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ABSTRACT Photosystem | of the cyanobacterium Synechococcus elongatus contains two spectral pools of chlorophylls
called C-708 and C-719 that absorb at longer wavelengths than the primary electron donor P700. We investigated the relative
quantum yields of photochemical charge separation and fluorescence as a function of excitation wavelength and temperature
in trimeric and monomeric photosystem | complexes of this cyanobacterium. The monomeric complexes are characterized
by a reduced content of the C-719 spectral form. At room temperature, an analysis of the wavelength dependence of P700
oxidation indicated that all absorbed light, even of wavelengths of up to 750 nm, has the same probability of resulting in a
stable P700 photooxidation. Upon cooling from 295 K to 5 K, the nonselectively excited steady-state emission increased by
11- and 16-fold in the trimeric and monomeric complexes, respectively, whereas the quantum vyield of P700 oxidation
decreased 2.2- and 1.7-fold. Fluorescence excitation spectra at 5 K indicate that the fluorescence quantum yield further
increases upon scanning of the excitation wavelength from 690 nm to 710 nm, whereas the quantum yield of P700 oxidation
decreases significantly upon excitation at wavelengths longer than 700 nm. Based on these findings, we conclude that at 5
K the excited state is not equilibrated over the antenna before charge separation occurs, and that ~50% of the excitations
reach P700 before they become irreversibly trapped on one of the long-wavelength antenna pigments. Possible spatial
organizations of the long-wavelength antenna pigments in the three-dimensional structure of photosystem | are discussed.

INTRODUCTION

Photosystem | (PS 1) of green plants, algae, and cyanobaedl redox cofactors and an antenna system-@00 chloro-
teria is a membrane-bound pigment-protein complex thaphyll a and 20B-carotene molecules. The core proteins are
uses light energy to transport electrons from reduced plassurrounded by a number of LHC-I antenna proteins
tocyanin or cytochromeg to soluble ferredoxin (Brettel, (Boekema et al., 1990), which together bind roughly an-
1997). After absorption of light by an antenna pigment, theother 100 chlorophyll molecules (Chland Chlb at a ratio
excitation energy is efficiently transferred to the primaryof ~3.5:1), as well as~20 xanthophyll molecules. Cya-
electron donor, a chlorophyd (Chl a) dimer called P700. nobacteria lack the peripheral LHC-I antenna system. In
P700 in the lowest electronically excited singlet state dothese organisms, however, the PS | core complex can be
nates an electron to the primary electron acceptor, aaChl isolated in a monomeric and a trimeric form (Boekema et
monomer referred to asAThe charge separation is stabi- al., 1987; Rgner et al., 1990). The trimer is proposed to be
lized by subsequent electron transfer to secondary accepe native form, at least under certain physiological condi-
tors, i.e., the phylloquinone Aand the three [4Fe-4S] tions (Kruip et al., 1994).
clusters k, F,, and K. The structure of the trimeric core complex of the cya-
In green plants and algae, the PS | complex can p&obacteriumSynechococcus elongatims recently been
divided into two parts: the core complex and the light-determined to a resolutionfet A (Krauss et al., 1996;

harvesting Comp|ex | (LHC_|) The core Comp|ex CO”tainsSChUbert etal., 1997) The structure reveals a central part in
which six chlorophyll molecules and three iron-sulfur clus-
ters have been observed. Two branches can be recognized,
, — o which are approximately related by a twofold symmetry
ngg'lved for publication 21 November 1997 and in final form 6 FebruaryaxiS extending from & near the-stromal side to a pair of .
Address reprint requests to Dr. Eberhard Schlodder, Max-VoImer-InstitutCI’]l()mphyIIS near the lumenal side that presumably consti-
fiir Biophysikalische Chemie und Biochemie, Technische Univarsiea-  tute P700. Two other chlorophylls have been observed at
lin, Strasse des 17 Juni 135, D-10623 Berlin, Germany. Tel.: 49-30positions similar to those of the monomeric bacteriochloro-
ﬁi‘;ze?ﬁoist;o FSrX:ng_io-gleiiﬁzge E;Pn?gimeésfcgL@Ssig;‘k;ﬁgczggmuéaefphyIIs in purple bacterial reaction centers, whereas one of
Vri.je iJniversite-it, De B-oelelaan’ 108?[, 1081 HV Amysterdam, the Nethez’th(,a rem;.im.mg chiorophylls (denOteC.l ecs and é% po-
lands. Tel.: 31-20-4447931; Fax: 31-20-4447899; E-mail: dekker@nat.sr[Ions similar to those of the bacteriopheophytins in bacte-
vu.nl. rial reaction centers was assumed to kg(Bchubert et al.,

© 1998 by the Biophysical Society 1997). The position of the phylloquinone could not posi-

0006-3495/98/05/2611/12  $2.00 tively be identified in the electron density.
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The central part is surrounded by the core antenna systeably be slower. Trissl (1993) argued that a moderate de-
in which 83 of the~90 Chla molecules have been recog- crease in the trapping time does not significantly affect the
nized (Schubert et al., 1997). The nearest center-to-centefficiency of PS I, and that, on the other hand, the larger
distances between these chlorophylls range between 7 amdbsorption cross section will be physiologically quite ad-
16 A. The distances to the central chlorophylls are largevantageous. The numbers and energies of long-wavelength
than 19 A for all chlorophylls, except for two symmetrically chlorophylls vary considerably in the PS | of different
located chlorophylls designated cC and’c@hich each organisms. A relatively simple arrangement was found in
have center-to-center distances to the central chlorophylithe core antenna @ynechocystiBCC 6803 (Gobets et al.,
eC3 and eC3of ~14 A. It was suggested that these Chl 1994), in which two chlorophylls were found to absorb
molecules play an important role in the energy transfer fronrmaximally at 708 nm, with their QXransitions almost in the
the antenna system to the reaction center (Krauss et apjane of the membrane (van der Lee et al., 1993). It was
1996). suggested that these C-708 chlorophylls are excitonically

The short center-to-center distances between the chlor@oupled and carry a much broader phonon sideband than
phylls suggest very fast energy transfer and charge separather antenna chlorophylls. This suggestion implies that
tion kinetics. Indeed, the average rate constant of energgigment-pigment interactions largely determine the red
transfer from chlorophyll to chlorophyll has been estimatedshift, although specific pigment-protein interactions may
to be about (200 fs)! (Owens et al., 1987; Du et al., 1993). contribute as well. The homogeneous and inhomogeneous
Inisolated PS | particles frofynechococcus elongattise  linewidths @ 4 K were shown to be-170 and 215 cm?,
trapping of excitation energy via charge separation has beemespectively, and the Stokes’ shiftis10 nm (Gobets et al.,
estimated to occur ir-35 ps (Holzwarth et al., 1993). In PS 1994). The peripheral LHC-I antenna of green plants shows
| of the cyanobacteriurBynechocystiBCC 6803 and in the even broader absorption bands peaking around 716 nm
PS | core complex of green plants and algae, the trappin¢C-716). Trimeric PS | complexes &ynechococcus elon-
time is probably somewhat shorter20-30 ps) (Hecks et gatusbind more C-708 pigments per complex (about four to
al., 1994; Hastings et al., 1994, 1995a), whereas in nativeix) and, in addition, bind four to six C-719 chlorophylls
plant complexes (PS [-200 preparations), longer trappingPalsson et al., 1996), which suggests tBghechococcus
times were observed (see for a review, e.g., van Grondellelongatuscontains substantially more long-wavelength an-
et al., 1994). A number of groups have suggested that theenna chlorophylls thaBynechocystiBCC 6803. The most
charge separation kinetics are basically “trap-limited,”red-shifted chlorophyll has been found in PS ISgirulina
which means that the equilibration of the excitation energyplatensis in which chlorophylls with an absorption maxi-
over the complete antenna proceeds faster than charge sepum near 735 nm give rise to fluorescence peaking at 760
aration and thus that the intrinsic rate of charge separationm at 77 K (Shubin et al., 1995).
determines the kinetics (Holzwarth et al., 1993; Hastings et At room temperature, the energy transfer from the long-
al., 1994). An alternative view has recently been proposedvavelength antenna pigments to P700 is probably very
by a number of authors (van Grondelle et al., 1994; Valku-efficient (see, e.g., Trissl et al., 1993; Shubin et al., 1995;
nas et al., 1995; Trissl, 1997), who suggested that not thelastings et al., 1995b; Croce et al., 1996), in line with the
intrinsic rate of charge separation, but the rate at which théow fluorescence yield, which is largely determined by the
“equilibrated” excitation energy migrates to P700 deter-fast trapping of excitation energy 30 ps. At cryogenic
mines the overall kinetics, and that the kinetics can best beemperatures, however, the yield of the emission from the
described as “transfer-to-the-trap-limited.” This view waslong-wavelength pigments increases dramatically, suggest-
based on a putative larger distance scaling parameter baig that a significant part of the excitations no longer reach
tween the bulk antenna chlorophylls and P700 rather tha®700.
among the bulk antenna chlorophylls, and seems justified at In this report, we analyze the energy transfer to and from
least in part by the most recent three-dimensional structurdahe long-wavelength antenna pigments and the charge sep-
model (Krauss et al., 1996; Schubert et al., 1997). Withinaration efficiency in PS | complexes @&ynechococcus
the context of this description, the excitation energy will beelongatusin much more detail. In particular, we report
spectrally equilibrated among all bulk antenna chlorophylisrelative yields of P700 oxidation as a function of excitation
before transfer to the central reaction center chlorophyllsvavelength and as a function of temperature. The results
occurs. suggest that at room temperature, the probability that an

An intriguing aspect of the antenna system of photosysabsorbed photon of a certain wavelength results in the
tem | (and of the antenna systems of many other photosysxidation of P700 is the same for every wavelength, even
tems) is the pronounced absorption at wavelengths longdor excitation wavelengths as long as 750 nm. As the
than those of the primary electron donor. In PS |, some otemperature is lowered to 4 K, the yield of P700 photooxi-
the different spectral forms are observed at wavelengths agation decreases t650% with nonselective excitation. At
long as 720-735 nm. At room temperature, the thermall K the yield further decreases as the excitation wavelength
energy will in most cases be sufficient to allow uphill is shifted from ~700 nm to~720 nm. The results are
energy transfer from these long-wavelength antenna pigdiscussed in the context of the recently determined three-
ments to P700, but the overall trapping kinetics will prob- dimensional structure of photosystem 1.
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MATERIALS AND METHODS function of I we obtain
Trimeric PS | complexes containing100 Chl/P700 were prepared from ol®

the thermophilic cyanobacteriuBynechococcus elongatas described by AA = AA ki + old (2)
Witt et al. (1987), except that PS | was extracted with 0.6% (w/w) o

-dodecyl,p-maltoside f-DM) and purified b i h h - . ) .
-dodecylfs,o-maloside ) and purified by anion exchange chroma This equation describes rather well the measured dependeddeaif703

t h -Seph High-Perf | Ph ia), . ; A .
ography on a Q-Sepharose High-Performance column (Pharmacia) %Sm on the intensity of the excitation light (not shown). The half-maximum

described by Jekow et al. (1995). Monomeric PS | complexes Comainingabsorbance difference was obtained-d0 mW/cn? upon excitation at

~95 Chl/P700 were obtained by applying an additional osmotic shoc ; o
before the purification (Jekow et al., 1995). The purified PS | complexe:mO nm. The dependence of the absorbance difference on the excitation

; S . wavelength was measured under conditions in whi¢his, to a good

were suspended in a buffer containing 20 mMN2rjorpholino)ethane- imati tional tb which th - B f
sulfonic acid (MES) (pH 6.4), 0.02% (wiwd-DM, and~40 mM MgSQ,  2PProximation, proportional th which means thak, << k. Because o

; the particular settings of the modulation frequency and the intensity of the
(in the case of PS | monomers) or 100 mM MgS(@ the case of PS | N . o
} o excitation light, the experimental set-up selects for processes decaying in
trimers) and stored at 30°C. For the measurements, the PS | complexesth i £1-10 Shorter lived ) ill not be phot
were diluted with buffer (either buffer A, containing 20 mM tricine, pH € ime range of-_—10 ms. Snorter fived species will not be photoaccu-

7.5, 25 mM MgC}, and 0.02% (wiw)3-DM, or buffer B, containing 20 mulated, whereas longer lived processes will not decay and therefore will

not be recorded.
mM MES, pH 6.5, 20 mM CaGJ 10 mM MgCl,, and 0.02% (w/w)3-DM) .
and glycerol to reach a final concentration of 65% (v/v) glycerol, to obtain At low temperatureT < 100 K), reversible absorbance changes decay

a transparant glass at low temperatures. Na-ascorbate was added to a firm?inly with a half-life of =170 us, because of the charge recombination
P 9 P ) ?the radical pair P700A; . In this case, higher intensities of the excita-

concentration of 5 mM. Where indicated, phenazine methosulfate (PMS). . . .
. ; . i ) ion light are required to photoaccumulate the shorter-lived secondary
was added to a final concentration given in the figure legends. The

low-temperature measurements were performed in an Oxford liquid heliumradicaI pair.
P ) p_ - . q Fluorescence spectra at 295 K were recorded in an Aminco SLM8000C
flow cryostat (CF1204) or in a Utreks liquid helium flow cryostat. )
ghoton counting spectrometer. The temperature dependence of the fluores-

Absorption spectra and light-minus-dark absorbance difference spectr )
P P 9 P cence spectra between room temperaturd 4nK was recorded in a

at low temperature were measured with a spectral resolution of 0.5 or 1 mplome-built set-up with a CCD camera, as described before by Palsson et al

ith diff t trophot t 21 1E f L
w ) differen spec ropnotome e_rs (Cary 219, Cary 1E, or Cary 5 rom 10996). Fluorescence excitation specttd & were recorded on a home-
Varian). Flash-induced absorption changes were measured as describgd. ) . o o . .
uilt fluorimeter with excitation and emission beams at right angles, using

before by Lineberg et al. (1994). The sample was excited with a Xenontrimeric PS | preparations at an optical density of 0.32 at 680 nm at 5 K,

flashlamp (pulse duration 1j8s) whose emission was filtered by a colored which corresponds to an optical density of 0.25 at 680 nm at room

glass (CS96—4 from Corning). The amplitude of the flash-induced absorpi?mperature. The excitation source was a 150-W tungsten halogen lamp,

tion change a? 826 nm was measured as a function of the excitation flasequipped with a 1/2-m Chromex 500 SM monochromator with a bandwidth
energy at various temperatures betwdeK and 295 K. The measured - . ) .
saturation curves could be fitted satisfactorily with the function of 1.6 nm, a sheet polarizer, and a 400-nm high-pass filter. The emission
light was passed through a second sheet polarizer and a 1/8-m Oriel 77250
monochromator, fixed at 750 nm with 18-nm bandwidth, and detected with
In2-E a S-20 photomultiplier. The influence of background light was minimized
AA = AAmax 1—exp — E (1) by using chopped excitation light and lock-in detection. The measurements
L2 were performed with vertically polarized excitation light and with both
horizontally and vertically polarized emission. The measurements were
which yielded the half-saturating flash enerBy,, as a function of tem-  corected for the difference in sensitivity for horizontally and vertically
perature. The excitation energy was varied with neutral density filters. no|arized light, and for the spectral sensitivity of the set-up. The presented
Selectively excited absorbance difference spectra were recorded WitBpectra are the constructed isotropic spectra, iuca + 2norizonial
the double modulation set-up described before by Kwa et al. (1994). A cWrransmission was measured on the same set-up using a photodiode placed

Ti-sapphire laser (Coherent 890) pumped by a cw Ar ion laser (Coherengehind the sample. A baseline was recorded with the sample lifted up in the
Innova 310) was used as the excitation source. The spectral bandwidth @fyostat and subtracted.

the laser excitation was1 cm * (FWHM). Probe light was provided by
a 150-W halogen lamp in combination with a 1/4 m monochromator (Oriel
77200) with a spectral resolution of 1 nm (2 nm in the measurements at %
K). The wavelength was scanned in steps of 1 nm, stepping once every 2 .ESULTS AND DISCUSSION
The intensity of the probe beam, modulated at 100 kHz with a photoelasti(‘A :

rption tra at 5 K
modulator (Hinds PEM 80), was measured with a photodiode (Centronics bsorption spectra at 5
OSD 5-3T). The signal from the photodiode was fed into a first lock-in F|g 1 shows th 5 K absorption Spectra of monomemnd

amplifier locked at 100 kHz, yielding the probe light intendityThe laser li ; ; ;
- ; ine) and trimeric (lotted ling PS | complexes fronsyn-
excitation was chopped at 20 Hz, which modulates the absorbance of the ) d 6 P y

sample and thus the intensityTo obtain the difference ihwith the laser echococcus elongthbetwgen 650 nml and 750 nm'_ The
excitation on and off £ Al), the output of the first lock-in was fed into a  SPectra clearly exhibit various bands in thg &bsorption
second lock-in amplifier locked at 20 Hz. region of the chlorophylls, which can be assigned to specific
This modulation frequency was selected by taking into consideration thep00|5 of pigments. The spectrum of the trimeric complexes
lifetime of the charge separated state. At room temperature, the deca% slightly better resolved, which could indicate a more

kinetics of P700F,,; depend on the concentrations of the added electron d d struct N thel th d derivati f
acceptors and donors. In the reaction medium containing 5 mM naordered structure. Nevertheless, the secon erivatives o

ascorbate and PMS, both the fully oxidized and reduced forms of PMS arén€ spectra of both types of PS | complexes indicate com-
present. The reduced terminal iron-sulfur cluster is oxidized in less than Pletely corresponding absorption bands peaking at about
ms. Therefore, the rate for the recovery of the ground state R790F k) 665, 672, 679, 685, 692, 698, 708, and 719 nm (not shown).
is determined by the reduction of P700y reduced PMS(,, ~3msin  The most remarkable difference is observed around 720 nm,
the presence of 6@M PMS at pH 6.5). The rate for the formation of . .

P700 F», is given byk.. — ol®, where o)) is the absorption cross where the monomeric complexes sh'ow less absorption.
section of the PS | complexesjs the photon flux per cfy and® is the We deconvoluted # 5 K absorption spectrum of the

quantum yield of charge separation. For the absorbance difference astiimeric complexes into Gaussian bands and found that
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FIGURE 1 Absorption spectra & K of monomeric (—) and trimeric 600 630 660 650 720 750
(=) PS | complexes oBynechococcus elongatukhe spectra were nor- wavelength / nm
malized at 700 nm.
FIGURE 2 --——, Absorption spectrum of trimeric PS | complexes at 295
K, normalized to 1 at 680 nm. ——, Emission spectrum excited at 430 nm

these complexes most likely contain five or six C-708 of trimeric PS | complexes at 295 K in a glycerol/buffer (pH 6.5) mixture

pigments and four or five C-719 pigments per P700 in(65:35, v/v) with 5uM Chl, 5 mM ascorbate, and 0.007% (w/gyDM.
'~ The spectrum was normalized to 1 at 721 nm, Emission spectrum

accordance with our _prewous estlmate_ (Palsson et aIt:alculated from the absorption spectrum (- — —) by the Stepanov equation
1996). The deconvolution of &6 K absorption spectrum of (see text for details).

the monomeric complexes into Gaussian bands (not shown)
yielded five or six C-708 pigments and about two C-719
pigments per P700. Thus the main difference in the contents .
of long-wavelength chlorophylls in trimeric and monomeric tration of the detergenfDM). When the concentration of
PS | complexes fronSynechococcus elongatissthe lower this detergent was raised to the critical micelle concentra-
number of C-719 pigments in the monomers. tion (CMC) (~0.009% for g-DM), a pronounced peak

It should be pointed out that monomeric PS | complexesPPeared at 685 nm, and a further increase in the detergent
prepared from a psaLstrain of Synechococcus elongatus concentration resulted in a further increase in the amplitude
have virtually the same content of long-wavelength pig-Of this peak and in an additional blue shift (not shown). The
ments as the monomers obtained by trimer dissociation (UsPectrum also appeared to be affected by the presence of
Miihlenhoff, C. Flemming, and E. Schlodder, unpublishedglycerol, which might be due to an increase in the CMC of
results). From this we conclude that the lower content ofthe detergent with increasing glycerol concentration. An
C-719 pigments in the monomers is not an artefact of thé/most identical dependence of the shape of the fluores-
procedure for trimer dissociation. Deletion mutant studiescence spectrum on the detergent concentration was ob-
indicate that the psalL subunit, which is assumed to be pagerved by Croce et al. (1996) for PS 1-200 preparations from
of the connecting domain, is required for trimerization Zea maysn the presence of octy;o-pyranoside (OGP).
(Chitnis and Chitnis, 1993; Nhlenhoff and Chauvat, This effect therefore seems to be a general phenomenon of
1996). Therefore, we consider it likely that the binding of isolated PS | complexes, has also been reported for PS Il
the C-719 pigments is associated in part with the connectiomembrane fragments from spinach (Irrgang et al., 1988),
domain of the monomeric PS | complexes within the trimer.and may be caused by a less efficient energy transfer from

a small amount of antenna pigments to the reaction center

Excitati ilibrati when the detergent concentration is raised above the CMC.
Xcitation equilibration at room temperature The emission spectrum shown in Fig. 2 is more or less

Fig. 2 shows the absorption and nonselectively excitecsimilar to the spectrum reported by Holzwarth et al. (1993)
emission spectra of trimeric PS | complexes fréynecho- of PS | particles fromSynechococcus elongatus the
coccus elongatusat 295 K. The absorption spectrum presence of 0.05% Triton X-100. Their spectrum, however,
(dashed ling peaks at 680 nm and shows much intensity atpeaks at~710 nm (at 308 K), which could be the result of
wavelengths longer than 700 nm, which is primarily causedhe loss of some of the long-wavelength pigments during the
by P700 and the pools of the long-wavelength antenngurification of the particles. The increased fluorescence
pigments. The absorption extends+@60 nm. The fluo- around 687 nm observed in their emission spectrum may
rescence spectrursdlid line) peaks at 721 nm and shows a also be due to a detergent effect. We note here that the
shoulder at~691 nm. steady-state emission spectrum was used as a major fitting

We noted that the particular shape of the emission speg@arameter in the modeling work of Trinkunas and Holz-
trum at room temperature depends heavily on the concerwarth (1994, 1996).
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We calculated the emission spectriity) from the ab-  in Synechococcus elongat{i&rauss et al., 1996). However,
sorption spectrunf(v) of the trimeric PS | particles from we did not observe a significant deviation around 700 nm
Synechococcus elongatudy the Stepanov relation (also not if the curves were normalized at, for instance, 715
(Stepanov, 1957): nm), but in view of the uncertainties with the Stepanov

analysis and the small number of chlorophylls in the central
—hv part of the reaction center, we do not consider this as
F() =C-»’ exp(k.l_) “A) () evidence against the transfer-to-the-trap model. We also did
not observe the deviation around 695 nm reported by Croce
A good correlation between the calculated and experimenet al. (1996) in PS 1-200 complexes frafea maysThere-
tally determined emission spectra has been interpreted bipre, we do not see the need to propose three or four antenna
Jennings and co-workers to indicate a complete distributiorchlorophylls strongly coupled to P700 and absorbing around
according to Boltzmann of the excited state over all differ-695 nm.
ent spectral chlorophyll forms before the charge separation There is a very remarkable coincidence between room
occurs (see, e.g., Zucchelli et al., 1995; Croce et al., 1996)emperature emission spectra of PS 1-200 from higher plants
Fig. 2 shows that, indeed, a good correlation between thand trimeric PS | fromSynechococcusvhich indicates a
experimental and calculated spectra can be achies@idi( very similar way of equilibration in both systems, despite
anddotted linesrespectively). The somewhat larger ampli- the fact that most of the red pigments in PS 1-200 are located
tude around 670 nm in the experimental spectrum could ben the Chla/b binding peripheral antenna LHC-I (see, e.g.,
due to a very small amount of uncoupled Chl (Zucchelli etvan Grondelle et al., 1994; Schmid et al., 1997) and that all
al., 1995). red pigments in PS | o8ynechococcuare located on the

We would like to point out that a good correlation be- core antenna. It is possible that both systems have evolved
tween the calculated and experimentally determined emisn the same way to achieve an optimal situation of absorp-
sion spectra according to Stepanov does not necessarition, energy transfer, and trapping. In other cyanobacteria,
mean that the excited states in the antenna are fully distribhowever, this situation may be very different. Synecho-
uted according to Boltzmann over all spectral chlorophyllcystisPCC 6803 there are far fewer special long-wavelength
forms before charge separation occurs. It is possible, fopigments per complex than iSynechococcus elongatus
instance, that the “real” (unperturbed) fluorescence spedGobets et al., 1994), and consequently, in this system the
trum of the PS | particles is even below the calculatedexcitation energy will be localized to a much smaller extent
spectrum between 660 and 690 nm (i.e., it is possible thadn the red pigments. Indeed, the 295 K emission spectrum
the contribution of free chlorophyll is larger than suggestedof (detergent-free) thylakoids of a PS ll-less mutant of
from the difference between the two curves in Fig. 2), inSynechocystiBCC 6803 shows a much smaller contribution
which case one could conclude that some of the excitationat longer wavelengths (Woolf et al., 1994).
in the bulk antenna arrive at P700 before complete equili-
bration with the red spectral forms occurs. The emission
spectrum is very sensitive to the presence of uncouple;g . N

. . elective excitation at room temperature
chlorophylls and to aggregation effects, which depen
heavily on parameters like the concentration of detergento obtain more direct information on the extent to which
and the amount of glycerol. Artefacts can be due to uncouexcitation energy is transferred from the long-wavelength
pled Chl if the detergent concentration is too high, and toantenna chlorophylls to P700 in PS | complexeSwfiecho-
aggregation if the detergent concentration is too low. coccus elongatyswve recorded light-induced oxidized-mi-

Based on a decomposition of the fluorescence spectrumus-reduced absorbance difference spectra of P700, using a
at 295 K (Fig. 2,solid line) with Gaussian components, we tunable CW laser (690—770 nm) as the excitation source.
estimate that-80% of the fluorescence is emitted from the We used the double-modulation set-up described in detail
long-wavelength antenna chlorophylls. This is roughly inbefore by Kwa et al. (1994), which allowed us to record
agreement with the conclusion of Croce et al. (1996) for PSully reversible absorption changes with a tunable light-on,
I-200 preparations frordea maysthat~90% of the excited  light-off frequency. In this particular case, we modulated
states are associated with the red chlorophyll spectral formthe excitation light at a frequency of 20 Hz, which ensured
at room temperature. an optimal signal in view of the-3-ms decay of P700in

Around 700-nm deviations between the experimental andhe presence of 5 mM ascorbate and8@ PMS at pH 6.5
calculated fluorescence spectra can be expected if the e(see Materials and Methods). This means that with this
ergy transfer and trapping processes in PS | are described Ibychnique, it is possible to photoaccumulate a significant
a “transfer-to-the-trap-limited” model (Valkunas et al., steady-state level of P700and to record the absorbance
1995; Jennings et al., 1997). In this model, singlet-excitedlifference spectrum of P700 oxidation as a function of
P700 will not easily give its excitation energy back to the excitation wavelength.
bulk antenna because of a relatively large distance to the Fig. 3 (solid line) shows the absorbance difference spec-
bulk antenna. This situation is not unrealistic, in view of thetrum obtained with selective laser excitation at 720 nm. The
location of the PS | reaction center and antenna chlorophyllspectrum shows bleachings at 703 and 685 nm, local max-
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T wofash onitation ' T with monomeric complexes (not shown). For both prepara-
02l selective laser excitation at 720 nm i tions, there is a very good match between the relative
.u /../-—'“”‘“ absorption changes at 703 nm (FigA5andB, squaresand
g oo T~ circle and the (1-transmission) spectrum of the sample
S ozl i (Fig. 5,A andB, solid lineg. This indicates that the quantum
5 efficiency is constant at room temperature, and thus that
§-0-4 - ] there is efficient uphill excitation energy transfer from the
%@.e_ PS | trimer | long-wavelength antenna chlorophylls to P700, even at
8 T=295K wavelengths of up to 760 nm.
< 081 ] A remarkable feature of the spectra presented in Fig. 4 is
"ol ] that the shape of the P700 difference spectrum is almost
. independent of the excitation wavelength. In Fig. 6 we

L I I L L
550 600 650 700 750 800

replotted the difference spectrum obtained from trimeric PS
wavelength / nm

| complexes upon excitation at 700 nm and compared it with
FIGURE 3 ——, Absorbance difference spectrum of trimeric PS | com- that obtained upon excitation at 750 nm after normalization
plexes at 295 K, excited with a laser at 720 nm, measured with theOf the signal amplitudes at 703 nm. All positions of the
double-modulation technique at pH 6.5 in the presence of 5 mM sodiunpeaks and zero-crossings are the same within the error
asct?rbate ;‘_][‘fd 6QM P'V'S-t o, Xe;ﬂta_Sh‘"_‘dU;gdl P700Ti”US'Pt7285a?<- limits, which means that energetically identical fractions of
o p'He;%”a,eit;‘;e;;;”;‘Oziu;'gzgrbate :ﬁggme;ejs‘f‘ * "*P700 are oxidized, even upon excitation in the far red edge
of the spectrum. The reason for the slightly larger bleaching
around 685 nm upon excitation at 750 nm is not clear.

ima at 692 and 672 nm, and a zero crossing at 731 nm. The The main result of the experiments presented in Figs.
spectrum is identical to the flash-induced P7(®700 ab- 4-6 is that every photon absorbed in the far red edge of the
sorbance difference spectrum recorded with the same pregbsorbance band (e.g., 755 nm) has virtually the same
aration of trimeric PS | complexes (Fig. 8pt9. In the  probability of causing P700 oxidation as every absorbed
absence of PMS and ascorbate, no reversible light-induceghoton of higher energy. Thus excitation in the far red edge
absorbance changes could be observed (not shown), befthe absorption spectrum results in an uphill energy trans-
cause P700 does not decay within 50 ms under thesefer by using thermal energyT from the surroundings. We
conditions. From these observations we conclude that theote thatkT equals 205 cm® at 295 K, which corresponds
solid line in Fig. 3 is not contaminated by a triplet or otherto ~11 nm at 750 nm. To explain the obvious decrease in
signals, and represents the pure oxidized-minus-reduced
absorbance difference spectrum of P700.

To analyze the quantum efficiency of P700 oxidation as : :

a function of excitation wavelength, we measured the action 08 _
spectrum. In Fig. 4 we show P700 absorbance difference PS Itrimer
spectra obtained at different excitation wavelengths from 061 T=295K
trimeric PS | complexes, normalized to the incident photon 04
flux. Very similar difference spectra have been obtained '
~ 02 g
E’.
T T T ~ 0.0 @
PS | trimer - 5>
8 00 - os} 2
e ) PS | monomer ~
8 &
& 02 sl T=205K o
5 3
§ -0.4 0.4} =
©
2
§ 0.6 0.2
©
g 0.8 0.0 L L . i
E ' 690 710 730 750 770
g -1.0 wavelength / nm

L L 1 1
600 640 680 720 760 800

wavelength / nm FIGURE 5 Comparison of the (1-transmission) spectrum of trimeric
(upper curvg and monomericlower curvg PS | complexes (——) with
FIGURE 4 P700-minus-P700 absorbance difference spectra of trimericthe relative absorption changes at 703 lin®) as a function of excitation
PS | complexes, recorded at pH 6.5 and 295 K in the presence of 5mM  wavelength, normalized to the same incident photon flux 295 K. At
sodium ascorbate and @M PMS upon selective excitation between 700 each wavelength, measurements with different excitation intensities have
nm and 750 nm. The spectra were normalized to the same number dfeen performed (e.g., between 0.5 and 3 m\W/atr690 nm and between
incident photons at every excitation wavelength. 30 and 70 mW/crhat 750 nm).
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0zl ' ' ' ] Temperature dependence of

steady-state emission

In Fig. 7 we show the yield of the nonselectively excited
steady-state emission as a function of temperature between
295 K and 4 K. The spectra were recorded in the same
—— ,=700nm buffer as in Fig. 2, so they are not distorted because of
------------- =750 nm contributions of uncoupled Chl. Upon cooling from 295 K
to 175 K, the peak wavelength shifted from 721 nm for both
preparations te-730 nm (monomers) or 732 nm (trimers),
J . whereas upon further cooling the peak wavelengths stayed
50 700 750 800 constant within 1 nm (not shown). In the trimeric complexes
wavelength / nm the yield increases-11-fold as the temperature is decreased
from 295 K to 4 K, whereas in the monomeric complexes
FIGURE 6 Comparison of the shape of the P708inus-P700 absor- the yield increases by-16-fold (see the next section for a
be_ince difference spectrqm in trim_eric PS | comp_lexgs at 295 K, measureaiscussion of this result). Half-maximum values are ob-
with the double-modulation technique upon excitation at 700 nm (——) .
and at 750 nm (- — —), normalized to the peak amplitude at 703 nm. served a_t~140 K _(mmers) and 120 K (monomers)' The
curves differ considerably from those obtained for thyla-
koids from PS ll-lessSynechocysti®CC 6803 (Wittmer-
shaus et al., 1992), where the half-maximum fluorescence
the free energy upon equilibration, not only the energyoccurs at~75 K. This suggests that iBynechocystifess
differences between the various pools of pigments should bthermal energy is required to transfer excitation energy from
taken into account, but also the number of pigments in eacthe long-wavelength pigments to the photochemical trap,
pool (the entropy term). and thus that the long-wavelength pigments are closer in
In relation to this, two points should be mentioned. First,energy to P700 than iBynechococcugonsistent with the
the quantum yield of the primary charge separation reactiomabsence of C-719 in this organism. In chloroplasts from
depends only moderately on the trapping rate. The quantumigher plants, however, the half-maximum fluorescence oc-

1

rel. absorbance difference

yield is given by curs at~125 K (Tusov et al., 1980), further supporting the
idea suggested above that the antenna systems of intact PS
P = ko 4 I of plants andSynechococcubave qualitatively similar
Ko + Kioss amounts and transition energies of long-wavelength antenna

wherek, is the rate constant for the decay of the excitedp'gments' ) . .
Attempts to fit the temperature dependencies with an

state due to trapping by photochemistry, &pd.is the sum ) . . L
of the rate constants for all other decay processes of thérrhgmus type of curve with a smglg activation energy, as
excited state. For instance, if we assume that, = (2 in Wittmershaus et al. (1992) and in Tusov et al. (1980),

ns) t andk, = (30 ps) L, then the quantum yield would be failed at temperatures below 100 K (not shown). Above 100

98.5%. Accordingly, a slowing down of the trapping rate byK the'curves could be fitted well by assuming activation
a factor of 10 would only result in a slight decrease in the®NergIes of 45 and 38 meV for trimers and monomers,
quantum vyield to 87%. In addition, in the “transfer-to-the-
trap-limited” model, the kinetics of reaching the trap limit
the overall trapping time, not the primary charge separation
reaction itself.

Second, P700 possibly absorbs up to at least 750 nm at
room temperature. Indications that the low-energy excitonic
band of P700 could be extremely broad at room temperature
can be found in the shape of the oxidized-minus-reduced
difference spectrum, which starts to decrease around 750
nm when the spectrum is scanned toward shorter wave-
lengths (see, e.g., Fig. 3). If the positive P7Q&pectrum is
featureless in this part of the spectrum, then the lowering

4 PS | monomer
®  PS|trimer

s
-
T

—
[+
T

fluorescence yield [a.u.]
@ @ S

[ £
T T

must be explained by the bleaching of the absorption of 0 50 100 150 200 250 300
P700. We estimate a FWHM of20 nm, or 400 crm?, if a temperature / K
Lorentzian shape is assumed. At low temperature (1.6 K), a

linewidth of 350 cm* was determined by spectral hole FIGURE 7 Fluorescence quantum yield as a function of temperature in

. - . trimeric (@) and monomeric£) PS | complexes. Excitation wavelength
bumlng (G”“e et al., 1989)' This feature of P700 could 430 nm. The measurements were performed in a glycerol/buffer (pH 7.5)

facilitate the trapping of excitations localized on the 10ng- mixture (65:35, viv) containing 5 mM sodium ascorbate. All data points
wavelength antenna pigments. were normalized to 1 at 295 K.
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respectively. These values correspond to 363 and 306,cm that an excitation becomes trapped on the long-wavelength
respectively, or to 17 and 15 nm at 700 nm. It is possiblepigments. We note that the values in Figs. 7 and 8 add up to
that lower activation energies caused by the C-708 pigmentoughly the same value at all temperatures (not shown),
are responsible for the further increase in the fluorescencmdicating a complementary relationship between charge
yield below 100 K. separation and fluorescence yield.

The results of Fig. 8 suggest that the larger increase of the
steady-state emission in monomers upon cooling to 4 K
(Fig. 7) is not due to a larger decrease in P700 oxidation. On
the contrary, the relative yield of P700 oxidation is larger in
The results of Fig. 7 suggest that at low temperatures onomers than in trimers at 4 K. The fluorescence yields
considerable part of the (nonselective) excitation energpresented in Fig. 8 are normalized to 1 at 295 K. It is
becomes trapped on the long-wavelength antenna pigmentéierefore not clear whether the steady-state fluorescence at
and thus that a considerable part of the excitation energg¢ K is higher in monomers than in trimers, and/or whether
will not result in P700 photooxidation. To estimate the the steady-state fluorescence at room temperature is lower
extent to which excitation energy is lost for charge separain monomers than in trimers. The latter possibility could
tion, we measured the quantum yield of charge separation ggint to a decreased trapping time in monomers at room
a function of temperature. We recorded light-induced abiemperature, perhaps because the excitation has a somewhat
sorption changes at 826 nm due to the oxidation of P70Migher probability of reaching P700, which is, in fact, ex-
upon illumination with blue Xe flashes as a function of the pected if a considerable fraction of the C-719 pigments are
excitation flash energy. Fig. 8 shows that for both com-missing. These pigments no longer take part in the total
plexes, the half-saturation values gradually increase as thgquilibrated pool of excitation energy, because of which the
temperature is lowered, to reach valuégt& of 2.17 and  probability of finding the excited state on P700 is increased,
1.73 times the values at 295 K for trimeric and monomericand the fluorescence vyield will be lower. However, mea-
complexes, respectively. This suggests that the relativeurements at 295 K under identical conditions using the
yields of charge separatiort 4 K are 46% and 58% for same chlorophyll concentration revealed that the fluores-
trimeric and monomeric complexes, respectively. Thecence yield of trimers is only-15-20% higher than that of
somewhat higher yieldtat K in the monomeric complexes monomers (not shown). This difference accounts for only a
can be rationalized by the lower number of long-wavelengtipart of the larger increase in the steady-state emission in
chlorophylls. In these particles the probability is smallermonomers, which suggests that the steady-state emission at
4 K is higher in monomers than in trimers. Similar to what
has been found for artificial chlorophyll aggregates, it is
possible that the larger number of C-719 chlorophylls in the
trimers increases the probability that the excited state de-
cays via radiationless decay pathways.

Temperature dependence of the quantum yield of
P700 oxidation
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PS | trimer
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14r Fluorescence excitation spectra at 4 K
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The results described above show that nonselective excita-

tion & 4 K leads to P700 oxidation in about half of the
reaction centers, and to excitation of the long-wavelength
pigments in the other half. To get an idea of the extent to
which this bipartite behavior modifies if selective excitation
is employed, we recorded 4 K the excitation spectrum of
the fluorescence at 750 nm of trimeric complexes, and
compare this with the (1-transmission) spectrum (Fig. 9,
solid ling). If the excitation spectrum is divided by the
(1-transmission) spectrum, a horizontal line is expected if
all pigments contribute to the same extent to the emitting
species. Fig. 9dashed ling shows that a horizontal line is
observed at excitation wavelengths shorter th&90 nm,
FIGURE 8 Half-saturation energies of the excitation flashes normalizedout at wavelengths longer than 690 nm, the ratio increases
to 1 at 295 K as a function of temperature for trimeg @nd monomeric  to reach a factor of~2 at wavelengths longer than 710 nm.
(B) PS | complexes, obtained by measurer_nen_ts of the flash-induceq ab- Thus, at excitation wavelengths shorter than 690 nm,
sorbance changes at 826 nm due to the oxidation of P700 as a function of, L .

the flash energy. The measurements were performed in a egceroI/buffe?bouF half of the eXCIt,atlon energy 1s lost for fluor.esc'ence at
(pH 7.5) mixture (65:35, v/v) containing 5 mM sodium ascorbate and 204 K, in agreement with the results on P700 oxidation ob-
uM PMS. tained with nonselective excitation in the previous sections.
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1997), whereas in the remaining complexes reversible ab-
sorbance changes occur. 4180-90% of these remaining
complexes, the absorbance changes decay with a half-time
of ~170 us due to the recombination of the radical pair
P700"A;. A smaller decay phase with,, > 10 ms (10—
20%) could be attributed to the charge recombination of
P700 Fx (Llneberg et al., 1994). Furthermore, the quan-
tum yield of charge separationt & K is only ~50% com-
pared to 295 K (see above). Therefore, the signal-to-noise
ratio is significantly lower than at room temperature. A
rough estimate reveals that the light-on—light-off absor-

< o o -
kS » © =)
T

(1-T) and fluorescence / (1-T)

@
N

00 . . . . ‘ : '
600 625 650 I675th/ 700 725 750 bance difference is about a factor of 50 smalleb & than
wavelen hm . . . . . .
s at 295 K, provided that the intensity of the excitation light
FIGURE 9 ——, 1-transmission spectrum of trimeric PS | particles at 4 1S the same. ) ) )
K. — — —, Fluorescence excitation spectrumdaK (excitation wavelength Nevertheless, the spectra in Fig. 10 can largely be attrib-
750 nm) divided by the solid line, normalized to 1 at 718 nm. uted to the oxidation of P700, in view of the resemblance to

the 5 K spectrum of the irreversible absorbance changes

recorded with trimeric PS | complexes frdBynechococcus
On the other hand, excitatiornt 4 K at wavelengths longer (Fig. 11). To obtain this spectrum, the absorbance spectrum
than ~710 nm results in the selective excitation of the at 5 K before illumination (see Fig. 1) was subtracted from
long-wavelength pigments, and probably does not give ris¢hat measured after illumination with 30 Xe flashes and
to P700 oxidation at all. subsequent dark adaptation. Fig. 11 shows that the main
features (a broad bleaching at 703 nm, a strong absorbance
increase at 691 nm, a further bleaching at 685 nm, and a
zero crossing at 718 nm) are the same as those observed in
To obtain more direct information on the yield of P700 Fig. 10, although the spectrum presented in Fig. 11 exhibits
photooxidation 4 K upon selective excitation at wave- additional narrow bands due to the higher spectral resolu-
lengths longer than 690 nm, we recorded reversible lighttion. A similar spectrum, except for the sharp spectral
on-minus-light-off absorbance changes as described aboveatures, was reported for the low-temperature light-minus-
for 295 K. The samples were frozen in the presence of Blark absorbance difference of PS | particles from spinach
mM ascorbate in the dark, so that P700 was reduced befol&dif et al., 1984). The bleaching at 703 nm is probably
illumination at 5 K. Fig. 10 shows spectra obtained with caused by the disappearance of the ground state of P700
trimeric PS | complexes at different excitation wavelengths dimer, whereas the up and down going features between 670
normalized to the incident photon flux. At low temperatureand 700 nm are most likely dominated by electrochromic
(T < 100 K), a stable charge separation P7BRg is  shifts of nearby chlorophylls.
induced in~45% of the PS | complexes in which charge To estimate the quantum yield of P700 oxidation as a
separation occurs at all (Schlodder et al., 1995; Brettelfunction of excitation wavelength, we compared the absor-

Selective excitation at 4 K
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FIGURE 10 P700-minus-P700 absorbance difference spectra of tri-
meric PS | complexes at 5 K, recorded with the double-modulation techFIGURE 11 Light-minus-dark absorbance difference spectrum of trim-
nique in a glycerol/buffer (pH 7.5) mixture (65:35, v/v) containing 5 mM eric PS | complexest® K measured in a glycerol/buffer (pH 7.5) mixture
sodium ascorbate upon selective excitation between 700 nm and 720 nr{65:35, v/v) containing 5 mM sodium ascorbate. The absorbance spectrum
The spectra were normalized to the same number of incident photons @it 5 K before illumination was subtracted from that measured after illu-
every excitation wavelength. mination with 30 Xe flashes.
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bance changes at 703 nm (Fig. ®2and B, square$ with entropy contribution to the free energy change can be ne-
the (1-transmission) spectrum of the samples (FigAlahd  glected at low temperatures. Nevertheless, the quantum
B, solid lineg. Fig. 12 shows that with excitation at wave- yield of charge separation decreases only by a factor Df
lengths longer than 700 nm, a large part of the excitatioras the temperature is decreased from 29% K K (Fig. 8).
energy does not reach P700, both in trimers (FigALland  The reduction in yield is stronger in trimeric PS | complexes
in monomers (Fig. 13B), in agreement with the fluores- than in monomeric complexes, indicating a positive corre-
cence excitation spectra shown in Fig. 9. The relative yieldation of the reduction in yield with the number of C-719
is ~50% at 710 nm and almost zero at 720 nm. Fluorespigments.
cence, however, could easily be recorded at excitation Based on these findings, we conclude that at 5 K, thermal
wavelengths longer than 730 nm (Palsson et al., 1996). equilibration of the excited state in the antenna is not
established before charge separation. After equilibration the
excited state should be totally localized on the red-most
?Sﬁgh%ﬂ%'\::spg\l.') IMPLICATIONS FOR THE pigments, because according to the Boltzmann distribution,
the probability of finding the excitation on P7004s10 °
In this report we show that in trimeric and monomeric PS Ifor T < 40 K in the trimeric complexes. Thus photochem-
complexes ofSynechococcus elongatas room tempera- ical charge separation would not occur to a significant
ture, all absorbed light, even of wavelengths of longer tharextent in the case of complete equilibration. Assuming that
750 nm, has the same very high probability of resulting inthe molecular rate constant of primary charge separation
a stable P700 photooxidation. does not depend very strongly on the temperature, the
At 5 K, however, the long-wavelength antenna chloro-trapping time due to charge separation would>E00 ns,
phylls form a deep trap of excitation energy and thereford.e., much longer than the excited-state lifetime. It should be
give rise to a strong increase in the fluorescence yield (Fignoted that the Stepanov analysis of the low temperature
7). The analysis of the yield of charge separation (Fig. 12)pbsorption and emission spectrum (not shown) supports this
and of the fluorescence (Fig. 9) upon selective excitatiorconclusion. At cryogenic temperatures, the calculated emis-
provides evidence that uphill excitation energy transfersion spectrum does not match the experimentally deter-
from the long-wavelength antenna pigments to P700 doegined spectrum (see also Croce et al., 1996).
not occur at 5 K. This means that excitations that reach one Our results show thatteb K there is a probability of
of the red pigments are lost for photochemical energy con=~50% of reaching P700 before the excitation becomes
version. This is, in fact, expected, becakde~ 3.5 cm * irreversibly trapped on one of the long-wavelength antenna
at 5 K, which is too small to bridge the energy gap betweerpigments. The specific location of P700 (Krauss et al.,
the C-719 and C-708 pigments and P700. Additionally, thel996) suggests that the rate of primary charge separation is
most likely much faster than the back-transfer of the exci-
tation energy from P700* to neighboring antenna pigments,
0.8 — : : 1 , so this part of the excitation energy will give rise to primary
charge separation. The situation at low temperatures indi-
cates a kinetic competition between two possibilities: the
excitation is trapped either by P700, resulting in charge
separation, or by one of the long-wavelength antenna pig-
ments (see also van Grondelle et al., 1994). In the latter
case, the excited state decays by fluorescence or radiation-
less processes, but not by photochemical charge separation.
It is interesting to note that recently, Liebl et al. (1997)
have drawn similar conclusions based on wavelength-selec-
tive femtosecond transient absorption measurements at 20
K, using membranes of the heliobacteriddeliobacillus
mobilis which contain a photosystem of the same type as
photosystem | of oxygen-evolving organisms. These au-
thors found very different rates of P798ormation upon
R T R —— excitation of spectrally different pools of pigments, and
wavelength / nm suggested that there is a competition of energy transfer from
the singlet-excited bulk-antenna spectral form Bgib3 to
FIGURE 12 Comparison of the (1-transmission) spectrum of trimericeither the primary electron donor P798 or the long-wave-
(upper curvg and monomericlgwer curvg PS | complexes (—) with  |ength spectral form Bchy 808, in line with our results on
the relative absorption changes at 703 ) lormalized to the incident PS I. On the other hand, Chiou et al. (1997) concluded from

photon flux as a function of the excitation wavelength. The measurements .

were performed with the double-modulation technique upon seleu:tiveSlmllar types of experiments dreliobacillus mobilighat at

excitation between 690 and 720 nfn= 5 K. The excitation intensity has 20 K basically all excitations are transferred to Bgt808,
been varied between 30 mw/€rat 690 nm and 130 mwWi/chat 720 nm.  followed by a transfer to P798 and charge separation with a
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