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ABSTRACT Ultrafast transient absorption spectroscopy was used to probe excitation energy transfer and trapping at 77 K
in the photosystem | (PSI) core antenna from the cyanobacterium Synechocystis sp. PCC 6803. Excitation of the bulk antenna
at 670 and 680 nm induces a subpicosecond energy transfer process that populates the Chl a spectral form at 685-687 nm
within few transfer steps (300-400 fs). On a picosecond time scale equilibration with the longest-wavelength absorbing
pigments occurs within 4-6 ps, slightly slower than at room temperature. At low temperatures in the absence of uphill energy
transfer the energy equilibration processes involve low-energy shifted chlorophyll spectral forms of the bulk antenna
participating in a 30-50-ps process of photochemical trapping of the excitation by P,,,. These spectral forms might originate
from clustered pigments in the core antenna and coupled chlorophylls of the reaction center. Part of the excitation is trapped
on a pool of the longest-wavelength absorbing pigments serving as deep traps at 77 K. Transient hole burning of the
ground-state absorption of the PSI with excitation at 710 and 720 nm indicates heterogeneity of the red pigment absorption
band with two broad homogeneous transitions at 708 nm and 714 nm (full-width at half-maximum (fwhm) ~ 200-300 cm~").
The origin of these two bands is attributed to the presence of two chlorophyll dimers, while the appearance of the early time
bleaching bands at 683 nm and 678 nm under excitation into the red side of the absorption spectrum (>690 nm) can be
explained by borrowing of the dipole strength by the ground-state absorption of the chlorophyll a monomers from the
excited-state absorption of the dimeric red pigments.

INTRODUCTION

Photosystem | (PSI) of oxygen-evolving cyanobacteria, alcharge separation. Electron transfer to secondary acceptor
gae, and higher plants is a membrane supramolecular cord, (phylloquinone) and iron-sulfur centers, Fand Fg
plex with ferredoxin-NADP-reductase activity sensitized by (Brettel, 1997) follows the primary event.
chlorophyll a-dependent conversion of solar energy into Extensive studies of excitation transfer and photochemi-
chemical energy of transmembrane charge separation. Igal trapping in the PSI core antenna (see van Grondelle et
cyanobacteria, PSI is found as trimers (Boekema et alal., 1994 and van Amerongen et al., 2000, for reviews)
1987; Schubert et al., 1997), while in higher plants it isdemonstrated that the decay of excited &M the PSI core
organized as a monomer of the PSI core complex suris multiexponential and results from the spectral inhomoge-
rounded by eight peripheral chlorophyll (Cldjbcontain-  neity and specific structural organization of the @hdpec-
ing light-harvesting I (LHCI) complexes (Boekema et al., tral forms in the complex. The distances between &€hl
1990). molecules in the core antenna predict subpicosecond energy
The chromophore part of the monomeric PSI core antransfer rates based on the'rr inductive resonance
tenna consists 0f~100 chemically identical Cha mole-  mechanism with an average single-step transfer time of
cules. The protein environment modifies the site energies of 200 fs (Du et al., 1993; Schubert et al., 1997). The
Chlamolecules, resulting in a distribution of spectral forms gyppicosecond energy transfer was recently detected at
in the Q, region. In the highly heterogeneous absorptionygom temperature in the PSI core antenna from cyanobac-
spectrum, each spectral form is a result of either pigmentye(ia Synechocystis SPCC 6803 (Melkozernov et al., 1998,
protein or pigment-pigment interaction. Different parts of 500pa; Savikhin et al., 1999, 2000) aSgirulina platensis
the PSI core perform different functions. The bulk antenna o zwarth et al., 1998). Excitation into the blue edge of the
captures light and equilibrates the chlorophyll excitationgpsormtion around 660 nm induces downhill energy transfer
over the whole complex. The primary donogoRin the it jifetimes of 0.3-0.6 ps between bulk antenna chioro-
central part of the comple>_< traps the exmta_tlon and trar_wsferBhy”S, which was interpreted as a major equilibration phase
an electron to a monomeric Chl redox carrier as the PrIMary, the antenna. On a picosecond time scale the equilibration

process involves a broad inhomogeneous band of low en-
ergy (red) pigments absorbing below 700 nm. This well-
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teria Synechococcus elongat®—15 ps) (Turconi et al., bulk antenna at 670 nm and the lower energy spectral forms
1993; Byrdin et al., 2000) an®pirulina platensis(9 ps) at 695, 700, 710, and 720 nm. It is shown that the mecha-
(Dorra et al., 1998) are probably associated with additionahisms of the energy equilibration and trapping by the reac-
pools of low-energy pigments in these species. At physiotion center in the PSI at low temperature are similar to that
logical temperatures the excitation of the equilibrated anat physiological temperatures. The origin of the longest-
tenna in the PSI core is trapped by,pwithin 20—-30 ps in  wavelength absorbing spectral forms at 708 and 714 nm in
SynechocystiBSI (Hecks et al., 1994; Hastings et al., 1994,PSI fromSynechocystis sP.CC 6803 is discussed based on
1995a; Dimagno et al., 1995; Melkozernov et al., 1998), andhe detailed transient hole-burning study of the longest-
35-50 ps in cyanobacteri@. elongatusand S. platensis wavelength absorbing spectral forms.
(Holzwarth et al., 1998; Gobets et al., 1998b; Karapetyan et
al., 1999). If the Foster-type energy transfer between pig-
ments dominates excitation dynamics in the bulk core anMATERIALS AND METHODS
tenna of the PSI, similar well-separated time scales (subpisolation of photosystem |
cpsecond equ”ibrat-ion between indiVidue-ll pigments ang hotosystem | particles were isolated from the photosystem Il-less mutant
pigment clusters, picosecond energy redIStr.lbUtlon to.re&szI/g/Dll of ICt)he cyanobacteriurSynechocystiF; smcyc 6803 as de-
spectral forms and 20-40 ps photochemical trapping cribed earlier (Hastings et al., 1994). The @,y ratio in a mixture of
would be expected at lower temperatures. To date, N0 de>s| monomers and trimers was90.
tailed study of excitation dynamics in the PSI core antenna
at low temperature is available.

Pigment-pigment interactions in the clusters of pigmentsf ransient absorption spectroscopy
could contribute to excitonic spectral forms shifted to thego ime-resolved absorption spectroscopy at 77 K the sample was resus-
red relative to the absorption band of the bulk antenngended in 20 mM Tris HCI buffer, pH 8.0, 100 mM MgC10.03%
(Melkozernov et al., 2000a, b). A nonphotochemical hole-B-dodecyl maltoside, 20 mM sodium ascorbate .28 phenazine metho-

burning study of PSI fromSynechocystis spPCC6803 S‘_Jt'fate (PMI,S)'IW% ?'3;08'2_' t("t/"()o i”d derZK'“;” to 77 K using a liquid
. . .. . . nitrogen optical cryostat Optistat (Oxford, .
(Rasep etal, 2000) suggests excitonic interactions in the The measurements of transient absorption spectra of the photosystem |

antenna based on observations of nonphotochemical hol@ge antenna were performed using the femtosecond laser spectrometer

at 708 and 714 nm supplemented with high-energy satellit@escribed earlier (Melkozernov et al., 2000a). Laser pulses of 100 fs

holes at 699, 695, and 692 nm coinciding with the featuregull-width at half-maximum (fwhm) at 790 nm, 800 mW power, and 1 kHz

of the Iow—temperature absorption spectrum. A ﬂuorescencéepetition rate were generated from a regeneratively amplified Ti-S system
(Clark-MXR, Dexter, Ml). One part of the laser pulses is used to generate

line narrowing study (Gobets et al., 1994) and Stark hOIe_a white continuum, which is then split into the probe and reference beams

burning experimentstat K (R'a_sep et al._, _2000; Hayes et anqg focused on the sample. The other part is used to pump an optical
al., 2000) showed that the optical transition of @hinol- parametric amplifier (OPA), which provides excitation in a broad spectral
ecules in the PSI fronSynechocystiabsorbing witha > range. The output of the OPA is further filtered with a narrow interference

700 nm is characterized by strong electron-phonon COuf_ilter (fwhm = 5 nm) at specific wavelengths, sent via a computer-
controlled translation delay line and focused on the sample as the pump

p“ng' Increased eIeCtron-phonon COUpIIng 1S thotht tobeam. After the filtering of the pump beam the actual pulse duration was

result from a significant suppression of the Ghlzero- 150 fs. The differential absorbance of the sample at different delays of the
phonon line 84 K due to strong pigment-pigment interac- pump beam was monitored by a dual diode array detector (Princeton
tions, which is consistent with the formation of dimers Instruments, PDPA-1024, Trenton, NJ) over a 150-nm spectral range.
(Gobets et al., 1994; Palsson et al., 19961sBp et al., Transient absorption spectra were measured both on the 2- and 200-ps

. . time scales in the 600—-750 nm spectral region with spectral resolution of
2000; Hayes et al., 2000; Melkozernov et al., 2000a, b)' Ou5.14 nm per channel and excitations at 670, 695, 710, and 720 nm (fwhm

recent finding of direct coupling of the longest-wavelengths nm). The kinetics of each data set were analyzed globally and decay-

absorbing pigments with transition at 683 nm on the sub-associated spectra (DAS) were constructed after deconvolution of the

picosecond time scale (Melkozernov et al., 2000b) suggestserved kinetics with the excitation pulse and correction for the spectral

strong excitonic interactions in the dimeric red pigments.:’;;ipc‘ilf;"; ?‘?f 3’/‘&@;"?&2232- t;;el E;irt‘s:ywzfs gfsopr‘;g‘g’ p‘;‘:'zeg 2

The transient band at 683 nm dec_aymg within 300 fs WaS,0id the Sin’slet_smglet annihilation.

present even though the PSI reaction center (RC) was oxi-

dized at low temperature, indicating that the transitions at

708 and 683 nm reflect the antenna exciton state. This is IRESULTS

agreement with recent data of Savikhin et al. (2000) whoE

found in experiments on anisotropy decay at room temper-

ature that the anisotropy pattern of the bands around 680 ni@pectral evolution of absorption changes of the PSI core at

and 710 nm is independent of oxidation state in the RC. 77 K within 200 ps after the excitation at 670 nm are shown
This paper presents details of excitation equilibration andn Fig. 1. On a short time scale (Fig.A) the absorption

excitation trapping in the PSI core antenna at 77 K based oohanges induced by relatively narrow laser pulses (fwhm of

femtosecond transient spectroscopy using excitation of the-100 cm %) include transient hole burning of the ground-

nergy equilibration in the bulk antenna at 77 K
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FIGURE 2 () Transient kinetics at 671 and 683 nm of the PSI core at
20 bs 77 K and excitation at 670 nmBJ DAS obtained after global analysis of
/\/\/\/ P transient kinetics on the 2-ps time scale with excitation at 670 and 680 nm;

0.47-ps DAS {otted ling and 0.35-ps DASdash-dotted lingare subpi-
cosecond energy transfer induced by excitation at 670 and 680 nm, respec-

200 ps tively. DAS represented by unresolved long-lived excited states decaying
with lifetimes longer than 2 ps are shown by solid (670 nm excitation) and
AA | -0.01 dashed lines (680 nm excitation).
| - 1 i i i 1 L 1 L i i i
640 660 680 700 720 740 760 o i i )
Wavelength, nm ps after the excitation are consistent with the subpicosecond
' energy transfer from spectral forms of Chlabsorbing at

FIGURE 1 Transient absorption spectra of the photosystem | core fron 70 nm to the major pool of Chls in the PSI bulk antenna.
Synechocystis sPCC 6803 measured at 77 K on a 2-ps time sodJeid ~ The lifetime of subpicosecond decay of thA band at 670
200-ps time scaleB) with excitation at 670 nm (fwhm= 100 cm*).  nm is 470 fs (see kinetics in FigA2 A kinetic rise with
Transient spectra are .shown atdifferent representatiye pump-probe delaysiilar lifetime is observed at 683 nm. DAS of this subpi-
The wavelength axis in the spectra is offset for clarity. . . .
cosecond process, obtained after global analysis of the ki-
netics measured in the 620—-760 nm spectral region with
excitation at 670 and 680 nm, are shown in Fig.B2
state absorption centered at the wavelength of the excitatioNegative amplitudes of the DAS with subpicosecond life-
followed by a subpicosecond energy transfer from Chlgimes illustrate the decay of PB/SE with the maximum
absorbing at 670 nm to the spectral pool around 683 nmcoinciding with the excitation wavelength. This is in agree-
The initial photobleaching/stimulated emission (PB/SE) atment with the inhomogeneous nature of the broad absorp-
670 nm (see the 163-fs spectrum) is accompanied by #on band of the bulk antenna (major part L00 mono-
prompt excitation of a major pool of bulk Chlat 683 nm  meric Chla of the PSI core). Additionally, the negative part
excited via its broad vibronic band. It is likely that the of the 0.47 ps DAS observed with excitation at 670 nm is
vibrational relaxation of the majority of Cla-683 evolves  broadened by either vibronic relaxation of the C-683 band
on a time scale not resolved in this study. Alternatively, theor unresolved ultrafast energy transfer processes. Vibronic
buildup of the PB at 683 nm in the early transient spectracelaxation of the C-683 band might occur due to excitation
might indicate the presence of unresolved energy transfer tof these pigments via tails of 0—1 vibrational band at 630
the C-683 transition. Shapes of transient spectra within 1.5m of the major Q-transition band or the phonon wing of
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the major absorption band, which is an intrinsic property of
the optical transitions of monomeric antenna pigments (Re-

inot et al., 2001). The positive amplitudes of the subpico- ~—SVAS~"~"""A_ 2ps A

second DAS indicate that excitation of the pigments of the 0ps
bulk antenna results in a subpicosecond energy transfer
process to the Chéa spectral forms in the 685-700-nm 2ps

region, with a maximum around 685—-687 nm.

Fig. 1B illustrates the excitation equilibration process at
low temperature among the Chl spectral forms in the
antenna within 200 ps after excitation. Significant changes 10 ps
in absorption occur between 2 and 20 ps, including decay of
the excitation centered at 683 nm and appearance of a new
broad transient absorption band with maximaw at 708
nm. This band reflects excitation population of low-energy Wmo PS  AA l -0.004
Chls (red pigments) in the PSI core. At 200 ps, the broad
AA band at 708 nm shows a decay. The long-lived excita- ! ' * ! !
tion remaining around 670 nm in the 200-ps spectrum is 840 660 680 700 720 740 760 (nm)

most likely due to an uncoupled/nonequilibrated antenna.
To probe the role of the low-energy Chlspectral forms i )
in the excitation equilibration and trapping at low temper- = ~—~AcA ANV V-~ ps B

atures, the PSI core antenna was excited at 695 and 710 nm
(Fig. 3). Excitation at 695 nm (Fig. 8) induces a narrow
transient absorption band with a maximum photobleaching
4 nm shifted to the blue relative to the excitation wave-
length. At 2 ps after excitation, thidA band shows a 40 ps
significant red-shifted broadening, indicating an equilibra-
tion process similar to that shown in Fig.BL From 10 to
200 ps, the absorption changes include appearance of the
long-lived AA band at 683 nm along with a broad shoulder
at 675 nm. Appearance of the latter band in transient spectra
with time delays from 10 to 70 ps suggests that at least part
of this band in the 200-ps spectrum obtained with excitation [, , |~ | |
at 670 nm (Fig. 1B) is equilibrated at low temperature.
Within 180 ps, the low-energ®A band at 708 nm exhibits
a decay of photobleaching. Shift of the excitation to 710 NMrGURE 3 Transient absorption spectra of the PSI core measured at 77
does not significantly change the spectral profile of thisk on a 200-ps time scale with excitation at 695) and 710 nm B).
decay (Fig. 33) A decrease oAAG83/AA708 ratio within Transient spe_ctra are shqwn at different representatiye pump-probe dglays.
200 ps illustrates a dominating long-lived excitation decayTlme Ois def|_ned at maximumA. The wavelength axis in the spectra is

. . ’offset for clarity.
process in the pool of red pigments. The 180-ps spectrum in
Fig. 3Ais generally similar to the 200-ps spectrum in Fig.
1 B. However, theAA683/AA708 ratio increases with the Global analysis of 77 K transient spectra

shift qf the exm.tatu.)n wavelength to 670 am, indicating AThree sets of transient spectra with excitation at 670, 695,
long-lived contribution by the decay of red pigments. and 710 nm (Figs. 1 and 3) were analyzed globally. DAS
All transient spectra measured with excitation at 710 nm .., 4 three-exponential fit of kinetics measured on a
(Fig. 3B) include spectral structure in the blue region with 00_ps time scale are presented in Fig. 4. Excitations at 670
two pronounced bands at 675 nm and 683 nm. A change &fnq 695 nm induce similar equilibration processes in the
theAA683/4A675 ratio Wlthln 130 ps suggest§ that longer- antenna with lifetimes varying from 4 to 6 ps (Fig.Aand
lived decaying processes in this spectral region are assogs). The shape of DAS of this shortest exponential compo-
ated with longest-wavelength absorbing pigments in theéyent resolved on this time scale indicates an energy transfer
antenna. Earlier, we found that excitation of the PSI core aprocess between the bulk antenna pigments and red pig-
77 K in the spectral region from 695 to 710 nm induces thements in the PSI core antenna. The negative part of the DAS
appearance of a transient absorption band at 683 nm decagbtained with excitation at 670 nm is significantly broader,
ing within 300 fs (Melkozernov et al., 2000b). indicating participation of the excited bulk antenna Chls in

0ps

180 ps

AA -0.004

640 660 680 700 720 740 760 (nm)
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FIGURE 5 Difference between transient absorption difference spectra
(20—-200 ps) measured at excitation at 670, 695, 700, and 710 nm. Spectra
are normalized to the maximumA.

(ND component in Fig. 4). Spectral profiles of the interme-
diate DAS are largely similar. They have a major negative
band peaked around 705 nm and a broad shoulder around
685-695 nm. The presence of the shoulder around 685—695
nm indicates that part of the pigments excited as far as at
710 nm might participate in the excitation decaying process
in the core antenna with the lifetime of 40-50 ps. Taking
into account the data on subpicosecond and picosecond
equilibration in the antenna (subpicosecond DAS in FiB. 2
. L [ and picosecond DAS in Fig. # andB), it is reasonable to

660 680W 1700 720 740 ascribe this process to photochemical trapping in the an-

avelength, nm tenna by B, Earlier, it was shown for PSI from cyanobac-

FIGURE 4 Decay-associated spectra obtained after global analysis otﬁrium S. elongatughat ~45% of the RCs at low temper-
transient kinetics on the 200-ps time scale with excitation at 6704m ( ature perform a reversible photochemistry WitHA:i_
695 nm B), and 710 nmC). recombination time of~170 us (Schlodder et al., 1998;
Palsson et al., 1998). Under our experimental conditions (1
kHz repetition rate of pump pulses) this could ensure that

the equilibration. With excitation at 695 nm and the absencé&oo iS reduced for each excitation pulse. However, with
of uphill energy transfer, the equilibration involves only Chi Shift of the excitation wavelength to the red (FigCy, the
spectral forms absorbing in the 680—700 nm region with 40ng-lived AA band in the antenna becomes largely associ-
dominant contribution of the spectral form at 690 nm. Data@ted With the excitation trapping on longest-wavelength
of Fig. 2 B suggest that these spectral forms are populate@Psorbing pigments. A heterogeneous decay of the red pig-
on the subpicosecond time scale following the energy tranghent's excitation is presented in Fig.Gtby 200-ps DAS
fer from the bulk antenna Chls. Similar positive parts of theand an ND component.
4.8-ps DAS in Fig. 4A and 6-ps DAS in Fig. 8 indicate Fig. 5 further proves that the 40—-50-ps process represents
arise of PB in the 700—720 nm spectral region attributed tc real decay of the excitation in the antenna at low temper-
excitation of the pool of low-energy pigments in the PS|ature. The shape of the difference absorption spectra (20—
core under excitations at 670 and 695 nm. A similar 5-ps200 ps) obtained with excitations at 670, 695, and 700 nm
energy transfer process is detected with excitation at 700 nidicates two decayindA bands at 700—705 and 690 nm,
(data not shown). suggesting that the excitations within these spectral forms
The decay of the excitation in the equilibrated antenna aare equilibrated and participate in trapping. The difference
77 K is best described by two components, an intermediatepectrum obtained with excitation at 710 nm shows a red
component with a lifetime of 40-50 ps and a long-lived shift that can be explained by a low-temperature trapping on
component substantially nondecaying on this time scaleed pigments acting as deep traps.
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FIGURE 7 Comparison of the 77 K transient absorption spectra mea-
sured at time delay of-250 fs and excitation at 710 nrddshed lineopen
circles) and 720 nm<olid line, closed circley All spectra are normalized

to 1. The error bars indicate the standard errors of independent measure-
ments. Spectral profiles of pump pulses are shown by dotted lines.
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.S 2ps

-0.004

1 1 i 1 1 L 3

680 200 ening. Within the absorption band of the bulk antenna
720 740 . . .
Wavelength, nm chlorophylls the width of the transient hole is limited by the
width of the excitation pulse~<100 cm %). As a result, the
FIGURE 6 Transient absorption spectra of the PSI core measured at 7fhaximum of the early transient spectrum coincides with the
Kon a2-ps §) and 2-ns time scald] with excitation at 720 nm (fwhre= excitation wavelength. The data of Fig. 7 indicate that the
100 cnT ) shown at different representative pump-probe delays. widths of the early transient spectra excited at 720 and 710
nm at 77 K are not limited by the width of the excitation
pulse, suggesting that the transient holes are homoge-
Heterogeneity of the red pigment band neously broadened. Both spectra are blue-shifted relative to
he excitation. For the main band of red pigments (C-708),
his shift is more pronounced at room temperature (705 nm).
"this is consistent with the temperature-dependent shift of
Pine absorption maximum of red pigments from 704 nm at
®oom temperature to 708 nm at low temperaturesg&aet
al., 2000). The transition at 714 nm (C-714) is weaker and
broader than 708 nm transition.
Excitation decay dynamics of the red pigments that are

was excited at 720 nm into the very red tails of the absor

spectra on a 2-ps time scale are shown in Fig. Bhe data
show that the maximum ofA in the early transient spectra
is blue-shifted to 714 nm with respect to the maximum of

ot —1
the excitation pulse at 720 nm (fwh 100 e 7). A broad not resolved on the 200-ps time scale with excitation at 710

PB/SE band centered at 714 nm is accompanied by a trarpl-m (Figs. 3B and 4C) are resolved on a 2-ns time scale, as
sient band at 683 nm and a satellite band at 675 nm. We, " Fig. 6B. The difference spectrum (2 ps—1.5 ’ns)

at excitation at 700 and 710 nm (Melkozernov et al., 2000b)6£?§:nser:g¥vg)t ?(;:v(\;/otlérr]r:; ;?;tirt;agﬁ :jntgr;);;?nege;g;?non on red
We observed that shift of the excitation from 700 nm further
to the red results in a splitting of the band into 683- and
675-nm bands. Within 300 fs, this band starts to decayDISCUSSION
Between 400 fs and .1.5 ps the band decays SUbStant'aIBxcitation energy transfer in the PSI core at
(only 3% of the band is left at 1.5 ps). low temperature

A broadAA band excited at 720 nm and centered at 714
nm at 260 fs delay has a width of 250 ciWithin 2 psthe  Our experimental data with the excitation of the bulk an-
band broadens to 495 c¢m and shifts to 708 nm, the tenna pigments of the PSI core at 670 nm (Fig. 1) show that
maximum of the main pool of red pigments. This dramaticthe excitation populates the major Ghépectral form of the
shift of the transien?AA bands indicates two transitions at PSI core on the subpicosecond time scale. Peaks of the
714 and 708 nm. Fig. 7 compares the widths of the transierdecaying parts of corresponding 300-500 fs DAS detected
holes excited at 720 and 710 nm before the spectral broadvith excitation at 670 and 680 nm (Fig.A) coincide with

Biophysical Journal 81(2) 1144-1154
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the excitation wavelengths, in agreement with the transiendbserved in the cyanobacterial PSI (Palsson et al., 1996,
hole-burning data (Melkozernov et al., 2000b) and the in-1998; Brettel, 1997; Schlodder et al., 1998). Regardless of
homogeneous nature of the broad absorption band of arthe excitation wavelength, the trapping involves Chl spec-
tenna Chls. However, the rising part of the DAS is inde-tral forms absorbing in the 685—-700 nm range. These spec-
pendent of the excitation wavelength and is centered atal forms include C-685, C-692, C-695, and C-699t6Ra
685-687 nm, with extension to 700 nm. Similar subpico-et al., 2000). The origin of these spectral forms, except
second processes were detected at room temperature @699, which most probably belongs tgyR is an open
neutral PSI (Melkozernov et al.,, 2000a) and oxidized PSiquestion. The homogeneous C-691 band (C-692 irsdpa
complexes (Savikhin et al., 1999, 2000). The data indicatet al., 2000) was suggested to originate from absorption of
that the excitation equilibration of the pigments in the bulkmonomeric Chls in the RC (Melkozernov et al., 2000b). The
antenna takes a few transfer steps to populate theaChl presence of 3—4 Chls absorbing around 695 nm (C-695) that
spectral form at 685—687 nm. are coupled with R, was suggested based on thermody
At 77 K, excitation of the bulk antenna at 670 nm and namic analysis of the absorption and fluorescence spectra of
selective excitation of Chls absorbing at 695 nm result in arPSI from higher plants (Croce et al., 1996). According to the
equilibration of excitation energy with red pigments within current structure of PSI (Schubert et al., 1997), the candi-
4-6 ps (Fig. 3,A and B). Similar results were obtained dates for the other pigments that contribute to the absorption
earlier with excitation of P,yat 700 nm at 77 K (Melkoz in this spectral region might be clusters of “tightly packed”
ernov et al., 2000b). A slight increase of an equilibrationpigments in the core with center-to-center distances of 69
time compared to that at room temperature (2—4 ps) is du located around the RC (Melkozernov et al., 2000a, b) and
to a decrease of spectral overlap between Chl spectral forneharacterized by stronger pigment-pigment interactions.
at low temperatures. Due to the significant decrease ofhe strongest pigment-pigment interactions are expected in
uphill energy transfer at 77 K, the majority of the bulk a group of longest-wavelength pigments. Based on a tran-
antenna Chls do not participate in the equilibration uporsient absorption spectroscopy study of the PSI core from
excitation into the red edge of thg,@bsorption band of the = Synechocystis sP.CC 6803 at room temperature and 77 K
PSI core. (Melkozernov et al., 2000a, b) C-708 pigments were as-
The bleaching transient absorption band at the initialsigned to dimers located close to the RC. It is interesting to
times upon 695-nm excitation is evidently much narrowersuggest that at low temperature a smaller antenna size
than in other cases, and is 4-nm blue-shifted relative to thévolving only the “clustered” pigments may participate in
excitation wavelength (see Fig.A. This can be explained photochemical trapping by-R,
by assuming that a homogeneous band is initially excited. If At low temperature, the photochemical trapping in the
this band belongs to absorption of monomeric Chls in thePSI core fromSynechocystis sgs competing with the
electron transfer pathway (Melkozernov et al., 2000b), a fastrapping on longest-wavelength absorbing pigments with
energy transfer to B, unresolved on the time scale of 200 optical transitions at 708 and 714 nm. Palsson et al. (1998)
fs may be expected. As a result, mixed kinetics of the chargeeported that at 5 K-50% of the excitation in the PSI core
separation and excitation equilibration with the surroundingrom Synechococcuare not at equilibrium with R, Such
antenna might be responsible for broadening of the bleachan incomplete equilibration in the cyanobacterial PSI an-
ing band in the transient spectra and for the energy transféenna at low temperatures suggests that part of the red
to the longest-wavelength absorbing pigments (see Fig. Bigments at 77 K serve as deep excitation traps (Fig3. 3
A). and 4C). Difference absorption spectra of PSI at long delay
At low temperature, the population of the antenna undetimes obtained with excitations at 670, 695, 710, and 720
excited-state equilibrium is expected to be shifted towarchm (Figs. 1, 3, and 6) contain the long-wavelength &8
the red spectral forms because of decreased uphill enerdyand at 710 nm with minor bleachingA bands at shorter
transfer (Melkozernov et al., 2000b). The data of Fig. 5wavelengths (around 680 nm). The relative intensity of the
show that in PSI fronBynechocystis spt 77 K, difference  short-wavelengtlAA band revealed excitation wavelength
transient absorption spectra (20—200 ps) obtained with exdependence that might be attributed to spectral inhomoge-
citations at 670, 695, and 700 nm are peaked at 705 nmmeity among the PSI complexes. The decay of excitation on
with a broad flanking shoulder at 690 nm. This indicates thethe longest-wavelength absorbing pigments at 77 K takes
participation of the red-shifted spectral forms of the coreseveral hundreds of picoseconds (FigB and 4C). The
antenna absorbing at 685—700 nm populated on subpicosel;,, photooxidation spectrum observed at 1.5-ns delay cen
ond time scale (Fig. B) and the longest-wavelength ab- ters at 705 nm at 77 K (703 nm at room temperature) (Fig.
sorbing spectral forms at 708 nm populated on a picosecon@ B, see also Melkozernov et al., 2000b), indicating that
time scale (Fig. 3A andB). It is reasonable to assign this some complexes containing the red spectral forms still can
transient band with a lifetime of 40—50 ps to photochemicaldeliver the excitation to the RC. The data suggest that C-714
trapping at low temperature. The photochemical trapping ipigments might serve as deep excitation traps at low tem-
consistent with a high quantum yield for charge separatiomperature.
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200-600 fs experimental observations (Hastings et al., 1995a) suggest
| S: that the pigments in the PSI core display some degree of
Vlmm excitonic coupling. The current structural model of the PSI
reaction center (Schubert et al., 1997) allows identification
A of ~25 antenna pigments with pairwise center-to-center
distances shorter than 10 A (Melkozernov et al., 2000a, b),
suggesting that pigment-pigment interactions in these clus-
/_\/ ters of Chls could contribute to excitonic spectral forms
shifted to the red relative to the absorption band of the bulk
antenna. The data of Fig.Rand ultrafast spectroscopy data
3 of PSI at room temperature (Melkozernov et al., 2000a;
Savikhin et al., 1999) suggest that these spectral forms
Y absorb at 685-700 nm. The subpicosecond lifetimes indi-
cate a local character of the Chl excitation evolution,
2 taking only a few transfer steps for the excitation to migrate
FIGURE 8 Simplified scheme of the excitation energy transfer in the 10 these spectral forms. Estimation of the excitation transfer
PSI core antenna. Level 1 refers to the core antenna chlorophylls (bulkat€s between pigments of the bulk antenna based on the

antenna) including the low energy bands populated within several hoppingtructural data and the Eer theory gives subpicosecond
steps (200-600 fs). Within 2—4 ps the excitation spreads toward thergnsfer times.

longest-wavelength absorbing pigments (level 2). Level 3 determines the

state of photochemical trap,§. The rates shown correspond to the room

temperature measurements (Melkozernov et al., 2000a). Transfer to longest-wavelength absorbing pigments

2-4 ps

The longest-wavelength absorbing pigments (red pigments)
- are part of clustered antenna pigments (dimers or oligomers)
_C-‘.eneral scheme of the excitation energy decay around the RC. Strong pigment-pigment interactions in the
in PSI longest-wavelength absorbing pigments could be responsi-
Based on recent experimental data on ultrafast absorptiople for the origin of red-shifted spectral forms absorbing
spectroscopy of the PSI core antenna at room temperatutgelow 700 nm (Palsson et al., 1998; Melkozernov et al.,
(Holzwarth et al., 1998; Savikhin et al., 1999; 2000; 2000a, b). Because excitation equilibration in the bulk an-
Melkozernov et al., 1998, 2000a), the excitation dynamicgenna is much faster than the transfer to the longest-wave-
in the PSI core antenna has to contain at least three levelength absorbing pigments (300-500 fs versus 4—-6 ps), the
with distinct kinetics (see scheme in Fig. 8): 1) bulk antennzeffective delivery rate of the excitation to the red pigments
chlorophylls (equilibration times 200-600 fs); 2) long- (Wge) and the detrapping raté\.,,) to the bulk antenna can
wavelength chlorophylls absorbing 708 nm (equilibra- be evaluated based on the perturbed two-level model (Som-
tion time with bulk antenna of 2—4 ps at room temperature)sen et al., 1996; van Amerongen et al., 2000):

3) photochemical trap, &, (trapping time of 25-30 ps at

room temperature). The data of Figs. 1-4 and our earlier Wio = iwafr (1)

data (Melkozernov et al., 2000b) show that these three time N-1

scales are also well-expressed at lower temperatures. The Wiop = 2ZW @)
etr — -a

qualitative description of the major kinetic components in

the system is presented below. Development of a morgvhereN is the total (effective) amount of antenna pigments,
guantitative model of the excitation dynamics in the PSI isz is a coordination number of the longest-wavelength ab-
under progress (Valkunas, L., A. N. Melkozernov, S. Lin, sorbing pigments (relative to the major core antenna pig-
and R. E. Blankenship, manuscript in preparation). ments), andV,_, andW,__ are the excitation single (aver
age) step transfer rate to the longest-wavelength absorbing
pigments and back to the core antenna, respectively. The
last values can be attributed to each other via the detailed
Fast equilibration kinetics in the main bulk antenna (level 1balance relationship (Laible et al., 1998); however, it should
in Fig. 8) result from the energy transfer from the “blue” be noted that the additional entropy factorNLA 1) in the
pigments to the “red” ones within the inhomogeneouslyeffective delivery rate of the excitation to the longest-
broadened Qabsorption band of the core antenna Chls. Thevavelength absorbing pigment$Vf,) compensates the
majority of the core antenna Chls (also termed as bullkBoltzmann factor followed from the detailed balance rela-
antenna) with mean interpigment distances of 16 A largelytionship. This makes both values, the excitation delivery to
contribute to major sub-bands in the ground-state absorptiothe longest-wavelength absorbing pigments (Eqg. 1) and its
at 673 and 682 nm (Melkozernov et al., 2000a). Earlierdetrapping to the core antenna (Eq. 2) relatively close to

Equilibration in the bulk antenna
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each other. Our room temperature absorption transient dathl a dimers. Inspection of the current 4 A resolution
with excitation of either bulk antenna or longest-wavelengthstructural model of the cyanobacterial PSI allows us to
absorbing pigments support this conclusion (Hastings et alsuggest that two to three strongly coupled dimers observed
1995b; Melkozernov et al., 2000a). However, if we take intoin the structure can be candidates for the site of these two
account that the bulk antenna is also inhomogeneous artdansitions (Melkozernov et al., 2000a, b). Both of the
contains several populations of pigments, with the lowertransient holes start to broaden very rapidly, turning into the
energy pool (clustered pigments) probably distributed mordroad bleaching bands shown in Figs. 3 and 6. The C-714
closely to the center of the structure (Melkozernov et al.state can be easily missed because the fast broadening of the
2000a, b), this diminishes the effective number of the bulkband is accompanied by a shift of the photobleaching max-
pigmentsN and thus makes the excitation more concenimum from 713-715 nm at a time delay of 200 fs to
trated on the pigments, contributing to the lower energy-708—-710 nm at a time delay of 500—600 fs (Figd)6 The
shifted spectral forms of the bulk antenna (685-700 nm)C-714 pigments probably serve as a deep trap at low tem-
upon equilibration. This is supported by our observation ofperatures. Another explanation for the C-714 band is that
a 30-50-ps decaying process in the antenna at 77 K (Figshe state represents some admixture of the charge transfer
4 and 5) involving these spectral forms. state, which might be present in the dimer (oligomer) com-
plexes in the antenna.

The presence of the two distinct pools of the longest-
wavelength absorbing pigments in the PSI fr@ynecho-
The photochemical trapping proceeds on a much longecystis sp could explain the kinetic heterogeneity in this
time scale (25-30 ps at room temperature and 30-50 ps gpectral region observed recently (Savikhin et al., 1999,
77 K) in comparison with the equilibration of the excitation 2000). An additionat-6 ps component corresponding to the
between the bulk antenna and the red pigments. In the cagmergy transfer from the core antenna to the red-most pig-
of very fast charge separation the excitation lifetime of thements in the experiments with initially oxidized RCs (Sa-
PSI antenna is determined by the excitation delivery provikhin et al., 1999, 2000) suggests that in the heterogeneous
cess, either from the longest-wavelength absorbing pig€-708 + C-714 absorption band some of the red pigments
ments or from the bulk pigments of the core. The sloware close enough to feel the redox state of the RC. Hetero-
excitation transfer from the bulk antenna can result from theyeneity of the red pigment band may also be determined by
distance factor, while the slow excitation delivery from the a heterogeneous distribution of the red pigments between
red pigments can be caused by a decrease of the spectrahny PSI complexes. This means that in some complexes
overlap and by unfavorable orientations of correspondinghe excitation trapped on the longest-wavelength absorbing
transition dipole moments of red pigments. The temperatur@igments are never transferred tg,fat low temperatures.
dependence of the excitation decay kinetics and/or the struc- The appearance of the bleaching bands at 683 and 675 nm
tural data of the PSI organization has to be used to detewhen exciting into the red side of the absorption spectrum
mine the limiting steps of the excitation trapping (>690 nm) at the very initial times after excitation (Fig. 6
A, see also Melkozernov et al., 2000b) allowed us to con-
clude that the long wavelength band is related to the exci-
tonically coupled dimers and, thus, these blue bands may be
attributed to their higher energy transitions. This is sup-
Our data show that for long wavelength excitations at 71(orted by recent anisotropy decay data of Savikhin et al.
and 720 nm (Fig. 7) different transient absorption bands ar€2000), who concluded that the higher energy spectral com-
generated at the initial times-Q00-250 fs), both being ponent around 680 nm is redox state-independent and is
shifted to the blue relative to the excitation wavelengthsrelated to the red pigments.

The blue-shift of the C-708 band with increasing tempera- It should be noted that for an excitonically coupled dimer
ture is consistent with an excitonic nature of the bandthe intensity of excited-state absorption (ESA) equal to the
(Résep et al., 2000). The bandwidths of these bleachingpuildup of the SE has to be present in the transient spectra,
bands are of the order of 250 cm(in the case of excitation in addition to PB bands of lower and higher energy transi-
at 710 nm) and 300-400 nm (at 720 nm of excitation) attions (Valkunas et al., 1999; van Amerongen et al., 2000).
~250 fs delay after the excitation. The fact that both tran-However, no pronounced ESA of Chl both at 77 K and
sient holes are broader than the bandwidth of the excitatioroom temperature, was observed in the transient spectra
pulses used in the experiments indicates under conditions efith excitations at 710 and 720 nm. Due to the selectivity of
the experiments that there are two homogeneous transitiorike excitation used in the experiments, this absence of the
of the red pigments in the PSI antenna fr@ynechocystis ESA cannot be explained as canceling of this spectrum by
sp. PCC 6803 at 708 and 714 nm. This spectral region ighe ground-state absorption by other pigments at the same
characterized by a strong electron-phonon coupling (Gobetwavelength. Therefore, the appearance of the transient
et al., 1994; Risep et al., 2000), indicating the presence ofbleaching band at 683 nm resonant with the excitation

Excitation trapping by P ;o0

Molecular origin of longest-wavelength
absorbing pigments.
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2 vations. In this case, the difference in the kinetics of both

8d photobleaching bands might be due to a dephasing of the

excitonic coupling between monomers and dimers. The
d2 presence of some charge transfer character in the excited

Em d state of the longest-wavelength absorbing spectral forms
could also explain a fast broadening of the photobleaching

1 C-714 band in the transient spectra after direct excitation

€
VvV d (see Fig. 6).
This work was supported by National Science Foundation Grant MCB-
9727607 (to R.E.B.). This is publication 448 of the Center for the Study of
0 0 Early Events in Photosynthesis at Arizona State University.

monomer dimer

FIGURE 9 Energy scheme demonstrating the mixing between thEREFERENCES
ground state of the monomer and the excited state of the diger.
determines the excited state of the mononegt;ande,” are the firstand  Boekema, E. J., J. P. Dekker, M. G. van Heel, MgRer, W. Saenger, .
higher excited states of the dimer, which are close to the resonance of the witt, and H. T. Witt. 1987. Evidence for a trimeric organization of the
ground state absorption of the monomaf?* is the corresponding dipole Photosystem | from the thermophilic cyanobacteri@ymechococcus sp.
strength of the dimer and is the resonance interaction between monomer FEBS Lett.217:283-286.
and dimer transitions under consideration. Boekema, E. J., R. M. Wynn, and R. Malkin. 1990. The structure of
spinach photosystem | studied by electron microsc&gchim. Bio-
phys. Actal017:49-56.
Brettel, K. 1997. Electron transfer and arrangement of the redox cofactors
wavelength at 710 or 720 nm has to be caused by anotherin photosystem IBiochim. Biophys. Actal 318:322-373.
effect. Byrdin, M., I. Rimke, E. Schlodder, D. Stehlik, and T. A. Roelofs. 2000.

. . Decay kinetics and quantum yields of fluorescence in photosystem |
The fact that the positions of the transient bands at 683 from Synechococcus elongatusth P700 in the reduced and oxidized

and 678 nm (Fig. 8 do not change with the shift of the  state: are the kinetics of the excited state decay trap-limited or transfer-
excitation in the red region of the spectrum suggests that limited? Biophys. J.79:992-1007.
some Chl monomers of the bulk antenna located in théroce, R., G. Zucchelli, F. M. Garlaschi, R. Bassi, and R. C. Jennings.

L . . . . 1996. Excited state equilibration in the photosystem | light-harvesting |
vicinity of the dimeric red pigments are sensitive to the complex: By, is almost isoenergetic with its antennBiochemistry.

excitation of red pigments. Such a sensitivity can result 35:8572-8579.
from mixing of these states with the ESA of a nearbyDbimagno, L., C. K. Chan, Y. W. Jia, M. J. Lang, J. R. Newman, L. Mets,

situated dimer, i.e., hetero-dimer mixing (a dimer and a G. R. Fleming, and R. Haselkorn. 1995. Energy transfer and trapping in
Fig. 9). Then the bl hing in the bl t of photosystem | reaction centers from cyanobacteé?iac. Natl. Acad.
monomer, see rig. ) entne bleaching In the Dlue part ot g . 5.492:2715-2719.

the ab_sorptlon band_ can resu_lt from m_lxmg of the _eXCltedDorra, D., P. Fromme, N. V. Karapetyan, and A. R. Holzwarth. 1998.

states in the heterodimer. For instance, it can be attributed to Fluorescence kinetics of Photosystem I: multiple fluorescence compo-

the borrowing of the dipole strength by the ground-state nents.In Photosynthesis: Mechanisms and Effects. G. Garab, editor.
. . . Kluwer Academic Publishers, Dordrecht, the Netherla&@7—590.

absorption of the monomer from the ESA of the dimeric red _ _ _ _

. t di to the following estimation usin er_Du, M., XI. Xie, Y. W. Jia, L. Mets, and G. R. Fleming. 1993. Direct
plgme_n S according to 0 g 0 gp observation of ultrafast energy-transfer in PSI core anteBham. Phys.
turbation theory (Valkunas et al., 1999; van Amerongen et Lett. 201:536-542.

al., 2000): Gobets, B., J. P. Dekker, and R. van Grondelle. 1998b. Transfer-to-the-trap
limited model of energy transfer in photosystenir.Photosynthesis:
2(e§ — eé)V Mechanisms and Effects. G. Garab, editor. Kluwer Academic Publish-
Bggs = 5 5 d3t (3) ers, Dordrecht, the Netherlands03-508.
(em) - (Ed - €d)

Gobets, B., H. van Amerongen, R. Monshouwer, J. Kruip, Mg, R.

h B....is photobl hi t 683 dek2 th van Grondelle, and J. P. Dekker. 1994. Polarized site-selected fluores-
Wnerebgg3 1S photobleaching a nre,, andeyg™ are the cence spectroscopy of isolated photosystem | parti@eschim. Bio-
excited states of the monomer and the first and second phys. Acta1188:75-85.
excited states of the dimer, respectivelyjs a resonance Gobets, B., I. H. M. van Stokkum, F. van Mourik, M."Buer, J. Kruip,
interaction between the monomer and the excited state of J- P. Dekker, and R. van Grondelle. 1998a. Time-resolved fluorescence

. . o1 . . , measurements of Photosystem | fr@gnechocystis sj2CC 6803In
the dimer; andil;"is the dipole strength of the dimer’s ESA. Photosynthesis: Mechanisms and Effects. G. Garab, editor. Kluwer

The bleaching at 678 nm can be attributed to the mixing Academic Publishers, Dordrecht, the Netherlar&ii—574.
with other monomers or with the vibrational sub-band of theHastings, G., S. Hoshina, A. N. Webber, and R. E. Blankenship. 1995a.

same monomer. Moreover. due to the suggestion of the Universality of energy and electron transfer processes in photosystem I.
’ . . Biochemistry34:15512-15522.
presence of the charge-transfer character in the excited state” . _ . .
f the dimer (C-714 state) its ESA spectrum can be broacli—|a§t|ngs, G., A. M. Kleinherenbrink, S. L|n‘, and R. E. Blankenship. 1994.
of the ) p Time-resolved fluorescence and absorption spectroscopy of photosystem

and diffusive, which is in line with the experimental obser- 1. Biochemistry33:3185-3192.

Biophysical Journal 81(2) 1144-1154



1154 Melkozernov et al.

Hastings, G., L. J. Reed, S. Lin, and R. E. Blankenship. 1995b. Excited wavelength antenna chlorophylls 8fnechococcus elongatus. Biophys.
state dynamics in photosystem I: effects of detergent and excitation J.74:2611-2622.
wavelengthBiophys. J.69:2044-2055. Rasep, M., T. W. Johnson, P. R. Chitnis, and G. J. Small. 2000. The
Hayes, J. M., S. Matsuzaki, M. Rap, and G. J. Small. 2000. Red red-absorbing chlorophyl antenna states of photosystemll.Phys.
chlorophyll a antenna states of Photosystem | of the cyanobacterium Chem. B.104:836—-847.
Synechocystis sPCC 6803.J. Phys. Chem. BL04:5625-5633. Reinot, T., V. Zazubovitch, J. M. Hayes, and G. J. Small. 2001. New

Hecks, B., K. Wulf, J. Breton, W. Leibl, and H.-W. Trissl. 1994. Primary insights on persistent non-photochemical hole burning and its applica-
charge separation in photosystem I: a two step electrogenic charge fion to photosynthetic complexes. Phys. ChemB. 105:5083-5098.
separation connected with&(+)A(0)(—) and By +)A(1)(—) forma- Savikhin, S., W. Xu, P. R. Chitnis, and W. S. Struve. 2000. Ultrafast
tion. Biochemistry.33:8619—-8624. primary processes in PSI froBynechocystis spRoles of Bypand A,

Holzwarth, A. R., D. Dora, M. G. Mller, and N. V. Karapetyan. 1998. Bl.op.hys. J.79:1573-1586. ) o
Structure-function relationship and excitation dynamics in photosystemSavikhin, S., W. Xu, V. Soukoulis, P. R. Chitnis, and W. S. Struve. 1999.
I. In Photosynthesis: Mechanisms and Effects. G. Garab, editor. Kluwer Ultrafast primary processes in photosystem | of the cyanobacterium
Academic Publishers, Dordrecht, the Netherlart@y-502. Synechocystis sfPCC 6803 Biophys. J.76:3278-3288.

Karapetyan, N. V., A. R. Holzwarth, and M."Bper. 1999. The photosys- Schlodder, E., K. Falkenberg, M. Gergeleit, and K. Brettel. 1998.7 Tem-
tem | trimer of cyanobacteria: molecular organization, excitation dynam- Perature dependence of forward and reverse electron transfer fom A
ics and physiological significancEEBS Lett.460:395—400. the reduced secondary electron acceptor in Photosystimchemistry.

: ) _ 37:9466-9476.
Laible, P. D., R. S. Knox, and T. G. Owens. 1998. Detailed balance in

" P h R ._Schubert, W.-D., O. Klukas, N. Krauss, W. Saenger, P. Fromme, and H. T.
Forster-Dexter excitation transfer and its application in photosynthesis: - ) ' : ! ' sy
J. Phys. Chem. BL02:1641—1648. Witt. 1997. Photosystem | @ynechococcus elongatais4 A resolution:

) ) _ comprehensive structure analysis.Mol. Biol. 272:741-769.
Melkozernov, A. N., S. Lin, and R. E. Blankenship. 1998. Energy equili- Somsen, O. J. G., L. Valkunas, and R. van Grondelle. 1996. A perturbed

bration in the antenna of photosystem | from cyanobacteymecho- two-level model for exciton trapping in small photosynthetic systems
cystis sp PCC 6803.In Photosynthesis: Mechanisms and Effects. G. Biophys. J.70:669—683. PpIng P 4 4 '

4Goasr§t£)1b%dltor. Kluwer Academic Publishers, Dordrecht, the Nether'landSTurconi, S., J. Kruip, G. Schweitzer, M."Boer, and A. R. Holzwarth.

) ) o 1996. A comparative fluorescence kinetics study of Photosystem |
Melkozernov, A. N., S. Lin, and R. E. Blankenship. 2000a. Excitation monomers and trimers fror8ynechocystis si2CC 6803.Photosynth.
dynamics and heterogeneity of energy equilibration in the core antenna Res.49:263-268.
Of. photo_system | from cyanobacteriuBynechocystis sfPCC 6803. Turconi, S., G. Schweitzer, and A. R. Holzwarth. 1993. Temperature-
Biochemistry.39:1489-1498. dependence of picosecond fluorescence kinetics of a cyanobacterial
Melkozernov, A. N., S. Lin, and R. E. Blankenship. 2000b. Femtosecond Photosystem-| particle?hotochem. Photobiob7:113—119.
transient spectroscopy and exciton interactions in photosysterRhys.  valkunas, L., V. Cervinskas, G. Trinkunas, M. G."Mu, and A. R.
Chem. B.104:1651-1656. Holzwarth. 1999. Effects of excited state mixing on transient absorption
Palsson, L.-O., J. P. Dekker, E. Schlodder, R. Monshouwer, and R. van spectra in dimers: application to photosynthetic light-harvesting com-
Grondelle. 1996. Polarized site-selective fluorescence spectroscopy of plex Il. J. Chem. Phys. B111:3121-3131.
the long-wavelength emitting chlorophylls in isolated photosystem Ivan Amerongen, H., L. Valkunas, and R. van Grondelle. 2000. Photosyn-
particles ofSynechococcus elongatus. Photosynth. R8@239-246. thetic Excitons. World Scientific Co., Singapore.
Palsson, L.-O., C. Flemming, B. Gobets, R. van Grondelle, J. P. Dekkeryan Grondelle, R., J. P. Dekker, T. Gillbro, and V. Sundstrd994.
and E. Schlodder. 1998. Energy transfer and charge separation in Pho- Energy transfer and trapping in photosyntheBischim. Biophys. Acta.
tosystem |: By, oxidation upon selective excitation of the long- 1187:1-65.

Biophysical Journal 81(2) 1144-1154



