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The primary processes in a photosystem | reaction center were studied by fluorescence up-conversion with
a subpicosecond time resolution at room temperature. The samples were P700(primary donor chlorophyll)-
enriched particles which retaineetl4 chlorophylls per P700. Upon selective excitation of P700 at 701 nm

at ~5 °C, anisotropy of the fluorescence at 749 nm decayed frdgh8 to~0.15 with a time constant of 1

ps. The dynamic depolarization is attributed to electronic excitation equilibration between P700 and the
surrounding chlorophylls. In the isotropic fluorescence kinetics, at least two decaying components of 2.2 ps
(~35%) and 15 ps¥55%) were found. The fast and slow components indicate the charge separation before
and after full equilibration of excitation energy, respectively. A kinetic model calculation based on the above
results suggests that the intrinsic rate constant of the primary electron transfer from PZ00%25 ps™.

1. Introduction ps)-39-12.18.27 reflect the number of antenna Chls retained in
each preparatiot?2’ They seem to be complex functions of
absorption, electronic excitation energy transfer (excitation the rate cqnstants of both excngtlon transfer among the Chls
transfer), and charge separation across the photosynthetidand th_e primary c_harge separation from P7.00.* - It would be
membrane. In a photosystem | (PS I) reaction center (RC) especially mtergstlng to understand the gxcnatlon tran;fer and
pigment-protein complex of plants and cyanobacteria, the charge separaﬂon_to and from P700, which could be discussed
charge separation is a series of electron transfers starting fromP@s€d on the available crystal structure. These processes are
the lowest excited singlet state of the primary electron donor Crucial in modeling excitation equilibration and charge separa-
chlorophyll (P700%). Each step in the electron-transfer relay tonin PS RC:% However, due to the spectral congestion

The primary processes of photosynthesis involve light energy

has been studied by time-resolved spectrosdopy: of the Chl forms, it is difficult to trace the excita_ti_on transfer_
and the subsequent electron transfer on a specific Chl form in
<6.5 20-32 . 20-260 ini
P700* ps A, ps phylloguinon ns PS I_RC retaining many antenna Chls. _Moreover, some of the
previous studies on primary processes in PS | RC have adopted
Fx = FelFa transient absorption spectroscopy ald@é;5:10.11.18,29.384 g

which ground-state depletion, stimulated emission, excited-state
absorption, and charge-separated states contribute. Some studies
have adopted fluorescence measurements using a single-photon-
counting technique’=%26.27 or streak camer& but the instru-
mental response time (FWHM 10 ps) was insufficient. It

has thus been difficult to unambiguously separate the signals
associated with electron transfer from those with excitation
transfer. Fluorescence measurement with sufficient time resolu-
tion is desirable to observe the dynamics of excited states clearly.

be Ao, which may occupy the position equivalent to that of the _ !N this paper, the primary processes in P700-enriched PS |
electron carrier bacteriopheophytin,(Hn the purple bacterial ~ RC Sample¥ (~14 Chi/P700), which are capable of the primary

RC2L22 PS | RC complex intrinsically contains about 100 Ccharge separation from P700 tq,111%*4are investigated.
antenna chlorophyl (Chl) moleculeg® The Chls are classified About 90% of the original antenna Chls, secondary electron
into several spectral forms. The absorption peak of PRGDQ ~ acceptor phylloquinone, and carotenoids are removed during
nm) is red-shifted from those of the major Chl spectral forms the enrichment proces§&37 It shquld be mentioned that almost
(670-680 nm)2324 There are also other minor spectral forms @l the long-wavelength-absorbing Chl forms are extracted and
with absorption maxima at longer wavelengths than that of P700 P700 is the longest-wavelength-absorbing spectral form (an
(the long-wavelength-absorbing Chl forni€)25 absorption peak around 695 nm) in the present sample (Figure
The excitation transfer and the primary charge separation havel)-**~>° In order to preferentially excite P700, the center
been studied by using PS | RC particles retaining-100 Chls wavelength of the subpicosecond pulses was selected to be 701
per P700 12182629 The apparent time constants of the primary Nm in the fluorescence up-conversion experiments (Figure 1).
charge separation and overall excitation decay 8% Thus, the excitation and electron transfer from P700* is
demonstrated for the first time in this study. The dynamic
* Author to whom correspondence should be addressed. E-mail: change of fluorescence anisotropy was measured, and it showed

where A is the electron acceptor chlorophgland Fx, Fa,

and kg are iror—sulfur centers. The most recent X-ray analysis
on the crystal structure of PS | RC with 4.5-A resolution has
shown similar arrangements of the electron carriers to those of
purple bacterial R&?2° P700 seems to be a pair of chlorophyll

a molecules. Four chlorophyld molecules are located at
analogous positions to those of two bacteriochlorophylls (B
and By) and two bacteriopheophytins (knd H,) in the RCs

of purple bacterid!?2 One of the four chlorophylé’s should

yoiirnag{?ﬁien}z-ra&g’lécular Science a very fast equilibration of excitation energy starting from
+Teikyo University. ' P700*. Isotropic fluorescence decay should give a lower limit

€ Abstract published ildvance ACS Abstractfecember 15, 1996.  for the rate constant of the primary charge separation. A kinetic
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L L ! L L L ' mated to bex5 °C. The residual pump beam was cut by two

RG9 filters (Schott) with a total thickness of 6 mm. Fluores-
L cence was collimated by an objective lens and focused with
the gate pulse into &0.5-mm-thick LilG; crystal (type I). The
up-converted fluorescence light was passed through UV band-
= path filters, a diaphragm, and a monochromator (P250, Nikon)
and finally detected by a photomultiplier tube (R585S, Hamamat-
su) connected to a photon counter (C5410, Hamamatsu). The
- spectral width of the fluorescence detected was witbdhnm.
The signal was sent to a PC which also controlled a stepping
motor for an optical delay in the pump arm. The cross
( correlation trace of the pump and gate pulses had a width
(FWHM) of 0.45 ps, and it was used as the instrumental
response function (IRF).

The orientation of the Lil@crystal was aligned so as to give
the maximum cross correlation signal when the polarization of

Absorbance (a.u.)

640

660 680 700 720

Wavelength (nm)

740 760

Figure 1. Absorption spectrum of P700-enriched PS | RC sample at
77 K and its Gaussian decomposition into several Chl spectral forms.
P700 is represented by vertical lines peaking at 696 nm antdyA

thick solid line peaking at 686 nm. Other Chls are shown by broken
lines383° The wavelengths for excitation and detection in the up-

the excitation beam is parallel to that of the gate beam.

Fluorescence decay curves were recorded with the polarization
of the excitation pulse parallel, perpendicular to or at the magic

angle ¢55°) relative to that of the gate pulse to obtadjga.{t),

conversion experiments are shown by arrows. The data in the figures !perd®): a”d_liso(t)- Isotropic fluorescenceisq(t), was recorded
are taken with the wavelengths indicated by thick arrows. On increasing by translating the delay stage to a longer delay (forward scan)
the temperature from 77 K to room temperature, the spectral peaks ofand to a shorter delay (backward scan) in every other scan. For

P700 and other Chls blue-shift by5 nm and~1 nm, respectively®
The basic features of the data are essentially the same as in ref 36.

anisotropy measurements, parallél.t)) or perpendicular
(Iperdt)) data were collected in every other scan (only forward

model for the excitation transfer and the charge separation toScan was used). We verified that the initial anisotropy of

and from P700 is proposed.

2. Experimental Section

The P700-enriched RC particles were prepared from spinac
as described previous#. In brief, the lyophilized spinach PS

DMOTCI (3,3-dimethyloxatricarbocyanine iodide) in ethanol
is 0.4 £0.02) and that the measured magic angle kinetics
coincides exactly with that calculated from parallel and per-

hpendicular polarization kinetics. The= 0 in the data was

defined at a delay point where the cross-correlation intensity is

| particles obtained by digitonin treatment were extracted twice MaXimum. The typical peak count from the PS | RC sample
with diethyl ether that contained water at 70% saturation. They WS 16-40/s superimposed on a constant background noise (0
were solubilized with 20 mM phosphate buffer (pH 8) containing 1{s). Replaqement of the sample. with distilled water did not
0.5% Triton X-100 by incubation for 30 min. The insoluble, 9'v€ any noueegble Cross cqr_relanon trace arourdO when
grayish-white material was removed by centrifugation, and the the other experimental conditions are the same. The exposure
blue-green supernatant, which had a Chl/P700 ratio of 14, wastime of sample solution&0.5 mL) to the excitation laser beam
used in the fluorescence measurements. Ascorbate and 2,6was at most 3 h. After each measurement, we confirmed that
dichlorophenolindophenol were added to final concentrations the peak position and height of the, Qand of the sample

of 7 mM and 7QuM, respectively, in order to assure that P700 changed by at most 0.5 nm (blue shift) and 3%, respectively.
is in the neutral state before photoexcitation.

The laser source in the fluorescence up-conversion experi-
ments consisted of a cw mode-locked®AG laser (Coherent
Antares 76-S), which synchronously pumped a two-jet linear-  To avoid ambiguity, we define the usage of the terms “time
cavity dye laser with an intracavity prism pair (Coherent Satori constant”, “rate constant” and “intrinsic rate constant” in the
774). The repetition rate was 76 MHz. The laser beam, with following way. The term time constant is used to refer to the
the spectral center at 694 or 701 nm (Figure 1), was used forexponential decay timedif) obtained directly from experi-
both excitation of the sample and up-conversion of fluorescence mental data by curve fittings. In contrast, the term rate constant
to UV light. The spectral width (FWHM) of the laser was3 is used to refer to the rate constant of a specific electron or
nm. The power of the pump beam was adjusted by a neutral gnergy transfer between the two states. The term intrinsic rate
density filter to 3-5 mW (40-65 pJ per pulse) at a sample  cqnstant is exclusively used to refer to the rate constant of the
spinning cell. Polarization of the pump was controlled by a primary charge separation from P700* in this paper.
half-wave plate. The pump beam was focused to a diameter of .
~80um in the cell with a path length of 1 mm. The absorbance The fluorescence from P?(_)O-enrlc_hed RC was measu_red
per 1 mm of the sample at the excitation wavelengths was gnder the P700-neutral conditions. Figure .2a shows polariza-
adjusted to be 0-30.4. The photon density at the sample was tion-dependent fluorescence decay dynarr_ncs observed at 749

nm (Ipara(t) and lpert)) upon selective excitation of P700 at

~5 x 102 photons/cré¥pulse, by which the probability of : ' d
excitation of a RC by a single pulse was estimated te-D&01. 701 nm (the center of the laser spectrum, Figure 1). Fitting

The sample solution in the irradiated region of the spinning the two series of datd ¢ 0.25 ps) independently to convolution
cylindrical cell was estimated to be exchanged in eveB0 of double-exponential curves with the instrument response
us2041 Chilled N, gas was blown on to the cell surface during function (IRF: cross-correlation function) yields the parameters
the measurements to avoid thermal denaturation of the sampledetailed in Table 1. Two time constantgd of 1 and 12-14

The blow was adjusted so that the sample temperature was aps are obtained. The 1-ps component is much more evident in
low as possible without freezing. The temperature was esti- the parallel kinetics than in the perpendicular one. The time

3. Results
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L Figure 3b, and this gives a lifetime of 7:40.3) ps (Table 1).
800 -] f - Since the residuals for the single-exponential fit are not
_Q% symmetrically distributed with respect to the zero line, it is

evident that at least two exponentials are necessary for the
: L fitting.
& Sensitivity of the fitting parameters to the excitation and/or
\‘x. . detection wavelengths was also examined. The double-
5 e . = exponential fitting is also necessary for all the other data sets
e \ﬁ“'&g_. . (data not shown) with the other combination of excitation (694
i or 701 nm) and detection wavelengths (743, 749, or 760 nm)
(Figure 1). In these cases, the time constants obtained on the
30-ps time scale are within the following ranges: 22(1)-ps
component with 35£7)% contribution, 15.0£3.5)-ps one with
55(£7)% and an offset of 18{5)% of the total signal amplitude.

600 —

400+

Counts

}
EE

200 H

e e e e

e

4. Discussion

044 £ = 4.1. Excitation Equilibration and Charge Separation

Sy upon Selective Excitation of P700.The relative amplitude of
03d o8 L the 1-ps component is much larger in the parallel kinetics
o, (~40%) than in the perpendicular orre10%) (Figure 2a and
S ° Table 1). The difference is responsible for the anisotropy decay
2 e | © ° from ~0.3 to~0.15 (Figure 2b), which suggests equilibration
of excitation energy starting from P700*. One also recognizes
an initial drop of the anisotropy frorr=0.4 to ~0.3 (Figure
2(b)) within the IRF, and this suggests presence of excitation
transfer with a time constant of less thav0.3 ps?® The
anisotropy change at times later than 3 ps amounts to at most
~0.05. The equilibration of excitation energy seems to be

Figure 2. Polarization-dependent fluorescence decays of P700-enriched g hstantially complete within 3 ps upon selective excitation of
reaction center upon selective excitation of P700. The sample was P700

excited at 701 nm, and the fluorescence was detected at 749 nm. (a, .
top) Fluorescence parallel (closed circles) and perpendicular (open There are at least two components (2.2 and 15 ps) in the
circles) to the excitation polarization. Data shown are the sum of 20 isotropic fluorescence decay on the 30-ps time scale (Figure
scans of each polarization. The instrumental response function (IRF) 3). Given the significant equilibration of excitation energy with
is shown by the pulselike trace a0 ps. The data are fitted to 3 time constant of<1 ps, the 15-ps component is attributed to
convolution of the IRF with double-exponential curves (lines). (b, he charge separation from the equilibrated excited state of the

bottom) Raw experimental anisotropy (dots) calculated from the data . . ]
in (&), and the same function (line) derived from the convoluted fits to RC. The 2.2-ps component is also associated with the charge

Anisotropy

4 5 6 7 8

4 0 1 2 3
Time (ps)

the data in a. separation as interpreted below. The previous transient absorp-
tion studies have shown that the apparent primary charge
dependent anisotropy is defined by separation proceeds with a time constant of £50) psi'43

A single-exponential fit to the isotropic fluorescence decay in
(t) = Ipara(t) B lperp(t) 0 Figure 3b gives 7.4£0.3) ps (Table 1), which is in fair
N |pard®) + 2l per0) agreement with the 6.3(1.0)-ps time constant. This suggests
that not only the 15.0-ps component but also a significant portion
Figure 2b shows(t) by the dots. The experimental anisotropy of the 2.2-ps component should contribute to the overall primary
att = 0 ps (at the delay time which gives the maximum cross- charge separation. Due to a relatively poor signal-to-noise ratio
correlation intensity) is significantly smaller than 0.4, but it in the rise of transient absorption by P7@Q, it should be as
seems to be extrapolated to be above 0.3 in the time regionyet difficult to separate the rise of P708, into two
earlier thant = 0 ps. The anisotropy is also derived from the components (Table %}. Since the 2.2-ps time constant is
fitted parallel and perpendicular curves of Figure 2a and shown comparable to the equilibration time scatel( ps), the 2.2-ps
by a line in Figure 2b. One can estimate the theoretical initial isotropic decay is ascribed to both the excitation equilibration
anisotropy at = 0 ps to be 0.28£0.02) by using the parameters and the primary charge separation before full equilibration of
obtained by the curve fitting in Figure 2a. These results suggestexcitation energy? However, the 2.2-ps component does not
that even double-exponential decay functions with 1- and 12 necessarily give the intrinsic rate constant of the charge
14-ps time constants do not fit the parallel and perpendicular separation from P700*. It is necessary to construct a kinetic
data sufficiently at the earliest times and that there is an extramodel which reproduces all the experimental results in order
fast componentt{, < 0.3 ps: within our time-resolution) to predict the rate constants associated with the individual

causing the initial drop of the anisotropy from 0.43®.342 process. Analysis based on a kinetic model will be presented
Scans on a longer time scale revealed that a residual anisotropyn section 4.2.
was~0.12 up to 30 ps (the longest time measured). The fluorescence which did not decay at 30 psl@% of

Figure 3 shows isotropic fluorescence decay observed with the total amplitude) could be attributed to the charge recombina-
the magic angle setup at 749 nm on a 30-ps time scale. Fittingtion fluorescence, which has a lifetime of 4B0 ns in the
the data f > 0.25 ps) to a sum of two exponentials plus an absence of phylloquinorf@#> This may also be attributed to
offset gives lifetimes of 2.20.3) ps and 15.6¢2.9) ps (Figure chlorophylls with which P700 exchanges excitation energy very
3a and Table 1). An attempt to fit the data>( 0.25 ps) to a slowly. The difference between the absorption spectrum and
sum of a single-exponential curve plus an offset is shown in the excitation spectrum of time-integrated Chl fluorescence at
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TABLE 1: Time Constants for the Spontaneous Emission and Transient Absorption of P700-Enriched PSI RC under the
P700-Neutral Conditions, along with Excitation @ey) and Detection Wavelengths 4ger)?

single exp, ps double exp, ps Aex, NM Adet M

parallel fluorescence (9 ps time scale) #0(2) (=40%) 701 749
14.3¢2.7)

orthogonal fluorescence (9 ps time scale) 1P.6) =10%) 701 749
12.3&6.0)

magic angle fluorescence (30 ps time scale) FMB) (78%) 2.240.3) (35%) 701 749
15.06-2.9) (55%)

rise of P700A,~ (30-ps time scale) 6.5(1.0p 638 740

aError ranges and amplitudes for the lifetimes are shown in the first and second parentheses, respéltigeiyjne constant was obtained by
transient absorption spectroscopy in ref 11.

1000 — ! L L L L L from 0.5 to 13 ps, while the apparent primary charge separation
) proceeded with a time constant of 6.5 ps.lt was thus
800 L suggested that excitation energy remains to be distributed over
a wide range of Chl spectral forms, especially on Chls absorbing
o 600 - around 681 nm or at shorter wavelength (if contribution of the
§ stimulated emission is taken into account) until the primary
O  400- - charge separation is complete. These Chls are the candidates
_ for the excitation energy acceptor from P700*.
200 - 4.2. Kinetic Model. The purpose of this section is to
propose a kinetic model as simple as possible but sufficient to
0wt . . . . . - gualitatively reproduce the following results. The fast depo-
S : ; : : : - larization in the time region earlier tha=0.3 ps (Figure 2b)
3 o“‘\]’”"AVWA’V"W‘VAW"%' suggests that P700 transfers excitation to other chlorophylls on
3 504 B this time scale. Some chlorophylls and P700 exchange excita-
a:1ooo X X i . 1 | \ tion with an apparent time constant efl ps (Figure 2b).
T i Isotropic fluorescence decay shows two time constants of 2.2
e and 15 ps (Figure 3a), which correspond to decay of excitation
due to the primary charge separation. It is probably reasonable
o 600 to claim that we have found approximately three time con-
€ stants: <0.3 ps, +2 ps, and 15 ps. At least four states are
8 4004 required in order to reproduce the three exponential time
constantd® The following four-state model is not unique but
200 is a possible model with necessary and sufficient number of
parameters:
04
Pool,* 2 _ pr00% =2 Pooly*
§ 50
% 04 Ket || kget
& -504 _
T T T T P700*Aq

T T
0 5 1_'(_) 15 20 25 30
_ _ ime (ps) where Pogf* (n = 1, 2) are assumed to be ensembles of Chl
Figure 3. Isotropic fluorescence decay detected at 749 nm upon excited states over which excitation energy can spread upon
excitation at 701 nm. Data shown are the sum of 40 scans at the magicaycitation of P700 on different time scales. There is an
angle polarization. (a, top) Data (dots) and a convoluted curve of double- alternative model in which Poglis connected directly with

exponential function with the instrumental response function (line). (b, . . .
bottom) Data (dots) and a convoluted curve of single-exponential POOk* but by relatively small rate constants. Such a case is

function with the instrumental response function (line). Residuals are Not considered here. Though we cannot yet specify the spectral
the differences between the fitted curves and the data and are showridentity of Pool* and Poo}*, they should mainly include the
below each graph. Chls absorbing at681 nm or at shorter wavelengths, as
discussed in section 4.1. Excitation exchange between*ool
77 K38 suggests that some Chls are relatively isolated from P700 and P700* is assumed to be faster than that betweenPool
in terms of energy transfer. Such Chls may give the long-lived and P700*. The excitation transfer on a subpicosecond time
fluorescence. The distinction between the two mechanisms isscale . < 0.3 ps), which is mainly responsible for the initial
not yet clear in the present limited time window. drop of anisotropy from 0.4 te-0.3 (Figure 2b), is represented
The distribution of excitation energy over different Chl mainly by the excitation exchange between P700* and Pool
spectral forms upon excitation at 638 nm of the P700-enriched The excitation exchange between RBdvalind P700 mainly gives
PS | RC was investigated by transient absorption spectroséopy. the ~1-ps component in the anisotropy decay. The back
After subtraction of P7004,~/P7004 difference spectra from  electron transfer is introduced (biger) to reproduce the
the original transient spectra, the remaining negative absorbancdluorescence which did not decay at 30 ps (Figure 3).
changes betweer665 and~695 nm were attributed mainly A set of rate constants for the individual processes which
to excited Chls (photobleaching plus stimulated emission: PB/ reproduces the fluorescence kinetics should be found. In
SE). The amplitude of the PB/SE spectrum decayed with a general, the population changes of the four-state model are
~9 ps time constant. However, the PB/SE spectral shaperepresented by triple-exponential functions (see Appendix). We
remained to be essentially the same and peaked at#@3Hm will select rate constants to reproduce three time constants of
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~0.2, 1-2, and~15 ps. The 0.2- and-12-ps time constants 1.0
approximately correspond to the ones in the anisotropy decay
(<0.3 and 1 ps) and the-2- and 15-ps time constants to the 0.8 |

ones in the isotropic decay (2.2 and 15 ps) (Table 1). Itis not
easy to exactly satisfy the imposed conditions, but the following
set of rate constants approximately meet the requirements:

(ky, Koy, Ko, K_p, ke, Kger) =
(2.5,2.5,0.5,0.15, 0.5, 0.008_63; (2)

o
(]
L

0.4

Fluorescence intensity (a.u.)

The selection of these parameters will be described later in this

o
N
1
O Meee e e 0 0 0 000

section. Given eq 2 and the following initial conditions, 0.0 é 1'0 1'5 2'0 2’5 20
[P7009]=1 at t=0 3) 0.5
the time-dependent population of each state is represented by 0.4
(see Appendix) -
[P7004] goe ®
°
Pool,* 2 0.2
{Pooé*} = kv, exp(-1/0.18)+ kv, exp(~t/1.9) + £
[P700°A, ] 0.1 1 .
kv, exp(=t/14.5)+ kv, (4) 0.0
where 0 2 4 6 8
. Time (ps)
0.598 Figure 4. Simulated isotropic fluorescence decay (a) and anisotropy
ky, = —0.489 (5) function (b) upon selective excitation of P700 in the four-state model
1 |[-0.055 (see section 4.2). The rate constants used are shown in eq 2. The
—0.054 isotropic decay is defined as the total population of the excited states
i ! (eq 9). For the anisotropy function, the angles between transition dipole
0.318 moments are assumed to be® 3etween P700* and Padland 55
‘ 0.408 ©) between P700* and Patl See section 4.2 for the details.
V2= 1-0.417
~0.304 the simulated decay in the time region after the peak of the
' \ signal. Two exponential components of 1.9 ps (33%) and 14.4
0.068 ps 0) were obtained (fitted curve not shown). Parallel an
(59%) btained (fitted h ). Parallel and
0.070 perpendicular fluorescence were simulated by
k3= 0.422 0
| —0.560 ISmft) = %{ [P700%]3+ [Pool*](1 + 2 cog ,) +
0.015
0015 [Pool*](1 + 2 cog 6,)} (10)
kv, =~ (8)
4 10.051 and
—0.918

The elements ikv, (n = 1—4) with po'sitive and negative signs 1 .

indicate decaying and rising populations, respectively. The lperdt) = ={[P700*]1+ [Pook*](1 + sin’ 6,) +
fluorescence decays at 749 nm under all the polarization .

conditions (parallel, perpendicular, and magic angle) are [Pool,"](1 + sin’ 02} (11)
represented by the time constants of 0.18, 1.9, and 14.5 ps (e

4). The first term in eq 41 exp(—t/0.18), is mainly associated ql'he convolutions of the simulated parallel (eq 10) and perpen-

with the excitation exchange between P700* and Pool dicular (eq 11) fluorescence intensities with IRF are calculated
([P700*] decays, and [Pogd] rises). The second term in eq 4 separately, and the two convoluted curves were used to obtain
kv, exp(—t/1.9), is associated with the excitation exchange the anisotropy decay by using eq 1 (Figure 4b). The angles
among P700*, Pogt, and Pooj and also with the primary ~ P&tween the transition dipole moments of P700* and ool

charge separation ([P700*] and [Pgdidecay, but [Poof] and (61 = 30°) and of P700* and Pog (9, = 55°) were determined
[P700°Ao7] rise). The third term in eq &vs exp(—t/14.4), is by fitting the simulated anisotropy to the experimental one in

associated with the decay of the whole excited states (all the Figure 2b. These simulated curves (Figure 4) show features in
excited states, [P700%], [Pogdl, and [Pook*] decay, and fair agreement with those of the fluorescence up-conversion data

[P700"Aq] rises). (Figures_z and 3). _
The isotropic fluorescence intensity at 749 Magic, 749 iS Se_lectlon of the set of rate constants shovyn as eq 2 is now
assumed to be given by considered. The ratio betwekpnandk_, was adjusted in order
to make a proper ratio between the second and the third shortest
Fmagic.749= [P700%] + [Pool,*] + [Pool,*] (9) time constants (the 1.9- and 14.5-ps time constants in eq 4).
The value ofk, should be approximately equal kgt in order
Convolution of Fmagic,7a0With the experimental IRF is shown  for the double-exponential feature in the time region later than
in Figure 4a. A double-exponential function is forced to fit 1 ps to be clear. The ratio betweknandk-; values cannot
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be determined uniquely by experiments but was determined sowavelength-absorbing Chts The relatively short time constant

that the [P700*] at the equilibriumP§,,) is in good agree-
ment with the one given by the Boltzmann equilibrium.
Pp-00 at the Boltzmann equilibrium (at 278 K) is estimated to
be 0.2-0.3” when the spectral decomposition of the absorption
spectrum in Figure 1 is used and all the pigments are incliided.
In the above simulation witly ~ k_1, Pp,oiS ~0.3 at 3 ps

in this study should reflect the extraction of most of the antenna
Chls and/or the local environment of P700. There are two
possible explanations. Firstly, the extraction of most of the
antenna Chls may result in a situation where excitation can
migrate only in the vicinity of P700 upon excitation of P700
and the equilibration time in the vicinity of P700 is short.

(pseudoequilibrium among the excited states, cf. eq A.10b) andSecqndIy, all t.he Chls retained ir\ the present partigles may be
~0.2 at 30 ps (equilibrium among excited states and the chargesPatially localized compared with the full extension of the

separated state, cf. eq A.10c). In summary, the following
relationship should be satisfied:

ki~ ko> kG~ ker > Koo > Kger (12)

antenna Chls in the other RC preparations, which enables
relatively rapid excitation exchange among the Chls. However,
proper explanation should await for further systematic com-
parison between different RC preparations.

The residual anisotropy at 9 ps or later timef(12, Figure

This indicates that rate constant of some excitation-transfer step2b) is also observed in RC with more antenna ChRS:32 34

is comparable to or smaller than the intrinsic rate constant of
the electron transfer from P700*.

Finally, the intrinsic rate constant of the primary electron
transfer used abovér = 0.5 pstin eq 2) is compared with

This reflects the relative orientation of Chl molecules in PS |
RC particlegt?20.32-3449 The average transition dipole moment
of the residual fluorescence (Figure 3) is estimated to be tilted
by ~40° relative to that of P700 (Figure 2b) by using the

the predicted rate constant for RCs with more antenna Chls. It following equation:

is comparable to the ones in refs 3, 27, and 48 (025 psY),
but substantially smaller than the one in ref 31 (2.3'}ps The

ket value to reproduce experimental time constants is sensitive

to the ratio betweek; andk-, and also to the one betweé&n
and k-;. The former was approximately determined by the

(t) = %(3 cod O(t) — 1) (13)

O(t) is the angle between transition dipole moments of
absorption and fluorescence. In linear dichroism measurements

experimental results, but the latter was determined by assumingy, p700-enriched RCs4L0 ChI/P700), Chl forms absorbing

the Boltzmann equilibrium among all the Chls in the RC patrticle

at 670-675 nm were estimated to have, (@—0) transitions

(se.e the previous paragraph). This assumption.is not necesaarilxilted by 40(+5°) relative to that of P708 Considering
valid because some Chis in the present RC particle are relatively g, o nsive distribution of excitation energy to Chl forms absorb-

isolated from P700 in terms of excitation exchange. A lower
limit for ket is given wherk; is substantially smaller thak ;.
This condition results in a higher probability of P700 excitation
and smaller optimize#iet to reproduce the experimental time
constants. Thégr is thus shown to be at least 0.25ps

4.3. Comparison of the Present Results with Other
Studies. The fluorescence depolarization in this study is
different from those observed by [ al., who observed 150

ing at 681 nm or at shorter wavelength (see the last paragraph
in section 4.1.J! the coincidence of the above two angles
(obtained by fluorescence anisotropy and linear dichroism) may
be reasonable.

5. Concluding Remarks

The primary electron transfer and excitation transfer starting

300-fs single-exponential decay of fluorescence anisotropy from from a selectively excited P700 are observed for the first time

~0.34 t0 0.1-0.2 in PS | RC samples~{40 Chl/P700) from
Chlamydomonas reinhardfif They associated this time with
single-step energy transfét which is supported by simula-
tions?”30 Since the antenna size of the RC preparations in ref
28 was relatively large~40 Chl/P700), different Chis are
probably excited in different RC units by the employed
wavelengths (6306656 nm). Single-step energy transfers from
P700 could also proceed with 0:48.3-ps time constants in
the present particles, which results in only a partial depolar-
ization from the initial anisotropy of 0.4 t50.3. The remaining
anisotropy decay from=0.3 to ~0.15 is associated with the

in PS | RC with~14 Chls per P700. Energetically uphill
excitation transfers from P700* to shorter-wavelength-absorbing
Chl forms lead the excited Chls to decay with at least two time
constants ok2 and~15 ps. The fast and slow components
indicate the charge separation before and after full equilibration
of excitation energy, respectively. The depolarization of
fluorescence in this study (mainly with1l-ps time constant) is
not complete on the time scale of single-step excitation traisfer
but somewhat faster than excitation equilibration in PS | RCs
with more antenna Chls-(40 Chls/P700§:5-9:28.29.82:34 Kinetic
features of the fluorescence data are reasonably reproduced by

1-ps excitation equilibration. These may indicate that the angles the four-state model, which shows that the intrinsic rate constant

between the Qtransition dipole moments of P700 and its

of the electron transfer from P700* is 0.25 ps™.

nearest-neighbor Chlis are smaller than the average one between

those of other nearest-neighbor Chl pairs.

The time scale of full excitation equilibratiore( ps) is
somewhat shorter than those estimated on PS | RCs retainin
more antenna Chfs? Hastingset al. have studied excitation-
wavelength dependence of the equilibration dynamics in a
photosystem Il deletion mutant &ynechocystisp. PCC6803
(=100 Chl/P700¥. The equilibration time constant was in the
2.7-4.3-ps rangé. This time constant is in good agreement
with the one (3.3-6.6 ps) obtained by Struwet al. on PS | RC
with ~60 antenna Ch#-34and the one (5 ps) by Det al. on
PS | RC witha40 antenna Chl& Even longer equilibration
time constants of #12 ps on PS | RC particles from
Synechococcusp. are reported by Holzwartket al.? which,
however, may reflect the significantly increased number of long-
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Appendix

The time-dependent population change of the four-state model
in section 4.2. is solved by the so-called determinant méthod
as follows.
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The differential equation is

? = MKy K1k, K 2 Ker Keer)X(1) (A1)
where
M(Ky,K_1,KoK 5. Ker Kaer) =
K _::2 ~ Ker k*kl Ko Kger
k; 0 - 9k72 8 (A.2)
Ker 0 0 —Kger
and
[P700%]
[Pool,*]
X0 = |[Pook?] (A.3)
[P700°A, 7]

Given the four eigenvalues &f (ky,k-1,ko,K-2,keT,keet) (—A1,
—A2, —A3, —A4) and the four corresponding eigenvectops, (
P2, P3, Pa), X(t) can be solved:

x(t) = P exp(At) P~x(0) (A.4)
where
P = [p1,P2,P3,P4 (A.5)
-0 0 O
A= 8 ;’12 9/13 8 (A.6)
0 0 0 A4
A set of vectorsky, (n = 1—4) is defined as follows:
kv, = PE,P"x(0) (A7)

whereE,, is the matrix with only one nonzero element of 1 as
the nth diagonal element.

For example,
1000
_|0000O0
E,= 0000 (A.8)
00O00O
The solution (A.4) can be rewritten as
(A.9)

X)) = 3 kv, exp(=A)

This type of expression is used in section 4.2. Given the set of

rate constants by eq Z(t)’'s at representative times (ps) are
shown as follows:

0.363]
0.363
0.134
0.140,
0.136)
0.156
0.308
0.400)

x(0.5)= (A.10a)

X(3.0)= (A.10b)
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0.024
0.024
0.104
0.848

x(12.0)= (A.10c)
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