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ABSTRACT Photosystem | (PS-I) contains a small fraction of chlorophylls (Chls) that absorb at wavelengths longer than the
primary electron donor P700. The total number of these long wavelength Chls and their spectral distribution are strongly
species dependent. In this contribution we present room temperature time-resolved fluorescence data of five PS-I core
complexes that contain different amounts of these long wavelength Chls, i.e., monomeric and trimeric photosystem | particles
of the cyanobacteria Synechocystis sp. PCC 6803, Synechococcus elongatus, and Spirulina platensis, which were obtained
using a synchroscan streak camera. Global analysis of the data reveals considerable differences between the equilibration
components (3.4-15 ps) and trapping components (23-50 ps) of the various PS-I complexes. We show that a relatively simple
compartmental model can be used to reproduce all of the observed kinetics and demonstrate that the large kinetic differences
are purely the result of differences in the long wavelength Chl content. This procedure not only offers rate constants of energy
transfer between and of trapping from the compartments, but also well-defined room temperature emission spectra of the
individual Chl pools. A pool of red shifted Chls absorbing around 702 nm and emitting around 712 nm was found to be a
common feature of all studied PS-I particles. These red shifted Chls were found to be located neither very close to P700 nor
very remote from P700. In Synechococcus trimeric and Spirulina monomeric PS-I cores, a second pool of red Chls was
present which absorbs around 708 nm, and emits around 721 nm. In Spirulina trimeric PS-I cores an even more red shifted
second pool of red Chls was found, absorbing around 715 nm and emitting at 730 nm.

INTRODUCTION

Photosystem | (PS-I) is one of two photosystems in oxy- Recently, the structure of the PS-I core complex of the
genic photosynthesis. It uses the energy of light to transfecyanobacteriumSynechococcus elongatusas resolved
electrons from plastocyanin or soluble cytochrometo  with 4-A resolution (Krauss et al., 1996; Fromme et al.,
NADP™. 1996; Schubert et al., 1997). In this structure, 89 Chl mol-

In plants and green algae, the PS-1 complex consists afcules have been identified, including the 6 &imolecules
two distinct functional units: the PS-1 core and the LHC | that constitute the first part of the electron transfer chain in
peripheral antenna. Although cyanobacterial PS-I lacks thighe RC. The 83 core antenna Chls were found to be arranged
peripheral antenna, their PS-l1 core complexes exhibit @ a more or less elliptically shaped ring around the RC. The
strong homology to those of plants, and, therefore, thelistance of most antenna Chls to any of the RC Chls was
cyanobacterial PS-I can be used as a model system to stuflyund to be larger than 20 A. However, two antenna Chls,
the energy and electron transfer dynamics in the core ofpcated at~14 A from the closest RC Chls, stood out in the
PS-I (Cantrell et al., 1987; Mienhoff et al., 1993). structure, forming a structural, and possibly functional,

The PS-I core is a large protein complex consisting of abridge between the other antenna Chls and the RC. The six
least 11 protein subunits, the largest two of which, PsaA angthis in the RC constitute P700, a pair of accessory Chls,
PsaB, form a heterodimer to which the Iargest fraction of thQind the primary electron accepto5.AAIso, other compo-
core antenna Chls and most of the reaction center (RGjents of the electron-transfer chain, including the three
co-factors are bound. Spectroscopic and structural data ifge,S, iron-sulphur clusters J F,, and R, could be as-
dicate that the core antenna and RC conta®0 chloro-  sjgned in the structure. Combining the structural data with
phyll a (Chla) and 10-25pB-carotene molecules in total single crystal EPR results allowed the localization of the
(Krauss et al., 1996; Karapetyan et al., 1999). two phylloquinones constituting A(Klukas et al., 1999).

The ring-like organization of the antenna around the RC
is a common feature in photosynthesis. The clearest exam-
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i(()j(:r;ss reprint requests to Dr. Bas Gobets, Vrije Universiteit, Division ofOf purple bacteria, which su.rrou.nds.the RC. It ca.n.easny be
Physics and Astronomy, De Boelelaan 1081, 1081 HV Amsterdam, Neth-ShF)v,vn that such an Orga_mzatlon Is a prerequisite for ,an
erlands. Tel.: 312-0447932; Fax: 312-20 4447899; E-mail: bas@natefficient photosystem that includes a bulky RC. A system in
vu.nl. which the RC is located in the center with a relatively large
© 2001 by the Biophysical Society average distance to each antenna Chl, but in contact with
0006-3495/01/07/407/18  $2.00 many of them, is much more favorable than a system in




408 Gobets et al.

which the RC is located at the periphery of the antenna to Although the low energy or red Chls only account for
which it is linked by only a few antenna Chls (Fleming and 2—-10% of the total absorption of the core antenna, they do
van Grondelle, 1997). have a very pronounced effect on the fluorescence proper-

The cyanobacterial core complexes can be isolated botties of the system. Ir'Bynechocystisore complexes with
as monomers and trimers, and, because both are equalinly two C708 red Chls (Gobets et al., 1994) the room
efficient in energy transfer and charge-separation (Turconiemperature fluorescence emission spectrum exhibits a peak
etal., 1996), it is not clear which is the native conformation;around 685-690 nm (F685) with a broad shoulder due to
it may be that a dynamic equilibrium exists between mono+ed Chls at~710 nm. In contrast, irBynechococcuand
mers and trimers in the membrane that can be regulated bgpirulina with more and longer wavelength absorbing red
for instance, the salt-concentration (Kruip et al., 1994).Chis (Palsson et al., 1998; Shubin et al., 1992) the room
Energy transfer between the monomers within a trimer wasemperature emission peaks above 700 nm, with F685 only
found to be negligible at room temperature (Shubin et al.appearing as a shoulder.

1995). At low temperatures the emission from the red Chls fully
dominates all fluorescence spectra, which peakd20 nm

in SynechocystigF720) and~730 nm in Synechococcus
trimers (F730). In trimers o8pirulinaat low temperatures,
one emission band is always present, peaking 280 nm

The PS-I core absorption spectrum is spectrally highly(F730). A second emission band, with a maximum-a60
heterogeneous, and varies from species to species (vamn (F760), may be observed depending on the oxidation
Grondelle et al., 1994). The absorption maximums of mosstate of P700: If P700 is pre-oxidized (using ferry-cyanide)
of the core antenna Chls are distributed between 660 and760 is absent, whereas it is present if the primary electron
690 nm (bulk antenna) (Shubin et al., 1991; Wittmerhaus edonor is reduced. The relatively strong spectral overlap of
al., 1992; van der Lee et al., 1993; Turconi et al., 1993the F760 fluorescence with the absorption spectrum of
Gobets et al., 1994; Hastings et al., 1995; Turconi et al.P700", resulting in quenching of F760 emission, is thought
1996; see also below), which can be compared to théo be the cause of this remarkable feature (Shubin et al.,
absorption maximum of isolated Ghtlisplaying a single 1995). Monomeric PS-I cores ddpirulina only exhibit
broad maximum at-662 nm in organic solvents (Hoff and F730 fluorescence.

Amesz, 1991). A conspicuous feature of all (intact) PS-I A decrease of the temperature also induces a dramatic
cores is the presence of a relatively small number of redncrease of the fluorescence quantum yield of all PS-I
shifted Chl states that absorb at energies lower than that ¢farticles (Gobets et al., 1994; Palsson et al., 1998; Byrdin et
the primary electron donor P700. The amounts and energied., 2000), due the trapping of excitations by the low energy
of these low energy, or red, Chls appear to be highlyChls at low temperatures (see above).

species-dependent (Shubin et al., 1991; Wittmerhaus et al.,

1992; van der Lee et al., 1993; Gobets et al., 1994; Pélssollznnergy transfer and trapping in PS-I

et al., 1996; and below).

Based upon energy selective emission spectra of PSI, ithe core antenna of PS-I is intimately bound to the PS-1 RC
has been proposed that the low energy Chls represeiind, unlike in antenna-RC complexes of photosystem Il and
closely coupled dimers or larger aggregates ob@@lobets  purple-bacterial photosystems, it is not possible to biochem-
et al., 1994). ically separate the core antenna from the RC. Therefore,

In monomeric PS-I core preparations, the number of redime-resolved experiments on native PS-I have to be per-
Chls is generally found to be lower than in trimers. Espe-formed on systems with a large number1(00) of Chh
cially the amplitude of the most red shifted Chl band maymolecules which are all connected by energy transfer. Time-
depend highly upon the aggregation state (Shubin et alresolved spectroscopic experiments on such large anten-
1992; Palsson et al., 1998). This effect suggests that at leasa-RC complexes require the use of very low energy exci-
some of these Chls are located in the periphery of the PStation pulses, to avoid the process of singlet-singlet
core, and that the red shift of these Chls may be induced bgnnihilation (see for a review: Valkunas et al., 1995; van
aggregation (Karapetyan et al., 1999). Grondelle, 1985).

At physiological temperatures the presence of the low Even if experiments are performed very carefully, the
energy Chls does not significantly decrease the quanturdetails of the processes that can be distinguished are limited.
efficiency of charge separation. Even if these Chls ardn an antenna-RC complex containing 100 Chl molecules,
excited directly, thermal energy of the surrounding enablesn principle 100 separate lifetimes are present in the exci-
efficient uphill transfer to P700. At lower temperatures, tation decay process. In reality, one can at best resolve a
however, the red Chls act as traps for excitations, therebjraction of those lifetimes, but only if relatively selective
decreasing the quantum efficiency of charge separatioexcitation and detection is possible. Because the individual
(Palsson et al., 1998; Trissl et al., 1993). absorption and emission spectra of the 100 Chls in PS-I

Low energy (red) chlorophylls
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cores are strongly overlapping, this condition of selectivity During the past decade PS-I of a wide variety of species
can only be met to a very limited extent, and consequenthhas been studied by several groups using (sub)picosecond
only a small number of (average) kinetic processes can beéme-resolved spectroscopic techniques including pump-
discerned. probe (Holzwarth et al., 1993; Hastings et al., 1994, 1995;
The fastest processes that occur are single energy-transfeélsson et al., 1995; Savikhin et al., 1999a; Melkozernov et
steps between two Chls. In PS-I cores, such single steql., 2000), SPT (Holzwarth et al., 1993; Turconi et al., 1993;
transfer processes typically take place with time constantblastings et al., 1994; Turconi et al., 1996; Karapetyan et al.,
of a few 100 fs (Du et al., 1993; Kennis et al., 2001). 1997; Byrdin et al., 2000) and fluorescence up-conversion
Because the donor and acceptor Chls do not necessari(fpu et al., 1993; Kennis et al., 2001). Various rate constants
absorb at significantly different wavelengths, these stepbave been found for the energy redistribution within the
may not be resolved in isotropic measurements. Anisotropicnain antenna, between main antenna Chls and red Chls, and
pump-probe or fluorescence up-conversion experiments camapping in the RC. It has been suggested (Hastings et al.,
reveal energy transfer between iso-energetic Chls, provideti995) that the variability of the results is more likely due to
that the absorbing and emitting dipole moments of donoexperimental differences rather than to real variation be-
and acceptor are not parallel. tween the investigated species. To clarify this point we have
As the Chls in PS-1 absorb at different energies, energylecided to investigate the dynamics of different PS-I cores
redistribution processes take place due to which the initiabf a number of cyanobacteria under identical experimental
distribution of excited antenna molecules transforms into aonditions. These time-resolved fluorescence experiments
more thermally equilibrated distribution. Because the initialwere performed using a synchroscan streak-camera with a
donor and final acceptor Chls absorb at different energiesspectrograph which has an instrumental response3ps
equilibration appears as a decrease of fluorescence, @nd enables us to observe kinetics occurring significantly
bleaching, in one part of the spectrum, and an increase ifaster than 1 ps. In all studies referred to above, either time
fluorescence or bleaching in another. It must be stressed thitices were measured sequentially for different detection
the observed equilibration lifetimes do not necessarily corwavelengths, or spectra were measured sequentially for
respond to a one step energy transfer process, but generathifferent delay times. In contrast to this, our setup integrates
reflect the net result of a (large) number of those steps. Iispectral and temporal data simultaneously resulting in high
PS-I core particles at room temperature, these equilibratioquality spectra which allow quantitative analysis.
components take place between the bulk antenna and the It will be shown that the experimentally observed kinetics
various pools of red Chls in the 2 to 15 ps time-rangeare indeed quite different between the five PS-I particles
(Holzwarth et al., 1993; Turconi et al., 1993; Hastings et al. studied. However, we will clearly demonstrate that the
1994; Hastings et al., 1995; Turconi et al., 1996; Karapetyanlynamics in all these PS-I cores are essentially the same,
et al., 1997; Savikhin et al., 1999a; Melkozernov et al.,and that the observed differences are resulting entirely from
2000; Byrdin et al., 2000; and see below), and within thedifferences in the amounts and energies of the red Chls
bulk antenna on a sub-ps time scale (Savikhin et al., 1999qresent in the various PS-I cores.
Melkozernov et al., 2000; Kennis et al., 2001). In order to
accurately record these processes, high time-resolution, and
spectrally resolved techniques are required such as multMATERIALS AND METHODS

colour pump—probe, quoresgence up-conversion, or Streak'I_'he Synechocystisp. PCC 6803 PS-I monomers and trimers were pre-
camera fluorescence detection. pared as in Kruip et al. (1993), the trimeric PS-l complexes from the
The slowest components that are observed are the S@rermophilic cyanobacteriu®. elongatusvere isolated as in Fromme and
called trapping components, which represent the overall raté/itt (1998) and monomeric and trimeric PS-I particles fr@pirulina
at which excitations disappear from the system by charg@'alt:e’:stﬁwzre rpref’anred axs dﬁif”:tedﬂ']” Kruip e: al' ((11999)'| diured
separation in the RC., following equilibration processes tha{o ag OQSOU; %S.gfcrgevﬁﬂf’ ea bueﬁef Coif;:icnzn ;‘3 em,\ja(r:na‘gzsowr?{,a fute
may have occurred in the antenna on a shorter time scal@gci, 10 mM 2-(N-morpholino)ethane sulfonic acid, and 0.05% wiv
(see above). In time-resolved fluorescence spectroscopiodecyls-p-maltoside at a pH of 6.55ynechocystiand Synechococciis
experiments, trapping appears as the slowest rate of th& 10 mM CaC}, 10 mM MgCL, 10 mM Tris-HCl and 0.03% wiv
system with a decay of fluorescence at all wavelengths ofodecy!-o-maltoside at a pH of 7.8piruling. Ten mM sodium ascor-

. . . . bate and 10uM phenazine meta sulphate were added to all samples to
detection. In pump-probe transient absorption experimentg, ., accuztlatﬁm of P700 P P

trapping is observed as the rate at_WhiC_h _th_e spectrum of T4 avoid multiple excitation of the sample by successive laser flashes it
P700" is formed, which generally lives infinitely on the was contained in a spinning cell (diameter, 10 cm) rotating at 20 Hz. All

time scale of these experiments. Because the trapping corgxperiments were performed at room-temperature (293 K).

ponent typically has a lifetime of tens of ps it can be The samples were excited using 100 to 200-fs pulses at 400 nm, which
’ were generated at a 100 kHz repetition rate using the frequency-doubled

recorded quite accurately’ even with moderate tIme'resoméutput of a laser system consisting of a titanium/sapphire based oscillator

tion techniques such as single photon timing (SPT) (Vancoherent MIRA) and a regenerative amplifier (Coherent REGA). The
Grondelle et al., 1994). excitation light was collimated with a 15 cm focal length lens, resulting in
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a focal diameter of 15@um in the sample. Fluorescence was collected at
right angle to the excitation using achromatic lenses and detected through
a sheet polarizer set at magic angle (S#.With a Hamamatsu C5680
synchroscan streak camera and a Chromex 2501S spectrograph. The streak
images were recorded on a Hamamatsu C4880 CCD camera which was
cooled to—55°C.

The full width at half of the maximum of the overall time response of
this system was 3-3.5 ps. The spectral resolution was 8 nm. One streak
image measured 315 nm in the spectral domain (1018 pixels) and 200 ps
(1000 pixels) in the time domain.

To avoid singlet-singlet annihilation, the pulse energy was reduced to 1
nJ, thus exciting typically only 0.25% of all Chls present in the focus.

The pathlength of the recorded fluorescence emission through the setup
is wavelength-dependent, resulting in a wavelength-dependent position of
time 0 on the streak image. This time dispersion was assessed by recording
the streak image of a (pulsed) white-light continuum which was scattered
in a dilute solution of coffee creamer, and combining this data with the
intrinsic time dispersion of this white-light continuum which was obtained
in a pump-probe measurement of O&reene and Farrow, 1983).

Before the global analysis the streak images were background-sub-
tracted and corrected for difference in sensitivity in the time domain by
division by a streak image of a halogen lamp (shading correction). Subse-
quently the dispersion correction was applied, and the relevant spectral
region of the image was divided in 30—60 traces by spectral integration
over 3-5 nm.

In the global analysis fitting a Gaussian shaped instrument response
function was assumed. The width of this Gaussian was a free parameter of
the fit (typically 3.5 ps). In some cases the fit was improved by allowing
for a small additional contribution~«5%) of a broader Gaussian to the
instrument response. \ )

All measurements were analyzed using a model with a number of 650 675 700 725 750
parallel compartments, which yields decay-associated spectra (DAS). The Wavelength (nm)
periodicity of the synchroscan with a period of 13.4 ns results in a back and

forth sweeping of long lived 1 ns) components. By taking this into . . .
account in the fit, the lifetime and spectrum of a (single) long-lived FIGURE 1 6 K absorption spectra of different cyanobacterial PS-I core

component (such as some free Chl present in the sample) could be esfarticles. &) Monomeric core oSynechocystis SPCC 6803. B) Trimeric
mated accurately on the 200-ps time scale. core of Synechocystis sf2CC 6803.C) Trimeric core ofSynechococcus

All of the DAS shown were corrected for the spectral sensitivity of the €/0ngatus(D) Monomeric core oBpirulina platensis(E) Trimeric core of
apparatus. Spirulina platensis

The quality of the fit was judged by the root mean square error and by
examination of the residual matrix with the help of singular value decom- . ] o
position to extract the temporal and spectral structure (Hoff and Ameszthe absorption bands of red Chls are quite distinct at 6 K, the

1994). maximums of these bands and the number of Chls contained

The target analysis (Holzwarth, 1996) yielded the species associatefh them can be estimated by Gaussian deconvolution of the
emission spectra (SAES) of the different pools of red Chls. In order to bsorption spectra

obtain these spectra a constraint had to be put on the SAES of the Ion8 . .
wavelength Chls which were put to zero at wavelengths shorter-Ga0 The SpECtrur_n of monomeric PS'l core particles from
nm (1st pool) and~690 nm (2nd pool). Synechocystig=ig. 1A) reveals an inhomogeneously broad-

ened absorption band with a maximum at 708 nm (C708).

This band was found to carry an oscillator strength of
RESULTS approximately 2 Cld molecules (Gobets et al., 1994). This
estimation was based on a total number of 65 Chls in the
core antenna. Because the true number of antenna Chls is
In Fig. 1 the 6-K absorption spectra of the various investi-probably closer to 100, we now estimate the number of
gated PS-I particles are displayed. In the region below 70@708 Chls inSynechocystislonomeric PS-I to be close to
nm, the spectra of all particles are very similar, consisting of3. The spectrum of PS-I trimers froBynechocysti§~ig. 1
a large absorption band with a maximum at 680 nm and &) resembles the one reported byt&p et al. (2000) and
shoulder around 673 nm. This spectral region is dominate@xhibits significantly more long wavelength absorption than
by the absorption of the bulk antenna Chls, which comprisenonomeric PS-I from this species. Hayes et al. (2000)
90% or more of the total Chl content. Pronounced differ-suggested that two Chls contribute to C706, and two other
ences between the various PS-| species are observed only@hls contribute to C714. We note, however, that the sug-
the region above 700 nm, where the absorption of a relagestion of Hayes et al. (2000) that these pools are connected
tively small number of red Chls dominates the spectra. Ady energy transfer is at odds with the site-selected emission

OD (A.U)

Absorption spectra
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measurements of Gobets et al. (1994) on trimeric PS-I
particles fromSynechocystig-rom the 6-K OD spectrum of
PS-I trimers fromSynechocystisve estimate that a total
number of 4 to 5 C708 are present in these PS-I cores. The __
exact number of C708 Chls in this species, however, seems3
to vary somewhat between different isolations. <
Two red absorption bands are found in the 6K absorption 8
spectrum of the trimeric core particles 8fynechococcus
(Fig. 1C) with maximums at 708 nm (C708, corresponding
to 4-5 Chés) and 719 nm (C719, corresponding to four L == e
Chlas) (Palsson et al., 1996). The monomers show a 50% 690 700 710 720 730 ’ 740 750 760
reduction of C719 (not investigated in this study) (Palsson
et al., 1998).
The monomeric complexes 8pirulina(Fig. 1D) exhibit FIGURE 2 The red region of the room-temperature absorption spectra of

a dominant absorption band at 708 nm corresponding0  monomeric core oSynechocystis sPCC 6803 golid ling), trimeric core
Chls and a minor contribution of C719-(L Chl). The latter  of Synechocystis sfCC 6803 dashed ling trimeric core ofSynecho-
contribution is not very clear, and may also reflect a tail ofcoccus eIonggtusédotted_Iine}, monome_ric_core oSpi‘rulina platensis
a single band of red Chls that exhibits a large and asym(_long dashed lines)ynd trimeric core oSpirulina pIatens@dashed_—dotted
S s . . lines). The spectro were normalized at the Qy absorption maximum.

metric inhomogeneous distribution. Trimeric PS-I cores of
Spirulina(Fig. 1 E) exhibit an absorption band at708 nm
which is similar to the one found in monomers (C708,
corresponding to~7 Chla) but also display an absorption also at room-temperature exhibits the most red-extended
band with a maximum at 740 nm (C740, corresponding tcabsorption of all studied PS-I particles.
~3 Chla), which constitutes the redmost absorbing species
reported in any PS-I complex. (Shubin et al., 1992; Kara‘Time-resoIved fluorescence measurements
petyan et al., 1997, 1999). The assignments and sizes of the
red Chl pools for the various PS-I species are summarized ilVe have recorded the time-resolved fluorescence kinetics
Table 1. of five different PS-I preparations upon excitation at 400

For comparison the red parts of the room temperatur@m, all under essentially identical conditions. In Fig. 3 we
absorption spectra for the various PS-I cores are shown ishow typical time-resolved fluorescence traces of Spa-
Fig. 2. At room temperature the red Chls only appear as alina trimers for two different wavelengths of detection.
long, featureless red tail to the absorption spectrum. NevThe raw data rfoisy solid and the fit émooth soliyl are
ertheless, some features are still visible. The PS-I cores a¢fhown along with the different lifetime contributions ob-
Synechocystimonomers golid) show the least red absorp- tained in the global analysis of the datlaghed with mark-
tion. PS-I trimers ofSynechocystigdashedl show slightly  ers). We note that the global analysis involved a total of 30
more red absorption, but still much less than the other threto 60 wavelengths of detection.
PS-1 particles.Synechococcugimeric PS-I @otted and Comparing the raw data for detection at 684 nm (Fig) 3
Spirulinamonomeric PS-116ng dashelishow a very sim- and 745 nm (Fig. B) reveals some clear differences: the
ilar red wing, although the latter appears to be slightly bluetrace at 684 nm, which mainly represents the emission from
shifted as compared to the form@&pirulina trimeric PS-I  the bulk Chls, has a very distinct maximum in time, whereas

Wavelength (nm)

TABLE 1 6K and room temperature low energy Chla absorption and emission

First pool (C708) Second pool (C719, C740)
Absorption (hm) Emission (nm) No Absorption (nm) Emission (nm) No
Species 6 K RT 6 K RT chls/100 6 K RT 6 K RT chls/100

Synechocystimonomers 708 703 720 712 ~3
Synechocystigimers 708 702 720 711 ~5

Synechococcusimers 708 702 707 ~5 719 708 730 723 ~4

Spirulina monomers 708 699 712 ~7 719 719 730 721 ~1

P (702) ®) (708) 3)

Spirulinatrimers 708 703 714 ~7 740 715 760 733 ~3

Except for the values in parenthesis, the 6K absorption properties of the low energy Chls were estimated from a Gaussian deconvolution ofdine absorpti
spectra. Room temperature absorption and emission properties were obtained from the target analysis of the time-resolved fluorescenceéadsta. For de
see text.
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-5 0 5 10 15 50 100 150 during the first 15 ps after excitation is not present because
the 3.9- and 15-ps contributions show a negative amplitude
at this wavelength of detection, expressing an increase of
fluorescence with these time constants. Because the 3.9- and
15-ps components show a decay at 684 nm and a rise at 745
nm, these components reflect energy transfer from the bulk
Chls to the red Chls. The 50-ps componetitaggles,
which is positive for both wavelengths of detection, reflects
the overall decay of excitations from the system (trapping
component). The small 4.9-ns contributiangsse$, which

is positive at both wavelengths of detection, can be attrib-
uted to a small fraction of uncoupled Chls present in the
preparation. Results qualitatively very similar to those
shown in Fig. 3 were obtained for all PS-1 species investi-
gated in this study.

Fluorescence (A.U.)

Global analysis

analysis of the data obtained for all PS-1 species studied and
for all wavelengths of detection. The decay associated spec-
' tra of the measurements of the 5 different PS-I core particles
S5 0 5 10 15 50 100 150 are presented in Figs.A-E. All spectra have been scaled to
time (ps) the total number of excitations, and therefore not only the

shapes, but also the amplitudes of the various components
FIGURE 3 Time-resolved fluorescence tracesSpfrulinatrimeric PS-I can be compared directly.

detected at 684 nmAj and 745 nmB), for excitation at 400 nm. Data and . . .
fit are represented bygolid lines dashed lineswith markers represent In all preparations a small decay componentis found with

contributions of different lifetime componentsircles, 0.4 psisquares3.9 4 lifetime of about 5 ns, that was already mentioned with
ps;diamonds 15 ps;triangles,50 ps;crossess ns). Note the change of the reference to Fig. 3 (Fig. A-E crossey The lifetime of
scaling of the time axis at 15 ps. these components and the corresponding spectra, which
peak at 675—678 nm and exhibit a long tail in the red region,
are indicative of CH in solution. We therefore assign these
the trace at 745 nm, which mainly represents emission froncomponents to a fraction of Chls in the preparation that is
the red Chls, does not exhibit such a well-defined maxi-not attached to the protein. Hence, these components do not
mum; the amplitude appears to be almost constant betweeasxpress a process in the intact systems.
5 and 15 ps after excitation. At times later than 15 ps, the

kinetics for both detection wavelengths are very similar, ) o )
decaying almost mono-exponentially to a constant valueggoo';omer ic and trimeric PS-I from Synechocystis sp. PCC
The observed differences during the first 15 ps of both
traces reflect the energy transfer from the bulk Chls emitting/Nith 400-nm light, initially the Soret band, a higher elec-
around 684 nm to the red Chls emitting around 745 nmfronic state of CH, is excited. This state relaxes to the
which causes a rapid initial decrease of the fluorescence &west singlet excited Chlstate (Q) in a few hundred fs,
684 nm, and a simultaneous increase of the fluorescence bBike found for BChl (Limantara et al. 1998). Therefore the
745 nm. fluorescence in the Qregion does not appear instanta-
The various lifetime contributions which were estimatedneously, but rises with a finite time-constant. In all PS-I
by a global analysis fitting procedure (Fig. @ashed with  particles investigated in this study this is evident from a
markerg, display this process in more detail. For 684 nmsub-picosecond component which exhibits an all-negative
detection (Fig. 3A) all contributions but one [the 400 fs DAS (Fig. 4A—E circles). This ingrowth is not observed for
component ¢ircles) reflecting Soret-Q relaxation, see be- direct excitation in the Qregion (data not shown). For
low] show a positive amplitude expressing a decay of flu-Synechocystimonomeric PS-I the lifetime of this compo-
orescence. The analysis demonstrates that the decay inent is fitted by a 0.8 ps lifetime (Fig. A, circles).
cludes significant contributions by a 3.9 Ej(are3 and a The second component in monomeric PS-I fr&yn-
15 ps @iamond} lifetime component, which account for echocystigxhibits a lifetime of 4.4 ps and is represented by
most of the dynamics observed in the first 15 ps aftera DAS which is positive at short wavelengths with a distinct
excitation. For 745-nm detection (Fig.B the rapid decay maximum around 686 nm, crosses zero~&t01 nm, and

I
|
I
I
VRO SOOI DUV ORR - S5 We will now discuss in more detail the results of the global
I
|
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exhibits a shallow negative region above this wavelength
(Fig. 4 A, square3. PS-I from Synechocystiprobably ex-
hibits only one pool of long wavelength Chls, peaking at
708 nm at 6 K (see above), and the 4.4-ps component
displays the net downhill energy transfer from the bulk Chls
to this pool of long wavelength Chils, reflecting the relax-
ation of the initially excited Chl distribution into a thermally
more equilibrated distribution.

This equilibration spectrum is clearly not conservative:
the area above zero is significantly larger than the area
below. This shows that the spectrum is not a pure equili-
bration spectrum, but that also some (fast) trapping from the
non-equilibrated state occurs during the equilibration pro-
cess. Thus, the observed spectrum is the sum of a conser-
vative pure equilibration contribution and a trapping con-
tribution that is positive at all wavelengths. This feature can
be reproduced both by simple compartmental models (see
below) and by structure-based simulations (Gobets et al.,
1998a,b).

The final component in monomeric PS-I froBynecho-
cystisis represented by a DAS that is clearly positive at all
wavelengths of detection and exhibits a lifetime of 23.7 ps,
this being the longest lifetime actually occurring in the
system (the ns lifetime is not due to intact systems, see
above). Such a component is generally referred to as the
trapping component of the system: the spectrum does not
change any more, and decays with one single time-constant.
The trapping DAS ofSynechocystislonomeric PS-I peaks
at 688 nm (Fig. 4A, triangles, reflecting dominant emis-
sion from the bulk Chls. The presence of the few red Chls
in this PS-I species is revealed by a shoulder in the spectrum
around 708 nm.

To distinguish between transfer components which may
also incorporate some non-equilibrium trapping, and the
trapping component as defined above, we will continue to
refer to the former as equilibration or energy transfer com-
ponents.

The results for trimeric PS-I particles fro8ynechocystis
(Fig. 4b) are very similar to those found for monomers. The
lifetimes do not differ significantly, and the DAS only
display slight (but significant) differences. The ingrowth
from the Soret is fitted with a 900-fs lifetime. The equili-
bration component is fitted with a 4.7 ps time-constant (Fig.
4, A andB, square$ and the amplitude of the corresponding
DAS is significantly higher in the trimers as compared to
the monomers. Trapping in trimeric PS-1 8fnechocystis
occurs in 23.2 ps and the corresponding spectrum (Fgy. 4
triangleg differs from that of monomers by a more pro-
nounced shoulder around 708 nm. Both the enhanced am-
plitude of the downhill transfer component and the rise of

FIGURE 4 Decay Associated Spectra of fluorescence decay of differenthe shoulder reflect the higher red Chl content of the PS-I

cyanobacterial PS-I core particles upon excitation at 400 #nMono-
meric core ofSynechocystis s.CC 6803. B) Trimeric core ofSynecho-
cystis sp.PCC 6803. C) Trimeric core ofSynechococcus elongat(3)
Monomeric core ofSpirulina platensis (E) Trimeric core of Spirulina

trimers of Synechocystias compared to monomers (Gobets
et al., 1994; Resep et al., 2000).
The lifetimes of the equilibration components found in

platensis For clarity only one marker is shown for every two data points. this study correspond reasonably well with earlier SPT
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experiments (Hastings et al., 1994; Turconi et al., 1996) antbration DAS of Synechocysti®S-I, showing a maximum
pump-probe experiments (Hastings et al., 1994, 1995) perround 686 nm, and a zero crossing at 700 nm. The negative
formed onSynechocystiBS-I1, in which equilibration upon part is deeper however, and shows a pronounced minimum
aselective excitation was found to occur in 5 and 3.7 psaround 715 nm. The spectrum is more or less conservative,
respectively. Recent pump-probe experiments performed oimdicating that in the trimeric PS-I core &ynechococcus
trimeric PS-I cores fromSynechocystigSavikhin et al., the amount of trapping occurring with the 3.8-ps time-
1999a) reveal a 4.8-ps component as well, although theonstant is negligible.

authors also present a better fit of their data using two In contrast to the 3.8-ps equilibration component, the
equilibration components with lifetimes 2 and 6.5 ps, re-9.6-ps component DAS is highly non-conservative and ba-
spectively. In another recent pump-probe studies on a mixsically consists of a broad positive contribution peaking
ture of PS-I monomers and trimers froBynechocystis around 700 nm. The DAS is about zero abevé30 nm, but
(Melkozernov et al., 2000) equilibration is found to occur in does not become distinctly negative. This shows that a
~2.3 ps. In our data there is no evidence of a (second) fagignificant amount of trapping occurs during the 9.6-ps
equilibration process occurring inr2 ps. Of course, the process. The lack of a clear negative part in the spectrum
time-resolution of the streak camera is less as compared oes not imply that this spectrum is a pure trapping spec-
the above-mentioned pump-probe experiments, but the aprum: the sum of an all positive pure trapping contribution
parent discrepancy of our results with these experimentand a conservative pure transfer component can easily be
could also be due to the use of too high excitation powers impositive at all wavelengths. The differences between the
the latter, resulting in singlet-singlet annihilation which 3.8- and 9.6-ps DAS indicate that in this PS-I species energy
introduces non-physiological and non-exponential decayransfer between the bulk antenna Chls and the first (C708)
components (Valkunas et al., 1995; van Grondelle, 1985)pool of long wavelength Chls occurs on a fast time scale,
Savikhin et al. (1999a) show a power dependence of a tracand that the energy transfer from bulk Chls and C708 to
at 700 nm, but because there is still some difference bemore red shifted Chls takes place on a slower time scale.
tween the lowest and the one-but-lowest energy trace, this So far, these two distinct equilibration components have
does not convincingly rule out annihilation. Also, their not been observed separately. In an early combined SPT
estimate of exciting one out of every 120 Chls would imply pump-probe study (Holzwarth et al., 1993) only one equil-
that with each laser shot, about one-third of the excited PS4bration component was revealed with a time-constant of
complexes would receive more than one excitation, result8—12 ps (depending on the technique applied), although the
ing in annihilation (estimated using Poisson statistics, ancuthors suggested the existence of another unresolved en-
100 Chls/PS-1, assuming no significant amount of energyergy transfer contribution. The spectrum of this single 8- to
transfer between monomers in a trimer). The 1-3 nJ/puls@2-ps component exhibited both pronounced positive and
reported by Melkozernov et al. (2000) could be relativelynegative areas, and is therefore quite different from the
safe, although they do not specify the spot size of the focusveighted sum of the two equilibration spectra that were
of the excitation light. (In fact, they state a pulse energy offound in our experiments. We note that in particular this
1-3 wJ/pulse, but this must certainly be 18V at a 1-kHz ~ phenomenology recorded by Holzwarth et al. (1993) was at
rep rate). the basis of the extensive modelling by Trinkunas and

The lifetime and spectrum of trapping are consistent withHolzwarth (1994). Also, in a very recent SPT study (Byrdin
earlier measurements @ynechocystiBS-I (Turconi et al., et al., 2000) only one energy transfer component was ob-
1996; Hastings et al., 1994, 1995; Savikhin et al., 1999aserved, which had a lifetime of 13 ps, and a spectrum that
Melkozernov et al., 2000). showed a negative area which was much larger than the
positive area, in clear contradiction with both our measure-
ments, and those by Holzwarth et al. (1993).

The final component is fitted with a 35.8-ps time-con-
The fluorescence DAS of trimeric PS-1 froBynechococcus stant, and represents trapping from the equilibrated distri-
following 400 nm excitation are shown in Fig. 4c. In this bution of excitations (Fig. 4, triangles. Synechococcus
species the Soret,Qelaxation also represents the fastestPS-I trimers do not only contain a considerably larger
process, which is fitted with a 500-fs lifetime (Fig.@  number of red Chls but about half of them also appear at
circles). lower energies than iBynechocystigig. 1C and Table 1).

For Synechococcu®S-I trimers, which, in contrast to As a consequence the maximum of the trap spectrum is
Synechocysti$S-I, contain 2 pools of long wavelength shifted to 719 nm, reflecting a dominant contribution of
Chls (C708 and C719), two separate energy transfer confluorescence from the red Chls. The fluorescence of the bulk
ponents of 3.8 and 9.6 ps can be distinguished (Fi§, 4 Chls only appears as a shoulder around 690 nm.
squaresanddiamond3. The 3.8-ps equilibration component  The observed trapping lifetime and spectrum are consis-
exhibits a DAS of which the positive region displays atent with the earlier results by (Holzwarth et al., 1993;
shape and amplitude which are very similar to the equili-Byrdin et al., 2000).

Trimeric PS-I particles from S. elongatus
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Monomeric and trimeric PS-I from Sp. platensis shifted C740 pool that is not present in monomeric PS-I of
this species. For trimeric PS-I fro®pirulinathe ingrowth

In PS-I monomers aSpirulina,the ingrowth from the Soret ¢ 0 o et state is fitted with a 400-fs lifetime (FigEd
state is fitted with a 500-fs lifetime (Fig. B, circles), and circles)

the subsequent events include two equilibration processes In the kinetics ofSpirulina trimeric PS-I two equilibra-

taking plagz_ n 3"; ar_:_(:] 1;2 PS, respectlvtely (E'th’AéSStion components can be distinguished, occurring with time
squaresanddiamonds. The 3.4-ps component peaks a constants of 3.9 and 15 ps (Fige4squaresanddiamond$,

. ; _ [)oth slightly slower than found in the monomeric PS-I
minimum at 715 nm and is more or less conservative. Th%omplexes of this species

lifetime, spectral shape and amplitude of this component are The fast 3.9-ps DAS displays a shape which at first

\ngagg/s'dﬁggﬁilctgcrf:"8'ps component found in trimeric glance appears quite_ similgr to the 3.4-p_s DAS fou_nd in
y e .. monomers. The amplitude is somewhat higher for trimers,
The DAS of the 11.6 ps equilibration component ConS'StSnowever, and the zero crossing and the minimum of the

ofa b.roa'd. hand positive contribution which peaks-@i58 . spectrum are both significantly red shifted to 703 and 722
nm, significantly more to the blue than the correspondmgnm respectively.

DAS in Synechococcu®S-I. In contrast to the second

. - - The 15-ps DAS, which represents the second equilibra-
equilibration DAS ofSynechococcuBS-1 which does not

o - : SEeS tion process, clearly displays more significant differences
exhibit a real negative region, the 11.6 ps DASSpirulina \yith the monomers. In the trimer the spectrum of this

monomeric PS-I slightly drops below zero abov@28 nm.  component is also highly non-conservative, but in contrast
Nevertheless this component is highly non-conservativey, the monomers, the positive region clearly displays a
indicating that also in this species a significant amount ofyy,ple peaked structure, with maximums -a691 and
non-equilibrium trapping occurs during the second equili-—706 nm. The zero-crossing is located at about 740 nm, and
bration process. It seems obvious to associate the occujpe negative region at longer wavelengths is more pro-
rence of two equilibration components 8pirulinamono-  gunced than the corresponding DAS in monomers.

meric PS-I with the presence of two distinctly different Chl Trapping inSpirulinaPS-I trimers is by far the slowest of
pools. An alternative could be, however, that the long wavey)|| the PS-| species we investigated, at 50 ps. Due to the
length region irSpirulinamonomers does not consist of tWo extremely red shifted Chl forms that occurSpirulinaPS-I
distinctly different pools, but rather of a single (large) C708trimers, they exhibit a trapping DAS that is very red shifted,
pool which exhibits an exceptionally broad inhomogeneoushowing a maximum at 730 nm. The contribution of the
distribution. (as suggested above in the discussion of thgylk Chis to this DAS is small, as reflected by the very low
6-K absorption spectra). In this view the two distinct equil- shoulder around 688 nm.

ibration components that are observed may simply reflect An earlier, time-resolved emission study (Karapetyan et
the two-pool approximation of a broad distribution of life- al., 1997) revealed one single 9-ps equilibration component
times and spectra. as well as two all positive components with lifetimes of 28

The trapping lifetime of 37.2 ps and the correspondingto 31 ps and 65 to 69 ps, both in PS-I monomers and trimers
spectrum inSpirulina monomers (Fig. /D, triangleg are  of Spirulina The differences with our observations can
very similar to that ofSynechococcu®S-I trimers. The most probably be ascribed to the much lower time-resolu-
spectrum peaks only slightly more blue (at 715 nm) than theion of the earlier study, which may have caused some
latter (719 nm), and exhibits a slightly higher shoulder atmixing of the different components, because all observed
690 nm. These small differences reflect that, although th&ime constants are either equal to or significantly faster than
total amount of red Chls in both species is comparable, theithe instrument response of the setup used by (Karapetyan et
absorption is on the average slightly more blu&pirulina  al., 1997).
monomeric PS-I as compared &ynechococcugimeric
PS-I (see above).

Our general observation is that all lifetimes and spectraP'SCUSSION
found inSpirulinaPS-I monomers are remarkably similar to Global analysis
those found inSynechococcuBS-I.

In contrast to PS-I fromSynechocystjsthe results of
monomeric and trimeric PS-I ddpirulina differ very sig-  As mentioned in above, in the time-resolved fluorescence
nificantly (Fig. 1 D and E, Fig. 4 D and E). The 6-K  experiments presented here, initially the Soret band, a
absorption spectrum of trimeric PS-I complexes fr8pir-  higher electronic state of Cllis excited, which relaxes to
ulina clearly exhibits two distinct pools of long wavelength the lowest singlet excited Chbstate (Q) in a few hundred
Chls (see above); in addition to the C708 pool, which occurss. Although the instrument response of the streak camera is
throughout all PS-I complexes investigated in this studiessignificantly longer than this relaxation process, it can
trimeric PS-I fromSpirulinaalso exhibits an extremely red clearly be distinguished, which is mostly due to the accu-

Soret-Q,, relaxation
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rately determined~+100 fs) relative position of time O for The positive part of the spectra of this process is very
the different wavelengths of detection. The Sorgtr@ax-  similar in shape and amplitude for all PS-l cores. The
ation is evident from an all-negative DAS, which is presentnegative region of the spectra appears quite similar as well,
in the kinetics of all PS-1 particles studied (Fig.A+E,  although inSynechocystisionomeric and trimeric PS-I this
circles). The fitted lifetime of the relaxation varies between part is less pronounced than in other PS-I particles. The
0.4 and 0.9 ps, but in view of the instrument response of ouspectrum of the fast equilibration component is slightly
setup this variation is not significant. All fitted lifetimes are non-conservative in the PS-1 cores fr@ynechocystidut
probably somewhat slower than the actual lifetime ofitis basically conservative in the other PS-I cores, indicating
Soret-Q relaxation. that some non-equilibrium trapping occurs in the former
Because the Chlmolecules are excited aselectively at particles, which is absent in the latter. This is consistent
400 nm, independent of their,@bsorption maximum, and with the observation that the transfer componentSyn-
because most likely the major part of the energy transfeechocysti$?S-1 cores is slightly slower (4.4 to 4.7 ps), than
occurs after Soret-Qrelaxation, the ingrowth spectra are the fastest transfer component in the other PS-I particles
expected to resemble the, @gion of the OD spectra (after (~3.4 to 3.9 ps).
changing the sign of the spectrum and taking into account The notion that the amount of non-equilibrium trapping
an average Stokes’ shift). The spectra corresponding to thacreases with slower equilibration components makes of
rise (Fig. 4 A-E, circles) indeed show a spectral shape course sense, and is underlined by the spectra of the slower
similar to that of the OD spectrum in the, (@—0) absorp-  second equilibration processes observed irSjxeechococ-
tion region. The minima of the ingrowth spectra occurcus and Spirulina PS-I particles (Fig. 4C-E, diamond$,
between 685 and 689 nm, suggesting a value of the Stoke#hat occur on a time scale of 9.6 to 15 ps and are conse-
shift of 5 to 9 nm for the bulk antenna Chls, which may be quently highly non-conservative.
compared to the-7 nm Stokes’ shift found for Chlin The spectra of the second equilibration components of
solution (Hoff and Amesz, 1991). A Stokes’ shift of 6.5 nm Synechococcusimeric and Spirulina monomeric and tri-
was also found for the single Ghin the cytochromebsf  meric PS-I are qualitatively very similar: they exhibit a
complex fromSynechocystiPeterman et al., 1998). These relatively large positive contribution in the blue part of the
results suggest that in PS-I no significant red shift of thespectrum, and a red part that is only slightly negative. The
emission spectrum occurs in the first few hundred femto-maximum and width of the positive part, however, vary
seconds. significantly between these three PS-I species. These dif-
The amount of carotenoids excited at 400 nix 0%, as  ferences between the DAS of the second equilibration com-
estimated from a comparison with an experiment in whichponent in monomeric and trimeric PS-I particles fr@pi-
the carotenoids were excited directly at 510 nm (results notulina can be readily explained by the differences in
shown). Because most of the transfer from the carotenoidsontents of long wavelength Chls. The second transfer com-
to the Chls occurs on a timescale comparible to the Sgyet Qoonent involves both non-equilibrium trapping from the
relaxation (Kennis et al., 2001), the small fraction of caro-bulk and C708 pools and transfer from these pools to the
tenoids excited at 400 nm will have no significant effectreddest Chl pool. In monomeric PS-I froBpirulinag the
upon our results. emissions of the two long wavelength pools are spectrally
less separated as compared to trimers (see below). There-
fore, in monomers, the positive (decay) contribution of the
emission of C708 to the spectrum of the slow transfer
Because all experiments were performed under magic-angleomponent is, to a certain extent, cancelled by the negative
conditions, no single step transfer kinetics between isofrise) contribution of the emission of the C719 pool. This
energetic Chls could be discerned, because these ultra-fastsults in the slanting red wing, and the lack of a clearly
equilibration components can only be observed by higmegative region in the 11.6-ps DAS of tBirulinamono-
time-resolution anisotropic experiments. Also equilibrationmers. In trimers the emissions of the two red pools are
between spectrally different Chls in the bulk antenna is nospectrally more separated, and consequently there is less
observed for this wavelength of excitation. cancellation of the emission of the C708 pool. This results
We do however observe components that are representéa the two peaks in the positive part of the second transfer
by a DAS which is positive at relatively short wavelengths DAS in trimers, which can therefore be attributed to bulk
and negative in the region of red Chl emission (FigA-<4,  and C708 emission. Furthermore it results in a more distinct
squaresand diamond$, and which reflect the transfer of negative region in the 15-ps DAS in trimers.
excitation energy between the bulk and red Chl pools in the In view of the above explanation, one would expect the
PS-I antenna. second equilibration DAS iBynechococcusimeric PS-I to
In all studied PS-I particles a fast 3.4- to 4.7-ps equili-be peaking even more to the blue tHgpirulinamonomeric
bration process is observed which mainly reflects energyPS-I, because the former exhibits less C708 Chls and more
transfer from the bulk Chlis to the C708 pool of red Chis.C719 Chls than the latter, which would enhance the cancel-

Energy transfer components
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lation effect in the red part of the spectrum. However, this At this stage we have not proven that all of the differ-

is not observed. A possible explanation for this apparenences that we observe between the different PS-I species are
discrepancy is that irBynechococcusiimeric PS-1 more entirely due to the differences in red Chl contents. Below we
non-equilibrium trapping from the C708 Chls occurs duringwill discuss a kinetic model to which we have fitted our data
the second equilibration step. The C708 contribution to theo explore, in more detail, the effects of the spectral com-
second equilibration process 8pirulina PS-I may, in its  position of the antenna upon the experimentally observed
turn, have been lowered, because some additional bulk tepectral-temporal properties of the fluorescence of all PS-I
C708 transfer may have occurred along with the secondpecies studied.

equilibration process as well. An alternative explanation
could be that the numbers and energies of the red Chls thq_[

were found from the 6-K absorption spectrum may not be arget analysis of the tlme-resolved_ f!uorescence
valid at room temperature. data: a compartmental model describing the

kinetics of different PS-I core complexes

In this section the differences and similarities underlying the
variation in the experimentally recorded kinetics of the
For all PS-I particles under investigation, the slowest provarious PS-I particles will be further explored.
cess is the so-called trapping component, which exhibits a Although the coordinates of the antenna Chls are avail-
DAS that is clearly positive at all wavelengths (FigA4E,  able from the crystal structure of PS-I froBynechococcus
triangles. As pointed out above, the designation trapping(Fromme et al., 1996; Krauss et al., 1996), and this has
component is somewhat misleading, as, (non-equilibriumprovided important new insight into the 3-D organization of
trapping also occurs on shorter time scales. this antenna-RC complex in relation to its function, a full
Both the trapping lifetime, which varies between 23 andcalculation of energy transfer in PS-I based on this structure
50 ps, and the trapping spectrum depend strongly on this not straightforward. First of all, information about the
numbers and energies of the red Chls, present in the variousientation of the transition dipole moments of the Chls is
PS-I particles (Fig. 4A-E, triangleg. This pronounced currently missing. Second, the positions of the different Chl
correlation can easily be understood in a qualitative mannespectral forms are unknown. Finally, the structure is known
If the excitation density distribution reflected in the trap only for SynechococcuBS-I. In view of the spectroscopic
spectrum represents a (quasi) Boltzmann equilibrium of thelifferences, small variations of the protein structure and Chl
excitation density over the PS-I antenna Chls, the exponerbinding sites must be present between the different PS-I
tial Boltzmann factor will cause the equilibrium to shift species that we have investigated, although the global or-
rapidly to lower energies if the energies of the red states arganization of different PS-I species is expected to be un-
lowered. Likewise, the number ratio in the Boltzmann factorchanged.
will shift the equilibrium dependent on the number of red Even if these difficulties are overcome by obtaining high
Chls relative to the bulk Chl The shift of the equilibrium resolution structures of the relevant proteins, relating the
also accounts for the observed increase in trapping lifetimestructure of a photosynthetic protein to spectroscopic data
The emission of the low energy Chls has a lower spectrahas proven to be very difficult, even for systems with a
overlap with the absorption of P700 than the bulk Chls (seenuch smaller amount of Chls, such as, for instance, the
also below). If the low energy Chls are not located excepFMO antenna complex (Savikhin et al., 1999b) or LHC I
tionally close to the RC, concentration of the excitations on(Gradinaru et al., 1998).
these Chls will consequently result in a decreased trapping Therefore we favor a relatively simple compartmental
rate. model over a structure-based calculation. This approach
It can therefore be concluded that effectively the presencallows for a unified description of the dynamics in all
of red Chls lowers the efficiency of charge separation, but itstudied PS-I cores, and generates a relatively small number
must be noted that slowing down trapping from 20 to 50 psof rate constants that transparently reflect the macroscopic
only results in a decrease of the quantum vyield of chargenergy transfer processes between spectrally different Chl
separation of 99.6 to 99.0% (assuming an intrinsic fluorespools. The results of this analysis allow us to quantitatively
cence lifetime of CH of 5 ns), which is not expected to compare the various PS-I cores.
seriously affect the organism. Because we chose to use discrete spectral pools, inhomo-
We would like to point out that even though at shortergeneous broadening, allthough known to be large for the
time scales energy transfer processes occur that lead tong wavelength Chls (Gobets et al., 1994; Palsson et al.,
equilibration of the excitation energy throughout the an-1996), is not explicitly included in our model.
tenna, this does not necessarily imply that the trap-spectrum The compartmental model, presented in Fig. 5, consists
reflects a fully Boltzmann-equilibrated distribution of exci- of five compartments, representing the Soret stStef all
tations, but rather a so-called transfer equilibrium (Laible etspectral forms, and the Btates of the bulk Chl pooBj,
al., 1994). two red shifted Chl poolsl(and?2), and a pool representing

Trapping components
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FIGURE 5 Compartmental model describing the kinetics of different cyanobacterial PS-I core particles upon excitation at 400 nm.

free Chls that are not connected to the PS-1 cB)efor the  energy transfer ratekgq, Kgo, Kig, Kog, and the free Chl
modelling of Synechocysti®S-I, the second pool of red decay rateke. Two sets of fits were generated. In the first
shifted Chls was omitted from the scheme. set, the trapping rate from the bulk, was a free param-
The following rate constants were included in the model.eter as well and could vary between different PS-I species.
1) From the Soret compartment, irreversible energy transfein the second sek; was fixed to (18 ps)* for all species.
occurs to the three or four Qrompartments with the rate To solve the model, a constraint had to be imposed on the
constantskgg, Ksg, ks, and kse The sum of these rate emission spectra of some pools, and, therefore, the emission
constants represents the observed Sopete@axation rate.  spectra of the low energy Chis were forced to be zero below,
The four individual rates do not have an actual physicalrespectively,~680, and~690 nm for the first and second
meaning, but merely account for the initial distribution of pool of red Chls. Because the Soret state does not fluoresce
the excitations over the different compartments, and scala the spectral region that was recorded, its spectrum was set
with the total number of Chls in each of the pools. 2) Uphill to zero for all wavelengths. Some of the parameters were
and downhill energy transfer occurs between the red Chvaried manually to meet some boundary conditions that
compartments and the bulk Chl compartment with ratecould not be implemented directly in the target analysis.
constantKg,, Kgo, Kig, andkyg. First, the Soret to Qratesks; and ks, were adjusted
We have not included direct energy transfer betweemmanually toksg to match the initial fraction of excitations
different pools of red Chls because low temperature fluo-on each Q pool to the number of Chls contained in that
rescence emission spectra $pirulina trimeric PS-1 indi-  pool (table 1), to account for the aselective excitation.
cate that energy transfer between different pools of red ChiSecond, we required the SAES resulting from the target
is not very efficient (Shubin et al., 1995). Although energy analysis to have equal areas. These areas reflect the relative
transfer may occur between the two red poolsSimecho- oscillator strength per Chl in each emitting pool, which is
coccustrimeric PS-I (Palsson et al., 1996), we regard it aspresupposed to be equal for all spectral forms. The areas of
a secondary effect. 3) Trapping occurs from the bulk Chighe spectra of the different pools were balanced by varying
with a rate constark;g and from the red Chl compartments the trapping rates from the red Clig,, k;,, as well as the
with rate constantk;, andky,. 4) Free Chl emission decays free Chl Soret to Qy relaxation rate For some of the
with a rate constark. data-sets it was not possible to completely balance the areas
P700 was not included as a separate compartment in thef the spectra resulting from the target analysis. This prob-
target analysis of our data. Due to the fact that both trappindem mainly occurred for the fits in which the bulk trapping
and back-transfer to the antenna occur on a sub picosecomdte was fixed. In those cases we optimized the values of
time scale (Gobets, unpublished results), the density ok, kr,, andkge to get as close as possible to equal areas
excitations on P700 is very small at all times, and hence, theelow the spectra. The final areas of the spectra deviated
actual contribution of P700 to the total fluorescence is too<10% from that of equal areas.
small to be distinguished from our data. Under the constraints and conditions discussed above, the
The compartmental model was fitted to the data (targetarget analysis always converged to a unique optimal solu-
analysis), yielding the emission spectra of the differenttion.
pools of Chls, as well as the rate constants that were Due to the restrictions imposed by the model, the quality
introduced above (Holzwarth, 1996). In order to solve theof the fit decreased slightly as compared to the analysis with
model, the number of free parameters had to be reduced tparallel decaying components discussed above, which is
fixing or manually varying some of the rate constants. Thereflected by a small increase of the root mean square error
free rates were the Soret to bulk relaxation rkig, the by between 2% and 8%, and some temporal and spectral
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structure appearing in the residual matrix of the singular 650 875 700 725 750 775
value decomposition. Nevertheless, the quality of the fit
remained very good. The kinetic parameters resulting from
the target analysis resulted in system lifetimes which in
almost all cases deviated10% from those found using the
model with parallel decaying components (Fig. 4 and
above).

SAES

The SAES resulting from the target analysis of the five PS-I
species are presented in FigA6E. The results of the fit
with a free bulk trapping rate are represented by dashed
curves, and the fits for which a fixed bulk trapping rate of
(18 ps) * was imposed are represented by solid lines with
markers. In the cases where the areas of the SAES could not
be fully balanced (see above), the spectra were scaled af-
terwards for ease of comparison. Note that in all cases the
difference between the shapes of the spectra obtained from
these two different fits is negligible.

The compartment of the free Chls is in all species repre-
sented by an identical spectrurar@gsse¥ that exhibits a
maximum around 676 nm and shows a distinct long red tail
which extends beyond the window of observation. This
spectrum is very characteristic for the emission of mono-
meric Chh in solution (Hoff and Amesz, 1991).

In all species the emission from the bulk compartment is
represented by a rather characteristic shaped SAES
(square$. We note that these bulk spectra are indistinguish-
able between the different PS-1 species, reflecting the lack
of clear differences in the dominating band of the absorption
spectra. The bulk SAES exhibits a maximum around 688
nm, and shows a long red tail. Except for the 12-nm red
shift, the spectrum is nearly indistinguishable from the free - e .
Chl emission spectrum. / <

The SAES of the C708 pool of red Chlgiéngles look
very similar for all studied species, underpinning the strong — . — . :
similarity between C708 Chls contained in the PS-I cores of A o bulk
the different species. The maximums of these spectra all
appear around 712 nm, and the spectra are considerably
broader than those of the bulk Chls, reflecting the strong
homogeneous and inhomogeneous broadening in these red
Chl pools (Gobets et al., 1994; Palsson et al., 1996sépa
et al., 2000). The similarity between the emission spectra of
the C708 pools of red Chls in all PS-I species studied is A g
striking, considering the large differences in the red parts of 650 675 700

Fluorescence (A.U)

725 750 775

the 6-K absorption spectra between the different PS-I spe- Wavelength (nm)
cies.

FIGURE 6 SAES of target analysis of fluorescence decay of different
Even more remarkable are the SAES of the C719 poolgyanobacterial PS-I core particles upon excitation at 400 #nMono-

occurring inSynechococcuBS-I trimers and@pirulinaPS-I  meric core ofSynechocystis s.CC 6803. B) Trimeric core ofSynecho-
monomers, which are practically identical. The maximumcystis spPCC 6803. €) Trimeric core ofSynechococcus elongatu®)
of these spectra occurs af720 nm, and the width of these Monomeric core ofSpirulina platensis (E) Trimeric core of Spirulina

. hat | than for the first (C708 | flatensisSoIid lines the SAES of a fit for which the value &g was fixed
spectra is Somew at larger a,n or the firs ( ) poo _0 0 (18 ps) *; dashed linesa fit for which k;z was a free parameter of the
red Chls, reflecting the larger (in)homogeneous broadening. squares bulk emission:triangles first red pool emissiongircles

of these pools (Palsson et al., 1996). The SAES of the C74&kcond red pool emissionrossesfree Chl emission.
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pool in Spirulinatrimers is even more red shifted, reaching ratio of the forward Kg,) and backwardl(,g) rates that only
a maximum at 733 nm, and the spectrum is even broadatiffer by ~25% between these two species. This is in clear
reflecting an even larger (in)homogeneous broadening ofontradiction with the estimated numbers of Chls contained
this pool. in this pool (4 inSynechococcusimeric PS-lversusl in

The maximums of the room temperature emission spectr&pirulina monomeric PS-I), from which a 75% difference
of the different pools of red Chls occur at wavelengths thatwould be expected. These findings strongly suggest that
are about equal to, or even shorter than, their respective 6-Khonomeric PS-I fronSpirulina contains more C719 Chls
absorption maximums. This remarkable feature can be exand consequently less C708 Chls) at room temperature than
plained by a significant blue shift of the absorption maxi- anticipated from the Gaussian fit of the 6-K absorption
mums of these red pools at room temperaturdé§®aet al., spectrum.
2000). We will use the ratio of the forward and backward energy
transfer rates, and the stoichiometric estimates to calculate
the energy difference between the red Chl pools and the
bulk Chls, using the concept of detailed balance, which
The fitted values of the various rates that occur in the modestates that the energy difference between two different pools
(Fig. 5) are listed in table 2. Both the results of the fit with of Chls A and B can be expressed&B = k,T In(NpKag/
a fixed bulk trapping rate and the fit in which this rate was Ngkg,), in whichk, represents Boltzmann'’s constant (0.695
a free parameter of the fit are shown, the latter in parentheem *K™%), T the absolute temperature, the number of
ses. Chls in pool x, and,, the transfer rate from poadto pool

We emphasize that the rates of energy transfer and trapy= Using the stoichiometric values from table 1 and the
ping in table 2 represent effective rates. The actual values dfansfer rates from table 2, we find for the C708 pool in all
these rates would change in case a P700 compartment coudtudied PS-I particles a value & which varies between
have been included in the model. However, the ratios be350 and 515 cm?, corresponding to a room temperature
tween forward and backward rates and the ratios betweeabsorption maximum of this pool at around 702 nm, which
the various trapping rates are hardly affected by such anorresponds well with the 702—704-nm value reported in
additional compartment, and it is these ratios rather than thR&sep et al. (2000), and also seems reasonable in view of
actual rates, that are important for our conclusions. the ~712 nm emission maximum of this pool (see above),

The Soret to Qrates are not listed, because their indi- and the 10 nm Stokes’ shift reported in (Gobets et al., 1994).
vidual values do not have a physical significance (see The energy difference of the second (C719) pool of red
above). The sum of Soret to,Qates varied between (0.4 Chls in SynechococcuBS-I is found to be~570 cm 2,
ps) ' and (0.8 ps)?, in line with the 400- to 900-fs life- corresponding to an absorption maximum-6f08 nm. This
times found in the parallel model. value seems to be realistic in view of the emission maxi-

The characteristics of energy transfer between the bulknum of this pool, which appears at 723 nm. The 11-nm blue
and red pools are expressed by the rédgs Kg,, k;5, and  shift of the absorption maximum of the C719 pool from 719
k,g. Because the number of Chls in this first pool of (C708)nm to 708 nm upon the increase of the temperature from 6
Chls increases from 3 iBynechocystiBS-I monomersto 5 K to room temperature, is considerably larger than the 4- to
in Synechocysti®S-1 trimers andSynechococcuBS-I tri-  6-nm shift found for the C708 pool (Reep et al., 2000; see
mers, and-7 in SpirulinaPS-1, the ratidkg,/k; g is expected above), which indicates that the Chls in the C719 pool are
to increase correspondingly. The rakig,/k,z does indeed more strongly coupled to their environment than those in the
follow the stoichiometry of the C708 quite well. C708 pool.

In the C719 pool of red Chls that appearsSynechococ- As pointed out above we found a discrepancy between
custrimeric PSI andSpirulinamonomeric PS-I, we find a our time-resolved data, and the estimated stoichiometry of

Energy transfer

TABLE 2 Reciprocal of the rates from target analysis

(Transfer rates)* (ps) (Transfer rates) (ps)

Species kKe1 kig Ks2 Ko krg kr1 kr2 ke~ * (ns)
Synechocystimmonomers 31 (27) 8.6 (8.3) 18(18) 170(200 4.8 (5.0)
Synechocystiimers 18 (20) 8.9 (8.4) 18(17) 38(63) 6.7 (7.1)
Synechococcusimers 18 (18) 9.3(9.5) 26 (22) 17 (16) 18(20) 21(13 inf (inf) 5.3(5.3)
Spirulinamonomers 19 (15) 7.8 (10.2) 43 (38) 20 (22) 18(29) 48(198) inf (200 5.0 (4.8)
Spirulina trimers 15 (13) 9.7 (12.3) 24 (28) 27(30) 18(27) 30(22) 450(260) 4.0 (4.3)

Parameters set in italic numbers were fixed or varied manually, plain numbers indicate free-fitting parameters. Results are shown both foich fit in wh
the value ofk;g was fixed to a value of @ PS) * and for a fit in whichk;g was a free fitting parameter (values in parentheses). For more details, see
text.
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the pools of red Chls irspirulina PS-1 monomers. This is SynechocystiBS-1 has only very few, not very red shifted,
also reflected by the unrealistically large value of about 800ed Chls, and, therefore, the effect that these red Chls have
cm ! for the calculated energy difference between the bulkupon the energy transfer and trapping dynamics is relatively
and the second pool of red Chls in this PS-I species, if théimited. This is illustrated by the fact that the (18 pSpulk
C719 pool would consist of only one single Chl. If however trapping rate constant is quite close to the 23- to 24-ps
we propose that instead of seven C708 and one C719 Chime-constant found foSynechocysti®S-I in the parallel
five C708 and three C719 Chls are preserBpirulinaPS-I  model. Modelling of the dynamics i8ynechocysti®S-I,
monomers, the calculated energy difference between thieased on the Chl coordinates from the structur8yfecho-
C719 and the bulk Chls pool is575 cm %, corresponding  coccusPS-I (Gobets et al., 1998b), also showed a 18-ps
to a 708-nm absorption maximum, very comparable to therapping time upon removal of the two red Chls, which
value found forSynechococcuBS-I trimers. strongly suggests that this is indeed the trapping time in a
The reduction of the number of C708 Chis$pirulina  bulk PS-I without red Chls.
monomers from 7 to 5 also leads to a room temperature The structure oSynechococcuBS-I reveals that the bulk
absorption maximum at 702 nm, which is more in line with of the antenna Chls are scattered in an ellipse around the
the C708 pool in the other PS-I cores (Table 1, valueRC. This organization defines the bulk to RC transfer rate,
between parentheses). which in turn largely determines the effective rate of trap-
We must therefore conclude that at room temperature thping krg from the bulk Chls (Gobets et al., 1998b). Because
red Chl contents oSpirulinaPS-I monomers must be very the sequence homology is highly conserved between differ-
comparable to the that ddynechococcusvith a slightly  ent PS-I species (Cantrell et al., 1987; Menhoff et al.,
lower amount of C719 Chls, and that the stoichiometry1993) this organization will essentially be the same in all
which was estimated from ¢h6 K absorption spectrum these species. Because also the spectral properties of the
cannot be applied at room temperature $mirulinamono-  bulk and RC Chls do not vary significantly between the PS-|
meric PS-I. This explains the remarkable kinetic and specspecies investigated in this study (Fig. 1) it seems quite
tral similarity between both species at room temperature, ascceptable to propose that the bulk trapping properties are
was already mentioned in the results section. essentially the same for all PS-I species, and that in view of
The energy difference between the second red pool ithe discussion above, the value of this trapping r&te,
Spirulina trimeric PS-1 (C740) and the bulk, is about 725 should be fixed to~(18 ps) .
cm ™, which corresponds to an absorption maximum at 715 The trapping rates from any pool of antenna Chls depend
nm. This is a realistic value in view of the emission maxi- in first order on the (average) distance of these Chls to P700,
mum at 733 nm. The apparent Stokes’ shift of 18 nm istheir relative orientation to P700, and the overlap integral of
comparable to the 20 nm Stokes’ shift found at 6 K. Thetheir emission spectrum with the absorption of P700. If the
blue shift of 25 nm upon a rise of the temperature from 6 Kaverage location and orientation of the Chls in a red pool are
to room temperature is about five times more than found imot very different from the bulk Chls, the relative trapping
Synechocysti®S-1 (Rasep et al., 2000; see above) andrate from that pool as compared to the bulk Chis only
about two times more than found 8ynechococcusimeric  depends upon the relative spectral overlap between the
PS-1 (see above), indicating an even stronger coupling of themission of these red Chls with the absorption of P700. At
Chls in this extremely red shifted pool to their local envi- low temperatures this overlap is very small, resulting in
ronment. slow trapping from the red Chls, and a low quantum effi-
ciency of charge separation. Upon an increase of tempera-
Trapping ture the overlap increases due Fo a number of causes. First
of all the emission (and absorption) of the strongly coupled
If the bulk trapping ratekg, is regarded as a free parameterred Chls blue shifts quite significantly, toward the absorp-
of the fit, its value varies between (17 ps)and (29 ps)*  tion of P700 (Résep et al., 2000). Secondly, the absorption
in the different PS-I cores. Despite this spread of values, iband of P700 and the emission of the red Chls broaden with
turns out that the quality of the fit decreases only slightly byincreasing temperature. Finally, in the pools of red Chis,
fixing this value to (18 ps)*. This common value ok;z  which are significantly inhomogeneously broadened at low
had to be chosen quite close to the value found in botliemperatures excitations mainly reside on the lower energy
monomeric and trimeric PS-I fro@ynechocysti; orderto  Chls in the distribution, whereas at higher temperatures, the
obtain a good fit of the model to the results of these PS-higher energy Chls in the distribution can also be excited,
particles. The sensitivity of the model to tBgnechocystis which results in a further blue shift of the (average) emis-
PS-1 data upon varying g has two reasons. First of all, in sion of the red Chls.
our view, this species exhibits only one pool of red Chls, The room temperature trapping rates from the red Chl
and, hence, the model fdBynechocysti$®S-I has three pools may be roughly estimated from the emission spectra
fewer degrees of freedom (two transfer rates and a trappinfpund in the target analyses, and a P700 absorption spec-
rate) than the species with two pools of red Chls. Secondlytrum, which can roughly be approximated by a Gaussian
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with a FWHM of 20 nm, peaking at 698 nm (Palsson et al., A target analysis of these data demonstrates that the
1998). The direct trapping rates from the pools of red Chlskinetic and spectral differences between these particles most
that are calculated this way turn out to be quite significant:probably result exclusively from the differences in amounts
the direct trapping rates from the C708, C719, and C74@nd energies of red Chls, and that trapping from the bulk
pools are estimated to be about 80, 30, and 15% of the bulhls may be described by a single (18 p'sjate constant.
trapping rate, respectively. The accuracy of the smaller The direct trapping rate from the C708 pool was found to
numbers is limited because they depend strongly upon thie only slightly slower than trapping from the bulk Chls.
exact properties of the extreme blue edge of the calculatedrapping from the other red pools was found to be at least
emission spectra, and because the spectral resolution of tla@ order of magnitude slower. Because the overall trapping
experimental emission spectra is only 8 nm. kinetics slows down with an increase of the number of red
The trapping rates estimated this in way are comparabl€hls and a lowering of their energies, we conclude that
to the trapping rates directly resulting from the target analincreasing the trapping efficiency of the system is appar-
ysis. The trapping ratds;, from the first pool of red Chls ently not a function of the red Chls. The trapping rate from
(C708) for the fit with the fixed bulk trapping rateg are  the bulk and C708 pools were found to be more or less
all of the same order ak.g, roughly matching the 80% proportional to the overlap between their emission spectrum
estimate. The values &f, for the fit with free bulk trapping  and the absorption of P700. This leads us to the conclusion
are slightly higher, but still comparable. Monomeric PS-I of that the C708 Chls do not have a location very close to or far
Synechocystiss the only exception with a value d;;  away from the reaction center, in agreement with Byrdin et
which is only about 10% ofk;g. It could be that the al. (2000). The trapping rate from the reddest Chl pools
preparation of monomeric particles is heterogeneous, in theeems to be lower than expected from the overlap-based
sense that some particles may contain more red Chls, arestimate, possibly indicating a more remote location of
other less (or none), which results in the generally observethese Chls in the structure.
slightly lower red Chl content as compared to trimeric PS-I  Clear, well defined spectra were obtained for the different
from the same species. spectral forms, which show that the emission of the bulk
The trapping ratek;, from the second pools of red Chls Chils and the C708, C719, and C740 pools can also be
measure only 10% ;g or less, which is lower than the distinguished at room temperature. The room temperature
estimates indicated above. It must be noted that, in contragimission spectra of the red Chls are very broad and dis-
to the trapping rates from the first pool of red Chls, thetinctly different from the bulk Chl emission spectra, reflect-
boundary conditions (equal spectral areas) do not deperidg that the homogeneous and/or inhomogeneous broaden-
too strongly upon these (small) trapping rates, and thereforig of the red Chl pools are also large at room temperature.
merely represent an order of magnitude estimate. The red Chl pools are considerably blue shifted at room
temperature. C708 absorbs around 702 nm and emits around
712 nm; C719 absorbs around 708 nm and emits around 722
nm; and C740 absorbs around 715 nm and emits at 733 nm.
The more red shifted a pool is, the stronger the Chls in that
In this work we have investigated monomeric and trimericpool are coupled to their local environment, which is ex-
PS-I preparations dBynechocystis sfpPCC 6803,S. elon-  pressed by a larger temperature-dependent blue shift of this
gatus and Sp. platensiqusing room temperature time-re- pool.
solved fluorescence spectroscopy. The 6-K steady state
absorption spectra of these preparations reveal pronounced
differences in the amounts and energies of their respectiv‘éhis research was supported by the Netherlands Organization for Scientific
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