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ABSTRACT: A photosystem | preparation from maize, containing its full antenna complement (PSI-200)
and in which detergent effects on chlorophyll coupling are almost completely absent, has been studied by
time-resolved fluorescence techniques with ps resolution at 280 and 170 K in the wavelength interval

of 690—-780 nm. The data have been analyzed in terms of both the decay-associated spectra (DAS) and
the time-resolved emission spectra (TRES). As in a previous room temperature study [Turconi, S., Weber,
N., Schweitzer, D., Strotmann, H., and Holzwarth, A. R. (198ichim. Biophys. Acta 118324334,

the 280 K decay is well described by three DAS components in thel 3Q ps time range, the fastest of
which displays both positive and negative amplitudes characteristic of excitation transfer from the bulk
to the red antenna forms. Both the 57 and 130 ps components have all positive amplitudes and describe
complex decay and equilibration processes involving the red forms. At 170 K, four major components in
the 10-715 ps time range are required to describe the decay. The fastest represents bulk to red form
transfer processes, while the 55, 216, and 715 ps decays, with all positive amplitudes, have maxima near
720, 730, and 740 nm, respectively, in accord with previous steady-state fluorescence measurements. The
width and asymmetry of these DAS indicate that they are spectrally complex and represent decay and
equilibration processes involving the red forms. Spectral evolution during the fluorescence decay process
was analyzed in terms of the TRES. The red shifting of the TRES was analyzed in terms of the first
central spectral moment (mean spectral energy) which is biexponential at both temperatures. The slower
component, which describes equilibration between the red forms, leads to spectral red shifting during the
entire fluorescence decay process, and the mean lifetimes of the spectral moments at 280 and 170 K (86
and 291 ps, respectively) are similar to the mean lifetimes of the fluorescence decays (119 and 384 ps,
respectively). Thus, both spectral evolution and the trapping-associated fluorescence decay occur on a
similar time scale, and both processes display a very similar temperature sensitivity. On the basis of these
data, it is concluded that trapping in PSI-200 is to a large extent rate-limited by excitation diffusion in the
antenna and in particular by the slow “uphill” transfer from the low-energy forms to the bulk and/or inner
core chlorophyll molecules.

The photosynthetic electron transport system of higher about 90 antenna clal molecules. A quite detailed crystal-
plants carries electrons from water to NADP against an lographic structure at 4.5 A resolution has been recently
electrochemical gradient of about 1.2 V. The free energy proposed for the core complex of a cyanobacteridinirf
for this process comes from light absorption at the level of which more than 80% of the chls are identified. The average
two distinct photosystems known as photosystem | and interchromophore distance between antenna molecules is
photosystem 1. In both photosystems, light is absorbed by 11—-12 A, while P700 seems to be located in a region of
a large array of antenna pigments, mostly chlorophylls, and low chromophore density except for a group of six pigments
subsequently transferred on a picosecond time scale towhich include the primary electron acceptor and accessory
reaction centers where primary photochemical trapping chls. (ii) Peripheral antenna complexes (LHCI) collectively
occurs. In the case of PStwo physically separate moieties  bind more than 100 ctd and/orb molecules. Four different
are distinguishable (for review, see 8 (i) A core complex LHCI complex polypeptides have been identified which are
which in addition to the special reaction center chlorophyll arranged around the corB)(as dimers, of which there are
pair, P700, and the primary electron acceptors, also bindsfour or five per photosysten®ty.

A characteristic of particular interest in PSl is the presence
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from a state in which most excited states are associated withantenna (diffusion-limited) or by the rate processes which
the red forms both in core particles, (7, 8) and in PSI with occur at or very close to the primary donor (trap-limited).
its full antenna complement (PSI-20D; 2). In the case of = The most generally accepted view favors the trap-limited
PSI-200, it has been demonstrated that between 80 and 90%ituation (for review, see red4) though there is little very
of excited states are associated with the red spectral formsrecent data on this. In the case of PSI, this idea is based on
in the steady state at RT2)( These observations clearly the presence in both core particles and PSI-200 of a transfer
indicate that energy transfer from the antenna to P700 mustcomponent (512 ps) in fluorescence decay experiments
involve thermally promoted (energetically uphill) transfer which is much faster than trapping (5Q00 ps;1, 7, 8).
processes. The fast transfer component involves excitation flow from

It is often reported that two red-absorbing pigments are the bulk chlorophylls to the red forms and has been
present in PSI from plants with emission maxima near 720 interpreted as representing excitation equilibration within the
and 735 nm 9—12). This may however be a somewhat antenna. Thus, trapping is envisaged to occur from a ther-
simplified view as there is evidence that the 735 nm emission malized state in which superfast antenna processes do not
band reported in these studies is the unresolved sum of atsignificantly determine the overall trapping rate. In the study
least two spectral pools with fluorescence maxima near 730presented here, we specifically address this aspect by
and 740 nm 2, 13). The stoichiometry of the 720, 730, and calculating the first central moment of the time-resolved
740 nm pools was suggested to be six, three, and oneemission spectra and comparing it with that of trapping at
molecule, respectively, per 200 antenna cBJ)s \\hile the 280 and 170 K. We observe that both processes occur with
740 nm form is the lowest-energy emittor so far demonstrated similar dynamics and display similar temperature sensitivi-
in plant PSI, the core antenna of some cyanobacteriaties. The data are discussed in terms of energy trapping which
possesses a fluorescence band near 76014 ( is mainly diffusion-limited.

A detailed understanding of energy transfer in PSI requires
kinetic studies in the picosecond and sub-picosecond timeMATERIALS AND METHODS
range. While a substantial body of experimental information
is available for core particles, mainly prepared from cyano-
bacteria {5—17), less detail has been published for intact
PSI-200 (6—18). A detailed study of intact PSI is particu-
larly interesting as the 735 nm emission pool, which as
pointed out above is probably an unresolved mixture of 730
and 740 emissions, seems to be associated predominatel
with the peripheral antenna complexes known collectively
as LHCI 0, 19, 20). The early fluorescence decay studies
of Mukerji and SauerX3) demonstrated complex dynamics
with four to five kinetic components present at room
temperature and 77 K, the fastest of which had a lifetime of
around 50 ps. Subsequently, Turconi et &).demonstrated
a much faster (614 ps) bulk antenna red form transfer
component, in close agreement with the so-called equilibra-
tion component detected by several groups in core particles
(21, 22). In their room-temperature analysis, Turconi et al.
(1) also detected two decay components with lifetimes in
the 40-50 and 126-130 ps range. The decay-associated
fluorescence spectra of both components are maximal in the
emission region of the red spectral forms, with the longer-

Purification of PSI-200The complex was prepared from
maize as previously reporte@)(

Absorption and Fluorescence Spectroscoplye steady-
state absorption and fluorescence emission spectra were
measured at C using an EG&G OMAIII instrument (model
1460) with an intensified diode array (model 1420) mounted
Yna spectrograph (Jobin-Yvon HR320). The conditions were
the same as those previously report2p (

Time-Resaled FluorescencePicosecond time-resolved
fluorescence was measured by the single-photon-timing
technique, using a synchronously pumped, cavity-dumped
dye laser as described previous®b) with a repetition rate
of 800 kHz and DCM as the laser dye. The overall system
prompt response was typically 35 ps (fwhm). The sample
was diluted in 60% glycerol and 10 mM Tricine (pH 7.8) to
a final concentration of 50g/mL. The measurements were
performed wih a 1 mmcuvette in the presence of an oxygen
scavenger system (glucose/glucose oxidase/catalase) to avoid
oxygen effects, and the sample was changed after 1 h. The
emission decays were recorded every 10 nm between 690

lived component being the most red-shifted. These compo- and 770 nm and analyzed both by single-decay and by global

nents were both assigned to primary photochemical trappinganaIySIS methods2p, 26).

with the lifetime and spectral differences being attributed to RESULTS

PSI particles with significantly different antenna sizes and

red spectral form composition. In this paper, the problem of =~ Steady-State Spectradhe steady-state absorption and

the multiple fluorescence decay components in PSI-200 hasfluorescence spectra of the OGP-solubilized PSI-200 prepa-

been further examined with the idea of minimizing effects ration used in this study at 280 and 170 K are presented in

due to particle heterogeneity. To this end, we have analyzedFigure 1A,B. They are very similar to those previously

a preparation for which a thermodynamic analysis of steady- reported for this preparatior2) with the absorption maxi-

state absorption and fluorescence spe@rayfggested a sub- mum near 680 nm and the RT emission maximum at 722

stantial degree of particle homogene®g); The fluorescence  nm, which shifts to 735 nm at 170 K. The fluorescence

decay kinetics were measured and analyzed globally betweershoulder near 685 nm is associated with the bulk chloro-

80 and 300 K in the 680770 nm wavelength interval, which  phylls, and its magnitude decreases drastically upon lowering

allowed a clear description of the time-resolved emission the temperature, as is expected on thermodynamic grounds

spectra and the multiple, decay-associated spectra. for a well-coupled system. At 80 K, it is almost absent
An important question concerning energy trapping is (unpublished data). These temperature effects on the shorter-

whether the overall rate of primary charge separation is wavelength emission band demonstrate that the sample is

determined largely by the rate of excitation diffusion in the essentially free of uncoupled chlorophylls. We emphasize
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FiGure 2: Decay-associated spectra (DAS) of the PSI-200 prepara-

FiGURE 1: Steady-state absorption and emission spectra measuredjon measured at 280 (A) and 170 K (B). The decay times and the
at 280 (A) and 170 K (B) of the PSI-200 preparation. Measurements rescaling factors are indicated on the figures.

were performed in the absence of added detergent.
displays a marked temperature sensitivity, slowing down at

that all measurements presented in this study were performedower temperatures. The fourth componen{;715-760 ps),
in the absence of added detergent, as this, even at very lowclearly represents different processes at 280 and 170 K. At
concentrations, causes chlorophyll uncoupliy ( 280 K, it is extremely weak and has all positive amplitudes

Time-Resaled MeasurementsTime-resolved measure- with a maximum near 680 nm. We do not think that this
ments were taken at several temperatures between 280 ancepresents completely uncoupled chlorophylls, as they usually
80 K, though we present data only for 280 and 170 K as have a 2-4 ns lifetime (). In addition, this component is
these are sufficient to illustrate the main points. The not seen at lower temperatures when emission from un-
excitation wavelength was 670 nm, and decays were recordeccoupled chlorophylls should, in principle, be more easily
at eight wavelengths between 690 and 770 nm. Data wereobservable due to the red shifting of antenna emission. This
analyzed by a global analysis procedure applied to completecomponent may arise from a small population of weakly
sets of decay measurements, and the qualities of the fits wereeoupled bulk chlorophylls, which are still capable of
evaluated byy? and weighted residual plots. At both 280 transferring energy slowly to the antenna. On the other
and 170 K, four exponential lifetime component§i = 1—4) hand, at 170 K the, decay has a broad DAS maximum
were required to adequately describe the decays.The DASnear 740 nm, which apparently has no RT equivalent. We
for these components are shown in Figure 2. The fastestthink it is likely, however, that this 740 nm spectral
componentr; (10—13 ps), displays the characteristic positive component is present at room temperature in the long-
and negative amplitudes of an energy transfer process forwavelength wing of the markedly asymmetric 130 ps decay.
transfer from the bulk chlorophylls to the red forms and is At 80 K, this 740 nm DAS is resolved into two processes
similar to components measured previously in both large andwith maxima slightly above and slightly below 740 nm (data
small PSI (). The decay time is insensitive to temperature not presented).
within experimental error, though minor spectral changes To analyze spectral evolution, we have calculated the time-
occur. The second component has a decay time 6553 resolved emission spectra (TRES), from the DAS, over a
ps and a DAS with a maximum near 720 nm and has only time interval that corresponds to the fluorescence decay
positive amplitudes. Its decay time is temperature-insensitive, (Figure 3). The long-lived RT component, probably due to
and there is considerable band narrowing at 170 K. The third weakly coupled chlorophylls, was omitted from these
component, 73 (130-216 ps), also with only positive calculations. The TRES corresponding formally to zero time
amplitudes, has a broad maximum in the #3@0 nm is maximal near 700 nm and clearly also possesses consider-
interval at RT and near 740 nm at 170 K. At 280 K, its able intensity at longer wavelengths. This indicates that
DAS is much more asymmetrical toward long wavelengths significant spectral evolution occurs within the time resolu-
than at 170 K, suggesting a greater spectral complexity for tion of the instrument (34 ps) with transfer from the bulk
this component at the higher temperature. This componentpigments, which were initially excited, into lower-energy
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Ficure 3: Time-resolved emission spectra (TRES) calculated from
the 280 and 170 K DAS for the PSI-200 preparation. For the 280
K TRES, the long-lived (769 ps), low-amplitude, component was
excluded from the calculation. TRES are shown for times of 10,

20, 30, 50, 70, 100, 200, and 500 ps which are ordered according

to their decreasing amplitudes.

forms. Inspection of the TRES shows that spectral evolution
toward the red occursontinuouslyright across this time

interval, accompanying the excited-state decay. This obser-

vation is important as it indicates that trapping cannot be
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Ficure 4: Dynamics of the mean spectral frequency (first spectral
moments) of the TRES and of the total fluorescence decay
calculated from the integrated TRES areas at 170 (A) and 280 K
(B) for the PSI-200 preparation. Curves are the biexponential fits

considered to occur from a thermalized state and is thus in(see the text for details).

contradiction with the trap-limited notion. To analyze this

further, it is necessary to express the time development of combinations (eq 2), this does not modify either its physical
spectral changes in quantitative terms and compare it with meaning as the mean spectral energy or its usefulness in

the dynamics of trapping. To this end, we have calculated
the first-order spectral momers,)] of the TRES presented
in Figure 3, according to eq 1.

Sy = fV F(v) dv (1)

This, as pointed out by Eadie et aR7j, yields the mean
energy with respect to the spectral distriburtie(v). In a
complex, multicomponent, spectrum, whég) = ZA, f(v)x,

describing spectral evolution.

In Figure 4, the dynamics of spectral evolution are
represented in terms of the mean energy (first central
moment) of the TRES calculated over the energy interval
used in the time-resolved fluorescence measurements. For
experimental reasons, the spectra do not go to zero at both
extremities. While this is expected to be of little importance
for the long-wavelength range, as above 770 nm only
vibrational bands are present, it is more serious for the short-

Sip) may be expressed as the area-weighted sum of the first-wavelength range. Thus, ti8, values for the early times

order moments of the single componer8sg f in eq 2] where
the area %) is the zero-order moment of each component.

Sy = Zsl(v)k/ ZS),k (2)

Thus, Sy, is a defining characteristic of a multicomponent

will be biased toward lower energies. This point is further

discussed below. Analysis of the data in Figure 4 shows that
the excitation equilibration process is biphasic and is well

approximated by two exponential curves at both 170 and
280 K (at 170 KA; = 203,71 = 20 ps,A; = 138, andr, =

316 ps and at 280 ¥\, = 248,17, = 13 ps,A; = 99, and

spectral distribution. In the case of the TRES presented in 7, = 139 ps, where the amplitudes refer to the total amount
Figure 3, where the spectral shape displays time-dependenbf spectral shifting in cm'). The fast equilibration process

changes Sy, is a parameter which describes this spectral
evolution. We wish to emphasize that whig,, does not

define a unique set of zero- and first-order moments, i.e.,

(EP) is clearly associated with the-101 ps DAS component
and represents the movement of excited states from the bulk
antenna to the red spectral regions. Thus, the above-

the same mean energy value may be given by manymentioned bias of the initials,) values toward lower
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Table 1: First Central Moment of the Time Distribution of the DISCUSSION

Total Fluorescence Decay (69070 nm) and the Mean TRES . .
y ) In this study, data are presented on the picosecond

Frequency Evolution at 280 and 170 K > 4
280 K 170K ﬂuorescgance_de_cay kinetics of a large and apparen_tly intact
PSI particle binding the full complement of antenna pigments
fluorescence decay 99 ps 384 ps (PSI-200). Because of the mild detergent solubilization
mean frequency 86 ps 291ps procedure that was employed and particle resuspension in
the absence of added detergent, uncoupled chlorophylls seem
energies does not seem to greatly influencerttaf spectral  to be virtually absent. Data have been analyzed in terms of
evolution determined in this way. The longer-lifetime EP poth the DAS and TRES, which will be discussed separately.

represents equilibrati_o_n processes between the red forms, The DAS determined at RT have three major exponential
particularly those emitting near 730 and 740 nm, as can beomponents with lifetimes and spectral characteristics which
clearly seen by inspection of the 170 K DAS (Figure 2B) e similar, but not identical, to those previously published
where the 720 nm-associated decay is approximately com-o; a |arge PSI particle called PSI-110)( The fastest
plete in 150 ps. It is t_hl_s component, accounting fqr about yetected component; (10 ps here and 14 ps in Turconi et
30% of the spectral shifting at both temperatures, which IeadsaL)’ shows bulk and red form transfer characteristics as
to the slow overall spectral equilibration. Interestingly, itis yiscussed by those authors. The other decay processes (
_the sloyv EP which disp_lays the greater temperature sensitiv—andrs = 50 and 130 ps in both studies, respectively) have
ity, as judged by its “yield” termAnzn). _ their maximum amplitudes near 720 and 73@0 nm in

In Figure 4, the total fluorescence decays, determined from o, studies. However, in the case of the previous analysis
the TRES areas at different decay tin{g§F(4) di]}, are (1) poth of these DAS also exhibit strong emission bands
presented. We emphasize that this is the total excited-statg, the 680-690 nm interval. characteristic of the bulk
decay of the system for the 80 nm spectral interval examined cp|orophylls. These are largely absent in the PSI-200 particle
and thus to a good approximation represents the dynamicssed in this analysis. We interpret the presence of these short-
of excited-state depopu'latlon by primary photochgm|stry. At wavelength bands in Turconi et all)(as being due to the
both temperatures, this process is well described by apresence of a small number of somewhat weakly coupled
biexponential decay (at 170 Ky = 335,7; = 56 ps,A; = bulk chlorophylls due to the detergent treatment that was

346, andr, = 427 ps and at 280 K\ = 183,71 = 26 pS,  yged and suggest that the DAS presented here may be
A, = 370, andr, = 107 ps, where the amplitudes are in  gomewhat more accurate.

arbitrary fluorescence units). Comparison of these decay
components with those for the mean spectral frequency aty
both temperatures indicates that while the initial phase of
spectral equilibration is 23 times faster than the fluores-
cence decay this is not the case for the second, slower
component. At 280 Kz, for spectral evolution is actually

In PSI-200, the RT decay processes< 57 ps andrs =
30 ps) are markedly asymmetrical toward the red with the
slower component displaying the greater asymmetry. This

is indicative of a substantial emission heterogeneity which

is at least in part resolved in the 170 K measurements where

ter than for th ited-state d It is theref | three long-wavelength DAS are detected, with maxima near
greater than for the excited-state decay. 1t IS theretore cear7207 730, and 740 nm. These maxima coincide with the

from these data that the two processes of trapping and EXCitonwavelength positions of the red-emitting forms previously

g)}f?am'ist. cannotl be considered to be occurring on very detected by steady-state fluorescence measurements of PSI-
erent ime scales. . . . 200 ). As the DAS peaking near 740 nm is strongly
Tq_d|reg:tly compare the dynamics of trapping with spectral asymmetrical toward longer wavelengths, we expect that

equilibration, we have calculated the first central moment _ "> . o ot even more red-shifted chlorophylls prob-

of the time distribution for both the overall fluorescence - . . .
) ably occur in PSI-200. Gaussian analysis of the red emission
decay and the mean TRES frequency evolution (Table 1). tailyof this particle at 75 K 2) indicgtes that a 760 nm

-cl)—miéo?nrzg]r?tt?r:{edg??ﬁg I?oigsi’ S:ii thiiv%r;)tlig;tael dmean'ngemission could be present, possibly similar to the well-
P 9 9 : documented 760 nm emission in the PSI core of Spirulina
(14), though at the moment more direct evidence for this is
S = [tF(@dt 3) lacking.
. ] In the previous RT study by Turconi et al){the presence
and by analogy with eq 2, for a multicomponent process, of only one component with clear transfer characteristigs (

S is given by eq 4. and two with all-positive amplitudesz{ and ) was
explained in terms of sample heterogeneity, i.e., in terms of
Sy = S > Sk (4)  two types of PSI particles with different antenna content.
Thus, 7, and 73 were considered to be the final decays of
and is therefore calculated a#\t/ZActk. two separate and spectrally equilibrated systems, each with

Thus,Sy is a defining characteristic of a multicomponent, a fast transfer (equilibration) component and a slow relax-
time-dependent, process. Thus, for different multicomponent, ation process. This interpretation seemed most reasonable
time-dependent, processes (trapping and spectral evolution)pn two counts. (1) As already discussed by Suter e28). (
it is a useful means of determining whether their dynamics and Trinkunas and Holzwart29), only the slowest DAS is
are similar. From the results of this analysis (Table 1), it is expected to have positive amplitudes at all wavelengths. (2)
evident that at both temperatures spectral evolution and theTher, andz; DAS of Turconi et al. {) have a clear structure
trapping-associated fluorescence decay occur on a similararound 690 nm, in addition to the long-wavelength signal,
time scale. thus suggesting relaxation in PSI particles containing both
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bulk and red form antenna chlorophylls. Concerning this the external antenna (LHCBO), it is clear that antenna
latter point, we would point out that the measurements of processes are a limiting factor in the overall rate of charge
Turconi et al. {) were performed in the presence of detergent separation. We believe that this is the first clear demonstra-
concentrations which were subsequently demonstrated to leadion of antenna spectral evolution occurring on a time scale
to the partial uncoupling of chlorophylls which then fluoresce similar to that of RC trapping.
near 690 nm2). In this analysis using a PSI-200 particle The slow EP is mostly associated with a small number of
prepared by mild detergent fractionation and resuspendediow-energy chlorophyll forms, the excited states of which
in the absence of detergent, this 690 nm structure ircthe  are strongly populated (more than 80% of the excited states)
and 73 DAS is almost absent with nearly all the DAS under steady-state illumination at room temperatfy€elthe
amplitude being associated with the red forms. In addition, importance of these red forms in the energy transfer pathway
it is demonstrated that at 170 K three DAS components with to P700 is once again underlined in this study as, from the
all positive amplitudes are present, with clear maxima near integrated fluorescence decay in Figure 4, we estimate that
720, 730, and 740 nm. In the particle heterogeneity scenario,only approximately 1821% of the excited states are trapped
this would suggest the presence of three types of PSlduring the first lifetime of the faster EP, involving bulk and
particles, each containing substantially different red pigment red form transfer®{ = 20 ps at 170 K and 13 ps at 280 K)
pools. While we cannot formally exclude this possibility, it at these two temperatures, and between 40 and 50% during
seems rather improbable and is furthermore inconsistent withthe first three lifetimes (Figure 4) when energy transfer into
the TRES analysis in which a slow, temperature-sensitive, the red forms is virtually complete. This suggests that only
spectral equilibration process has been identified which a relatively small fraction of excited states are trapped after
apparently involves excitation movement between the red direct transfer from the bulk antenna to the core and P700,
forms. This latter aspect is further discussed below. with more than half being trapped via the red forms. This
If the all-positive DAS are not to be associated with the aspect can be investigated using the kinetic model presented
relaxation decays of spectroscopically different particles, they in the Appendix by determining the amount of reaction center
must then represent excitation equilibration processes withintrapping after setting the back transfer rates from the three
single PSI-200 complexes. This clearly raises the problem low-energy levels (levels46) equal to zero. In this way,
of the absence of negative amplitudes in these DAS. A properwe find that about 80% of the excited states are trapped only
discussion of this point would require an elaborate modeling after transfer through the red forms, in close agreement with
study which is beyond the scope of this paper. However, the steady-state fluorescence measurem@&highis conclu-
we would point out that in the simple six-energy level system sion is also in agreement with the recent studies of Savikhin
presented in the Appendix, which provides an approximate et al. 31), who showed for the PSI core &ynechocystis
description of the RT decay components, if the spectra that transfer to the red forms was faster than trapping.
associated with the antenna states (often known as species- It will be noted in the kinetic model (Appendix) that the
associated spectra or SAS) are broad and asymmetric towardlifferent low-energy pigment “pools” are not directly coupled
long wavelengths the negative amplitudes for thdAS and hence may be envisaged as being dispersed in the “bulk”
are absent. This is because they are masked by the positiveantenna. This conclusion is based on (i) the kinetic modeling
and numerically greater, amplitudes of the more blue-shifted of the fluorescence decay dynamics (Appendix). In the six-
absorbing states. Obviously, the assumption of spectrally state scheme which we have used, it was found to be
broad and asymmetric states makes simple modeling schemerecessary to have the red pools uncoupled from each other;
of this kind of limited accuracy. otherwise, decay from the red-most pools was too fast with
In the discussion which follows, we will specifically respect to trapping and (ii) spectral evolution in the kinetic
address two aspects: first, that of slow spectral equilibration modeling of large heterogeneous pigment lattices is markedly
and its temperature sensitivity, based on analysis of the biphasic, with a slow EP involving the red-most forms, only
TRES, and second, that of the implications for diffusion- or when these low-energy forms are not directly coupled (G.
trap-limited photochemistry. Zucchelli, A. Yu. Borisov, F. M. Garlaschi, R. C. Jennings,
The study presented here clearly demonstrates that twounpublished observation). This latter situation can also easily
well-separated spectral equilibration processes (EP) can bebe simulated in simple three-state models-(@) in which
detected in terms of the first central moment of the TRES. the two low-energy states (A and B) are either directly
The faster (13-20 ps) precedes photochemical trapping and coupled or separated by the high-energy state (C). We
accounts for about 6070% of the spectral shifting. This  therefore conclude that it is most probable that at least the
component is associated with spectral evolution from the bulk 730 and 740 nm emitting spectral forms are spatially
antenna toward the red forms, while the second, slow, separated within the antenna and not organized in some kind
component is associated with EP involving the low-energy of pigment cluster.
spectral forms. To directly compare the total fluorescence Detergent fractionation of this PSI-200 preparati@0) (
decay due to reaction center trapping with the dynamics of demonstrates that while some low-energy chlorophyll forms
spectral evolution, we have analyzed the first central momentare present in the core, more than 80% are associated with
of the time distribution of both processes. This type of LHCI, which also seems to account for the red-most
analysis is useful as it allows a simple and direct comparison absorbing forms, in agreement with other observati®s (
of the dynamics of the two processes without the necessity 20, 32). Thus, the slow EP would seem to be associated with
of performing elaborate model studies. It is clearly seen energy transfer processes occurring to a large extent in the
(Table 1) that both processes occur on a similar time scaleexternal antenna.
at both 280 and 170 K. As the slow EP is largely associated The temperature sensitivity of spectral evolution is quite
with the red antenna forms, most of which are localized in marked with a 3.4-fold decrease in the mean time upon
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lowering the temperature from 280 to 170 K, and as pointed trapping was thought to proceed from an essentially ther-
out above, this is mostly associated with the slow EP process.malized state, with energy flowing in and out of the primary
It is interesting to attempt to understand where this temper- donor many times prior to charge separation. In this paper,
ature effect occurs. In the theoretical framework 6fdter this view is to a certain extent contradicted as the overall
theory, the effect of temperature is not explicitly considered. antenna spectral evolution, as distinct from the bulk and red
A temperature dependency however comes into the overlapform transfer, is demonstrated to occur on a time scale similar
integral term essentially as a dora@cceptor resonance to that of trapping. These data clearly point to an important
modulation of the matrix interaction energy, taken over the effect of antenna processes on the overall trapping dynamics,
entire zere-zero and vibronic energy spread. This effect was a point of view which is supported by the rather similar
recently calculated by Zucchelli et aBg) for chlorophyll temperature effect on spectral evolution and the mean overall
bound to a chlorophyitprotein complex in the 156300 K trapping time (Table 1). We interpret this to indicate that
interval. Surprisingly, for downhill energy transfer, the the slow uphill energy transfer from the red forms to the
temperature effect in the 3650 K range was slight over  bulk chlorophylls at 170 K, responsible for the temperature
the entire donoracceptor energy gap that was considered effect on antenna spectral evolution as discussed above, also
(2200 cmY) and was almost zero for transfer from a bulk slows the overall trapping rate. Any attempt to arrive at a

antenna chlorophyll (670690 nm) to a red form (7106740 more quantitative evaluation requires detailed modeling
nm). This conclusion, based on a theoretical analysis, iswhich is in principle possible with the six-state scheme
supported by the temperature insensitivity in the 2800 presented in the Appendix. We would however prefer not

K interval reported here for the 3.1 ps transfer component  to push such a simple model description of PSI too far and

(r1). On the other hand, calculations show that the uphill therefore refrain from presenting such an analysis.

transfer rate is strongly temperature-depend&6}, (as is

expected from thermodynamic considerations. We therefore APPENDIX

conclude that the quite large temperature effect on the slow  kinetic modeling of PSI-200 was performed by numeri-

EI_D demgnstrates that this is almost exclusively associatedca”y resolving, by the Laplace method, the six-differential

with uphill transfer from the red forms to the bulk antenna gqyation system for the following six-state rate matrix. The

chlorophylls, with almost no effect on downhill or isoener-  nymerical values provide a reasonable description of the

getic transfer. _ _ o fluorescence decay and steady-state parameters. However,
An important question concerning energy trapping in PSI a5 gescribed in the Discussion, we stress that such a coarse-

and which has been frequently discussed in recent y&&rs ( grained description is incapable of describing accurately the

22, 33, 34) is whether this rate is controlled by energy fine details of spectral evolution and is to be understood as
diffusion within the antenna (diffusion-limited) or by the 5, approximation.

primary electron transfer processes which occur in the RC

itself (trap-limited). A further possibility, known as transfer rate matrix (ns?)

to tr_ap—limited, was suggested by Valkunas et 3h) (NhiC.h N 1 2 3 4 5 6
envisages transfer from the antenna to P700 as the limiting 1 0.5 1200 0 103 38 12
process. These possibilities may be summarized in terms of 2 120 0.5 3540 0 0 0
the following simple diagram, where A represents the 3 0 2000 2000 0 0 0
antenna, C is some inner core chlorophyll molecules sur- f_)' 1§8 8 8 8'5 85 8
rounding P700, P is P700, and/" is the primary charge 6 12 0 0 0 0 0.5

separation state.

wherel is the mean energy of the bulk antenna (685 nm,
180-fold degenerate}, is the group of six inner core chls
(4) strongly coupled to P700 [for most calculations, this was
at 695 nm ) and was 6-fold degenerated,is the P700

In the diffusion limit,k; < k, andks. In the trap limit,k; < dimer (700 nm, 2-fold degenerate), aAd6 are the three

ki and k.. In the transfer to trap cask; < k; andks. As red forms (712 nm, 8-fold degenerate; 722 nm, 2-fold
pointed out by White et al.3Q), the relative values of the  degenerate; 734 nm, 1-fold degenerate, respectively).

k_, andks processes are also important, and only in the case All energy levels are defined in terms or the approximate
in which ks > k_, is a purely diffusion-limited case possible. mean wavelength position of the absorption bands, and the
While there is no clear evidence concerning the relative ratio of each pair of rate processes is given by the population-
values ofks, andk_, for PSI, it is probable that significant  weighted Boltzmann factor. The red forms are not directly
back transfer from P to the near antenna molecules occurscoupled either with each other or with the inner core
(see the model in the Appendix), and thus, there will almost molecules. However, we note that our simulation results are
certainly be some degree of trap limitation. The important not significantly altered if some coupling to the inner core
point thus becomes to determine whether the system is purelyis allowed.

or largely trap-limited or whether there is a strong antenna  This system has six eigenvalues, representing the decay
(diffusional) effect. The dominant opinion concerning PSI lifetimes. The first two are on a femtosecond time scale and
is that it is largely trap-limited. This opinion is to a large as such are not experimentally relevant. The third and fourth
extent based on the experimental detection of-d 2 ps (3 and 19 ps, respectively) are too close to be readily resolved
decay-associated spectral equilibration component in time-by the multicomponent fit routine. The fifth and sixth (50
resolved fluorescence experiments which is many times fasterand 130 ps, respectively) are close to the experimental values
than the excited-state decay due to RC trapping. Thus,for the main decay components.

kl kZ k3
= C=—pP=pTA~
AIHCKZP P'A
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