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The photosystem | (PSI) core complex of oxygenic photosynthesis is an integral pigpnetgtin complex

that incorporates both the antenna and the reaction center (RC). It binds about 1®ar@h?0s-carotene
molecules. In the PSI core complex of the cyanobacteBymechococcus elongatastotal of about 9 antenna

Chl a molecules are red-shifted with respect to the primary electron donor, which absorbs at 700 nm. We
have studied energy transfer and trapping processes in trimeric PSI complexes of this species at femtosecond
resolution by means of the fluorescence-upconversion technique. By simultaneously analyzing the fluorescence
upconversion results and those obtained with a streak camera with picosecond resolution and multichannel
detection (Gobets, B.; et dBiophys. J, in press), we have mapped out the energy transfer processes that
follow immediately after photon absorption. Equilibration among €lgigments in the bulk antenna was

found to occur with a time constant of 360 fs. A major energy equilibration phase between budkaGél

the red-shifted antenna Chls occurs in 3.6 ps. A slow phase in energy equilibration takes place in 9.8 ps, after
which the excitations are trapped by the RC in 38 ps. Fluorescence anisotropy measurements indicated an
initial anisotropy of 0.30, which decayed biphasically with a major fast phase of 160 fs and a minor slow
phase of 1.8 ps to a final anisotropy of 0.06. The 160 fs phase is assigned to elementary energy transfer steps
in the bulk Chla antenna, and the 1.8 ps phase to further equilibration processes, possibly involving energy

transfer to or among red-shifted Chls. Energy transfer ffboarotene to Chh was found to proceed both
from the S state and the ;Sstate, with the majority of transferred excitations (60%) originating from the S
state, resulting in an estimated overall yield~080%. A comparison is made with the PSII core antenna
protein CP47, which binds the same pigments but has a substantially lower caret€hb@energy transfer
yield of ~35% (van Dorssen R. J.; et &iochim. Biophys. Actd987 893 267).

Introduction in a fashion that is reminiscent of the purple bacterial RC, with
two Chla’s as a special pair, two “monomeric” ChJ and two

The core complex of photosystem 1 (PSI) of oxygenic Chl a's at the position of the bacteriopheophytins.

photosynthesis is a large, multisubunit integral membrane ;
pigment-protein complex that uses light energy to catalyze ~ 1h€ other 83 Chla molecules resolved in the complex
electron transfer from cytochroneg or plastocyanin to NADP. constitute the PSI core’s light harvesting system. A majority of
It binds about 100 chlorophyll (Chla and 20 B-carotene 77 of them are b_oqnd to PsaA and_ PsaB. The core antenna Chls
molecule$ and, in that sense, forms the largest and most form an ellipsoidically shaped, irregular bowl around the
Comp|ex known photosynthetic energy Converting protein_ A4 reaction center at distances ranging between 15 and 40 A The
A structure of the PSI core complex of the cyanobacterium Chl @ molecules in the core antenna are densely packed at
Synechococcus elongaiisits trimeric form has been available ~ distances from 8 to 16 A. ®h4 A structure resolution did not
for some years now? Each monomeric unit in the trimeric ~ allow for an identification of any of the about 2%carotene
structure comprises 11 subunits termed PsaA through PsaF andnolecules.
Psal through PsaM. PsaA and PsaB are the largest and most A conspicuous feature of the light-harvesting system of
important subunits and are arranged in a pseQgleymmetry cyanobacterial PSI in general is the presence of severahaChl
at the center of the complex. Psal, Psal, and PsaM lie at themolecules that have their excited state energies red-shifted
periphery of the core complex near the trimerization domain. significantly below that of the primary donor (P700) of the RC.
A total of 89 Chla molecules were resolved in the entire |n the PSI core, the number of red Chls and the extent of red-
complex. At the center, 6 Chls are bound to PsaA and PsaBshifting depend on the species and the aggregation state
close to the pseudG; axis and were assigned as the redox active (monomeric or trimeric) of the complex. A pool that absorbs
chromophores of the reaction center (RC). They are arrangedmaximally at 708 nm at low temperature (4 K), hereafter referred
. ~ toas C708, appears to be a common feature to all cyanobacterial
GF:FCIe"r::ﬁ]ZFg?S'SgV author.  Telephone:  510-643-2735. E-mail: pg| core particles. It was proposed some years ago that, in the
FCal cyanobacteriunBynechocystis PCC6803708 corresponds to
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of Chl a molecules® Studies on a series of mutants of In this paper we present a fluorescence upconversion study
Synechocystisyhich each had one of their peripheral subunits on trimeric PSI particles of the cyanobacteri@ynechococcus
deleted, indicated that C708 is most likely bound to the periphery elongatus.The trimeric PSI core of this species contains two
of PsaA and/or PsaB, near the L and M subutitSome species  pools of red Chls, the common pool C708 and an additional
have an additional red pool which absorbs more to the red thanpool C719 after its absorption maximum at low temperata?eé.
C708. These generally suffer loss of absorption upon mono- By combining spectrally resolved upconversion data with
merization of the complexes, which suggests that they are femtosecond resolution with those obtained by means of a
located at the periphery of the core complex near the trimer- multichannel streak camera, we have mapped out energy
ization domairf. equilibration components between bulk Chl molecules,

The function of the red pigments is a matter of considerable between bulk Cha and the red pools, and subsequent trapping
debate. In fact, the presence of different pools in the various by the RC. Furthermore, we present time-resolved fluorescence
species may indicate that they have different functions. It has anisotropy measurements, which indicate the time scale of
been suggested that they could increase the efficiency of energyelementary energy transfer steps in the PSI core antenna. Finally,
trapping by concentrating excitations near the RElowever, we have characterized the dynamic aspects of the energy transfer
this is contradicted by recent experiments which demonstratedProcess fronp-carotene to Ché.
that PSI preparations with a progressively increasing number
of red Chls exhibit increasing lifetimes in the core antehAa.  Experimental Section
more likely explanation would be that the absorption cross
section of far red light is increased by the presence of the red

pigmentsl,owhic_h in the case of_con§iderab!e shading of leaves fluorescence measurements, the concentrated samples were
or cyanobacterial mats may significantly increase the photo- diluted to an absorbance at 680 nm of 0.3/mm with a buffer
chemical turnover rat€: Alternatively, the red Chls may be containing 20 mM CaG| 20 mM MgCh, 10 mM 2-(\-

involved in photoprotective mechanisrifs. morpholino)ethanesulfonic acid (MES), and 0.05% wi/v dodecyl-
PSI core particles bind about ZBcarotene molecules per  gp-maltoside at a pH of 6.5. Although we were working with

monomer, which give rise to a broad absorption band in the ¢josed (oxidized) RCs (see below), 10 mM sodium ascorbate
blue and green parts of the solar spectrum. They are the onlygq 10uM phenazine metasulfate (PMS) were added to the
PSI core pigments that absorb significantly in that wavelength samples. We found that addition of these chemicals slowed
region, which may imply an important role f@-carotene as  photodegradation of the sample during the measurements by a
accessory light harvesting pigments. We remark that cyano- factor of at least 3, enabling us to utilize longer data collection
bacteria employ phycobilisomes, which are extramembrane light tjmes. The sample was flowed thrdu@ 1 mmpath length
harvesting complexes, to fill the spectral gaps left open by Chl quartz cell using a peristaltic pump and maintained-at8°C

a. These complexes absorb yellow and orange and in some casegy g recirculating bath that flowed around the sample reservoir.
blue-green light, but under most circumstances they transfer theirhe sample was exchanged for a fresh one eveh of data

Trimeric complexes from the cyanobacteri@ynechococcus
elongatuswere prepared as described previodslyor the

excited state energy primarily to PSH. collection. The absorption spectra of the used samples revealed
The light-harvesting function gf-carotene in the PSI core  no significant degradation.
is exemplified by the high energy transfer efficiency to @hl Fluorescence upconversion measurements were carried out

of about 85%* Such a high efficiency, often seen in photo- with an apparatus described previouhyAt its basis was a
synthetic systems, is remarkable in the light of the short lifetime regeneratively amplified Ti:sapphire laser system (Coherent
of carotenoid excited states. The optically allowedsgte of  Mira-Rega), operating at 250 kHz with a pulse duration of about
carotenoids generally relaxes to the optically forbiddest8te 50 fs. Excitation pulses at 400 nm were provided by frequency
in 100-200 fs by internal conversion (IC), after which the S doubling the output of the laser systema 2 mmlong BBO
state internally converts to the ground state on a picosecondcrystal. Excitation pulses at 650 or 510 nm were generated by
time scalet>!® For an efficient light harvesting function of  means of an optical parametric amplifier (OPA, Coherent 9450).
carotenoids, these IC processes must be counteracted by fasterhe instrument response function of the upconversion apparatus
energy transfer to Chl. Indeed, it has recently been shown thatranged between 280 and 350 fs. The polarization of the
in photosynthetic antennae, subpicosecond and picoseconcexcitation beam with respect to the polarization of the upcon-
energy transfer from both the, &nd § state to (B)Chl can  verted fluorescence was set to either parallel, perpendicular, or
effectively compete with IC to the ground stafe?? at the magic angle (54¥by means of an achromatic waveplate
Energy transfer and trapping processes in the PSI core have(CVI). For fluorescence anisotropy measurements, the polariza-
been studied quite extensively by time-resolved absorption andtion was alternatingly switched between parallel and perpen-
fluorescence techniques for many years h&#? (for a review dicular many times to avoid any possible effect of long-term
of early work see ref 8). Only recently, however, the time fluctuations in the laser and detection system or sample
resolution and sensitivity of the measuring equipment have comeconditions. A test measurement of the anisotropy in the dye
to a point that all relevant energy transfer steps can be mapped-DS 720 upon excitation at 650 and detection at 725 nm gave
out in an annihilation-free regime. Low-energy transient absorp- a nondecaying anisotropy of 0.36, which is close to the expected
tion studies with femtosecond time resolution have focused on value of 0.4.
PSI cores of the cyanobacteriu®ynechocystis PCC68632° Initially, it was our goal to perform the measurements with
Recent time-resolved fluorescence measurements with ps resoP;q in the open (reduced) state. However, we found that this
lution utilizing a streak camera with multiwavelength detection would require unattainable low excitation powers. To achieve
have compared the excited-state dynamics of PSI cores ofreasonable count rates-40 counts/s) necessary for efficient
several cyanobacterial specf¥:3! All this research has  data collection, we had to employ 2 mW of excitation energy,
exclusively addressed Chldynamics, and thus far, the light-  corresponding to a pulse energy of 8 nJ. At such pulse energies
harvesting process that involves energy transfer ffecarotene and with estimation of a focal diameter of 1@fh, we expect
to Chla has remained uninvestigated. that about 1 out of 100 Chls is excited in the focal volume,
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Figure 1. Absorption spectrum of trimeric PSI particles $fnecho-
coccus elongatuat room temperature. The inset shows the &Kk)y
absorption region on an expanded scale.
which corresponds to about 1 Chl in every PSI monomer, and € 300
thus all RCs are oxidized after the sample in the excited volume §
has received a few shots. Given a 250 kHz repetition rate of
the laser system and a flow speed of 0.5 m/s, a given volume
of PSI patrticles resides 0.2 ms in the focus and is exposed to
about 50 laser shots while moving through. During this time, 0+

Pzo6" is not reduced by the combination of sodium ascorbate T y y y y

and PMS, as this process takes place on a millisecond time .

scale3 Hence, these circumstances will lead to a vast majority _ time (ps) S
of >90% oxidized RCs in the excited volume. Figure 2. (A) Time-resolved isotropic fluorescence in trimeric

. o L Synechococcus elongatiS| particles, detected at 725 nm upon
The above estimate of the excitation density indicates that _J ..-v.0 "+ 650 nm. collected on a time basis of 9 ps. (B) Time-

we are near the threshold for singtetinglet annihilation. To yesolved trace collected under the same conditions as (A), on a time
test for annihilation effects, the excitation power was varied basis of 100 ps. The traces are fitted with a 4-component exponential

between 0.3 and 3 mW. This did not alter the upconverted trace function with time constants of 210 fs, 3.3 ps, 41 ps, and a long-lived
(data not Shown), from which we conclude that we were end _Ievel with relative amplitudes0.18—0.39:1:0.04. See text for
measuring in a regime where singeinglet annihilation does ~ details.

not play a significant role. We note that our pulse energies are
below those given by Savikhin et al. for the onset of annihila-
tion.27 Singlet-triplet annihilation is unlikely to arise given the
low triplet yield of Chlain the PSI core (by virtue of the short
Chl a antenna lifetime of~40 ps). Moreover, any CH triplet

will likely be rapidly quenched bys-carotene.

Some of the time-resolved data were analyzed with a globa
fitting program as described in ref 36. Species-associated spectr
(SAS) were determined assuming a sequential, irreversible
model A— B — C — D. The arrows symbolize increasingly
slower monoexponential decays, with time constants that can
be regarded as the species lifetimes. This procedure enables u

to visualize clearly the evolution of the excited states in the b tion feat h in Fi 1 imilar to th
system. Note, however, that the thus obtained specie3 Are absorption features shown in |gur;33 are simiiar fo those
published earlier for this preparatiéh?

not necessarily pure but may represent mixtures of pure states!
y P yrep b The room-temperature steady-state fluorescence spectrum of

The anisotropy measurements were analyzed following theS h i blished iousk It sh
method of Cross and Fleming by simultaneously fitting the ynechococcusimers was published previou ylt s ows a
maximum at 720 nm, which can primarily be attributed to

polarized and magic angle traces with sums of exponential
functions, convoluted with the instrument response function. fluorescence from the red pools C.708 ?“!d C719, and a
pronounced shoulder at 690 nm, which originates from bulk

Chl a in thermal equilibrium with the red pools.

Isotropic Time-Resolved FluorescenceWe characterized

Figure 1 shows the absorption spectrum of trimeric PSI energy transfer processes between bulk ghthe red pools
particles ofSynechococcus elongatasroom temperature. The C708 and C719, and the RC by performing fluorescence
absorption features at wavelengths longer than 600 nm resultupconversion measurements with excitation in the vibronic band
exclusively from the Qtransition of Chla and are shown on  of bulk Chl a at 650 nm and detection at 725 nm, where we
an expanded scale in the inset. The absorption band with aprimarily observe fluorescence from the two pools of red
maximum at 680 nm is associated with bulk @pigments in pigments, C708 and C719, which contribute roughly equally
the core antenna. This band is markedly asymmetric and showshere? Figure 2 shows the upconverted fluorescence detected at

a shoulder near 670 nm, indicating significant spectral hetero-
geneity among bulk antenna Chls. Near 630 nm a vibronic band
of Chl a is located. At wavelengths longer than 700 nm the
spectrum shows a distinct long tail, which is due to the two
pools of red-shifted Chls, C708 and C719. These two pools
I contain 4-5 and 4 Chls, respectiveff.It is important to note
hat, at room temperature, the absorption maxima of C708 and
719 are probably located at 702 and 708 nm, respecthiely.
In the blue region, the absorption spectrum shows a maximum
at 440 nm, which can be assigned to the Soret band ofaChl
l’he absorption band near 500 nm is associated fvithrotene,
of which about 20 molecules are bound per PSI monomer. All

Results and Discussion
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the magic angle irsynechococcusimers with closed RCs on

a short (A) and long time axis (B), respectively. Several distinct
time scales ranging from instantaneous to tens of picoseconds
can be discerned in this measurement. A simultaneous fit to
the traces yields an instantaneous component, a rise time of
210 fs with a minor amplitude, a major rise time of 3.3 ps, a
decay component time of 41 ps, and a minor long-lived end
level.

The instantaneous component can be assigned to emission
from the directly excited bulk Ch& molecules, which have a
significant vibronic tail at this wavelengthThe amplitude of
the 210 fs rise component is small (18% with respect to the
overall 41 ps decay component), and from this measurement
alone we cannot deduce its origin. The 3.3 ps rise time can
readily be ascribed to energy equilibration between bulkaChl
and the red pools C708 and C719. It closely matches the value
of 3.8 ps that has been determined before on the same species
by means of a streak camera with ps resolufioh. is
significantly shorter than the equilibration times of 7 ps reported
by Holzwarth et af. and 13 ps by Byrdin et &@ for Synecho-
coccustrimers, but the determination of these values were
severely hampered by the limited time resolution of both
experiments. The 3.3 ps equilibration time is similar to the
corresponding time constants reported recently with fs transient
absorption spectroscopy for PSI particles $§nechocystis time (fs)

PCC68037:29 Figure 3. Time-resolved isotropic fluorescence in trime8gnecho-

The 41 ps component can be assigned to excitation quenchingfecCus elongatuBSI particles upon excitation at 400 nm, detected at
by the oxidized RCs. It agrees well with the lifetime of 37 ps ]?68 nm, 687, 705, and 727 nm. The traces are fitted with triexponential

. . . unctions with time constants of 140 fs, 3.3 ps, and 41 ps (see text for
which has been reported in recent photon counting measure-yeyjls),
ments on closed RCs iSynechococcusimers by Byrdin et
al35and is virtually indistinguishable from that reported for open
RCs in this specie&?3> The lifetime of 41 ps is significantly
longer than that found in plant PSI cores (22 ps) (B. Gobets
unpublished results) and the PSI core Sfnechocystig25
ps)?26:30.31Gobets et al. have recently shown that an increasing
number of red Chls leads to longer trapping times, as is the
case withSynechococcudhe species with the highest red Chl

fluorescence

2000 4000 6000

o4

and 705 nm, which probe fluorescence from bulk &ldisplay

a decay on a picosecond time scale. All traces are fitted well
» with the time constants of 3.3 ps (with positive amplitude at
668, 687, and 705 nm and negative amplitude at 727 nm) and
41 ps found in the measurement presented in Figure 2.

Close inspection of the early time behavior of the traces in

o . 2 Figure 3 indicates that the rise of the fluorescence at 705 nm
content known to date&Spirulina platensishas a lifetime of 50 lags that of the trace at 668 nm by a few hundreds of

A . : .
ps” The long-lived component has minor amplitude (4%) and emioseconds. To demonstrate this, we fitted the traces with a

ﬁan bel_fatt_ribut_ed rtlo a smallffraction of unbound @hivhich single rise time of 140 fs, assuming that the sample does not
asall et_|me in the order o 5.ns. ) o fluoresce at time zero. In principle, 140 fs is not an unreasonable
To obtain a more complete picture of excited-state equilibra- number for SoretQ, relaxation. However, at 668 nm the fit
tion in the core antenna oBynechococcuswe performed  yundershoots the experimental data at early times, while at 705
fluorescence upconversion experlments with excitation in the nm the fit overshoots the data. If we assume that Sd@t
Chl a Soret band at 400 nm and detection at 8 different relaxation takes place at a uniform, wavelength-independent rate,
wavelengths from 668 to 738 nm, which covers the fluorescence this indicates that an additional subpicosecond dynamic process
emitted from all spectral forms in the PSI core. It would have g taking place in the PSI core antenna. Because the lag in the
been desirable to perform these wavelength-resolved measurerise occurs at the red side of the bulk Ghfluorescence (and
ments with direct excitation in the/®and, but as a result of  not at a wavelength where fluorescence from the red pigments
strong scattering by the pump beam at 650 nm, it was not dominates, as evidenced by the positive 3.3 ps component at

possible to upconvert the fluorescence at wavelengths shorter7os nm; see also ref 9), we assign this component to a dynamic
than about 710 nm. With excitation in the Soret band, all Chl process taking place in bulk Chh molecules. We will

amolecules, including the red pigments, have an equal excitationsybstantiate this point below.

probability, and they will relax to the (state in ca. 100 f& For a meaningful characterization of the time-dependent
Figure 3 shows four selected traces at 668 nm, 687, 705, andfiyorescence behavior in the PSI core antenna, it is highly
727 nm. desirable to apply a global analysis of the spectrally resolved

The trace at 727 nm, which monitors fluorescence from the time-dependent traces and determine the relative intensities
red pools C708 and C719, is very similar to the trace presentedacross the fluorescence spectrum, in the form of so-called
in Figure 2A upon excitation at 650 nm and detection at 725 species-associated spectra. However, with the fluorescence
nm. It exhibits a rapid rise of the fluorescence, which mainly upconversion technique, a quantitative determination of the
represents bulk Cha fluorescence following relaxation from  relative fluorescence intensities at different detection wave-
the Soret to the (state. It then rises further on a time scale of lengths is cumbersome, which means that the construction of
a few picoseconds, indicating equilibration between the bulk time-resolved or species-associated spectra cannot be reliably
and the red pigments. Correspondingly, the traces at 668, 687 ,conducted. We have noted already the consistency of the present
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fluorescence upconversion data and the wavelength-resolved
streak camera data reported earfiavhich encouraged us to
perform a simultaneous global analysis of these two data sets.
This approach allows us to maximally utilize the spectral and
temporal information that is provided by our measurements and
follow the spectrally resolved dynamics from100 fs after
photon absorption to more than 100 ps, after which all excited
states have been trapped by the RC. In this analysis, the early
dynamics up to about 1.5 ps are mainly extracted from the
fluorescence upconversion measurements. The dynamics be-
tween 1.5 and 6 ps are extracted from both datasets, and the
dynamics slower than 6 ps are obtained exclusively from the
streak camera data. In essence, the overlapping time ranges of
both experiments allow us to assign a spectral evolution to the 697 nm
early time window.

We forewarn the reader that the experimental circumstances
under which the two datasets were collected were not identical.
The largest difference is that the upconversion data were
collected with oxidized RCs and the streak camera data with
reduced RCs. However, thus far all reports dealing with open
and closed RCs on PSI patrticles have indicated a very similar
evolution in these two casé%3® The analysis of the streak
camera data was published earlier and indicated that five
lifetimes are necessary to describe the data: 400 fs; 3.8 ps; 9.6
ps; 38 ps; 3 né.lIt is important to note that, in this case, the
400 fs component was limited by the instrument response and
represented a rise of fluorescence, which was ascribed ta Chl
Soret-Qy relaxation.

In the new, simultaneous analysis it was assumed that no
fluorescence originates from the sample at time zero and rises
with the Soret-Qy relaxation time. This relaxation time can be
estimated to be 100 £8,which is significantly shorter than that
estimated in the earlier analysis of the streak camera®dai&.
found that 6 components are required for an adequate description
of the complete dataset. Figure 4 shows the upconversion traces
plotted together with the streak camera traces, along with the
results of the global analysis. Note that the time axis is linear
from —2 to 5.8 ps and logarithmic at longer times. Strikingly,
the upconversion traces connect smoothly to the streak camera
traces. The time constants that follow from the simultaneous
global analysis are 100 fs, 360 fs, 3.6 ps, 9.6 ps, 38 ps, and 3 . , i ' '
ns. The species-associated spectra (SAS) that follow from this -2 Y 2 4 10 100
analysis are shown in Figure 5. Note that, to obtain these SAS, time (ps)
we have assumed a sequential model in which the first SAS _. . s
decays into the second SAS, etc. (see Experimental Section).F'gure 4. Fluorescence upconversion traces obtaineglimechococcus

. I elongatusPSI particles combined with those obtained with a streak
The SAS with a lifetime of 100 fs represents the Soret state of camera (solid lines) plotted on a linearlogarithmic time axis. The

Chl a, which we require to be zero in this wavelength region dotted lines denote the result of the 6-component simultaneous analysis
and is not shown. of the upconversion and streak camera data. The excitation wavelength
The first displayed SAS (squares) rises in 100 fs and has aWas 400 nm, and the detection wavelengths (from top to bottom) were
lifetime of 360 fs. It peaks at about 687 nm and can thus be 668, 697, 705, and 727 nm. See text for details.
assigned to fluorescence emanating primarily from bulk&hl  thus form the fluorescence-detected counterpart of these obser-
pigments. The next SAS (solid circles), which is formed in 360 vations and indicate that this process is also discernible upon
fs, has a lifetime of 3.6 ps. It is slightly red-shifted with respect excitation at 400 nm, which is nonselective and results in a more
to the former SAS by a few nanometers. The extent of the red- even initial excited state distribution between the different
shift cannot be accurately determined because of the coarsespectral forms in the core antenna. We note that the 360 fs time
wavelength intervals used. The wavelengths associated with thisconstant is similar to the 210 fs rise component that we detected
red shift can be attributed to fluorescence changes that originateat 725 nm with excitation at 650 nm (Figure 2A). The SAS of
from the bulk of the PSI core antenna and not the red pools Figure 5 (squares vs solid circles) show that the 360 fs
C708 and C719. We accordingly assert that the 360 fs component has the same sign and a similar amplitude, which
component represents excited-state energy equilibration amongnakes it likely that these components have the same origin.
bulk Chl a molecules. Similar time constants, assigned to the  The next SAS (triangles) is formed in 3.6 ps and has a lifetime
same process, were observed using femtosecond pprope of 9.8 ps. It represents a large red shift of about 20 nm, having
spectroscopy in PSI particles 8fnechocystis PCC68a®on a shallow maximum near 715 nm, and thus implies a drastic
excitation at the blue side of the,@and?”2°Our measurements  shift toward thermal equilibrium in the PSI core antenna. This

fluorescence
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Figure 5. Species-associated spectra (SAS) that follow from the coccus elongatu®SI particles, with from top to bottom, excitation
6-component simultaneous analysis of the isotropic fluorescence and detected fluorescence polarized parallel, at the magic angle, and
upconversion data presented in Figure 4 and streak camera data of reperpendicular. The excitation wavelength was 650 nm, and fluorescence
9 of trimeric Synechococcus elongatB$| particles. was detected at 725 nm. Note that the time scale is linear frano

2 ps and logarithmic from 2 to 8 ps. The smooth solid lines denote the
newly formed fluorescence band is associated with the red poolsresult of an anisotropy analysis, which yielded an anisotropy decay
C708 and C719; therefore, the 3.6 ps process can clearly befunctionr(t) = 0.14 expt-t/0.16) + 0.1 exp{-t/1.8) + 0.06, with the
assigned to equilibration between the bulk @hnd the red time constants given in picoseconds.
pools C708 and C719. Note that the process appears to beu

nonconservative; i.e., the area under the 360 fs SAS is larger . - -
’ ’ n lariz rallel, he magic angle, an rpendicular,
than that under the 3.6 ps component, indicating that somece ce polarized parallel, at the magic angle, and perpendicula

. . - tect t72 itati t .(Th i I
excited states are quenched. This may indicate that someoIe ected at 725 nm upon excitation at 650 nm. (The magic angle

nonequilibrium energy trapping by the RC occurs, as observed trace is reproduced from Figure 2A). We observe that at early

. h times, especially during the rising part, the trace with parallel
tbheforel for some PStI.prte;]paratlol?&The;]g.r? pds cct)mponirtltfls polarization has significantly higher intensity than the perpen-
€ only component in Ihis analysis which adopts Weight om 5. race, implying a substantial fluorescence anisotropy.

both the upconversion and streak camera datasets. The Shalof%lote that although the detection wavelength corresponds to that

T o e A v STt o th re pgment, e subpicosecond igals e dominaed
alone. which substantiate they onsistency of the two dataset by fluorescence that originates from the vibronic tail of bulk
» Which substantiates consis y W aselScnl a (see above). At increasing delays, the parallel and

The longer-lived components all follow from the streak perpendicular traces move closer together, indicating fluores-
camera data and have been characterized previ®T$lg.next cence anisotropy decay.
component (open circles) rises in 9.8 ps and has a lifetime of T4 getermine the time-resolved anisotrai), we analyzed
38 ps. With regard to the previous SADS, it s slightly further hese data according to the method of Cross and Fleming by
red-shifted, along with a significant decrease of fluorescence gimyitaneously fitting the polarized and magic angle traces to
intensity, which indicates that the 9.8 ps process signals slow 5 sym of exponential functions, convoluted with the instrument
energy equilibration with the red pigments and a significant yesponse functiod. In the analysis, we also took into account
portion of energy transfer to the RC. Th.e 38 ps component iq long magic angle scan of 100 ps shown in Figure 2B to
represents the transfer-equilibrated state in the core arift#hna rqperly determine the time constants in the isotropic contribu-
and is exclusively associated with energy transfer to the RC. {jon, 1o the signals. The result of this analysis is shown as the
Its shape is simila_r to that of the steady-state fluorescence gymooth solid lines in Figure 6. We find an initial anisotropy
spectrum reported in ref 33. The 3 ns component has a small; gy of 0.30, which decays biphasically with time constants of
amplitude and peaks near 675 nm and is caused by a fractionygg 4 g0 fs (amplitude 0.14) and 18 0.2 ps (amplitude 0.10)
of loose, unbound Chi. to a final, nondecaying value of 0.860.015. A test measure-
We also performed a simultaneous analysis of these data withment on a laser dye in solution gave a time-independent
5 components, i.e., 1 component less than in the above analysisanisotropy of 0.36, which is reasonably close to the theoretically
We found that the fit becomes slightly worse, by 2%, and the expected value of 0.4 for the initially prepared excited state
time constants become 140 fs, 2.5 ps, 7.4 ps, 34 ps, and 5 ns(see Experimental Section). In the PSI core, we observe an initial
The only significant difference with the above analysis lies in anisotropyr(0) of 0.30, which is somewhat lower than the
the subpicosecond time constants; the rest of the componentseference measurement, indicating that we do not detect the
remains qualitatively the same. With 5 components, the Soret  anisotropy decay of the entire initially prepared @rinsemble.
Qy relaxation time constant is fitted to 140 fs, (see Figure 3), Fixing the initial anisotropy to 0.36 in the analysis gave a fast
whereas, with 6 components, the subpicosecond times were splianisotropy decay of 95 15 fs (amplitude 0.2), a slow one of
in a Soret-Qy relaxation time of 100 fs and a bulk Chl 1.6+ 0.14 ps (amplitude 0.1), and an nondecaying component
equilibration component of 360 fs. of 0.06. The quality of the fit was similar to that shown in Figure
Time-Resolved Fluorescence AnisotropyTo further char- 6. (Result not shown.)
acterize the time scale of elementary energy transfer steps in  Our results are very similar to the fluorescence upconversion
the PSI antenna, we performed time-resolved fluorescencemeasurements of Du et al. on PSI particle€bfamydomonas
anisotropy measurements on trimeric PSI particleSysfecho- reinhardtii, who reported an initial anisotropy of 0.34 which
coccus elongatusrom top to bottom, Figure 6 shows the decayed with a time constant of 180%fsWe note that the

pconverted fluorescence with excitation and detected fluores-
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excitation and detection wavelengths in our and Du’s studies
were similar but that the instrument response function of Du’s
study was significantly shorter (100 fs vs 280 fs). Savikhin et
al. employed polarized femtosecond transient absorption spec-
troscopy on PSI core particles 8fnechocysti&. Upon excita-

tion and probing in bulk Ché, they found an initial anisotropy

of 0.27 which decayed monophasically to 0.07 with a time
constant of 590 fs, which appears to be at odds with our results.
However, Savikhin et al. analyzed their data by determining
the raw anisotropyramt) = (Ipar — lperd/(lpar + 2lpery and
subsequently fittingraw(t) with a sum of exponentials. As
pointed out before, this procedure may lead to considerable
errors because it does not take into account the effects of a finite
instrument responsé.When we apply a similar procedure to
our fluorescence upconversion data and fit the resulting raw
anisotropyraw(t) with a biexponential function, we also find

an initial anisotropy of 0.27, which decays with a major time
constant of 560 fs (0.17 amplitude) and a minor one of 6 ps
(0.055 amplitude) to a nondecaying value of 0.046. This suggests
that it may be the analysis of the time-resolved data and not
the experimental data themselves that are the source of the
apparent incompatability of our results and those of Savikhin C, 715 nm
et al.

A fast anistropy decay of 160 fs would be consistent with
the structural information we have for the PSI core: the close
packing of Chls in the PSI core antenna, with center-to-center
distances ranging from 7 to 16 A and an average coordination
number of about 3 within this range of distanées,expected ‘ . . . .
to lead to site-to-site hopping times (or perhaps excitonic -1000 0 1000 2000 3000 4000
relaxations) in the order of 100 fs, as has been extensively time (fs)
documented by anisotropy mei‘tzsurements on the LH1 and I‘HZFigure 7. (A) Time-resolved fluorescence iBynechococcus PSI
complexes of purple bacteffa®® and the FMO complex of — yimers upon excitation o-carotene at 510 nm and detection at 580
green sulfur bacteri&**which have comparable interpigment  nm. The trace is fitted with a single lifetime of 105 fs. (B) Thick solid
distances. Structure-based simulations of energy transfer andine: time-resolved fluorescence upon excitation at 510 nm and
trapping in the PSI core have indicated @fdingle-site lifetimes detection at 704 nm. The dotted line denotes the results of a target

in the order of 100 fs (B.Gobets, manuscript in preparation). analysis according to the kinetic scheme depicted in Figure 8; see text
' for details. Thin solid line: time-resolved fluorescence upon excitation

A relatively slow anisotropy decay with an amplitude of 0.1 4 chi a at 400 nm and detection at 704 nm. (C) Thick solid line:
occurs with a time constant of 1.8 ps. It is not very likely that time-resolved fluorescence upon excitation at 510 nm and detection at
this component is associated with one specific process; it 715 nm. Dotted line: result of the target analysis. Thin solid line: time-
probably follows from the combined effects of slow energy resolved fluorescence upon excitation of @lt 400 nm and detection
equilibration in bulk Chla, energy transfer processes between at 715 nm.

bulk and red Ché, and perhaps equilibration processes among gq|ytion has a solvent-dependent lifetime that ranges between
t_he red pools C70_8 and C719, which may aI_I have their specific 1g0 fs in nonpolar solvents and 120 fs in polar solvéhiEae
time scgles of whlch 1.8 ps _forms some weighted average. Thehydrophobic interior of the PSI core protein probably resembles
final anisotropy is 0.06, which is close to zero, as one would 5" nonpolar solvent, which suggests that the “intrinsigliftime
expect for an orientationally disordered system as PSI. Note j, pg| may be close to 180 fs. The observed lifetime of 105 fs
that, in the study of Du et al., the final anisotropy did not vanish i, psj is thus shortened, presumably as a result of energy
but remained constant at 0.2 at long del&yBhis was probably  transfer to Chla from the S state.
an artifact, possibly caused by the presence of a fraction of  Figure 7B,C shows the upconverted fluorescence ofeCiil
unbound, nontransferring Chlin the preparation. 704 and 715 nm (thick lines), respectively, upon excitation at
Carotenoid—Chl a Transfer. As of yet, no information is 510 nm. For comparison, we also plotted the corresponding
available on the dynamics of the carotenoid light harvesting traces upon excitation at 400 nm (thin lines), which represent
process in the PSI core. We have studiedarotene to Cha the dynamics of directly excited Clal The initial part of the
energy transfer by exciting-carotene at 510 nm and upcon- fluorescence rises rapidly, which reflects thd 00 fs caro-
verting the carotenoid fluorescence from the caroteneist&e tenoid—Chl transfer from the Sstate. The signal subsequently
at 580 nm and the Cfal fluorescence at 704 and 715 nm. Figure rises further on a piocosecond time scale. It is evident that the
7A shows the time-resolved fluorescence from thestate of Chl a fluorescence at both 704 and 715 nm exhibits a slower
p-carotene at 580 nm. A single exponential fit indicates a rise component upon excitation Gfcarotene as compared to
lifetime of 105 fs. This lifetime closely corresponds to that Chl a Soret excitation. Our global analysis procedure of the
recently determined for carotenoids bound to LHCII of plants data in Figures 4 and 5 indicated a rise component of 360 fs at
by means of the fluorescence upconversion techifomred is 704 nm upon 400 nm excitation, which we attributed to
almost twice as long as that obtained for rhodopin glucoside in equilibration among bulk Cra molecules. A fit to the 510 nm
the LH2 complex of the purple photosynthetic bacterium excited trace at 704 nm (not shown) yields a distinctly slower
Rhodopseudomonas acidophifaThe S state of3-carotene in rise component of 1.2 ps. This time constant probably originates

A, 580 nm

B, 704 nm

fluorescence intensity
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p-carotene Chl a component in our model: our data are too sparse to justify such
an increased complexity. An important requirement that we
s impose on the outcome of the model is that the fluorescence
2 K, (170 fs) intensity amplitudes associated with the internal €bhuilibra-
! tion process are similar to those we determined in the SAS of
Figure 5, in which [Chl°™ed corresponds to the 3.6 ps SAS
v R (solid circles) and [Chffito the 9.6 ps SAS (triangles). Thus,
31 k, (1 2P33 [y P when this analysis is performed, the adjustable parameters are
S . the p-carotene $.Chl a energy transfer rate constakyg and
[Chl]nen-eq e
k, (8 ps) [Chi]ed the relative rates of energy transfer fromt& Chla, ki, and IC
from S t0 Sy, ke.
We found that the most satisfactory result arises when the
S
"0 o ) S, state off3-carotene branches into the Sate and Cha at a
E:gﬂ:g ?'tch;gzgfibS;gir;r(;yutsr(;ﬂsff%rr :;f‘g\%g; ??gﬁ'%@;;hfo (?r:? of ratio of 0.4:0.6. In the frame of our model, this would imply an
. . = 1
a in PSI trimers ofSynechococcus elongatusee text for details. internal converS|(3r11 rate & = (250 sy and an energy transfer
ratek; = (170 fs)~1. The rate constant for the SChl a transfer
processks that results from the analysis is (1.2 ps) The
resulting amplitude ratio of [CHIf™¢4[Chl]®dis 1.5:1 in the 704
nm trace and 0.7:1 in the 715 nm trace, in reasonable agreement
with the SAS presented in Figure 5. The fitted curves are shown
as the dotted lines in Figure 7. An-£hl a energy transfer
rate constant of (1.2 ps) would imply an efficiency of 85%
from the S state. Taken into account the estimated 60% energy
transfer efficiency from the Sstate, this would lead to an overall
&arotenoidrChI energy transfer efficiency of more than 90%,
which is in line with the value found using fluorescence

k, (250 fs)
k5 (3.6 ps)

v

from carotenoid to Chh energy transfer. The only candidate
donor state would be the carotenoids$ate. However, such a
direct assignment is precarious due to the convolutedaChl
energy transfer dynamics that follows energy transfer from the
carotenoids.

To better characterize thg SChl a energy transfer process,
we have conducted a so-called target analysis to our‘fiata,
which we utilize our knowledge of Chh dynamics to
disentangle the energy transfer processes among Chls an

betweernp-carotene and CHd. We analyzed the three fluores- excitation measurements o8ynechocysti¥' The resulting

cence-upconversion traces of Figure 7 in terms of the kinetic carotenoid-Chl a energy transfer rates in PS| are summarized
scheme depicted in Figure 8. In this minimal model, we assume . gy

that g-carotene transfers its energy uniformly to all spectral in Figure 8.
forms of Chla, bulk and red pools alike, from both the Sate The value of the .5, IC rate constank, = (250 fs)* that
and the $state. This results in a Chlexcited-state distribution ~ follows from our analysis is a point of concern. A rate of (250
after energy transfer frong-carotene identical to that upon fs)~1 would lie significantly ouFS|de the range of aforementioned
nonselective Cha excitation at 400 nm. Our analysis is based rates measured fgt-carotene in the various solvents. However,
on the assumption that the time scales of energy transfer fromif We fix k; to (180 fsy* in the analysis, which is the IC rate
the S and § states are clearly separated and lie in the order of eported for hexane, an 8fetime of 105 fs implies a branching
100 fs and 1 ps, respectively. In doing this, we may estimate between the Sand § pathways of 0.45:0.55, and this inevitably
the branching of excitations that reach @through $ and § leads to an overestimation of the &nergy transfer pathway
by comparing the femtosecond and picosecond rise times in contribution to the picosecond part of the rise times in the 705
the signals at 705 and 716 nm, in which the picosecond part is and 716 nm traces, which translates into unrealistic amplitudes
affected by energy transfer among @hholecules. The model ~ for the 3.6 ps relaxation process of of the two chlorophyll
does not consider possible heterogeneities in the energy transfefompartments. More precisely, in the 715 nm trace, [Chff
characteristics of the 26-carotenes in the PSI core; it may of ~Obtains a somewhat larger amplitude than [€hland in the
course well be that not afi-carotenes transfer their energy with 704 nm trace, the [CHIf™*9amplitude becomes 3 times larger
equal efficiency, and with the fluorescence upconversion tracesthan that of [Ch9, which is clearly at odds with the SAS shown
at 704 and 715 nm, evidently only those carotenoids are probedin Figure 5. In principle, we cannot exclude that thet®S, IC
that do transfer their excitations to Chl rate is slower in the protein than in nonpolar solvents. However,
The energy transfer rate from the Sate to Chia, ki, and an equally sound explanation where we may maintain an IC
internal conversion rate from,$0 Sy, ko, were chosen such to  rate close to (180 fs} is provided by asserting that a fraction
produce the observed, Sfetime of 1/(; + ky) = 105 fs. The of_Sl states may not or very poorly tran§fer its energy to ﬁ:hl_
energy transfer rate constant from thesgate ofg-carotene to Given the lack of structural symmetry in PSI and the ensuing

Chl ais ks. We further assume that the intrinsig I8etime of variety in pigment orientations and surroudings, this is not an
B-carotene in the protein is the same as in solution and thus unreasonable supposition. In this scenario, the relative contribu-
introduce decay into a loss channel at a tate= (8 ps) 1.4748 tion of the § pathway could be lower than that of, 8onsistent

The fluorescence originating from the carotenoidstate is with our target analysis.

assumed to be zero at the detection wavelengths 704 and 715 It is well established that the;Sifetime of S-carotene in
nm, and we assume that no fluorescence originates fromsthe S solution is 8-10 ps and basically solvent-independ&rf We
state. We take into account the internal Ghbynamics by thus propose that this lifetime is shortened to 1.2 ps in at least
introducing two Chl compartments: one nonequilibrated bulk a significant fraction of thes-carotene molecules in the PSI
Chl a-C708/C719 compartment, denoted [CHI®Y which is core complex as a result of energy transfer to @hlThe
populated from the Sand S states off3-carotene, and one  situation sketched for PSI (Figure 8) is similar to that recently
equilibrated bulk Chla-C708/C719 compartment, denoted determined for LHCII of plant$2* and for LH2 of purple
[ChIlea The equilibration rate constant between bulk and red bacterid®??and emphasizes that energy transfer from bath S
Chl a, ks, is fixed to (3.6 ps)?, as found above (see Figure 5). and S is required for an efficient light harvesting function of
We did not include the 360 fs bulk Chh equilibration carotenoids.
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It is interesting to compare thg-carotene dynamics in PSI  carotenoids and BChl lies in the order of 10's of ciywhich
with those in the PSII core antenna proteins CP43 and CP47.lead to energy transfer time scales of a few picosecéhtts.
These complexes, which each binggZarotene molecules as was concluded from quantum chemical calculations that the
their only carotenoids, are weakly homologous to the inner part “pure” S; state of carotenoids requires mixing with the strongly
of the PSI core antenffaand share structural similarities with  allowed $ state to produce a Coulombic coupling of the
it.30 In CP43 and CP47, the energy transfer efficiency to&£hl magnitude necessary for picosecond energy transfer#&tes’
is 35%2851which is dramatically lower as compared to the PSI Symmetry breaking elements, be it in the carotenoid itself,
core complex. The Sifetime of 5-carotene in CP43 and CP47 interaction with other pigments, or its protein surroundings,
is essentially the same as in solution, indicating that no or very could be responsible for such a phenomenon. In this respect, it
little energy transfer occurs from the State?® This illustrates is interesting to note that-carotene in CP47 experiences an
the very different roles that carotenoids may have in light unusual, highly symmetric, and nonpolar environnf8nthich
harvesting systems that function under vastly different circum- may imply a highly forbidden Sstate forj-carotene in PSII.
stances: PSI is an efficient and robust energy converter However, recent time-dependent density functional theoretical
relatively unsensitive to photodamage, ghdarotene strongly ~ calculations have indicated that, strictly speaking, thetate
partakes in the overall goal of collecting as much light as of the carotenoid does not need to have a transition moment to
possible. In contrast, the PSII core is a highly regulated light- efficiently couple to nearby (B)Chls and that the magnitude of
harvesting system designed to carefully balance energy converthe Coulombic coupling may depend more critically on the
sion and minimizing the photodamage that this process un- geometrical details of donor and acceptor than on the extent of
avoidably accompanies; with relatively long Ghlifetimes in planar distortions of the carotenoid backb&he.
the antenna, it has a relatively high probability of intersystem At present, it remains an open question as of what exactly
crossing to the Cha triplet state, which along with the presence causes the differences in light-harvesting efficiencg-chrotene
of an oxygen evolving complex gives rise to high concentrations in PSI and PSII, and it is evident that additional spectroscopic
of singlet oxygen. Under these perilous circumstanfesar- information, combined with high-resolution structural models
otene exerts an indispensable protective role by quenching Chlof the PSI and PSII core complexes and sophisticated structure-
atriplets and especially singlet oxygen, and its light-harvesting based calculations, are required for a better understanding of
purpose may be minute or even undesirable. the versatily of roles thgt-carotene can adopt in the PSI and

Let us consider the possible physical basis for the differences PSI core complexes.
in energy transfer characteristicsf®tarotene in PSI and PSII. )
Energy transfer from the,State of-carotene to Chain PSI Acknowledgment. J.T.M.K acknowledges Dr. Cherri Hsu
and PSII probably proceeds at similar rates in the order o100 for enlightening discussions. J.T.M.K. is grateful to the Human
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be understood from the concept ofrter-like energy transfer ~ Director, Office of Science, of the U.S. Department of Energy,
between molecules having strongly allowed optical transitions. Under Contract No. DE-AC03-76SF00098. The research at Vrije
The main difference in overall energy transfer efficiency Unllver_s_ltelt is supported by the Netherlands.Organlzatlon for
between PSI and PSII cores lies in energy transfer from the S S.C|entnf|c Research (NWO) via the Foundation of Earth and
state, which accounts for40% of the total carotenoid energy ~ Lifé Sciences (ALW).
transfer in PSI and is basically nonexistent in PSII.

Generally, the energy transfer rate between a donor and
acceptor molecule is proportional to the product of the spectral S (1) Kr\a;\;ﬁs'th';tsc?gpelrt'lg\géDé; l;g_:gg: Fromme, P.; H. Witt, T.;
H H aenger, at. ruct blol. s .
overlaplandl thehsquare of fthe E|eCtron.IC CCiupllngH ThO0 (2) Schubert, W. D.; Klukas, O.; Krauss, N.; Saenger, W.; Fromme,
energy level of the Sstate ofj-carotene in solution has been  p . witt, H. T.J. Mol. Biol. 1997, 272, 741-769.
estimated to lie between 14 650 th{682 nm) and 14 100 cm (3) Gobets, B.; van Amerongen, H.; Monshouwer, R.; Kruip, Jgrieo,
52,53 i i M.; van Grondelle, R.; Dekker, J. Biochim Biophys Acta 1994 1188
(709 nm)> which is close to the Qlevel of Chl a. T
_ConS|der|ng the large W|d}hlsolf9t?2q58an5|tlon generally found (4)' Rétsep, M. Johnson, T. W.: Chitnis, P. R.; Small, GJJPhys
in carotenoids{3000 cnt?1819.225% and that the Qlevels of Chem B200Q 104 836-847.
Chlain PSI and PSII are at most a few hundreds émpart, ~ (5) Soukoulis, V.; Savikhin, S.; Xu, W.; Chitnis, P. G.; Struve, W. S.
it seems likely that the spectral overlap of the Sate of B'Op(gg’srgérg?)ge? Zﬁ' zgl\l/_zéiffa b Schweizer G Bezsmert |
~ . Lo . yan, N. V.; , D.; weitzer, G.; zsmertnaya, .
B C,ar,Otene and'Chﬁk IS S'm"ar 'r? F,)SI and PSII. quever’ a . N.; Holzwarth, A. R.Biochemistry1997 36, 13830-13837.
def!nlte conclusion regardlng this issue must await a determi- (7) Holzwarth, A. R.; Schatz, G.; Brock, H.; Bittersmann Bophys
nation of the in vivo $ energy level in PSI and PSII, as has J. 1993 64, 1813-1826.

n ne for the LH2 mplex of ol h ; ~ (8) van Grondelle, R.; Dekker, J. P.; Gillbro, T.; SundstroV.
been done for the complex of purple photosynthetic Biochim Biophys Acta 1094 1187, 1--65,

i ,19
bacteria and LHCII of plant¥? (9) Gobets, B.; van Stokkum, I. H. M.; ‘Raer, M.; Kruip, J.;
We next consider the possibility that the electronic coupling ch:pﬂdzr, E.; Karapetyan, N. V.; Dekker, J. P.; van Grondelle, R. To be
_ i published.
of tgesff carotene Sar(;d tChnglfta;es maybt|>e S'gn'f'ca?“y Iarlger (10) Trissl, H.-W.PhotosynthRes 1993 35, 247-263.
n a.S Compare 0 : PF)SS_', e reaS(.)n or fa arger  (11) Rivadossi, A.; Zucchell, G.; Garlaschi, F. M.; Jennings, R. C.
electronic coupling could be the significantly higher pigment PhotosynthRes 1999 60, 209-215.
density in PSI with respect to PSII; the PSI and PSII cores have (12) Karapetyan, N. V.; Holzwarth, A. R.;'Roer, M.FEBS Lett1999

approximately equal sizes but bind 100 and 35 Chls, and 20 460 395-400.
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