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ABSTRACT Transfer and trapping of excitation energy in photosystem | (PS I) trimers isolated from Synechococcus
elongatus have been studied by an approach combining fluorescence induction experiments with picosecond time-resolved
fluorescence measurements, both at room temperature (RT) and at low temperature (5 K). Special attention was paid to the
influence of the oxidation state of the primary electron donor P700. A fluorescence induction effect has been observed,
showing a ~12% increase in fluorescence quantum yield upon P700 oxidation at RT, whereas at temperatures below 160 K
oxidation of P700 leads to a decrease in fluorescence quantum yield (~50% at 5 K). The fluorescence quantum yield for open
PS | (with P700 reduced) at 5 K is increased by ~20-fold and that for closed PS | (with P700 oxidized) is increased by
~10-fold, as compared to RT. Picosecond fluorescence decay kinetics at RT reveal a difference in lifetime of the main decay
component: 34 = 1 ps for open PS | and 37 = 1 ps for closed PS I. At 5 K the fluorescence yield is mainly associated with
long-lived components (lifetimes of 401 ps and 1.5 ns in closed PS | and of 377 ps, 1.3 ns, and 4.1 ns in samples containing
~50% open and 50% closed PS I). The spectra associated with energy transfer and the steady-state emission spectra
suggest that the excitation energy is not completely thermally equilibrated over the core-antenna-RC complex before being
trapped. Structure-based modeling indicates that the so-called red antenna pigments (A708 and A720, i.e., those with
absorption maxima at 708 nm and 720 nm, respectively) play a decisive role in the observed fluorescence kinetics. The A720
are preferentially located at the periphery of the PS | core-antenna-RC complex; the A708 must essentially connect the A720
to the reaction center. The excited-state decay kinetics turn out to be neither purely trap limited nor purely transfer (to the trap)
limited, but seem to be rather balanced.

INTRODUCTION

Photosystem | (PS 1) of oxygenic photosynthetic organismsner, with an absorption maximum suggested to be around
is a membrane-bound pigment-protein complex that cata690 nm (Mathis et al., 1988; Hastings et al., 1994b;
lyzes the light-induced transmembrane electron transfeKumazaki et al., 1994). Stabilization of the charge-sepa-
from plastocyanin or cytochromg to ferredoxin (see Gol- rated state is accomplished by transfer of the electron along
beck, 1994; Brettel, 1997, for a review). After light absorp- a chain of further electron acceptors;,/ phylloquinone,
tion in the antenna, excitation energy is transferred to theind three [4Fe-4S] clusters called,F,, and F. The
primary electron donor called P700, a chlorophyll (Chl)electron is ultimately transferred to soluble ferredoxin. The
dimer with an absorption maximum at 702 nm. From theoxidized P700 is rereduced by soluble plastocyanin or cy-
lowest excited singlet state of P700 an electron is transtochromec;,

ferred to the primary electron acceptog,A Chla mono- PS | particles containing-100 Chla and ~20 carote-
noids per P700 have been isolated from the thermophilic
cyanobacteriumSynechococcus elongatus trimers of
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cylinder that narrows slightly toward the lumenal side photochemistry can easily be blocked by oxidation of the
(Schubert et al., 1997). Each of the core-antenna Chls has ptimary donor P700. This can be achieved either by chem-
least one neighboring antenna Chl within a (center-to-cenical titration or by illumination in the absence of external
ter) distance of 16 A, whereas for the distance between anglectron donors. Throughout this work, the terminus “open
core-antenna Chl, except two, and the RC Chls, 16 APS I” will serve as a synonym for “PS | with P700 in the
constitutes a minimum value. Only two core-antenna Chlsreduced (noncharged) state,” and, on the other hand, “closed
referred to as linker or connecting Chls, are positioned at #S I’ means “PS | with P700 in the oxidized state P700
distance of 13 A and 15 A from fand provide the closest (This is different for PS II, where the closed state represents
contact between the core-antenna and RC. For two adjacetite situation reduced primary donor P680 and reduced ac-
monomers within the trimer the shortest Chl-Chl distance isceptor Q.. Thus the primary radical pair {P680Pheo }
24 A. can still be formed, but stabilization of the charge separation
The excited-state dynamics of various PS | complexesis not possible.) So far, time-resolved measurements of the
prepared from several different organisms, have been stuexcited-state decay have not been able to resolve a differ-
ied with time-resolved absorption and fluorescence techence in the kinetics between open and closed PS | (Hol-
niques by various groups and with varying time resolution.zwarth et al., 1993; Turconi et al., 1993; Dorra et al., 1998).
The preparations used differ inter alia in the degree ofAnother highly sensitive approach is the so-called fluores-
spectral heterogeneity of the core-antenna system, i.e., icence induction technique, in which light-induced changes
the content of Chl with absorption maxima greater than 700n the fluorescence quantum yield are monitored on the time
nm, the so-called red pigments. Correlation of the numbescale of trap closure. In PS Il a more than threefold increase
and spectral properties of red pigments with the observeth fluorescence yield is observed upon trap closure (for a
excited-state kinetics is expected to contain information onreview see Krause and Weis, 1991). On the other hand, for
their functional role. In the case of cyanobacteria at roonPS 1, only small (if any) fluorescence changes of either
temperature, PS | core-antenna-RC-complexes f&m-  positive or negative sign have been reported (Ikegami,
echococcus elongatys-9 red Chis: 5 A708 and 4 A720— 1976; Telfer et al., 1978; Trissl, 1997). On this basis, the
735; Flemming 1996) exhibit dominant lifetime compo- oxidized donor P700 is widely considered to be as good a
nents of 2—-3 ps (Gobets et al., 1998a), 7-12 ps, and 33—-3juencher as the reduced donor P700, although the reason for
ps (Holzwarth et al., 1993; Turconi et al., 1993; Gobets ethis is unclear at present.
al., 1998a; or resolved into 20 ps and 50 ps, Dorra et al., In this work we combine fluorescence induction experi-
1998). InSynechocystis sp~2 red Chls: 2 A708; Gobets et ments with picosecond time-resolved fluorescence measure-
al., 1994) somewhat shorter lifetimes are found: 0.43 psments in the open and closed RC states of PS I. This opens
2—6 ps (recently resolved into two components of 2 ps andhe important possibility of comparing the dynamics of
6.5 ps, Savikhin et al., 1999), and 22-28 ps (Hastings et algxcitation transfer and decay in two well-defined redox
1994a,b, 1995; DiMagno et al., 1995; Savikhin et al., 1999)states of P700 in the same sample. These dynamics crucially
For Spirulina (~6—7 red Chls with in part extremely red- depend on the mutual assignment of the various spectral
shifted absorption maxima: two A705, one or two A714, forms to the spatial positions of the chlorophylls as resolved
one A726, one A737, and one A746; Karapetyan et al.py x-ray diffraction, using crystals prepared from the same
1997) major lifetime components of 9 ps, 30 ps, and 66 psamples as used in this study. Unfortunately, structural
were found (Karapetyan et al., 1997). In contrast to thenformation obtained by x-ray crystallography (even at im-
situation in cyanobacteria, PS | core antenna-RC complexgsroved resolution) does not allow for spectral assignment of
from green algae and higher plants contain fewer red Chlthe individual core-antenna Chls. With respect to the red
with substantially smaller red shifts. pigments, further insight is obtained from fluorescence life-
Based on these experimental data, various models for thgme measurements at low temperature, where quenching
excited-state kinetics of PS | have been proposed (e.ggccurs via direct transfer from the pigments with redmost
Pearlstein, 1982; Owens et al., 1987; Jia et al., 1992; Holzabsorption maximum to the oxidized primary donor P700
warth et al., 1993; Trinkunas and Holzwarth, 1994, 1996,Their minimum distance from P700 can be estimated by
1997; Laible et al., 1994, Valkunas et al., 1995; White et al.,Forster theory, taking into account the spectral overlap with
1996; Jennings et al., 1997; Gobets et al., 1998a; Dorra ¢he P700 absorption spectrum.
al., 1998, Beddard, 1998). Kinetic limitations have been The information thus obtained, along with all of the
proposed that range from “nearly diffusion-limited” (Owens available spectral and structural data, can be used in simu-
et al., 1987; Croce et al., 1996) to “essentially trap-limited”lations of energy transfer and trapping with the aim of
(Holzwarth et al., 1993; Dorra, 1998) (see Van Grondelle eteproducing the measured excited-state dynamics. Such
al., 1994, for a review). simulation yields information on the following issues: 1)
The fluorescence kinetics and yield are expected tdrhe decisive role of the red pigments (see Trissl, 1993 for
change significantly if photochemistry and, consequentlya review). 2) The presence of a rate-limiting step in the
the main excited-state decay pathway are blocked. In PSéxcited-state decay dynamics and, if present, its exact na-
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ture. This is crucial for extraction of the underlying molec- with respect to the polarization of the excitation beam and a double

ular rate constants, particularly the intrinsic charge Separanonochromator (Jobin Yvon DH10-VIS) with a spectral bandwidth of 5

. . . : . m FWHM, and detected by a microchannel plate photomultiplier
tion rate. 3) The different quenChmg mechanisms in ope }Hamamatsu R3809U-01 with an extended multialkali photocathode). This

and closed PS I. Our results suggest that the excited-staie, 45 temporal instrument response function of, typicalyd0 ps

decay kinetics is neither purely trap limited nor purely FwHM. The excitation intensity was sufficiently low to ensure fewer than

transfer (to the trap) limited, but seems to be rather balance@.0005 photons absorbed per PS | per pulse (i.e., 2000 excitations/PS I/s).
Thus annihilation effects can be excluded. At room temperature (RT) the
sample was pumped throlng 2 mmXx 2 mm flow cuvette (Starna) at a

MATERIALS AND METHODS rate of 36 ml/min; the detection geometry was rectangular. For measure-
ments on open samples, the intensity of the excitation beam had to be
Sample preparation reduced further by a factor of 40, resulting in 50 excitations/PS I/s; thus

~90% of the centers were found in the open state. To maintain a sufficient
Trimeric PS | complexes with-100 Chl per P700 were isolated from the count rate under such low-light conditions, the spectral bandwidth for
thermophilic cyanobacteriurBynechococcus elongatas described else-  detection was extended to 10 nm and the spatial aperture for detection was
where (Fromme and Witt, 1998). The material was stored in the dark aenlarged, resulting in a broadening of the instrument response function.
—30°C and thawed just before the measurements. For fluorescence induc- For low-temperature measurements the beam geometry was changed to
tion measurements the sample was resuspended in a buffer containing Packface excitation (i.e., almost 180°) to minimize artifacts due to scattered
mM tricine (N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine, pH 7.5), light. In this case a 0.1-mm cuvette (Starna) was used, and the Chl

20 mM MgCL, 5 mM sodium ascorbate, and 0.02f6dodecyl-p- concentration was increased to 160/, resulting in the same optical
maltoside ($-DM) to a final Chl concentration of M. For picosecond  density as for RT measurements. The cuvette was placed in a continuous-
fluorescence experiments, samples contained 0.0820%/1 and 8 uM flow helium cryostat (Oxford CF 1204) at 5 K.

Chl. At room temperature, without further additions, the RCs in these

samples remain in the closed state, even under low-light conditions. This

was checked by flash-induced absorbance difference spectroscopy. TData analysis
obtain samples with open RCs, 5 mM sodium ascorbate anghll/6BMS

(phenazine methosulfate) were added. Under these conditions, it wasluorescence decays (5 ps per channe80,000 counts in the peak
determined that P700is reduced with a time constant ef2 ms. For channel) detected at different wavelengths were deconvoluted with the
measurements at cryogenic temperatures, glycerol was added to the samieasured instrument response function and simultaneously fitted to a sum
ples to a final concentration of 65% (w/v). Samples with closed RCs were0f exponentials with a common set of lifetimes (global analysis), minimiz-
prepared by freezing under illumination; samples with initially open RCsing the sum of weighted squared residuals, using the Globals Unlimited
were prepared by freezing in the dark in the presence of 5 mM ascorbatgoftware Package developed at the Laboratory for Fluorescence Dynamics
Both fluorescence induction and picosecond fluorescence kinetics werat the University of lllinois (Beechem et al., 1991). The resulting ampli-
measured upon laser excitation around 630 mm. into the weakly structureiides for each decay component were normalized in such a way that their
absorption band of the Chl pigments around 630 mm. This ensures that ayiields (i.e., amplitude multiplied by lifetime) sum up to the in situ detec-
Chls are excited with (almost) equal probability, independently of the exaction-system-corrected steady-state emission spectrum of the sample. The
localization of their individual Qq_o, absorption maximum. longest lifetime was determined by a fit over a 5-ns range of the data;
subsequently this lifetime was kept fixed during a fit over a shorter data
range of 1.5 ns, with all other (shorter) lifetimes free running. The error
intervals for the lifetimes were determined by an “exhaustive search”
analysis (Beechem et al., 1991) and correspond to a confidence level of
Fluorescence was excited with a He-Ne laser at 633 mm. An electricallyo7%.

controlled mechanical shutter with a 10—-90% rise time-df ms allowed

us to expose the sample to the excitation beam for a chosen time period.

The fluorescence of the sample contained in a 10 mrh0 mm cuvette  Kinetic modeling

was excited near the edge of the cuvette (avoiding self-absorption) and

recorded at a right angle to the excitation beam by a photomultiplier (EmiKinetic modeling was based on”"fter theory (for a discussion on its
9668-BQ) shielded by a long-pass filter with a cutoff wavelength of 665 applicability see, e.g., Borisov, 1989; for its extension to the intermediate
nm and connected to a transient recorder (Tektronix TDS 540), which wa§0UPling case, see Kakitani et al., 1999) in a way similar to that described
triggered by the shutter driving electronics. The dependence of the fluoPY Gobets etal. (1998a,b). Thérster theory makes it possible to calculate
rescence induction effect on the redox potential of the sample was detethe rate of energy transfég; between two pigments as follows:

mined by redox titration as described previously (Webber et al., 1996). For 2. FOI 1 6
measurements at cryogenic temperature the cuvette was placed in a liquid K . (RO)

- R

nitrogen bath cryostat (Oxford DN1704) or in a continuous-flow helium i n*. To* R? B To
cryostat (Oxford CF1204), either frozen in the dark in the presence of 5

mM ascorbate (open RCs) or frozen under illumination (closed RCs). whereR; is the distance between the pigmentsgdescribes the mutual
orientation of the transition dipol momentsjs the refractive index of the

local environment, FOI is the spectral overlap between the donor’s emis-
Picosecond fluorescence measurements sion spectrum and the acceptor’'s absorption spectrgnis the natural

fluorescence lifetime, an@ is a constant. The so-calledister radiusR,
Picosecond fluorescence measurements were made by time-correlated sig-defined as the distance for which the probabilities for resonance energy
gle-photon counting (TCSPC), using 10-ps (full width at half-maximum, transfer and fluorescence are equal. For spectrally identical chloroghyll
FWHM), 631-nm excitation pulses at a 4-MHz repetition rate from a moleculesR, is found to be 6.5-8.5 nm (Colbow, 1973; Van Grondelle,
cavity-dumped DCM dye laser (375/344 Spectra Physics) synchronously985).
pumped by a mode-locked Ar ion laser (2045-15; Spectra Physics). Fluo- The distances between the central Mg atoms of the chlorophylls were
rescence was subsequently selected by a polarizer set at the magic anggéen from the coordinates of the 89 Chis resolved so far by x-ray

Fluorescence induction
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diffraction and deposited in the Brookhaven Protein Databank as 2pps.bpd T T T r T
(Schubert et al., 1997). The influence of the orientation of the transition 08| h
dipoles could not be considered explicitly. Thus far, the relative dipol
orientation is known only with respect to the angle between each pair of
Chl planes but not with respect to the orientation in the plane. The
orientational information can be readily inserted as it becomes available. At
present just an averaged orientational valuecd= 0.67 is considered.
Decomposition of tB 5 K absorption spectrum (see below) yielded seven
distinct spectral forms with Q absorption maxima between 668 nm and
720 nm. For the sake of simplicity, P700 was accounted for by additional
introduction of two equivalent Chls with absorption maxima at 702 nm,
neglecting excitonic interaction. Overlap integrals were calculated using /\
the Chl spectra of Shipman and Housman (1979), as modified by Laible 0.0 _\/\/ \lf\\/

0.6

o
'S

ption

0.2

absor

(1995), with a uniform Stokes shift of 130 crhfor all pigments, to fulfill v "
the detailed balance condition. After assignment of the spectral forms to the second derivative
680

spatial positions, a matrix of 8 89 transfer rates; is calculated
according to the Fster equation, wittn = 1.45 andr, = 15 ns (Colbow,
1973). The introduction of a common scaling factor for the rate constants Wavelength /nm

reflects uncertainties in the knowledgerfr,, and the exact spectral shape

of a single Chl in a protein environment. The transfer matrix calculated FIGURE 1 5 K absorption spectrum and its second derivative of the PS
from the 89X 89 rate matrix by replacement of the elements on the main| core-antenna-RC complex froynechococcus elongatused through-
diagonal with the respective depopulation rates. Fluorescence lifetimegut this work. Note that the absorption extends beyond 740 nm.

were obtained as the reciprocal eigenvalue3,afetermined numerically.

The associated amplitudes result from the respective eigenvectors after

weighting with the initial excitation distribution. Here stoichiometric ex-

citation was used, i.e., each of the 89 Chls per complex is excited withg79 nm, 23 Chls at 685 nm, 6 Chls at 695 nm (A695), 2 Chls
equal probability. The amplitudes for all pigments of each spectral poola 702 nm attributed to P700. 5 Chls at 708 nm (A708) and
were summed up and plotted against absorption wavelength as simulatel ! !
decay-associated spectra (SDAS). These SDAS reflect population changéi Chis at 720 nm (A720). We are fully aware of the
of the various spectral pools occurring with various lifetimes. After Stokes-limitations of such decompositions, but in the red part of the
shifting and Gauss-enveloping the SDAS can be compared to the measurgpectrum 700 nm) in particular it yields a reliable esti-
fluorescence DAS. In addition to the assignment of the spectral forms tqnate of the amount of red pigment involved, which turns

the spatial positions, olnly two parameters can be varied to qptlmlze _th%ut to play a crucial role in the excitation dynamics. The
agreement between simulated and observed spectra and lifetimes: the

intrinsic charge separation rate constant from P700 and the scaling factépwer amouqt of A720 _(Only one pigment at 720 nm)
of the rate matrix with respect to the time scale (physically equivalent to areported earlier (e.g., Trinkunas and Holzwarth, 1994) is
variation of the Fester radius). More details on the simulation can be found probably due to the use of Triton X-100 during the prepa-

elsewhere (Byrdin, 1999). ration of the PS | complexes, resulting in the loss of some
of the long-wavelength pigments. The PS | complexes used
in this study contain nine so-called red pigments, i.e., Chls
RESULTS with an absorption maximum at wavelengths longer than
that of P700. The existence of these red pigments argues for
the good quality of the PS | preparation. For the redmost
pool A720, an exceptionally broad spectral width of 18 nm
The absorption spectrum in the,@egion of the trimeric PS  (FWHM, as compared to an average of 10 nm FWHM for
I complexes fromSynechococcus elongata 5 K, as the other pools) was used to account for the wide tail of the
shown in Fig. 1, exhibits a pronounced structure due to th@bsorption spectrum at the red side indicating a broad dis-
spectral heterogeneity of the Chl chromophores. The mintribution of the absorption maxima of the redmost pigments
ima in the second derivative of this spectrum (see Fig. 1) arbetween 720 nm and 740 nm. This is supported by the
taken as an indication of the wavelengths of maximal abfinding of pigment(s) with an emission maximum as far out
sorption of the various pigment pools. A satisfactory Gaussas 747 nm (see below) and by the dependence of the
ian decomposition of the spectrum is achieved by using agémission maximum on the excitation wavelengthXgy. >
least seven different pools of pigments. To allow for differ- 725 nm (Pélsson et al., 1996).
ent degrees of inhomogeneous broadening of the pools, the
width of the Gaussian bands was allowed to vary for th
different pools. In addition, an eighth band was introduce
at 702 nm to explicitly account for P700 constituted by two As mentioned, fluorescence induction experiments monitor
chlorophylls. The relative areas under the Gaussian curvehie change in fluorescence quantum yield upon illumination
yield the following decomposition of the PS | core an- which leads to closure of the RC, i.e., in the case of PS I,
tenna-RC complex (Flemming, 1996): 40 Chls absorbingdue to light-induced oxidation of P700. Fig. 2 shows the
maximally around 668 nm, 12 Chls at 674 nm, 8 Chls attime course of the fluorescence intensity detected after the

660 700 720 740

Decomposition of the PS | low-temperature

absorption spectrum

EFIuorescence induction at room temperature
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FIGURE 2 Changes in the fluorescence yield upon illumination (fluo- 8
rescence induction curves) @)(open PS | (P700 initially reduced) anig) ( g 06L o i |
closed PS | (P700 oxidized) at room temperatimset Redox titration of g P700 oxidized
the normalized variable fluorescence, if,,/F; = (F; — F;)/F;. 9 o4l /| fe |
E .
“ 02} Light ]
excitation light is switched on (at time 0). Trace a was & 0“\
obtained for a sample with initially open RCs prepared by 00F ——— ]
dark incubation in the presence of ascorbate. The fluores- 0 100 200 300 1s

cence yield clearly rises from an initial vallg to a final time / ms
valueF;. The total amplitude change, the so-called variable
fluorescencé,,, = F; — F;, amounts to-(12 = 5)% of the  FIGURE 3 @) Changes in the fluorescence yield upon illumination
final value F;, varying somewhat with sample preparation. (fluorescence induction curves) of open PS | at various temperaties. (
Trace b was obtained when the sample was preilluminateduorescence induction curves at 5 Kop trace initially open PS I.
i.e., with closed RCs. No change in fluorescence yield coulci30ttom trace:closed PS 1. Note that for initially open PS I, the final
be detected in this case, suggesting that the increase ,Iuore§cenge levek;, is nqt reached beforel s of illumination. This final

. _' g9 J el is attributed to a mixture of-50%/~50% of open/closed PS | (see
fluorescence yield upon illumination is indeed due to thetext for details).
photooxidation of the primary donor P700. To further sub-
stantiate this, a redox titration of the normalized variable
fluorescence was performed (Fig. se). A Nernst fit ) o )
(solid ling) to the titration curve gquare reveals a mid- the fluorescence quenching efficiency of P70@lative to
point potential of 439+ 5 mV. This value is in good thatof P700 increases with decreasing temperature. fig. 3
agreement with the reported midpoint potential of 486 Shows the fluorescence induction transients at 5 K, for a
5 mV for the oxidation of P700 in identical PS I core- Sample with initially open RCst¢p tracg and for a sample
antenna-RC preparations frof elongatusas determined With initially closed RCs ottom trac¢. Comparison of Fig.
by the amplitude of absorbance change attributed to flash3 b with Figs. 2 and 3a reveals, first, that the time needed
induced oxidation of P700 as function of the potentialto reach the final fluorescence levig increases with de-
(Webber et al., 1996). creasing temperature, and second, that at low temperatures
even prolonged illumination does not lead to the fluores-
cence level displayed by samples with initially closed RC.
These effects indicate that below a certain temperature
To investigate thermal equilibration of the excitation energydark-frozen samples with open RCs cannot be completely
among the various spectral pigment pools, we made fluoclosed by illumination. This observation agrees well with
rescence induction measurements at various temperaturégcent findings that below a certain temperature forward
down to 5 K. Fig. 3a shows time traces at 295 K, 160 K, electron transfer from Ato F, is frozen out in a fraction of
and 77 K for samples with initially open RCs. There are twoPS | (~50% at 5 K), leading to charge recombination of
obvious effects: first, the initial and final fluorescence yields{P700" A} at a rate of~4 X 10° s~* (Schlodder et al.,
increase with decreasing temperature; second, the inductidk®98). The excitation rate of the actinic light is at least one
effect vanishes around = 160 K and reappears at lower order of magnitude below this value; thus PS I is kept in the
temperatures but with opposite sign. The latter indicates thaipen state in this fraction.

Fluorescence induction at low temperature
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Fig. 4 shows the temperature dependence of the relativeg . . . . . . , : :
fluorescence vyield for samples with completely open RCs-2 1.0} — P700 oxidize -

P700 reduced /..~

(triangleg and closed RCssfuare$. These values were
derived from the initial value of the fluorescence induction
traces (Figs. 2 and 3). In addition, the final fluorescence
level reached by illumination of samples with initially open
RCs at 5 K isshown ¢€ircle). From room temperature down
to 5 K, the fluorescence yield increases by a factor-@0

for open PS |, as compared to a factor-e10 for closed
PSI.

To obtain further information on the underlying mecha-
nisms for the dependence of the fluorescence quantum yiel&-
on temperature and on the redox state of P700, we per® . 1 . . . . . ‘ .
formed picosecond time-resolved fluorescence experiments, 620 640 660 680 700 720 740 760 780 800
at both RT and 5 K, on samples with open and closed RCs. wavelength / nm

08t

© o
B [+)]
T T

teady state) fluorescence
o
o

FIGURE 5 In situ recorded, detector-corrected steady-state fluorescence
yield spectra of the PS | complexes with P700 reduced (— — —) and P700
room temperature oxidized (—). The spectra are normalized to the maximum fluorescence

Picosecond fluorescence kinetics at

Time-correlated single photon counting measurements ofi®'d oPtained for closed PS 1.
the picosecond time scale were performed on PS | samples

with the RCs in both open and closed states at RT. The i?rom 665 nm to 745 nm, were analyzed globally. Fig. 6
situ recorded (i.e., with the single photon timing apparatus hows the resulting DAS’ for closedyRCs whicﬁ/.will 'be

under the conditions used for the decay measurements iscussed first. The set of four lifetime components needed
detector-corrected steady-state fluorescence spectra f I st the deca .s s 13 2 ps. 37+ 1 ps. 170+ 40 ps. and
samples with open and closed RCs are compared in Fig. 1+ 02 yTh h PS, S/= | pd’ lif — 20 Ps,

The area enclosed by the spectrum for open PS | is small r‘3 +_2 < Ns. 1he _stodrtes_;chreso vet : ett|rr]ne: Cohmbptonsnttk,]
than that for closed PS | by8%. This agrees well with the — < Pbs, 1S associated with a spectrum that exnibils bo

findings of the fluorescence induction experiments (Seeggsgt\i/\?ea:qng)lIltil:Sg:sa;thsg\?ﬁgr?tTSSleSrZ;the?ntr?;r? 7n(r)1(1) ?]?T?
above). Within the resolution of the data, no significant g P gihs g '

difference in spectral shape between 680 nm and 790 n Lﬁ?h % DAEJS |sbrellate<;0tg exct|tatt||qon ec?e_rgy tratnsfe:q "Otm d
could be detected for open versus closed PS 1. S absorbing below nm fo Ihe red pigments, refiecte

Fuorescence decays (see examples i Fig ) detetfl & 100Tescence docay beow 00 by ang s corespenang
for a set of closely spaced wavelengths in the spectral rang gtihs g

T T T T T T T 30- /\ T i
1.0+ v P700 reduced . . ~
P700 oxidized —~
3 « P70050% reduced/{  § ! oxidize // \, |
> 08p 50 % oxidized 1 £ .
e P700 oxidized £ 1ol PR 1
= | 3 /2
8 L 0 n-’ﬁ}. - ,4.\’ g -
2 s
§ oar ] S N
g § A0k T 13 ps \ 4
£ 02} . < —— 37ps
5
o S 200 —+—170 ps ' \\u/\./ 1
0.0F 1 © —v— 2.1ns
L L L N L I ) N L -30 L L L L 4
0 50 100 150 200 250 300 660 680 700 720 740
temperature / K wavelength / nm

FIGURE 4 Temperature dependence of the relative fluorescence yiel6fIGURE 6 Decay-associated fluorescence spectra (DAS) for PS | sam-
for samples with P700 reduced (open PS), with P700 oxidized (closed  ples with P700 oxidized (closed PS 1) at room temperature. The two longer
PS |,H), and with a mixture of~50%/~50% of P700 reduced/oxidized components (170 ps and 2.1 ns) have a very small amplitude. Note the
(@). nonconservative transfer spectrum associated with the 13-ps lifetime.
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(Holzwarth et al., 1993; Turconi et al., 1993; Hastings et al., - - .
1994a; Dorra et al., 1998; Gobets et al., 1998a). Remark- 10000} instrument
ably, the areas enclosed by the horizontal axis and the response
positive part of the spectrum<(700 nm) on one hand and 8000 | function
the negative part on the other hand are clearly not equal. If
the DAS reflected only energy transfer, a conservative spec;, 6000}

trum would be expected. Possible origins for nonconserva‘cﬁ
tive DAS are discussed below. The lifetime of the dominant8 4000t
decay component~95% of the decay amplitude in its
maximum) is 37 ps, which can be determined to an accuracy aggol-

of =1 ps. This component exhibits an all-positive amplitude

—— P700 oxidized
------------- P700 reduced

peaking around 720 nm, with a shoulder around 690 nm. ol il
This component is ascribed to the overall decay of the ) ) . . ,
excited states, in accordance with the literature (Werst et al., -50 0 50 100 150
1992; Holzwarth et al., 1993; Turconi et al., 1993, 1994; time / ps

Hastings et al., 1994a;’Raon et al., 1995; Dorra et al.,
1998; Gobets et al., 1998a). Two additional components oFIGURE 7 Fluorescence decay curves for PS | samples with P700
minor amplitude €5%; see Fig. 6) and less well defined ©xidized (closed PS |, —) and P700 reduced (open PS+ -) for

e excitation at 631 nm and detection at 707 nm. Note that these raw decay
lifetimes were found. The peak of the Iongest Componemdata represent a convolution of the decay kinetics with the normalized

2.1 i 0.2ns,is Clea.-rly blue-shifted (nOt visible in Fig' 6) instrument response function (shown at ki side peaking at zero time).
and is therefore attributed to a small amount of uncoupled

Chls (i.e., Chls not involved in the transfer of excitation
energy to the RC). The other component, 17040 ps, To exclude the occurrence of nonspecific quenching by the
peaks around 730 nm; its origin is unclear at present.  added chemicals, a cross-check was performed. The exci-
It should be noted that the error intervals indicated abovéation intensity was increased subsequently to a level suffi-
do not account for biochemical sample-to-sample variationgient to keep P700 photooxidized, even in the presence of
which can be on the order of 10%. To allow the identifica- ascorbate and PMS. (Simultaneously the aperture for detec-
tion of changes in lifetimes and/or relative amplitudes ontion had to be reduced to limit the detection count rate, thus
the order of 10%, it is necessary to perform the measureshanging the width of the instrument response function
ments of the open and closed RC states on one and the sarf@® ps instead of 43 ps). This makes a direct comparison
sample. To maintain the open RC state it is absolutelyith the raw (convoluted) data presented in Fig. 7 difficult.)
essential to measure the fluorescence decay kinetics at velydeed, the lifetime of the main decay component was
low excitation intensity, even in the presence of an artificialdetermined to 37 ps once again, i.e., the value expected for
electron donor. To maintain a sufficiently high count rate, itclosed PS I (not shown). Thus the difference in fluorescence
was necessary to reduce the temporal and spectral resolutigield as found in the RT fluorescence induction experiment
(see Materials and Methods). The quality of the fit is cor-(Fig. 2) and confirmed by the RT steady-state fluorescence
respondingly lower. Nevertheless, as for closed centers, spectra (Fig. 5) is found to be due mainly to an increase in
similar set of four lifetimes could be resolved. Although thethe overall excited-state decay lifetime for closed RCs
transfer component could not be resolved well, the lifetime(37 ps) as compared to open RCs (34 ps). In open RCs this
of the dominant decay component has been determined wittiecay occurs via charge separation, whereas in closed RCs
high precision to 34~ 1 ps. The corresponding DAS closely a different quenching mechanism has to be responsible (see
resembles the one observed for the 37-ps component ipelow). Lifetimes and DAS of the intermediate (210
closed PS | (see Fig. 6). The difference in the lifetimes of40 ps) and long-lived (2.1 0.2 ns) components do not
the main decay components in open and closed PS | idiffer significantly from those of closed centers.
clearly visible from the unprocessed (convoluted) decay
curves as presented in Fig. 7. One was obtained immedF
ately after the other on the same sample. First, the sample
was excited with very low intensity, but in the absence ofLow-temperature fluorescence decay kinetics were deter-
any artificial electron donor. Thus the RC was in the closedmined for samples with all RCs in the closed state and for
state despite the low excitation intensity. Subsequentlysamples containing a mixture of open and closed RCs.
ascorbate and PMS were added, and the RCs remained op8amples with all RCs closed were prepared by freezing the
in ~90% of the PS | complexes under the same excitatiosample under illumination. On the other hand, freezing a
conditions. Obviously, this approach reveals a significansample containing ascorbate (which keeps both P700 and
difference in the width of the time curves for open RCsthe acceptors in the neutral state) under complete darkness
(dashed ling and closed RCssplid line) of 3.6 ps FWHM. leads to a sample with all RCs initially in the open state.

icosecond fluorescence kinetics at 5 K
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Low-temperature illumination of such a sample will lead to are needed for a satisfactory global fit: 18 ps, 40 ps, 184 ps,
the irreversible formation of the radical pair {P706 5} 377 ps, 1.3 ns, and 4.1 ns. The corresponding DAS are
in a fraction (-50% at 5 K) of the RCs, whereas in the other shown in Fig. 8h. Also, in this case the spectrum of the
RCs a charge recombination of {P70@; } maintains the fastest component changes sign and the other DAS are alll
open RC state (see above). Thus it is possible to prepargositive.
samples containing a substantial fraction50%) of open To allow for a better comparison between the picosecond
RCs at cryogenic temperatures, avoiding nonphysiologicalluorescence kinetics and the changes in fluorescence quan-
pH values (pH>10.5) and strongly reducing agents such asum yield as revealed by fluorescence induction experi-
dithionite in the sample (Karapetyan et al., 1997). Undements (see Figs. 3 and 4), we also present the picosecond
these conditions the terminal iron-sulfur centers are preredata of Fig. 8 as decay-associated fluorescence yield spectra
duced, and the open state is maintained by fast charge Fig. 9. Here the DAS of each component is multiplied by
recombination of the radical pair {P700A;}. its respective lifetime, and the relative contribution of each
Fluorescence decays of both kinds of samples were@lecay component to the steady-state quantum vyield is ob-
recorded at 10 different wavelengths between 680 nm anthined. It is obvious from Fig. @ that in PS | with closed
770 nm and analyzed globally. To describe the fluorescencRCs the steady-state fluorescence is dominated by the
decay kinetics for samples with all RCs closed, five lifetime ~401-ps component (peaking at 730 nm), whereas in the
components are needed: 14 ps, 35 ps, 146 ps, 401 ps, andxed open/closed sample (Figh®the fluorescence yield
1.5 ns. The corresponding DAS are shown in Fig. §he  of the 1.3-ns component with a red-shifted peak around
DAS of the fastest component shows both positive ampli-736 nm is slightly higher than that of the 377-ps component.
tudes in the short-wavelength part of the spectrum (belowrurthermore, in the mixed sample, an additional 4.1-ns
715 nm) and negative amplitudes toward longer wavecomponent carries some 10% of the fluorescence yield at its
lengths, suggesting the involvement of energy transfer promaximum. Interestingly, this decay component has a fluo-
cesses. The other components exhibit all-positive DASrescence maximum at a wavelength~e747 nm. An emis-
which peak between 720 nm and 730 nm. For samples witkion maximum shifted so far to the red has not been reported
a mixture of open and closed RCs, six lifetime componentdefore forS. elongatusAssuming a Stokes shift of 11 nm,

P700 oxidized 98 (a) P700 oxidized y

06F o 14 ps

—v— 35ps
0.4+ —— 146 ps
—e— 401 ps

| —— 15ns

0.2

00

P700 50 % oxidized/
50 % reduced

 (b)

06 (b) P700 50 % oxidized / 50 % reduced

04

decay-associated amplitude

| —=— 18ps
—v— 40ps

-1} —— 184ps

—e— 377 ps

- —&— 13ns
1 .4'1 nls L L . 1 . 1 A i 00

680 700 720 740 760 780 680 700 720 740 760 780

wavelength / nm wavelength / nm

rel. decay-associated fluorescence yield

02

-2

FIGURE 8 Decay-associated fluorescence amplitude spectra (DAASFIGURE 9 Decay-associated fluorescence quantum yield spectra
for PS | samplesta5 K with (@) P700 oxidized (closed PS 1) and)( (DAQYS) for PS | complexestd K with (a) P700 oxidized (closed PS 1)
~50%/50% of P700 reduced/oxidized. Note the nonconservative transfeand p) ~50%/~50% of P700 reduced/oxidized. The yields of the different
spectrum associated with the 14-ps and 18-ps lifetimes. components are normalized to sum to the steady-state spectra.
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as determined for the longest absorbing pigments£ 720 M ~* cm™* for Chl* (Chauvet et al., 1981), one finds that

nm) described so far fd8. elongatugPalsson et al., 1996), the spectral overlap between Chl and Clé ~1/3 of the

an absorption maximum of 736 nm results for this pigmentoverlap between two isoenergetic chlorophylls, assuming a

Indeed, tle 5 K absorption spectrum of the particles still hasStokes shift of 130 cm®.

a noticeable intensity in that extremely red region (see With respect to the quenching mechanism, P7@@o-

Fig. 1). vides an effective way to remove the excitation from the
antenna. Its broad absorption can allow for a fast radiation-
less decay of higher excited states to the lowest excited state

DISCUSSION of (P700")*. This irreversibly removes the excited-state

energy from the core antenna, because the energy barrier for

reverse energy transfer is larger thdg T, even at RT Kg

is Boltzmann’s constant] is the absolute temperature).

At room temperature, both fluorescence induction (Fig. 2)Thus the internal conversion from higher excited states of

and steady-state fluorescence spectra (Fig. 5) indicate th&P700)* to its lowest excited singlet state constitutes the

the photooxidation of P700 leads to a decrease in thguenching mechanism by P700~or general photophysical
quenching efficiency of the PS | primary donor. Time- reasons, this higher excited-state decay is expected to be
resolved fluorescence experiments reported so far were neven faster than the consecutive decay to the ground state,
able to resolve this difference at RT (Holzwarth et al., 1993;.e., on the order of-100 fs. This fast quenching rate for the

Turconi et al., 1993; Dorra et al., 1998). Based on theselosed system has to be compared with quenching by charge

kinetic data, the fluorescence quenching properties for botseparation in open PS I. No direct measurements of intrinsic

open and closed RC states in PS | were considered to lgharge separation rates are available for PS |. Proposed
equal or nearly equal in the past (for a discussion see, e.gvalues in the range of 0.1-6 ps are based on simulations

Seif, 1992; Brettel, 1997). Here, for the first time, we (Holzwarth etal., 1998; Gobets et al., 1998a; Jennings et al.,

present picosecond time-resolved fluorescence data that ré997; White et al., 1996), double difference absorption

veal a detectable difference in the lifetime of the excited-transients due to { formation (Kumazaki et al., 1994), or

state decay for open and closed RC states. The increase éxperimentally determined values for bacterial RCs (for a

lifetime of ~10% upon photooxidation of P700 can fully review see, e.g., Woodbury and Allen, 1995).

explain the observed increase in fluorescence yield upon To explain the surprisingly small difference between the

trap closure as detected by fluorescence induction. fluorescence quenching efficiency of P700 and P7@®

The effects resolved here emphasize that it actually matRT, various possibilities might be considered (see also
ters whether a sample contains the oxidized or the reducetrissl, 1997): 1) The rate-limiting step is the energy transfer
form of P700 (or both), as there are in fact differences into the trap (Valkunas et al., 1995); both intrinsic charge
their quenching efficiencies. It should be noted that theseparation and internal conversion occur much faster than
exact extent of these differences depends on the size arbie energy transfer to and from P700/P70@) The rate-
pigment composition of the antenna, especially the conterlimiting step is the intrinsic decay process (trap-limited); in
of red pigments (unpublished data). This might be an exthis case (nearly) identical rate constants for charge separa-
planation for the contradictory results reported in the pastion from P700* and internal conversion of higher excited

(Ikegami, 1976; Telfer et al., 1978; Trissl, 1997). Further-states of (P700)* are required. 3) In open PS | charge

more, one has to be aware that application of the so-callegeparation from P700* is much slower than the energy

antenna subtraction method (as described, e.g., by White gansfer to P700 (i.e., trap-limited), whereas in the closed
al. (1996) and Hastings et al. (1994b)) can lead to erroneowsfate the intrinsic decay is much faster than energy transfer
conclusions. to P700° (i.e., transfer-limited). With this transfer being

The excitation energy quencher in a closed RC, the oxislowed down because of reduced spectral overlap, both
dized primary donor P70Q exhibits a broad, flat absorp- effects coincidentally cancel out, and under both conditions
tion that extends into the far red beyond 800 nm (Ke, 1972almost identical kinetics are observed.

Palsson et al., 1998), which is similar to the absorption of In the following section we will explore some character-

ChlI* in organic solvents (Davis et al., 1979; Chauvet et al. istic features for the various kinetic regimes.

1981). This broad absorption provides spectral overlap with

the emission bands of all the core-antenna pigments, so th

P700" can effectively act as an excitation energy acceptor

although the absorbance amounts to orl{/10 of that of

P700 at its absorption maximum. On this basis, thesteo ~ Although different kinetic models for the excited-state dy-

overlap integral between Chl and a chlorophyll cationnamics in PS | are discussed controversially in the literature

(ChI™) can be estimated. With the Chl spectra of Shipman(Owens et al., 1987; Holzwarth et al., 1993; Valkunas et al.,

and Housman (1979) and a constant absorbanee7&00  1995; Croce et al., 1996; Jennings et al., 1997; Dorra et al.,

Different quenching efficiencies of P700 and
P700* at room temperature

8riteria for experimental identification of a
transfer limitation versus a trap limitation
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1998; Gobets et al., 1998a), they are nevertheless all baséde., the rate constants;; and k,,, respectively). Three

on rather similar experimental kinetic data. This could bedifferent situations were considered: Fig. &0 the two
due, at least in part, to the lack of unequivocal criteriaantenna pools transfer excitation to the RC with equal rate
needed to experimentally distinguish between the differentonstantsk,; = k., = (40 ps) *; Fig. 10b: transfer out of
limiting kinetics. For clarification it seems useful to utilize the blue pool 1 is faster by a factor of &, = (20 ps)?,

the concept of “transfer equilibrium” as introduced by k,, = (40 ps) ; and Fig. 10c: the red pool 2 transfers faster
Laible et al. (1994). Transfer equilibrium means that afterby a factor of 2k,, = (40 ps) %, ko, = (20 ps) *. For the

the completion of all processes associated with transfesake of simplicity, the energy transfer from the RC back into
spectra, the only remaining decay process is characterizdtie antenna has been neglected.

by a single-lifetime component with an all-positive spec- For this simplified scheme, which is merely meant to
trum, which actually reflects the mean excited-state decawncquire some qualitative insight into nonconservative trans-
from a (transfer-) equilibrated state. It is this lifetime thatfer spectra, two lifetimes are obtained that describe the
has been called the “mean excitation lifetime” within the population changes of the two antenna pools. The slower
framework of a transfer-limited model (Owens et al., 1987)kinetic component (time constant in the range of 23—40 ps)
or the “apparent charge separation time” within a trap-reflects the overall decay of the excited state, while the
limited model (Holzwarth et al., 1993). The nature of the faster one (time constant in the range of 11-16 ps) involves
process(es) (i.e., trapping or transfer) associated with thisnergy transfer between the pools. Fig. 10 shows the sim-
lifetime identifies the overall antenna decay kinetics as trapulated DAS with transfer character after stoichiometric ex-
limited or transfer limited or as somewhere in between. In

either rate-limiting situation, moderate changes (e.g., by a

factor of 2) in any of the processes except the rate-limiting

one should have no considerable influence (esd.0%) on 4F @ =~ ~ 7 7 ' .
the mean lifetime observed. For a more quantitative treat- 2 i /\ ;
ment of the various kinetic models see Somsen et al. (1996). - .
To further explore possible characteristics of the various 0 I ]
kinetic regimes, we consider a hypothetical antenna system -2+ \/ ]
that consists of just two pigment pools (see Scheme 1). -4 i ]
Transfer of the excitation energy from pool 1 to pool 2 ) :
takes place with a rate constantlgf, and vice versa with T 4F (b) m
k,,. The ratio of the rate constants for forward and back ..3 2 [ l
transfers was fixed according to the detailed balance con- '@ | A ]
dition (Laible et al., 1998)k,./k,; = 80/10exp(—AE/ g o0 I
kgT) = 6 at RT (wherekg is Boltzmann'’s constant, is the © 21 ]
absolute temperature, aidE is the difference in transition “>’ 4 I
energies for Chls in pools 1 and 2). For the following = | i
considerations we set (somewhat arbitrariky), = (30 % 4 F(0) -
ps) * and, consequentlyk,, = (180 ps)* and vary the = |
rates of energy transfer out of the antenna pools into the RC 2 i ]
0
2t ]
k12 -4 - _

640 660 680 700 720 740
wavelength / nm

k22

FIGURE 10 Calculated decay-associated spectra (DAS) for the hypo-

thetical antenna system depicted in Scheme 1 (a blueJpwaith 80 Chis

absorbing at 670 nm and a red p@lith 10 Chls absorbing at 710 nm;
SCHEME 1 Hypothetical core-antenna system consisting of two differentexcitation energy is transferred between the two antenna pools and out of
pools: a blue pool 1 with 80 Chls absorbing at 670 nm and a red pool 2 witithe antennae into the RC; see text for details). Three different situations
10 Chls absorbing at 710 nm. Excitation energy is transferred between theere consideredaj both antenna pools transfer excitation to the RC with
two antenna pools with rate constakts andk,,, which are linked to each  equal rate constantdy)(transfer out of the blue podlinto the RC is faster
other by the detailed-balance conditikp/k,, = 6 (see text for details). by a factor of 2; andd) the red pooPR transfers to the RC faster by a factor
Rate constantk,; andk,, describe the transfer of the energy out of the of 2. Note the deviations ib andc from a conservative transfer spectrum,
antennae into the RC. as observed in case
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citation. To allow for a better comparison with the measured-200 complex from higher plants (still containing the outer
DAS, the simulated amplitudes are presented as Gaussialight-harvesting antenna complex). (Because of the pres-
shaped bands, with the area enclosed by these bands beiegce of the outer antenna LHCI, a direct comparison with
proportional to the simulated amplitudes. PS | core particles should be made carefully.) They found

It turns out that the DAS with transfer character will that in the spectral region between 690 nm and 700 nm the
exhibit a conservative amplitude ratio, as long as the twdluorescence yield as calculated according to the Stepanov-
guenching rates are identical, irrespective of their valuekennard relation is higher than the experimental observa-
relative to the transfer rates between the two pools (Fig. 1@ion and interpreted this as an indication that in the RC
a). Concomitantly, the emission DAS (not shown) reflects a(assumed to emit in the 690—700-nm range) the excitation is
Boltzmann equilibrated excitation distributiorA(A, = guenched faster than Boltzmann equilibration can be estab-
1/6), as long as the sum of the transfer rate constgpend  lished. Thus a transfer-to-the-trap limitation was assumed.
k,, exceeds the rate constants for the decay procekses, Palsson et al. (1998) studied PS | core-antenna-RC com-
andk,,. If the blue pool 1 is quenched faster than the redplexes fromS. elongatusand found that the form of the
pool 2 (Fig. 10b), the transfer DAS becomes nonconserva-experimentally observed fluorescence spectrum depends in
tive in such a way as to exhibit a positive amplitude for thea sensitive manner on the precise detergent conditions in the
blue pool that is larger than the negative amplitude for thesample. In light of the additional problem of the arbitrary
red pool. For the emission DAS (not shown), the amplitudechoice of the wavelength at which normalization of the
ratio deviates significantly from Boltzmann equilibrium measured spectra with respect to the calculated one is per-
(AJA, = 1/10). If, on the other hand, the red pool is formed, these authors questioned the applicability of the
guenched faster than the blue pool (Fig.d0the transfer Stepanov-Kennard relation as a useful test for equilibrium
DAS becomes nonconservative in the opposite way: Thestablishment. The emission spectrum presented by Palsson
negative amplitude for the red pool is larger than the posiet al. (1998) shows quite good agreement between calcu-
tive amplitude for the blue pool. The emission DAS (notlated and measured fluorescence (after normalization at
shown) in this case exhibits an amplitude ratiofgfA, = 721 nm) for almost all wavelengths, except for the short-
1/2.7. wavelength region, where the measured values exceed the

Both nonconservative transfer spectra and non-Boltzcalculated ones. The better quenching of some of the red
mann-equilibrated emission spectra are experimentally agigments with respect to the blue bulk Chls, as revealed
cessible parameters. In the light of nonconservative transfeabove from the nonconservative transfer spectra, could in-
DAS experimentally observed in the PS | core-antenna-R@licate a lack of fluorescence in the red instead of an excess
complex, the results obtained for the hypothetical two-poolfluorescence in the blue range, as compared to Boltzmann
antenna model suggest that the red pigments of the corequilibrium. In this alternative view, an equilibrium pertur-
antenna are quenched faster than the (blue) bulk of thbation (Jennings et al., 1997) would concern not just the RC
pigments and that the excited-state decay proceeds fromragion but the whole red part of the emission spectrum.
not completely thermally equilibrated state. The observed nonconservative transfer spectra and non-

Three kinetic regimes can be distinguished, depending ofstepanov steady-state emission spectra lead to the conclu-
the equilibrium that is established in the core-antenna-RCsion that Boltzmann equilibrium is not established within
complex: trap limited, transfer-to-the-trap limited, and the core antenna. Consequently, both trap-limited and trans-
transfer limited. Trap limitation means complete Boltzmannfer-to-the-trap-limited models for the excited-state kinetics
equilibration within the antenna as well as between antenné the PS | core-antenna-RC complex seem to be inade-
and RC. Transfer-to-the-trap limitation means Boltzmannquate. More information on the localization of the red
equilibration within the antenna, but not between antenngigments and the functioning of energy transfer can be
and RC. Transfer limited finally means that not even withinobtained from low-temperature fluorescence kinetics, which
the whole core-antenna complex Boltzmann equilibrium iswe will consider in the next section.
established before trapping occurs in the RC.

As a criterion for to what extent Boltzmann equilibrium is

. . . Low-temperature fluorescence

established in a fluorescing system, the so-called Stepanov-
Kennard relation was introduced. It allows us to calculateThe effect of increasing fluorescence yield of PS | with
the emission spectrum of an excited pigment from itsdecreasing temperature has been attributed to the presence
ground-state absorption spectra, in the case where thermaf red pigments, i.e., those that absorb at wavelengths
equilibration is completed before emission occurs. Origi-longer than P700 (Satoh and Butler, 1978; Wittmershaus et
nally it was derived for single dye molecules (Stepanov.al., 1992). With decreasing temperature, most of the energy
1957) and has recently been adapted for the case of tightlyansfer pathways are frozen out because of line narrowing
coupled pigment clusters (Dau, 1996). Croce et al. (1996and the reduced thermal energy available. Efficient uphill
and Jennings et al. (1997) applied the Stepanov-Kennarenergy transfer becomes impossible, and the excitation is
relation to study the extent of thermal equilibration in a PStrapped on the energetically lowest-lying pigments. From
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there it decays with a nanosecond fluorescence lifetimepigments at a minimum distance from P700-08.5 nm,
close to that of isolated antenna complexes (e.g., Ide et almost likely in the trimerization domain.

1987). This explanation, however, is only applicable in the
absence of oxidized P700, i.e., for completely open PS
(Fig. 4, triangles. It is not stated explicitly whether this
condition was established in earlier studies (see above). P
in contrast, P700 is present in the sample (Fig. gquarey, We now combine the structural information on PS | (posi-
its broad absorption band in the red and near infrared is ablgons of 89 Chls from the file 2pps.bpd of the Brookhaven
to effectively accept excitation, even from the energeticallyProtein Databank; Schubert et al., 1997) with information
lowest-lying pigments, and subsequently quench it by inon the spectral composition (cf. Fig. 1), to simulate the
ternal conversion, as reflected by the weaker increase iexperimentally found excited-state kinetics at room temper-
fluorescence with decreasing temperature in this case. ature for both open and closed PS I. Apart from the struc-

In the time-resolved measurements, this difference isural-spectral assignment (which pigments absorb at which
reflected by a 400-ps component dominating the decayavelength), two intrinsic parameters, thérgter radius (a
kinetics in closed PS |, as compared to the nanosecongtansfer rate scaling factor) and the intrinsic charge separa-
decay components prevailing in samples with open PS | (cftion rate constant, can be varied (see Materials and Methods).
Figs. 8 and 9). Taking into account that the observed 400-ps As a starting point, several random assignments of the
lifetime originates from two competing processes (the in-various spectral forms to the known spatial positions were
trinsic nanosecond fluorescence decay as observed in opégsted. Generally, in addition to a single all-positive spec-
centers and direct quenching by P700a lifetime of  trum associated with the longest resulting lifetime, only a
~500 ps results for the latter processrster theory makes few transfer spectra with noticeable amplitudes are found.
it possible to estimate a distance between the redmost pigrhe transfer spectrum with the longest lifetime reflects the
ments (i.e., A720) and P700from this lifetime. With a  redistribution of excited-state energy from the blue antenna
Forster radius of 7.3 nm, as found in our simulations (seepart into the red antenna part. To simulate the experimen-
below), and the approximately threefold reduced spectrafally observed lifetime of this transfer component, the-Fo
overlap with P700 (see above), a value of3.5 nm is  ster radius has to be adjusted+@.3 nm and was fixed at
calculated for this distance. This is not really far out at thethis value for further simulations. The obtained overall
periphery of the complex. However, it has to be kept indecay lifetimes varied between 50 ps and 120 ps, even for
mind that this distance actually refers to the nearest of alan intrinsic charge separation rate constant as fast as (0.5
A720 pigments, as it represents the limiting step in theps) *. As a rule, the decay occurs too slowly for random
process of energy transfer to P700 arrangements.

A second line of information on the position of (some of)  As a next attempt, all red pigments (A708 and A720) are
the A720 pigments is revealed by the fluorescence of mixeghlaced in the periphery of the complex. Again, unreasonably
samples (50% open/50% closed) at 5 K. The fluorescenclng overall fluorescence decay lifetimesX00 ps) are
yield of such a mixed sample (Fig. dircle) is lower than  obtained. This cannot be changed by accelerating the intrin-
the expected average value of samples with all RCs opesic charge separation rate, as this in turn leads to a dimin-
(Fig. 4,triangleg and all RCs closed (Fig. 4quare$. This  ished transient population of P700, which will not acceler-
can be explained by the connectivity of the monomersate the observed decay kinetics (For the extreme case of
within a trimer. The excitation in a monomer with reduced very fast quenching by P700 the apparent excitation de-
P700 is trapped on a red pigment (A720) localized at acay lifetime becomes virtually independent of the exact
position (e.g., in the trimerization domain) such that theintrinsic quenching rate). Reasonable fluorescence decay
excitation might well reach the oxidized P700 of a neigh-lifetimes (~40 ps) and transfer lifetimes<L0 ps) can be
boring monomer within the trimer. This results in a seem-obtained only by increasing the transient population of
ingly larger fraction of PS | with closed RCs. This connec-P700*. To accomplish this, it is necessary to place some red
tivity in mixed open/closed RC samples may also bepigments in the RC vicinity (see also Jia et al., 1992; Laible
reflected in an overall more complex decay kinetics, whichet al., 1994; Trinkunas and Holzwarth, 1996, 1997).
cannot simply be described as a linear combination of the On the basis of the independent lines of evidence men-
kinetics in samples with all RCs open and all RCs closed tioned above, it appears reasonable to leave the A720 pig-

A third argument suggesting a localization of some of thements in the trimerization domain and to identify the four
A720 pigments in the trimerization domain stems fromA708 pigments with one of the two linker chlorophylls and
spectral decomposition of monomeric preparationsSof its immediate neighbors located between the trimerization
elongatuslacking the L-subunit involved in the trimeriza- domain and RC (see Fig. 1fqp). (It should be noted that
tion of PS I. These mutants contain at least two A720not necessarily all of the four A708 pigments have to be
pigments less than wild-type preparations (Palsson et allpcated on the side toward the trimerization domain. Ac-
1998). All three arguments favor a localization of the A720ceptable agreement between simulation and experiment can

gtructural/spectral information-based modeling
f the excited-state transfer and decay
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electrochromic band shifts of nearby Chls, are found on the
short-wavelength side of P700°(Bson et al., 1998). Thus
we hesitate to allocate A708 directly to the RC, but rather
prefer to place it in its vicinity. The extraordinarily broad

absorption of P700 (as seen from the P700/P7@ifer-

ence spectrum; e.g., Palsson et al., 1998) should nonetheless
allow an efficient quenching from this A708 position. If this
effect could be accounted for in the simulation, it probably
would allow for pigments in the RC with an absorption

e ] maximum at~690 nm, as found, e.g., forgXMathis et al.,
;‘;:::;"ff b — 1988; Hastings et al., 1994b; Kumazaki et al., 1994).

some A708 The proposed arrangement of the A708 pigments next to
60 I the RC as providers of excitation energy to P700 and of the
A720 pigments in the connection domain of the trimers is
40 - shown in Fig. 11A. It allows us to find a set of parameters

- . /‘ that leads to reasonable agreement between the measured
20 -
L \ / \\ A
_— A e

fluorescence behavior and the simulated spectra and life-
times. For a Foster radius of 7.3 nm (for isoenergetic
pigments) and the intrinsic charge separation rate constant
adjusted to (0.5 psY, a transfer lifetime of 13 ps and an
overall excited state decay lifetime of 34 ps were obtained.
Their associated spectra resemble the measured behavior of
AN the PSI complex (see Fig. 1B). All other lifetimes are

<3 ps and reflect energy transfer processes. The noncon-
servative character of the 13 ps transfer spectrum is not as
clearly expressed as in our experimental findings (Fig. 6).
This might be due partly to the presence of additional
FIGURE 11 Structural/spectral information-based modeling of the en-tranSfer components with shorter lifetimes in the simulation,
ergy transfer and trapping in the PS | core-antenna-RC complex fronwhich are not resolved in the picosecond experiment but
Synechococcus elA) Assumed arrangement of the long-wavelength an- have been reported in connection with recent femtosecond
tenna pigments (4xA708 and 4xA720); the possible spatial positions ar‘éxperiments (onS. elongatus Gobets et al., 1998a; on

indicated by the circles. The structural model of the arrangement of 89 . g .
chlorophylls is taken from the “2pps.bpd” file of the Brookhaven Protein SyneChOCySU§aV|khm etal, 1999)' The Steady'State emis-

Databank (Schubert et al.; 19978) Calculated decay-associated “absorp- Sion, calculated as sum of the yields (amplitude times life-
tion” stick spectra for PS | complexes with P700 reduced (open PS I). Théime) over all components, shows a clear deviation from that
fast transfer spectrum (sum of all lifetime componenasps, M) is beyond expected according to the Stepanov-Kennard relation (not

the time resolution of our apparatus. The slow tran_sfer spectrum (M) ps, shown), in the sense that for all Wavelengths greater than or
resembles the spectrum, which has been resolved in our fluorescence decay

measurements. The all-positive spectrum (34 & reflects the overall €dual to 695 nm, the simulated population is less than that

excited state decay from a nonequilibrated core-antenna-RC-complex. in thermal equilibrium. Thus the simulation supports once
again the nonequilibrated character of the excited-state de-
cay as assumed in the previous section on the basis of the

also be obtained with a more symmetrical arrangement: uf*xPerimental spectra.

to two A708 (neighbors of the linker Chl in the arrangement  Preliminary modeling results by Gobets et al. (1998a,b)
depicted in Fig. 11A) can be reassigned to the other linker indicated a similar value for the intrinsic charge separation
Chl and one of its direct neighbors.) The RC chlorophylistate constant of (0.62 ps}, although the overall decay time
were assumed to absorb at 695 nm to provide a spectra@ﬁlculated there was 50 ps. Furthermore, their simulations
spatial bridge from the A708 pigments to P700. This allo-on the excited-state dynamics in monomeric PS | core
cation of the A708 pigments is supported by the following particles of Synechocystisndicated that the linker Chls
experimental findings. PS | preparations from spinach, decannot absorb at 708 nm, which would be in clear contrast
pleted of most of the core antenna chlorophylls down to 11to the results presented here, if the two different species/
Chl/P700 as described by Kumazaki et al. (1994), stillpreparations were to be comparable.

display some red absorption beyond P700. This speaks in The simulation described here nicely demonstrates the
favor of some A708 pigments in the vicinity of the RC. On crucial influence of the number of the red pigments on the
the other hand, all of the features in the P700/P7@D-  excitation decay time. Subsequently setting the absorption
sorption bleach spectrum at 5 K, explained as being due tmaxima of all of the red (A708 and A720) pigments to 685

relative amplitude
o
TO
i

670 680 690 700 710 720
wavelength / nm
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nm leads to a reduction of both transfer and overall decayrap. With respect to the linker Chls, a functional role for the
times down to 8 ps and 16 ps, respectively. transfer of excitation energy from the antenna to the RC has

More importantly, the same set of parameters found tdeen suggested (Schubert et al., 1997). The removal of the
reproduce the excitation decay kinetics for open PS lJinker Chlis results in a overall decay lifetime of 52 ps
namely spectral/spatial arrangement aridsker radius, al- instead of 34 ps, thus being comparable in effect to a
lows for a satisfactory description of the excitation decaytwofold slowing down of all transfer rates (cf. Table 1).
kinetics of closed PS | as well. With an approximately Nonetheless, Table 1 demonstrates that the excited-state
threefold reduced spectral overlap between antenna pigiecay kinetics is neither purely trap limited nor purely
ments and P700as compared to P700 (see above), with atransfer (to the trap) limited, but seem to be rather balanced,
rate constant of (0.1 ps)* for the internal conversion of which appears reasonable in terms of efficiency. Thus nei-
higher excited states of (P70, and with an absorption ther of the limiting cases is realized, at leasBinelongatus.
maximum of the one Chl of P700 not carrying the positive
charge (Kas, 1995) at-690 nm, a transfer lifetime of 15 ps
and an overall excitation decay lifetime of37 ps result.

This demonstrates that the apparently (nearly) identical qu-CONCLUSIONS
orescence quenching properties of reduced and oxidizeEor the first time, the excitation quenching efficiency of the
P700 turn out to originate from the mutual compensation ofPS | core-antenna-RC complex could be established to be
effects of different sign due to the following underlying different for open and closed PS I, by both fluorescence
mechanisms. The energy transfer to the trap is slowed dowimduction and picosecond-time-resolved fluorescence ex-
in comparison to open PS |, because of reduced spectrgeriments, as well as by quasi-steady-state spectroscopy.
overlap with both the oxidized and the nonoxidized P700The difference of (12+ 5)% in fluorescence yield between
Chl. On the other hand, the intrinsic excitation decay pro-the open and closed RC states is due te3aps difference
ceeds on a faster time scale. Thus, for closed PS |, it seeniis the overall excitation decay lifetime. Thus the excited
in fact to be justified to speak of transfer-to-the-trap-limited state is quenched slightly worse in closed PS | than in open
excitation decay kinetics. PS | at RT.

For open PS I, however, the situation is different. This Time-resolved fluorescence in the picosecond range
can be elegantly shown by means of our structural/spectralould resolve nonconservative transfer spectra both at RT
information-based simulation, which allows us to test theand at 5 K, which indicates that trapping does not occur
influence of variations of the intrinsic parameters on thefrom a completely thermally equilibrated core-antenna-RC
observed fluorescence behavior. Table 1 shows the chang®emplex. As a consequence, trap limitation for the excited-
in the overall excited-state decay lifetime as the parameterstate kinetics can be excluded.
governing the three different limiting regimes are varied From the lifetime of the excited staté &K in closed PS
separately by a factor of 2 (both up and down), while thel, an A720-P700 distance of-3.5 nm is derived. The
other two parameters are kept constant. For the transfer-t@bserved intermonomer exchange of excitation energy sup-
the-trap-limited case, all transfer rate constants into and oyiorts a localization of some A720 pigments in the connect-
of the RC, along with those to and from the linking Chls, ing domain of the trimeric unit. Simulation of the excitation
were modified. It turns out that any of the involved pro- energy transfer and decay based on all available structural/
cesses have considerable influence on the observed lifgpectral information strongly hints at the requirements to
times, with prevailing influence by the energy transfer to theplace some A708 pigments between the RC domain and the

peripheral red pigments (A720) to increase the transient
population of P700*. Based on this arrangement of the red
TABLE 1 Dependence of the excited-state decay lifetime on pigments, an intrinsic charge separation rate constant of (0.5

the time constants for energy transfer, energy transfer to the ps)’1 and a Foster radius of 7.3 nm are obtained as optimal
trap, and energy trapping parameters. Moreover, the simulation indicates a nonequi-
Slowed down Speeded up librium distribution of the excitation energy and reveals a
Process twice twice determining influence of the red pigments. For open PS | the
Transfer to the trap (i.e., to all 74 ps 20 ps observable excited-state decay is characterized by balanced
RC Chls and the linker kinetics rather than limiting cases. The kinetics in closed PS
Chls) | can be described by the same value for tfiesfer radius
Transfer (all transfer steps) 57ps 22 ps combined with a fast quenching via internal conversion.
Trapping (intrinsic charge 44 ps 29 ps

separation)

The numbers have to be compared with the optimal value of 34 ps. Note

that all three classes of processes have considerable influence; thus thiée thank Prof. Dr. H. T. Witt and Dr. P. Fromme for providing the PS |
overall excited-state decay time seems to be rather balanced with theomplexes, which were skillfully prepared by D. DiFiore and Cneberg.
prevailing influence of the energy transfer to the trap. We are very grateful to Mariannge@n for excellent technical assistance.
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