the waterwhere the major light-harvesting function is performed by
functions as a filter that reduces the transmission of light in chlorophylls (Cht), carotenoids become the key light-
the red, and to a lesser extent in the blue, regions of the harvesting pigments in many marine algae. Understanding
spectrum2). Consequently, marine photosynthetic organisms carotenoid-chlorophyll energy transfer pathways is of
have developed strategies for enhancing their light-harvestingconsiderable importance in understanding marine photosyn-
thesis.
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transfer varies from organism to organista-g). A detailed Energy (cm’™)

knowledge of carotenoidchlorophyll energy transfer in 24000 22000 20000 18000 16000 14000
marine algae is so far limited to the water-soluble peridinin .
chlorophyll protein (PCP) fromAmphidinium carterage Chl-a Chl-c, "
whose structure has been resolved to 2.0 A resolu@n ( =77 SANAAA AN

In PCP, the ratio of peridinin to Chl-a is 4, and the energy il \ “ cadinoxanthin y
transfer to Chl-a is via both,%ind S states with an overall / ' AR
efficiency close to 90%1(0—14). Spectroscopic studies of

both PCP and peridinin in solution reveal specific features
that are assigned to the conjugated carbonyl group of
peridinin. The carbonyl group introduces an additional
excited state with intramolecular charge transfer (ICT)
character 15—19) that is probably strongly coupled to the N Chl-a/Chi-c
S, state 20—22). This S—ICT coupling plays an important M\ 2
role in maintaining the high efficiency of peridinin No=
chlorophyll energy transfer in PCRLZ, 14). Because the
details of this coupling are still elusive and the decay o
properties of the Sand ICT states are not easily separable
(20—24), we will, similar to previous analyses of the excited-
state properties of carbonyl carotenoids in proteir#s-(14,

25, 26), consider only one mixed,8CT state. Ficure 1: 1-T (—), fluorescence-(-+), and fluorescence excitation

: - 1. (----) spectra of the LHC. The emission spectrum was obtained after
The ICT state is a common feature of all carotenoids excitation at 490 nm, and the fluorescence excitation spectrum was

possessing the conjugated carbonyl grodg, (21), and detected at 685 nm. The structures of the two carotenoids occurring
because these carbonyl carotenoids are important constituents the LHC complex are also shown.

of light-harvesting systems of marine alga®, (it is likely o .
that energy transfer mechanisms observed in PCP alsoCYclotella meneghinian2s, 34). Efficient energy transfer
operate in photosynthetic antenna systems of other marine" LHC, both from carotenoid to Chl-a and from Chio
algae. Indeed, a recent study of the fucoxanthin-chlorophyll Chl-a, was demonstrated more than a decade ago by means
protein (FCP) fromCyclotella meneghiniandemonstrated of fluorescence excitation spectlﬁql, but energy transfer
that energy transfer pathways in FCP are very similar to thosePathways have not been investigated. Here, we apply
in PCP, although the overall efficiency of the carotereid femtosecond tlme-resol\_/ed spectroscopy in comblnatlon with
chlorophyll energy transfer is lowe2%). Although no other global data analysis to investigate the carotenoid to chloro-
detailed time-resolved studies of energy transfer pathwaysPhYll energy transfer in the LHC. This approach, together
in light-harvesting complexes containing carbonyl caro- With a comparison with the energy transfer pathways
tenoids have been reported, there are some spectroscopi€Pserved in other complexes, allowed us to determine the
observations, which attest to a high efficiency of carotenoid channels of energy flow within the LHC complex, and
to chlorophyll energy transfer. For example, about 90% _pro_\nde insight into a highly eff|C|e_nt light-harvesting capac-
efficiency of energy transfer between fucoxanthin and Chi-a ity in the blue-green spectral region.
was reported for the FCP froPhaeodactylum tricornutum
(27), whereas the time-resolved fluorescence spectroscopyMATERIAI‘S AND METHODS
of siphonaxanthin-containing antenna complexes suggested Sample PreparationAmphidinium carteraevas grown
the efficient energy transfer between siphonaxanthin and under continuous illumination, harvested, and broken in a
Chl-a in the alga®ryopsis maxim#28) andCodium fragile French press as described previou8ly) ( After two washes
(29). to remove PCP and other soluble proteins, the top layer of
The focus of this work is to reveal energy transfer the precipitated membranes was washed with 25 mM Tricine,
pathways in the intrinsic light harvesting complex (LHC) 10 mM KCI at pH 7.5, and resuspended in the same buffer
from the dinoflagellatédmphidinium carteraeMost photo- at a Chl-a concentration of 0.5 mmgL™% Then, 10%
synthetic dinoflagellates have the carotenoid peridinin as the 5-dodecyl maltoside4-DDM) was added to give a ratio of
predominant carotenoid, and they possess two major types40:1 w/w -DDM to Chl-a and the solution stirred in the
of antenna complexes: (1) the water-soluble PCP complexdark at 4°C for 2 h. After centrifuging at 39 0@Pfor 30
and (2) a membrane-bound intrinsic LHB032), which, min in a Beckmann JA21 rotor, the supernatant was loaded
like the FCP complex, is highly homologous to the LHCII on to a 5-40% linear sucrose gradient made in 25 mM
protein of higher plants3@) but exhibits a different pigment ~ Tricine and 10 mM KCl at pH 7.5, and centrifuged at@
composition. In contrast to LHCII, which contains Chl-b as in a Beckman SW41 rotor at 200 0§@r 18 h. An intense
the accessory chlorophyll, the LHC complex frémcarterae brown brand containing the LHC was located at1®%
utilizes Chl-¢ (structure is shown in Supporting Information) sucrose. The top of the gradient together with the top 1 mm
with a Chl-a/Chl-g ratio of ~1.7 (30). The LHC complex of the LHC was removed and discarded. The next 5 mm of
also has a specific carotenoid content, accommodatingthe gradient, which contained the middle of the LHC, was
carotenoids, peridinin, and diadinoxanthin (see Figure 1 for collected and stored in the dark at50 °C. Prior to the
structures) in a stoichiometric ratio of 5:30Q). Thus, despite  experiments, the LHC sample was thawed and dissolved in
the similarity to the FCP complexe83), it has markedly a buffer (25 mM Tris at pH 7.5, 2 mM KCI) to achieve an
different pigment composition than the FCP complex from optical density of~0.2/mm at 500 nm. To prevent sample
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degradation, all transient absorption measurements werethe 1-T spectrum are due to chlorophyll absorption. The Q
carried outm a 2 mmquartz rotational cuvette, spinning at band of Chl-a peaks at 672 nm. The weak bands below 660
a frequency that ensures that the consecutive excitation pulsesm are due to the {bands of Chl-g which were identified

hit the fresh sample. earlier by low-temperature absorption and circular dichroism

Spectroscopic Methodsemtosecond pulses were obtained t0 be located at 634 and 649 nB0j. At room temperature,
from a Ti:Sapphire oscillator, operating at a repetition rate the two Chl-¢ bands are not distinguishable, and they also
of 82 MHz, pumped by the 5 W output of a CW frequency- overlap with the higher vibrational bands of Chl-a. In the
doubled, diode-pumped Nd:YVQaser. The pulses were Soret region, there are two distinct absorption bands due to
amplified by a regenerative Ti:Sapphire amplifier pumped Chl-a (440 nm) and Chlxq(458 nm). Carotenoid absorption
by a Nd:YLF laser (1 kHz), producing130 fs pulses with ~ bands overlap with the Soret bands of chlorophylls, but they
an average energy 6f0.9 mJ/pulse and a central wavelength also extend further to the red, filling the gap between the
at 800 nm. The amplified pulses were divided into two Soret and Qbands. The lowest carotenoid Band located
paths: one to pump an optical parametric amplifier for the at 540 nm is assigned to peridinin, whereas the distinct
generation of excitation pulses and the other to produce shoulder at 495 nm is due to both peridinin and diadinox-
Wh|te_||ght continuum probe pu|Se|3 a3 mrnsapphire p|ate_ anthin. This aSSignment of the Caroteno'td)ﬁnds is further
The instrument response function varied as a function of the Verified by the transient absorption data described below.
probing wavelength in the 1360160 fs range. The mutual The emission spectrum of LHC excited in the carotenoid
polarization of the pump and probe beams was set to therégion shows a characteristic Chl-a fluorescence band
magic angle (54 using a polarization rotator placed in Peaking at 678 nm accompanied by a vibrational band at
the pump beam. For signal detection, the probe beam and740 nm. No hints of other emission bands have been found
an identical reference beam (that had no overlap with the upon the change of excitation wavelength in the 4380
pump beam) were focused onto the entrance slit of a nm region. The fluorescence excitation spectrum coincides
spectrograph, which then dispersed both beams onto a homewell with the 1-T spectrum in the 558680 nm spectral
built dual photodiode array detection system. Each array region, demonstrating nearly 100% energy transfer efficiency
contained 512 photodiodes and allowed a spectral range ofoetween Chl-g and Chl-a. In the carotenoid region, the
~270 nm to be measured in each laser shot. The spectra€fficiency decreases. It still exceeds 90% within the lowest
resolution of the detection system wa80 cnT?, and the energy peridinin band, but drops further below 525 nm. The
energy of excitation was attenuated by neutral density filters 495 nm shoulder attributed to diadinoxanthin is almost
to excitation densities varying fromB0*4 (500 and 540 nm  Mmissing in the fluorescence excitation spectrum, indicating
excitation) to 610 photons pulse' cm2 (640 nm excita- that this carotenoid is less involved in energy transfer as
tion). Absorption spectra were measured before and afterfurther corroborated by time-resolved measurements.
measurements to ensure that no permanent photochemical Transient-Absorption Spectroscopy in the Visible Spectral
changes occurred over the duration of experiment. Region.The transient absorption spectra of the LHC complex

Data AnalysisAll time-gated spectra were collated in a measured after 540 and 500-nm excitation are depicted in

matrix, which was globally fitted using a sequential kinetic Fi9ureé 2. Excitation at 540 nm (top panel) results in a
scheme with increasing lifetimes8). From this, the lifetimes transient absorption signal that resembles that observed for

and the evolution-associated difference spectra (EADS) wereth® PCP complexi(l, 14). At 200 fs delay, the characteristic
estimated. The instrument response function (IRF) is de- Peridinin excited-state absorption (ESA) above 550 nm is a
scribed by a Gaussian shape, and the probe white lightM&ior spectral feature, accom_pamed b_y ground state ble_ach—
dispersion over the spectral range is modeled by a third order’nd below 530 nm. Even at this early time, Chl-a bleaching
polynomial. With increasing lifetimes, the first EADS decays 2t 670 nmis clearly visible, consistent with aprSediated
with the first lifetime and corresponds to the difference €NErgy transfer channel from peridinin to Chi-a. At longer
spectrum at time zero with an ideal infinitely short IRF. The 9€lays, the peridininChl-a energy transfer is apparent in
second EADS is formed with the first lifetime and decays the decay of the peridinin ESA and concomitant rise of Chi-a
with the second lifetime, etc. The final EADS represents the Pleaching. At 50 ps, the transient absorption spectrum is
difference spectrum of the longest living species. The error SOl€ly due to Chl-a. The excitation of the LHC complex at
in the lifetimes obtained from the fitting procedure does not 200 NM (Figure 2, middle panel) produces markedly different
exceed 10%. EADS may not represent pure species and ardransient ab.sor.puon spectra from thps_e. resulting from the
interpreted as a weighted sum (with only positive contribu- 240-NM excitation. At 200 fs, the peridinin ESA and Chl-a
tions) of species-associated difference spectra (SADS). Thebleaching dominate again, but add_ltlonal bleaching belovy
quality of the fit was judged by an inspection of the singular 200 "M and a new ESA band, peaking at 540 nm, appear in
vectors of the matrix of residuals, which had to be struc- the transient absorption spectrum suggesting that different

tureless. Next, in target analysis, a kinetic scheme was used?’d9ments have also been excited at 500 nm. Apparently, the
in combination with spectral assumptions to estimate the €Xcited state that gives rise to the 540-nm ESA band does

microscopic rate constants and SADS. not transfer energy to Chl-a because this band decays
between 3 and 50 ps, but no corresponding rise of Chl-a
RESULTS bleaching is observed (Figure 2, middle panel). The major

difference between 500 and 540 nm excitation is further
Steady-State Spectroscoffhe 1-T (T is transmittance), demonstrated by subtracting the normalized transient absorp-
emission, and fluorescence excitation spectra of the LHC tion spectra measured at 1 ps (Figure 2, bottom panel). The
complex fromA. carteraetaken at room temperature are difference results in a single narrow ESA band peaking at
shown in Figure 1. The main absorption features visible in 540 nm. Both the position and width of this band match well



Energy Transfer in LHC Biochemistry, Vol. 45, No. 28, 2008519

Energy (cm™) Energy (cm™)
20000 18000 16000 14000 , 021 000 20000 19000 18000 17000 16000 15000 14000
1 " 1 " 1 " 1 —78fs
1—a>sm01s
20 ——26ps
= J——154ps
a _\ 8 104 =200 ps
2 u <
= ) b e e aadwy) [~
< 1 O_Ww,—/ N ‘n\/
-104 ——200 s i * |
- --3ps ?I.' -10 I'. |
---- 50ps -
-20 P 20 a
T T T T T L T T T T T — T
500 550 600 650 700
7 PR B R RPN SRPI BRI B |
10 4 304 —B85fs
3 B—
—1ops
% [0 VA 1 20+ —16.3pps
- Yo =) >200 ps
3 / ' Q 1o+
10 by e ] _
_ 20015 ; oL SR
- --3ps "t E " \U
204.... 50 ps -10 4 || |
T T T T T T N |
-20- * - b
~ -\ - T T 1 N T 4 I — )
/7 = 500 550 600 650 700
B o J e Wavelength (nm)
< Ficure 3: EADS resulting from the global fitting analysis of data
g collected after excitation at 540 nm (a) and 500 nm (b). The features
MA marked by an asterisk are due to Raman scattering.
0 ‘V mLTVA‘ A
: I e g tion that increases toward the red. This spectrum is replaced
e within 80 fs by the EADS (red line), which matches a
500 550 600 650 700 750 spectrum of the peridinin 8CT state well (1, 14). In
Wavelength (nm) addition to the peridinin @CT ESA peaking at 630 nm and

Ficure 2: Transient absorption spectra measured at different delay ground-state bleaching, there is a clear Chl-a bleaching
times after excitation of the LHC complex at 540 nm (top) and appearing as a dip centered at 672 nm. The presence of Chl-a
580 nmt_(muddle)i Tr;ei?ottoplpane;tsh%v‘\llg z;\c;mg%résbon Of(trar;s'e”tbleaching in this EADS confirms that energy transfer via
apsorption spectra taken al ps aiter n nm (---- L. . . . .
excitations. The spectra in the bottom panel are normalized to the the peridinin S state is active in the LHC. Further dynamics
peridinin ESA signal at 630 nm. The difference between the two occur with a time constant of 370 fs. This step is character-
spectra is shown in the inset. ized by a decay of the peridininh/BCT ESA and ground-

_ o state bleaching, whereas the Chl-a bleaching becomes more
the S—Sy ESA peak of violaxanthin in LHCII 7) and pronounced, indicating energy transfer that may proceed via

neurosporene in LH23@, 39), which have the same a hot S/ICT state of peridinin (see Discussion section).

conjugation Iength as that of diadinoxanthib).(Conse- Similar spectral changes also occur during further evolution
quently, we assigned the 540 nm ESA band to theSg of the system with a time constant of 2.6 ps, which represents
absorption of diadinoxanthin, which is selectively excited energy transfer via the,8CT state of peridinin. The EADS

at 500 nm. formed during the 2.6 ps process (blue line in Figure 3)

Global Fitting. To obtain further insight into excited-state  decays within 15 ps to form the EADS shown in cyan.
dynamics, we have applied a global-fitting procedure to the Spectral changes during this last step are only minor and
data sets obtained after excitation at 500 and 540 nm. Theare most pronounced in the spectral region associated with
resulting fits, together with the residuals demonstrating the the S/ICT state of peridinin. This last step is most likely
quality of the fits at selected wavelengths, are shown in due to the FICT-S, relaxation of peridinin molecules with
Supporting Information. In Figure 3, the results of global less efficient energy transfer to chlorophyll (Discussion).
fitting are visualized as evolution-associated difference  For 500-nm excitation, the overall evolution dynamics are
spectra, EADS (see the Materials and Methods section). Forcomparable with those obtained after 540-nm excitation, but
540-nm excitation, at least four decay components with time the spectral profiles of particular EADS are different. Again,
constants of 0.08, 0.37, 2.6, and 15 ps are needed. In additionfour time constants of 0.085, 0.23, 1.5, and 16 ps, along with
one component that does not decay within the time window a nondecaying component due to the nanosecond lifetime
of our experiment (200 ps) is necessary to reproduce theof the final acceptor state, are needed. The first EADS formed
equilibrated chlorophyll bleaching band that decays on the upon excitation also contains, besides the typical peridinin
nanosecond time scale. The EADS corresponding to anS; state features, a hint of the Chl-a bleaching at 672 nm,
excited-state species created by excitation is shown as a blaclsignaling that a fraction of the,$ransfer takes place within
line, and it exhibits typical features of the carotenoigl S the excitation pulse. After 85 fs, this EADS is replaced by
spectrum, the ground-state bleaching below 600 nm and theanother one (red line in Figure 3b) that is clearly due to the
excited-state absorption (ESA) because of theSy transi- S/ICT state of peridinin. The next step occurs within 235
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Ficure 5: Kinetics measured at 930 nm after excitation of the LHC
Wavelength (nm) at 540 nm. The solid linef) represents the best fit of the data.

FIGURE 4: Transient absorption spectra measured at 0.1)s (  Inset: transient absorption spectra measured at 0.@par(d 10
and 10 ps (---) after excitation of Chi-@t 640 nm. The inset  Ps (O) after excitation at 540 nm.

shows kinetics measured at 672 nrl),( together with the

corresponding fit{). ment is supported by the kinetics recorded at 930 nm. An

initial positive signal is due to the,SSy ESA of peridinin,
fs and is characterized by two major processes. First, thewhich decays with a 70 fs time constant to form the negative
Chl-a bleaching increases significantly, indicating peridinin signal characteristic of the ICT stimulated emission. The ICT
to Chl-a energy transfer. Second, a new band at 540 nmstimulated emission decays with a major component of 3
appears, most likely resulting from the population of the S ps. The fit is improved with an additional decay component
state of diadinoxanthin. This EADS decays within 1.5 ps, of 0.35 ps. The final positive signal at 10 ps is due to Chl-a
and this evolution is again dominated by an increase of Chl-aESA that does not decay within the time of the experiment
bleaching and a decay of the/ET state of peridinin. The  (spectral profiles are shown in the inset in Figure 5). The
540 nm band, which is presumably due to the-Sy time constants extracted from the fitting of the 930-nm
transition of diadinoxanthin, does not decay during this step. kinetics match closely those obtained from the global fitting
Later, however, the 540-nm band disappears during the 160f the transient absorption spectra in the visible spectral
ps time evolution. The disappearance of the 540-nm band isregion, indicating that in the LHC as in the PCP complex
not accompanied by a corresponding rise of Chl-a bleaching, (12) the S/ICT state of peridinin actively participates in the
indicating that the decay of this band is due to-S, peridinin to Chl-a energy transfer.
relaxation of diadinoxanthin rather than energy transfer. DISCUSSION

Besides the carotencttChl-a energy transfer, the presence ) ] )

of two chlorophyll species suggest the possibility of Chl-c The rgsults presented in the previous sectlon_demonstrate
to Chl-a energy transfer. To explore the €lhl energy the efficient energy transfer among pigments in the LHC
transfer, the LHC complex was excited into the Chicg from A. carterae The energy transfer efficiency varies within
band at 640 nm. The resulting transient absorption spectratn€ 406-600 nm spectral region, indicating different energy
recorded at 100 fs and 10 ps are shown in Figure 4. At 100- transfer efficiencies for individual carotenoids in the LHC
fs delay, a weak negative shoulder at 645 nm due to ghl-c cOmMplex. Consequently, the network of energy transfer
bleaching is present, together with a main negative band duePthways is expected to be complex and its elucidation
to Chl-a bleaching centered at 672 nm. The Ghbeaching hindered by an un_known structure of this Comp'ex and a
disappears, whereas the Chl-a band rises even further on thd€Patable exact pigment composition. The originally pro-

: . . . - posed number of pigments of 7 Chl-a, 4 Chl40 peridinins,
Rbcgs;sgﬁ]ngr::;ni;zaxn(;q;r§f47,énfsegh((13Iﬁt;alpfslttlng reveals and 2 diadinoxanthins per LHC subunB0j seems to be

) . . ~unrealistically high compared with those of the closely related
Transient Absorption Spectroscopy in the Near-IR Region. rcp @3, 34) or LHCII (40). Moreover, unlike the LHCII,
In the spectral region from 550 to 700 nm, the LHC transient \yhose Chl-a Q@band is shifted to-680 nm due to excitonic
absorption profile is similar to that of peridinin in a polar jnteractions, in LHC, no such shift is observed, indicating
environment, suggesting the formation of thgIST state  that chlorophylls are likely to be less closely pack8) (t
with significant charge-transfer charactdr7( 21, 22). To is possible that the actual number of pigments per LHC
explore the possibility that this state is populated in LHCs, subunit is less than originally suggested. Recently, a similar
transient absorption spectra and kinetics were recorded inconclusion was reached for the FCP compl2%) (
the 80G-1000 nm region, where the ICT stimulated emission  The expected complexity of the energy transfer pathways
is observed 18). Results following 540-nm excitation are implies that although the sequential model used for the fitting
depicted in Figure 5. The transient absorption spectrum of the data in the Results section (Figure 4) provides
recorded at 0.3 ps after excitation has a weak negative bandmportant information about the time evolution of the system,
at around 930 nm that is consistent with the ICT stimulated it cannot truly reproduce the spectra of the individual excited
emission observed for the PCP complé&®)( This assign- states involved in energy transfer. Therefore, a target analysis
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bleaching signal peaking at 655 nm. The apparent red shift
of Chl-c; bleaching is probably caused by an overlap with
the ESA signal in the 620640 nm region and/or a
contribution from a coherent artifact in the transient absorp-
tion spectra around time zero. Partial excitation of the Chl-a
via the higher vibrational bands also contribute to this
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Ficure 7: SADS resulting from the target analysis of the data
obtained after Chl-cexcitation at 640 nm.

aiming for a specific model of energy transfer pathways is
needed 36). To describe the experimental data, we have
constructed a model, which is depicted in Figure 6. To

spectrum. This SADS decays in 75 fs via two channels. One
channel (40%) forms a species characterized by the SADS
(dashed line in Figure 7) that contain both Chlaad Chl-a
bleaching. The presence of an ultrafast blue-shifted (665 nm)
Chl-a bleach is likely due to the direct excitation of the blue
Chl-a population followed by further Chl-a equilibration. This

simplify the scheme, both Chl-a and peridinin are each species containing contributions from both Chkhad Chl-a
represented only by one molecule, although it is obvious from evolves in 1.4 ps to form a pure Chl-a spectrum (cachit
pigment composition that more than one spectral form may line), indicating that the 1.4 ps process characterizes the Chl-
be present for these pigments. The target analysis indeed, to Chl-a energy transfer. The rest (60%) of the initially
revealed that the peridinin in the scheme represents at leasexcited population forms a spectrum shown as a dotted line
two distinct types of peridinin molecules, each transferring in Figure 7, which is clearly due to Chl-a. A major part of
energy via their SICT states with different efficiencies (see this process most likely reflects relaxation among Chl-a
below). The species-associated difference spectra (SADS)molecules excited directly into higher vibrational bands by
corresponding to individual excited-state species that resultthe 640-nm excitation. However, as the contribution of direct
from the fitting of the data obtained after excitation of Chl- excitation of Chl-a at 640 nm is less than 60%, it indicates
C; at 640 nm are displayed in Figure 7. For the excitation in that some fraction of the Chi:¢o Chl-a energy transfer also
the carotenoid region, the experimental data obtained for 500proceeds on a sub-100 fs time scale. The Chl-a spectrum
and 540 nm excitation were fitted simultaneously to the exhibits a slight equilibration displayed as a subtle red shift
model, and the resulting SADS are shown in Figure 8. In taking place at a 14 ps time scale (evolution from the dotted
the following, we will discuss the network of the energy to the dash-dotted spectrum in Figure 7) that resembles a
transfer pathways according to the model presented in FigureChl-a equilibration process observed in the LHCII antenna
6 and the EADS and SADS shown in Figures 4, 7, and 8. (41).

Chl-c; to Chl-a Energy TransfeiTo explore the dynamics Energy Transferia the Carotenoid SState When excited
of energy transfer between chlorophylls, we have first to the carotenoid region, the initial EADS corresponding to
performed the target analysis of the data obtained afterthe excited-state species formed by the excitation pulse
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includes weak Chl-a bleaching, indicating that thelsannel length dependence may be due to the excitation of diadi-
is active. The efficiency of the ;Stransfer depends on  noxanthin at 500 nm whose,SS; relaxation adds to the
excitation wavelength. Although the peridinin molecules relaxation pattern. The shorter lifetime of 230 fs for the hot
excited at 540 nm exhibit rather weak Chl-a bleaching in S/ICT channel after 500-nm excitation, thus, may result from
the first EADS, the $pathway becomes more active when the mixing of time constants for the, $ifetime of diadi-

the excitation wavelength is moved to 500 nm. This is noxanthin and the true lifetime of the hot/€T state of
evidenced by significant Chl-a bleaching in the first EADS peridinin. Consequently, the 370 fs process following excita-
in Figure 3b, signaling that a substantial fraction of the S tion at 540 nm is probably the correct value associated with
population transfers energy to Chl-a. In addition, a small energy transfer via the hot/8CT channel.

fraction of Chl-¢ may be involved because the red tail of Because the fitted SADS corresponding to the hdCS

the Chl-¢ Soret band may be excited at 500 nm. The increase and relaxed ICT states are quite similar, especially after
in efficiency of the $ channel is not due to diadinoxanthin, 540-nm excitation (Figure 8), it could be argued that a
which is selectively excited at 500 nm, because the 540-nm separate hot:8CT state is not necessary to explain the data.
band characteristic of the diadinoxanthin S$ate does not  Energy transfer via a relaxed/ECT state of a peridinin
appear until the third EADS formed with a 230 fs time molecule having a particularly favorable orientation with
constant, which is consequently assigned to théf&ime respect to Chl-a might also proceed more rapidly. This is a
of diadinoxanthin in the LHC complex. Thus, diadinoxanthin plausible interpretation of the data because the LHC complex
cannot be a donor in the efficient-Biediated energy transfer accommodates more Chl acceptors than PCP, increasing the
because the Sifetime of the donor must be shorter than number of possible orientations. Assuming the same intrinsic
the lifetime of the first EADS, 85 fs. Consequently, the S  (without energy transfer) peridininy8CT lifetime in the
pathway is operated exclusively by peridinin. For the 540- LHC as that in PCP~16 ps), (2, 14) the efficiency of the

nm excitation, only peridinin is excited, and the fraction of S/ICT channel would be 98%. Whichever interpretation is
the Chl-a bleaching signal formed during the first step is valid, this channel represents a significant contribution to
characterized by a 78 fs time constant. The peridinin S the overall peridinir-chlorophyll energy transfer.

lifetimes of 78 fs (excitation at 540 nm) and85 fs The 2.6 ps process is clearly due to energy transfer via
(excitation at 500 nm) can, in principle, be used for the the relaxed ICT state of peridinin. This assignment is also
calculation of the efficiency of the .Snediated energy  apparent from a direct comparison of the Chl-a rise agid S
transfer from peridinin to Chl-a. But because these values ICT decay of peridinin in the LHC and PCP (Figure 9),
are beyond the limits of our time resolution and because therewhere this energy transfer represents the dominating energy
is no clear consensus concerning the intrinsic (in the absenceransfer pathway. In LHCs, the lifetime of this relaxed S

of energy transfer) peridinin,Sifetime as values of 55 ICT state varies with excitation wavelength, changing from
130 fs have been reportetiy 20, 22), a detailed quantitative 2.6 ps (540-nm excitation) to 1.5 ps (500-nm excitation).
analysis is impossible. On the basis of the above-mentionedThe origin of this difference is unclear, although a plausible
values and the magnitude of the initial Chl-a bleaching explanation may be that the peridinin molecule predomi-
observed in EADS, we can estimate that the peridinin S nantly excited at 500 nm exhibits more efficient/IST
state in the LHC transfers energy to Chl-a with an efficiency transfer. Another explanation could be that the SADS

of 25—50%. attributed to the relaxed,8CT state in Figure 8b is not pure
Energy Transfewia the S/ICT State.Despite the active  S/ICT spectrum of peridinin but contains some contribution
S, channel, a substantial part of the caroteraitilorophyll from diadinoxanthin excited at 500 nm. Such a contribution

energy transfer proceeds via thgIST channel as in the  may be traced in the peculiar shape of thAGT spectrum,
PCP complex 10—14). Both the spectral shape of the/S  which contains a clear shoulder at 570 nm that is not
ICT band (Figure 8) and the stimulated emission in the near- characteristic of the peridinin,8CT state 20—22). It is
infrared region (Figure 5) show that the/IE€T state has  worth noticing that this shoulder is red-shifted as compared
substantial ICT character. The EADS shown in Figure 3 to the § state of diadinoxanthin (blue SADS in Figure 8)
demonstrate that the,8CT energy transfer in the LHC  and may, thus, be due to a contribution from a hot vibrational
complex includes three separate processes characterized b, state of diadinoxanthin. Because the @brational
time constants of 370 fs, 2.6 ps, and 15 ps for 540 nm relaxation in noncarbonyl carotenoids occurs on-3800
excitation and 230 fs, 1.5 ps, and 16 ps for 500 nm excitation. fs time scales42, 43), such mixing would also lead to the
This situation is somewhat reminiscent of that observed for apparent shortening of the peridinigl€T lifetime observed
the PCP complex1, 12—14), but a closer look reveals after the 500 nm excitation. Clearly, further studies utilizing
significant differences between the LHC and PCP complexes.a wider range of excitation wavelengths and/or other
The fastest process can, as in PCP, be attributed to energgxperimental approaches are required to clarify this issue.
transfer via the hot ACT state. In PCP, this channel was The 15 ps process in the LHC also has a counterpart in
found to be of minor importance and proceeded with a 0.7 the PCP complex. In PCP, it was attributed to the equilibra-
ps time constantl@, 13), but the LHC complex utilizes this  tion/annihilation between chlorophylls or to th¢IST decay
channel with significantly higher efficiency. The high of a peridinin molecule that does not transfer energy to Chl
efficiency of this pathway is obvious from the EADS shown (11, 12, 14). In the LHC, however, this process must be
in Figure 3a; during the 370 fs step, Chl-a bleaching associated with energy transfer because there is a clear
substantially increases, making this channel comparable inincrease of the Chl-a bleaching signal during the 15 ps step
efficiency with that of the transfer via the relaxedIST (Figure 3). Its SADS resemble the characteristic profile of
state. The same is valid for the 230 fs step that is observedthe peridinin ICT state; therefore, we attributed it to energy
after 500-nm excitation (Figure 3b). The excitation wave- transfer from the relaxed8CT state of one (or more)
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Energy (cm™) peridinin (Figure 8b). Because diadinoxanthin has no con-
20000 18000 16000 14000 jugated carbonyl group, its;State should exhibit only a
; ; ; narrow S—Sy ESA (17). Hence, the resulting SADS is
probably a mixture of the diadinoxanthin &ate and a ‘15-
ps peridinin’ S/ICT state. The increase in Chl-a bleaching
during the 16-ps time evolution also may be due to energy
transfer from a slowly transferring peridinin, as in the case
of 540-nm excitation. In this case, the shorteldifgtime of
diadinoxanthin must be due to the specific interaction with
the protein, a situation observed earlier for carotenoids in
reconstituted LHCII complexe87) and in other carotenoid-
binding proteins 26, 45). Although it is impossible to
i — precisely evaluate the involvement of the State of
500 550 600 650 700 750 diadinoxanthin in energy transfer, we concluded that the
Wavelength (nm) upper limit for the diadinoxanthinchlorophyll energy
transfer efficiency is 30%, which, taking into account the
i 5:1 peridinin/diadinoxanthin ratio, makes the diadinoxanthin
0-fab—oopf contribution to the overall carotencidhlorophyll energy
3 probe 930 nm transfer in the LHC negligible. In addition, target analysis
revealed a weak long-lived band around 530 nm (Figure 8).
Because this band is observed exclusively after 500-nm
excitation, it is probably related to diadinoxanthin. The origin
3 : A of this band cannot be precisely determined, but it may be
either due to a triplet state formed by an ultrafast channel
similar to that observed in bacterial light-harvesting com-
- plexes 46) or due to other long-lived ex_cited states that were
0 5 10 15 20 25 recently observed for some carotenoid3)(
Time (ps) What then is the major role of diadinoxanthin in the LHC
FIGURE 9: Comparison of excited-state dynamics in the LHC and complex? Diadinoxanthin has been shown to be involved in
PCP complexes from. carterae (a) Transient absorption spectra photoprotection in algae. Johnsen et al. showed that under

taken at 0.5 ps for LHCL) and PCP M) after excitation at 540  hjgh-light conditions the diadinoxanthin content in certain

nm. Transient absorption spectrf';l corresponding tq Chl-a ESA takenred tide dinoflagellates exhibits an increase that is ac-
at 10 ps are also shown{, PCP; (----), LHC). Inset: enlargement ied b d f the f ”
of the y-axis for the Chl-a ESA signals at 10 ps in the 5@DO companied by a decrease of the fluorescence yi48). (

nm spectral region. (b) Kinetics of Chl-a rise probed at 675 nm for Many species of algae utilize an alternative xanthophyll cycle
PCP @) and at 672 nm for LHCL) after excitation at 540 nm.  that involves the interconversion of the carotenoids diadi-
Inset: kinetics probed at 930 nm for LHCI\ and PCP M). To noxanthin and diatoxanthim4), and changes in diadinox-

emphasize the similarity of the decays, the vertical offset is P ; : - .
introduced for the LHC complex kinetics to compensate for the anthin/diatoxanthin ratio have been correlated with irradiance

strong Chl-a ESA in the LHC. All kinetics are normalized to their [€VeIS during algal growth4@). In this modified xanthophyll
minima. cycle, high-light conditions promote the conversion of

diadinoxanthin to diatoxanthin and may lead to the direct
peridinin molecule that has only a weak coupling to Chl-a. quenching of chlorophyll fluorescence by energy transfer to
The efficiency of this channel is only6%, assuming the  the § state of diatoxanthindd) or by a charge separation
intrinsic peridinin lifetime of 16 ps leading to the energy as recently shown for higher plant§0j. Thus, there is
transfer time of~200 ps (Figure 6). indication that diadinoxanthin is involved in photoprotective

Role of DiadinoxanthinWhen the excitation wavelength  actions in algae, and by direct analogy with the LHCII

is shifted to 500 nm, the other carotenoid, diadinoxanthin, complex @0, 51), there may be a quenching site occupied
is also excited as indicated by a distinct spectral band in the by diadinoxanthin in théAmphidiniumLHC.
transient absorption spectra located at 540 nm. Interestingly, Comparison of LHC, PCP and FCRAIl these light-
the data presented here suggests that diadinoxanthin is onlyharvesting complexes utilize carbonyl carotenoids, and it is,
a little (if at all) involved in carotenoi¢tchlorophyll energy therefore, useful to compare the energy transfer dynamics
transfer. The diadinoxanthin, 8fetime of ~230 fs, obtained  of these three complexes. The LHC and PCP complexes both
from the rise of the 540-nm band, is in the range obtained utilize peridinin, which has the most pronounced polarity
for carotenoids of similar conjugation length in soluti&, ( driven behavior of all carbonyl carotenoids. From the
indicating an inactive Schannel. The Slifetime of 16 ps spectroscopic point of view, there are three major differences
may point to an involvement in energy transfer because thebetween the LHC and PCP. First, the different protein
S, lifetime of diadinoxanthin in solution is 23 pg4), and environments and presumably more peridinin molecules in
EADS shown in Figure 3b exhibit a slight increase of the the LHC complex make the spectrum of thgIST ESA
Chl-a bleaching during the 16-ps step. If this were the case,broader than that in the PCP complex (Figure 9a), which
the efficiency of $mediated energy transfer via diadinox- could be attributed to larger spectral heterogeneity in LHC.
anthin would be~30%. However, the SADS corresponding Second, the Chl-a SADS in the LHC complex lack the
to the S state of diadinoxanthin contains, besides the narrow peridinin response, which in PCP is a pronounced negative
540-nm band, a red tail resembling the/IST state of band around 530 nm (see inset of Figure 9a), indicating a

{u]u]
-1 4 - EEEPQEEUEQBEUHIEIE-DIWDI o

b probe 670 nm




8524 Biochemistry, Vol. 45, No. 28, 2006

weaker electrostatic interaction between Chl and peridinin
in the LHC. The lack of carotenoid response was also
observed in FCP25). Third, although in the PCP complex
the efficiency of peridinia-chlorophyll energy transfer is
uniform across the whole peridinin absorption bas@)
certain variability in carotenoidchlorophyll energy transfer
efficiency is observed for the LHC complex (Figure 1). This
is caused by the presence of diadinoxanthin, which exhibits
very low energy transfer efficiency, causing the drop in
energy transfer efficiency below 525 nm (Figure 1).

When peridinin is excited at 540 nm, pathways and
efficiencies of peridinir-chlorophyll energy transfer are quite
similar in LHC and PCP. In both complexes, thecBannel
is active with an efficiency in the 2550% range. The %
ICT lifetimes of peridinin in both complexes are nearly
identical (Figure 9b). Moreover, the sam¢gIST lifetime
of 2.5 ps was also obtained after 530-nm excitation of
fucoxanthin in the FCP comple®%). Because the intrinsic
lifetimes of these carbonyl carotenoids vary with polarity
(17, 22), it suggests that the polarity of the environment in
all of these complexes is tuned in a similar way to obtain
maximal efficiency of the carotenotiecthlorophyll energy
transfer in the 5086600 nm spectral region. In the LHC
complex, the ability to absorb photons accessible to aquatic
organisms is further enhanced by the presence of ghl-c
which covers the 606640 nm region. The effective utiliza-
tion of light in this spectral region is achieved by the highly
efficient Chl-g to Chl-a energy transfer (Figures 1, 7, and
S1). The same situation occurs in the FCP comp23).(

In summary, our results show that the intrinsic LHC
complex fromA. carteraeexhibits an efficient peridinis
Chl energy transfer that utilizes both &d S/ICT channels
with efficiencies varying with excitation wavelength. It must

be noted, however, that global analysis showed that energy

transfer via the GICT state proceeds via at least three

channels. Only one of these channels, characterized by a 2.5 2.
ps time constant, could be safely assigned to the energy

transfer via the relaxed ;8CT state. The other 8CT
mediated channels may involve a hotIST state and/or
peridinin molecules having different coupling to Chl-a.
Similarly, disentangling the intricate network of energy
transfer pathways occurring after 500 nm excitation is

complicated because additional relaxation processes created

by the excitation of the other carotenoid, diadinoxanthin
(such as $vibrational relaxation), make it unfeasible to
include all possible processes that take place at similar time
scales into data analysis. Finally, it should also be mentioned
that we did not include the peridinin to Chj-pathway into

our analysis. This pathway may, in principle, be active from
both S and S/ICT states of peridinin, but because of the
fast energy transfer from Chk-to Chl-a and because of the
rather weak spectral signs of Chi-@ was not possible to

make any conclusions about this energy transfer channel.

Despite all these complications whose solution awaits further
studies, we can safely conclude that peridinin is the main
light-harvesting carotenoid in the LHC and transfers energy
from both S and S/ICT states. The total energy transfer
efficiency is maximal in the 536550 nm region{90% on

the basis of fluorescence excitation spectra), with abott 25
50% proceeding via the,Shannel. Below 520 nm, the
overall efficiency drops because of the presence of the
carotenoid, diadinoxanthin, whose involvement in energy

Polvka et al.

transfer is only marginal. The role of diadinoxanthin in the
LHC is most likely photoprotection. Besides the efficient
peridinin—Chl-a energy transfer, the light-harvesting capacity
of the LHC complex is further enhanced by the nearly 100%
efficient Chl-¢ to Chl-a energy transfer. The results on the
LHC complex also confirm the specific light-harvesting
strategy developed by marine algae. The antenna systems
of marine algae contain pigments that effectively harvest
photons in the 500600 nm region where the under-water
spectral distribution of irradiance has a maximu®). (To
optimize light-harvesting capacity in this spectral region,
these organisms exploit carbonyl carotenoids. The strong
polarity dependence of the spectroscopic properties of these
carotenoids allows for the optimal tuning of carotenoid
photophysical properties by the interaction with protein,
which ensures both effective absorption in the 5600 nm
region and highly efficient carotenciethlorophyll energy
transfer.
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